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BIOSORPTION OF Cd(II) IONS BY NORDMANN FIR CONES
Handan Ucun Ozel*
Department of Environmental Engineering, Faculty of Engineering, Bartin University, Bartin 74100, Turkey

ABSTRACT
The biosorption of Cd(II) ions from aqueous solution
was investigated by using Nordmann fir (Abies nordmanniana (Stev.) Spach. subsp. nordmanniana) cones, a natural biosorbent, in a batch biosorption system as a function
of pH (1.5-7.0), initial metal concentration (5-150 mg/L),
biomass dosage (1.0-8.0 g/L), contact time (0-480 min) and
temperatures (15-45 oC). The experimental data showed
that the maximum pH for efficient biosorption of Cd (II)
was 6.5. The percentage removal increased from 76% to
84% with an increase in temperature from 15 to 45 oC at
an initial Cd(II) concentration of 5 mg/L. The data were
analysed on the basis of pseudo-second-order kinetics,
Elovich equation and intra-particle diffusion mechanism to
determine the best fit model for Cd(II) biosorption onto
Nordmann fir cones. The pseudo-second-order kinetic model
and Elovich equation provided the best correlation of the
experimental data studied in comparison to the intra-particle
diffusion mechanism. The experimental data were analysed
using by Freundlich and Langmuir equation. The activation
energy of biosorption (Ea) was calculated with Arhenius
equation. Using the thermodynamic equilibrium coefficients obtained at different temperatures, the thermodynamic constants of biosorption (∆Go, ∆Ho and ∆So) were
also evaluated.

KEYWORDS: Biosorption, cadmium(II); kinetics; Nordmann fir
cone; thermodynamic

1 INTRODUCTION
Aqueous heavy metal pollution represents an important environmental problem due to its toxic effects and
accumulation throughout the food chain. The main sources
of heavy metals for wastewater are mining, metal industries,
discharging a variety of toxic metals such as cadmium,
copper, zinc and lead into environment [1]. The principal
applications of cadmium are five categories: protective
plating on steel, stabilizers for poly-vinyl chloride (PVC),
pigments in plastics and glasses, electrode material in
nickel–cadmium batteries and a component of various alloys [2]. Humans are exposed to this toxic metal through
* Corresponding author

breathing in contaminated workplace (battery manufacturing, metal soldering or welding industries), eating foods
contaminated with it (highest in shellfish), breathing cadmium in cigarette smoke, drinking contaminated water,
breathing contaminated air near the burning of fossil fuels
or municipal waste, etc [3]. In the US, the safety level of
cadmium in drinking water has been set at 0.01 mg/L [4].
At present, there exist a number of different technologies
for treating cadmium bearing waste streams. These include
precipitation, evaporation, solvent extraction and membrane process. Precipitation processes have several disadvantages, which include incomplete metal removal and
sludge generation. Other technologies are expensive when
cadmium is present in the wastewater at low concentrations, or when a very low concentration of cadmium in
treated water is required [5]. Adsorbent materials are important for determination of trace metals. Natural and synthetic adsorbents have been used for enrichment/separation
of heavy metals by solid phase extraction prior to heavy
metals determinations by atomic absorption spectrometry
[6, 7]. Biosorption, an alternative process, is the uptake of
heavy metals from aqueous solutions by biological materials. This novel approach is competitive, effective and
cheap. This leads to a search for cheaper, easily obtainable
materials for the biosorption of heavy metals and they
include: algal biomass [2, 5, 8], Neem leaf powder [3],
Nordmann fir leaves [9], plant [10, 11], cone biomass [1214], lichen biomass [15], coconut copra meal [16], fungus
[17-20].
This study was carried out to optimize the laboratory
conditions for the maximum biosorption of cadmium from
aqueous solutions onto Nordmann fir cone. This species
belongs to family: Coniferae, genus: Abies Nordmann fir
cone spread naturally in the Caucasus, Georgia, the East
Black Sea and the northern parts of Armenia. It occurs at
altitudes of 900-2200 m on mountains. The cones are 1020 cm long and 4-5 cm broad, with about 150-200 scales
and cylindrical and keep on plentiful resin [12]. Cone
biomass is a waste itself and a readily available biosorbent [21]. The ovulate cone is the well-known cone of the
Abies, Pinus, Picea and other conifers.
In this study, the biosorption of cadmium ions from
aqueous solution of cone biomass of Abies nordmanniana
(Stev.) Spach was investigated. The effects of pH, biomass dosage, contact time and initial metal concentration
on the biosorption capacity of cone biomass were studied.
The characteristic constants of biosorption were deter-
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mined using a pseudo second-order equation, the Elovich
equation and intraparticle diffusion equation, respectively,
and compared each other. The experimental data were
analysed using Langmuir and Freundlich equation. The
biosorption mechanisms of cadmium ions onto cone biomass were also evaluated in terms of thermodynamics and
kinetics. The relative binding affinity of the biosorbent
and the main mechanism controlling biosorption were
also discussed [13, 14].
2 MATERIAL AND METHODS
2.1 Biosorbent preparation

Abies nordmanniana (Stev.) Spach. ovulate cones
were used in this research. Cones were collected from the
east black sea region of Turkey in July and August of
2008. They were washed with distilled water and dried at
80 °C for 24 h. The dried biomass was ground in a mortar
to a very fine powder and sieved through a 400-mesh
sieve [13].

3 RESULTS AND DISCUSSION
3.1. Effect of pH

Earlier studies have indicated that solution pH was an
important parameter affecting biosorption of heavy metal
ions [5, 9, 12-15, 18]. The effect of pH on the biosorption
of Cd(II) ions onto cone biomass was studied by changing
pH values in the range, 1.5–7.0. The effect of pH was
studied under shake flask conditions at 4.0 g/L biosorbent
dosage and 50 mg/L cadmium ion concentrations stirred
for 180 min. Acid or a base was not joined to the pH
value 6.5. This value was the natural pH of the solution.
The results obtained depending on equilibrium pH are
given in Figure 1. The initial pH values investigated were
lower than 7.0 since insoluble cadmium hydroxide starts
to precipitate in the solutions at higher pH values, which
makes true biosorption studies impossible [13, 14, 16-18,
21, 22]. Serencam et al. [9] have reported that the optimum
pH value was 5 in biosorption of cadmium on Nordmann
fir leaves. In another research, suitable pH values were determined as 6-9 for removal of Cd(II) by solid phase extraction [6].

2.2 Solution preparation

All chemicals were analytical grade from Merck,
(Darmstadt, Germany). The metal stock solution of Cd(II)
was obtained by dissolving Cd(NO3)2 4H2O salt in distilled water. A stock solution containing 1000 mg/L was
prepared with distilled water and solutions for biosorption
experiments were prepared by appropriate dilution.
2.3 Batch biosorption studies

A known quantity of the dried biosorbent was added
to various concentrations (5–150 mg/L) of 100 ml Cd(II)
solution in 250 ml Erlenmeyer flasks at a fixed agitation
speed of 200 rpm before the pH adjustment of the Cd(II)
solutions. Before mixing with the cone biomass for effect
of pH, the pH of each solution was adjusted to desired
values (1.5-7) with HNO3 and NaOH. The biosorbent concentrations were varied from 1.0 to 8.0 g/L. The biosorption medium was stirred for 3 h at the required temperature
(15-45oC) in a mechanical platform shaker (Thermolyne
ROSI 1000). Temperature was maintained at desired values using a temperature-controlled storage unit, where the
experiments were conducted. The accuracy of temperature measurements was ±1oC. The samples were taken at
definite time intervals and filtered immediately to remove
biomass by filter paper (Whatman GF/A) and the Cd(II) in
the remaining solution was analyzed. The biosorption tests
were conducted in duplicate under identical conditions.
Cd(II) biosorption equilibrium over a temperature range of
15–45oC was modelled by using the Freundlich and Langmuir isotherm and kinetic and thermodynamic parameters
for the biosorption process were evaluated [13, 14].
2.4 Analysis of Cd(II) ions

The concentration of unadsorbed Cd(II) ions in the
effluent was determined using an atomic absorption spectrophotometer (Perkin Elmer Aanalyst 360).

FIGURE 1 - Effect of pH on the biosorption of Cd(II) (initial Cd(II)
concentration (Co)= 50 mg/L; biomass dosage (m)= 4 g/L; contact
time (t)= 180 min; temperature (T)= 25 oC).

Fig. 2 shows the speciation of cadmium in the single
element solution system. Cadmium appears predominantly
as Cd2+ species over pH 2–9. At pH 10, the concentration
of CdOH+ reaches maximum 30%, whereas the concentration of Cd(OH)2(aq) and [Cd(OH)3]− increases with the
decrease in the concentration of Cd2+ and CdOH+ at
higher pH. The concentrations of CdNO3+, [Cd(OH)4]− and
[Cd2(OH)]3+ are lower in the solution and does not change
the results over the pH range. The concentration of
Cd(OH)2(aq) reaches the maximum value at a high level
of pH, 11.5, over this pH, its concentration starts to decrease linearly [23].
The cadmium biosorption capacity increased very
sharply with an increase in pH from 1.5 to 7.0. Such an
effect of pH on biosorption of Cd(II) was reported by previous researchers [2, 5, 16, 18]. The biosorption of metal
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concentrations stirred 180 min. Experimental results were
presented in Fig 4. The increase in biomass dose from 1.0
to 4.0 resulted in a rapid increase in the biosorption of
Cd(II) ions. This is because of the availability of more
and more binding sites for complexation of Cd(II) ions.
Further, the increment in biomass dose did not cause a
significant improvement in biosorption. Therefore, the
optimum biomass dosage was selected as 4.0 g/L for further
experiments. This seems to be due to binding of almost all
ions to the biomass, to the establishment of equilibrium
between the ions bound to the biomass, and to those remaining unadsorbed in the solution [8]. However, Cd(II)
uptake values showed a reverse trend, as it is a measure of
the amount of cadmium ions bound by unit weight of
biomass and therefore, its magnitude decreases with the
increment in biomass dose [9, 13, 14].

FIGURE 2 - Speciation of cadmium in solution system.

ions increased in pH up to 6.5. The biosorption capacity
of cone biomass did not significantly alter when the initial
pH was increased from 6.5 to 7.0. Therefore, the following experimental runs were performed at pH 6.5. At pH
values lower than 4.0, Cd(II) removal was inhibited, possibly as a result of the competition between hydrogen and
metal ions on the sorption sites. When the pH was increased, the competing effect of hydronium ions took up
the free binding sites. Hence the metal uptake was increased [5, 9, 13, 14, 16, 18].
3.2. Effect of contact time

Fig. 3 shows the effect of contact time on the biosorption capacity (qt) of Nordmann fir cone (4.0 g/L). It was
observed that 90% of the total soluble cadmium was removed from solution within 120 min of agitation. The
biosorption capacity increased in accordance with an
increase in contact time up to 180 min. Afterwards, there
was a small decrease in the soluble cadmium concentration during the test period of 4 h. After this time, there
was no significantly increase (6 and 8 h) [13, 14]. Therefore, the optimum contact time was selected as 180 min
for further experiments. The equilibrium time is independent of initial Cd(II) ions concentration. Almost the
same contact time was reported in several earlier works,
which related with the biosorption of the same metal ions
on various biomasses [5, 8, 10, 12, 15-18]. Gupta and
Bhattacharyya [24] and Serencam et al. [9] have reported
that equilibrium is obtained within 240 min for Cd(II). In
other studies by Kapoor et al. [17] and Sharma and Bhattacharyya [3] the biosorption of Cd(II) have reached the
equilibrium in 5 h.

FIGURE 3 - Effect of contact time on biosorption capacity (qe mg/g)
(T= 25 oC; m= 4 g/L; pH= 6.5).

3.3. Effect of biosorbent dosage

The initial concentration provides an important driving force to overcome all mass transfer resistance of Cd(II)
between aqueous and solid phases. The initial concentration of Cd(II) in the solution remarkably influenced the

To study the effect of biosorbent dosage on the biosorption capacity, the biosorbent dosage was changed
from 1.0 to 8.0 g/L, at pH 6.5 and 50 mg/L cadmium ion

FIGURE 4 - Effect of initial biomass dosage on biosorption capacity
and the % removal of Nordmann fir (Co= 50 mg/L; T= 25 oC; pH=
6.5; t= 180 min).
3.4. Effect of initial metal concentration and temperature
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equilibrium uptake of Cd(II) at all the temperature studied
(15–45oC) [13, 14]. It was noted that the biosorption of
Cd(II) increases as initial concentration increases which is
generally expected due to the equilibrium process. The
results in Fig. 5 revealed that the biosorption capacity
increases while the percentage removal decreases with
an increase in initial concentration of Cd(II) ions and
temperature up to 45oC. The increase in the biosorption
capacity is a result of the increase in the driving force, i.e.
concentration gradient, increase in the initial cadmium ion
concentrations (from 5 to 150 mg/L). Though an increase
in biosorption capacity was observed, the decrease in
percentage removal may be attributed to lack of sufficient
surface area to accommodate much more metal available
in the solution. However, it increases parallel with increase
in temperature. The biosorption percentage increased from
76 to 84% for 5 mg/L Cd(II) ion concentration and from 56
to 62% for 150 mg/L Cd(II) ion concentration as the temperature was increased from 15 to 45oC. This trend is in
agreement with the earlier work on the biosorption of
Cd(II) [22, 25, 26]. For biosorption processes, significant
variation of the effect of temperature has been reported in
the literature, even conflicting results at times. Barka et al.
[27] reported that temperature range between 25 and 60°C
did not change the sorption of Cd(II) ions on S. hispanicus. On the other hand, Dang et al. [28] showed that Cd(II)
biosorption by wheat straw enhances with increasing temperature from 25 to 30°C. The conflicting observations of
the effect of temperature on biosorption among various
studies might be due to different types of biosorbent used.

where qt (mg/g) is the amount of biosorbed cadmium
on the biosorbent at time t and qe (mg/g) is the amount of
biosorbed cadmium at equilibrium and k2 (g/mg min) is the
rate constant of pseudo-second-order adsorption. Eq. (1)
can be rearranged and linearized to obtain:

q t = (k 2 t q e2 ) (1 + k 2 t q e )

(2)

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

(3)

The plot t/qt versus t should give a straight line if the
pseudo-second-order kinetics is applicable, and qe and k2
can be determined from the slope and intercept of the
plot, respectively.

h = k 2 (qe ) 2

(4)

where h is the initial sorption rate (mg/g min) [30].
The biosorption kinetics was used to fit the experimental data. The biomass was contacted with the Cd(II)
solution (50 mg/L) at various temperatures depending on
contact time. The biosorption kinetics of Cd(II) ion removal at 15, 25, 35 and 45oC by plotting the Cd(II) biosorption capacity versus time. The equilibrium uptake of
Cd(II) ions onto Nordmann fir cone was affected by temperature and increased with increasing temperature up to
45oC [13, 14]. The pseudo-second-order kinetic constants
and qe values were determined from the plots for all temperatures.
The biosorption data were further analyzed using the
Elovich and intra-particle diffusion models. The Elovich
equation is given as follows:

dq t dt = αexp(-βqt )

(5)

where α is the initial adsorption rate (mg/g min), and
the parameter β is desorption constant (g/mg). The integrated form of Eq. (5) (assuming α βT >>1) is

q t = ( 1 β ) ln (αβ ) + ( 1 β ) ln (t)

FIGURE 5 - Effect of initial metal concentration and temperature
on biosorption capacity and the biosorption efficiency of Nordmann
fir (m= 4 g/L; pH= 6.5; t= 180 min).
3.5. Biosorption kinetics

Different kinetic models were used to describe the
experimental data of adsorption of heavy metals on biomass [29, 30]. The pseudo-second-order kinetic model
(Ho equation) is expressed as:

dq dt = k 2 (q e − q t ) 2

(1)

(6)

These coefficients are computed from the plots of qt
vs. lnt. Therefore, the formation of chemisorptive bonds involving sharing or exchange of electrons between the sorbate and the sorbent may be considered as the rate-limiting
step of the process [31]. When the biosorbate ions and the
surface sites interact chemically through a second-order
mechanism, the application of the Elovich equation may be
more appropriate. The Elovich equation describes predominantly chemical adsorption on highly heterogeneous adsorbents, but the equation does not propose any definite
mechanism for adsorbate-adsorbent interaction.
Most adsorption reactions take place through multi
step mechanism comprising (i) external film diffusion, (ii)
intraparticle diffusion and (iii) interaction between adsorbate and active site. Since the first step is excluded by
shaking the solution, the rate-determining step is one of the
other two steps [13, 14].
Weber and Morris [32] described the intraparticle uptake of the adsorption process to be proportional to the
half-power of time:
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TABLE 1 - Kinetic parameters for Cd(II) biosorption on Nordmann fir cones.
Second-order kinetic model
qe,cal
h
k2
(g/mg min)
(mg/g)
(mg/g min)
0.004
9.551
0.342
0.005
10.121
0.488
0.006
10.438
0.604
0.007
10.560
0.732

15
8.4
25
9.0
35
9.5
45
9.8
Nonlinear regression
25
9.0
0.004

q t = k i (t) 1/2 + C

10.276

0.422

β
(g/mg)
0.514
0.488
0.503
0.537

R2

0.998
0.998
0.998
0.998

Elovic
α
(mg/g min)
0.813
1.131
1.567
2.318

0.993
0.979
0.974
0.969

Intraparticle diffusion
ki
C
(mg/g min1/2)
0.590
1.073
0.613
1.761
0.598
2.395
0.563
3.074

0.999

0.831

0.442

0.993

0.693

2

R

(7)

where ki is the intraparticle diffusion rate constant
(mg/g min1/2). The ki is the slope of strait-line portions of
the plot of qt versus t1/2.
A comparison of the pseudo-second-order, Elovich biosorption rate and intraparticle diffusion constant and its
correlation coefficient at different temperatures is presented
in Table 1. The coefficients are significantly depending on
the amount of adsorbent with a being much more sensitive
[13, 14, 33]. In addition, the kinetic data were fitted by
non-linear regression analysis using the software package
STATISTICA for WINDOWS. The pseudo second order,
Elovich and intraparticle constants were modeled using by
Simplex and Quasi-Newton algorithms at 25 oC Also the
nonlinear regression constants obtained from data at 25 ° C
are included in Table 1.
It is important that for the intraparticle correlation coefficient was less than the pseudo-second-order and
Elovich coefficient. In the context of these results, it can
be said that the pseudo-second-order kinetic model provided a good correlation for the biosorption of Cd(II) onto
Nordmann fir cone at different temperatures. The values
of correlation coefficient for pseudo-second-order kinetic
model are very high (R2 > 0.997) and the theoretical qe,cal
values are very close to the experimental qe,exp values. The
investigation of the adsorption kinetics, if the calculated
qe,cal values are very close to experimental qe,exp values, the
adsorption time for the equilibration is sufficient. According to Table 1, these values are very close and the equilibrium time is 180 minutes. The values for the product h representing the rate of initial biosorption, k2 and qe increased with the rise in temperature [13, 14]. Interactions
of Cd(II) with Nordmann fir cone yielded a good linear
Elovich plot with correlation coefficients of 0.979 (linear
approach) and 0,993 (nonlinear estimation). The intraparticle diffusion rate constant, ki values are 0.61(mg/g
min1/2.) (linear approach) and 0,693 (nonlinear estimation). The plot was linear with a regression coefficient of
0.894 (linear approach) and 0,958 (nonlinear estimation).
Significantly, however, the plot does not have zero intercept and thus, despite being linear it does not fit into Eq.
(7). Thus, intraparticle diffusion is not likely to be a controlling factor in determining the kinetics of the processes
and the large intercepts suggest that the process was
largely of surface biosorption.

R2
0.933
0.894
0.898
0.902

1.008

0.958

There are three types of adsorption. These are physical adsorption, chemical adsorption and ion exchange adsorption. However, the exchange adsorption does not ion
exchange. The exchange adsorption is electrical attraction
between the adsorbent with the opposite electrical charge
and adsorbate. Adsorption process is not explained with a
single type of adsorption process. If the adsorption kinetics is
pseudo second order, the adsorption is depending on the con12

10

8
qt (mg/g)

qe,exp
(mg/g)

6
Exp.

4

_____

P.Second order eq.

------ Elovich eq.
2

__ __

Intra. dif. eq.

100

120

0
0

20

40

60

80

140

160

180

200

t (min)

Simulation of Linear regression
12

10

8
qt (mg/g)

T
(oC)

6
Exp.

4

_____

P.Second order eq.

------ Elovich eq.
2

__ __

Intra. dif. eq.

100

120

0
0

20

40

60

80

140

160

180

200

t (min)

Estimated of nonlinear regression
FIGURE 6 - Comparison between the simulated the linear approach
and modeled nonlinear regression time profiles for Cd(II) biosorption
onto Nordmann fir cones at 25 oC (Co= 50 mg/L, pH= 6.5; t= 180 min).
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centration and the rate determining step is related a chemical
process (exchange adsorption or complex formation).
A comparison of the calculated, measured and nonlinear regression results for 50 mg/L initial metal concentration is shown in Fig. 6 a) and b). The pseudo secondorder equation provides the best correlation for all of the
biosorption process, whereas the Elovich equation also
fits the experimental data well. The intraparticle equations
do not give a good fit to the experimental data for the
biosorption of Cd(II). This suggests that the biosorption
systems studied belong to the pseudo second-order kinetic
model, based on the assumption that the rate-limiting step
may be chemical adsorption. Tsekova et al. [31] reported
that the pseudo-second order equation best described the
biosorption process followed by intraparticle diffusion for
the biosorption of Cd(II) by onto free and immobilized
biomass of A. niger. Mashitah et al. [34] reported that
intraparticle diffusion is the rate-limiting step of the biosorption of Cd(II) by immobilized cells of Pycnoporus
sanguineus. Many earlier literatures reported that the
pseudo-second-order kinetic model for the adsorption of
Cd(II) provided a better correlation than that of the intraparticle diffusion model, pseudo-first order model and
Elovich kinetic model [31, 34, 35].
3.6. Activation energy of Cd(II) biosorption

Activation energy is determined according to the Arrhenius equation;

lnk = ( - E a RT ) + lnA

biosorption on pyrite and synthetic iron sulphide (SIS),
reported a value for Ea of 57.47 and 12.09 kJ/mol, respectively. This appears that the adsorption of Cd(II) on pyrite
and SIS is chemical adsorption process. From the value of
activation energy it appears that the biosorption of Cd(II)
on Nordmann fir cone is endothermic and involves chemical adsorption process. With respect to the magnitude of
heat of biosorption, the dominant adsorption mechanism in
the whole biosorption process can also be proposed.
3.7. The Langmuir and Freundlich isotherms

The Langmuir and Freundlich isotherm models are
widely used for fitting the data [14, 22-25]. The results of
biosorption studies of Cd(II) at various temperatures and
different concentrations ranging from 5 to 150 mg/L on a
fixed amount of biosorbent were calculated. The Langmuir
isotherm suggests that uptake occurs on a homogeneous
surface by many monolayer biosorption [14]. This equation is given below

q e = (Qmax bC e ) (1 + bC e )

where Ce is the equilibrium concentration of Cd(II),
Qmax and b are the maximum adsorption capacity and the
affinity of binding sites, respectively. These constants can
be determined from the linear plot of 1/qe versus 1/Ce.
Freundlich isotherm model based on a heterogeneous
surface is given below;
1

qe = K f Ce n

(8)

where Ea is activation energy, T the temperature in
Kelvin, R the gas constant (8.314 J/mol K) and A is a
constant called the frequency factor. Value of Ea can be
determined from the slope of ln k versus 1/T plot. The
magnitude of activation energy may give an idea about
the type of adsorption. Two main types of adsorption may
occur, physical and chemical. In physical adsorption, the
equilibrium is usually rapidly attained and easily reversible, because the energy requirements are small. The activation energy for physical adsorption is not more than
4.2 kJ/mol since the forces involved in physical adsorption
are weak. Chemical adsorption is specific and involves
forces much stronger than in physical adsorption. Therefore, the activation energy for chemical adsorption is of the
same magnitude as the heat of chemical reactions. Two
kinds of chemical adsorption are encountered, activated
and, less frequently, nonactivated. Activated chemical adsorption means that the rate varies with temperature according to finite activation energy (between 8.4 and 83.7 kJ/mol)
in the Arrhenius equation (high Ea). However, in some
systems the chemisorption occurs very rapidly, suggesting
the activation energy is near zero. This is termed as a nonactivated chemisorption [14, 21, 36]. The activation energy
for the biosorption of Cd(II) on Nordmann fir cone was
calculated and its value was found to be as 13.954 kJ/mol
(correlation coefficient of 0.994). This value is of the same
magnitude as the activation energy of activated chemisorption. Erdem and Ozverdi [22], who when studying Cd(II)

(9)

(10)

where Kf and n are Freundlich constants characteristic
of the system. Kf and n are the indicators of adsorption
capacity and intensity, respectively. These constants can
be determined from the linear plot of logqe versus logCe.
The Langmuir and Freundlich constants along with
the correlation coefficients (R2) were calculated from the
corresponding plots for the biosorption of Cd(II) at different temperatures and estimated from nonlinear regression.
The results are presented in Table 2. A comparison of simulated the linear approach and modeled nonlinear regression
results are shown in Fig. 7 a) and b). The Langmuir isotherm provides the best correlation for the biosorption
process, whereas the Freundlich isotherm does not give
a good fit to the experimental data for the biosorption of
Cd(II) [14, 21]. According to results of another research
was made about biosorption, Freundlich isotherm was
determined as suitable for Cd(II) biosortion on Nordmann
fir leaves [9].
TABLE 2 - Isotherm parameters for Cd(II) biosorption on Nordmann fir cones.
Freundlich isotherm
Kf
n
R2
15
0.935
1.286
0.990
25
1.154
1.312
0.984
35
1.297
1.325
0.981
45
1.474
1.353
0.979
Nonlinear regression
25
2.089
1.727
0.986
T (oC)

2532

Langmuir isotherm
Qmax (mg/g)
b (L/g)
31.746
0.0260
32.154
0.0322
32.573
0.0361
33.113
0.0410

R2
0.999
0.999
0.999
0.999

34.766

0.996

0.0282
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niger B-77 [31] and Scolymus hispanicus L. [27]. According to these results, the use of cone biomass has significantly increased the biosorption of Cd(II).

24
22
20
18

TABLE 3 - Comparison of maximum adsorption capacity among
different reported adsorbents for Cd(II) biosorption

qe (mg/g)

16
14
12

Sorbent material

10

Scolymus hispanicus L.
Wheat straw, T. aestivum
A. niger B-77 Live free cell
A. niger B-77 Live immobilized cell
A. niger B-77 immobilized PVA-hydrogel
P. sanguineus
Saw dust
Neem bark
Carpobrotus edulis
Launea arborescens
Senecio anthophorbium
Euphorbia echinus
Activated carbon
R. cohnii
Nordmann fir cones

Exp.
....... Freundlich isotherm
_____
Langmuir isotherm

8
6
4
2
0
0

10

20
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40
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70

Ce (mg/L)

Simulation of Linear regression
24
22
20
18

References
[27]
[28]
[31]
[34]
[37]

[38]

[39]
This study

3.8. Gibbs, Enthalpy and Entropy

16
qe (mg/g)

Qmax
(mg/g)
54.05
14.61
69.44
60. 24
2.3
3.18
26.73
25.57
27.9
11.5
18.9
23.5
22.1
40.5
34.76

Thermodynamic parameters were determined the temperature dependence of the adsorption process. Thermodynamic considerations of a biosorption process are necessary
to conclude whether the process is spontaneous or not. The
value of ∆Go can be determined from the following equation
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Langmuir isotherm
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FIGURE 7 - Comparison between the simulated the linear approach
and modeled nonlinear regression time profiles for Cd(II) biosorption onto Nordmann fir cones at 25 oC (pH= 6.5; t= 180 min).

The biosorption capacity of Nordmann fir cones was
compared to previously studies about adsorption capacities of various sorbent in aqueous solution for Cadmium(II) ions (in Table 3). Table 3 show that experimental data of the present study was found to be higher than
those of many corresponding sorbents in the researches.
The maximum Cd(II) uptake capacity by Nordmann fir
cones is higher than P. Sanguineus [34] and lower than A.

(11)

where R (8.314 J/mol K) is the universal gas constant,
T (K) is the absolute solution temperature in Kelvin and b
(L/g) is the Langmuir isotherm constant [14]. The relation
between ∆Go, ∆Ho (enthalpy) and ∆So (entropy) can be expressed by the following equation

∆G o = ∆H o − T∆S o

(12)

Eq. (12) can be written as

lnb = ∆S o R − ∆H o ( RT)

(13)

where the values of ∆Ho and ∆So can be determined
from the slope and intercept of the plot between ln b versus 1/T [40]. The values of ∆Go, ∆Ho and ∆So for the biosorption of Cd(II) on Nordmann fir cone at different temperatures are given in Table 4.

TABLE 4 - Thermodynamic parameters for Cd(II) biosorption on Nordmann fir cones.

T (oC)

∆Go
(kJ/mol)

∆Ho
(kJ/mol)

∆So
(J/mol K)

15
25
35
45

-19.090
-20.298
-21.275
-22.313

11.490

106.378
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Kc used instead of b
∆Ho
∆Go
(kJ/mol)
(kJ/mol)
-15.817
-16.934
12.359
-17.839
-18.775

∆So
(J/mol K)
106.378
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The Gibbs free energy change, ∆Go is indication
spontaneity of a chemical reaction and therefore is an important criterion for spontaneity. Reactions occur spontaneously at a given temperature if ∆Go is a negative quantity [14]. The magnitude of ∆Go increased with the rise in
temperature. Its negative value confirms the feasibility of
the process and the spontaneous nature of biosorption of
Cd(II). The value of ∆Ho is positive, indicating that the
biosorption reaction is endothermic. This is also supported
by the increase in the value of uptake capacity of the biosorbent with the rise in temperature. The positive value of
∆So reflects the affinity of Cd(II) for the biosorbent used.
In addition, positive value of ∆So shows the increasing
randomness at the solid/liquid interface during the biosorption of Cd(II) on the selected biosorbent. The thermodynamic parameters were also calculated using equilibrium constant, Kc (where Kc=qe/Ce) [14, 21]. The standard
free energy changes ∆Go of the adsorption can be calculated according to Eq. (11) (ln Kc used instead of ln b).
The values of ∆Ho and ∆So were obtained from the slope
and intercept of van’t Hoff plots of ln Kc versus 1/T. The
values of ∆Go, ∆Ho and ∆So (Kc used instead of b) are
given in Table 4. The values of ∆Ho and ∆So calculated by
using equilibrium constant and Langmuir constants are
positive, and almost equal. Rakhshaee et al. [25] have
reported that the values of ∆Go for the Cd(II) adsorption
onto the dead activated Azolla were found as -20.289,
-20.369 and -20.449 kJ/mol at 10, 25 and 40 oC. Erdem
and Ozverdi [22] have reported that the values of ∆Go
for the adsorption of Cd(II) on SIS (synthetic iron sulphide) and pyrite are -26.279, -32.418 and -34.493
kJ/mol for SIS and -19.654, -20.354 and -21.208 kJ/mol
for pyrite at 25, 35 and 45oC, respectively. The value of
∆Ho of the Cd(II) adsorption onto SIS and pyrite have
been determined to be 96.783 and 3.468 kJ/mol, respectively. Gupta and Rastogi [41] have reported that the
values of ∆Go for the biosorption of Cd(II) on nonliving
algal biomass Oedogonium sp. are -18.347, -18.960 and
-18.570 kJ/mol at 25, 35 and 45oC, respectively. Further,
negative (∆Go) values dictate spontaneous process. The
value of ∆Ho of the Cd(II) biosorption onto algal biomass
has been determined to be -2.527 kJ/mol. The enthalpy
change (∆Ho) is negative (exothermic) due to decrease in
adsorption on successive increase in temperature. Low et
al. [42] has reported that value of ∆Ho for Cd(II) sorption
on spent grain is 14.12 kJ/mol, which is a quite comparable result obtained in this study.

and Freundlich isotherms were made for the mathematical
description of the biosorption equilibrium data. Langmuir
isotherm provided the best correlation for the biosorption
of Cd(II). The kinetic studies showed that pseudo-secondorder rate equations were able to provide a realistic description of the biosorption kinetics of Cd(II). However,
the Elovich equation also fitted the experimental data
well. According to the value of the adsorption energy (Ea)
obtained in this study can be said that the biosorption of
Cd(II) by Nordmann fir cone is chemical sorption. The
change of Cd(II) biosorption with temperature was investigated and the thermodynamic parameters (∆Go, ∆Ho and
∆So) were calculated. The values of ∆Go were found to
be -19.090, -20.298, -21.275 and -22.313 kJ/mol at 10, 25
and 40 oC. The values of ∆Ho and ∆So calculated by using
equilibrium constant and Langmuir constants are positive,
and almost equal. The values of ∆H o and ∆S o were
obtained from Langmuir constants 11.490 kJ/mol and
106.378 J/mol K respectively. These results showed an
endothermic heat of the biosorption and a negative free
energy value, indicating that the process of Cd(II) biosorption is favoured at high temperatures.
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AMMONIUM NITROGEN ADSORPTION FROM
BIOLOGICALLY PRETREATED COKING WASTEWATER
BY SEWAGE SLUDGE BASED ACTIVATED CARBON
Guanhua Meng*, Baohe Liu, Dongmin Tao, Pinjun Li and Tong Wan
School of Civil Engineering and Architecture, Anhui University of Technology, No. 59, Hudong Road, Ma’anshan, Anhui 243002, PR China

ABSTRACT
Sewage sludge based activated carbons were prepared
with chemical activation process using KOH and ZnCl2 as
the chemical activating agents, respectively. The physicochemical properties of the prepared carbons were measured. The batch adsorption properties of the carbons toward ammonium nitrogen have been studied as a function
of pH, dosage, temperature and agitation time. The results
showed that the optimum range of pH for adsorption of
ammonium nitrogen onto both sewage sludge based activated carbons was at about 7-9. The Langmuir and Freundlich isotherm models were employed to describe the equilibrium isotherms and the data fit both models very well.
The rates of adsorption were found to conform to the
Langere pseudo-second order kinetic model. The breakthrough adsorption and desorption experiments showed
that the sludge based activated carbons can effectively remove ammonium nitrogen from coking wastewater and can
be effectively regenerated by NaOH solution. The sewage
sludge based activated carbons may be both effective and
economically viable adsorbents for ammonium nitrogen
removal from coking wastewater.
KEYWORDS: sewage sludge based activated carbon; coking
wastewater; adsorption; ammonium nitrogen

1 INTRODUCTION
High concentration of nitrogen in rivers and lakes can
cause eutrophication and lead to decrease of dissolved oxygen. The ubiquitous form of nitrogen compounds found in
aqueous environment is ammonium ion (NH4+). Hence,
removing of ammonium nitrogen from wastewater is of a
great importance. Various methods including steam stripping [1], chemical precipitation recycle technology [2],
biological nitrification–denitrification [3] and adsorption
[4] have been used for ammonium nitrogen removal. Due
to the economical feasibility and efficient ability, adsorp* Corresponding author

tion is one of the most promising techniques. The key issue
of adsorption technology is to find effective and low-cost
adsorbents. Hence, low-cost adsorbent materials such as
zeolite [5], sepiolite [6], fly ash [7], saw dust [8], sandy
soil [9] and agricultural residues [10] have been studied
for ammonium nitrogen adsorption.
Sewage sludge is inevitable by-product of biological
treatment of wastewater and its production is very high.
Owing to the carbonaceous nature of sewage sludge and
high content of volatile components, it may be considered
as attractive precursor for production of activated carbon
if pyrolyzed under favorable conditions. Many researches
have been conducted to demonstrate the adsorption capacities of sewage sludge based activated carbon toward
organic [11] and inorganic [12] pollutants.
Coking wastewater is produced from coal coking, coal
gas purification, and by-product recovery processes of coke
factory and causes a severe problem in China. This kind of
water is composed of complex inorganic and organic contaminants attributing to high concentration of chemical
oxygen demand (COD) and ammonium nitrogen (NH4+-N)
[13]. The most widely used treating methods for coking
wastewater are biological processes in China. Unfortunately, the biological methods are not efficient enough in
practice to meet the 1st level of National Discharge Standard of China GB8978-1996 (COD<100 mg L-1, NH4+-N
<15 mg L-1). Therefore, efforts on advanced treatment
processes for coking wastewater after conventional biological treatment are necessary [14]. Due to the versatile
properties, adsorption technique can be used in advanced
treatment of coking wastewater.
The application of sludge based activated carbon in
treating coking wastewater had rarely been reported in the
literature. The aim of this study was to evaluate the adsorption capacities of sewage sludge based activated carbons toward ammonium nitrogen(NH4+-N) from coking
wastewater pretreated by the conventional anaerobic–
anoxic–oxic process. For this purpose, activated carbons (AC-Z and AC-K) were prepared from sewage
sludge through ZnCl2 and KOH activation, respectively.
Adsorption tests were carried out in batch and fixed bed
systems. The effects of adsorbent dose, pH, temperature
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and contact time have been studied. Kinetic and equilibrium models were used to fit experimental data. Dynamic
adsorption and desorption tests were also conducted to
gain further insights into the effectiveness and regeneration properties of the prepared carbons.
2 MATERIALS AND METHODS
2.1. Raw wastewater

Wastewater samples used in this study were taken
from the effluent of a coke plant (Ma’anshan, China) pretreated by the steam stripping of ammonia and anaerobicanoxic-oxic biological processes. The basic characters of
wastewater are as follows: the pH value of wastewater is
6.8, the concentration of COD and NH4+-N are 196.80 mg/L
and 29.85 mg/L, the color is 100 times. The concentration
of NH4+-N is above the 1st level of the National Discharge
Standard of China and the advanced treatment is required.

shaker for 2h at 303K with the pH values ranges from 3 to
11. Preliminary experiments showed that the adsorption
equilibrium is reached in 2h. To study the mass dosage on
the batch adsorption, different activated carbon dosages
ranging from 0.1 to 0.5g per 100 ml of wastewater were
used. The pH of the wastewater was kept original as received. All the adsorption experiments were carried out in
a water-bath shaker for 2h at temperatures of 288K, 303K
and 318K respectively. After equilibrium, the water samples were filtered, and then the the concentrations of NH4+-N
of filtrate was analyzed further. For kinetic studies, the activated carbon dosage was 0.3g per 100 ml of coking wastewater at 303K. The solution was periodically taken from
the oscillator at predetermined time intervals, so that the
residual NH4+-N in solution could be determined until the
concentration in the solution remained constant. All the experiments were performed in duplicate, and the mean value
of the parallel samples was calculated. The removal efficiency (%) and adsorption capacity, qe (mg/g), were calculated by Eq. (1) and Eq.(2).

2.2. Sewage sludge based activated carbon preparation

Sewage sludge used in this work came from Ma’anshan
sewage treatment plant of China where wastewater undergoes an activated sludge biological treatment (carrousel oxidation ditch process). In this plant, surplus sludge is anaerobically digested and the resulting material is dewatered by
centrifugation. The dewatered sludge was used as starting
material to produce activated carbon. First, The dewatered
sludge was first dried at 105℃for 12 h, crushed into granular particles. Then the granular particles was mixed with tar
and sawdust with the weight ratio of 30:5:1 and the mixture
were immersed in 5 mol/L ZnCl2 solution(or KOH solution) and the weight ratio was 1:2 (or 1:3 for KOH) with
respect to the mass of mixture to be activated. After a
contact time of 48 h in a complete mixture reactor, the
supernatant liquid was removed and then the resultant
precursor was dried at 105ºC for 48 h. Second, dried activated sludge was carbonized by pyrolysis under an inert
nitrogen atmosphere. Pyrolysis conditions were as follows: a heating rate of 5ºC/min up to 550ºC (600ºC for
KOH) and 60 min (40 min for KOH) residence time in the
furnace at this temperature, and the nitrogen flow rate was
300 mL/min. Third, after the pyrolysis, the activated carbon
was washed to get rid of any remaining chemical activators. For this purpose a 10% by weight solution of HCl was
used in order to eliminate the excess of activation agents
and the fraction of soluble ash [15]. Then, the activated carbons was rinsed with distilled water. Finally, the products
AC-Z and AC-K were dried at 80ºC and ground (0.5 mm <
diameter < 2 mm) before use.
2.3. Batch adsorption study

To study the pH effect on the batch adsorption, the initial pH of coking wastewater was adjusted by addition of
dilute (0.1 mol/L) NaOH or H2SO4 solution to a desired
value in the range of 3–11. The activated carbon dosage of
0.3 g per 100 ml of wastewater was employed and the
adsorption experiments were carried out in a water-bath

Removal efficiency (%) =

qe =

C0 − Ce
× 100
C0

(C0 − Ce ) × V
W

(1)
(2)

where C0 and Ce (mg/L) are the concentrations of
NH4+-N at initial and equilibrium, respectively. V (L) is
the volume of the solution, and W (g) is the mass of dry
adsorbent used.
2.4. Column adsorption and desorption

Column experiments were carried out using a glass
column (12 mm diameter and 130 mm length) equipped
with a water bath to maintain a constant temperature.
10mL (wet volume) AC-Z or AC-K were packed in the
column for further study. A Lange-580 pump (China) was
used to ensure a constant flow rate 10 bed volume /h
(BV/h). The NH4+-N of the effluent was measured periodically to determine the ammonium nitrogen in coking
wastewater retained by the activated carbon in the column. After adsorption, the exhausted adsorbent bed was
subjected to regeneration by 5% NaOH solution with flow
rates of 5 BV/h. The NH4+-N of the effluent was measured
periodically to determine the ammonium nitrogen recovered by the desorbent solution.
2.5. Analytical methods

The wastewater samples were analyzed according to
the standard methods specified in the Monitoring and Analytical Methods of Water and Wastewater [16]. The pH was
determined by using the glass electrodes; COD was measured using the potassium dichromate oxidation method;
NH4+-N was measured by using Nessler’s reagent spectrophotometry; Color was analyzed using dilution method.
The infrared spectra of AC-Z and AC-K were recorded
using a VECTOR22 FTIR spectrometer (Bruker, Germany)
scanning over the frequency ranged from 4000 to 400 cm−1
at a resolution of 1 cm−1. The surface area and pore struc-
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ture of AC-Z and AC-K were determined from nitrogen
adsorption isotherms at 77K using a surface area analyzer
(ASAP2010, Micromeritics Instrument Corp., USA). The
specific surface areas are calculated using Brunauer–
Emmet–Teller equation. The micropore area (Smicro), total
pore volume(Vt) and micropore volume (Vmicro) were obtained using the t-plot method.The mesopore volume (Vmeso)
was the deduction of Vmicro from Vt. The average pore
diameters were estimated from the BET surface area and
total pore volume (Dp=4Vt/SBET) assuming an openended
cylindrical pore model without pore networks.

The bands at 1407 and 1390 cm-1 are the characteristic of
symmetrical COO- stretching vibration [20]. The peaks at
about 1109 and 1047cm−1 are due to C-O stretching vibration of various oxgen containing groups [21]. The characteristic bands below 900cm−1 are C–H out-of-plane bending absorption in aromatic ring and C–C stretching [22].
TABLE 1 - Basic characterization of the adsorbents

AC-Z
AC-K

3 RESULTS AND DISCUSSION

Smicro
(m2/g)
169.1
131.2

SBET
(m2/g)
264.3
326.2

adsorbents

Vt
Vmicro
(mL/g) (mL/g)
0.223
0.089
0.233
0.071

Vmeso
(mL/g)
0.134
0.162

Dp
(nm)
3.37
2.86

7

3.1. Basic characterization of activated carbon made from
sewage sludge

Quantity adsorbed, mmol/g

5
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FIGURE 1 - Nitrogen adsorption/desorption isotherms at 77 K on
(a) AC-Z and (b) AC-K.
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Identifying pore structure of adsorbents by the adsorption of inert gases is essential before application. Fig. 1
illustrates adsorption/desorption isotherms of N2 at 77K on
activated carbons AC-Z and AC-K, respectively. At the
initial part of the adsorption isotherm with a relative pressure below 0.05, the N2 adsorption capacity increases
sharply with increment of the relative pressure, proving that
micropores are existent. The visible hysteresis loops of
the N2 desorption isotherms indicate that AC-Z and AC-K
contain mesopores [17]. In particular, the N2 adsorption
capacity of AC-K is larger than AC-Z at the same relative
pressure, which may be resulted from the larger specific
surface area of the former one. The specific surface area
and pore structure of the activated carbons are depicted in
Table 1. The BET surface areas of AC-Z and AC-K are
determined to be 264.3 and 326.2m2/g, respectively. The
average pore diameter (Dp) of AC-Z and AC-K are 3.37
and 2.26nm, respectively, indicating that the ZnCl2 and
KOH activation mainly developed meso pores (2nm<
Dp<50 nm) in the activated carbons.
FTIR analysis was performed in order to identify the
functional groups of AC-Z and AC-K that might be involved in the adsorption process.The FTIR spectra of raw
material sludge, activated carbons AC-K and AC-Z are
shown in Fig. 2. As shown in Fig. 2, the spectra of activated carbons were simple compared to the raw material
sludge.The broad band at about 3400 cm−1 was observed
for all samples, which was assigned to the O-H stretching
vibrations of the functional groups such as alcohols and
phenols. The intense bands at about 2928 and 2849 cm−1
for the sewage sludge precursor were attributed to the C–
H stretching vibrations, which disappeared for activated
carbons AC-K and AC-Z, indicating that the hydrogen
element was removed to a large extent as a result of carbonization at high temperature [18]. The band at about
2401 cm−1 in the spectrum of AC-K might be assigned to
hydrogen bonded or ionized compound structure [19]. The
bands at about 1645 and 1627 cm−1 were probably corresponded to the C=O stretching vibration of carbonyl groups
belonging to different functional groups. The bands at
1504 and 695 cm-1 are due to the viberation of O-H groups.
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FIGURE 2 - FTIR spectra of AC-Z and AC-K
+

3.2. Effect of pH on NH4 -N removal of test solution

One of the control parameters in adsorption processes
is pH, and the dependence of the removal efficiencies of
produced carbons for NH4+-N on initial pH was illustrated
in Fig. 3. It is revealed that the optimum range of pH for
NH4+-N adsorption by AC- K and AC- Z was 7-9, with
the removal efficiency ranging from 89.00％ to 89.08%
and form 83.51％to 83.78％, respectively. For the pH
above 9 and below 7, ammonium nitrogen removal effi-
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ciency declined rapidly. The equilibrium existed in the
solution about ammonium forms is as follows:
+

NH 4 + OH − ⇔ NH 3 + H 2O

At higher pH values, ammonium ions (NH4+) tend to
transform to be dissolved ammonia molecule (NH3) [23].
Lower ammonium nitrogen removal efficiency below pH
7 might be due to competition of H+ and NH4+ ions for the
active sites in the adsorbent surface. Therefore, the electrostatic attraction between the NH4+ ions and the activated carbon surface was weaker at lower pH. A similar
trend was observed for the adsorption of NH4+ ions by
other adsorbents such as fly ash and sawdust [24,25]. In
Addition, it can be seen that the amount of adsorbed ammonium nitrogen by AC-K was much higher than that of
AC-Z might due to the higher specific area and the complex polar surface groups of the former carbon.
100

100

80

90

70
Removal efficiency( %)

Removal efficiency( %)

90

water was presented in Fig. 4. It is found that NH4+-N removal efficiency increased sharply with increasing carbon
dosage from 1 to 3 g/L, and then gradually when the dosage was above 3 g/L. The ammonium nitrogen removal
efficiencies are found to be 89.01% and 83.65% at the
dosage of 3 g/ L and rise to 95.64% and 87.94% at the
dosage of 5g/L for AC-K and AC-Z respectively.
The equilibrium adsorption isotherm is one of the most
important data to understand the mechanism of the adsorption systems and it is a graphical representation showing
the quantity of adsorbate adsorbed by a unit weight of adsorbent. The adsorption isotherms with fixed initial ammonium nitrogen concentration and varying adsorbent dosages
at different temperatures (288K, 303K, 318K) were studied
and the data were depicted in Fig. 5. The comparison of
adsorption isotherms at 288K, 303K, 318K shows that
adsorption increases with increasing temperature, indicating that the adsorption process is endothermic in nature. It
also can be seen the adsorption capacities of AC-K and
AC-Z were 15.06 and 14.04 mg/g at the dosage of 1g/L
and 303K, respectively.
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FIGURE 3 - NH4+-N removal at different initial solution pH at 303K
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3.3. Effect of carbon dosage and temperature on NH4 -N
removal of test solution

The effect of carbon dosage ranging from 1 to 5 g /L
on ammonium nitrogen adsorption of the test coking waste-
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FIGURE 4 - NH4+-N removal at different activated carbon dosages
at 303K
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FIGURE 5 - Adsorption isotherms of NH4+-N on AC-K(a) and AC-Z(b)
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Several isotherm equations are available and two important isotherms namely Langmuir and Freundlich isotherms were selected in this study. The Langmuir adsorption isotherm assumes that adsorption takes place at specific homogeneous sites within the adsorbent. The linear
form of the Langmuir isotherm equation is represented by
Eq. (3).

Ce
1
C
=
+ e
qe bqm qm

(3)

where qe is the equilibrium ammonium concentration
on the adsorbent (mg/g), Ce the equilibrium ammonium
concentration in the solution, qm the monolayer adsorption
capacity of the adsorbent (mg/g), and b is the Langmuir
adsorption constant (L/mg) and related to the free energy
of adsorption.
The Freundlich isotherm model is an empirical equation and the model is valid for adsorption that occurs on
the heterogeneous surfaces [26]. The adsorption data were
further analyzed and found to conform well to the
Freundlich equation. The linear form of the Freundlich
isotherm model can be expressed as Eq. (4).
1
ln qe = ln K f + ln Ce
n

(4)

where qe is the amount of NH4+-N adsorbed per unit
weight of adsorbent (mg/g), Ce the equilibrium concentration (mg/L), Kf the constant indicative of the relative
adsorption capacity of the adsorbent (mg/g) and n is the
constant, indicative of the intensity of the adsorption.
Meanwhile n is an indicator of the favorableness of the
adsorbent/adsorbate system and when n>1 representing a
favorable adsorption condition.
The Langmuir and Freundlich parameters for the adsorption of ammonium nitrogen are listed in Table 2. All
equilibrium data fitted to both the Langmuir model and
Freundlich model (R2>0.96), but the Freundlich model
was better (R2>0.97). The Langmuir model usually describes monolayer adsorption occurring on structurally
homogeneous adsorbents and the Freundlich model describes multilayer adsorption on heterogeneous surfaces.
Therefore, the results suggested that the ammonium nitrogen adsorption onto AC-Z and AC-K were mixture of
monolayer adsorption and multilayer adsorption.
The values of qm and Kf increase with the increase of
temperature for both adsorbents and values for AC-K are

high as compared to that for AC-Z, which indicates the
higher adsorption capacity of AC-K might resulting from
its high surface area. In addition, the Kf of ammoniunm
nitrogen by AC-K (5.03mg/g at 303K) and AC-Z
(3.83mg/g at 303K) are relatively higher than that reported by various zeolites (3.15mg/g for zeolite prepared
from agricultural waste and 3.06mg/g for granular mordenite at 298K ) indicating that the sludge based activated
carbon can be effective adsorbents for NH4+-N [27]. The
exponent (n) is larger than 1 in all cases, which demonstrates the adsorption of NH4+-N onto AC-K and AC-Z is
favorable [28].
+

3.4. Effect of time on NH4 -N removal of test solution

The effect of adsorption time on ammonium nitrogen
adsorption from coking wastewater was shown in Fig. 6.
The pH value of wastewater is 6.8 and the additive dosage
of produced activated carbons is 0.3 mg/100L. Fig. 6 showed
that the uptake of ammonium nitrogen was dramatically
rapid in the first 60min and thereafter slowed down gradually
with approaching equilibrium. As the treatment time progressed, the adsorbent sites had the tendency towards saturation and equilibrium stations were attained in 120 min.
About 86.19% and 79.49% ammonium nitrogen were removed by AC-K and AC-Z at 60 min contact time from the
coking wastewater. At the equilibrium time of 120 min,
the removal efficiency of ammonium nitrogen increased
to 88.17% and 83.48% respectively. This indicates that
the produced activated carbons can efficiently adsorb
ammonium nitrogen from coking wastewater.
10

8
Qt( mg/g)
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FIGURE 6 - Effect of time on NH4+-N adsorption at 303K

TABLE 2 - Freundlich and Langmuir parameters for the adsorption of NH4+-N on AC-Z and AC-K at different temperatures
Adsorbents
AC-K

AC-Z

Temperature
288K
303K
318K
288K
303K
318K

Freundlich constants
n
Kf (mg/g)
4.32
2.23
5.03
2.17
5.82
2.19
3.62
1.90
3.83
1.82
4.03
1.67

R2
0.999
0.998
0.993
0.985
0.977
0.977

2540

qm(mg/g)
4.53
6.18
8.27
3.09
3.30
3.39

Langmuir constants
b (L/mg)
3.59
2.79
2.17
6.70
7.32
9.69

R2
0.978
0.968
0.965
0.995
0.994
0.991

400
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TABLE 3 - Kinetic parameters of pseudo-first-order and pseudo-second-order models at 303K
Adsorbents

qe,exp(mg/g)

AC-K
AC-Z

8.60
8.00

pseudo-first-order
qe,cal(mg/g)
k1×102(min-1)
1.25
2.45
1.67
2.00

Kinetics of sorption is one of the important characteristics in defining the efficiency of sorption.
Lagergren pseudo-first-order equation and pseudosecond- order equation [29] are two of the most widely used
kinetic models for the sorption of a solute from a liquid
solution, so they were applied to the present studies of coking wastewater adsorption.
The pseudo-first-order rate model (Eq. 5)and pseudosecond-order rate model (Eq. 6) were expressed as:
ln（ q e − q t） = lnq e − k1t (5)

t
1
t
=
+
q t k 2 qe 2 qe

(6)

where qe and qt are the amounts of the ammonium nitrogen adsorbed at equilibrium and at time t, in mg/g, and
k1,k2 the pseudo-second-order rate constant(min-1) and
pseudo-second-order rate constant (g/(mg·min)). The
linear regression coefficient R2 and parameters of kinetic
models are calculated and listed in Table 3.
The results reveal a poor fit in pseudo-first-order
model for adsorption data by AC-K and AC-Z owing to
the low R2 values (0.806 and 0.753 respectively) and a
wide range of variations between the theoretical qe,cal values
(2.45 and 2.00mg/g respectively)calculated using the
pseudo-first-order equation with the experimental qe,exp
values (8.60 and 8.00mg/g respectively) for AC-K and
AC-Z. On the other hand, a good fit in pseudo-secondorder model is observed with the correlation coefficients
higher than 0.999 and the approximation of qe,cal(8.90 and
8.37 mg/g respectively) and qe,exp values for AC-K and
AC-Z. These observations suggest that the studied sorption systems follow the pseudo-second-order model instead

3.5. Column adsorption and desorption studies of test solution

Column method was employed to determine the dynamic adsorption behaviors of AC-K and AC-Z for ammonium nitrogen and reusability of the adsorbents. The
effluent concentration against the solution pumped volume
gave a typical S shaped curve, usually called the breakthrough curve. The concentration data of ammonium nitrogen in the effluent of the different adsorbent columns (Ce,
mg/L) against the inflow volume treated (V, BV) as shown
in Fig. 7(a). AC-K and AC-Z exhibited satisfactory column
performance for ammonium nitrogen removal and NH4+-N
can be efficiently removed within about 70 BV and 60 BV
by AC-K and AC-Z before a significant breakthrough
occurred. NH4+-N in the effluent solution within 70 BV
and 60 BV were about 0.87 and 0.83 mg/L, on average. In
other words, the removal efficiency of ammonium nitrogen by AC-K and AC-Z are as high as 97.1% and 97.2%,
respectively. Breakthrough adsorption capacity and the
total capacity was calculated base on the total amount of
ammonium nitrogen removed when the concentration of
the effluent from the column reached 10% and 100% of
the initial concentration, respectively [31,32]. The results
of breakthrough adsorption capacity and the total adsorption capacity are respectively 2.03 and 2.83mg/mL carbon
for AC-K and that for AC-Z are 1.74 and 2.72 mg/mL
carbon, respectively.
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of the pseudo-first-order model [30]. Besides, the adsorption rate constant k2 of ammonium nitrogen by AC-Z is
higher than that by AC-K might due to the difference of
pore diameter. The larger average pore diameters allow
the NH4+-N ions easily diffuse into the active sites of pore
channels of AC-Z.
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FIGURE 7 - Breakthrough curves(a) and desorption curves(b) for NH4+-N adsorbed on AC-K and AC-Z
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Desorption of ammonium nitrogen from AC-K and
AC-Z was examined to elucidate the feasibility of regeneration of the adsorbents and it was important in reference
to the practical applications of treatment of industrial
effluent [33]. The desorption curves for ammonium nitrogen adsorbed in the column were depicted in Fig. 7(b). In
this study, 5% NaOH aqueous solution was used as an
eluting agent. As seen in Fig. 7(b), the desorption curves
show a very similar unsymmetrical shape, with a rapid
ammonium nitrogen concentration increase, followed by a
flatter diminution. The regeneration efficiencies for the
exhausted AC-K and AC-Z are above 91.2% and 91.9%,
respectively within 15BV by NaOH solution indicating
the possible recovery or reuse of the prepared sludge
based activated carbons. Therefore we believe AC-K and
AC-Z can be considered as good adsorbents for NH4+-N
removal.
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4 CONCLUSIONS
Sludge based activated carbon AC-Z and AC-K were
prepared from mixture of surplus sludge, tar and sawdust
using ZnCl2 and KOH aqueous solution as activating
agents. AC-Z and AC-K can be effectively used as adsorbents for the removal of NH4+-N from outlet of coking
wastewater pretreated by the steam stripping of ammonia
and anaerobic–aerobic biological processes. The optimum
pH range for ammonium nitrogen adsorption on AC-Z
and AC-K in this study was 7-9. The adsorption capacities
increased with the increase of temperature implying the
endothermic character and the adsorption data fit the
Langmuir and Freundlich isotherm model very well. The
pseudo-second order equation provided the perfect correlation for the kinetic adsorption data. The column experimental results indicated that the prepared activated carbon
had high adsorption capacities for ammonium nitrogen
and can be effectively regenerated by NaOH aqueous
solution. The sewage sludge based activated carbons may
be effective and economical adsorbents for ammonium
nitrogen removal from coking wastewater.
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ABSTRACT
One day uptake of several organic contaminants by
Semipermeable Membrane Device (SPMD) from water
solution at different dissolved organic matter (DOM)
contents, as well as effects of water chemistry (pH, alkalinity, hardness) on uptake were investigated. For naphthalene
(NPH), phenanthrene (PHE), pyrene (PYR), 4-tert-octylphenol (OP), 4-nonylphenol (NP), and short chain nonylphenol polyethoxylates (NPEOs), analytes 1-day uptake by
SPMD decreased with increase of DOC from 0 to 10 (mgC/L). However, at higher DOM level, analytes uptake by
SPMD was found to be re-increased. At high pH, the uptake of OP and NP decreased significantly, due to the reduction of the effective species (molecular state) for
SPMD. For PAHs and NPEOs, the effects of pH on their
uptake were unremarkable. Effects of alkalinity and hardness on the analytes uptake by SPMD were not obvious.

KEYWORDS: Semipermeable Membrane Device (SPMD); Effect;
Dissolved Organic Matter(DOM); Water Chemistry

1 INTRODUCTION
Semipermeable membrane device (SPMD), as passive
samplers, is receiving increasing attention and used extensively in recent years [1]. For a well-designed SPMD, the
uptake rates to different compounds are affected mainly by
the molecular properties of compounds, and the environmental conditions [2]. A wide range of non-polar and moderately polar organic contaminants have been reported to
accumulate in SPMDs, which include conventional persis* Corresponding author

tent organic pollutants (POPs) and some endocrine disruptors in recent year [3-8]. Among them, PAHs had been
well studied, while the accumulation efficiency of phenol
specials and alkylphenol polyethxylates (endocrine discruptors), which are prevailing in the environments, are still
deficient [3-5, 9].
More and more studies indicate that 4-tert-octylphenol
(OP), 4-nonylphenol (NP) and bisphenol A (BPA) may
exhibit oestrogenic activity and disrupt the endocrine system of wildlife and humans [10]. OP and NP are used as
precursors in the manufacture of non-ionic surfactants and
are also degradation products of alkypphenol ethoxylates
(APEOs). About 80% of the APEOs produced are nonylphenol polyethoxylates (NPEOs), while the remaining
20% is essentially octyplhenol polyethoxylates (OPEOs).
The main source of nonylphenol in the environment has
been recognized as a biodegradation product of NPEOs,
and nonylphenol has been reported to cause a number of
estrogenic response in a variety of aquatic organisms [11,
12]. BPA was applied mainly as an intermediate to synthesize epoxy resins and polycarbonate plastics. Releases of
BPA into the environment are mainly in wastewater from
plastics-producing industrial plants and from landfill sites
[10]. Therefore, we had chosen OP, NP, BPA and NPEOs
to be the analytes, and 3 PAHs to be the comparison.
Furthermore, environmental factors, including temperature, water velocity/turbulence, biofouling impedance, dissolved organic matter (DOM), have been found to affect the
uptake of chemicals by SPMD [2,13]. The bioavailability
of hydrophobic organic contaminants (HOCs) was usually
reduced by DOM due to a binding of DOM and HOC [14].
Therefore, DOM might also decrease the SPMD uptake of
HOCs by reducing the freely dissolved amount of chemicals [14-16]. However, these results are achieved at relatively lower DOM (usually lower than 10 mg-C/L), while
no studies have been reported on the influence of DOM at
high concentration. Usually, for non-polar hydrophobic
chemicals, no effects of water chemistry have been found
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on their uptake by SPMD. However, the studies of water
chemistry parameters on the uptake of moderately polar
chemicals are somewhat deficient.
The research objectives of this study were to determine the SPMD uptake of different analytes, including
PAHs (naphthalene (NPH), phenanthrene (PHE), pyrene
(PYR)), endocrine disrupting phenols (4-tert-octylphenol
(OP), 4-nonylphenol (NP), bisphenol A (BPA)), and a kind
of surfactant (nonylphenol polyethoxylates (NPEOs))
at different DOM concentration, and investigate the influence of several water chemistry parameters (i.e. pH, alkalinity, and hardness) on the analytes uptake.

ity meter (Hanna instruments EC215), to determine the
critical micelle concentration (CMC) of the humic acid
used in this study (Fig. 1).

2 MATERIALS AND METHODS
2.1 Materials

Standards of three selected PAHs, including NPH,
PHE and PYR, were obtained from AccuStandard Company, U.S.A. OP, NP, and BPA standard were from Dr.
Ehrenstorfer GmbH. Company, Germany. NPEOs mixture
(n=1~9, >98%) were purchased from LiaoYang Technochemistry Factory, China. Methanol, acetonitrile, hexane
and isopropanol used as mobile phase for HPLC analysis,
were all of HPLC grade. Other chemicals including sodium
bicarbonate, calcium sulfate, magnesium sulfate, sodium
hydroxide and sodium azide were of analytic grade.
Humic acid (Fluka Chemie, Switzerland) was used to
get the DOM stock solution. 1 gram of humic acid was
dissolved in 1 L deionized water with addition of some
sodium hydroxide, centrifuged, and then filtered through
0.45 µm filter membrane to remove the solid residues.
DOM of this solution was determined by high-temperature
catalytic combustion (Total Organic Carbon Analyzer,
TOC-V CSH/CSN SHIMADZU Corporation, Kyoto, Japan). Conductivity of water solutions with a series of humic acid concentration were measured with a conducitiv-

FIGURE 1 - Conductivity of humic acid (HA) solutions with different HA concentration.
2.2 Preparation of SPMD samples

The low-density polyethylene tubings were obtained
from the Environmental Sampling Technologies Inc (MO,
USA). The tubings were 2.5 cm wide, 9.14 cm long, with
wall thickness ranging from 70 to 95 µm, containing no
plasticizer or other additives. Tubings were dipped in
hexane for 72 hours to get rid of impurity, and then filled
with 0.1mL of triolein (purity≥95%, China Medicine
Group). Each end was heat sealed, and then tubings
were stored at -20 oC until use.
2.3 Experiment design

Analytes used in this study were divided into three
groups as shown in Table 1. Accumulation experiments
were performed in amber cylindrical glass jars (14.5 cm
high, 10.2 cm in diameter) for each group of analytes.
There is 1 L of test solutions in each setup, and the added
amount of analytes was listed in Table 1. Solution was

TABLE 1 - Selected physicochemical properties of target compounds and their adding amount into the system
log Kow a

NPH
PHE
PYR

MW
(g/mol)
128.2
178.2
202.3

B

BPA
OP
NP

228.3
206.3
220.4

C

NPEO1
NPEO2
NPEO3
NPEO4
NPEO5
NPEO6
NPEO7
NPEO8
NPEO9

Group

Analytes

A

Vm c
(Å3)
213
279
265

Sw d
(mg/L)
30.2
1.18
0.14

m (mg)

3.45
4.46
5.30

Density b
(g/cm3)
1.00
1.06
1.27

3.32
4.17
4.48

1.20
0.96
1.04

316
357
352

109
12.6
5.43

0.10
0.10
0.10

3.02
3.38
5.88
7.65
9.48

0.10
0.70
1.15
1.15
0.80
0.55
0.30
0.15
0.10

4.17
4.21
4.20
4.30

0.10
0.10
0.10

log Kow a: data from [17] for PAHs, [18] for BPA, and [19] for OP, NP and NPEOs;Density b: data from [20] (for PAHs), and [21] (for BPA, OP and NP),
respectively;Vm c: molecule volume, calculated from MW and density, Vm= (MW/6.02×1023)/density;Sw d: water solubility, data from [17] for PAHs, [22] for
BPA, and [23] for OP, NP and NPEOs;m: Adding amount of analytes into the system
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stirred with a magnetic stirrer to maintain a turbulent condition during the experimental period. Two SPMDs were
placed in each jar as parallel samples, which were suspending vertically in solution. NaN3 (200 mg/L) was added into
solution to inhibit microorganisms. The exposure time was
24 hours and temperature of the solution during the exposure duration was 25±1 oC.
The synthetic waters involving various DOM concentrations ranging from 1 to 50 mg-C/L were made up of
DOM stock solution, while the pH value was adjusted
to about 7.0±0.05. Also solutions with DOM of 80 and
120 mg-C/L were made up in this study without adjusting
pH to neutral, in order to avoid the deposition of humic
acid. Because the DOM in the humic acid would be flocculated if the pH was adjusted to neutral, and the DOM
concentration would not increase.
Effects of pH on the 1-day uptake of different analytes were studied. pH of the solutions ranging from
5.0±0.05 to 10.0±0.05 were adjusted with dilute HCl and
NaOH solution.
Study on the effect of alkalinity were performed by
adding NaOH to increase the solution alkalinity to 30150 mg-CaCO3/L, while the effect of solution hardness
were studied by adding different amount of CaSO4/MgSO4
mixture (with the molar ratio of 0.7:1), which increased
the solution hardness to 25-350 mg-CaCO3/L. Total alkalinity and hardness in the synthetic waters were determined by a double-indicator titration method [24] and by
a colorimetric method after reaction with calmagite indicator dye (SL83-94), respectively.
NaOH was used for both pH and alkalinity adjusting,
in order to avoid interfering the uptake of SPMDs. If some
other alkaline matter were used, they might change the
alkalinity of the solution.
2.4 SPMD extraction

The surfaces of the SPMDs were washed by deionized water, and then wiped up by absorbent cotton. After
that they were dialyzed in 20 mL hexane for 24 hours in the
dark at 18 oC. The dialytic solution was evaporated to nearly
dryness by a rotary evaporator in water bath at 60 oC, and
re-dissolved with 1 mL of methanol. Recovery tests were
performed by spiking determinate quantity of compounds
into the SPMDs. Recoveries were from 78 to 109%, with
a relative standard deviation of between 3 to 11% for different target compounds. Analytical results were not corrected by recovery.
2.5 Instrumental analysis

PAHs were separated by high-performance liquid chromatograph (HPLC) (Waters 1525, USA) with a reversedphase (RP) column (Waters, 5C18-MS-II, 4.6× 250mm) and
detected by an ultraviolet detector (Waters 2486, USA).
Instrumental conditions from of Standard Methods 6440
[24] were conducted as follows: wavelength for all PAHs,
254 nm; flow rate, 1.0 mL/min; mobile phase, from 40%

acetonitrile in water to 100% acetonitrile in 30 minutes.
The detection limits for different PAHs were from 0.06 to
0.43 µg/L.
NP, OP, BPA and NPEOs were analyzed by HPLC
with Waters 2475 fluorescence detector. NP, OP and BPA
were also separated using by RP column, and the mobile
phase was a mixture of acetonitrile: water (80: 20, v/v) at
a flow rate of 1.0 mL/min. The excitation and emission
wavelengths of detector were set at 223 nm and 302 nm
(for NP, OP, BPA and also for NPEOs). The detection
limits were 1.0 µg/L for BPA, 1.0 µg/L for OP, and 2.0
µg/L for NP. NPEOs were analyzed by HPLC using the
same method as that in our previous study [25], and the
detection limit of NPEOs was 20 µg/L.
3 RESULTS AND DISCUSSION
3.1 One-day uptake of organic compounds by SPMD

According to our preliminary experiments, for most
analytes in this study, half-saturation couldn't reach during the 24 hours exposure duration for SPMD, which was
also in accordance with other kinetic studies [1, 2]. Therefore, 1-day uptake of different analytes could represent
their sampling rate. Since the initial added amounts of
analytes were not the same, uptake efficiencies of different analyte (equation 1) were used to represent their uptake
capability by SPMD in the closed system of this experiment, which were various due to the different properties of
compounds.
uptake amo unt by SPM D
(1)
uptake eff iciency =
× 100%
total adde d amount i nto the so lution

For PHE, PYR, NP, OP, and NPEO1, uptake efficiency
seems to be related to log Kow, with a linear dependence
coefficient of 0.94 (Fig. 2(a)). This result was consistent
with that reported by Huckins and Luellen [2, 15]. For
BPA, uptake efficiency by SPMD was low. It’s because
the SPMDs were filled with the model lipid triolein to
mimic the bioconcentration of organic pollutants from
water by aquatic organisms. The water solubility of BPA
is 109 mg/L, which means that BPA is easy to dissolved
in water solution. Furthermore, the pKa of BPA is 9.73,
which means the ionized BPA is not able to be sequestered.
One day uptake efficiencies of NPEOn were found to
be related to the polymerization degree (n) of the molecules. In this experiment, NPEOs (n=7-9) couldn’t be
detected in the SPMD samples, since the higher polymerized NPEOn was less lipophilic [19]. For NPEO6, uptake
concentration was very low and with large variation.
Therefore, curves were not able to be fitted to NPEO6-9.
For NPEO1-5, Kow value seems not to be the major factor
for their uptake by SPMD, since NPEO1-4 have similar log
Kow (≈4.2), (Table 1). However, the 1-day uptake efficiency of NPEO1-5 by SPMD varied apparently with the
increase of polymerization degree (R2=0.96) (Fig 2(b)).
This should be related to the difference of their solubility,
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FIGURE 2 (a) - 1-day uptake efficiency of different analytes as a function of log Kow; (b) 1-day uptake efficiency of NPEO1-5 as a function of
the polymerization degree (n)

since Ahel and Giger [22] had found a linear relationship
between solubility and the number of EO groups of alkylphenol polyethosxylates. Furthermore, increase of polymerization degree also results in larger molecular scale,
which might also lead to more difficulty in analytes sampling by SPMD.
3.2 Effect of DOM

When DOM was present in the solution at low concentration, 1-day uptake of most PAHs by SPMD (Cs,1d)
decreased slightly comparing with that in DOM-free solutions (Fig. 3(a)). For example, the Cs,1d of PYR decreased
from 86.06 (DOM-free) to 76.68 mg/L (DOM=10 mg-C/L),
while the Cs,1d of PHE decreased from 66.68 (DOM-free) to
58.13 mg/L (DOM=10 mg-C/L). Similar results have been
reported by other investigators [14-16], which were attributed to the fractional amount of chemicals sorbed to DOM.
In the linear uptake stage, the rate of change of the Cs is
given by

dC s /dt ≈ k u C w

(2)

where ku is the uptake rate constant [1]. The interaction of analytes and humic acid might reduce the intrinsic
dissolved concentration of pollutants in water, which led
to a decrease of 1-day uptake in this study. Similar influences of DOM on the uptake of NP, OP, and NPEOn with
short EO chain were also observed (Fig. 3(b)&(c)). It might
be explained by the specific interactions between phenol compounds and DOM [26]. However, an exception
for NPH existed in this experiment. The Cs,1d increased
obviously with DOM, which changed from 16.66 (DOMfree) to 36.13 mg/L (DOM=1 mg-C/L). This phenomenon
might be due to the combination of humic acid and NPH,
which reduced the loss of NPH to the gas phase.
However, presence of DOM at higher concentrations
would somewhat increase the Cs,1d of some PAHs, comparing with that in solutions with low DOM concentration
(Fig. 3). When DOM increased from 80 mg-C/L to 120 mgC/L, the Cs,1d of NPH, PHE, and PYR were 42.32, 63.48,
and 88.53 mg/L, respectively. This difference was hypothesized to be associated with the change of DOM conforma-
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way. So in this study at DOM<170 mg-C/L, micelle-like
structure could also form. Furthermore, DOM in solution
might tend to concentrate near the membrane surface,
which made the micelles easier to form in the area near
membrane [30], even if the solution DOM was lower than
its CMC in water column. Therefore, micelles or micellelike structure might exist in the “water boundary layer
(WBL)” region, where molecular diffusion dominates the
transport [17]. The partition-like interaction of solutes with
the microscopic organic environment of DOM micelle [31,
32] could result in a much higher concentration of PAHs in
WBL region than that in the water column. Besides, hydrophobic components of DOM also enriched in SPMD,
which increased the amount of receiving phase. These
could explain the re-increase of Cs,1d of PHE, PYR, and
NPH comparing with those at low DOM.
For OP, NP, and most NPEOs, Cs,1d continue to decrease with the further increase of DOM. These analytes
might combine to DOM by π-electrons interaction or hydrogen bonds, which suggested a stronger affinity [26], or
form mixed micelles with DOM [33], which might make
their uptake more difficult. The Cs,1d value of BPA was very
low, and no change was found with the increasing DOM.
3.3 Effects of water chemistry

FIGURE 3 - The 1-day uptake concentration of (a) PAHs, (b) OP,
NP and BPA, and (c) NPEOs by SPMD at different DOM.

tion [27]. DOMs are natural amphiphilic molecules with
hydrophilic portions (R-COO-, R-OH, etc) and hydrophobic portions (aliphatic chain, aromatic ring) [28]. Micellelike structure could form in solution with high DOM
concentration [27]. For the DOM used in this study, its
CMC was determined to be 170 mg-C/L with a conductivity measurement (Fig. 1), which was slightly smaller but
comparable with those in other studies [29]. It should be
noted that, different to the synthetic surfactants the CMC
of DOM was always ambiguous, because DOM molecules
are usually quite large and have polar groups in a random

At pH range of 5~10, no significant trend was found
for Cs,1d of PAHs (Fig. 4(a)), which was in accordance with
the results of other researches [1]. However, as a whole, the
1-day uptake for NP and OP decreased in alkaline condition (pH=9 or 10) (Fig. 4(b)). The Cs,1d of OP in solutions
of pH 5~8 were about 29 mg/L, while it decreased to
22.47 mg/L at pH 10. Similarly, the Cs,1d of NP at pH 10
was 53.09 mg/L, which was much lower than that under
acid or neutral conditions. The pKa values of OP and NP
were 10.25 and 10.24, respectively [26], which means
nearly half of these alkylphenol (AP) molecule ionized at
pH 10. Thus the available concentration of APs (OP and NP)
for SPMD decreased, which reduced their 1-day uptake.
For BPA and NPEOs, the effects of pH variety on their
Cs,1d were unremarkable (Fig. 3(b,c)).
Effect of water alkalinity variation on Cs,1d of PAHs
was not obvious. However, for APs and NPEO1, 2, slight
decrease of Cs,id was observed at high alkalinity (150 mgCaCO3/L). It might because that pH value of solution
increased to 8.24 when the alkalinity increased to 150 mgCaCO3/L, so that deprotonation of parts of these analytes
somewhat reduce the amount of APs available for SPMD.
For all the selected analytes, no obvious change of Cs,1d
was found as water hardness increased. In summary, variation of alkalinity and hardness affected the uptake of
SPMD to organic compounds by changing the pH of solution. The carbonate radical ion concentration, calcium and/
or magnesium ion concentration might affect the ionic
strength of the solution, and consequently affected the
solubility/availability of the organic compounds. Whereas,
the change of ionic strength seemed have no obvious influence on the uptake ability of SPMD to organic compounds.
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Detailed results were not shown because no obvious effects
were observed in experiments.

PHE, OP, NP and NPEO1, a strong linear correlation was
observed between the log Kow value and their 1-day uptake efficiencies by SPMD. For NPEOn (n=1~5), 1-day
uptake efficiencies were found to be negatively correlated
with their polymerization degree.
Effects of DOM on the SPMD uptake of different
analytes depend on the DOM concentration and the properties of the analytes. Increasing DOM reduced the uptake
of APs and short chain NPEOs. For most PAHs, the presence of DOM at low concentration obviously reduced
their uptake. However, their uptake was somewhat reincreased at higher DOM concentration.
Effect of water chemistry on analytes uptake was
found only for APs at high pH, while water alkalinity and
water hardness had no significant influence on the 1-day
uptake of PAHs, APs, and NPEOs.
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ABSTRACT
To explore the role of phosphate (P) in arsenic biotransformation by cyanobacteria, arsenic uptake and biotransformation by Synechocystis sp. PCC6803 in the BG11 cultures treated with arsenate were investigated under
laboratory conditions. The treatments of 0-100 µM arsenate
[As(V)] promoted cell growth, except in P-deprived medium. However, cell growth was inhibited when initial
phosphate decreased. The cells of cyanobacteria can accumulate arsenic up to 1189.10 mg kg-1 DW, and detoxify
by reduction, methylation, or excretion to the external.
For the phosphate-excess medium, arsenate makes up
>80% of the total cellular arsenic, while arsenite [As(III)]
dominated (50-69%) in algal cells for non-phosphateexcess media. Methyl-arsenate [MMA(V)] and/or dimethylarsenate [DMA(V)] were detected in algal cells and in the
medium at low levels. Arsenate inhibited phosphate uptake by this alga, which indicated the competition between
arsenate and phosphate for cellular uptake. We propose that
phosphate plays a critical role in arsenic metabolism of
Synechocystis sp. PCC6803.
KEYWORDS:
Arsenate, Phosphate, Accumulation, Biotransformation, Efflux

1 INTRODUCTION
Arsenic (As) is a metalloid that is nonessential but
harmful for organisms. Elevated As concentrations in the
environment result from both natural processes and anthropogenic activities, which has been found to cause adverse health effects, such as skin lesions, carcinoma, keratosis, kidney disease and blackfoot disease in humans [13]. The major source of human arsenic exposure is from
water and food intake. In recent decades, millions of peo* Corresponding author

ple have suffered from As-contaminated drinking water
extracted from shallow tube wells in South and Southeast
Asia, especially in Bengal Delta region (encompassing
Bangladesh and West Bengal, India) [4]. In addition, As
can be accumulated by crops grown in As-polluted soil and
pose health risk for humans through the food-chain [5, 6].
The common forms of As in aquatic environment are
arsenate, arsenite, MMA and DMA. Under aerobic conditions, pentavalent arsenic is more stable and predominant,
whereas trivalent species predominate under anaerobic
conditions. The mechanisms of arsenic toxicity are complex
and dependent on arsenic speciation. Due to the physicochemical similarity between As(V) and phosphate, As(V)
toxicity generally results from the disruption of oxidative
phosphorylation [7]. As(III) is more mobile than As(V),
and reactive with tissue sulfhydryl-groups thereby interfering with normal enzymatic function [8]. The metabolic
mechanisms of As in microorganisms have been extensively studied [9-12]. Multiple biotransformation pathways
are found in some bacteria and algae in response to As
stress, including As(V) reduction, complexation, and As(III)
methylation. The products of methylation include methylarsenate (MMA(V)), dimethylarsenate(DMA(V)), trimethylarsine oxide (TMAO(V)) and volatile trimethylarsine
(TMA), which are possibly less toxic [10]. In oxic surfacewater environments, phytoplankton (algae) plays a significant role in arsenic speciation, where biotransformation of
arsenic allows reduced and methylated arsenic species to
dominate [13]. Therefore, biotransformation can control the
potential toxicity of arsenic through speciation changes.
As(V) uptake generally occurs via the phosphate transport system [4, 7, 14]. Evidences for this come from related
studies in rice and barley [15, 16]. Arabidopsis thaliana
mutants, defective in phosphate transport, was found to be
more tolerant to As(V) [17, 18]. Furthermore, As(V) represses genes involved in the phosphate starvation response, suggesting that As(V) may mislead the phosphate sensor and interfere with the phosphate signaling
mechanism [18]. As(V) uptake through phosphate trans-
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port systems in eukaryotic plants has been commonly reported and almost defined.
The uptake mechanism of As(V) by aquatic microorganism (mainly algae) at different phosphate levels has
different opinions in the previous reports [19-23]. As(V)
uptake decreased in freshwater microalgae after increase in
phosphate supplement was also reported [23]. Microcystis
aeruginosa TY-1 showed tolerance of As(V) (up to 10−4
M) regardless of extracellular P (0-1.0 µM) [21], while
Guo et al. [14] found that growth of Microcystis aeruginosa was markedly inhibited when As(V) (1-10 µM) was
added, and the inhibition decreased with increasing phosphate supply (0-175 µM) in the medium.
Cyanobacterial blooms and arsenic pollution usually
co-exist in aquatic environment [14]. Phosphorus is known
to be an important nutrient for algal growth. Therefore, it is
of significance to clarify the effect of phosphate on As
accumulation and transformation by algae. Synechocystis
sp. PCC6803 is a typical freshwater blue alga, and has
been found to have strong ability for arsenic accumulation
and tolerance [11]. The present study focused on the role
of phosphate in As biotransformation of Synechocystis sp.
PCC6803.

After 14 days, photos of the cultures were taken by a
digital camera (Nikon Coolpix P300, Nikon Corporation).
2.3 Arsenic speciation and phosphate analysis

After exposure for up to 14 days, samples were collected from all the cultures centrifuged at 5000×g and
filtered through a 0.45-µm filter. Arsenic and phosphate in
the solution were determined by HPLC-ICP-MS (7500a,
Agilent Technologies) and ICP-OES (Optima 2000, Perkin
Elmer) respectively. The algal cells were also harvested,
rinsed with Milli-Q® water (18.2 mΩ·cm-2, Millipore, USA)
and ice-cold phosphate buffer (1 mM K2HPO4, 0.5 mM
Ca(NO3)2 and 5 mM MES (pH 6.0)). Approximately 0.02 g
(DW) of alga samples were put in 50-ml centrifuge tubes and
treated in 10 ml of 1% HNO3 overnight. The samples were
heated in a microwave accelerated reaction system (CEM
289, Microwave Technology), and arsenic speciation in
extracts was determined by HPLC-ICP-MS [24]. Chromatographic columns were obtained from Hamilton and consisted of a precolumn (11.2 mm, 12-20 µm) and a PRPX100 10 µm anion exchange column (250 x 4.1 mm). The
mobile phase consisted of 10 mM diammonium hydrogen
phosphate ((NH4)2HPO4) and 10 mM ammonium nitrate
(NH4NO3), adjusted to pH 6.2 using nitric acid.
2.4 Quality control and data analysis

2 MATERIALS AND METHODS
2.1 Organism and cultivation

Synechocystis sp. PCC6803, obtained from the Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan, China, was cultivated in autoclaved BG-11 medium.
Experiments were carried out in a growth chamber under
the following conditions: 16 h light period d-1 with a light
intensity of ca. 280 µmol m-2 s-1, 25 °C/20 °C day/night
temperatures, and 60% relative humidity [11].
2.2 Growth of alga exposed to arsenic under different phosphate conditions

The cells were harvested in stationary phase, and
washed with sterile Milli-Q® water (18.2 mΩ·cm-2, Millipore, USA). Parts of the pellets were inoculated into 250-ml
Erlenmeyer flasks in P-modified BG-11 medium (100 ml)
adjusted as follows: absence of PO43- as the P-deprived medium, 2.3 µM of PO43- as the P-limited medium, 23 µM of
PO43- as the P-normal medium, 230 µM PO43- (the initial
concentration in BG-11 medium) as the P-excess medium.
Under the P-excess conditions (230 µM PO43-), four
treatments (0, 1, 10, 100 µM AsO4 3-) were used to evaluate the effect of arsenic toxicity on the cells. For the rest,
the concentration of AsO4 3- was kept at 100 µM. Cultures
without addition of any AsO4 3- or PO43- were used as controls. All cultures were shaken to maintain cells in suspension, and cultured under the same conditions as described
above. Each treatment was performed in triplicate.
The growth curves of algae were investigated by
measuring optical density at 730 nm (OD730) every two days,
and the OD730 was 0.1 for each culture initially inoculated.

For the QA/QC, each treatment was performed in triplicate including the control. SigmaPlot 9.0 software was
used for plotting. Statistical analysis of the data was completed by SPSS 13.0 software, and multiple-factor repetitive measurement and analysis of variance was performed.
Differences were considered to be significant at p>0.05.
3 RESULTS
3.1 Growth of alga exposed to arsenic under different phosphate conditions

For phosphate-excess medium, growth of algal cells
exposed to 0-100 µM As(V) was similar (p>0.05), reaching log and stationary phases almost synchronously during 14-d treatment (Fig. 1). The cell growth is shown in
Fig. 1. The media became greener with the addition of
As(V), indicating that As(V) may be able to promote cell
growth in some sorts.
Under the other phosphate conditions, growth was affected. In comparison with P-excess medium, non-P-excess
media turned yellow after 2 weeks (Fig. 2). Cell growth in
P-rich medium had reached decline phase after 2 weeks
inferring from pictures of the medium, earlier than that in
P-excess medium. In P-deprived and P-limited media, cell
growth was inhibited remarkably, as shown in Fig. 2. Except that in P-deprived medium, the addition of 100 µM
As(V) seemed to promote cell growth by comparing the
experimental group and the control (Fig. 2), though no
significant difference was shown in growth curves (p>
0.05).
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FIGURE 1 - Growth curves of the alga in P-excess medium. “As0/P230”, “As1/P230”, “As10/P230”, “As100/P230” stand for 0, 1, 10, 100 µM
arsenate with 230 µM phosphate in the medium respectively. All data are means ± SD (n=3).

FIGURE 2 - Growth curves and photographs of the alga under different phosphate regimes. “As100/P0”, “As100/P2.3”, “As100/P23”,
“As100/P230” stand for 100 µM arsenate with 0, 2.3, 23, 230 µM phosphate in the medium respectively. “As0/P0”, “As0/P2.3”, “As0/P23”,
“As0/P230” are the control samples. All data are means ± SD (n=3).
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3.2 Accumulation and transformation of arsenic by the alga

The total As in algae increased significantly with increasing external As(V) in P-excess medium, reaching up
to 463.44 mg kg-1 DW (dry weight). Arsenic species in
cells were determined after 2 weeks using HPLC-ICP-MS
analysis. As shown in Fig. 3a, two inorganic arsenicals
(As(V), As(III)) and two organic arsenicals (MMA(V),
DMA(V)) were detected for all treatments with arsenate.
It was found that As(V) was the predominant species,
accounting for 80-88% of the total As, and As(III) accounted for 10-17%. Besides two inorganic arsenicals as
the major species, MMA(V) and DMA(V) was detected at
low ratios (0.8-4 % and 0.1-0.7 % of total As, respectively).

FIGURE 3 - Cellular arsenic concentrations in the blue alga: A, exposed to four arsenic concentrations (0, 1, 10, 100 µM) with 230 µM
PO43-; B, exposed to 100 µM As(V) with four phosphate concentrations (0, 2.3, 23, 230 µM). All data are means. DW = dry weight.

The maximum of cellular total arsenic reached
1189.10 mg kg-1 DW for the alga under P-rich condition,
as shown in Fig. 3b. Uptake of arsenic was reduced in Pdeprived and P-limited medium. However, algal cells still
accumulated more arsenic than that in P-excess medium.
When phosphate was not in excess, inorganic arsenicals
still predominated in algal cells, and even had greater proportion. Percentages of cellular As(III) arose (50-69% of
the total As), compared with that in P-excess medium. In
contrast, cellular MMA(V) and DMA(V) decreased (0.1-

0.3 %) and (0.03-0.04 %), respectively, and were not detected in the algal cells in P-deprived medium (Fig. 3b).
3.3 Arsenic and phosphate in the medium

Arsenicals in the medium were also determined after
2-weeks culture. Inorganic and organic As species were
detected. As(V), As(III), MMA(V) and DMA(V) were
found in all P-excess medium, and their ratios were consistent with cellular content, except that DMA(V) in the
medium was more than MMA(V) (Fig. 4a).

FIGURE 4 - Arsenic species in the medium after two weeks: A,
exposed to four arsenic concentrations (0, 1, 10, 100 µM) with 230
µM PO43-; B, exposed to 100 µM As(V) with four phosphate concentrations (0, 2.3, 23, 230 µM). All data are means ± SD (n=3).

When phosphate was not in excess, As(III) predominated in the medium, corresponding with its high ratios in
algal cells. In this case, large amounts of As(V) were absorbed, transformed into As(III) and then extruded to the
medium. However, organic As species was seldomly detected, with only DMA(V) in P-rich medium and none in
P-deprived and P-limited media (Fig. 4b).
Phosphate remaining in the P-excess medium was determined by ICP-OES (Fig. 5). The phosphate concentration increased with increasing arsenate supply, indicating
that As(V) might inhibit phosphate uptake by the alga.
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The dominating As species in Synechocystis sp.
PCC6803 was As(V) when phosphate was excessive in the
medium (Fig. 3a). That is to say, the alga can tolerate high
levels of As(V) when phosphate supplement was sufficient. However, analysis of As species in plants generally
shows that arsenite predominates in many plant tissues;
for example, 80% in fronds of Pteris vittata [28], 96-100%
in the shoots of Brassica juncea [29], and 92-99% in the
roots of tomato and rice [30]. As found in some algae, the
Synechocystis may be capable of luxury uptake of phosphate when exposed to considerable amounts of phosphate [19, 20, 31]. High intracellular concentrations of
phosphorus may reduce the possibility of As(V) successfully competing with phosphate for enzymatic sites, and
thereby detoxify As(V) [32].
FIGURE 5 - Phosphate concentrations in the medium after being
treated with various arsenic concentrations for two weeks. All data
are means ± SD (n=3).

4 DISCUSSION
Cyanobacteria are the oldest organisms of the earth
and widely distributed in aquatic environment, where arsenic exists as a contaminant with different concentrations.
Our results demonstrated that Synechocystis sp. PCC6803
has a robust ability for tolerance of arsenic. The cell growth
was seldomly inhibited when 100 µM As(V) was added to
the P-excess, P-rich and P-limited media (Figs. 1 and 2).
Moreover, the cellular As increased markedly with increasing external As(V) concentrations. In many reports, algae
were found to have a strong As accumulation or resistance
ability: for example, the blue alga, Anabaena, showed
increased cell growth and cell mass (approximately 10%)
when subjected to 1.0 mM As(V) versus 1.0 µM As(V)
[25]. The green alga, Chlorella sp. was tolerant to As(V)
with no effect on growth rate over 72 h at As(V) concentrations up to 0.8 mg/L [23]. The unicellular alga, C. reinhardtii, proliferated in 10–100 µM As medium, more than
that in an arsenic-free medium. The growth of the algal
cells was only slightly inhibited when the initial As concentration was 1 mM [26].
Bacterial uptake of inorganic phosphate (closely investigated in bacteria and plants) is maintained by phosphate-specific transport (Pst) system and phosphate inorganic transport (Pit) system. However, clearly defined
transport systems for phosphate transportation have been
described in algae [27]. In this experiment, when initial
solution phosphate decreased, the cell growth was notably
inhibited (Fig. 2). More As was absorbed by the alga when
medium phosphate decreased (Fig. 3b), and high As(V)
depressed phosphate uptake by the alga (Fig. 5). Clearly,
competition exists between As(V) and phosphate for cellular uptake. Therefore, As(V) and phosphate may share the
same transport pathway in Synechocystis species like in
bacteria and high plants [15, 16].

When medium phosphate decreased, percentages of
cellular As(III) arose , with As(III) accounting for 50-69%
of the total As (Fig. 3b). In a previous study, an arsenate
reductase (ArsC) was found in Synechocystis sp. PCC6803
[33], which showed vigorous As(V) reductase activity. We
speculate that the enzymes involved in As reductase in
this alga might be highly expressed, or be more active when
phosphate supplement decreased. As(III) is a more potent
toxicant than As(V) for organisms. However, it can form
complexes with GSH (glutathione) and PC (phytochelatin),
or be selectively banished from the cell’s interior through
the intervention of a dedicated inducible transporter [33].
In addition, As(III) can be transformed into methylated
species, which is verified by a detoxification mechanism
in both prokaryotic and eukaryotic microbes [34].
In our experiments, methylated arsenicals were detected in algal cells. However, they had a small part of the
total As (less than 5%), and decreased when phosphate
supplement was reduced, which is typical for many plants
in the terrestrial environment. Meanwhile, inorganic As
dominated in the algal cell, demonstrated in many aquatic
plants [10, 35]. To date, the genes encoding the As(III) Sadenosyl methionine methyltransferase (ArsM) have been
cloned in some organisms. Meanwhile, purified ArsM
enzymes were also shown to methylate As(III) efficiently
in vitro [4, 10]. However, the genes seemed to show lowexpression or bioactivity of the enzymes involved declined in vivo. Therefore, the increase of As(III) in the cell
resulted from the combining effect of reduction to As(III)
and subsequent methylation under non-P-excess conditions, causing growth inhibition on cyanobacteria (Fig. 2).
In addition to reduction and methylation, efflux was
identified as an important way of detoxification for many
organisms [36, 37]. In the previous study, Synechocystis
was found to extrude both As(III) and As(V) after a 24-h
preload with arsenate [11]. In this experiment, perhaps
due to the longer exposure time, small amounts of methylated arsenicals were detected in the medium other than
two inorganic species. The concentrations of different
arsenicals in the medium corresponded with their cellular
content, except that DMA(V) was more frequently detected
with higher concentrations than MMA(V). The transports
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of DMA(V) and MMA(V) across biological membranes
were by passive diffusion, and differences in speciation
and structure contributed jointly to their differences in the
permeability [19], viz. DMA(V) was easier released by
the algal cells than MMA(V).
5 CONCLUSIONS
In summary, considering the effect of As accumulation
and speciation transformation by phosphate in Synechocystis sp. PCC6803, it is clear that phosphate could play a
critical role in cyanobacterial arsenic biogeochemistry.
Moreover, phosphate is also a limiting factor in algal
blooms, which frequently concur with arsenic pollution
in aquatic environment. Therefore, more studies are warranted for the near future.
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LEVELS OF PCDD/PCDFS IN JORDANIAN
OIL SHALE ASH AFTER DIRECT HEATING
AT DIFFERENT TEMPERATURE RANGES
Ibrahim Tarawneh and Mahmoud A. Alawi*
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within brown, gray or dark-gray and become typical bluish light-gray when weathered [2].

ABSTRACT
The levels of polychlorinated dibenzo-p-dioxins
(PCDD) and polychlorinated dibenzo- furans (PCDF) were
determined in oil shale ash samples collected after heating
of oil shale collected from major deposit sites in Jordan.
All analyses were carried out using GC/MS instrument.
The results showed the presence of dioxins and furans in
all oil shale ash samples, while the oil shale samples were
totally free of dioxins/furans. It was also found that the
I-TEQ of PCDD/PCDFs at the lowest temperature range
(200-400°C) was the highest (138-499 ng I-TEQ /kg d.w.)
and then, decrease as the temperature increase to 400600°C (60.4-147.9 ng I-TEQ /kg d.w.) and become very
low at the temperature range of 600-800°C (8.3-44.2 ng ITEQ /kg d.w.). In the homologue distribution pattern for
all studied sites, the tetrachlorinated dibenzo-p-dioxin and
pentachlorinated dibenzofuran are always dominating.

Currently, the Jordanian government has started to implement a comprehensive strategy for direct combustion of
oil shale for electrical power generation.
Based on the high toxicity of dioxins/furans and the
effects that could occur to humans at very low levels
which may result in adverse impacts on human health [3],
their levels in the residue (ash) which remain after direct
combustion of oil shale should be studied.
Despite the extensive investigation, the exact mechanism of formation is still unknown, especially in the case
of polychlorinated dibenzo-p-dioxins and furans. Till
now, only a few reaction pathways were described contributing to the formation of those pollutants [5].

KEYWORDS:
PCDD/PCDF, Oil Shale, Ash, GC/MS, Jordan

1. INTRODUCTION
There are no reports on the formation of polychlorinated dibenzo-p-dioxins (PCDD) and dibenzofurans (PCDF)
in heated Jordanian oil shale ash.
Jordan possesses a very large energy resource in its
vast reserves of oil shale and it ranked at the 8th position
in the world for its shale oil reserves [1]. There are 24 known
surface, near-surface and deep deposits of oil shale occurrences which have been reported in most of the Jordanian
districts. The major deposits of commercial interest for
surface mining are located south of Amman in central
Jordan, in places such as El Lajoun, Sultani and Jurf Ed
Darawish.
Jordanian oil shale consists of kerogen-rich bituminous limestone and calcareous marls whose color varies
* Corresponding author

In different studies which investigate the distribution
of PCDD/Fs in the environment through direct combustion of oil shale, several factors, which are ideal for dioxins formation, were studied. An appropriate temperature
range and long residence time combined with high carbon
and chlorine content in the raw oil shale and trace elements which work as catalyst in the raw oil shale [3].

A catalyzed formation of dioxins and furans needs
temperatures between 250°C and 450°C. At higher temperatures, the rate of catalytic destruction rises while the
total dioxin concentration declines as shown in Figure 1.
Because of the future plans of the Jordanian Government to utilize the oil shale and to build oil sale fired power
stations, it is the main aim of this study is to find the “oil
shale combustion temperature” for the boilers at which
the minimum amounts of dioxins could be formed.
Therefore, the concentration and the homologue distribution patterns of polychlorinated dibenzo-p-dioxins
and furans in the oil shale ash samples from six different
sites in Jordan were studied. Each oil shale sample was
heated at four temperature ranges (200-400°C; 400600°C; 600-800°C and 800-1000°C), which means that
24 oil shale ash samples were analyzed. Additionally, the
toxicity equivalences (TEQ) according to the international
scale were calculated.
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FIGURE 1 - Scheme of dual-principle of dioxin formation and –decay as a function of temperature [6], (modified).

2. MATERIALS AND METHODS
2.1. Materials
13

C-labeled PCDD/F standard mixture (1 mg/L each
congener) was purchased from Campro Scientific (Netherlands). Different stock- and working solutions of the target
compounds were prepared an appropriate dilution in nhexane at the concentrations between 250 ng/ml and 100 ng/
ml and stored at - 20°C. Solvents were purchased from
Riedel-deHaën (Hannover, Germany) and adsorbents were
purchased from ICN (Eschwege, Germany).
2.2. Reagents

67 g silica gel 60 (70-230 mesh) were mixed thoroughly with 33 g of 1M sodium hydroxide to give 33 %
(w/w) NaOH on silica gel. 56 g silica gel 60 (60-230 mesh)
were mixed with 44 g concentrated sulfuric acid to give
44% (w/w) sulfuric acid on silica gel.

using rotary evaporator at 40ºC and 77 mbar. The cleanup
of the extracts was conducted for PCDD and PCDF according to Hagenmaier [6]. A glass column (30 x 1.6 cm)
filled with 20 g alkaline alumina was used and eluted with
80 ml n-hexane; 100 ml n-hexane/dichloromethane (98:2)
and 180 ml n-hexane/dichloromethane (1:1) successively.
The third fraction was concentrated to ca. 0.5 ml, mixed
with 10 ml n-hexane and given onto the second glass column (30 x 1.6 cm) which contained 10 g acidic silica (44%)
and 5 g alkaline silica (33%). This column was eluted with
n-hexane. The eluate was concentrated to 0.5 ml, mixed
with 2 ml n-hexane and given onto the third mini-glass
column (15 x 0.8 cm) which was identical to the first one,
but contained 2.5 g alkaline alumina and eluted with 20 ml

2.3. Sampling, Sample Extraction and Cleanup

The samples were taken in July-August 2007 from the
major deposit sites in Jordan at a depth between 30-85 m as
shown in Figure 2. From each site three different samples
of 3-5 kg were gathered, in the laboratory mixed well and
homogenized. Each sample was air dried overnight under a
fume hood and then crushed to a fine grain size of ca. 2 mm
and sieved. A sample of 1 kg was loaded into the muffle
furnace at low oxygen atmosphere and heated at a temperature ramp rate of 5°C/min and at one of the following
four temperature ranges: 200-400°C, 400-600°C, 600800°C and 800-1000°C. The duration of each experiment
was 45-50 minute. After heating, the resulted oil shale ash
(spent) was collected; well homogenized and about 100 g
were taken as analytical sample.
The samples were dried for 2 h at 105ºC. 10.0 g of
each sample were extracted for 16 h with toluene in a soxhlet apparatus. The extracts were concentrated to 2 – 5 ml
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FIGURE 2 - Location map of the oil shale deposits [1]
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n-hexane/dichloromethane (99:1), and 35 ml n-hexane/dichloromethane (1:1). The last fraction was concentrated to
100 µl.
2.4. Analysis
2.4.1. Instrumentation

PCDD/PCDFs were analyzed by GC/MS (EI) (HP
6890 II, HP 5973) using the SIM-mode. For the determination of homologue-profile of PCDD/F, DB-5 capillary
column (30 m x 0.25 mm, 0.2 µm film thickness) was
used with the following temperature program: 80ºC (1 min),
80-200°C (30ºC/min), 200–300ºC (10ºC/min), 300ºC
(40 min). 2, 3, 7, 8-Substituted 13C-labeled PCDD/F standard mixture was used for evaluation.
2.4.2. Recovery and precision

Because it is almost impossible to get dioxins/furans–
free oil shale ash, dioxins/furans-free sand was used and
spiked with the 13C-dioxin standard at the concentrations
of 1, 25 and 100 ng/g sand. These spiked samples were
extracted, cleaned-up and analyzed according to the above
mentioned method. The recoveries for the 1 ng/g concentration were found to be in the range of 77 – 88% and for
the 25 ng/g concentration were found in the range of 79 –
90% and for the 100 ng/g concentration were found in the
range of 80 – 95%.
Four replicate injections of 13C-standard mixtures in
n-hexane containing different concentrations of dioxin (1,
25 and 100 ng/ml) were done. The results show that the
coefficients of variation were between 6.07 and 8.2%.

2.4.3. Detection Limits

Calibration standard solutions containing the 13Clabeled PCDD/F were used to determine the detection
limits of the analytes. The detection limits were between
0.025 and 0.231 ng/kg for the PCDD/F congeners.
3. RESULTS AND DISCUSSION
Oil shale samples taken from different oil shale sites
in Jordan were extracted and cleaned-up without heating
using the above mentioned method. Generally, the results
of the un-heated samples show no detectable amounts of
PCDD/Fs. These findings are in accordance with the
results of oil shale samples from Queensland /Australia
[7]. This means that PCDD/Fs are formed only when oil
shale is heated in the combustion zone. Table 1 shows the
main characteristic values of the studied oil shale sites in
Jordan.
In this study, residence time combined with organic
material and chloride content in the raw oil shale were
enough to initiate a reaction, which leads to the formation
of dioxins/furans.
The detailed results for the amounts of PCDD, PCDF
and the toxicity equivalent (TEQ) amounts in the spent
shale samples from the major deposit sites in Jordan which
was burned at different temperature ranges are listed in
Tables 2-4.

TABLE 1 - Total organic contents, calorifiric values and average of chloride – ion (mg/kg) in oil shale samples
Site Name
Sultani
El Lajoun
Jurf Ed Drawish
Yarmouk
Wadi El Magar
Attarat Um Ghudran
*our own results

Total organic contents (Wt %)
21.50
22.10
18.0
---20.8
23.16

Calorifiric value (kcal/kg)
1210
1590
864.0
---780-1270
----

*Average of [Cl− ] (mg/kg)
316
292
309
243
261
202

TABLE 2 - Concentration of PCDD/PCDF in the oil shale ash samples heated at (200-400ºC) of the six different sites in Jordan [ng/kg d.w.].
Congener
TeCDD
PeCDD
HxCDD
HpCDD
OcCDD
TeCDF
PeCDF
HxCDF
HpCDF
OcCDF
∑ PCDD
∑ PCDF
∑ PCDD/F

Sultani
349.5
107.7
75.6
179.6
< LOD
162.3
227.5
97.0
73.9
< LOD
712.4
560.7
1273.1

El Lajoun
221.3
65.9
18.9
< 0.53
< LOD
155.8
563.1
< 0.19
13.2
< LOD
306.1
732.1
1038.2

Jurf Ed Darawish
74.2
< 0.20
16.1
24.5
< LOD
61.7
191.5
30.0
12.0
< LOD
114.8
295.2
410
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Yarmouk
116
20.1
50.7
72.4
< LOD
86.4
200.6
110.4
111.3
< LOD
259.2
508.7
767.9

Wadi El Magar
93.9
112.5
104.3
212.1
< LOD
74.3
358.6
161
110.1
< LOD
522.8
704
1226.8

Attarat Um Ghudran
223.7
63.9
20.2
36.7
< LOD
148.5
746.2
24.6
< 0.30
< LOD
344.5
919.3
1263.8
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TABLE 3 - Concentration of PCDD/PCDF in the oil shale ash samples heated at (400- 600ºC) of the six different sites in Jordan [ng/kg d.w.].
Congener
TeCDD
PeCDD
HxCDD
HpCDD
OcCDD
TeCDF
PeCDF
HxCDF
HpCDF
OcCDF
∑ PCDD
∑ PCDF
∑ PCDD/F

Sultani
136.7
< 0.20
21.3
75.4
< LOD
36.6
77.3
47.6
16.3
< LOD
233.4
177.8
411.2

El Lajoun
81
< 0.20
< 0.085
< 0.53
< LOD
56.1
193.5
< 0.19
< 0.30
< LOD
81
249.6
330.6

Jurf Ed Darawish
24.1
< 0.20
< 0.085
< 0.53
< LOD
41.1
136.5
< 0.19
< 0.30
< LOD
24.1
177.6
212.2

Yarmouk
57.8
14.8
18
11.5
< LOD
54.8
44
88.3
20.7
< LOD
90.6
207.8
298.4

Wadi El Magar
47.5
< 0.20
25.7
< 0.53
< LOD
42.3
207.3
33.1
< 0.30
< LOD
73.2
282.7
355.9

Attarat Um Ghudran
31.2
< 0.20
< 0.085
17.1
< LOD
41.1
272.5
< 0.19
< LOD
< LOD
48.3
313.6
361.9

TABLE 4 - Concentration of PCDD/PCDF in the oil shale ash samples heated at (600- 800ºC) of the six different sites in Jordan [ng/kg d.w.].
Congener

Sultani

El Lajoun

Jurf Ed Darawish

Yarmouk

Wadi El Magar

TeCDD
PeCDD
HxCDD
HpCDD
OcCDD

28.7
<0.20
< 0.085
< 0.53
< LOD

13.0
<0.20
<0.085
< 0.53
< LOD

< 0.09
<0,20
<0.085
< 0.53
< LOD

< 0.09
< 0.20
<0.085
< 0.53
< LOD

11.5
<0.20
<0.085
< 0.53
< LOD

Attarat
Ghudran
10.5
<0.20
<0.085
< 0.53
< LOD

TeCDF
PeCDF
HxCDF
HpCDF
OcCDF
∑ PCDD
∑ PCDF
∑ PCDD/F

< 0.77
24.4
18.9
< 0.30
< LOD
28.7
54.3
83

11.0
67.1
< 0.19
< 0.30
< LOD
13.0
78.1
91.1

22.9
21.6
< 0.19
< 0.30
< LOD
< 0.09
44.5
44.5

33.1
19.5
< 0.19
< 0.30
< LOD
< 0.20
52.6
63.2

22.9
< 0.39
< 0.19
< 0.30
< LOD
11.5
22.9
34.4

1.01
79.2
< 0.19
< 0.30
< LOD
10.5
79.2
89.7

Um

FIGURE 3 - Total concentrations of PCDDs/PCDFs in the oil shale ash samples for all studied sites

For the heating temperature range 800-1000ºC the
concentrations were all below the limit of quantification,
so that the results are neither included in the tables nor in
the diagrams.
The total concentrations of PCDDs/PCDFs according
to the different heating temperatures for all sampling sites
are shown in Figure 3. The trend in these results is the

decrease in total concentrations of PCDDs/PCDFs as the
temperature increases; the rate of formation begins to
decrease starting from 450oC [6].
For all sampling sites, the highest total concentration
of all homologues was found at the heating temperature
range of 200-400oC (418-1274 ng/kg) and begins to decrease as the heating temperature increases to 400-600oC
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(222-419 ng/kg) then becomes very low (41-108 ng/kg) for
the heating temperature range of 600-800oC. Figures 4-9

depict the PCDD/PCDF homologue distribution pattern
for all sampling sites.

FIGURE 4 - Concentrations of PCDDs/PCDFs homologues in the oil shale ash samples of El Lajoun region.

FIGURE 5 - Concentrations of PCDDs/PCDFs homologues in the oil shale ash samples of Sultani region.

FIGURE 6 - Concentrations of PCDDs/PCDFs homologues in the oil shale ash samples of Attarat Um Ghudran region.
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FIGURE 7 - Concentrations of PCDDs/PCDFs homologues in the oil shale ash samples of Wadi El Magar region.

FIGURE 8 - Concentrations of PCDDs/PCDFs homologues in the oil shale ash samples of Yarmouk region.

FIGURE 9 - Concentrations of PCDDs/PCDFs homologues in the oil shale ash samples of Jurf Ed Darawish region.
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Table 5 shows the concentrations and the toxicity
equivalents (I-TEQs) of the Sultani Site as an example for
the I-TEQs-calculations. Table 6 shows the I-TEQs-values
for all sites samples heated at different temperature ranges.
The calculated I-TEQ values which range between
138 - 499 ng I-TEQ/kg at the lowest temperature range
(200–400ºC) begin to decrease as the temperature increase to 400 – 600ºC (60–148 ng I-TEQ/kg) and decrease to 8-44 ng I-TEQ/kg as the temperature increase
to 600-800ºC. Comparing the results of international
toxicity equivalents (Table 5) with total organic contents
(Table 1) for all studied sites, we find that there is a trend
in increasing the I-TEQ-factors with the increase of total
organic contents. The concentrations of the chloride-ion

are low, as shown in Table 1, but it was enough for the
reaction leading to the formation of dioxin/furans.
Comparing the I-TEQ's for all temperature ranges
with other studies, we found two studies for the 600–
800ºC temperature range where the I-TEQ's for all studied
sites are higher comparing with 2.9 ng I-TEQ's in Estonia
[8], but when comparing with the findings of Stuart Oil
Project (Australia) [4] we found that the I-TEQ's in Jordan at the highest temperature range (8 – 44 ng I-TEQ/kg)
is much lower than that what they found (900–1200 ng ITEQ/kg) at the same temperature range. This means that
the Jordanian oil shale ash produced from heating of oil
shale is much less contaminated with dioxins/furans.

TABLE 5 - Concentrations and I-TEQs of PCDD/PCDF in the sultani oil shale ash samples heated at 200-400, 400-600 and 600-800oC
Congener
1,3,6,8 –TCDD
2,3,7,8- TCDF
2,3,7,8 –TCDD
1,2,3,7,8- PeCDF
2,3,4,7,8- PeCDF
1,2,3,7,8-PeCDD
1,2,3,4,7,8-HxCDF
2,3,4,6,7,8-HxCDF
1,2,3,6,7,8-HxCDD
1,2,3,7,8,9-HxCDD
1,2,3,7,8,9-HxCDF
1,2,3,4,6,7,8-HpCDF
1,2,3,4,6,7,8-HpCDD
OCDD
OCDF
∑ I-TEQ

Conc. [ng/kg]
200-400oC
123.1
162.3
226.4
171.0
61.5
107.7
<LOQ
5.2
34.8
40.8
91.8
73.9
183.6
<LOD
<LOD

ngI-TEQ
/kg
0.0
16.2
226.4
8.5
30.7
53.9
<LOQ
0.5
3.5
4.1
9.2
0.7
1.8
<LOD
<LOD
355.6

Conc. [ng/kg]
400-600oC
53.9
36.6
82.7
50.2
27.2
<LOQ
<LOQ
27.2
12.3
9.1
20.4
16.3
83.4
<LOD
<LOD

ngI-TEQ
/kg
0.0
3.7
82.7
2.5
13.6
<LOQ
<LOQ
2.7
1.2
0.9
2.0
0.2
0.8
<LOD
<LOD
110.4

Conc. [ng/kg]
600-800oC
<LOQ
5.7
28.7
16.0
8.4
<LOQ
<LOQ
9.9
2.6
1.1
9.0
5.3
1.4
<LOD
<LOD

ngI-TEQ
/kg
0.0
0.57
28.73
0.80
4.20
<LOQ
<LOQ
0.99
0.26
0.11
0.90
0.05
0.01
<LOD
<LOD
36.62

TABLE 6 - Total I-TEQ values (ng I-TEQ/kg .d.w.) of the oil shale ash samples for all studied sites.
Site Name
Sultani
El Lajoun
Jurf Ed Drawish
Yarmouk
Wadi El Magar
Attarat Um Ghudran

200 – 400 0C
[ng I-TEQ/kg.d.w.]
355.4
404.7
138.0
176.5
244.1
499.0

400 – 600 0C
[ng I-TEQ/kg.d.w.]
110.0
121.8
88.6
60.4
107.1
147.9

4. CONCLUSIONS
In the present work, oil shale ash samples from the
major deposits in Jordan were analyzed for their contents
of dioxins and furan after being heated at different temperature ranges. At all temperature ranges and for all sites, it
was clear that the total Dioxins/Furan concentrations were
the highest at the lowest temperature range 200 – 400 ºC,
and began to decrease as the temperature increases to 400 600 ºC and the total concentrations became values very low
at the highest temperature range of 600-800 ºC. When

600 -800 0C
[ng I-TEQ/kg.d.w.]
36.6
39.0
15.1
8.3
17.1
44.2

comparing the I-TEQ-of our study with those findings of
Stuart Oil Project in Australia, we found much lower TEQ's
in the Jordanian oil shale ash samples measured at the
highest temperature range 8 – 44 ng I-TEQ/kg compared to
the I-TEQ's of (900 – 1200 ng I-TEQ/kg). The concentrations of all PCDDs/PCDFs – Homologous decrease with
increasing the temperature, so that their concentrations at
the temperature ranges 600-800 ºC and 800-1000 ºC are
negligibly low.
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ABSTRACT
The goals of the study were to investigate morphological and physiological effects of herbicide Attribut (propoxycarbazone-sodium) and surfactant BioPower (sodium
alkylether-sulphate) on Triticum aestivum L. cv. Pehlivan.
For the experiments, Triticum aestivum were treated with
Attribut at 4 different doses of 0.21, 0.42, 0.82 and 1.68
mM.. In order to evaluate the combined effects of BioPower and Attribut, 0.25% BioPower was added in each
of applied Attribut doses. The laboratory studies showed
that the EC (effective concentration) value corresponded
to farmer value of (0.42 mM Attribut). Applications were
done either by seed treatments or spreading. The toxic
effects of each doses applied on wheat plants were monitored in terms of morphological and physiological parameters. STATISTICA AXA 7.1 statistical program which
has number AXA507C775506FAN3 was used for statistical analysis. The results showed that root and shoot lengths
during different growth periods of wheat and germination
rates decreased, amounts of chlorophyll in leaves decreased while amount of protein in seeds increased with
(0.82 mM Attribut), (0.82 mM Attribut + 0.25% BioPower) doses and more of that concentrations were found
to be toxic for wheat plants. These toxic effects increased
in use with BioPower.

KEYWORDS: Propoxycarbazone-sodium, sodium alkylethersulphate, wheat, morphology, physiology, phytotoxic effect.

1 INTRODUCTION
Attribut (propoxycarbazone-sodium) is a herbicide developed for post-emergence grass control in cereals. It is
a triazolone herbicide and its mode of action takes place by
* Corresponding author

inhibition of acetolactate synthase (ALS). Sulfonylurea
herbicides, acting on a board range of grasses and broadleaf weeds kill weeds by inhibiting the enzyme acetolactate synthase, which is essential for their growth. The ALS
isoenzymes are responsible for the biosynthesis of not only
L-isoleucine, but also of all the three branched-chain amino
acids L-valine, L-leucine and L-isoleucine [1], thus making
Attribut a protein synthesis inhibitor. It is used against
rye, triticale and winter wheat. It is also effective on grass
weeds like black grass, brome, wind grass, quack grass
(couche) and wild oats. Surfactants are used to improve
the effectiveness of foliar applied herbicides, other pesticides and defoliants by reducing the surface tension of
aqueous systems. However, there is evidence that surfactants are capable of exerting inhibitory as well as stimulatory effects upon plant growth and behavior [2]. Therefore,
BioPower (sodium alkylether- sulphate) was used in the
present study as an anionic surfactant to increase the effect
of Attribut (propoxycarbazone-sodium) on wheat leaf surfaces. Surfactants are amphipathic molecules consisting of
a hydrophobic (alkylated phenol derivatives, fatty acids,
longchain linear alcohols, etc.) and a hydrophilic part (generally ethylene oxide chains of various length). From the
commercial point of view surfactants are often classified
according to their use. Due to their favorable physicochemical properties, surfactants are extensively used in
many fields of technology and research. They are used to
improve the effectiveness of foliar applied herbicides, other
pesticides and defoliants by reducing the surface tension of
aqueous systems.
In this study Triticum aestivum L. was used as the
plant material. Triticum aestivum L. (wheat) constitutes a
very important food source for all countries in the world.
It is an important commodity and is consumed by households in almost all countries in several forms (bread, pasta,
breakfast cereals, chapati, and bakery products) [3]. World
wheat consumption in 2007 was about 609 million metric
tons [4]. Wheat is also widely produced across the world.
Total world wheat production was 603,7 million tons in
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2006. China (104,47 million tons) was the largest producer
of wheat in 2006, followed by the EU-27 (126,12 million
tons) and the United States (57,3 million tons). Other major
wheat-producing countries are India, Russia Federation,
Canada, Pakistan and Turkey [5]. Wheat is considered to be
the principal agricultural crop in Turkey. Total cultivated
area in Turkey is 22.13 million ha and 78.81% of it is
cultivated field area (17.44 million ha) [6]. Wheat is
grown on 9.3 million ha in Turkey. Total production of
wheat is 20.01 million metric tons and the yield is
2151.61 kg/ha [7]. Triticum aestivum L. was grown mostly
in the region of European Turkey. The Pehlivan cultivar
was choosen for this study. This cultivar was developed
as a winter wheat variety in 1998 via crossing studies in
Trakya Agricultural Research Institute. It has high productive tillering. The plant height is medium-high, so it
has medium resistance to lodging. The high genetic potential of this cultivar for grain yield leads to a crop of
5000-7000 kg/ha. It is a suitable cultivar to be grown on
fertile and less fertile soils. It is grown in most wheat
producing regions of Trakya and other regions of Turkey.
There exists a considerable amount of studies about
the phytotoxic effects of pesticides on plant morphology
[8-13]. For instance, morphological and physiological
effects of Thirama (tetramethylthiuram disulphide) fungucide on Zea mays were studied [14], physiological stress of
Fludioxonil and pyrimethonil was investigated on Vitis
vinifera L. [15]. Phytotoxic effects of Fusilade (Fluazifopp-butyl) on chlophyll amount of Lens culinaris Medik.
leaves were determined [16]. It was reported that increasing
doses of chlorthal dimethyl reduced protein and starch
amounts in Setaria viridis (L.) Beauv. and Avena sativa L.
[9]. Simazin was proved to have more toxic effects than
Lindex on the grana morphology of chloroplasts [17]. The
toxic effects of α-amilase activity of Fusilade (Fluazifopp-butyl) on Lens culinaris Medik. were reported [18].
The aim of this study was to investigate the phytotoxic effects of the anionic surfactant BioPower and the
herbicide Attribut on morphology and physiology of Tritum aestivum L. cv. Pehlivan. under laboratory and field
conditions.
2 MATERIALS AND METHODS
Germinated seeds, roots, saplings and leaves of a
wheat plant (Triticum aestivum L. cv. Pehlivan) were taken
from Trakya Agricultural Research Institute. A hundred
of wheat germs from each group were treated with
stock aqueous solutions of four different Attribut doses
(0.21 mM, 0.42 mM, 0.84 mM, 1.68 mM) prepared with
modified Hoagland medium [19] for each test to determine EC50 (effective concentration) values in laboratorial
studies. 15 ml of these solutions were added in each experimental Petri dish. The control group was germinated
only in Hoagland medium. Germinated wheat germs, which
took place in Petri dishes and plastic containers, with

covers, at a size of 20 cm x 10 cm x 3.5 cm in an oven at
a temperature of 25 °C, were observed for five days. Each
test was repeated three times. Root ends exceeding 0.5 mm
were considered as germinated. Germination percentages
were measured. It was determined that average EC value
was close to the 0.42 mM Attribut value, which is ranging
between 0.21 mM and 0.84 mM, and this value corresponds to the Farmer Dose. Fujifilm Finepix 1300 digital
camera was employed in taking photos from the tests conducted over the fields and laboratory tests. The tests were
conducted in two different forms with leaf-treated and
seed-treated. 40 seeds were planted in each pot with a diameter of 20 cm housing soil having same characteristics
(pH : 5.5.-6.0, NO3-N: 40-50 ppm., P: 15-20 ppm., K: 70100 ppm., Ca: 40-60 ppm., Mg: 20-25 ppm) in both of the
applications. The control group was placed into Hoagland
medium. In treating seeds before they have been planted in
pots, seeds were treated with (0.21 mM, 0.42 mM, 0.84 mM
and 1.68 mM Attribut) doses and the same doses including
0.25% of BioPower surfactant for 15 hours. Photos of roots
and saplings were taken after they had been removed from
the pots at the end of 30th day. In case of leaf treatment,
(0.21 mM, 0.42 mM, 0.84 mM and 1.68 mM Attribut)
doses and the same doses including 0.25% of BioPower
surfactant were sprayed at the end of 20th day. Growth of
the wheat in the pots was checked at the end of 30th day
and photos of roots and saplings were taken after they had
been removed from the pots.
Also, for field studies, test cultivations were conducted over fields owned by Trakya Agricultural Research Institute. 50 grams of wheat seeds were treated
with (0.21 mM, 0.42 mM, 0.84 mM and 1.68 mM Attribut) doses and the same doses including 0.25% of BioPower surfactant, to observe effect of Biopower, were
also applied for 15 hours in treating seeds before they
were planted over 8 parcels. 1 parcel was allocated for the
non-treated control group. Photos were taken after 5
months to observe morphological growth of the wheat
cultivated over 9 parcels in total. In case of treating
leaves, (0.21 mM, 0.42 mM, 0.84 mM and 1.68 mM Attribut) doses and the same doses including 0.25% of BioPower surfactant were applied to the wheat after 5
months. Photos of the 9 parcels in total were taken 10
days after the herbicide application. The seeds, which
had gone to seed and leaf treatment (spraying), were
floured and their protein content was determined in percent with the help of a Perten Inframatic device. At least
20 g of wheat seed was floured for each measurement.
Samples were collected from the plants grown under
laboratory conditions for a month, while for five months
under field conditions, whether they had had seed or
spraying treatment with different doses of herbicide for
the chlorophyll determination. Leaf samples were collected from both of the groups 72 hrs after the spraying
treatment. The leaves were rinsed with tap water and
dried. Then, 100 mg of leaves were taken by using a precious balance. The method was given for chlorophyll
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extraction and determination conducted on leaves of the
plant [20]. To determine the chlorophyll amount, 0.1 g of
leaves were taken and grounded in 10 ml of 80% ethanol
to be extracted. The resulted extract was washed with 80%
acetone and filtered into 20 ml vials with the help of an
ordinary filtering paper. The samples prepared in this way
were centrifuged for 10 minutes at a rate of 3000 cycles/
minute, Absorbance values of the extracts from both of the
plant groups prepared according to the said method were
measured at 645 nm and 663 nm wavelengths (maximum
absorption values for the chlorophyll pigment) through a
spectrophotometer (Jenway 6105 UV/VIS Spectrophotometer). Chlorophyll a and chlorophyll b amounts in 1 gram
of leaf tissue were found in milligrams [20].
Statistical evaluation was conducted with the help of
STATISTICA AXA 7.1 statistics program with a serial
number of AXA507C775506FAN3. Conformance of the
measurable data to the normal distribution was checked
by single sample Kolmogorov Smirnov test and Shapiro
Wilk test and then, t test and variance analysis were used
in independent groups for those showing normal distribution in comparison between the groups. Because those
that were found significant according to the variance
analysis were the control group, post-hoc Dunnett t test
was used in evaluation. Kruskal-Wallis variance analysis
and Mann Whitney U test were used in comparison between the groups not showing normal distribution. Median (Min-Max) values and arithmetical mean ± standard
deviation were provided as descriptive statistic. Significance limit was specified as (p≤0.05) for all statistics.
3 RESULTS AND DISCUSSION
Plants are exposed to several abiotic and biotic stress
factors which individually and in total decide on their overall growth and yield performance. Plants have developed
unique strategies for responding to ever- changing environmental conditions, exhaustively monitoring their surroundings, and adjusting their metabolic systems to maintain homeostasis. The severity of stress and genetic background of the plant are the basic determining factors for
the ultimate survival or death of plants. In this study, different doses of herbicide and an anionic surfactant were
given as stress factors for wheat plants. There were many
studies about phytotoxic effects of herbicides. It was re-

ported that germination rates decreased by 2,4-D on Pinus
sp. [21], by Benlate on Allium cepa [10] and by Fusilade
on Lens culinaris [18]. It was determined that 6 ppm dose
of cyhalofop-butylile decreased the germination rate 50%
on Echinochloa muricata [22]. Similar results were determined in our study. EC concentration and germination
rates of Triticum aestivum treated by Attribut were investigated. EC values were determined as (0.42 mM Attribut). Germination rate was reduced by the doses (FD),
(FD×2), (FD×4), (FDS), (FDS×2), (FDS×4) (Table 1).
The observed morphological effects of propoxycarbazone-sodium on wheat were a reduction in both root
and shoot lengths (Figures 1, 2, Table 2). Similar results
were seen in lentil treated with chlorsulfuron and metsulfuron herbicides [23]. Coşkun [24] observed that the
treatment with an insecticide Decis reduced root length in
Allium cepa. Chopra and Singh [25] determined that treatment with 2,4-Dinitroasetic acide reduced plant development in Guizotia.
As it was observed in many studies, different concentrations of surfactants had phytotoxic effects on plants [2628]. According to literature, there were many studies about
the toxic effects of pesticides on morphology of seedlings
such as decreasing root and shoot lengths. The phytotoxic
effects of Erex (triadimefon-lindane) pesticide on Triticum
aestivum [29], EL-107 (N-[3-(1-ethyl-1-methylpropyl)-5isoxazolyl]-2,6-dimethoxy-benzamide) herbicide on dicotyl
plants [30], cycluron and prometone on Pisum sativum [31],
chlorsulfuron and diclofop-methyl on Triticum aestivum
[32], Decis insecticide on Allium cepa [24], mecoprob
herbicide on Triticum aestivum [33], Thiram fungucide on
Zea mays [14], Fusilade on lentil were determined [16]. In
all doses applied under laboratory conditions, various
abnormalities on leaf morphology were observed. These
abnormalities were approximately similar with the field
experiments (Fig. 1-4). Propoxycarbazone-sodium caused
chlorosis and curlings after leaf treatment while it reduced
plant development after seed treatment (Fig. 1). It was observed that wheat seedlings were more sensitive to leaf
treatment than seed treatment. Propoxycarbazone-sodium
applications including BioPower surfactant additive increased the phytotoxic effects especially making chlorosis,
developmental problems, decreasing seed weigths and
wheat lengths and increasing protein amounts in the seeds
of Triticum aestivum L. cv. Pehlivan (Fig 1-4); (Table 2-6).

TABLE 1 - Germination rates
DOSES
Control
(FD/2) (0.21 mM Attribut)
(FD) (0.42 mM Attribut)
(FD×2) (0.84 mM Attribut)
(FD×4) (1.68 mM Attribut)

1.DAY
_
_
_
_
_

GERMINATION RATES (%)
2.DAY
3.DAY
4. DAY
32
60
59
29
59
58
17 (ECvalue)
45
50
28
47
49
06
29
45
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1a.

2a.

1b.

2b.

1c.
2c.

1d.
2d.

2 e.
1e.
FIGURE 1 - The general view of Triticum aestivum cv. Pehlivan
seedlings after leaf treatment (1 month after sowing) a. Control; b.
(FD×2) (0.84 mM Attribut); c. (FDS×2) (0.84 mM Attribut + 0.25%
BioPower); d. (FD×4) (1.68 mM Attribut); e. (FDS×4) (1.68 mM
Attribut + 0.25% BioPower) (Scale: 5 cm)

FIGURE 2 - The general view of Triticum aestivum cv. Pehlivan
seedlings after seed treatment (1 month after sowing) a. Control; b.
(FD×2) (0.84 mM Attribut); c. (FDS×2) (0.84 mM Attribut + 0.25%
BioPower) ; d. (FD×4) (1.68 mM Attribut) ; e. (FDS×4) (1.68 mM
Attribut + 0.25% BioPower) (Scale: 5 cm).
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3a.

3c.

3b.

3d.

FIGURE 3 - General view of Triticum aestivum in field treated with leaf treatment 5 months after sowing: a. Control; b. (FDS×2) (0.84 mM
Attribut + % 0.25% BioPower); c. (FD×4) (1.68 mM Attribut); d. (FDS×4) (1.68 mM Attribut + 0.25% BioPower)
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4c.

4a.

4d.

4b.

FIGURE 4 - General view of Triticum aestivum in field treated with seed treatment 5 months after sowing: a. (FD×2) (0.84 mM Attribut); b.
(FDS×2) (0.84 mM Attribut + 0.25% BioPower) ; c. (FD×4) (1.68 mM Attribut) ; d. (FDS×4) (1.68 mM Attribut + 0.25% BioPower)
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TABLE 2 - Root and shoot lengths of wheats one month after sowing in pots.
ROOT LENGTH
SHOOT LENGTH
Arithmetical Mean ± Standard Deviation, Median, (Min-Max) Arithmetical Mean ± Standard Deviation, Median, (Min-Max)
7,45 ± 2,037
7,07 ± 1,406
CONTROL
7,00 (4,5 – 11)
7,45 (5 - 8,5)
0.21 mM Attribut (FD/2)
(*) 4,15 ± 0,883
(*) 4,85 ± 1,987
4,25 (3,0 - 5,5)
5,00 (2 - 7,5)
0.42 mM Attribut (FD)
(*) 3,46 ± 1,142
(*) 2,62 ± 0,586
3,30 (1,4 - 5,7)
2,75 (2 - 3,5)
0.84 mM Attribut (FD×2)
(*) 2,26 ± 0,462
(*) 2,56 ± 0,576
2,15 (1,5 - 3,0)
2,5 (2 - 4)
1.68 mM Attribut (FD×4)
(*) 1,05 ± 0,572
(*) 1,72 ± 1,169
1,00 (0,2 - 2,1)
2,0 (0 - 3,5)
0.21 mM Attribut + 0.25% BioPower (FDS/2)
(*) 3,20 ± 0,521
(*) 2,44 ± 0,465
3,20 (2,2 - 3,9)
2,5 (2 - 3,2)
0.42 mM Attribut + 0.25% BioPower (FDS)
(*) 2,84 ± 0,602
(*) 2,27 ± 0,830
2,75 (2,2 – 4,2)
2,2 (1,5 - 4,2)
0.84 mM Attribut + 0.25% BioPower (FDS×2)
(*) 2,46 ± 0,620
(*) 2,21 ± 0,762
2,10 (2 – 3,5)
2,0 (1,2 – 3,5)
1.68 mM Attribut + 0.25% BioPower) (FDS×4)
(*) 1,04 ± 0,830
(*) 1,62 ± 0,692
0,80 (0 - 2,2)
1,85 (0 - 2,4)
GROUP

Each arithmetical mean value represents the mean of 10 independent experiments. Root and shoot lengths of wheats one month after sowing in pots were given. (*) indicates significant differences at
the 5% level between values obtained under control and treated plants (P≤ 0.05).

TABLE 3 - Length of wheats grown in field treated by leaf and seed treatment five months after sowing.
GROUP
CONTROL
(“) (FD/2)
(0.21 mM Attribut)
(“) (FD)
(0.42 mM Attribut)
(FD×2)
(0.84 Mm Attribut)
(“) (FD×4)
(1,68 mM Attribut)
(FDS/2)
(0.21 mM Attribut +
0.25% BioPower)
(FDS)
(0.42 mM Attribut +
0.25% BioPower)
(FDS×2)
(0.84 mM Attribut +
0.25% BioPower)
(“) (FDS×4)
(1,68 mM Attribut+
0.25% BioPower

LEAF TREATMENT
Arithmetical Mean ± Standard Deviation, Median, (Min-Max)
99,10 ± 8,979
98,00 (79 – 115)
95,95 ± 7,654
99,00 (83 – 110)
94,30 ± 8,317
98,50 (78 – 105)
93,65 ± 9,980
99,00 (68 - 105)
91,90 ± 9,629
92,50 (78 - 105)
95,90 ± 7,560
98,50 (80 - 110)

SEED TREATMENT
Arithmetical Mean ± Standard Deviation, Median, (Min-Max)
104,30 ± 2,736
104,00 (99 – 110)
103,70 ± 3,404
103,00 (98 – 109)
(*)103,45 ± 4,513
104,00 (96 – 110)
(*) 98,70 ± 3,481
98,00 (93 – 105)
(*) 69,95 ± 6,802
71,00 (58 – 79)
(*) 92,60 ± 6,468
93,50 (81 – 104)

93,50 ± 8,313
94,00 (82 - 110)

(*) 92,30 ± 4,402
93,50 (84 – 99)

92,75 ± 9,629
98,50 (79 – 110)

(*) 91,55 ± 4,478
91,50 (84 – 99)

91,00 ± 10,473
94,00 (76 – 110)

(*) 62,25 ± 6,103
60,50 (55 – 75)

Each arithmetical mean value represents the mean of 20 independent experiments. Length of wheats grown in field were given five months after sowing. (“) indicates the significant difference
between leaf treatment and seed treatment. (*) indicates significant differences at the 5% level between values obtained under control and treated plants (P≤ 0.05).

TABLE 4- Seed weights of wheats grown in field treated by leaf and seed treatment five months after sowing.
GROUP
CONTROL
(FD/2)
0.21 Mm Attribut
(FD)
0.42 mM Attribut
(FD×2)
0.84 mM Attribut
(“) (FD×4)
1.68 mM Attribut
(FDS/2)
0.21 mM Attribut +
0.25% BioPower)
(FDS)
0.42 mM Attribut +
0.25% BioPower
(FDS×2)
0.84 mM Attribut +
0.25% BioPower
(FDS×4)
1.68 mM Attribut +
0.25% BioPower

LEAF TREATMENT
Arithmetical Mean ± Standard Deviation, Median, (Min-Max)
40,94 ± 0,802
41,18 (39,68 – 41,88)
(*) 38,75 ± 0,805
38,78 (37,68 - 39,86)
(*) 37,87 ± 0,241
37,94 (37,42 – 38,18)
(*) 37,08 ± 0,600
37,11 (35,64 – 37,72)
(*) 32,41 ± 0,387
32,45 (31,40 – 32,78)
(*) 30,15 ± 0,485
30,14 (29,12 - 30,84)

SEED TREATMENT
Arithmetical Mean ± Standard Deviation, Median, (Min-Max)
43,63 ± 1,173
43,41 (41,20 – 45,68)
(*) 41,45 ± 0,620
41,37 (40,72 – 42,92)
(*) 39,43 ± 0,355
39,35 (38,94 – 40,06)
(*) 38,26 ± 0,933
38,41 (36,22 – 39,46)
(*) 37,70 ± 0,584
37,75 (36,74 – 38,68)
(*) 40,35 ± 0,486
40,32 (39,52 – 41,10)

(*) 30,24 ± 0,505
30,32 (29,28 - 31,20)

(*) 39,33 ± 1,090
39,32 (37,72 – 41,52)

(*) 28,21 ± 0,798
28,40 (26,52 - 29,28)

(*) 38,70 ± 0,777
38,76 (37,44 – 39,98)

(*) 27,26 ± 0,234
27,27 (26,88 - 27,64)

(*) 35,42 ± 1,326
35,40 (33,28 – 37,16)

Each arithmetical mean value represents the mean of 1000 independent experiments. Seed weights of wheats grown in field were given five months after sowing. (“) indicates the significant difference
between leaf treatment and seed treatment. (*) indicates significant differences at the 5% level between values obtained under control and treated plants (P≤ 0.05).
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TABLE 5 - Protein amounts of wheat seeds treated with seed treatment by different doses.
DOSES
CONTROL
(FD/2)
(FD)
(FD×2)
(FD×4)
(FDS/2)
(FDS)
(FDS×2)
(FDS×4)

PROTEIN
(%)
11.7
11.8
12.2
12.0
12.8
12.0
12.6
12.4
12.8

SEED TREATMENT
MOISTURE (%)
TEMPERATURE
(°C)
9.5
49
9.4
51
9.4
50
9.6
51
9.8
51
9.3
51
9.7
50
9.3
50
9.5
52

PROTEIN
(%)
12.3
11.8
11.7
11.2
12.0
14.4
14.6
15.8
15.4

LEAF TREATMENT
MOISTURE (%)
TEMPERATURE
(°C)
10.5
46
10.0
48
10.1
48
10.2
48
10.1
48
10.0
51
9.8
51
9.8
52
9.8
51

TABLE 6 – Chlorophyll amounts of wheat leaves treated with leaf treatment by different doses.

GROUP

SAMPLES
FIELD

Control

LAB.
FIELD

(FD/2)

LAB.
FIELD

(FD)

LAB.
FIELD

(FD×2)

LAB.
FIELD

(FD×4)

LAB.
FIELD

(FDS/2)

LAB.
FIELD

(FDS)

LAB.
FIELD

(FDS×2)

LAB.
FIELD

(FDS×4)

LAB

Arithmetical Mean ± Standard
Deviation,Median,
(Min-Max)

LEAF TREATMENT
(CHLOROPHYLL AMOUNTS)
Arithmetical Mean ± Standard
Deviation,Median,
(Min-Max)

CHLOROPHYLL A

CHLOROPHYLL B

2,52 ± 0,274
2,57 (2,22 – 2,76)
2,05 ± 0,221
2,08 (1,82 – 2,26)
(*) 1,63 ± 0,220
1,52 (1,48 – 1,88)
1,80 ± 0,120
1,79 (1,69 – 1,93)
1,62 ± 0,709
1,70 (0,87 – 2,28)
(*) 1,46 ± 0,213
1,50 (1,23 – 1,65)
(*) 1,45 ± 0,545,
1,69 (0,83 – 1,84)
(*) 1,40 ± 0,006,
1,40 (1,39 – 1,40)
(*) 1,20 ± 0,690
1,17 (0,52 – 1,90)
(*) 1,14 ± 0,356
0,96 (0,91 – 1,55)
(*) 1,57 ± 0,379
1,45 (1,26 – 1,99)
(*) 1,64 ± 0,240
1,77 (1,36 – 1,78)
(*) 1,40 ± 0,235
1,40 (1,17 – 1,64)
(*) 1,60 ± 0,035
1,60 (1,56 – 1,63)
(*) 1,25 ± 0,114
1,20 (1,17 – 1,38)
(*) 1,40 ± 0,025
1,40 (1,38 – 1,43)
(*) 0,83 ± 0,263
0,75 (0,61– 1,12)
(*) 1,24 ± 0,006
1,24 (1,23 – 1,24)

0,84 ± 0,064
0,87 (0,77 – 0,89)
0,82 ± 0,192
0,85 (0,61 – 0,99)
0,57 ± 0,205
0,47 (0,44 – 0,81)
(*) 1,64 ± 0,240
1,77 (1,36 – 1,78)
(*) 0,48 ± 0,191
0,51 (0,28 – 0,66)
(*) 1,60 ± 0,035
1,60 (1,56 – 1,63)
(*) 0,47 ± 0,157
0,54 (0,29 – 0,58)
(*) 1,40 ± 0,025
1,40 (1,38 – 1,43)
(*) 0,35 ± 0,215
0,36 (0,13 – 0,56)
(*) 1,23 ± 0,006
1,23 (1,23 – 1,24)
(*) 0,46 ± 0,128
0,43 (0,35 – 0,60)
(*) 0,40 ± 0,032
0,41 (0,36 – 0,42)
(*) 0,41 ± 0,080
0,40 (0,33 – 0,49)
(*) 0,39 ± 0,125
0,39 (0,27 – 0,52)
(*) 0,37 ± 0,052
0,34 (0,34 – 0,43)
(*) 0,50 ± 0,119
0,54 (0,37 – 0,60)
(*) 0,22 ± 0,061
0,21 (0,17 – 0,29)
(*) 0,38 ± 0,011
0,39 (0,37 – 0,39)

Arithmetical Mean ± Standard
Deviation, Median,
(Min-Max)
TOTAL
CHLOROPHYLL
3,36 ± 0,337
3,44 (2,99 - 3,65)
2,87 ± 0,060
2,87 (2,81 - 2,93)
(*) 2,10 ± 0,254,
1,99 (1,92 - 2,39)
(*) 2,31 ± 0,310
2,37 (1,97 - 2,58)
(*) 2,10 ± 0,900
2,21 (1,15 - 2,94)
(*) 2,00 ± 0,068,
1,98 (1,95 - 2,08)
(*) 1,92 ± 0,698
2,27 (1,12 - 2,38)
(*) 1,91 ± 0,006
1,91 (1,90 - 1,91)
(*) 1,53 ± 0,906,
1,47 (0,65 – 2,46)
(*) 1,63 ± 0,222
1,75 (1,37 - 1,76)
(*) 2,03 ± 0,506
1,88 (1,61 - 2,59)
(*) 2,03 ± 0,221
2,13 (1,78 – 2,19)
(*) 1,81 ± 0,315
1,80 (1,50 - 2,13)
(*) 1,99 ± 0,090
1,99 (1,90 - 2,08)
(*) 1,62 ± 0,165
1,54 (1,51 – 1,81)
(*) 1,91 ± 0,136,
1,97 (1,75 - 2,00)
(*) 1,05± 0,324
0,96 (0,78 – 1,41)
(*) 1,62 ± 0,017
1,63 (1,60 – 1,63)

Each arithmetical mean value represents the mean of 3 independent experiments. Chlophyll amounts of wheats were given. (*) indicates significant differences at the 5% level between values
obtained under control and treated plants (P≤ 0.05).

In the study of Rinella et al. [34] Dicamba herbicide
effected development of Triticum aestivum seeds negatively. Similar results were observed in our study. Seed
weights of wheat which had leaf treatment and seed
treatment decreased according to control group while
propoxycarbazone-sodium doses increased. In our study,
leaf treatment was more effective on decreasing seed
weights than the seed treatment (Table 4).
Protein amounts of seeds belonging Triticum durum
Desf. were investigated after treated with different doses
of 2,4 D (Isopropopylester) herbicide. It was found that

protein amounts increased while herbicide doses increased [35]. Similar results were observed in our study
by which we showed a increase in protein amounts by
increasing doses of propoxycarbazone-sodium. This effect
was much more clear by the leaf treatment than the seed
treatment (Table 5).
Because of the stress factors made by herbicides,
chlorophyll amounts could be decreased and photosynthesis mechanism is effected by negatively. Foliar applied
herbicides could pose toxic effects on leaf mesophyll
tissue. It was determined that Diuron herbicide decreased
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chlorophyll on Glycine max [36], Fusilade made chlorosis
as decreasing chlorophyll amounts in Lens culinaris [16],
Thiram fungucide effected chloroplasts negatively on Zea
mays [14]. Similar results were observed in our study.
Chlorophyll amount of samples grown under laboratory
conditions were decreased according to the chlorophyll
amount in control group. BioPower raised the toxic effects of propoxycarbazone-sodium on the amounts of
chlorophyll in Triticum aestivum L. cv. Pehlivan (Fig. 14); (Table 6).
4 CONCLUSION
As a conclusion, in this study, it is clear that (FD×2),
(FDS×2), (FD×4) and (FDS×4) applications affected wheat
morphology and physiology in a negative manner compared with the control considering Attribut deposition in
soil. Evaluating the results from another point of view, it
was seen that Attribut applications including BioPower
surfactant additive raised Attribut’s toxic effect more on
wheat.
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ABSTRACT
The maturity of compost depends on the controlling of
many parameters along the process of composting, such as,
balancing of the pH, C:N ratio, moisture and composition
of the primary substances. The object of this paper is to
investigate as to what extent final compost – as an additive
on the fermentation process – would affect the maturity of
the composting process. Process speed, time of fermentation and quality of final fertilizer has been compared. In
this research, a batch of twelve composting piles was set up
and studied. Three repetitions were planned for each of the
percentages: 10%, 15% and 20% and for the control group
(without additives). The temperature and pH in the piles
were determined and registered daily during the process.
After 30 days a part of each pile was separated for tests.
In these final products, the following parameters were
measured: pH, electrical conductivity (EC), C:N ratio, total
volatile solid (TVS), total nitrogen (TN), organic carbon (OC), Na, P and K. Finally, the effect of the final
compost as an active element and an additive was proven.
The result shows that the essential time for fermentation
decreased and the quality of the final compost improved
with regards to the percentage of organic materials and
other parameters.

KEYWORDS:
Compost; C:N ratio; additive; Maturation; Solid waste.

1 INTRODUCTION
There are different ways for getting rid of organic
waste, one of which is conversion via the aerobic method
and composting. Composting is an old and economical
method. In this method, organic wastes such as food and
vegetable hysteresis are converted to useful farm compost
which is very beneficial for soil betterment and can be
used as a soil conditioner and organic fertilizer [1]. Many
* Corresponding author

different microorganisms play a role in the conversion of
organic solid waste to compost. In fact, composting is a
process of biological decomposition of organic matter by
microorganisms [2-7]. It is an exothermic biodegradation
process that involves a complex web of biochemical reactions in which facultative and aerobic microorganisms
catabolize substrates for their growth and metabolic needs
[8-10].
With a growth in population, industries and economies,
the output of municipal solid waste (MSW) has been increasing in the world. In recent years, the technology for
MSW microbial composting has been steadily adopted as it
has proved to be very useful with an organic matter content
exceeding 60%. After the MSW is broken down and separated by machines, the residual organic matter is suitable
for composting [11].
Compost provides a stabilized from of organic matter
that improves the physical properties of soils by increasing absorption and water holding capacity, total pore space
aggregate stability, erosion resistance, temperature insulation and by decreasing apparent soil density. Application of
MSW compost improves the chemical properties of the
soil, too, by balancing pH, electrical conductivity (EC),
cation exchange capacity, and soil nutrient content [12].
The low content of heavy metals in the raw materials used
in the bioconversions guarantees a safe application of
fertilizers made from food waste in agriculture [13].
The soil incorporation of composted MSW usually
results in a positive effect on the growth and the yield of a
wide variety of crops and on the restoration of the ecology
and an improvement in the economic returns of the land.
Agricultural uses of MSW have shown much promise for
a variety of field crops (e.g. maize, sorghum, forage
grasses, etc.) and vegetables for human consumption (e.g.
lettuce, cabbage, beans, potatoes, cucumbers, etc.) [12].
The waste from wholesale fruit and vegetable markets, supermarkets and food processers are best materials
for composting [14]. Optimal conditions for composting
of food waste are: the moisture content of the composting
material must be at least 65%, the pH must stand near
neutral, the C:N ratio of the material must be between
25:1 and 35:1. Further, additional aeration can improve
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the process and a temperature of 60°C must be kept for
optimal thermophilic composting [15]. Continued metabolism depends on sufficient aeration. Average O2 concentration inside the compost mix is 15 to 20%, while CO2 is
0.5 to 5%. When O2 content falls below these levels,
anaerobic microbial populations surpass aerobic species
resulting in an increase of malodorous fatty acids and
methane levels [16]. The effect of aeration rate is considered to be a major factor affecting the slurry-phase decomposition of food wastes [17]. The process produces
heat, CO2, H2O vapor and humus as a result of the growth
and activities of microorganisms [18].
Typically for the initial phase of the composting process when composting batch-wise, a slow and oscillating
temperature increase (mesophilic phase) is observed [19].
After a while, the temperature may increase rapidly (thermophilic phase) and the composting process is carried on
until the temperature slowly falls (maturing phase) [20].
The way the treatment is performed greatly affects
the survival or death of pathogenic organisms. Temperature is the most important factor, but pH and biological
competition also affect the death rate. The waste has to be
treated in a manner so as to kill or reduce the number of
pathogens. Temperatures between 28°C and 55°Care best;
few species of bacteria can survive at temperatures above
70°C. Fungi capable of degrading cellulose and lignin are
also greatly inhibited by high temperatures [21] The US
Environmental Protection Agency mandates adherence to
a “process to further reduce pathogens” (PFRP), as described in US-EPA’s 40 CFR Part 503, for a compost to
be categorized as Class A for commercial distribution.
Substrates must reach 55°C for three consecutive days or
more, or the temperature of the coolest part of the compost must remain at 55°C for at least three consecutive
days [22-26]. During composting, some of the organic N
slowly converts to much smaller inorganic N pools. In our
research, the mineralization process was continued further
by conversion of ammonium to nitrite/ nitrate via nitrifiers. Denitrification occurred during the early stage of
composting, as indicated by higher population of denitrifying bacteria [27-30].
Organic fertilizer production quantity indices: Smell:
not malodorous, pH: 6.5~7, Organic matter content: 25%
~ 35%, Water content: 25%, Color: dark brown and C:N:
15:1~20:1. [11]
The objective of this investigation was to study the
effects of the controlling parameters, such as, aeration rate
and agitation; and the adding of fine compost as an additive on the quality of the final compost.
2 MATERIALS AND METHODS
2.1. Bioconversion Process

Raw organic matter of MSW (a mixture of plant and
vegetable residual, waste foods, paper, etc.) were collected and dissociated by mechanical screening and han-

dling in a compost factory. These materials were added
to the piles and composted using the forced-aeration
method [23]. The samples were created in piles measuring 20×8×1.8 m3 (Length × Width × Height) with a
45 degree angle. The roof of the bedding piles was made
alveolar and connected to aerating fans through canals
(Fig.1). The program of aeration was fixed at 2hrs every
2 days and mixing was done once every 5 days using a
spiral agitator.

FIGURE 1 - Schematic Diagram of the piles

The temperature of the forced-aeration piles was read
from three locations in the piles and an average was noted
daily. The pH was also determined from the three samples
once in three days. Before piling, the water content of the
composts was adjusted to 65% (w/w).
Three bioconversions of MSW were conducted to
study the process. We set up a batch of twelve composting piles, three for each percentage: 10%, 15% and 20%
(w/w) and in each percentage, one pile had no additives
applied and made up the control group (Table 1). Characteristics of the initial substrates, factory-made final compost, for bioconversion were tested in a factory lab before
using as additive in the organic MSW
TABLE 1 - Composition of the substrates
Treatments
A1
A2
A3
B

Organic MSW (%)
90
85
80
100

Final compost (%)
10
15
20
0

2.2 Physical and Chemical analysis

Compost samples from the piles were prepared for
physical and chemical analysis. 1Kg of samples from
each pile was taken for tests. The manure composts were
analyzed according to the standard procedures laid out by
the American Association of Chemists in the following
parameters:
The pH and electric conductivity (EC) of the samples
were prepared in 10% solutions and measured using the
Metrohm pH meter and EDT-BA380 device (Method
973.04). The organic matter (O.M.) and total volatile solid
(TVS) were measured after a weight loss in an Exciton
1200-21 electric furnace at 450°C (Method 967.05). The
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TABLE 2 - Characteristics of the initial substrates of bioconversion
Parameters
Moisture
pH
EC(ms/cm)
TVS (%)
O.C(% of TS*)
N(% of TS)
P(% of TS)
K(% of TS)
Na(% of TS)
C:N ratio
*TS: Total Solid

A1
66
5.70
4.01
65.50
29.78
1.57
1.18
3.01
1.28
18.6

A2
63
6.00
3.93
64.25
29.03
1.56
1.22
2.91
1.26
18.3

A3
60
6.10
3.93
61.76
28.40
1.55
1.24
2.84
1.25
18.0

Total N concentration of the samples was calculated after
being digested in concentrated H2SO4 solution 0using the
Kejdahl method (Method 970.03). The C:N ratio was then
assessed based on the concentration of O.C and total N.
The content of Na and K was measured using flame
atomic absorption spectro-photometry following acid
digestion (Method 974.01). Phosphorus was analyzed in
the final products, too, via the alkalimetric quinolinium
molybdophosphate method (Method 969.02).

B
70
5.50
4.12
68.91
31.12
1.62
1.15
3.16
1.29
19.2

Additive
20
7.24
3.26
38.85
17.62
1.32
1.22
1.57
1.13
13.35

8
7.5
7
pH
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Replicate A2

6.5
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Replicate B

6
5.5
1

3 RESULTS AND DISCUSSION
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7
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Day since composting-phase started

The temperature of the MSW increased rapidly, and
persisted until the active decomposition was over, thereafter decreasing. A peak temperature of 67°C was observed
after the first 19 days of composting in the A3 piles. The
highest peak temperature of the control piles was 58°C
after 25 days, which showed a six days difference. The
maximum temperature in the treated A3 piles was 9°C
higher in contrast with the control piles and showed a
rapid increase. A decrease in temperature, from the 25th
day on, showed that the process was over and the compost
had now matured. The A3 treatments were healthier because they had remained in a higher temperature for a
longer period compared to the other treatments.

FIGURE 3 - The pH profiles v/s time recorded during composting
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FIGURE 4 - Moisture profiles v/s time recorded during composting
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FIGURE 2 - Temperature profiles v/s time recorded during composting

The level of pH depends on the kind of material being
composted. Kitchen waste gives a lower initial pH due to
the production of fatty acids in anaerobic microhabitats
such as lactic acid, buteric acid, etc. [19] The pH level
was low at the start, around 5 (Fig.3). From Day 6 to Day
12 it increased rapidly and reached a neutral value. During Days 15 to 30, the pH was stable at around 7. Compared to the others, the pH neutralized more rapidly in the
treatments with additives. On Day 10, the A3 treatments
had a neutral pH but it took the B treatments 15 days to
reach neutrality. Needless to say a neutral environment
benefits a quicker microbial activity and gives better quality to the finished product.
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Three bioconversions of MSW were performed in
aerobic conditions. The characteristics of the final products
of MSW bioconversion are presented in Table 3.

[4]

Rynk, R. Van de Kamp, M., Willson, G.B. et al (1992) On
Farm Composting Handbook. New York, NRAES, Cornell
University.

[5]

Beffa, T. Blanc, M. Marilley, L. Fischer, J.L. Lyon, P.F. and
Aragno, M. (1996) Taxonomic and metabolic microbial diversity during composting. part 1, In The Science of Composting ed. De Bertoldi, M. Sequi, P. Lemmes, B. and Papi,
T. London: Chapman & Hall, 149-155.

[6]

Tiquia, S.M. (2002) Microbial transformation of nitrogen
during composting. In: Microbiology of Composting, Insam,
H. Riddech, N. Klammer S. Springer Verlag, Heidelberg,
Germany, 237-246.

[7]

Tiquia, S.M. Tam, N.F.Y. Hodgkiss, I.J. (1996) Microbial activites during composting of spent pig manure sawdust litter
at different moisture contents. Bioresource Technology
55(3), 201-206.

[8]

Alexander, M. (1977) Introduction to soil microbiology, 2nd
ed, New York, John Wiley & Sons.

[9]

Clesceri, L.A. Greenberg, E. Eaton, A.D. (1998) Standard
Methods for the Examination of Water and Wastewater,
APHA, AWWA, WEF, Washington DC, USA, 20th ed. Part
2, 2-54.

TABLE 3 - Characteristics of the final products of bioconversion
Parameters
Moisture
pH
EC(ms/cm)
TVS (%)
O.C(%of TS*)
N(% of TS)
P(% of TS)
K(% of TS)
Na(% of TS)
C:N ratio
*TS: Total Solid

A1
25
7.2
3.64
47.2
19.1
1.36
1.1
1.0
1.2
14.0

A2
25
7.1
3.63
49.3
22.3
1.44
1.2
1.0
1.3
15.5

A3
26
7.2
3.60
53.3
26.8
1.58
1.1
1.1
1.3
17.0

B
27
7.4
3.65
47.0
17.4
1.24
1.0
0.9
1.1
14.0

Under aerobic thermophilic conditions, the A3 sample
pile lost structure quickly and was transferred into a thick,
almost homogeneous, semi solid mixture. The range of
pH in the piles did not show a meaningful difference. The
product of bioconversion in A3, which was provided with
a large quantity of bulking agent, was very mature, with a
C:N ratio of 18. The total volatile solid (TVS) content of
A3 was 59.0 %.
4 CONCLUSIONS
One of the biotechnological methods for aerobic conversion of MSW into organic fertilizer is aerating, stirring,
and controlling pH and temperature. This method was investigated in the present research. To decrease the time of
composting and increase the maturity of products, fine
compost was added to the total MSW at the beginning of
the bioconversion. The addition of 20% fine compost
(w/w) improved the bioconversion process and increased
the stability of the final product, more than in other samples. This method could be recommended to related industries for improving the quality of fertilizers as well as
for shortening the processing time of the same.
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OPTIMIZATION OF PHOSPHORUS REMOVAL FROM
PHOSPHATE-CONTAMINATED WATER BY ELECTROCOAGULATION USING ALUMINUM AND IRON PLATE ELECTRODES
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The College of Chemistry and Molecular Engineering / Research Institute of
Environmental Science, Zhengzhou University, Zhengzhou, Henan 450001, PR China

ABSTRACT

1. INTRODUCTION

In this study, a system of electrocoagulation (EC) has
been applied for the treatment of phosphate-contaminated
water. The effectiveness of main operational parameters
such as plate spacing was examined. In addition, phosphate removal efficiency and energy consumption were
compared among aluminum, aluminum-iron (aluminum
and iron alternately as electrode) and iron electrodes. In
accordance with influence of plate spacing on phosphate
removal efficiency system, and energy consumption vs.
time in different electrode materials, the optimum conditions for these parameters were found to be 0.5 cm as
plate spacing and 50 min for equilibrium time. Phosphate
removal efficiencies of 88, 71 and 51% were obtained
with aluminum, aluminum-iron and iron electrode in a
special case, at optimum plate spacing, a current density
of 8 mA cm−2 and a pH of 7.0 for 50 min, respectively.
Under the same conditions, the energy consumption was
observed with aluminum-iron (0.12 kWh m−3), aluminum
(0.17 kWhm−3), and iron (0.21 kWhm−3), respectively.

As is well-known, eutrophication is one of the main
problems nowadays encountered in the monitoring of
environmental water sources. This phenomenon, which is
responsible for the dramatic growth of algae occurring in
phosphate-contaminated water, is caused by the excess
phosphate concentration in the effluents discharged from
industrial plants into the environment [1].

KEYWORDS: Electrocoagulation, electrode materials, plate
spacing, phosphate-contaminated water

In recent years, electrocoagulation (EC) has been
successfully tested to treat wastewater [8-10]. EC, which
is one of these techniques, is the electrochemical production of destabilization agents that brings about charge neutralization for pollutant removal, and it has been used for
wastewater treatment [1]. Electrochemically generated metallic ions from these electrodes can undergo hydrolysis
near the anode to produce a series of activated intermediates that are able to destabilize the finely dispersed particles present in the water/wastewater to be treated. The
destabilized particles then aggregate to form flocks [11].
The advantages of electrochemical treatment include high
efficiency, ambient operating conditions, small equipment
sizes, minimal sludge generation, rapid start-up, and the
possibility of complete automation [12, 13]. Phosphorus removal by the EC process was easily managed and in a short
time [7, 14]. The appropriate selection of materials is very
important. The most common electrode materials for EC

NOMENCLATURE
C
I
n
pHi
Q
d
t
V
W
R

initial phosphate concentration (mg/L)
current density (mA cm-2)
stirring speed (rpm)
initial pH
flow loading (ml/min)
plate spacing (cm)
time (min)
potential (V)
system energy consumption (kWh m-3)
efficiency of phosphate removal (%)

* Corresponding author

Phosphate removal techniques fall into three main
categories: physical, chemical, and biological. The major
disadvantages of physical methods are low efficiency and
high costs [2-5]. Chemical treatment is widely used for
phosphate removal. The common chemicals used for treatments are aluminum sulfate and ferric chloride. At present,
chemical treatments imply further costs for the purchase
and installation of dosing equipment and higher operating
costs for power, disposal of additional sludge, manpower,
and the chemicals used [6]. Biological methods are costeffective and produce less sludge than physical or chemical
ones, but they have disadvantages such as longer treatment
time and lower phosphorus removal efficiency [7].

2581

© by PSP Volume 21 – No 9. 2012

Fresenius Environmental Bulletin

are aluminum and iron. They are cheap, readily available,
and proven to be effective [15, 16].
When aluminum is used as electrode material, the reactions are as follows [1]:
At the cathode:
2 H2O + 2 e− → H2 (g) + 2 OH-

(1)

At the anode:
Al → Al3+ + 3 e−

(2)

aluminum and iron electrodes based on removal efficiency
and energy consumption of the system. The results provide
some theoretical basis for wide application of EC in synthetic wastewater treatment.
2. MATERIALS AND METHODS

In the solution:
Al3+ (aq) + 3 H2O → Al(OH)3 + 3 H+ (aq)
(3)
When iron is used as electrode material, the reactions
are as follows [1]:
At the cathode:
2 H2O + 2 e− → H2 (g) + 2 OH−
(4)
At the anode:
4 Fe (s) → 4 Fe2+ (aq) + 8 e−
(5)
and with dissolved oxygen in solution:
4 Fe2+ (aq)+10 H2O (l) +O2 (g)→ 4 Fe(OH)3+8 H+ (aq) (6)
overall reaction:
4 Fe (s)+10 H2O (l) +O2 (g) → Fe(OH)3 (s) +4 H2(g) (7)
As seen in the above reactions, EC is a combination
of oxidation, flocculation and lotation. EC has occurred in
three steps. In first step, coagulant was formed because of
oxidation of anode. In second step, pollutants have destabilized. In last step, destabilized matters have united.
Although there are numerous reports related with EC
as a means of removal of many pollutants from water and
wastewater, there is limited work on the effect of electrode materials and plate spacing on phosphate removal
and energy consumption of the system, especially, aluminum and iron alternately as electrode (herein called aluminum-iron). Aim of this study is to determine the optimum
electrode materials and plate spacing for the removal of
phosphate from wastewater by EC method with plate

The experimental apparatus used in this study for EC
is shown in Fig. 1. The thermostat electrocoagulator was
made of Plexiglass (volume 2 L). Three groups of alternating electrodes being cathodes and anodes (by four
plates of each type) were arranged vertically in the reactor, and one group of which was aluminum and iron (by
two plates of aluminum and two plates of iron) as electrodes being cathodes and anodes in the case of aluminum-iron. To prevent formation of an impermeable oxide
film on the cathode leading to loss of efficiency of the EC
unit, anode and cathode were exchanged every 15 min.
Electrodes were connected to a digital direct current power
supply (Shenzen-Mastech HY 3005-3) in monopolar mode.
Two digital multimeters (Brymen Bm 201) as amperemeter
and voltmeter were used to measure the current passing
through the circuit and the applied potential, respectively.
The EC unit has been stirred at 150 rpm by a magnetic
stirrer (Heidolp MR 3004 S). Temperature (21–22 °C) was
stable during the experiments, and 1% NaCl solution (as
electrolyte) was added to increase the solution conductivity. Wastewater pH was measured by a multi-parameter
water analyzer (HANNA pH223). The initial phosphate
concentration, pH and the flow were 60 mg/L, 7, and
50 ml/min. Current density was fastened in the range of
0.56 A (8 mA cm−2), and voltage was charged cording to
fastened current density. Initial pH of wastewater is an effective parameter on the phosphate removal by EC. In other
studies, optimal initial pH was found to be 7 [17, 18]. Thus,
pH 7 was used in experiments. The wastewater was introduced into the electrocoagulator by a peristaltic pump (Baoding Longer Precision Pump Co., Ltd, BT100-2J). Treated

FIGURE 1 - Schematic diagram of the experimental setup (1. Inlet of thermostatic water; 2. Pump; 3. Magnetic stirrer; 4. Electrodes; 5. Electrocoagulator; 6. Digital D.C power supply; 7. Digital amperemeter; 8. Digital voltmeter; 9. Capitation).
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wastewater was collected over a desired period of time
from the reactor and collected samples were filtered by
cellulose acetate membrane filters with pore diameter of
0.45 µm (Schleicher and Schuell) before analysis.
Wastewater used in the experiments was prepared
synthetically by dissolving KH2PO4 in distilled water.
Adjustments of pH were conducted by concentrated
HNO3 and NaOH (5 M), and all chemicals used in the
experiments were of analytic grade.
The analysis of phosphate was carried out using molybdenum-antimony spectrophotometric method with a
double-beam spectrophotometer UV-2450 (Shimadzu Corporation, Japan) according to the Standard Methods for
method of water and wastewater monitoring [19].
3. RESULTS AND DISCUSSION
3.1. Effect of plate spacing

On the basis of Faraday`s laws of electrolysis, the
quantity of aluminum generated depends on current and
time, which is related to resistance and capacitor. Plate
spacing varies directly with resistances and inversely with
capacitors. The current varies inversely as the resistance
and directly as capacitors, with the voltage being constant.
Therefore, changing the distance between the plate is
equivalent to change current density, in this study. Either
aluminum or iron electrodes were used to investigate
effects of current density. It was found that removal rate
and removal efficiency have increased by increasing current density. But, system energy consumption has increased by increasing current density [15].

FIGURE 2 - Variation of (a) phosphate removal efficiency vs. time
and (b) system energy consumption vs. time, with different aluminum plate spacing (pHi = 7, Q = 50 ml/min, C = 60 mg/L, I = 8 mA
cm-2 and n = 150 rpm).
3.1.2. Effect of plate spacing using iron

3.1.1. Effect of plate spacing using aluminum

As seen in Fig. 2, plate spacing varies directly with
energy consumptions and inversely with efficiencies of
phosphate removal. The equilibrium time was 50 min for
the entire plate spacing studied (0.5–2.0 cm). In these
experiments, removal efficiencies and energy consumptions for plate spacing of 0.5, 1.0, 1.5 and 2.0 cm were
obtained as 88% and 0.17 kWh m−3, 87% and 0.23 kWh
m−3, 85% and 0.27 kWh m−3 and 68% and 0.36 kWh m−3
at 50 min. The removal efficiency depends on the quantity
of aluminum generated, which is related to the time and
the current density [20]. Because of increasing plate spacing, resistance is somewhat increased, namely, removal
efficiency will be decreased, and energy consumptions
have increased to keep the same current density [14, 15].
Since applied potential has increased by increasing plate
spacing, system energy consumption has increased. Potential and plate spacing have linearly increased, energy
consumption has exponentially increased, with the current
density being constant [16]. Thus, when it has been studied with small plate spacing, this state might be taken into
consideration. When optimal plate spacing and potential
are selected, either a high removal rate or a low energy
consumption might be taken into account.

Variation of phosphate removal efficiency versus
time and variation of energy consumption versus time in
various plate spacing with iron plate electrodes is shown
in Fig. 3. It can be seen that the removal efficiency of
phosphate has decreased by increasing plate spacing. The
removal efficiency of phosphate depends on the quantity
of iron generated [16]. Maximal removal efficiencies of
51% were obtained at plate spacing of 0.5 cm for 50 min.
Under the same conditions, minimal energy consumptions
are obtained as 0.21 kWh m−3. As expected, the amount of
phosphate adsorption decreases with the increase in plate
spacing, which is related to the time and current density
[1]. The energy consumption vs. time at different plate
spacings is shown in Fig. 3 (b). With increase of plate
spacing, the energy consumption is sharply improved
(with 0.5 cm, the energy consumption was 0.21 kWh m−3
at 50 min; with 2 cm, the energy consumption was 0.42
kWh m−3 at 50 min). With increase of plate spacing, the
needed current and potential were improved, and, as a
result, energy consumption increased accordingly [21].
3.1.3. Effect of plate spacing using aluminum-iron

As seen in Fig. 4 (a), the adsorption rates of phosphate are decreased with increasing plate spacing. The
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FIGURE 3 - Variation of (a) phosphate removal efficiency vs. time
and (b) system energy consumption vs. time, with different iron
plate spacing (pHi = 7, Q = 50 ml/min, C = 60 mg/L, I = 8 mA cm-2
and n = 150 rpm).

FIGURE 4 - Variation of (a) phosphate removal efficiency vs. time
and (b) system energy consumption vs. time, with different aluminum-iron plate spacing (pHi = 7, Q = 50 ml/min, C = 60 mg/L, I = 8
mA cm-2 and n = 150 rpm).

equilibrium time was 50 min for the entire plate spacing
studied (0.5–2 cm) [22]. The concentration of phosphate
in the effluent increased from 17.3 to 24.5 mg/L for 50
min. Contrary, temporal dependency is observed for the
electrical energy consumption (see Fig. 4 (b)). If plate
spacing decreases, the energy consumption is drastically
decreased. Energy consumption did not exceed 0.12 kWh
m-3 when the process duration was equal to 50 min at a
plate spacing of 0.5 cm. In conclusion, potential has increased by increasing plate spacing with the current density being constant, and therefore, energy consumption
has increased due to increasing of potential.

than aluminum-iron or iron electrodes. The removal efficiencies for aluminum, aluminum-iron and iron were 88,
71 and 51% at a time of 50 min, respectively. It was
found that the aluminum electrodes had higher removal
efficiency compared to the iron electrode under the same
operational conditions [23]. The lower removal efficiency
of phosphate in the case of iron was due to the disadvantages like passive film formation, lower dissolution efficiency, un-uniform dissolution and higher operating voltage with time [15]. These results very much agreed with
earlier ones obtained by others, where the aluminum hydroxide was more effective for the removal of phosphate
than that of iron [17]. From Fig. 5 (b), energy consumption had increased following the order of aluminum-iron,
aluminum and iron at the same time. Energy consumption
during the time of treatment period was obtained as 0.12,
0.17 and 0.21 kWh m-3 using aluminum-iron, aluminium
and iron for 50 min. The results showed that aluminumiron electrodes provided the better results with regard to
aluminium and iron electrodes. Aluminum-iron electrodes
have high removal efficiency rates of phosphorus, and the
lowest energy consumption.

3.2 Effect of electrode materials

Variation of phosphate removal efficiency versus
time and variation of system energy consumption versus
time with different electrode materials is shown in Fig. 5.
According to the obtained results, it can be concluded that
EC process should be well optimized due to electrode
materials. Efficiencies of removal and energy consumption have mainly changed with different electrode materials. From Fig. 5 (a), it is found that the phosphate removal
efficiency is higher in the case of aluminum electrodes
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FIGURE 5 - Variation of (a) phosphate removal efficiency vs. time
and (b) system energy consumption vs. time, in different electrode
materials (pHi = 7, Q = 50 ml/min, C = 60 mg/L, I = 8 mA cm-2, d =
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4. CONCLUSIONS
A constructional optimization of the EC apparatus for
the phosphate treatment was demonstrated. Different
operating parameters, such as the plate spacing and electrode materials, were studied in detail. The results showed
that equilibrium time was 50 min for the entire plate spacing studied (0.5–2 cm), and the optimal plate spacing was
determined to be 0.5 cm. The results of the EC application
have shown that a maximum removal efficiency of 88%
was achieved using aluminum, and the minimum energy
consumption of 0.12 kWh m−3 was obtained with aluminum-iron at a current density of 8 mA cm−2, pH of 7.0 and
plate spacing of 0.5 cm. In our opinion, further studies
can promote aluminum-iron as anode material in consideration of phosphate removal efficiency and energy consumption.
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ABSTRACT
Airborne Aspergillus species were surveyed in outdoor
environment of Riyadh city using mechanical air sampling
technique. Aflatoxin productivity rates of the obtained
species were also investigated using HPLC. Aspergillii were
the most predominant myco-pollutants of outdoor air in
Riyadh city and intensively concentrated at Al-Murabba
site. Among twenty five Aspergillus species obtained, A.
niger and A. flavus were the most predominant ones. A.
niger, A. flavus and E. nidulans were also highly distributed species over the sites. Surveyed Aspergillii varied in
their ability to produce aflatoxins. Thus, although some
species were aflatoxigenic, others exhibited no detectable toxin production. Aspergillus flavus was the highest
producer of B1 (6.6 ppb), G1 (3.82 ppb) and G2 (2.82
ppb) aflatoxins. Further information on genera, species
and spore density in the air are limiting factors required
for assessing any adverse effects of outdoor mycopollutants.

KEYWORDS:
Aflatoxins, outdoor fungi, airborne myco-pollutants, HPLC

Aspergillus and Penicillium were the most abundant
genera in both outdoor and indoor conditions. Aspergillus
is the most common one, and unlike many fungi, it can be
found in outdoor environments throughout the world [68]. Many species of Aspergillus can affect human health
in a very serious way. A broad spectrum of human diseases, such as invasive and non-invasive aspergillosis,
superficial infection as well as aflatoxicosis, has been attributed to Aspergillii [9, 10].
Aspergillii may also produce potent toxins that can
withstand environmental elements that may destroy most
other toxins. For example; A. flavus produces aflatoxins,
the most toxic and potent hepatocarcinogenic natural compounds ever characterized. It is also a particularly important species in wound aspergillosis [11].
In countries like Saudi Arabia, with dry weather conditions, A. flavus is the main etiologic agent of invasive
aspergillosis, and therefore, of importance for determination of outdoor myco-pollutants [12]. Moreover, distributions of myco-pollutants over any given region can be helpful in identifying associations between fungal sensitivity and
clinical prevention of seasonal allergic diseases [13].
The purpose of this study was to determine aflatoxigenic productivity and distribution of airborne Aspergilli
in Riyadh region.

1 INTRODUCTION
Fungi are widespread and among the most common
organisms correlated with microbial air pollution all over
the world. The distribution of fungal propagules in the air
varies throughout the time, and has been shown to be affected by various physical and biological factors [1]. Renewed mycological air pollution resulted in fungal species
and quantity variations over regions [2], and presence of
several micro-fungi in the air is associated with risks to
human health. In particular, Aspergillus, Penicillium, Cladosporium, and Alternaria are responsible for many human
health problems, such as irritations, allergies, asthma, respiratory tract disorders and toxicosis [3-5].
* Corresponding author

2 MATERIALS AND METHODS
2.1. Sampling Sites

Forty six different sites distributed randomly across
Riyadh city, Kingdom of Saudi Arabia, were chosen for
sample collection. Four random samples were collected in
triplicates from each site by the aid of a mechanical air
sampler (SAS (Surfair Air System) Hi VAC, INTERNATIONAL PBI, Via Novara, 8920153 Milano).
2.2. Isolation of airborne fungi

Samples were collected using the air sampler sucked
air through the orifice at the top and impinged successively
onto Petri plates containing 15 ml of potato dextrose agar
(PDA). After exposure, the Petri plates were incubated for
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3–5 days at 28±2 °C for proper growth of fungal colonies
to render identification. Only few fungal colonies may
require more than 6 days for growth and maturation. Obtained fungal colonies were sub-cultured to new PDA
plates, incubated for a further period at 27±1 °C, then
purified and identified at species level.
2.3. Aflatoxin assay

SMKY liquid medium (sucrose 200 g, magnesium sulphate 0.5 g, potassium nitrate 3 g, yeast extract 7 g and
distilled water 1000 ml) prepared in 100-ml flasks was
cultivated with Aspergillus isolates in triplicates. After
10-days incubation at 27±2 °C, the cultures were blended
for 2 min using a high speed homogenizer and filtered
through whatman filter paper No.1. Aflatoxins were extracted from the homogenized filtrates using a mixture of
chloroform-acetone (9/1, v/v). Dried residues containing
aflatoxins were dissolved in 1 ml mobile phase solution
which contained methanol/glacial acetic acid/water (1/1/3)
and stored at -20 °C in brown tubes.
Obtained extracts were passed through a 0.45-µm micro-filter prior to HPLC analysis (model PerkinElmer®
Brownlee™ Labs validated C18, equipped with UV detector and fluorescence detection, 365 nm excitation and
430 nm emission wavelengths).

2.4. Statistical analysis

A randomized complete block design was used in the
present study. Analysis of variance (ANOVA) of the fungal
isolation frequency was performed with the MSTAT-C
(statistical package, Michigan State Univ., USA). Cluster
analysis by the un-weighted pair-group method based on
arithmetic mean (UPGMA) was performed using SPSS6.0
software package.
3 RESULTS
3.1. Fungal isolation

Among 35 fungal genera isolated from 46 different
sites distributed randomly across Riyadh city, Aspergillus
spp. was the most predominant (Fig. 1). Distribution of
Aspergillus spp. revealed that it was intensively concentrated in Al-Murabba, followed by Umm Al-Hamam
(East), Dharat Laban and King Saud University sites, and
it occurred in the lowest concentration at Hijrat laban site.
On the other hand, Al-Khuzama, Al-Nakheel and AlUrayja (West) had equally moderate concentrations of
Aspergillus spp. (Table 1).

FIGURE 1 - Occurrence (%) of isolated fungi from outdoor air of Riyadh city.
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TABLE 1 - Isolation sites and isolation frequency means of airborne fungi.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.

Mean of isolation frequency
Aspergillus species
Other fungi
6.26
9.13
7.56
5.09
9.04
3.62
5.87
9.28
5.43
10.67
13.77
11.39
6.65
7.78
7.04
7.15
14.54
6.1
8.00
4.18
11.05
8.54
10.04
6.35
7.85
7.44
11.73
4.79
8.35
6.82
29.27
8.43
6.7
6.73
10.86
5.11
14.56
7.97
7.75
7.36
13.36
5.83
8.32
3.23
10.22
6.73
7.57
10.34
13.7
6.03
21.9
9.43
11.7
15.12
12.17
4.82
9.27
8.9
15.37
3.84
18.8
7.1
10.25
7.15
7.03
10.00
14.8
21.3
17.44
5.1
9.66
5.84
19.67
10.7
22.23
11.1
8.83
6.6
5.44
10.4
10.8
2.48
21.57
4.57
10.91
3.73
22.2
5.55
23.13
7.67
10.24
3.61

Isolation sites
Al-Andalus
Al-'Aziziyyah
Al Badiyah
Al-Dirah
Al-Falah
Al-Hamra
Al-Janadria
Al-Khaldiyah
Al-Khuzama
Al-Ma'athar
Al-Manar
Al-Manfuha
Al-Mansuriyah
Al-Masif
Al-Muhammadiyya
Al-Murabba
Al-Mursalat
Al-Nahdhah
Al-Nakheel
Al-Narjis
Al-Naseem (East)
Al-Nasriyyah
Al-Olayya
Al-Rabi
Al-Rabwah
Al-Rahmaniyya
Al-Raid
Al-Sharafiyah
Al-Shifa
Al-Sulaymaniyyah
Al-Taawun
Al-Takhassusi
Al-Thomamah
Al-Urayja (West)
Al-Wazarat
Al-Yasmin
As-Suwaidi
Dharat Laban
Dubbat
Hijrat Laban
King Abdulaziz
King Abdullah
King Fahd
King Saud University
Umm Al-Hamam (East)
Umm Al-Hamam (West)

Among 25 Aspergillus species obtained from this
survey, A. niger and A. flavus were the most predominant
with isolation frequency means of 18.95 and 12.98, respectively. Emericella rugulosa was the least frequent
species, and A. ochraceus, A. sydowii and E. quadrilinata
exhibited the same frequency (Table 2).
Relative distribution of Aspergillus spp. revealed that
A. niger, A. flavus and E. nidulans were the highest distributed species whereas A. candidus A. clavatus, A.
clavatoflavus, A. egyptiacus, A. flavips and E. rugulosa
were low but more equally distributed (Fig. 2).
However, Aspergillus spp. isolated from this survey,
appear to form 4 distinct groups (divided into subgroups)

based on average linkage cluster analysis of their percent
isolation frequencies (Fig. 3). A. flavus var. columnaris
and A. egyptiacus do not belong to any of those groups.
Within each group, Aspergillii were associated strongly in
their distribution patterns over samples, whereas between
groups, they were associated weakly. This result indicates
that strongly associated species may have the same environmental conditions.
3.2. Aflatoxin productivity

The 41 isolates representing 17 Aspergillus species
were different in their ability to produce aflatoxins. Thus,
although some isolates are aflatoxigenic, others exhibited
no detectable toxin production (Table 4). Some isolates
produced B aflatoxins, while others produced both B and
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G aflatoxins. Nine of 17 Aspergillus and 2 of 5
Emericella species tested exhibited no detectable toxin
production (Table 5). Aspergillus flavus was the highest

producer of B1 (6.6 ppb), G1 (3.82 ppb) and G2 (2.82 ppb)
while E. heterothallica was the highest producer of B2
(5.75 ppb) aflatoxins.

TABLE 2 - Isolation frequencies of Aspergillus species isolated from outdoor air of Riyadh city.

Aspergillus species
1. Aspergillus asperescens
2. A. candidus
3. A. clavatus
4. A. clavatoflavus
5. A. deffectus
6. A. egyptiacus
7. A. flavips
8. A. flavus
9. A. flavus var. columnaris
10. A. fumigatus
11. A. fumigatus var. elleptcus
12. A. niger
13. A. ochraceus
14. A. parasiticus
15. Aspergillus sp.
16. A. sydowii
17. A. terreus
18. A. ustus
19. A. versiolor
20. Emericella heterothallica
21. E. nidulans
22. E. quadrilinata
23. Emericella sp.
24. E. variecolor
25. E. rugulosa

Isolation frequency (%)
Mean of isolation frequency
Transformed data
0.72
0.83
0.25
0.76
0.04
0.72
0.14
0.74
0.57
0.81
0.14
0.74
0.14
0.73
12.98
3.03
0.23
0.78
1.6
1.05
0.11
0.74
18.95
3.88
2.10
1.10
0.36
0.77
0.18
0.74
2.81
1.17
0.35
0.78
1.81
1.07
0.15
0.74
0.36
0.82
9.98
2.51
2.05
1.06
0.27
0.76
0.29
0.79
0.06
0.72

FIGURE 2 - Relative distribution of Aspergillus species in outdoor air of Riyadh city.
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FIGURE 3 - Phenogram based on average linkage cluster analysis of isolation frequencies
(%) of 25 Aspergillus species isolated from outdoor air of Riyadh city.
TABLE 3 - Aflatoxin productivity of Aspergillii isolated from outdoor air of Riyadh city.
Aspergilli

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.

Aspergillus flavips
A. flavus
A. flavus
A. flavus
A. flavus
A. flavus
A. flavus
A.candidus
A. clavatus
A. clavatus
A. clavatus
A. deflectus
A. niger
A. niger
A. niger
A. niger
A. niger
A. niger
A. ochraceus
A. ochraceus
A. ochraceus
A. parasiticus
A. sydowii
A. sydowii
A. sydowii
A. terreus
A. terreus
A. versiolor
A. ustus
A. ustus
A. ustus
Emericellaheterothallica
E. heterothallica
E. nidulans
E. nidulans
E. nidulans
E. nidulans
E. quadrilinata
E. quadrilinata
E. rugulosa
E.variecolor

B1
6.4
5.6
4.6
9.8
7.6
5.6
6.6
8.7
5.9
0.6
4.5
0.4
0.3
11.2
5.6
7.6
-

4.3
0.8
-
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Concentration of aflatoxins (ppb)
B2
G1
7.8
5.5
3.0
4.1
4.2
2.1
6.3
2.4
5.1
4.6
4.2
4.2
7.0
3.3
6.0
4.2
1.8
0.0
0.4
1.2
3.4
0.0
0.0
0.2
0.0
5.6
7.6
4.6
2.3
6.9
0.0
-

5.1
0.2
-

2.1
-

G2
4.2
0.0
3.2
4.6
2.8
2.2
5.3
1.2
1.3
2.8
0.0
0.0
7.1
4.7
2.4
-

3.4
-
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TABLE 4 - Occurrence and means of aflatoxins produced by Aspergillii isolated from outdoor air of Riyadh city.

Aspergilli
1. Aspergillus flavips
2. A. flavus
3. A.candidus
4. A. clavatus
5. A. deflectus
6. A. niger
7. A. ochraceus
8. A. parasiticus
9. A. sydowii
10. A. terreus
11. A. versiolor
12. A. ustus
13. Emericella heterothallica
14. E. nidulans
15. E. quadrilinata
16. E. rugulosa
17. E. variecolor

Tested
isolates
1
6
1
3
1
6
3
1
3
2
1
3
2
4
2
1
1

Aflatoxigenic
isolates %
0
100
0
100
100
50
0
0
30
0
0
0
100
25
50
0
0

4 DISCUSSION
In this study; Aspergillus was the most predominant,
among 35 fungal genera isolated from different random
sites over Riyadh city, followed by Penicillium and Fusarium. This result confirms that Aspergillus and Penicillium
are the most widespread mold species, and their spores
cause the most widespread aeroallergens worldwide. Several reports demonstrated that Aspergillus is dominant in
tropical regions but Penicillium over the rest of the world
[14]. Aspergillus and Penicillium were also the most predominant airborne fungal genera frequently recorded from
outdoor environments in Egypt and India [1, 15]. They
were also among the most common outdoor fungi in Brazil,
Iran, Turkey and US [7, 16, 17]. These genera mainly
originated from different natural sources, and they may
implicate in food spoilage, plant and animal diseases, biodeterioration of stones as well as damage of archival materials [18-20]. Relative distribution of these myco-contaminants may attribute to human activities, environmental
pollution, meteorological factors, and periodicity of the
emission sources [21-23].
Among 25 Aspergillus species obtained herein, A. niger and A. flavus were the most predominant, in accordance with Guinea et al. [24]. A. flavus has been particularly prevalent in the air of tropical and sub-tropical countries with semi-arid and arid dry weather conditions [3,
25]. Both A. niger and A. flavus are heavily influenced by
meteorological factors than other species [12]. Outdoor
prevalence of these two genera is markedly influenced by
climatic conditions [26].

B1
0.00
6.60
0.00
7.07
0.60
1.73
0.00
0.00
3.73
0.00
0.00
0.00
6.60
1.07
0.40
0.00
0.00

Concentration of aflatoxins (ppb)
B2
G1
G2
0.00
0.00
0.00
5.10
3.82
2.82
0.00
0.00
0.00
4.93
2,5
2.60
0.00
0.40
0.00
0.47
1.13
0.93
0.00
0.00
0.00
0.00
0.00
0.00
1.87
2.53
2.36
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
5.75
1.15
3.55
1.27
0.52
0.85
0.10
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

by genetic diversity among and within the tested species
[31]. Moreover, genetic base for mycotoxin production,
genetic signaling pathways and the functions of genes
involved, have been elucidated in several toxigenic species [32-34].
5 CONCLUSION
A. niger and A. flavus are predominant genera, frequently contaminating outdoor air and being potentially
harmful for humans causing dangerous diseases. Since A.
flavus was very invasive and more virulent than other
Aspergillii, and outbreaks appear to be associated with
low spore density. In addition, the aflatoxins produced are
the most toxic and potent hepato-carcinogenic natural
compounds ever characterized. Because everybody may be
exposed to such airborne myco-pollutants, species and
spore density in the air are important limiting factors for
assessing any mycotic adverse effects.
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Aflatoxinic productivity of Aspergillus and Emericella
was in agreement with the findings of several studies [27,
28]. Some of the tested Aspergillus species produced only
B-aflatoxins but others produced both B and G-aflatoxins.
Meanwhile, Aspergillii may or may not produce either B1
and/or B2 aflatoxins [29, 30]. Variation in aflatoxin productivity as well as type of toxins produced might be explained
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ABSTRACT
Shijiuyang constructed wetland (SJY-CW) is the largest drinking source water treatment wetland (110 hm2) in
China so far. The performance of water quality improvement, with particular reference to persistent organic pollutants (POPs), through this wetland has attracted attention from the scientific community and makes great sense
to human health. This work reported on the distribution
and retention of 16 kinds of priority polycyclic aromatic
hydrocarbons (PAHs) in the SJY-CW. The average content of total PAHs (ΣPAHs) in the water phase of SJY-CW
was 384.8 ng/L, and the overall removal efficiency was
26.1 %. After 1-year operation, the mean sedimentary
ΣPAHs content in the wetland was 166.8 ng/g and, compared with the sedimentary PAHs level in its source
river, the wetland had relieved the sedimentary PAHs
risk from the aquatic environment. The wetland sediments
became a huge potential sink for PAHs from source water. The mean sedimentary ΣPAHs value in the plant-bed/
ditch system was 201.6 ng/g (about two to three times that
of 90.1 ng/g in inlet and 69.4 ng/g in outlet). Notably, the
mean of 4-6 ring PAHs proportion in the plant-bed/ditch
system was 46.3 % (much higher than proportion of 26.3 %
in inlet and outlet). It could be inferred that sedimentation
was the major retention process for PAHs during the initial
operation period of SJY-CW, and the highly heterogeneous
plant-bed/ditch system exhibited effective accumulation
of PAHs from source water.

KEYWORDS: Polycyclic aromatic hydrocarbons (PAHs); sedimentation; ecological wetland systems; the plant-bed/ditch systems; drinking water source

1 INTRODUCTION
PAHs are a class of ubiquitous POPs in the global environment, especially in industrialized areas. Some of them
* Corresponding author

are known to be teratogenic, mutagenic and, particularly,
carcinogenic [1, 2]. The source/origin, occurrence, transport and fate of PAHs in natural environments have been
extensively studied [3-7]. PAHs are released to the environment through anthropogenic activities, such as the production and combustion of fossil fuels and biomass [8].
Due to their low water solubility and high hydrophobicity
(i.e., lipophilic), PAHs tend to sorb onto the surface of suspended organic matter when they are released into aquatic
systems, and eventually accumulate in sediments [9, 10].
As aquatic sediments represent the largest sink of PAHs,
especially for those ≥ 4-ring compounds because of their
hydrophobic nature, it is conceivable that re-suspension of
sediments during the flood season and from dredging activities may release PAHs back into the overlaying water [11].
Levels, fate and, particularly, carcinogenic risk of
PAHs in drinking water sources are of great concern to the
general public due to their toxicity, persistence and wide
distribution in the global environment [6]. To protect drinking water sources and guarantee water safety with increasing attention to getting away from POPs, various studies
and demonstration projects have been developed [12-14].
It was generally accepted that multiple-barrier approaches
should be adopted from source to tap water [15]. Constructed wetlands (CWs) have been increasingly adopted to
pretreat the source or wastewater before it enters the receiving water or waterworks [16, 17]. These systems well simulate natural ecosystems, and the removal mechanisms involve processes, such as physical filtration, chemical adsorption, soil-matrix functioning, plant absorption, and
microbial degradation [18, 19]. There has been an increasing interest in the CWs potential for the removal of pollutants occurring in various wastewaters. Until now, available
information on the performance of these systems is mainly
about general contaminant parameters, such as BOD5, nitrogen, and ortho-phosphate [20, 21]. However, few studies have focused on the engineering-scale CWs as a riskmitigation strategy for drinking water sources polluted by
specific POPs like PAHs [22, 23].
Jiaxing City is situated in the stream networks of the
Yangtze River delta, China. It is in the typical plain river
systems with a distributional density of streams 3.5 km/km2
and a ratio of stream networks of 9.1 %. The City is one
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of the most typical cities suffering from pollution induced
water shortage in China. Xincheng River runs through an
urban area where there is much industrial activity, and the
river has been buffeted by the organic and ammonia pollution for a long time. The biennial average concentrations of ammonia nitrogen (NH4+-N), total nitrogen (TN),
total phosphorus (TP), and potassium permanganate index
(CODMn) in this river were about 1.3 mg/L, 4.3 mg/L,
0.4 mg/L and 5.8 mg/L respectively. Since lack of alternative clean water sources, Xincheng River has to be the
major water supply for the present largest drinking water
plant in Jiaxing City. For protecting the water source,
Jiaxing City built the Xincheng River large-scale ecological water quality treatment wetland aiming to purify and
restore the healthy drinking source water ecosystem. As a
main residential water source, the aquatic ecosystem quality of the wetland has become an important issue. It has
attracted more and more attention to examine whether the
wetland could serve as a risk-mitigation platform for specific organic contaminants, such as PAHs. The objectives
of this study are: (1) to examine the effectiveness of the
wetland on PAHs removal from source water; and (2) to
investigate the distribution of sedimentary PAHs in the
wetland and indicate the most likely PAHs removal processes during its initial operation period.
2 MATERIALS AND METHODS
2.1 Description of the study area

Shijiuyang constructed wetland (SJY-CW) is located in the northwestern corner of Jiaxing City spanning
over 30º46′12.57″~30º47′02.31″N and 120º41′52.43″~
120º42′41.31″E. The wetland covers about 110 hm2 which
is the present largest drinking water source protection wetland in China. It pumps from the contaminated Xincheng
River, and provides daily 20-25×104 m3 of purified raw
water for the largest drinking water plant in Jiaxing City.
The wetland consists of the following functioning units:
inlet, pre-pond, buffer pool, aeration pool, plant-bed/ditch
system, post-pond, and outlet. Among these functioning
units, the plant-bed/ditch system occupied two-thirds of the
whole wetland area. This system is made up of crisscrossed
small/large ditches and altogether 61 plant beds. It simulates the natural landscape structure in Baiyangdian Lake,
the largest freshwater lake wetland in north China [24, 25].
The whole wetland can be divided into four areas: west,
south, north, and east regions. Divided by the Beijiao River,
the whole wetland system is categorized into two main
regions, i.e., the West Region (upstream) and Great East
Region (downstream). A plan and the main process flow
are illustrated in Fig. 1. SJY-CW was started to build in
April 2007, and the Great East Region began to operate in
July 2008 (first stage) under an average hydraulic load of
39.2 cm/day, and an average hydraulic retention time of
3.43 days. The integral systems including both regions
were jointly put into operation in May 2009 (second stage)
under an average hydraulic load of 29.2 cm/day, and an

average hydraulic retention time of 4.13 days. Until the
sampling time, the wetland has been stably run for one
year. Since, on the sampling date, the West Region was
just put into use for a quite short time, herein, PAHs work
mainly focused on the Great East Region with relatively
independent and continuous hydrologic pathways.
2.2 Sample collection

In June 2009, seven sampling stations were chosen
along the water flow pathway of the wetland (Great East
Region). The sampling stations (S1-S7) are shown in Fig. 1,
where S1 represents inlet, S2~S6 are located in the plantbed/ditch systems, and S7 denotes outlet. Sediments (above
5-10 cm) were collected using a stainless steel grab sampler. Meanwhile, water samples were collected instantaneously at the same stations and analyzed in the laboratory
within two days after sampling. At each station, we collected sediment or water samples from two to three adjacent points and mixed them together. All sediment samples were freeze-dried before the PAHs were extracted.
2.3 Analytical methods

Determination methods of PAHs by GC-MS had been
established before, by our research team [26, 27]. The
standards used were 16 priority PAHs identified by the
United States Environmental Protection Agency (USEPA)
[Naphthalene (NAP), Acenaphthylene (ACY), Acenaphthene (ACE), Fluorene (FLU), Phenanthrene (PHE),
Anthracene (ANT), Fluoranthene (FLA), Pyrene (PYR),
Benzo[a]anthracene (BaA), Chrysene (CHR), Benzo[b]fluoranthene (BbF), Benzo[k]fluoranthene (BkF), Benzo[a]pyrene (BaP), Indeno[1,2,3-c,d]pyrene (IcdP), Dibenzo[a,h]anthracene (DahA), and Benzo[g,h,i]perylene (BghiP)] at
2000 µg/ml, and surrogate standards (acenaphthene-d10,
phenanthrene-d10, chrysene-d12, perylene-d12) in a mixture solution of 500 µg/ml. The standards were purchased
from SUPELCO Co., USA. All organic solvents (pesticide
analytical grade) were obtained from Fisher Co., USA.
Sediment samples were extracted with a Soxhlet apparatus. Each sample (10 g) was spiked with 4 surrogate
standards (acenaphthene-d10, phenanthrene-d10, chrysened12, perylene-d12), and then extracted with 200 ml methylene chloride for 48 h, to which activated copper was added
for desulphurization. The extract was pre-concentrated to
2 ml by a rotary evaporator, and the solvent was exchanged with hexane. The hexane extract was fractioned
and cleaned up using an LC-Si SPE tube (SP7953C, SUPELCO Co., USA) capped with anhydrous sodium sulfate
(1 cm). The tubes were eluted with 70 ml methylene chloride/hexane (v/v, 3:7) to obtain PAHs. The PAHs fraction
was finally concentrated to 1 ml under a gentle stream of
nitrogen.
The concentrations of PAHs in the extracts were determined using an Agilent 6890N gas chromatograph
(GC) (USA) equipped with a splitless injector, HP-5 capillary column (30 m × 0.25 mm inner diameter × 0.25 µm
film thickness) and a 5973 mass selective detector (MSD)
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FIGURE 1 - Location map and sampling stations in the Shijiuyang constructed wetland.
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(Agilent, USA). The carrier gas was helium (ultra-high
purity) at a constant flow-rate of 1 ml/min. The GC oven
temperature was programmed from 50 °C (2 min) to 200 °C
(2 min) at 20 °C/min, then to 240 °C (2 min) at 5 °C/min
before reaching 290 °C at 3 °C/min and being held for
15 min. The injector and detector temperatures were 280
and 300 °C, respectively. Chromatographic data were collected and processed using HP Chemstation software. Detection limits of 16 PAHs from the USEPA priority list
were within the range of 0.7-3.5 ng/g dry weight (DW; all
results expressed on DW basis).
Total organic matter (OM) was determined by ignition at 550 °C for 2 h [28]. Total suspended solids (TSS)
of water samples were determined according to the standard operating procedure of using vacuum filtration and
oven-drying. A FlowTracker Handheld Acoustic Doppler
Velocimeter (YSI, USA) was used to gather fast, accurate
data for flow studies. The thickness of sediments was determined by a bamboo pole equipped with an inflatable
rubber dinghy, and multi-spot average method was utilized on site to avoid the disturbance of small-scale spatial
heterogeneity as far as possible.

steady decreasing trend of ΣPAHs was found in stations
nearby outlet of the wetland. The overall removal efficiency of PAHs in water of the wetland was 26.1 %. So far,
few studies have focused on PAHs removal in an engineering-scale wetland system to purify river water as drinking
water source. Terzakis et al. [29] examined two FWS and
two SSF pilot-size constructed wetlands treating highway
runoff, and found an overall removal of Σ16PAHs by 59 %.
On the other hand, there are many studies on PAHs removal in sewage treatment plant systems. Jiries et al. [30]
analyzed 16 PAHs from raw and treated wastewater, and
found that removal percentage ranged from 44 to 100 %
for individual PAHs. In contrast to these studies, the
PAHs removal efficiency in the SJY-CW was relatively
lower. However, it is of great significance when considering that the wetland provides daily 20-25×104 m3 of purified raw water for the drinking water plant.
550
500
450

Mean:
384.8 ng/L

2.4 Quality assurance and quality control

Laboratory quality control procedures included the
analytical methods of blanks (solvent), spiked blanks (standards spiked into solvent), matrix spikes/matrix spike duplicates, and sample duplicates. The recoveries for acenaphthene-d10, phenanthrene-d12, chrysene-d12, and perylene-d12 were (67.5±8.3) %, (94.9±2.2) %, (85.9±14.3) %,
(80.4±14.0) %, respectively.

∑ PAHs (ng/L)

400

3 RESULTS
3.1 Removal of PAHs from source water

The average content of total PAHs (ΣPAHs) in the
water phase of the wetland was 384.8 ng/L (Fig. 2). A

300
250
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2.5 Statistical analysis and graphing

SAS 9.2 for Windows was adopted to analyze the experimental data and, unless otherwise noted, all significant differences met the probability criteria of p ≤ 0.05.
UNIVARIATE procedure was used to test the significance of data distribution. Since most data series followed
normal distribution, mean value was generally adopted to
describe the central location of data. The regression analysis between the total PAH contents in sediments and sediment OM was performed under REG procedure, and the
regression relationship was illustrated by SigmaPlot 2001.
Ward’s minimum variance cluster analysis was done to
classify the sampling stations according to 16 PAHs and
OM in sediments from the SJY-CW. Hierarchical clustering dendrogram was drawn in SAS JMP 8.0. The suitable
cluster numbers choice was decided based on the pseudo
relevance feedback technique (pseudo-t2, pseudo-F). Data
in the figures are presented as means ± standard deviation.

350
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FIGURE 2 - Total PAHs` content in the water phase of SJY-CW.
3.2 Sedimentary PAHs content level

Most of the 16 USEPA priority PAHs were detected
in sediments. The average value of ΣPAHs in sediments
was 166.8 ng/g (Table 1). The median contents of individual PAHs with the range of 0.5-60.0 ng/g were basically lower than the corresponding average contents (0.773.0 ng/g), indicating that majority of the stations contained relatively low PAHs contents. On the basis of the
classification adopted by Baumard et al. [31], the PAHs
content could be described as low, moderate, high, and
very high when ΣPAHs are 0-100, 100-1000, 1000-5000,
and >5000 ng/g, respectively. The sedimentary PAHs level
in the SJY-CW was considered as “low to moderate pollution”. On the other hand, Xincheng River was a preferred
water source for the wetland. According to our previous
studies, the river contained a relatively high level of sedimentary PAHs, (4402 to 767 ng/g) [26]. In its initial operation period, the wetland showed a significantly lower level
of sedimentary ΣPAHs compared with Xincheng River.
Additionally, the effects range low (ERL) and effects
range median (ERM) values are used for assessment of
the aquatic sediment, with a ranking of low to high impact
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TABLE 1 - Sedimentary PAHs` content (ng/g DW) and effect in the SJY-CW (n=7).
PAHs
Max
Min
Mean
Median
NAP
7.5
ND
4.1
4.0
ACY
2.0
ND
1.0
1.1
ACE
2.9
1.9
2.3
2.2
4.6
11.3
12.2
FLU
20.9
PHE
3.2
ND
1.8
2.0
ANT
107.0
42.5
73.0
60.0
FLA
5.5
1.8
3.3
3.6
PYR
3.4
1.6
2.6
3.0
BaA
3.6
ND
0.9
0.5
CHR
2.0
ND
0.7
0.8
BbF
5.2
1.3
3.9
4.3
BkF
6.5
3.5
4.5
4.3
BaP
7.3
2.6
5.0
5.1
IcdP
66.9
2.0
25.4
25.6
DahA
34.0
ND
12.5
9.2
BghiP
27.2
ND
14.4
13.1
∑PAHs
235.6
69.4
166.8
179.4
Max: maximum contents; Min: minimum contents; Source River: Xincheng River [26];
low; ERM: effects range median; the underlined data are above the ERL or ERM values.
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3.3 Spatial distribution of sedimentary PAHs content

The sedimentary ΣPAHs at different sample stations
are shown in Fig. 3. The lowest ΣPAHs content was
found in the outlet (S7). The trend of ΣPAHs contents
was: S5>S2>S4>S3>S6>S1>S7. This was not consistent
with the water flow direction (S1 to S7). The mean sedimentary ΣPAHs value in the plant-bed/ditch system was
201.6 ng/g that was about 2- to 3-fold the content of 90.1
ng/g in inlet and 69.4 ng/g in outlet. Thus, it could be
inferred that the plant-bed/ditch system with a relatively
complex landscape structure acted as an effective PAHs
sedimentation area in the SJY-CW.
The chemical composition of the sediments, such as
OM, affected the distribution of PAHs [35, 36]. High OM
content was also found in the plant-bed/ditch system (S2S6) (Fig. 4). It was suggested that two distinct groups of
sampling stations might be classified into according to the
ΣPAHs and OM distribution in the SJY-CW. A regression
relationship between ΣPAHs and OM content in sediments of the SJY-CW is shown in Fig. 4. The determinant
coefficient (R2) for the relationship between OM and sedimentary PAHs was 0.9365, significantly at α=0.01 level,
suggesting a strong affinity of PAHs with OM.

Plant-Bed/Ditch Systems

270

ΣPAHs (ng/g)

values [32]. ERL and ERM represent the contents below
and above which toxic effects are probable, respectively.
The range between ERL and ERM represents contents
where toxic effects are possible. Referring to sediment
quality guidelines, only the content of Fluorene in Sample
4 was more than the ERL value, but less than the ERM
value (Table 1); therefore, the toxicity of PAHs in sediment
of SJY-CW was relatively low. However, several PAH
components in sediment from Xincheng River were within
the range between ERL and ERM [26], indicating their
potential toxic impact. The analysis of sedimentary PAHs
has been used to evaluate their toxic risk on aquatic environments [33, 34]. Hence, the SJY-CW has relieved the
degree of potential PAHs toxic risk from the source river.
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9
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78
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5100
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2600
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318
384
2800
457
NA
NA
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1600
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NA
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76
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260
222
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4000
44,792
4402
ND: not detectable; NA: not available; ERL: effects range
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FIGURE 3 - Total PAHs` content in the sediment phase of SJY-CW.

FIGURE 4 - Regression relationship between sedimentary ΣPAHs
and organic matter (OM) content in the SJY-CW (dotted lines are
95 % confidence limits for the regression equation; two distinct
groups of sampling stations were marked with two dotted circles).
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3.4 Spatial distribution of sedimentary PAHs composition

The distribution of sedimentary PAHs composition in
the wetland is shown in Fig. 5. The sedimentary PAHs
composition in inlet (S1) was similar to that in outlet (S7).
The mean of high-molecular-weight PAHs (4-6 rings PAHs)
proportion in inlet and outlet was 26.3 % being much lower
than the proportion of 46.3 % in the plant-bed/ditch system.
Besides, the 4-6 rings PAHs proportion dropped dramatically from 69.8 to 31.1 % in the plant-bed/ditch system
(from S2 to S6), while the 2-3 rings proportion increased
from 30.2 to 68.8 %, comparatively. The low-molecularweight PAHs, such as NAP, ANT, and PHE, are more
labile and are expected to degrade faster than larger ones
[37, 38]. It was suggested that, as the main functioning
unit, the plant-bed/ditch system exhibited effective accumulation of the difficultly degradable PAHs.
3-Ring

4-Ring

5-Ring

6-Ring

80
60
40
20

4 DISCUSSION
So far, the SJY-CW operated under an average hydraulic load of 39.2-29.2 cm/day, and an average HRT of
3.43-4.13 days, compared with the HRT of about 1 month
in Matamoros et al. [39]. There might not be enough time
for the wetland removing PAHs through chemical transformation or biological degradation. PAHs are hydrophobic compounds that tend to adsorb onto suspended material and sediments [9, 10]. The trend of TSS in water
along the flow pathway (Fig. 7) was similar to that of
ΣPAHs in water (Fig. 1), which suggested that through
sedimentation, the wetland could offer an available removal
pathway to PAHs in water, especially for those adsorbed on
particulates. In previous studies, settling and sedimentation
are considered as major removal processes for a newly
operated system, while the sediment proved to be the main
pollutant storage compartment at the early operation stage
of CWs [40-42]. Therefore, the superficial sedimentation
in a subsurface-flow constructed wetland might be a temporary and most likely removal process for PAHs from
source water during its initial operation period, which was
consistent with the results of Fountoulakis et al. [43] reported on a pilot constructed wetland.
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60

FIGURE 5 - Spatial distribution of low-molecular-weight PAHs (2-3
rings PAHs) and high-molecular-weight PAHs (4-6 rings PAHs) in
sediments from the SJY-CW.
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Concentration Proportions of PAHs (%)

2-Ring

100

(HCA) was conducted under SAS and JMP (Fig. 6). Based
on the pseudo-t2/F rule, the 7 sampling stations could be
classified into two distinct clustering groups, and the plantbed/ditch system constituted a cluster by itself.
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FIGURE 7 - Total suspended solids (TSS) in water from inlet to
outlet of the SJY-CW.

FIGURE 6 - Clustering dendrogram according to 16 PAHs and
organic matter (OM) in sediments from the SJY-CW by Ward’s
method (bottom curve denotes distance graph).

High OM content was found in the plant-bed/ditch
system (Fig. 4). To statistically examine the spatial similarity of the PAHs composition and OM among different
stations in the SJY-CW, hierarchical clustering analysis

Previous studies showed that the composition pattern of
PAHs could help to illustrate the fate and transport of PAHs
in multimedia environment [44-46]. High-molecular-weight
PAHs (5-6 rings) have a strong sorption with OM [35, 36].
In this study, high proportion of 5-6 rings PAHs was found
in the plant-bed/ditch system. Various aquatic plants grown
on the plant-bed and sediments from the plant-bed/ditch
system were rich in OM (Fig. 4). Therefore, it seems likely
that sorption to OM and then deposition in sediments was
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a possible mechanism of 5-6 rings PAHs retention in the
plant-bed/ditch system. Besides, the sedimentary ΣPAHs
content was relatively higher in the plant-bed/ditch system than in the other functioning units (Fig. 3). The plantbed/ditch system in the SJY-CW simulated the natural
landscape structure in Baiyangdian Lake, which had been
proven to play an effective role in pollutants` retention [24,
25]. In this wetland, the area of plant-bed/ditch system was
40.3 ha. It provides a vast retention area for suspended
particulate sedimentation [47]. What’s more, slow and
stable flow-rates of 5-10 cm/s were measured from the
inner parts of the plant-bed/ditch system compared with the
outer parts (25-65 cm/s). The lessening of water flow
velocity through the system provided a preferable opportunity for particulate material settling due to multiple
times of detention [47, 48]. All these facts support the
plant-bed/ditch system to exhibit effective accumulation
of PAHs from source water.
In contrast to the sediment depth of 100 cm in the
source Xincheng River, the overall newly deposited sediment depth of the wetland ranged from 0.05 to 0.10 m
during its first year operation period. It could be estimated
that there was about 30,000 m3 of newly deposited sediments in the SJY-CW. The average water content and density of sediments in the SJY-CW was 43.7 % and 1.5 g/cm3.
According to the sedimentary PAHs content and the volume
of sediments, it could be roughly calculated that approximately 1 kg ΣPAHs was retained in sediments of the wetland during its initial operation period. The sedimentation
PAHs flux could be estimated and was about as twice as
high with regard to Lac Saint Louis, a shallow fluvial lake
in Canada [49], suggesting that the newly constructed wetland possessed a great potential of PAHs interception.

5 CONCLUSIONS
In summary, as the largest drinking source water treatment wetland in China, the Shijiuyang constructed wetland
could remove PAHs from source water and relieve the degree of sedimentary PAHs risk on the water source. It could
be inferred that superficial sedimentation was the major
removal process for PAHs from source water during the
initial operation period. And the plant-bed/ditch system
exhibited effective accumulation of PAHs from source
water.
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The SJY-CW covers about 110 hm2 which is the present largest drinking water source protection wetland in
China. The wetland had exhibited good performance to
improve source water quality, with NH4+-N, Fe, Mn and
Escherichia coli concentrations being much decreased [50].
In this study, the removal efficiency of PAHs in source
water of the wetland was 26.1 %. It was considerably
meaningful with regard to daily 20-25×104 m3 of purified
raw water supplying to the drinking water plant. This study
demonstrated the wetland removal potential on specific
persistent organic pollutants (PAHs) in its initial operational
period. Meanwhile, with various aquatic plants growth
(mainly on the plant-bed and adjacent borders) stimulating a
more stable aquatic ecosystem, the extent of biological
degradation would be enhanced [51, 52]. In addition, it may
provide better removal efficiency by increasing the HRT in
the future operation periods [41]. Multiple removal pathways, such as transformation, filtration and developing
diversified microbial communities, will be expected to
contribute to the SJY-CW to produce a much better PAHs
removal.
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SORPTION OF POLYAMIDOAMINE CYCLODEXTRIN COPOLYMER TOWARD ACID BLUE 9
Ning Li*, Xiaomei Lei and Mei Ye
Key Laboratory of Catalysis Science and Technology of Chongqing Education Commission, College of
Environmental and Biological Engineering, Chongqing Technology and Business University, Chongqing 400067, China

ABSTRACT
Batch sorption experiments were carried out for the
removal of acid blue 9 (AB9) from aqueous solutions
using a novel insoluble polyamidoamine-cyclodextrin
copolymer (PAMAM-CD). The sorption behaviors of
AB9 on PAMAM-CD at different experimental conditions,
such as contact time, initial concentration of AB9, pH and
temperature, were investigated. The sorption rate was rapid
and about 80% sorption occurred at first 30 min. The sorption kinetics followed pseudo-second-order model and ratecontrolling step was pore/particle diffusion. Equilibrium
isotherm data were well fitted by the Langmuir model,
and the maximum sorption amount was 600.6 mg/g. The
negative values of Gibbs free energy change indicated the
sorption was spontaneous. PAMAM-CD could be regenerated with 5M HCl as washing solvent and it could be
used as a promising sorbent.

PAMAM dendrimers can provide unique structures due to
the combination of two types of molecular cavities, and
the polymers show a lot of novel properities and possess
simultaneously the partial performance both PAMAM and
CD [6-9].

KEYWORDS:
cyclodextrin; polyamidoamine; copolymer; sorption; acid blue 9

1 INTRODUCTION
Polyamidoamine (PAMAM, Fig.1 a) dendrimers are
synthetic polymer-based nanoparticles, which have unique
structural components, unlike other traditional polymers [1].
PAMAM dendrimers have unique characters and a wide
range of applications due to their internal nanocavities
and terminal functional groups [2]. One of potential applications of PAMAM is as agent for the purification of
water, however they are very difficult to be separated from
water after use [3]. β-cyclodextrin (CD, Fig.1 b) is very well
known for its ability to form inclusion complexes with a
variety of compounds by molecular complexation. CD is
often modified due to its solubility or other purposes.
Some insoluble CD-based polymers have been successfully applied to the removal of various contaminants from
aqueous solution due to their specific sorption abilities [4,
5]. Some studies show that incorporation of CDs into
* Corresponding author

FIGURE 1 - Structures of PAMAM, CD and PAMAM-CD [12]

In previous works [7-9], we prepared and characterized a novel insoluble polyamidoamine-cyclodextrin copolymer (PAMAM-CD, Fig.1 c). A very preliminary investigation shows that PAMAM-CD exhibits high sorption
capacities and good removal efficiencies toward some
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heavy metal ions and organic compounds in the aqueous
solutions. However, knowledge concerning adsorbate, sorption behaviors and mechanisms on PAMAM-CD is very
limited. In order to further investigate the polymer, we use
it as a sorbent for the removal of dyes from aqueous solutions [8].
Wastewater containing dyes presents a serious disposal
problem [10, 11]. Removal of these contaminants from
aqueous solutions is of significant environmental and
technical importance [12-14]. Sorption has gained favor
in recent years due to efficiency in the removal of pollutants from effluents without disturbing the quality of water
or leaving behind any toxic degraded products [15-18].
Acid blue 9 (AB9, also known as C.I.42090, atracid
blue FG, brilliant blue FCF, etc., Fig.2) is a water-soluble
(solubility: 200g/L at 25℃) triphenylmethane type dye
and widely used in food products, drugs, cosmetics, soil
science, and so on [18-20]. AB9 has previously been banned
in some countries, such as Austria, France, Italy, Spain and
Switzerland, due to its toxicity toward human and animals
[18, 21]. It is a potent inhibitor of mitochondrial respiration in vitro [22], also can cause reproductive and neurological disorders, allergies, etc. [18, 23, 24]. Moreover,
like all other dyes, AB9 in water bodies can also interfere
with the growth of aquatic organisms. Therefore, the wastewater containing AB9 must be treated before it is released
into the water bodies. Very limited techniques, such as
electrochemical method [25], oxidative degradation [26]
and sorption [13, 21, 27], have been tried to remove AB9
from aqueous solutions.

FIGURE 2 - Chemical structure of acid blue 9

In this research, the sorption ability of PAMAM-CD
for AB9 (using AB9 as a model dye) from aqueous solutions has been studied. The sorption behaviors were investigated. The kinetics, isotherms, thermodynamics and
mechanism of the sorption were discussed. One of the
aims of the present work was to evaluate the potential of
PAMAM-CD as a sorbent. This study could also provide a
valuable example for removal of water-soluble dyes from
wastewater.
2 MATERIALS AND METHODS

[7]. Studies were focused on a size fraction of 150-250 µm.
The molar ratio of CD to PAMAM units in the polymer was
2:1 based on elemental analysis. The dry copolymer was a
porous material and the BET surface area was 1.19 m2/g,
average pore width was 7.4 nm, and it was thermally stable
up to a temperature higher than 180 ℃ in an argon atmosphere [7, 8]. The AB9 was commercial product and used
without purification. The other chemicals were of analytical grade. All aqueous solutions were prepared with deionized water. A calibration curve was prepared for AB9
in order to calculate the concentration of each test.
2.2 Batch sorption experiments

For each study, 50 mg of dry PAMAM-CD sample
was mixed with 50 mL aqueous solution containing a
known concentration AB9 in a sealed flask. The solution
was equilibrated at 90 rpm under dark condition for 4 h.
The temperatures and the concentrations of AB9 varied
according to different experiments. The residual AB9 concentrations in solution were determined at the wavelength
of maximum absorption (630±2 nm) using a 722 visible
spectrophotometers (Shanghai, China). Each experiment
was done three times. All the studies were carried out at
the natural pH values of solutions (pH5.7-6.2). The sorption amout of AB9 adsorbed at equilibrium (qe, mg/g) was
calculated by the difference of the initial and residual
amount in the solution divided by the weight of the sorbent used.
2.2.1 Kinetic studies

In each experiment, 50 mL of AB9 solution (initial
concentration: 300 mg/L) and 50 mg of dry PAMAM-CD
were placed in a flask, then the system was agitated at
288K. At different time intervals, the residual concentration of the adsorbate in different solutions was determined.
The kinetic studies were also performed at 308K and different initial concentration of AB9 (300, 410 mg/L). The
sorption amout of AB9 at time t (qt ,mg/g) was calculated
by the difference of the initial and residual amount in the
solution divided by the weight of the sorbent used.
2.2.2 Equilibrium studies

In each experiment, 50 mg of dry PAMAM-CD was
mixed with AB9 solution at a known different initial
concentration (from 80 to 470mg/L) in a sealed flask. The
contents of the flask were swayed for 4 h at set temperature. Then the residual concentration of the adsorbate was
determined. The experiments were done at 288, 298 and
308K, respectively.
2.2.3 Effect of pH

2.1 Materials

The copolymer (PAMAM-CD) containing β-cyclodextrin (CD) structural units and PAMAM (generation 2,
G2.0) units has been synthesized. The synthetic procedure
has already been described in detail in our previous work

The effect of the initial pH on the sorption of AB9
was investigated over a range from 2 to 9 at 298 K. Dry
PAMAM-CD samples (each 50 mg) were placed separately in a series of flasks containing 25 mL of 470 mg/L
AB9 solutions. The desired pH was adjusted with 1 M HCl
or 1M NaOH. Then the solutions were diluted to 50 ml
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with water to obtain 235 mg/L AB9 solutions. The contents of these flasks were swayed on a shaker for 4 h. Then
the residual concentrations of AB9 were determined.
2.2.4 Effect of salt

The effect of NaCl on the sorption of AB9 was investigated at 298 K. 50 mg of PAMAM-CD samples were
placed in series of flasks containing 50mL of AB9 solutions (initial concentration: 200 mg/L) with different NaCl
concentrations (0-200 mg/L). The contents of these flasks
were agitated for 4 h. Then the residual concentrations of
AB9 were determined and sorption amounts were calculated.
2.2.5 Desorption

In each time, 0.5 g of PAMAM-CD (previously adsorbed equilibrium at 420 mg /L of AB9 solution) and 20 ml
of 5M HCl were shaken at 303 K for 0.5 h, then the supernatants were separated, diluted, adjusted pH value and
determined by spectrophotometer. Each experiment was
done three times under identical conditions. The recovery
ratio was defined as the ratio of the adsorbate amount in
HCl solution to the amount previously adsorbed on
PAMAM-CD.

FIGURE 3 - Sorption kinetics of AB9 on PAMAM-CD (sorbent:
50 mg; volume: 50 mL)

3 RESULTS AND DISCUSSION
3.1 Sorption kinetics

Fig. 3 illustrates the sorption kinetics of AB9 on
PAMAM-CD. The curves of the different initial concentrations at the different temperatures had similar trends.
The curves could be divided into three stages. The sorption rate of AB9 was very rapid during the initial stage of
the sorption process and about 80% sorption occurred at
first 30 min. After very rapid stage, AB9 sorption rate
slowly declined and reached equilibrium at about 120 min.
Thus the contact time in all successive batch experiments
was fixed at 4h in order to reach complete equilibrium.
The fast sorption rate was beneficial to the practical application of PAMAM-CD as sorbent. The three stages of
AB9 sorption could be attributed to boundary layer sorption, pore/particle diffusion and sorption equilibrium [28].
The data in Fig. 3 were fitted by the following pseudosecond-order equation [29]:
t
t
1
(1)
=
+
qt qe k 2 qe2
where, qt and qe are the amount adsorbed at time t and
at equilibrium (mg/g), respectively; k2 is the rate constant
(g. mg -1.min-1). The model proposed by Ho and McKay is
based on the assumption that the sorption follows a chemisorption process [29]. The goodness-of-fit for kinetic equation was estimated by the coefficient of determination
(R2>0.95). The results showed that the sorption system
followed the Ho and McKay equation in this study (R2
>0.99, Fig. 4), which suggested that the chemical sorption
might occur in the sorption process [29].

FIGURE 4 - Ho and McKay plots for sorption of AB9 on
PAMAM-CD.
3.2 Rate-controlling step in the process of sorption

The pesudo-second-order kinetic equation is an apparent rate equation and can not elucidate the diffusion
mechanisms. In order to investigate the actual diffusion
mechanisms for AB9 sorption on PAMAM-CD under the
selected conditions, the kinetic data were further analyzed
by the Boyd and Reichenberg [30, 31]:

F =1−

exp(− n 2 Bt )
π2 Σ
n2
n =1
6

∞

(2)

where, B is a time constant, F is the fractional attainment of equilibrium at time t, and n is the integer defining
the infinite series solution obtained by a Fourier type of
analysis, Bt value can be derived for each F value from
Reichenberg's table [31], F value can be calculated using
Eq. (3)
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where, qt and q∞ are amounts adsorbed (mg/g) after
time t and after infinite time (min), respectively. A plot of
t versus Bt was employed to find whether the sorption
process was film or particle diffusion controlled. If the
plot was a straight line passing through the origin, the
diffusion mechanism should be dominated by the particle
diffusion, or else, it might be controlled by the film diffusion [28, 32]. The kinetic data of the first 120min
(c0=410mg/L) and the first 60 min (c0=300mg/L) in
Fig.3 were treated with Eq. (2) and Eq. (3). The t versus
Bt plots are presented in Fig.5. As shown in Fig. 5, the
lines cut the t-axis and Bt-axis near the origin indicating
that pore or particle diffusion of AB9 was rate-controlling
step at the initial sorption periods.

the sorption of AB9 on PAMAM-CD are presented in
Table 1.

FIGURE 6 - Sorption isotherms of AB9 on PAMAM-CD at different
temperatures
TABLE 1 - Langmuir parameters for sorption AB9 on PAMAM-CD

Parameters
qmax (mg/g)
b (L/mg)
R2

FIGURE 5 - Bt versus time plots for AB9 sorption on PAMAM-CD
3.3 Equilibrium sorption

Sorption isotherms are very important to describe
how adsorbates interact with sorbents, and are critical to
optimize the sorption systems. AB9 sorption amounts on
PAMAM-CD as a function of residual AB9 concentrations at different temperatures are shown in Fig. 6. The
results showed an increase in the sorption amounts with
increasing the concentrations. The sorption amount of
AB9 on PAMAM-CD was 92.7 mg/g when equilibrium
concentration of AB9 solution was 2.7mg/L at 298 K,
while it was even up to 436.1 mg/g when equilibrium
concentration of AB9 solution was 31.5 mg/L at the same
temperature. Similar results were obtained at other temperatures. The data presented in Fig. 6 were treated using
Langmuir equation [33]:
Ce
C
1
=
+ e
qe bqmax qmax

(4)

where, Ce is the equilibrium AB9 concentration in solution (mg/L), qe is sorption amount at equilibrium
(mg/g), b is the Langmuir constant (L/mg), qmax is the
theoretical maximum sorption amount (mg/g). The validity of model can be checked from the coefficient of determination (R2). The Langmuir isotherm parameters for

Temperature (K)
288
417.4±16.44
0.1296±0.0156
0.9938

298
571.8±21.76
0.1098±0.0098
0.9977

308
600.6±24.84
0.0880±0.0057
0.9756

As listed in Table 1, the experimental data were well
fitted by Langmuir model (R2>0.97). From the qmax values, it could be found that the sorption capacity of AB9
on PAMAM-CD was very high. Obviously qmax values
increased with increasing the temperature, which indicated
that sorption was better at higher temperature. Compared
with some sorption data in the literatures [13, 21, 27], the
results revealed the potential of PAMAM-CD as an effective sorbent for the removal of AB9 from aqueous solution.
The essential feature of the Langmuir sorption isotherm
can be expressed in terms of a dimensionless constant,
namely separation factor (RL), which is defined by the
following equation [34]:
RL=(1+bC0)-1
(5)
where, C0 is the initial concentration (mg/L) and b is
the Langmuir constant. The value of RL indicates the
nature of sorption isotherms: unfavorable (RL>1), linear
(RL＝1), favorable (0< RL< 1) or irreversible (RL=0) [34].
As shown in Fig. 7, the values of RL were found between
zero and one. This implied that sorption of AB9 on
PAMAM-CD was favorable.
The free energy change (∆Gi) of the sorption process
at different temperatures was calculated using following
equation [35]:
(6)
∆Gi = − RT ln bi
where, bi is the Langmuir constant (L/mol), R is the gas
constant (8.314 J/mol.K) and T is temperature in Kelvin
(K). The ∆Gi values were -27.63, -27.24 and -26.72 kJ/mol
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at 288, 298 and 308K, respectively. The negative ∆Gi
values indicated the sorption process of PAMAM-CD for
AB9 was spontaneous. The change in entropy and change
in enthalpy were not reported because the very large errors were involved in calculations when sorption of AB9
on PAMAM-CD was not significantly affected by temperature.

probably screened the coulombic potential between the adsorbates and sorbents, changed the degree of dissociation
of AB9, affected the activity coefficient of sorption system,
existed competitive sorption between the salt ions and
adsorbates, diminished the solubility of the dyestuff in the
solution and thus favored its precipitation onto polymer,
and so on [36, 37]. The result of the several aspects was
that the sorption amounts were almost unchanged.

FIGURE 8 - Effect of initial pH on sorption of AB9
FIGURE 7 - Separation factors for AB9 on PAMAM-CD at different temperatures
3.4 Effect of pH

As shown in Fig. 8, the sorption of AB9 on PAMAMCD was pH-dependent due to the sorption mechanisms.
The sorption was probably simultaneously dominated by
Van Der Waals force, complex, aggregation, electrostatic
attraction, and so on [8]. The sorption amount decreased
at initial pH >7, which might be explained as following:
On one hand, it was in favor of electrostatic attraction at
high pH due to the increase of dissociation of AB9 (pKa=
5.83, 6.58 [19]), however, more dissociated AB9 molecules were more unfavorable to inclusion complexation with
cyclodextrin due to a negative effect on the driving forces of
inclusion complexation [21]. On the other hand, fewer
cations could be available for sorption due to deprotonation
of PAMAM-CD. The final result was that the sorption of
AB9 decreased rapidly with increase of pH values. Similar results were report in other study [8]. The color intensity of AB9 in aqueous solution was stable at least one
week under dark condition and the same AB9 concentration had the same color intensity at different pH (2<pH<9).
All other sorption tests were performed at natural pH values (6.3±0.4) of AB9 solutions. The pH values of solutions were only slightly changed before and after sorption.

FIGURE 9 - Effect of NaCl concentration on AB9 sorption (conditions: sorbent: 50 mg; volume: 50 mL; temperature: 288 K)
3.6 Desorption

The average recovery ratios of AB9 were 79.2±4.7%
and 16.3 ±3.8 % at the first and second time desorption,
respectively. And the value was up to 97.4 ±2.2 % after
washing 3 times. There was not obvious change in the
sorption capacity after this treatment. The regenerated
PAMAM-CD could adsorb more than 97% AB9 in contrast to the first sorption capacity. This showed recyclable
values of PAMAM-CD.

3.5 Effect of salt

The effect of the interfering ions on the sorption of
AB9 was evaluated. The result showed that the sorption
amounts of AB9 on PAMAM-CD did not change obviously
with increasing ionic strength of the solutions (Fig.9). In
general, salt had complicated effects for the sorption: it

4 CONCLUSIONS
Results of batch sorption experiments showed that
polyamidoamine-cyclodextrin crosslinked copolymer
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(PAMAM-CD) exhibited high sorption capacity and short
sorption time toward acid blue 9 (AB9). Sorption kinetics
followed the Ho and McKay model and equilibrium isotherm well fitted with the Langmuir equation. On the
basis of the Langmuir analysis, the maximum sorption
amounts of AB9 on PAMAM-CD were 417.4, 571.8 and
600.6 mg/g at 288, 298 and 308K, respectively. The sorption of AB9 on PAMAM-CD was spontaneous. PAMAMCD could regenerate with concentrated HCl as washing
solvent. One of potential applications of PAMAM-CD is as
a sorbent for water treatments, especially for the removal
of trace pollutants from drinking water.
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SYNTHESIS OF TiO2-BASED PHOTOCATALYSTS BY
DIFFERENT MAGNESIUM DOPING AND COMPARABLE STUDY
OF THEIR PHOTODEGRADATIVE PERFORMANCE
FOR CIPROFLOXACIN
Yan Yan, Xinlin Liu, Jianmin Pan, Weidong Shi, Pengwei Huo and Chunxiang Li*
School of Chemistry & Chemical Engineering, Jiangsu University, Zhenjiang 212013, PR China

ABSTRACT
Due to the high efficiency, stability and low cost, alkaline-earth metal doping has proven to be a promising method
to modify TiO2-based photocatalysts. In this work, Mg
powder, MgO, Mg(OH)2, Mg(NO3)2, MgCl2, MgSO4 and
Mg(OH)2 ·MgCO3 -doped TiO2 were prepared by a facile
solid-state method. The as-prepared photocatalysts were
characterized by scanning electron microscopy (SEM), Xray diffraction (XRD), UV–Vis diffuse reflectance spectra
(UV–Vis DRS) and nitrogen adsorption–desorption isotherms. The enhancement of visible light absorption and
the decrease in specific surface area by Mg-doping have
been observed. Impurity level from Mg ions` doping is
responsible for the enhanced absorption of light. The photocatalytic activities of as-prepared samples were evaluated
by degradation of ciprofloxacin (CIP) under visible light
irradiation. Result shows that the photocatalytic activities
of various Mg compound-doped samples are quite different. The degradation ratios of different Mg-doped photocatalysts are in the order of Mg(NO3)2 > MgSO4 > Mg
powder > MgCl2 > MgO > Mg(OH)2 > Mg(OH)2 ·MgCO3
being due to the various effects from different anions in Mg
salts. Our work highlights the simple way to modify TiO2
photocatalyst for practical use.

KEYWORDS: TiO2-based photocatalyst, alkaline-earth metal,
solid-state method, magnesium doping, ciprofloxacin

1 INTRODUCTION
Since the discovery of photocatalytic reaction on titanium dioxide (TiO2) electrodes [1], the applications of TiO2based photocatalysts in wastewater treatment have received
* Corresponding author

much attention [2, 3]. Although other metal oxide semi
conductors have been investigated as photocatalysts [4],
TiO2 has been proven to be the most important photocatalyst for its physical and chemical stability, low cost, ease
of availability and non-toxicity [5-7]. However, TiO2 has
a wide band gap energy of 3.2 eV, which corresponds
only to the ultraviolet area. For this reason, TiO2-based
photocatalysts are not able to make the full use of the sunlight and have relatively low catalytic efficiencies. Thus,
searching for a simple, convenient and fast method to
modify TiO2-based photocatalyst with high photocatalytic
performance is urgent.
To date, three strategies are available to enhance the
photocatalytic efficiencies of TiO2, namely, changing its
morphologies, sensitization by various approaches, and
doping by metal and non-metal elements [8-11]. Bouras et
al. [12] and Silva et al. [13] doped Fe3+, Cr3+, Co2+ on
TiO2 films by sol-gel method and Ce4+ ions on TiO2 particles by solvothermal reaction, respectively. The obtained
products exhibited better activities than pure TiO2, indicating metal ions doping is an effective way to modify the
TiO2-based photocatalyst.
More recently, alkaline earth metal elements have
been proven to be effective candidates for metal doping of
TiO2. For example, Be2+ doped TiO2 was synthesized by
impregnation and co-precipitation methods [14]. The result
shows that samples with Be2+ doping on the surface exhibit higher activity than that with doping in the bulk, and
the type of doping has a great effect on the photocatalytic
activity either. Considering the photocatalytic activity, it
depends partially on interfacial charge transfer reaction
[7], and they suggested that the metal ions doping in the
bulk may act as the recombination center of photogenerated electron-hole pairs, while ions doping on the
surface may act as the separators of the pairs. In another
report [15], a series of alkaline earth metal elements, Be2+,
Mg2+, Ca2+, Sr2+ and Ba2+, were doped in TiO2 photocatalyst by impregnation and co-precipitation method. The results showed that the activities of doped photocatalysts
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depend on both dopant and doping method. It is worthnoting that when the radius of the doping ions was smaller
than or similar to that of Ti4+, the doping effect was obvious. But when the radius of the doping ion was much
larger than that of Ti4+, the effect of doping was smaller.
In particular, when the doping ion was in the shallow surface, doping was beneficial, but when it was in the deep
bulk, the doping was detrimental [15]. This result indicates
that Be2+ (31 pm) and Mg2+ (65 pm) are potential candidates of effective alkaline earth metal dopants because their
radii are smaller or similar to that of Ti4+(68 pm).
In addition, magnesium and barium-doped TiO2 have
been successfully synthesized by sol-gel method [16]. The
result indicates that the doping of magnesium and barium
nitrate greatly affects the crystal structure of TiO2 and the
doped photocatalysts outperformed both undoped TiO2
and commercial TiO2 (Degussa P25). Thus, the alkaline
earth metal doping has a huge potential in enhancing the
performance of TiO2 photocatalysts. However, recent
works in this field only concentrate upon the synthesis
methods, such as sol-gel method, hydrothermal, citratenitrate method etc, which were all in aqueous system and
unable to realize the industrialized production stage.
It is worth-noting that the nanotechnology to synthesize TiO2 photocatalyst has already well-developed and
been applied in industry. Their products have high catalytic activity, stability, non-toxicity and ultra-high specific
surface area. Particularly, P25 TiO2 has anatase and rutile
phase together, and p-n bands exist between these two
phases. Owing to its greater activity than any other states
of pure TiO2, P25 TiO2 is a promising raw material to
synthesize modified TiO2 photocatalysts and investigate
the scientific principal of the modification.
Herein, a solid-state method with P25 TiO2 as the raw
material to synthesize Mg-doped titanium dioxide photocatalyst was introduced, and the influence of different
types of magnesium to the photocatalytic activity in aqueous antibiotics degradation was also investigated. Antibiotics abuse is now a serious problem in human society
[17, 18]. The most serious problem is that frequent application of antibiotics causes the resistance to drugs [19].
More recently, the rise of antibiotic-resistant superbugs
gives us a warning that the treatment of antibiotic wastewater is bound to the proper state. Traditional methods
(e.g CAS, MBRs, biodegradation) are not only slow but
also costly and incomplete [20-23]. A special attention in
the last few years was paid to the advanced filtration and
oxidation techniques [24, 25]. But they were still energyconsuming and complicated in process. Unlike other treatment methods, photocatalysis is energy-free, low-priced
and environmental-friendly. Thus, the antibiotics treatment
is a promising field for the application of TiO2–based
photocatalysts. Plenty of works have been done in this
field [26, 27]. To the best of our knowledge, the solidstate method for alkaline-earth metal-doped TiO2 photocatalyst for the degradation of antibiotics has rarely been
reported.

2 MATERIALS AND METHODS
2.1 Chemicals

Absolute ethanol, magnesium powder, magnesium sulfate, magnesium nitrate, magnesium chloride, basic magnesium carbonate, magnesium hydroxide and nano magnesium oxide were all purchased from Sinopharm Chemical
Reagent Co., Ltd (SCRC), China. Commercial P25 TiO2 was
purchased from Degussa AG. All the chemicals were of
reagent-grade and used as supplied without any purification. Deionized water from a distillation plant was used
for all experiments.
2.2 Synthesis of Mg - TiO2 photocatalysts

Photocatalysts were synthesized with P25 TiO2 and
the corresponding magnesium compounds as raw materials by a solid-state method. P25 TiO2 (5 g) and quantitative (0.1, 0.3, 0.5, 1, 3, 5, 10%) Mg powders were put into
the pots of the ball mill and homogeneously mixed with
absolute ethanol. Then, the mixture was lapped in the ball
mill for 2 h. After drying in air at 60 oC, the product was
crushed into fine powders with an agate mortar. The samples were further calcined at different temperatures (200 –
700 oC) in a muffle furnace for 4 h to examine the effects
of photocatalytic activity vs. calcined temperature. Other
states of magnesium-doped photocatalysts were synthesized in a similar way but without the calcination process.
2.3 Characterization

The SEM images were examined with a S-4800 scanning electron microscope (HITACHI, Japan). X-ray diffraction (XRD) technique was used to characterize the
crystal structure, and the XRD patterns were obtained with
a D8 ADVANCE X-ray diffractometer (Bruker AXS Company, Germany) equipped with Ni-filtrated Cu Kα radiation
(40 kV, 30 mA). The 2θ scanning angle range was 10–90°
with a step of 0.04°/0.4 s. UV–Vis diffuse reflectance spectra (UV–Vis DRS) of the photocatalyst powders were obtained for the dry-pressed disk samples using a Specord
2450 spectrometer (Shimazu, Japan) equipped with the
integrated sphere accessory for diffuse reflectance spectra, using BaSO4 as the reflectance sample. Specific surface areas of samples were measured (BET method) by
nitrogen adsorption–desorption isotherms using a Quantochrome Autosorb 1 sorption analyzer.
2.4 Evaluation of photocatalytic performance

The photodegradative reaction for ciprofloxin (CPFX)
was carried out at 308 K in a home-made photochemical
reactor under visible light as reference [26], and the photocatalytic reactor is shown in Fig. 1. The photochemical
reactor contains 0.1 g catalyst and 20 mg/L of 100 ml
CPFX solution. To determine the initial absorbency of
samples, kept the reactor into darkness for 30 min to
reach absorption equilibrium. Then, the lamps and magnetic stirring apparatus were turned on. The photochemical reactor was irradiated with two 150 W tungsten halogen lamps (wavelength range 360-760 nm) which were
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located at a distance of 8 cm at one side of the contained
solution. UV light with wavelengths less than 420 nm was
removed by a glass filter. The sampling analysis was conducted in 10-min intervals. The photocatalytic degradation
ratio ( DR ) was calculated by the following fomula:
DR = [(1−Ai /A0)]×100%
A0 is the initial absorbency of CPFX that reached absorption equilibrium, while Ai is the absorbency after the
sampling analysis.

anatase phase with little rutile peaks at 2θ = 27.06° and
35.02°. Neither Mg nor MgO peaks are observed, suggesting the doping amount is too low to be observed. With
increasing calcined temperature, the rate of rutile phase increases, and after 700 °C calcination, rutile phase is predominant over the anatase phase. Phase change of crystal
structure by calcination greatly destroyed the p-n bond between anatase and rutile phases, and this may affect the
catalytic activities of TiO2.
XRD patterns of samples with different doping amounts
have the same tendency that anatase phase is prevailing, and
a little rutile phase exists, as shown in Fig. 4. The similar
facts were also observed by Venkatachalam et al. [16] that
Mg doping excludes rutile phase TiO2, and this phase
change may destroy the heterojunction structure between
anatase and rutile phase in P25 TiO2. Different doping
amounts show no difference on XRD spectrum, indicating
Mg may not be doped into the deep bulk of TiO2 particles
without calcination
Different Mg compounds doping changed the XRD
spectra of samples only slightly (Fig. 5), suggesting these
Mg compounds may not be doped into the bulk of TiO2
particles and may be cladded on the surface of the particles.
3.3 Uv-Vis diffusion reflection spectra

FIGURE 1 - The equipment of photocatalytic reactor [26] (1. fan, 2.
magnetic stirring apparatus, 3. outlet of cooling water, 4. sampling
tube, 5. air intake, 6. thermometer, 7. rotor flow-meter, 8. light
source, 9. inlet of cooling water, and 10. operating panel).

3 RESULTS AND DISCUSSION
3.1 SEM

Figure 2 shows the SEM images of different Mg compounds and Mg powder doped TiO2 photocatalysts. We can
confirm that a, b, c and d make no difference when compared with h, indicating MgO, Mg(OH)2, Mg(NO3)2 and
MgCl2 doping made no obvious change in the morphology of P25 TiO2. In these images, 50 nm-sized spheric
particles in quantity with slight agglomeration and obvious spheric feature can be clearly observed.
Figure 2e shows the SEM image of MgCl2-doped
TiO2. Unlike another soluble Mg compound doped sample,
Mg(NO3)2 demonstrates vast agglomeration and compaction can be clearly seen. In Figs. 2f and 2g, tiny particles
blend into larger ones, and the agglomeration phenomenon is more prominent. The spheric feature of the particles is gone, and a few layer structures are formed which
means MgSO4 and Mg(OH)2 ·MgCO3 can greatly change
the morphology of P25 TiO2, but MgCl2 only little.
3.2 XRD studies

The XRD studies of the as-prepared samples were
carried out. As shown in Fig. 3, Mg powder doped TiO2
with low calcined temperatures exhibits the prevailing

Given that the energy band structure played a key role
in determination of the photocatalytic activity of semiconductors, the UV-Vis diffusion reflection spectra studies
were performed
Figure 6 shows the UV-Vis diffusion reflection spectra images of as-prepared samples. It can be clearly seen
that all dopings greatly increased the absorption of visible
light of samples compared with P25 TiO2, and made a red
shift to the light absorption. The absorption edge of P25
TiO2 is 380 nm, which corresponds with band gap energy
(Eg) of 3.26 eV, while all doped samples have an absorption edge more than 410 nm, which corresponds with Eg
of 3.02 eV. Outstandingly, MgCl2 and Mg(OH)2·MgCO3
doped samples showed the best absorption ability of visible light and their absorption edge shifted to 420 nm corresponding with an Eg of 2.95 eV. It is reasonable because Mg doping on the surface of particles may form a
Mg-TiO2 complex, which has a relatively low Eg when
compared with P25 TiO2, and sensitize the TiO2 photocatalyst.
3.4 Nitrogen adsorption–desorption isotherms

Specific surface area and particle sizes have a close
relationship with the absorption activity, and considering
that the first step of photocatalysis is the absorption of
target pollutant, nitrogen adsorption-desorption isotherm
studies have been conducted to examine the specific surface area and particle sizes of different samples.
From Figures 7 and 8, the specific surface area of
5%Mg doped TiO2 and 5%MgSO4 doped TiO2 can be
calculated from the nitrogen adsorption-desorption iso-
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FIGURE 2 - SEM images of different samples ((a) Mg powder-doped TiO2, (b) MgO-doped TiO2, (c) Mg(OH)2-doped TiO2, (d) Mg(NO3)2doped TiO2, (e) MgCl2-doped TiO2, (f) MgSO4-doped TiO2, (g) Mg(OH)2 ·MgCO3-doped TiO2, (h) P25 TiO2).
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FIGURE 3 - XRD patterns of Mg powder doped samples with
different calcination temperature.
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therm by BET method. The calculated specific surface
area of 5% Mg doped sample is 20.29 m2/g, while that of
5%MgSO4 doped sample is 18.45 m2/g. Both are extremely
smaller than that of P25 TiO2 (about 51 m2/g). This show
sthat Mg and Mg salts doping have a detrimental effect on
the specific area of P25 TiO2. The Mg doped sample has a
specific surface area slightly larger than that of MgSO4
doped sample. It coincides with SEM studies above that
MgSO4 doping led to the agglomeration and compaction of
particles which would decrease the specific surface area
and affect the photocatalytic activities.
3.5 Photocatalysis

The photocatalytic activity of different magnesium
doped TiO2 samples were evaluated by the photodegradation of 20 mg L-1 CIP aqueous solution. As shown in Fig. 9,
the degradation ratio (DR) of 5% Mg powder-doped TiO2
photocatalysts, calcined at different temperatures, were
examined. The result shows that the DR decreased with
increasing calcination temperature. Interestingly, the uncalcined sample shows the highest DR of 36.3%, which indicates that any calcination would decrease the photocatalytic activity of Mg powder-doped TiO2 and, therefore, is
needless. This phenomenon may result from the destroying of p-n bonds between anatase and rutile phases of P25
TiO2 by calcination, which was confirmed by the XRD
study. The hetero-junction between p-type and n-type
semiconductors can act as separators of photo-generated
electron-hole pairs by p-n bonds. The calcination may lead
Mg atoms to enter into the deep bulk of TiO2 particles. The
existence of Mg atoms in the bulk of TiO2, on the one
hand, generates oxygen vacancies that act as the recombination centers of electron-hole pairs and, on the other
hand, destroy the hetero-junction equilibrium from anatase and rutile phases of TiO2. It has been well established
that the doping of Mg may lead to phase change from
rutile to anatase, and greatly destroy the hetero-junction
structure of different phases in P25 TiO2 [16].
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FIGURE 9 - The degradation rate of 5%Mg doped TiO2 calcined by
different temperatures.

Since Mg atom is difficult to enter into the deep bulk
of TiO2 particles unless a calcination is conducted [15],
Mg powder which is attached onto the surface of TiO2

photocatalyst may act as co-catalyst by inducing photogenerated electrons from deep bulk to the shallow surface,
and separating the reaction points of the redox reaction.
But after the calcination process, Mg powders were partially or totally transformed into MgO, and the co-catalytic
effect was then vanished. However, MgO wrapped on the
surface of TiO2 particles, blocking the contact of TiO2 and
destroying the hetero-junction structure, ultimately decreasing the performance of photodegradation.
The effects of different doping amounts of Mg powder to the catalytic activity have been studied by the DR
of samples for CIP. As shown in Fig. 10, samples with
doping amounts >1% show better performance than those
with doping amounts < 1%, and 5% Mg powder-doped
TiO2 exhibits the highest DR of 36.3% for CIP. Further
increase of the doping amount would lower the catalytic
activity. This phenomenon indicates that too little Mg
could not sufficiently separate electrons and holes, while
too much Mg may act as recombination center of electron-hole pairs.
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FIGURE 10 - The degradation rate of Mg-doped samples with
different doping amounts.

Furthermore, we have investigated the differences between dopings from various states of Mg compounds and
powders. All samples have the same doping amount of
5% without any calcination. During the experiments, a
sharp increase to the absorbance of CIP solutions was observed with some of the samples after 10-min irradiation,
which caused negative DR. Figure 11 shows that samples
doped by nano MgO, Mg(OH)2 and Mg(OH)2·MgCO3,
exhibit negative DR values, while samples doped by Mg
powder, MgSO4, MgCl2 and Mg(NO3)2 exhibit positive
DR. This phenomenon may be due to the photo-induced
desorption [28-31] and polymerization [32-34] of CIP. In
this experiment, Mg(NO3)2-doped TiO2 shows the best
DR of 39.5%, but it is still lower than that of P25 TiO2,
which is 40%. All doped samples show lower DR values
than P25 TiO2 which means that Mg doping will decrease
the photocatalytic activity of TiO2. The decrease may
result from the destroying of hetero-junction structure of
TiO2, which coincides with the XRD study.
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Figure 11 shows the degradation rate of samples doped
by different Mg samples. By investigating the effects of
different Mg-doped TiO2, we found that Mg powder may
act as co-catalyst by separating photo-generated electrons
and holes in a low doping amount, and act as recombination centers in a high doping amount. These two effects
are competitive to each other ensuring an optimal doping
amount in theory. Mg2+ of soluble dopants on surface of
TiO2 particles may act as electron (or hole) traps, leading
to an enhancement of the formation of hydroxyl radicals
that are crucial intermediate products for the photocatalytic
redox reaction [35-37]. The difference between Mg(NO3)2
and MgCl2 doping may result from the different impact of
anions in the bulk of TiO2 particles and aqueous solutions.
Indeed, researchers found that different ions in the aqueous
system do affect the photocatalytic actions of TiO2 [38]. Mg
powder, MgSO4, MgO, Mg(OH)2 and Mg(OH)2·MgCO3
are insoluble in water and ethanol. Thus, their contact
with the TiO2 particles would not be as close as that of
soluble Mg salts. MgSO4-doped TiO2 has the same DR
with Mg powder-doped TiO2, and we did not found the
same phenomenon of sharp increase in CIP concentration
and negative DR. A reasonable explanation is that the
MgSO4 layer is compact enough to prevent the absorption
of CIP in quantity and drastic photo-induced desorption,
which is evident by the SEM studies in Fig. 2f. On the
contrary, MgO, Mg(OH)2 and Mg(OH)2·MgCO3 are all
in nano-scale. Their large specific surface area may lead
to the sharp photo-induced desorption, and may accelerate
the photo-induced polymerization of CIP.

only Mg(OH)2 plays a part in the absorption of CIP. It is also
confirmed by the SEM studied in Fig. 2g that MgCO3doping results in the compact layer of particles which is
detrimental to the absorption property. The preferable absorption property of Mg(OH)2, Mg(OH)2·MgCO3 and
nano MgO-doped TiO2 would greatly affect the photoinduced desorption.
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FIGURE 13 - The polymerization rate of CPFX.

To examine the effect of photo-induced desorption
and polymerization of CIP, two control experiments were
further conducted. After 30 min kept in darkness, the
absorption values of CIP solution by different samples
were evaluated. As shown in Fig. 12, TiO2 doped by
Mg(OH)2, Mg(OH)2·MgCO3 and nano MgO show better absorption of CIP in 20 mg L-1 solution than P25 TiO2.
Other samples show lower absorption of CIP than P25
TiO2. Particularly, Mg(OH)2-doped TiO2 showed the best
absorption property. Mg(OH)2·MgCO3-doped TiO2 exhibited lower absorption than Mg(OH)2, indicating that

To study the photo-induced polymerization of CPFX,
the change of absorbancy of 20 mg L-1 CIP solution under visible-light irradiation for 1 h was evaluated. As
shown in Fig. 13, the absorbancy of CIP solution has
increased by about 9.3% after 1-h irradiation. As mentioned above, the sharp increase of absorbancy could be
explained in this way: under visible-light irradiation,
photocatalytic reaction, photo-induced desorption and
photo-polymerization react at the same time. If the photodegradation force was more powerful than the synergistic
force of photodesorption and polymerization, the DR was
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positive. Otherwise, the DR was negative. Deep mechanism of it is ought to be studied in the future.
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ABSTRACT
Phytoremediation defines the use of plants and their
associated microbes to extract, sequester, and/or detoxify
various kinds of environmental pollutants from water, sediment, soils, and air. Many environmental factors and pollutants have influence on the plant life circle, and the metals are one of them. However, when taken up in excessive
quantities, these elements are transferred into the food
chain where they may have adverse effects on the health
of animals and humans. The primary goal of the presented
research was to develop a methodological framework for
prediction of pollutant/plant interactions. In this case, the
pollutants were zinc, thin and copper, which were generated in the environment by the heavy traffic. The three plants
Prunus laurocerasus, Ilex aquifolium and Buxus sempervirens were used as the bio-indicators for the analysis
of metals` life circle in the plants in order to quantify the
possible remediation potential. As the result of this research, the simulation of the metal/plant interaction was
done via correlation models, which can be used for
screening tests of possible plant remediation candidates.

KEYWORDS:
Phytoremediation, extraction, metals, selection, plants

1. INTRODUCTION
Distribution of heavy metals in soils becomes a serious concern of environmentalists, given their widespread
attention to human activities, such as mining, energy production and agricultural activities, transport, and how to
minimize the negative effects to the environment. Longterm environmental safety dictates the removal of heavy
metals. Conventional technologies have proven to be effective in small areas; they are not only costly, but also cause
soil disturbances. Additional problems rise from the fact
that they are not readily accepted by the general public.
* Corresponding author

Phytoremediation and, more specifically, phytoextraction, which involves the use of plants to remove metals
from the soil into their above-ground biomass which can
be harvested using conventional agricultural techniques, has
been posed as a cost-effective, environment-friendly alternative restoration strategy for the cleanup of heavy metalcontaminated soils. However, the success of phytoextraction depends upon the identification of suitable plant species that tolerate and hyperaccumulate heavy metals, and
produce large amounts of biomass using established agricultural techniques. Plants are sensitive to heavy metal
toxicity and respond to avoid detrimental effects in a variety of different ways. The toxic dose depends on the type
of ion, ion concentration, plant species, and stage of plant
growth. Tolerance to metals is based on multiple mechanisms, such as cell wall binding, active transport of ions
into the vacuole, and formation of complexes with organic acids or peptides [1].
Significant work has been and is still being carried out
to understand the reaction processes of metals, or metal
transfer within plants. These investigations have provided
highly valuable information; but because of the complexity of the environmental/plant system, they cannot yet be
directly used to assess and predict metal-plant interactions.
Heavy metal content in the environment depends on both
natural and anthropogenic sources in the local areas. Natural forms are usually found in relatively low concentrations.
In recent decades, the number and intensity of anthropogenic impacts, such as smelter stacks, rubbish tips, vehicle
emissions, waste incineration, fertilizers, agricultural waste
and sewage sludge, have increased the local environmental
heavy metal concentrations [2].
The responses of plants to the high heavy metal content of the environment, the sediment and water ratio vary
with the content of different species. A plant species, called
bio-indicator, can tolerate the increased heavy metal concentrations to some level, and can indicate that pollution
exists. Many plants have the ability to accumulate heavy
metals, or other pollutants in their tissues. Among the plants
which are good bio-indicators of environmental pollution in
urban area, are highly valuable evergreen shrub or woody
species, due to their persistent leaves in which large
amounts of pollutants can be accumulated [3].
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Three evergreen plants species, Prunus laurocerasus,
Ilex aquifolium and Buxus sempervirens were selected as
the experimental plants. The plants resident in Belgrade’s
botanical Garden " Jevremovac" (Fig. 1), which is located
almost in the city center. City of Belgrade is the most urbanized city in Serbia, which has a rapid development and
the fastest population rise in West Balkan. The Belgrade
region belongs to the typical transitional arid, continental
temperate zone, TYPE VI/VII [4]. The main source of the
pollutants is caused by the heavy traffic which surrounds
the garden.

FIGURE 1 - Location of botanical garden in Belgrade.

The purpose of this work, besides developing a methodological framework for prediction of pollutant/plant
interactions, was to analyze the phytoremediation potential
of Prunus laurocerasus, Ilex aquifolium and Buxus sempervirens, for Zn, Cu and Pb removal from contaminated
soils.
2. MATERIALS AND METHODS
Prunus laurocerasus L. (common name Cherry laurel)
is a species in the genus Prunus (subgenus Laurocerasus)
of the family Rosaceae. It is an evergreen shrub or small
tree, growing to 6-8 m height, rarely to 18 m height, with
a trunk up to 60 cm diameter. The leaves are dark green,
leathery, shiny, 5–20 cm long and 4-10 cm broad, with a
finely serrated margin. The flower buds appear in spring
and open in erect 6-13 cm racemes of 30–40 flowers, each
flower 1 cm diameter, with five creamy-white petals and
numerous yellowish stamens. The fruit is a small cherry,
1-2 cm diameter, turning black when ripe in early autumn.
This plant is native to regions bordering the Black Sea in
southwestern Asia and southeastern Europe, from Serbia
and Bulgaria east through Turkey to the Caucasus Mountains and Northern Iran. In Serbia, it is only found in
Ostrozub Mountain near Vlasotince, within the Nature

reserve “Ostrozub-Zeleničje”. Prunus laurocerasus has
been widely planted as an ornamental plant in temperate
regions worldwide [5].
Ilex aquifolium L. (European holly) is a species of the
family Aquifoliaceae, native to western and southern
Europe, northwest Africa and southwest Asia. It is an
evergreen tree growing to 10-15 m height and 30-80 cm
trunk diameter, with smooth grey bark. The leaves are 312 cm long and 2-6 cm broad, variable in shape. The
flowers are white, four-lobed, and pollinated by bees. The
fruit is a red drupe, 6-10 mm diameter, containing four
pits; although mature in late autumn, they are very bitter
and rarely touched by birds until late winter, after frost
has made them softer and more palatable. In Serbia, this
plant mostly inhabits beech and fir forests but rarely
Quercus and Ostrya forests, and it is more common in the
western and southwestern parts, while in the northwestern
region, it is only found in Đerdap gorge [6].
Buxus sempervirens L. (common box or European
box) is a flowering plant in the genus Buxus, native to
western and southern Europe, as well as northwest Africa.
In the Balkans, it grows in all countries, except in Bulgaria
and Serbia where it is cultivated as ornamental plant. It is
an evergreen shrub or small tree growing to 2-6 m height,
with a trunk up to 20 cm diameter (exceptionally to 10 m
height and 45 cm diameter). The leaves are arranged in
opposite pairs, green to yellow-green, oval, 15-30 mm long
and 5-13 mm broad. The flowers are in heads, a terminal
female flower, surrounded by a number of male flowers.
The species typically grows on soils derived from chalk,
limestone and serpentine, usually as member of understory in forests of larger trees, but also sometimes in open
dry mountain scrub, particularly in the Mediterranean
region [7].
Leafs of selected plants, and environmental samples
were collected in the Belgrade’s botanical garden "Jevremovac". Garden’s layout and the position of the examined
plants in the botanical garden are given in Fig. 2.
The five samples of leafs of each selected plant, were
taken during 2008, in unequally spaced time intervals,
starting from February till December. Together with leaf
samples, the soil samples for the screening experiment
were taken. The mean values and the variation of leaf
sample weight during the sampling period are presented
in Fig. 3.
After each collection, leaves were washed thoroughly,
dried at 60 oC and pulverized. The sample was placed in
suitable inert polymeric microwave vessels. Plant material
(100 mg) was digested in duplicate with nitric acid and
hydrogen peroxide during which temperature was raised
to about 95 oC until evolution of nitrous gas stopped and
the digest became clear. The vessel was sealed and heated
in the microwave system, CEM MDC 2100. The temperature profile was specified in order to permit specific reactions reaching 160 ± 5 ºC in proximately 6 min, and remaining at 160 ± 5 ºC for another 6 min for the comple-

2620

© by PSP Volume 21 – No 9. 2012

Fresenius Environmental Bulletin

tion of reactions. After cooling, the vessel contents were
filtered.

3. RESULTS AND DISCUSSION
In the presented research, we quantified the changes
of Pb, Cu and Zn contents during the time, in leaves in
order to find possible differences in amounts of extracted
metals from the soil [8, 9]. Analysis of the metal content
variations during the experimental time frame in the leaves,
are presented in Fig. 4. Results show that the highest variations of metal contents in leaves takes place during the
period between 20 and 90 days for Prunus laurocerasus
from the sampling start in February, and 50 to 110 days
for Ilex aquifolium and Buxus sempervirens.
Pattern analysis of the metal leaf content changes with
time (curves see Fig. 4) suggest that there is a difference
in metal/leaves interaction for each metal and investigated
leaves. What is the appropriate form for the model, and
what experiments are needed to obtain the parameters in
the model?

FIGURE 2 - Sample position L1 (Prunus laurocerasus) section II, L2
(Ilex aquifolium), section III and L3 (Buxus sempervirens ) section VI.

The corresponding soil samples were identically digested as the plant leaves. The prepared soil samples were
analyzed for Pb, Cu and Zn, in order to quantify their
transfer from the environment to the selected plants. The
prepared leaves and soil samples were AAS-analyzed
(Perkin Elmer 3100).

140

Mean weight of sample (g)

120
100
80
60
40
20
0
Prunus

Ilex

Buxus

Leave

FIGURE 3 - Mean values and standard deviations of leaf sample
weights.

The analytical form for the model may be suggested
by theory, but, in many cases, it must be obtained in some
empirical fashion. Even if there is a theory, there is no
guarantee that it will be sufficient to describe the actual
process. Engineering approach which, in the most cases,
is based on the black box modeling approach, and correlates input and output parameters or analyzes the time
series? Regression is a highly useful statistical technique
for developing a quantitative relationship between a dependent variable (response) and one or more independent
variables (factors). It utilizes experimental data on the pertinent variables to develop a numerical relationship showing
the influence of the independent variables on a dependent
variable of the system. Throughout engineering, regression
may be applied to correlating data in a wide variety of
problems ranging from the simple correlation of physical
properties to the analysis of a complex industrial system. If
nothing is known from theory about the relationship among
the pertinent variables, a function may be assumed and
fitted to experimental data on the system [10]. Mathematical description of correlations (models) for material properties changes is a great challenge for both theoretical and
applied investigations. Researchers are always in a dilemma
about the level of interactions for considering change of
chosen parameters with time. From the practical point of
view, investigating the interactions (ingredients) that are
leading to evident changes is sufficient. This problem can
be solved by using working models that correlate one of
the parameters with time. The other problem, selection of
parameters for describing and quantifying changes, is of
substantial significance for modeling; in this research, it
was not significant, because from the beginning we have
metal content variations as the goal of our experiments.
The strongest and closest relationship between variables
is the functional relationship, i.e. the relationship where
each value of one independent variable corresponds to the
exact value of dependent variable. A weak relationship between variables, subject to smaller or greater diversions, is
called correlation or stochastic [10].
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FIGURE 4 - Metal distribution in leaves during sampling period.

We often meet mathematical models in engineering
practice that are not linear either by their regression coefficients or their independent variables. The non-linearity by
their independent variables belongs to polynomial analysis,
and this was elaborated in the previous section. Nonlinearity by regression coefficients, however, is a heavier problem and it is nowadays solved by iterative procedure [11].
Schematic leaves pollution routes are presented in
Fig. 5. The main effect is via indirect route, and that
means that the soil analysis is always the necessary step
in this kind of research.
The basis of the model is the defying function (model)
of the investigating property change during the time:
I = f (x1,...,xn) I0

(1)

Working model for the metal time distribution in
leaves of Prunus laurocerasus has the nonlinear exponential form as follows:
Y = exp(a+b*x+c*x2)

(2)
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for Pb, Cu and Zn. The model coefficients for all
three metals are given in Table 1. Obtained results show
that Pb, Cu and Zn have the same form of working model
correlation, for this plant metal extraction. This suggests
that there have to be similar mechanisms of phytoextraction for Pb, Cu and Zn. This correlation could be simpler
if we take into account the values for model coefficients.
For Prunus laurocerasus, the model coefficient, c, could be
assumed to be zero. In this case, we have a simple timedependent correlation, which is in, log-log coordinate system, a linear function. At this point, it must be noted that
gradients, coefficient b, for Pb and Cu are higher than the
one for Zn.

The same analysis was performed for the other two
leaf samples. Results for Ilex aquifolium, location L2
section III in the Garden, are presented in Table 2. In this
case, we have a different situation than for Prunus laurocerasus. Obtained correlations are nonlinear, and have polynomial form. The polynomial working models are similar
for each metal, but they differ from each other in the polynomial degree and the exponent values. While the models
for extraction of Pb and Cu have the similar exponent
values, the exponent values for Zn are different. This
could be due to more complex extraction of metals in Ilex
aquifolium than for Prunus laurocerasus.

TABLE 1 - Model coefficients for leaves of Prunus laurocerasus (Figure 4a).

Metal

a

Pb
0.073
Cu
0.208
Zn
2.25
Y = metal content in leaves; x = time

b

c

0.112
0.109
0.042

-0.0013
-0.0013
-9.09*10-4

r2 Coef Det
0.992
0.981
0.988

DF Adj r2
0.988
0.991
0.995

TABLE 2 - Correlation analysis for Ilex aquifolium (Figure 4b).

Parameter
a
b
c
d
e
f
g
h
i
r2 Coef Det

Value for Pb
7.92
0.24
-2.04
0.014
0.109
0.0001
0.0039

Value for Cu
17.96
-0.031
-3.89
0.054
2.54
-0.012
-0.444
0.0006
0.021
0.9749

0.991

Value for Zn
15.74
-5.10*e-05
0.0007
-2.05*e-09
-2.09*e-07
1.42*e-13
8.17*e-12
2.83*e-18
15.74
0.9832

0.981
0.9187
0.9565
DF Adj r2
Model
y =(a+cx0.5+ex+gx1.5)/(1+bx0.5+dx+fx1.5) y=(a+cx0.5+ex+gx1.5+ix2)/(1+bx0.5+dx+fx1.5+hx2) y = (a+cx2+ex4+gx6)/(1+bx2+dx4+fx6+hx8)
First
y=(a+cx0.5+ex+)/(1+bx0.5+dx+)
y=(a+cx0.5+ex+gx1.5+ix2)/(1+bx0.5+dx+fx1.5)
y=(a+cx2)
approximation
*where: Y=metal content in leaves; x = time; Coef Det = Coefficient of determination ; DF Adj = Adjusted R2;
TABLE 3 - Correlation analysis for Buxus sempervirens (Figure 4c).

Parameter
a
b
c
d
e
f
g
h
i
j
r2 Coef Det

Value for Pb
2.06
-0.38
-0.54
0.05
0.021
-0.003
0.0021
7.6136e-05

DF Adj r2
Model

Value for Zn
18.00
-0.41
-7.58
0.065
1.196
-0.004
-0.083
0.0001
0.0021

0.995

Value for Cu
14.15
-0.03
-0.56
0.0005
0.0086
-2.3019e-06
-5.7613e-05
6.99781e-09
4.71275e-07
3.01897e-11
0.989

0.988

0.952

0.967

y=(a+cx0.5+ex+gx1.5)/(1+bx0.5+dx

y=(a+cx+ex2+gx3+ix4)/(1+bx+dx2+

+fx1.5+hx2)

fx3+hx4+jx5)

y=(a+cx0.5+ex+gx1.5+ix2)/(1+bx0.5+dx+
fx1.5+hx2)

0.989

First aproximation y=(a+cx0.5+ex)/(1+bx0.5+dx)
y=(a+cx)/(1+bx)
y=(a+cx0.5+ex+gx1.5)/(1+bx0.5+dx)
*where: Y = metal content in leaves; x = time; Coef Det = Coefficient of determination DF Adj =Adjusted R2
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The other reason could be that there are more factors
which have influence on the phytoextraction and which
could not be considered by this analysis. In the case of
Ilex aquifolium, the gradient for Pb, coefficient e, has a
similar value as corresponding coefficient for Prunus, but
a much higher value for Cu.
Analysis of obtained data for Buxus sempervirens, location L3 section VI in the Garden, is presented in Table 3.
In this case, a similar situation was obtained as with leaves
of Ilex aquifolium. The ‘working models’ for extraction of
Pb and Cu are the same, but the model which describes
the correlation of the obtained adsorption data for Zn is
different. The correlation coefficients are high, and polynomial form of the models point out that leaf extraction is
not only dependent on time of exposure to the environmental conditions.
Phytoremediation defines the use of plants for treatment of environmental pollutants from water, sediment,
soils, and air. Phytoremediation of heavy metals is an
emerging technology, and several subsets of this technology are being developed [12-14]. The natural phenomenon of heavy metal tolerance has enhanced the interest of
plant ecologists, plant physiologists, and plant biologists
to investigate the physiology and genetics of metal tolerance in specialized hyper-accumulator plants. Generally
spoken, there are three different types of plants that have

developed three basic strategies for growing on contaminated and metalliferous soils. Metal excluders effectively
prevent metals from entering their aerial parts over a broad
range of metal concentrations in the soil. Metal indicators
accumulate metals in their above-ground tissues, and the
metal levels in the tissues of these plants generally reflect
metal levels in the soil. Metal accumulators are usually
referred to as hyper-accumulators that concentrate metals
in their above-ground tissues to levels far exceeding those
present in the soil or in non-accumulating species growing
nearby [15].
Considering variations, in that way that plants compete
for resources, facilitate or indirectly interact with each other,
has been crucial for understanding the relative importance
of these interactions in the organization of plant communities [16]. In plant species growing on metal-rich soils, the
internal distribution may differ significantly, which was
quantified by presented analysis. In order to find the correlations between the metal content in leaves and corresponding plant site in the garden, correlation analysis was
performed for the data obtained from soil analysis. The
obtained models were used, with assumption that the metal
extraction by leaves is dependent on the metal content at
the grooving plant site. The results of this analysis are
presented in Fig. 6.
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FIGURE 6 - Correlation of heavy metal content in leafs and soil on experimental sites in botanical garden
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The obtained result shows the different correlation
patterns between metal content in leaves and soil among
the sampling sites. As it could be seen from Fig. 6a, for
Prunus laurocerasus, there is a strong correlation between
the metal contents in leaves and in soil. The obtained working model suggests the same, which means that Prunus
laurocerasus positively responds as a good candidate for
a possible remediation receptor of these metals.
The two other plants examined, Ilex aquifolium and
Buxus sempervirens, have different correlation patterns.
The analysis clearly divides correlations for leaves and
soil for the examined metals (Figs. 6 b and c). From the
point of phytoextraction potential, these two species do
not have the significant phytoextraction potential. They
belong to the group of metal bioindicators.
4. CONCLUSION
All of the examined plants, Prunus laurocerasus, Ilex
aquifolium and Buxus sempervirens, were found to be Pb,
Cu and Zn -tolerant. Pb, Cu and Zn concentrations found
in their leaves, were generally at low levels. Their potential use for phytoextraction or, generally, phytoremediation purposes is not prohibitive. Taking into consideration
the physiologic behavior of the plants, one of them is a
woody plant and the other two are bushy plants, differences
have been pointed out. The soil analysis should be accepted
as the screening experiment in order to find correlations
between investigated entities. The presented methodology
has proven that it can be used for the analyses of phytoremediation potentials of the plants. Further research
may be conducted in order to investigate the removal
efficiency under higher heavy metal bio-availability levels
in soil, or in different soil types, locations, or with the use
of soil amendments.
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ABSTRACT
Indian mustard (Brassica juncea) was grown in soil
amended with mine tailings, bokashi and EDTA (ethylendiaminetetraacetic acid), alone or mixed, for six weeks.
Plant roots and shoots were then collected and analysed
for Pb, Zn, Cd, Cu, Fe, Hg, As and Sb. Additionally, the
soil treatments were analysed for Pb and Zn fractionation,
exchangeable cations and microbial activities after harvesting the plants. The accumulation of all metals in
roots was higher than in shoots. The soil treatment
amended with bokashi had a high concentration of Na and
Mg. The addition of mine tailings alone to soil inhibited
80% of the CO2 production, 18% of the dehydrogenase
activity, and 7% of the N-mineralization. The addition of
bokashi reduced the inhibition, but the addition of EDTA
increased the inhibition of CO2 and stimulated the dehydrogenase activity and N-mineralization. Factor analysis
supported the association of Na with the accumulation of
heavy metals in the roots, and potential available Pb and
Zn in fractions II, III, IV and IV. CEC (cation exchange
capacity) was associated with heavy metals in shoots as
well as soluble and interchangeable Pb and Zn. Brassica
juncea was tolerant to poly-metals and high Na concentrations, and allowed low translocation to the shoots.
KEYWORDS: Brassica juncea, mine tailings, bokashi, Pb and Zn
fractionation, microbial activity

Tailings have been stored in the open, resulting in contamination of the ecosystems and nearby population. Vetagrande is an old mining town in which the concentration of
Pb in the soil has been shown to be impacting the health
of the population. Pb intake primarily occurs via ingestion
owing to its presence in soil [1]. However, Pb is also harmful to the environment. Phytostabilisation is a form of phytoremediation that uses plants for long-term stabilization
and containment of tailings by sequestering pollutants in
soil near the roots. The presence of the plants can also
reduce wind erosion and water erosion while immobilizing
metals [2].
Since Indian mustard plants have higher biomass and
faster growth rates than other heavy metals hyper accumulators, it is recommended as an indicator of the metal
availability for plants [3, 4].
This study was conducted to: i) evaluate the distribution of Pb and Zn in arid soils amended with mine tailings
(high concentrations of salts and heavy metals), bokashi
and EDTA; ii) determine the uptake of several heavy
metals contained in mine tailings by Brassica juncea; iii)
evaluate the stability of soil microbial activities in soils
amended with mine tailings or bokashi alone and in combination.
This study is needed to understand and test the multiple complex heavy metal and salt concentrations in mine
tailings prior to implementation of a phytoremediation program in the area of Vetagrande.

1 INTRODUCTION
Zacatecas is the main producer of Pb and Zn in
México. Mining has generated a large amount of granular solid and semi-solid residues. Older forms of mineral
extraction resulted in large piles of mine tailings being
left around the landscape. These tailings continue to leach
residual chemicals into the environment, and the weather
conditions allowed the finer fraction to become windborne,
which has resulted in townships surrounding the nowdormant mining areas being impacted.
* Corresponding author

2 MATERIALS AND METHODS
2.1 Experimental site

The soil was sampled from agricultural soils from
Dolores, Gto. Mx. The soil has been cultivated with maize
(Zea mays) and beans (Phaesolus vulgaris) for 20 years.
The soil was collected from 0 to 20 cm layers. The soil
wee bulked, all the stones, visible roots and fauna were
removed, sieved to less than 2 mm and stored at 5 ºC until
used. The average altitude of the site is between 1750 and
2000 m above sea level, and average rainfall is between
400 and 600 mm (mainly from June to September).
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2.2 Mine tailings

The mine tailings were collected in “Vetagrande” in
an open sky deposit since 80 years used for the one of the
first operating mines (Zacatecas, Mexico), and it is located at 22o49’58.30’’latitude north and 102o34’04.56’’
longitude west at 2524 m above sea level. Twelve mine
tailings were collected from the area described above. Most
of the tailing samples presented high concentrations of Pb,
Zn and Cd (data not shown). The Pb concentration ranged
between 29 to 9422 µg Pb g-1 tailings with an average of
4887.50 µg Pb g-1, Zn ranged from 30 to 27393 µg Zn g-1
and an average of 8745.98 µg Zn g-1, and Cd range was 0
to 239.25 µg Cd g-1 and its average 73.6 µg Cd g-1. One of
the mine tailings containing similar values of Pb and Zn
compared to the average of the twelve mine tailings was
selected (Table 1).
The chemical characterization of tailings is shown in
Table 1. The tailings were air-dried, ground and sieved
(0.042 mm diameter sieve) before used for the experiment
at aerobic incubation. The chemical characterization of
tailings and soils are shown in Table 1.
2.3 Bokashi

Bokashi “fermented organic fertilizer” was composed
by phosphites, cisco, sheep manure, straw, wheat bran,
brown sugar, yeast and water. The moisture was adjusted
between 30 to 50 %, and bokashi was covered with plastic
bags after being mixed completely to control the temperature. The pile was mixed every day (for 7 to 15 days) in
order to maintain the temperature between 35 to 50 ºC
like in the environment. The type of compost was kept at
5 ºC until used for analysis of heavy metals as well as
chemical and physical characterization.
2.4 Soil treatments

Sub-samples of 2 kg of soil after being adjusted to
50% WHC were covered with a plastic bag for 2 h to
allow moisture stabilization. The following treatments were
applied to the soils: control soil agriculture (S), soil plus
bokashi (SB), soil plus mine tailings (ST), and the last

treatment plus mine plus bokashi (SBT). The amount of
mine tailings added to soils was 66 g per 500 g soil and
the amount of bokashi was 25g per 500 g of soil dry basis
(15% bokashi). The amount of tailings was applied to give
510 mg Pb kg-1 soil, and 1162 mg Zn kg-1. In a previous
experiment, the main tailings were used to give the double
of Pb concentration, but Brassica juncea did not grow.
Seeds of Brassica juncea were germinated for 5 days
in small pots with only soil, and then planted in plastic
pots with 500 g mixed soils. The treatment was triplicate
and randomly arranged under greenhouse conditions. Four
seedlings per pot after germination were selected during the
experimental period; water was added along the experiment, when it was needed.
Two extra treatments with mine tailings and mine
tailings plus bokashi was added 5 mmol EDTA kg-1 (ST
EDTA and SBT EDTA, respectively) one week before
harvesting Brassica juncea. After 6 weeks growing Brassica juncea, the plants were harvested, rinsed with distilled water, the shoot (stem plus leaves) were separated
from the roots, and they were dried at room temperature
for 2 weeks. The concentration of Pb and Zn was analysed in shoot and root after being ground and digested
with HNO3 in microwave.
Sub-samples of 20g of soils (dry basis) were placed
in 110-ml glass bottles, which were subsequently put into
1-L jars containing 10 ml H2O and a vessel with 20 ml
1M NaOH solution. The jars were sealed with air-tight
plastic lids and incubated at 25 °C for 0 and 30 days.
After the incubation, the vessel with 20 ml of 1M NaOH
solution was removed, resealed and stored until analysis
of CO2. At the same intervals, the soil was removed for
analysis of NO3- by shaking for 30 min with 100 ml 0.5 M
K2SO4 solution and filtering through Whatman No 42
paper. The resulting extracts were stored at – 20 °C until
analysis.
2.5 Soil microbial activities and nitrification

Sub-samples of 20 g of soils were placed in 110-ml
glass bottles, which were subsequently put into 1-L jars

TABLE 1 - Chemical characterization of mine tailings from Vetagrande Zacatecas, Mx, bokashi and soils from Dolores Hidalgo, Guanajuato, Mx.

Parameter
Moisture (%)
WHC (%)
pH
Org. C (g kg-1)
Total N (g kg-1)
Total P (µg g-1 s)
CEC (cmol kg-1)
EC µs cm-1
C/N
NH4-N (µg ml-1)
Sand (g kg-1)
Silt (g kg-1)
Clay (g kg-1)
Bulk density (g ml-1)

Tailings
1.14
−
6.61 ± 0.03
0.65 ± 0.047
0.17 ± 0.025
3.91 ± 0.411
0
2121.47 ± 27.83
−
−
−
−
−
−

Bokashi
38.88
−
8.38 ± 0.27
21.32 ± 0.31
1.91 ± 0.25
108.78 ± 3.08
45.31 ± 0.31
4.47 ± 0.084
11.17
47.66
−
−
−
0.50 ± 0.028
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Soil
10.3
60.8
7.06
0.60
0.8
0.88
34.07
125.22
−
−
614
222
164
−
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containing 10 ml H2O and a vessel with 20 ml 1M NaOH
solution. The jars were sealed with air-tight plastic lids
and incubated at 25 °C for 0 and 30 days. After the incubation, the vessel with 20 ml of 1M NaOH solution was
removed, resealed and stored until analysis of CO2. At the
same intervals, the soil was removed for analysis of NO3-,
NH4+ and NO2- by shaking for 30 min with 100 ml 0.5 M
K2SO4 solution and filtering through Whatman No 42 paper. The extractants were stored at – 20 °C until analysis.
Soil dehydrogenase activity was measured using a
modification of the method of Casida [5]. The CO2 trapped
in 1M NaOH solution was measured titrimetrically with a
standard HCl solution. The concentration of NO3--N and
NO2--N in the extracts was determined by colorimetric
method [6], and NH4+-N by indophenol’s blue [7].
2.6 Samples chemical analysis

Soil pH was measured in 1:2.5 soil-H2O suspension
using a glass electrode. Total organic C in soil and tailing
was measured by dichromate digestion [8], total N by
Kjeldahl digestion [9], and total hydrolysable and orthophosphate phosphorus by stannous chloride method after
sulphuric acid-nitric acid digestion [6]. Cation exchange
capacity was measured by AA after extraction with ammonium acetate (pH 7), agitation for 16 h and filtration
with Whatman 40 [10]. The ratio absorption of Na (RAS)
was calculated as follows:
SAR =

[Na ]
1
([Ca ] + [Mg ])
2
+

2+

2+

and the % of Na interchangeable (ESP) as follows:

ESP = 100 ∗

[Na ]
+

CEC

Lead and Zn soluble and exchangeable were extracted
with water or ammonium acetate (1:5 ratios), respectively,
after agitation for 16 h and filtration with Whatman 40, and
measured by AA. Particle-size was analyzed by the hydrometer method [11].
Total metal concentrations in mine tailing were determined by AAS analysis after digestion [12] using HNO3
[13]. Total Zn, Cr, Cu, Pb, Cd and Ni were measured in a
FAAS instrument (Avanta M System 300, GF 3000 S/N
10288). Arsenic and mercury concentrations in the mine
tailings were measured by hydride generator.
Sequential extraction was utilized for partitioning Pb
and Zn in soil and mine tailings and/or bokashi amended
soils into six operationally defined fractions, exchangeable (I), bound to carbonates (II), bound to Mn oxides (III),
bound to Fe oxides (IV), bound to organic matter (V), and
residues (VI) according to the procedure described by
Tessier et al. [14]. After 30 days of incubation, the level
of Pb and Zn in the six fractions (I to VI) was AASanalysed as described above. The % of mobility (% MF)
of Zn or Pb was calculated as follows:

%MF = Sum Fractions (I+II+III)*100/Sum Fractions
(I+II+III+IV+V+VI).
All measurements are the means of triplicate determinations of three separate jars, and are given on an ovendry basis (105 °C, 24 hrs). All the statistical analyses were
performed using a statistical analysis package SAS version 9.0 [15]. Correlations were calculated between the
different variables. In order to obtain additional information about the relationships, behaviour and source of contamination, a factor analysis was carried out, using Varimax normalized rotation [16].
3 RESULTS AND DISCUSSION
3.1 Characteristics of soil, bokashi and mine tailings

The levels of organic C and N in the soil and mine
tailings were low, but the total P was higher in the mine
tailings than the soil (Table 1).
The values reported by [17] to classify compost suggest the following: the organic C content of 21.32% observed in the present study corresponds to compost type
B, while the CE value of 4.47 ds m-1 and the C/N ratio of
11.17 (10 to 25) corresponds to compost type A. Additionally, the pH was between 6 and 7.5. The moisture
content was between 20 and 50%, and the CEC was higher
than 40 cmol kg-1 [17]. The content of soluble ammonium
was lower than the value of 300 mg L-1 (Table 1) suggested
by CONAMA [17]. All these parameters indicate that
bokashi meets the requirements of mature compost.
The bulk density was between the ranges (0.4 to 0.9 g
ml-1) reported by CONAMA [17]. The toxicity was determined based on lettuce seed germination, and found to be
greater than 90% of the germination rate of the control
sample (data not shown) [13].
3.2 Heavy metals in bokashi, mine tailings and soil

The Pb in bokashi was 2.5 times higher, while the Cd
and Zn were 1.28 times higher than the upper limit of heavy
metals for compost [17]. The contents of Cu, Ni, and Cr
were lower than the upper limit of heavy metals for compost
[17] (Table 2). The value of Ca in bokashi was 0.17-fold
that of the typical range of compost (1 to 4%) [19].
The concentrations of heavy metals in the mine tailings were as follows: Pb, 3.2; Zn, 2.2; Cd, 1.8; Cu and Hg
were 0.2 and 98.5 fold greater than the EU upper limit for
sewage sludge used in agriculture [18]. All the concentrations of heavy metals in soils were lower than the EU
upper limit for soils [18].
3.3 Heavy metals accumulation in Brassica juncea

The concentrations of Cd, Cu, Fe, Hg and Sb in the
roots were higher than in the shoots, except for plants in
the S, SB and SBT treatments (Fig. 1). The concentrations
of all of these metals in the roots of Brassica juncea grown
in soil treated with EDTA were significantly higher than
those of the controls (S and SB). There was no significant
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TABLE 2 - Total heavy metals content in mine tailings, bokashi and soil.

Heavy Metals

Tailing

Bokashi
(µg g-1 s)
250.46 ± 6.40
179.45 ± 26.17
2.57 ± 0.45
31.28 ± 6.66

Soil

EU upper limit SS

CONAM upper limit comp EU upper limit Soil

Pb
3836.74 ± 73.18
2
1200
100
300
Zn
8745.98 ± 1940.3
33
4000
200
300
Cd
73.58 ± 1.81
0.2
40
2
3
Cu
329.01 ± 5.01
9.5
1750
100
140
Ni
0
0.61
400
20
75
Cr
76.41 ± 9.88
17.73 ± 2.70
9.04
ND
120
ND
As
305.37 ± 17.78
−
ND
15
ND
Hg
2462.80 ± 225.53 −
−
25
ND
1.5
Mn
−
269.95 ± 24.07
−
Fe
−
11701.15 ± 1160
−
Ca
138935 ± 14110
1721.64 ± 313
2.47
Na
5207.72 ± 595
−
9.71
Mg
102917.6 ± 8234
K
126.2 ± 11.93
EU SS, upper limit for sewage sludge used in agriculture; CONAM com upper limit for compost; ND, not given; - no determined; the content of Na,
Ca ,Mg and K in mine tailings are interchangeable.

FIGURE 1 - Cd, Cu, Fe, Hg, As and Sb accumulation in shoots and roots of Brassica juncea in soils amended with mine tailings, bokashi and
EDTA.
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difference in the amount of Cd, Cu and Fe accumulated in
the roots of plants subjected to STB and STB EDTA. The
amounts of Cd, Fe and Hg accumulated in the roots were
lower in the ST EDTA group than the ST group.
The concentration of As was higher in the shoots than
in the roots in the ST, STE and SBTE treatments. Moreover, the bokashi treatments with or without EDTA led to
a decrease in the concentration of As in the roots when
compared to ST and STE. These results are in agreement
with those of Garg and Singla [20] who reported that the
highest As concentration was always recorded in old
leaves and roots, but that a low content of As was associated with a higher accumulation in leaves than in roots.
According to these authors, the uptake of As by radish
depends on the As form and follows the order As org >>
As5+ > As3+. These findings suggest that the form of As
changes with the addition of bokashi and EDTA (Fig. 1).
The concentration of Sb increased with the addition of
bokashi in the treatments with or without EDTA (Fig. 1).
Sb is considered to be a nonessential metal and is known
to be easily taken up by plants if present in soluble
forms. There are no reports of plant toxicity caused by
Sb [21].
According to the literature, the typical behaviour of
an accumulator species such as Brassica is that there is
higher accumulation of heavy metals in the leaves [22],
which is opposite to the results of the present study.
Herein, the concentrations of heavy metals were determined in the shoots (stem plus leaves). Due to the strong
affinity of EDTA for Pb, the Pb-EDTA complex should
be the predominant metal EDTA complex present in most
soils between pH 5.2 and 7.7, depending on the specific
lead forms present in the soil [23]. Accordingly, Pb may
also play a role in destabilizing the physiological barrier
to soluble movement in roots as shown by Vassil et al. [24].
These findings suggest that the physico-chemical concentration of the mine tailings might influence the translocation of heavy metals from the roots to the shoots in Brassica juncea. Our results also suggest that high salt or Na
concentrations in the soil treatments (Table 5) affect the
translocation of heavy metals to shoots. This suggestion is
according to reports that show that salt acts antagonistically, thus when plants grow in media with a high Pb
concentration and high salt concentration, the amount of
Pb accumulated by Brassica juncea decreases [25].
-1

We used EDTA at a concentration of 5 mmol kg .
Previous studies have suggested that 10 mmol EDTA kg-1
is the limit of the synthetic chelator to increase the accumulation of heavy metals in Brassica rapa [26]. However,
the application of such chelators also induces plant stress
owing to the associated higher metal uptake [27].
It has been reported that Brassica juncea behaves as
an accumulator for Zn and Pb; therefore, the analysis of
Pb and Zn concentrations was considered in another section to compare the accumulation during plant growth in
soils treated with or without bokashi or EDTA.

3.4 Lead and zinc in Brassica juncea

As shown in Fig. 2, more Pb and Zn accumulated in
the roots of Brassica juncea than in the shoots. Pb in the
roots was only absorbed to a limited extent (from 295 to
360 µg Pb g-1 root), which may indicate avoidance rather
than tolerance. Conversely, the Pb accumulated in roots
showed little translocation to shoots (from 4.6 to 6.4%)
(Table 3) [28]. However, the addition of the chelating agent
EDTA had a great impact on the translocation of Pb to the
shoot in the STE treatment (47%) but less to STBE (61%)
amended with 5 mmoles EDTA kg-1 (Table 3) [29]. Statistical results based on Duncan’s multiple comparison test
confirmed that the mean difference between all different
treatment groups were significant (P≥0.05) (data not shown).
A similar pattern was observed for the Zn concentration in roots, which was higher than in shoots (Fig. 2).
However, there were higher values of Zn translocation
from the roots to the shoots in the ST and STB plus EDTA
groups (79 and 81%, respectively) than in the treatments
without EDTA (50 to 55%) (Table 3).
Conversely, the percentage of Pb accumulated in the
shoots was higher than that accumulated in the roots (Table 3). Thus, the highest accumulation of Pb was observed
in the shoots of Brassica juncea grown on treated soils with
mine tailings and mine tailings plus bokashi (92.74% and
89.71%, respectively). The lowest values of Pb accumulation were observed in the roots of soils treated with bokashi plus tailings and bokashi plus EDTA (18.13% and
-7.84%, respectively). However, bokashi added alone had
a significant effect on the accumulation of Pb in the
shoots (41.58%) (Table 3).
The concentration of Zn accumulation was higher in
the roots than the shoots (Fig. 1). Similarly, the percentage of Zn accumulated in the shoots was lower than that
of lead. Specifically, the addition of bokashi or mine tailings plus bokashi resulted in an average of 29.65% Zn
accumulation in the shoots. In soils treated with mine tailings or mine tailings plus bokashi with the addition of EDTA
results in 38.0 and 37.96% accumulation in shoots, respectively. The accumulation of Zn in the roots was lowest in
soil amended with EDTA and treated with tailings or tailings plus bokashi (0.57 and 11.10%, respectively).
3.5 Soil microbial activities

The addition of bokashi alone to soils resulted in increased C and N- mineralization and dehydrogenase activity when compared to soils with or without mine tailings or
EDTA (Table 4). The highest % inhibition of evolved CO2C was observed in soil treated with tailings alone, and this
was reduced to 26% when bokashi was added (Table 4).
Similarly, the inhibition of CO2-C evolved was reduced
when EDTA was added to treatments with tailings with or
without bokashi. However, there was an increase in dehydrogenase activity in soils treated with EDTA plus bokashi and mine tailings. Similar increases were observed with
N-mineralization in soil treatments with EDTA plus tailings and bokashi (Table 4).
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FIGURE 2 - Lead and zinc accumulation in shoots and roots of Brassica juncea.

TABLE 3 - Effects of bokashi (B) and EDTA on the accumulation and translocation of Pb and Zn in Brassica juncea.

Pb

Treatment

Accumulation (%)
Shoot

Accumulation (%)
Root

Treatment

Translocation
(%)

ST
ST EDTA
ST
STB

41.58
17.13
92.74
89.70

18.13
-7.84
25.57
1.96

ST
STB
ST EDTA
STB EDTA

4.6
6.4
47.0
61.0

23.15
31.30
0.57
11.10

ST
STB
ST EDTA
STB EDTA

50
55
79
81

Effect
B
B
EDTA
EDTA
Zn
Effect

B
ST
29.65
B
ST EDTA
29.57
EDTA
ST
38.04
EDTA
STB
37.96
S, soil; T, mine tailings; B, bokashi; Translocation is from root to shoot

TABLE 4 - Soil microbial activities in soils amended with or without bokashi, mine tailings and EDTA.

Treatment

CO2-C evolved
µg CO2-C g-1 s

S
779.63 ± 170.63
SB
1641.88 ± 47.58
ST
147.41 ± 25.90
SBT
1216.11 ± 200.1
ST EDTA
447.62 ± 80.44
SBT EDTA
1040.70 ± 85.19
S, soil; B, bokashi; T, mine tailings.

% Inhibition

81.1
26.0
42.6
36.6

Dehydrogenase activity
µg TPF g-1 s 24 hr-1
48.97 ± 3.86
90.14 ± 12.3
40.28 ± 2.57
83.33 ± 13.08
34.72 ± 8.56
117.16 ± 14.52
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% Inhibition

17.8
7.6
29.1
-29.9

N- mineralization
µg N-min g-1 s
21.00 ± 0.79
192.32 ± 4.19
19.54 ± 2.64
172.73 ± 13.38
23.19 ± 3.75
589.20 ± 93.37

% inhibition

6.9
10.2
-10.5
-241.4
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Elevated levels of Pb in soil have been found to adversely affect C mineralization [30], nitrogen mineralization, nitrification [31], and the activities of soil enzymes
[30]. The addition of compost provides additional exchange
sites in the soil for the sorption and sequestering of heavy
metals, thereby affording protection against the toxicity of
Pb towards the microbiota [32].
Vassil et al. [24] showed that the addition of EDTA to
soils provides greater concentration of dissolved organic
carbon when compared to control. The addition of bokashi
can provide low molecular weight organic matter, which
can be rapidly mineralized by microorganisms, whereas
synthetic chelates are barely degraded (e.g. Table 4). For
example, Lombi et al. [33] found metal-EDTA complexes
in soil pore water five months after the application of
EDTA. These results are likely related to the different
biodegradation rates of the amendments and explain the
non inhibition of dehydrogenase activity and N-mineralization in treatments in which EDTA was added to the soils.
3.6 CEC and lead and zinc solubility and extractability

Table 5 shows the values of exchangeable cations as
a percentage. The values of Na, Mg, Ca and K ranged
from 10.4 to 21.7%, 10.1 to 20.9%, 45 to 78% and 0.62 to
3.68%, respectively (Table 5). The percentages of Mg in
treatments with bokashi were greater than 10 to 20%, Ca
values were between the range of 70 to 80%, and K values were lower than the data recommended (2 to 5%)
[34]. However, the percentage of Na in all treatments was
higher than those reported (2 to 4%) by Robson and Abbot [34]. Soils subjected to the SB, SBT and SB EDTA
treatments exhibited high values of Mg (Table 5). Soil
treatments with high Na and Mg levels showed greater
dispersion than soils with high Na and Ca levels [35].
The values of SAR increased when bokashi was added
to soils treated with mine tailings (65%) or mine tailings
plus EDTA (77%). Similar increases in SAR values were
observed in soils amended with EDTA and treated with
mine tailings (60%) or mine tailings plus bokashi (71%)
(Table 5). The values of ESP were higher than those reported in the literature (15%) (Table 5) [34]. The values
of EC in all soils treated with bokashi, mine tailings, and
EDTA were higher than 4 dsm-1. Thus, the high values of

CE and ESP indicate that the mixed soils were salinesodic soils.
The soluble and extractable Pb and Zn increased significantly in the EDTA-treated soils (from 120 to 188-fold
for soluble Pb, 94 to 97-fold for extractable Pb, 1.6 to
18.4-fold for soluble Zn, and 6.3 to 12.3 times for extractable Zn) (Table 5). These results show that EDTA had a
higher affinity for Pb than Zn [27]. The increases in the %
mobility factor of Pb (calculated from the Pb fractionation
data) were also observed in the EDTA amendment treatments. However, the values of % MF of Zn in the EDTA
amendments were similar to those of soils that were not
treated with EDTA.
3.7 Lead and zinc fraction in soil

The speciation patterns in Pb and Zn bound to exchangeable, carbonate, metal oxide bound (Fe and Mn)
and organic fractions, as well as their residual forms were
determined, and their sums normalized to 100% for soil
amended with mine tailings, bokashi and EDTA (Fig. 3).
The distribution patterns of Pb and Zn in the treated
soils were as follows:
3.7.1 Lead

Without EDTA: carbonates >Fe oxides >exchangeable >residuals >organic > Mn oxides.
With EDTA: exchangeable >carbonates >Fe oxides
>residuals >organic >Mn oxides.
Lead was primarily in the carbonate and reducible
fraction. The addition of EDTA caused lead to shift to the
exchangeable fraction, where it was likely to be affected
by sorption-desorption processes.
3.7.2 Zinc

Without EDTA: Fe oxides >carbonates > exchangeable >Mn oxides > residual >organic.
With EDTA: Fe oxides >carbonates>exchangeable
>Mn oxides >organic >residual.
Zn was primarily found in the reducible fraction (IV),
which is thermodynamically unstable under anoxic conditions, and carbonates (II), which is susceptible to pH
changes.

TABLE 5 - Cation exchange capacity, Pb and Zn solubility and exchangeable fraction in soils amended with and without bokashi, mine
tailings and EDTA.

Treatment
S
SB
ST
SBT
STEDTA
SBTEDTA
Treatment
ST
SBT
STEDTA
SBTEDTA

Na

Mg

Ca
%
10.35 ± 0.11 10.86 ± 0.27
78.02 ± 4.15
18.23 ± 0.18 26.47 ± 0.59
53.46 ± 1.35
12.08 ± 0.28 13.34 ± 0.86
73.80 ± 2.73
20.70 ± 0.95 30.58 ± 1.29
45.04 ± 0.08
17.87 ± 0.59 10.11 ± 0.49
71.42 ± 2.20
21.71 ± 0.34 20.85 ± 0.47
55.30 ± 1.09
Pb sol.
Pb ex.
MF Pb
µg g-1 soil
%
0
5.68 ± 0.21
64.15 ± 1.17
0.85 ± 0.10 2.45 ± 0.05
46 ± 1.80
120.7 ± 28.86 229.9 ± 33.93 75.7 ± 0.56
160.2 ± 6.09 238.3 ± 2.19
77.68 ± 1.70

K

SAR

0.77 ± 0.01
2.73 ± 0.17
0.27 ± 0.02
0.89 ± 0.13
0.25 ± 0.03
0.93 ± 0.07
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ESP
%
1.33 ± 0.08
10.42 ± 1.19
2.47 ± 0.05
18.34 ±0.68
0.78 ± 0.08
12.10 ± 0.63
3.68 ± 0.48
20.69 ± 4.14
0.62 ± 0.26
17.77 ± 1.88
2.15 ± 0.12
21.62 ± 1.00
Zn sol.
Zn ex.
µg g-1 soil
10.8 ± 1.71
29.31 ± 5.8
66.1 ± 12.02
27.65 ± 3.7
108.4 ± 24.02
183.2 ± 11
199.2 ± 28.06
339.2 ± 28

EC
dS m-1
3.16 ± 0.12
10.41 ± 1.04
4.72 ± 0.10
9.70 ± 0.35
10.22 ± 1.10
5.50 ± 0.11
MF Zn
%
47.91 ±2.86
54.51 ±1.75
51.18 ±0.64
54.05 ±0.00

pH
7.66 ± 0.16
7.40 ± 0.23
7.55 ± 0.07
7.52 ± 0.04
7.29 ± 0.07
7.77 ± 0.01
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FIGURE 3 - Lead and zinc in fractions in soils amended with mine tailings, bokashi and EDTA
(T, tailings ; B , bokashi; EDTA, etilendiamenetetraacetic acid).

The effects of organic matter from bokashi on Zn
fractionation in the soil is known to be pH-dependent
[36]. The pH of the treatment groups in the present study
did not differ significantly (Table 5). This could explain
why there were no changes in Zn bound to Fe-oxides
(Fig. 3). However, the effects of bokashi on Pb were different (Fig. 3). Specifically, Pb bound to the exchangeable
fraction did not increase significantly when compared to
soils treated with tailings alone. Thus, Pb has a greater affinity for organic matter and inorganic soil colloids increasing
the sorption in oxides and precipitation as hydroxides and
oxides, such as in fraction bound to Fe-oxides [37].
The % Zn mobility factor was higher in soil treated
with mine tailings plus EDTA with or without bokashi
(Table 5). The mobility of Pb decreased to 28% when the
bokashi was added to soil treated with mine tailings.

In contrast, all of the values of the mobility factor of
Zn were lower than those of Pb (Table 5). Thus, the values of the mobility factor of Zn in soils treated with bokashi plus tailings, tailings plus EDTA or tailings plus EDTA
and bokashi were quite similar. The addition of bokashi to
soil amended with mine tailings resulted in only a 12%
increase in Zn.
At high pH, chemisorptions on oxides and aluminosilicates reduced the solubility of Zn. The addition of
bokashi at high pH results in Zn becoming bioavailable
due to the solubility of its organic and mineral colloids
[38]. However, a large amount of Zn in all the treatments
was preferably bound to iron oxides. These results are in
agreement with the observations of Oygard et al. [39], who
also used the Tessier method. Because of the fact that the
high pH conditions keep the Zn forms as Fe-hydroxides
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preventing Zn speciation into free ionic form. Therefore, the
exchangeable form, which is the highly mobile form, did
not increase (Fig. 3), nor did the % MF (Table 5) [40, 41].
3.8 Factor analysis

Factor analysis (FA) was conducted by evaluating the
principal components and retaining only eigenvalues >1
(Kaiser’s criterion). This technique allows an important
reduction in the number of variables, and structures the
associations between different variables [42]. FA creates
new variables (factors), and the number of factors is considerably lower than the number of variables. For this
study, factor loadings smaller than 0.486 were eliminated.

FA for Pb (Table 6) was described by three factors.
Factor 1 was primarily associated with concentrations of
Na content either SAR or ESP, negatively with fractions
II, III and V. Thus, Na exerts dispersion or rupture of the
structure of soils (together with high Mg content, see
above) and Pb was not bound to these potential available
fractions. However, the liberation of organic matter allowed
increasing microbial activities, such as CO2-C evolution
and dehydrogenase activity. The reason for Pb accumulation in roots might have been the toxic effects of high concentrations of Na [25].
Factor 2 associates CEC with Pb soluble and exchangeable and Pb bound to exchangeable (fraction I), and thus

TABLE 6 - Factor-rotated matrix* for data corresponding to Pb.

Factor 1
Factor 2
Factor 3
SAR
0.85
PSI
0.97
EC
0.86
OC
0.79
-0.59
F II
-0.90
FIII
-0.86
FV
-0.97
Pb root
0.80
CO2
0.93
DH
0.60
-0.72
CEC
0.95
FI
0.96
MF
0.97
Pbsol
0.92
Pbexch
0.94
Pb shoot
0.89
pH
0.96
FVI
0.78
MIN
-0.73
Factor % of variance
5.547
6.351
4.097
* Factor loadings smaller than 0.563 have been removed; OC, organic carbon; F, fraction; DH, dehydrogenase activity; sol, soluble; exch, exchangeable; Min, N-mineralization.
TABLE 7 - Factor-rotated matrix* for data corresponding to Zn.

Factor 1
Factor 2
Factor 3
SAR
0.75
0.62
PSI
0.94
EC
0.94
OC
0.89
FI
0.84
F II
-0.82
FIII
-0.65
FIV
-0.57
Zn root
0.96
CO2
0.97
DH
0.68
-0.65
MIN
0.59
-0.68
CEC
0.84
MF
0.62
0.60
Zn sol
0.78
Zn exch
0.92
Zn shoot
0.87
FV
0.89
pH
0.91
FVI
0.86
Factor % of variance
8.816
5.534
4.538
* Factor loadings smaller than 0.561 have been removed; OC, organic carbon; F, fraction; DH, dehydrogenase activity; sol, soluble; exch, exchangeable; Min, N-mineralization
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TABLE 8 - Factor-rotated matrix* for data physico-chemical, heavy metals in roots, shoots and microbial activities.

Factor 1
Factor 2
Factor 3
SAR
0.66
0.69
PSI
0.85
pH
-0.55
0.59
EC
0.96
OC
0.96
Pb root
0.86
Zn root
0.94
Hg root
0.73
As root
-0.86
As shoot
-0.95
Cd root
0.89
Cu root
0.93
Fe root
0.88
Hg root
0.73
-0.50
0.95
CO2
DH
0.66
Min
0.66
0.67
Sb root
0.64
0.67
CEC
0.86
Pb sol
0.99
Pb exch
0.93
Zn sol
0.86
Zn exch
0.99
Pb shoot
0.94
Zn shoot
0.86
Cd shoot
-0.65
Sb shoot
0.50
0.82
Cu shoot
Fe shoot
0.88
Factor % variance
12.604
9.602
2.830
Factor loadings smaller than 0.486 have been removed; OC, organic carbon; DH, dehydrogenase activity; sol, soluble; exch, exchangeable; Min, Nmineralization

to Pb root [27]. CEC is one of the soil characteristics related to the mobility of heavy metals.
Factor 3 associates pH with fraction VI. The pH influenced the increase of CO3 in the soil and led to increased retention of Pb in organic matter and binding to
the residual fraction. High concentrations of salt and high
pH may be toxic to microorganisms and, therefore, decrease the mineralization, dehydrogenase activity and organic carbon content [43, 44]. Indeed, it has been reported
that an increase in pH leads to deprotonation of the acid
functional groups, and a subsequent increase in the solubility of organics and stabilization of metal-organic complexes [45]. The pH is responsible for the complexation of
Pb (fraction VI), the negative correlation to organic carbon,
and the low accumulation of Pb in Brassica shoots [46].
Similar results were obtained upon FA for Zn (Table 7).
However, in Factor 1, Na concentration was associated
negatively with fractions I and IV. Additionally, in Factor 2,
associates CEC with fraction V and in Factor 3, pH associates with Zn bound to residual fraction. Taken together,
these findings indicate that soils with high pH and high
carbonates may form large aggregates, resulting in the
sequestration of Zn and Pb bound to residues [44].
FA of the heavy metals in roots, shoots and microbial
activities (Table 8) revealed three Factors. Factor 1 associates Na with the accumulation of all metals in the root,
except for As, which was negatively associated with the
roots and shoots. Factor 2 associates CEC with the con-

centration of several metals accumulated in the shoots
(except Cd, which was negatively associated). Factor 3
associates pH with Sb and Fe in the shoots, and was negatively associated with Hg in the roots. The solubility of
metal ions was influenced by soil pH and CEC.
4 CONCLUSION
Brassica juncea demonstrated the ability to survive
and tolerate several heavy metals simultaneously, in the
presence of high levels of Na and Mg. Most heavy metals
from tailings measured in this study accumulated in the
roots, and there was very low translocation to the shoots.
The results suggest that high levels of Na might prevent the
translocation of heavy metals, such as Pb and Zn, which are
the main metals extracted by Brassica juncea. Understanding the effects of severe multiple contaminations, the presence of high concentrations of salts, the speciation of heavy
metals and the role of bokashi will allow improvement of a
phytostabilisation program designed specifically to minimize the environmental and health risks in Vetagrande.
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ABSTRACT
The photocatalytic degradation characteristics of sulfadiazine by immobilized TiO2 catalyst prepared on a glassfiber (GF) net by the dip-coating sol-gel process was investigated. Results indicated that the TiO2 film was effective
for sulfadiazine removal. Decrease in the concentration of
sulfadiazine with TiO2/GF under UV irradiation was due
mostly to the photocatalytic process, and the degradation of
sulfadiazine followed first-order kinetics under the studied
conditions. Initial sulfadiazine concentration and initial
pH had effects on degradation efficiency of sulfadiazine.
The pseudo-first-order rate constants decreased with increasing initial sulfadiazine concentration, and the photocatalytic degradation rates with different pH value were
controlled by the existing forms of sulfadiazine in the solution. The fates of sulfur and nitrogen elements as well as
total organic carbon (TOC) were examined, and LC/MS
analysis was carried out to identify intermediates. Two degradation pathways of hydroxylation addition to the parent
pharmaceutical and the cleavage of S-N bond from the
sulfaniline attacked by photo holes was proposed for the
photocatalytic degradation of sulfadiazine, on the basis of
products detected by LC/MS analysis.
KEYWORDS:
Sulfadiazine, photodegradation, immobilized TiO2, glass fiber

prescribed in aquiculture and live stocks [7, 8]. It is reported
that about 50% SD are excreted as parent compound and
about 30% as acetyl conjugate from applied sulfadiazine
to animals [9]. Once sulfadiazine is released to the environment, it may enter the food chain and impact human
health [7, 10].
TiO2 photocatalysis has been emerging as an attractive treatment method for degradation of pharmaceuticals
and other environmental toxic organic pollutants in water
[11-14]. Although, in recent years, there are already a few
researches reporting on the photocatalytic degradation
possibility of SD, these works are still not sufficient to fully
understand the transformation kinetics and mechanism of
SD in water [15, 16]. Furthermore, these reactions have
usually been carried out using suspensions of powdered
TiO2, and the separation of TiO2 particles will limit the
application of TiO2 photocatalysis. Therefore, attention
should be paid to the photodegradation of SD by TiO2
supported on carriers.
Qiu et al [17, 18] have optimized the preparation of
TiO2 on a glass-fiber (GF) net by sol-gel method. This
paper aimed at examining the effectiveness of TiO2/GF
for removing SD in aqueous solutions. The photocatalytic
degradation kinetics of SD were investigated at different
initial concentrations and initial pH values. The intermediates formed in the photocatalytic oxidation of SD were
identified through LC/MS analysis, and the degradation
pathways were proposed.

1 INTRODUCTION
Antibiotic chemicals are one of the largest groups of
pharmaceutical compounds used in human and veterinary
medicine [1]. It is estimated that approximately 70% of the
consumed amount of antibiotics is excreted unchanged into
the environment [2]. Their occurrence in aquatic systems
has become a concern as biological impacts and potential
risks to the environment, as well as to human health [3-6].
Sulfadiazine [4-amino-N-(2-pyrimidinyl) benzene sulfonamide, SD], one of sulfonamide antibiotics, is widely
* Corresponding author

2 MATERIALS AND METHODS
2.1 Materials and chemicals

Sulfadiazine from Sigma Company was used as received (≥99% purity). Deionized water was obtained from
a Millipore Milli-Q System (Water, Millipore). Methanol
(HPLC grade) was purchased from Sigma. Titanium (IV)
tetrabutoxide, Ti[O(CH2)3CH3]4, 99%, and all the other
chemicals were of analytical grade and used as received.
Commercial fiberglass net (with hole dimension of 1.5 ×
1.5 mm) was purchased from Shaanxi Huatek Fiberglass
Material Group Co., Ltd.
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2.2 Preparation of immobilized TiO2

The glass-fiber coated by TiO2 was prepared by the
dip-coating sol-gel method [17]. At first, a homogeneous and transparent solution was prepared by mixing
ethanol, titanium (IV) tetrabutoxide, HNO3 (1+4) and water
(720:80:2.5:8, v/v). Before the thermal treatment, the glassfibre was dipped into the colloidal solution for 10 min.
The glass-fibre was withdrawn from the solution at 1 cm/
min, dried for 3 h at ambient temperature, and then calcinated with the temperature raised gradually with 2 ºC/min
from ambient temperature to 500 ºC at which it was kept
for 1 h. The temperature was then decreased to room
temperature. The above process was repeated three times,
and the immobilized TiO2 was of anatase phase.
2.3 Photoreaction

The photoreactor consisted of a cylindrical glass body
with cooling water inlet, outlet port and sampling port. An
85-W black light lamp with a maximum light intensity
output at 365 nm (Cnlight Co. Ltd, China) surrounded by
glass thimble was located in the center of the reactor.
Light with wavelength below 290 nm was filtrated out by
this borosilicate glass thimble. The two layers of TiO2
photocatalyst supported on glass-fiber net with sol-gel
method were fixed into the photoreactor.
In experiments, 2.5 L SD solutions of different initial
concentration prepared by deionized water were added
into the photoreactor and stirred magnetically. The photoreactor was cooled by tap water, and the temperature of
the solutions was kept at 23±2 ºC. Samples were taken at
given time intervals. After the sample solutions were
filtered by a 0.45-µm Millipore filter membrane, the samples were subjected to analysis. Solution pH was adjusted
using diluted HCl and NaOH solutions.

QQQ MS, with a ZORBAX Eclipse XDS-C18 column,
4.6 x 250 mm x 5 µm), with a 10 µl solution injected to
the column. Mobile phase was a mixture of 30 % methanol and 70% acetic acid (1% by volume) with a flow-rate
of 0.6 ml/min. The ESI-MS analysis was performed in the
positive mode and full scan acquisition between m/z 100
and 600, with a spray voltage of 4.5 kV and an ion-transfer
capillary temperature of 200 ºC. Nitrogen was used as
sheath gas at a flow-rate of 20 arbitrary units.
3 RESULTS AND DISCUSSION
3.1 Evaluation of the photocatalytic activity

In order to evaluate the actual photocatalytic effectiveness of TiO2/GF, the role of adsorption and the effect
of direct photolysis on the removal of SD were examined.
Fig. 1 shows the conversion of SD at different conditions.
After 120-min adsorption with TiO2/GF catalyst,
about 2% removal of SD was found. And during 120 min
of irradiation without TiO2/GF catalyst, only 4% removal
in the SD solution was observed. When the catalyst was
illuminated by UV light, the removal rate of SD concentration was much higher than that without UV radiation.
Irradiation of aqueous SD with an initial concentration of
10 mg/L and an initial pH of 7.0 for 120 min resulted in
degradation of 73%. Thus, photolysis and adsorption by
catalysts have little effects on SD removal under the experimental conditions, which indicates that the removal of
SD with TiO2/GF under UV irradiation is due mostly to
the photocatalytic process.

1.0

2.4 Analytical methods

0.8
C/C0

The concentration of SD was measured by HPLC
(Agilent 1100) coupled with a XDB-C18 reversed phase
column (250 mm × 4.5 mm, 5 µm, Agilent, USA) at 35 ºC.
The mobile phase was methanol-phosphoric acid of 0.01 M
(70/30, v/v) with a flow-rate of 0.8 ml/min. Detection was
performed with a vw detector (wavelength of 264 nm).
The TOC of the reaction solutions were also measured by
a TOC analyzer (Shimadzu 2200). The pH of the solution
was measured using a HANNA phep (Model H198107)
digital pH meter.
A Dionex instrument equipped with a conductivity
meter was used to analyze the concentration of produced
anions and cations. The determination of ammonium ions
was performed by adopting a column CS12A and 25 mM
H2SO4 as eluent, with a flow-rate of 1 ml/min. The nitrate
and sulphate anions were analyzed by using an AS9HC
anionic column. The mixture of NaHCO3 (4.5 mM) and
K2CO3 (0.8 mM) was used as eluent with a flow-rate of
1 ml/min.
The compounds of SD and degradation products were
analyzed using LC-MS (Agilent 1290 Infinity LC/6460

adsorption
photolysis
photocatalysis

0.6
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FIGURE 1 - Degradation of SD at different conditions (initial SD
concentration: 10 mg/L, pH=7.0).
3.2 Effect of the initial concentration

The photocatalytic degradation kinetics of SD with
TiO2/GF was investigated, and the results are shown in
Fig. 2. The heterogeneous photolysis kinetics can be described with the Langmuir-Hinshelwood model:
kKc
dc
(1)
−
=
dt 1 + Kc
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When the concentration is very low (i.e. Kc «1), Eq. (1)
becomes a pseudo-first-order kinetic law:

−

dc
= k1c
dt

(2)

where, k1 is the pseudo-first-order rate constant. The
photocatalytic degradation kinetics of SD was simulated
and the fitting results (Table 1) showed that SD degradation could be described using the first-order model.
1.2

2
-Ln(C/C0)

1.0

C/C0

0.8
0.6

1

0
0

50

100
150
Time (min)

200

0.4
5mg/L
10mg/L
15mg/L
20mg/L

0.2
0.0

0

50

amphoteric nature, with a point of zero charge between
5.6 and 6.4 [21]. So the initial pH value can change the
existing forms of SD in water, and significantly influence
the photocatalytic degradation rates. Fig. 3 demonstrates
the relationship between the rate constants of SD solution
with the initial pH values` range of 3.0-10.0 and the initial
concentration of 10 mg/L.
The rate constant increased from 0.005 min-1 at pH
3.0 to 0.007 min-1 at pH 5.0, 0.012 min-1 at pH 7.0, and
then decreased to 0.010 min-1 at pH 10.0. Low rate constants in a low initial pH range are due to that fact that SD
is prone to be protonated at low pH. Especially, pH value
decreases further with the mineralization of SD, thus the
electrostatic repulsion between the protonated SD and the
positively charged TiO2 surface below the zero point
(nearly pH value 6.0) greatly retards their adsorption, and
subsequently results in the low photocatalytic degradation
rate. With further increase of the pH value, SD loses a
proton and exists in anionic forms. Negative SD molecules cannot be easily adsorbed onto the surface of TiO2
with the same negative charges.
0.014

100

150

200

250

0.012
-1

FIGURE 2 - Effect of initial concentrations on the photocatalytic
degradation of SD with pH value 7.0

Rate constant (min )

Time (min)

TABLE 1 - Pseudo-first-order rate constant at different initial
concentration.

Initial SD concentration
(mg/L)
5
10
15
20

k1 (min-1)
0.013
0.012
0.011
0.009

R2
0.99
0.99
0.99
0.99

0.010
0.008
0.006
0.004

It can be seen that the rate constants decrease with
the increase of initial concentration, from 0.013 min-1 at
5 mg/L to 0.009 min-1 at 20 mg/L. With 120 min illumination, nearly 80% SD with an initial concentration of
5 mg/L can be photocatalytically degraded, whereas at an
initial concentration of 20 mg/L, only less than 61% of
SD was destroyed. Lower rate constants at higher initial
concentration may be attributed to the fact that the more
substrates can occupy more TiO2 active sites, which subsequently suppress generation of the oxidants. Furthermore, the higher SD concentrations absorb more photons,
so the shortage of photons to activate TiO2 inhibited the
degradation of SD at a higher initial concentration [19].
3.3 Effect of the initial pH value

Sulfadiazine is a zwitterionic compound, generally
existing as three different ionic forms, mainly depending
on the pH value of the solution. pKa1 and pKa2 of the
pharmaceutics are 1.57 and 6.5, respectively [20], indicating that SD has a cationic format at pH <1.57, and an
anionic form at pH >6.5. On the other hand, TiO2 has

4

6

8

10

pH value
FIGURE 3 - Effect of pH values on the photocatalytic degradation
rate constants of SD with initial concentration of 10 mg/L.
3.4 The preliminary reaction mechanism of sulfadiazine

The detection of the sulfate, nitrate and ammonium
ions was carried out, to explain different reaction pathways
for the sequence of SD degradation. Fig. 4 depicts the disappearances of SD as a function of the photocatalytic
degradation time, together with evolution of degraded
products, such as NH4+ and SO42-. After 180 min irradiation, 80.5 % of SD was degraded, while 61.4 % of sulfur
atoms was converted into SO42-. This indicates that the
cracking of the S-N bond from sulfa pharmaceuticals with
the probable formation of aniline on one side and cracking of a structure RNH2 on the other side was the main
initial degradation pathway [19]. Furthermore, the decontamination of nitrogen atom was also found as an important pathway. 12.2 % nitrogen was released as NH4+ in the
solution after 180-min irradiation.
However, ammonia ion is the predominant species of
inorganic nitrogen released from degradation of SD, and
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no evidences were found of the presence of NO2- or NO3-.
According to the structure of SD, the release of the molecular nitrogen might be carried out in the following manners: (1) cleavage of the molecule giving rise to the opening of the pyrimidine-type ring; (2) conversion of the nitrogen contained in the pyrimidine-type aromatic ring; and (3)
conversion of the nitrogen present in the aniline-type aromatic ring. It is reported that secondary, tertiary and quaternary nitrogen are photo-converted predominantly to
ammonia [14], and the nitrogen-containing organic molecules that possess a primary amine at the terminal position
yield predominantly NH4+ [22]. In the case of SD, there
are two nitrogen moieties susceptible to originate NH4+.
From the above-mentioned results, we can infer that some
of the atoms of nitrogen contained in the pyrimidine-type
ring may remain in a molecular form which appeared to
be unsusceptible to decompose.
The inefficiency in terms of formation of either SO42and NH4+ of the photocatalytic process with TiO2 supported on glass-fiber indicates that other sulfur and nitrogen-containing organic compounds were present in the
solution, and there were many intermediates generated
from the parent molecules containing these atoms.
To further verify this proposed finding, TOC values
during the photocatalytic degradation were also tested,
and the decrease profile is shown in Fig. 4. It can be seen
that, after 180-min irradiation, SD can be mineralized into
CO2 with a TOC decrease efficiency of 56.3%. Therefore,
SD can be partly photocatalytically decontaminated into
harmless inorganic compounds via the production of a
series of degraded intermediates.

1.0

C/C0,TOC/TOC0,S/S0,N/N0
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HPLC/MS was used to separate and identify the produced intermediates during the photocatalytic degradation. The structural assignments of the detected intermediates were based on both the analysis of the molecular
ions peaks and their corresponding fragmentation pattern.
The molecular structure of SD had a molecular weight
[M+H+] = 251. Two intermediates were identified, whose
molecular weights [M+H+] were 267 and 187 in ES(+).
The intermediates with m/z of 267, corresponding to the
addition of 16 mass units to the parent compound, can be
attributed to monohydroxylated intermediate. The peak
holding m/z of 187 can be assigned to N-pyrimidine-2-yl-
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benzene-1,4-diamine, which was produced by losing
sulfaniline.
By comparison of the intermediates produced during
the photocatalytic degradation and consideration of the
predominant contribution of •OH radicals and photoholes,
two main common initial photocatalytic degradation pathways for SD were proposed as illustrated in Fig. 5. The
hydroxylation addition was considered as one of initial
degradation routes. It is because the monohydroxylated
intermediate with m/z of 267 was identified for SD. Although corresponding moiety of 4-aminobenzene sulfonic
acid and the intermediate of RNH2 produced by the cracking of S-N bond were not detected, the cracking of S-N
bond attacked by h+ with the breaking of the molecule and
the release of sulphur atoms as sulphate ions was also found
as another important degradation route. The intermediate
with m/z of 187 can be assumed to the recombination
of -NH-R moiety and phenylamine moiety.
4 CONCLUSION
The photocatlaytic degradation characteristics of sulfadiazine by TiO2 supported on a glass-fiber net by the dipcoating sol-gel method was investigated. Removal of sulfadiazine with TiO2/GF under UV irradiation was mostly
attributed to the photocatalytic process. The degradation of
SD under UV illumination followed a pseudo-first-order
kinetics. Initial SD concentration and pH affected degradation efficiency of SD. The first-order rate constant decreased with increasing initial SD concentration. The
photocatalytic degradation rates at different pH values were
controlled by the existing forms of SD in the solution. SD
can be partly photocatalytically decontaminated into harmless inorganic compounds. Hydroxylation addition to parent molecule and the cleavage of S-N bonds from sulfaniline attacked by photo holes are proposed as two predominant pathways for the photocatalytic degradation of SD.
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ABSTRACT
Iron (Fe) is essential for the normal physiological
functions as an integrated part of many protein and enzyme systems in various human tissues. Fe nutrition is
one of great importance for adequate development, and its
deficiency is among the most frequent nutritional deficiency disorders resulting in developmental delay, impaired
behavior, diminished intellectual performance, reduced
work capacity and decreased resistance to infection. This
study was conducted among 60 healthy female high school
students aged 16 to 20 in the Pendik District of IstanbulTurkey in order to examine the Fe contents of their hair.
The measurements of Fe assessments were done by using
atomic absorption spectrometer (Varian AA200 model).
The personal data of students including age, location, general state of health, dietary habits, possible use of pharmaceuticals, tobacco, alcohol, coffee, etc. were considered and
only hair samples of healthy female students were used as
experimental materials. The mean value of Fe in female
students’ hair was assessed as 27.03 ±1.58 mg/kg. Fe
levels of samples were found to be similar or slightly
higher than the results of many other investigations around
the world. Additionally, Fe values of soil samples from
seven different stations were also measured in the Pendik
District and no relation between soil and hair Fe levels
was found.
KEYWORDS:
Trace elements, Iron, AAS, Istanbul, Pendik, Turkey

1. INTRODUCTION
There are many different trace elements that directly
or indirectly participate and play vital roles in biochemical processes in human body. Inadequacy or imbalance of
* Corresponding author

trace element supply consequently affects a number of
physiological functions [1]. In addition to being important
parts of oxidative-reduction enzymes, trace elements also
have roles in transport proteins, cofactors and the body’s
detoxification and defense mechanisms [1-3]. They exist
in very low concentrations in the body (consisting of 0.01 %
of the total body weight) and play important roles in health
and disease conditions in these minor concentrations [2,
4].
Trace elements can be divided into three main groups:
those that are essential for human health (e.g. chromium,
copper, iodine, iron, manganese, molybdenum and selenium), beneficial but not currently thought to be essential
(e.g. boron, fluorine, lithium and vanadium) and nonessential and primarily associated with toxic effects (e.g.
aluminum, cadmium, lead and mercury) [5].
Iron is the second most common metal in the Earth’s
crust after aluminum, and the fourth most abundant element in the Earth as a whole, following oxygen, silicon,
and aluminum. Iron is known as the most essential trace
element for all known forms of life [3, 6, 7]. In humans,
the daily intake of iron for a healthy adult is only about 1 mg
while menstruating adult women about 1.5 mg [8]. The absorption of iron from ingested food occurs in the proximal
small intestine and transported to the liver, where it is
stored [8, 9]. It is taken from the liver for biosynthesis of
various functional forms as heme and iron-sulfur (Fe4-S4)
cluster proteins. During these processes, it is shunted between its divalent ferrous (Fe2+) and trivalent ferric (Fe3+)
forms [9-11]. The factors effecting iron uptake in the intestine are; pH of intestinal contents, chemical form of iron,
presence of reducing agents, presence of food components
capable of forming complexes with iron such as inhibitors
(calcium, phosphates, phytates and tannins) and facilitators (meat, fish, poultry, ascorbic and other carboxylic
acids) [12].
In humans, most of the iron is bounded in hemoglobin and myoglobin and the transportation of oxygen from
the lungs by way of the blood stream to the tissues occurs
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through interactions with those two components [1]. Iron
deficiency is one of the most common disorders of iron
metabolism resulting from some factors such as inadequate
diet, abnormal absorption, increased iron demand, or chronic
blood loss [3] leading to reduced physical work capacity,
delayed psychomotor development in infants, impaired
cognitive function, impaired immunity and adverse pregnancy outcomes [13, 14].
Although its scarcity will generate some problems,
when taken over a certain dose, iron can be toxic, especially for the children. Iron poisoning is the most common
cause of death in children [15]. Iron poisoning has been
primarily associated with young children who have accidentally consumed large quantities of iron supplement pills,
which are easily accessible [16]. A dose of 40 mg Fe/kg is
associated with serious toxicity and doses higher than
100 mg Fe2+/kg can be fatal [17]. Moreover, correlation
between increased body iron concentration and cancer risk
has also been reported by some researchers [3, 18-20].
In this study, hair samples from 60 healthy female
students were used as study materials and Fe amounts in
their hair were determined by using atomic absorption
spectrometer in the Pendik District, Istanbul-Turkey. Fe
values of soil samples, which were taken from seven different stations, were also measured to compare with the
hair values in the Pendik District, hence the heavy metal
contaminants in the environment are eventually deposited
in soil in some form of a low solubility compounds such
as Fe and Mn oxides.

2. MATERIALS AND METHODS
Study area: Pendik District is located on the Anatolian
(Asia) side of Istanbul (40°52′39 N, 29°15′05 E), on the
North coast of Marmara Sea with a total land area 203 km2
(Figure 1) [21]. The population of Pendik is 585,196 according to the last population census [21, 22]. The district has a
rough territory and the land area turns into the hills through
the north side while it is flat at the seacoasts. The climate of
the research area is the typical four-season continental
climate of the northern hemisphere and is mostly affected
by the Mediterranean climate. Most of the study area
consists of brownish forest soil without lime and the remaining parts are alluvial soil, and brownish soil without
lime. There is a big dam and three brooks in the district
[21, 23, 24]. Today, Pendik is one of the most important
industrial areas of Istanbul and it is projected to become a
major urban and industrial area in the future [21, 23].
Analytic techniques: Hair samples from 60 healthy
female high school students (aged 16 to 20) were collected from the Pendik District Istanbul-Turkey. Each
subject filled in a form to provide personal data such as
age, location, general state of health, diet habits, possible
use of pharmaceuticals, alcohol, coffee, tobacco, etc. Hair
samples of approximately 1 g were taken from the occipital region of the head, using a stainless steel scissors, and
stored in polyethylene bags. Dry and clean hair samples
were preferred, while gelled, sprayed or dyed ones were
not collected. Hair samples were then placed in 100 ml

FIGURE 1 - The study area (The Pendik District) and the stations (1-7) that soil samples were collected.
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beakers, washed with acetone + hexane mixture (1:1 v/v)
for a period of 12 hours and then rinsed with distilled
water. After being washed, the samples were dried at
70°C for 16 hours followed by cooling to room temperature and finally reweighed on an analytical balance. Soil
samples (about 500 g) were collected from a depth of
about 10 cm with a stainless steel shovel. The samples were
dried and then fed through a 2-mm sieve. After drying,
approximately 0.5 g of hair strand from each sample and
soil were weighed and transferred into polytetrafluoroethylene (PTFE) vessels (HP-500) and then 6 ml of 65 %
(v/v) HNO3 and 1 ml of 30 % (v/v) H2O2 (Merck) were
added. Samples were mineralized in a microwave oven
(CEM MARS5) as follows: 5 min at 1200 W maximum
power, 115°C and 15 min. stand by. After cooling, the
samples were filtered by Whatman filters and made up to
50ml with double distilled water in volumetric flasks and
then stored in clean self-sealing plastic bags in silica gel.
Fe measurements of hair and soil samples were done by
atomic absorption spectrometry (AAS), using Varian
AA200 model. Results were expressed in parts per million (mg/kg). Mean ± standard errors of mean values of
Fe in both groups of hair were calculated for each group.
The statistical analyses of the results were calculated in
SPSS. The statistical values (Table 1) and histogram
(Figure 2) are given in results and discussion section.
Additionally, soil Fe values in the Pendik District Istanbul-Turkey are given in Table 2.
3. RESULTS AND DISCUSSION
In this study, hair samples from healthy female students were preferred as experimental materials and the
average Fe value was measured as 27.03 ±1.58 mg/kg and
the range was 11.10-70.11 mg/kg (Table 1). Our results
showed a broad agreement with those previous studies
realized with healthy subjects or their healthy control
groups [25-29].
TABLE 1 - The statistical data of hair Fe levels.
Fe Hair
N
Mean
Std. Error of Mean
Std. Deviation
Variance
Range
Minimum
Maximum
Percentiles

Valid

10
20
25
30
40
50
60
70
75
80
90

60
27.03
1.58
12.20
148.85
59.01
11.10
70.11
17.09
18.67
19.81
20.51
21.95
23.20
25.10
28.09
30.95
33.97
41.43

Histogram
Frequency
20

15

10

5

0
20.00

40.00
60.00
Fe-hair mg/kg

80.00

FIGURE 2 - The histogram of hair Fe levels of 60 female students
living in the Pendik District Istanbul-Turkey.

Previous studies reported that Fe values of hair varied
in healthy individuals and there could be some causal
factors for this situation. In a study, average value for iron
in hair was measured as 15.3 µg/g, and ranging from 5.9
to 82.1 µg/g [25]. In a similar study, amount of Fe in hair
ranged from 31.0 to 34.0 µg/g [26]. Deeming and Weber
(1978) and DeAntonio et al. (1982) found that average
levels of Fe in hair were 76.0 and 37.0 µg/g ranging from
65.0 to 87.0 and 22.0 to 77.0 µg/g, respectively [27, 28].
However, an early research indicated that hair washed
with shampoo usually contained more iron than hair
washed with soap [30]. In another study, hair Fe values of
healthy volunteer women aged from 9 months to 38 years
were measured in Saudi Arabia and it was found that hair
Fe levels increased with age [31]. Chojnacka et al. (2005)
reported variation between hair Fe levels of volunteers
from Brazil, Poland and Sweden shows that different
races and areas have different hair iron values [32]. Lately, Celik et al. [33] determined levels of different heavy
metals, including Fe in hair samples of volunteers living
or working in three different parts (industrial, city center
and countryside) of Manisa city, Turkey. They found that
the differences were meaningful and significant, when Fe
values of industrial region were compared with the other
areas (Anova). Their average values were 49.83, 24.39
and 18.17 µg/g respectively and their results in inner city
(24.39) showed similarity to our average results (27.03).
Another study realized in Taiwan indicated that age, and
different body mass in female healthy students affect hair
Fe values [1]. The above results and our results showed
that many factors, such as age, sex, smoking habit, hair
color and hair treatment affect hair Fe values in healthy
people. Although healthy students were chosen in our
study, a few of the values were lower than the previously
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mentioned values. In Turkey, high school girls are generally on a diet and actually, these diets is not based on
scientific grounds. In this type of diet, girls do not do any
exercise, and only eat small amounts of food during the
day, and they assume that they are not really on a diet, but
only eating less. This unbalanced nutrition habits could be
the result of slightly lower Fe values in some of our samples.
Blood, urine, hair and nail samples are the most preferable tissues as biomonitors. While blood and urine reflect recent exposure and can be used for correlation with
acute effects, hair and nail samples can be useful in assessing variations in exposure to metal over a long-term
period [23, 31, 34-36].
There are many studies using human hair and blood
for Fe detection in many disorders and diseases. These
studies showed either elevated or diminished hair Fe levels
in relation to the type of disease or disorders in patients,
compared with control (healthy) groups. Decreased iron
concentration in hair of patients with Blackfoot disease
was reported by Wang et al. (1994) [37]. Slightly lower
Fe values were measured in chronic inflammatory bowel
disease patients than in healthy control groups by Bisse et
al. (1996) [3]. Another study indicated that the values for
Fe in the hair of Parkinson disease patients were significantly lower than controls and 61-70 year age groups
[29]. In breast cancer patients, especially hair iron levels
were significantly reduced and this situation was associated
with hair calcium and manganese levels [38]. Additionally,
Afridi et al. [39] measured higher values of chromium,
nickel, cadmium and lead in the scalp hair samples from
subjects with skin disease as compared to normal subjects
from the same age groups. These samples also showed a
lower value of essential trace elements such as zinc, iron
and copper as compared to healthy subjects like another
study showed that fibromyalgia patients have lower levels
of calcium, magnesium, iron, copper and manganese in
their hair samples [40]. In our study, healthy students were
selected and their Fe values were measured higher than the
values mentioned in the above studies.

trict. Pendik is an intensively active district with air, railway, road and sea transportations. This intensity brought
commercial, industrial and residential growth in the area.
However, agricultural activities in the region are almost
negligible. There is no agricultural activity close to the stations where soil samples were taken. Samples were collected from localities close to the city center and densely
populated areas. Reportedly, our subjects generally do not
consume fruits and vegetables grown in the Pendik district. In this study, both hair and soil Fe values were within normal limits in the Pendik District and no relation
between soil and hair Fe levels was found.
According to the results of our study and the previous
studies, hair is found to be a good biomonitor for Fe and
can especially be used for diagnostic purposes, as an
indicator of body status in humans as well as for detecting
certain diseases. In addition, higher or lower Fe levels in
human hair could reflect primarily dietary habits, age,
smoking habits and environmental status (food, air, water,
soil).
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TABLE 2 - Stations and soil Fe values (mg/kg) in the Pendik District
Istanbul-Turkey.
Station
Number
1
2
3
4
5
6
7

Station Type

Rural
Urban Roadside
Urban
Urban
Urban
Motorway (D-100) Near Navy Yard
Urban Park

Soil Fe value
(mg/kg)
4071.23
1812.87
1418.13
1444.63
4178.38
2442.35
2861.72

In our study, we measured the Fe levels in soil of seven
stations in addition to hair Fe concentrations. As stated by
Kabata-Pendias and Mukherjee [4], common range of Fe
contents in soil is between 0.1 and 10 %. As seen in Table 2,
soil Fe values are within normal limits in the Pendik Dis-
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the competition between microorganisms. Thus, the process was needed to improve.

ABSTRACT
Eutrophication is becoming more serious because of
the excessive emissions of nitrogen and phosphorus. Therefore, removal efficiency of nitrogen and phosphorus should
be raised when the removal of organic matter should have
good effects for decentralized domestic wastewater. IBBR
was used to treat domestic wastewater and the removal
efficiencies of CODCr, TP, and TN were investigated by
changing some operating parameters. The results indicated
that CODCr removal of IBBR was better. When IBBR
operated stably, effluent CODCr was below 50 mg/L. With
the SEM, abundant microorganisms could be observed on
Biofilm in the biological reaction units. Due to the role of
biological nitrogen and phosphorus removal, when the
reflux ratio of nitrification liquid was increased from 100 to
400%, the removal efficiency of TN was increased from
below 26 to 50%, and the removal efficiency of TP was
increased from below 20 to 50%. After aluminum sulfate
was added into the chemically enhanced unit, effluent TP
was below 0.5 mg/L. Therefore, the popularization and
application prospects of IBBR were good in China’s rural
areas and other developing countries. It would gain certain environmental benefits.
KEYWORDS: Domestic wastewater; Integrated Biofilm Baffle
Reactor (IBBR); efficiency; nitrogen and phosphorus removal

Currently, the technologies to treat decentralized wastewater were mainly anaerobic treatment [4-6] and land treatment system [7-9]. However, anaerobic treatment has the
defect of poor removal of N and P, and land treatment
system has the defect of occupying larger areas. Based on
the technology of Johkasou [10] to treat decentralized wastewater in Japan, A2/O process and other studies [11, 12],
Integrated Biofilm Baffle Reactor (IBBR) was used herein.
Combining biological and chemical methods to remove N
and P, it cannot only solve the conflicts of biological
removal of N and P, but also overcome the inconvenience
of centralized treatment. IBBR has its peculiar advantages.
It does not depend on a complex infrastructure, and its
operation and management are convenient. This integrated
wastewater treatment system can also be applied to decentralized domestic wastewater treatment of different terrain
and scale. The treated wastewater can be reused easily.
In view of this, the actual domestic wastewater was
used to study. During the operating stability of IBBR, the
measures of increasing the liquid reflux ratio and adding
to chemically enhanced phosphorus removal were taken. The
removal efficiencies of chemical oxygen demand (CODCr),
total nitrogen (TN) and total phosphorus (TP) were investigated.
2 MATERIALS AND METHODS

1 INTRODUCTION
For a long time, A2/O (anaerobic/anoxic/aerobic) was
the mainstream process for biological removal of nitrogen
and phosphorus. On the base of A2/O, it had been borne
of some continuous flow processes including Bardenpho
(anaerobic/aerobic/anaerobic/aerobic) process [1], UCT
(anaerobic /anoxic/aerobic) process [2], and MUCT (anaerobic/anoxic/anoxic/aerobic) process [3]. A2/O had been
widely applied in large-scale wastewater treatment plants.
But A2/O could not achieve the better effect simultaneously
in removal of N and P by the reason of the defect itself, and
* Corresponding author

2.1 Experimental wastewater

The experimental wastewater was obtained from the
domestic wastewater of Southwest University of Science
and Technology. The characteristics of the domestic wastewater are shown in Table 1. The domestic wastewater does
not include industrial wastewater, but mainly including
the drainage water of students, staff and the surrounding
towns.
2.2 Experimental equipment

A self-made integrated reactor was used in this experiment. Equipment of IBBR is shown in Fig. 1. The size
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TABLE 1 - The characteristics of experimental wastewater.

In flu e n t

A n o x ic
u n it

Parameter

CODCr(mg/L)

TN (mg/L)

TP (mg/L)

NH3-N (mg/L)

Range

109.0~442.4

30.7~70.4

3.03~7.18

25.2~45.8

A n ae
-ro b ic
u n it

A ero b ic
u n it

S ed im e n ta tio n
u n it
E fflu e n t

FIGURE 1 - Equipment of IBBR.

of the reactor was 1.33 m × 0.5 m × 1 m. The total effective volume of the reactor was 0.5 m3. The volume ratio
of anoxic unit, anaerobic unit, aerobic unit and sedimentation unit was 2:1:2:2. Combination fillers were suspended
in the anoxic unit, anaerobic unit and aerobic unit, respectively. There were aeration equipments at the bottom of
the aerobic unit. The nitrification liquid reflux was from
the upper of aerobic unit to the front of anoxic unit. The
reflux ratio of nitrification liquid (R) was different, according to the actual operation conditions.
2.3 Operational conditions

IBBR was used to treat domestic wastewater. The startup lasted 32 days. When hydraulic retention time (HRT)
was 12 h, effluent CODCr was below 50 mg/L. Although the
reactor was of alternating environment (anaerobic and aerobic), the removal efficiency of TP was 20~30%, but that of
TN was only 10~20%. After start-up, there was a thicker
black biofilm on the fillers in the anoxic unit and anaerobic unit, and there was a thicker brown biofilm on the
fillers in the aerobic unit.
Nitrification liquid reflux
Influent

Anoxic

Anaerobic

Aerobic

Sedimentation

Effluent

Sludge reflux

a) Unimproved process of IBBR
Nitrification liquid reflux
Influent

Anoxic

Anaerobic

Aerobic

Enhanced phosphorus removal

Effluent

b) Improved process of IBBR
FIGURE 2 - The processes of IBBR.

After start-up, suspended activated sludge of anoxic,
anaerobic and aerobic units was discharged from the IBBR.

pH
6.79~7.46

Reflux of sludge was canceled. At that moment, biofilm of
IBBR played the important role in removal of organic matter and nitrogen. And on the base of beaker experiments and
research of IBBR start-up, chemically enhanced phosphorus
removal was added after the aerobic unit. Al2(SO4)3 was
used as flocculant. The dosage of Al2(SO4)3 was 90 mg/L.
The processes are shown in Fig. 2.
The operation mode of a continuous flow was used in
the experiment. After start-up of IBBR, the reflux ratio of
nitrification liquid was changed, and enhanced phosphorus
removal of Al2(SO4)3 was added. The removal of CODCr,
TP and TN was investigated in the IBBR.
2.4 Analytical Items and methods

Chemical oxygen demand, total nitrogen, total phosphorus and nitrate nitrogen were determined according to
Standard Methods for the Examination of Water and Wastewater [13].
3 RESULTS AND DISCUSSION
3.1 Removal efficiency of CODCr in IBBR

During the operating stability of IBBR, influent
CODCr, effluent CODCr of IBBR and removal efficiencies
of CODCr are shown in Fig. 3.
As shown in Fig. 3, from day 1 to day 33, the reflux
ratio of nitrification liquid was 100%. It was the same as
the start-up. During this period, influent CODCr of IBBR
was 117.7 mg/L-442.4 mg/L. Effluent CODCr was below
50 mg/L, except for day 18 to day 27. From day 18 to day
27, effluent CODCr was higher. This could be because of
two reasons. One was that influent CODCr was higher
than usual. Another was that the biofilm of fillers was
updated. So the quality of effluent was affected. From day
34 to day 53, the reflux ratio of nitrification liquid was
400%. Influent CODCr of IBBR was 109.0-295.3 mg/L.
During this period, effluent CODCr was below 50 mg/L.
The removal efficiency of CODCr was up to 91%. From
day 54 to day 66, enhanced phosphorus removal of
Al2(SO4)3 was added after the biological treatment. When
influent CODCr was 256.2-315.1 mg/L, effluent CODCr
maintained at below 50 mg/L. During this period, influent
CODCr was higher than the beginning of changing the
reflux ratio of nitrification liquid. But effluent CODCr
remained at below 50 mg/L. It indicated that chemically
enhanced phosphorus removal would not increase the
concentration of effluent CODCr. It was consistent with the
conclusion of the beaker experiments that enhanced phosphorus removal of Al2(SO4)3 had a synergistic effect on
CODCr removal.

2650

© by PSP Volume 21 – No 9. 2012

Fresenius Environmental Bulletin

Influent COD
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Removal efficiency

Effluent COD

R=100%

Chemically enhanced
phosphorus removal 100
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0

0
0

5

10

15

20

25

30

35

40

45

50

55

60
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Time(d)
FIGURE 3 - Influent CODCr, effluent CODCr of IBBR and removal efficiencies of CODCr.
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phosphorus removal
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FIGURE 4 - Influent TN, effluent TN of IBBR and removal efficiencies of TN

3.2 Removal efficiency of TN, components of influent TN and
effluent TN

During the operating stability of IBBR, the removal of
TN was quite different, because the reflux ratio of nitrification liquid was different. The removal of TN at the conditions of different reflux ratio of nitrification liquid is shown
in Fig. 4.
As shown in Fig. 4, from day 1 to day 33, the reflux
ratio of nitrification liquid was 100%. It was the same as
the start-up. Influent TN of IBBR was 27.7-51.0 mg/L, and
effluent TN was 22.0-41.7 mg/L. The removal efficiency of
TN was 15.9-25.1%. From day 34 to day 53, the reflux
ratio of nitrification liquid was 400%. Influent TN of IBBR
was 30.7-66.4 mg/L. Effluent TN was 14.2-29.1 mg/L.
The removal efficiency of TN was 43.4-56.6%. When influent TN of IBBR was below 30.7 mg/L, effluent TN of
IBBR was below 15 mg/L. Thus, the reflux ratio of nitrification liquid had a significant impact on TN removal.

From day 54 to day 72, enhanced phosphorus removal of
Al2(SO4)3 was added after the aerobic unit. As shown in
Fig. 4, during this period, influent TN of IBBR was 44.770.4 mg/L. The removal efficiency of TN was 44.3-56.2%.
The removal of TN was little different with removal of
TN without adding Al2(SO4)3. It could be seen clearly that
addition of Al2(SO4)3 had no effect on the removal of TN.
Nitrogen of domestic wastewater mainly existed in the
form of ammonia nitrogen and organic nitrogen. The biological removal mechanism of nitrogen was mainly through
nitrification and denitrification. It is that nitrifying bacteria
in the aerobic unit converted ammonia nitrogen and organic nitrogen to nitrite nitrogen and nitrate nitrogen
through the nitrification process. Then, denitrifying bacteria
in the anoxic unit converted nitrite nitrogen or nitrate nitrogen to N2O, N2 etc, through the denitrification. Finally,
nitrogen was out of the system in the form of gas. When the
reflux ratio of nitrification liquid was 400% and enhanced
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phosphorus removal of Al2(SO4)3 was added, removal of
TN was little changed. Influent and effluent TN which
came from day 65 was selected for correlation analysis due
to the fluctuations of influent TN. At that moment, the concentration of different forms of nitrogen in influent and
effluent are shown in Table 2. The proportion of different
forms of nitrogen in influent and effluent TN are shown in
Figs. 5 and 6.
As shown in Figs. 5 and 6, the content of nitrate nitrogen was only 1% of influent TN. But after aerobic unit,
the content of nitrate nitrogen was increased to 12% of
effluent TN because of the nitrification. The proportion of
ammonia in effluent TN was increased compared with the
proportion of ammonia in influent TN. It might because
some organic nitrogen was changed into ammonia nitrogen by deamination. But ammonia nitrogen had not been

utilized completely by biological nitrification. At the same
time, as shown in Table 2, the contents of effluent TN were
lower than the contents of influent TN. It illustrated that a
part of nitrogen could be removed from the system by
nitrification and denitrification of biological and ammonia
stripping. In addition, small holes could be observed on the
fillers. The biofilm of fillers was also an alternating microenvironment (aerobic and anaerobic). It also had some
contribution to removal of TN.
3.3 Removal efficiency of TP in IBBR

During the operating stability of IBBR, enhanced
phosphorus removal of Al2(SO4)3 was added after the aerobic unit. Removal efficiency of TP had been increased
significantly. Influent TP, effluent TP of IBBR and removal efficiencies of TP are shown in Fig. 7.

TABLE 2 - Contents of different forms of nitrogen in influent and effluent.

TN (mg/L)

NH3-N (mg/L)

NO3-N (mg/L)

others (mg/L)

Influent

45.23

23.43

0.47

21.33

Effluent

25.21

14.84

3.10

7.27

others
29%

others
47%
NH3-N
52%

NH3-N
59%

NO3-N
12%

NO3-N
1%

FIGURE 5 - Component analysis of influent TN.

FIGURE 6 - Component analysis of effluent TN.

Influent TP
Effluent TP after biological treatment
Total removal efficiency
Effluent TP after chemical treatment
R=100%

100
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0
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Removal(%)

8

-40

2

-60

1

-80

0

-100
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10
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50

55

60

Time(d)
FIGURE 7 - Influent TP, effluent TP of IBBR and removal efficiencies of TP.
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As shown in Fig. 7, from day 1 to day 33, the reflux
ratio of nitrification liquid was 100%. It was the same as
the start-up. The concentration of influent TP had some
fluctuation (3.03-7.18 mg/L). But the removal efficiency
of TP was stable in IBBR. It remained at about 18%. Thus,
effluent TP was 2.09-5.84 mg/L. From day 34 to day 53,
the reflux ratio of nitrification liquid was 400%. Influent
TP of IBBR was 3.54-5.05 mg/L. Effluent TP was 1.962.51 mg/L. The removal efficiency of TP remained at 4050%. It was increased obviously compared with the conditions that the reflux ratio of nitrification liquid was
100%. From day 54 to day 69, enhanced phosphorus removal of Al2(SO4)3 was added after aerobic unit. As shown
in Fig. 7, influent TP was 4.06-6.23 mg/L. The removal of
TP in the biological treatment was similar as under conditions from day 34 to day 53. The removal efficiency of TP
was 40-50%. During this period, effluent TP was 2.043.25 mg/L. But after enhanced phosphorus removal of
Al2(SO4)3, effluent TP was below 0.5 mg/L.
3.4 Microorganism and growth of biofilm on the anoxic, anaerobic and aerobic units

During the start-up, the aim inoculated with suspended activated sludge in the biological units was to
speed up the start-up of IBBR. The biofilm of fillers had
been formed in the biological units when IBBR was running. After start-up, there were uniform and dense biofilms on the fillers and inner wall. The biofilm was black
in the anoxic unit and anaerobic unit but brown in the
aerobic unit. The growth of the biofilm was in good conditions. During this period, suspended activated sludge
and biofilm played an important role in removal of pollut-

ants together. But after start-up of IBBR, suspended activated sludge was discharged from the IBBR. At this time,
the biofilm was the major contributor on removal of pollutants. The scanning electron microscopy (SEM) of biofilm
in the biological units is shown in Fig. 8.
As shown in Fig. 8, there was a hollow in the biofilm
of reaction units. There were also many holes. It provided
a favorable place for the microorganisms attached. There
were a large number of Bacillus and rod-shaped bacteria
attaching on the fillers in the anoxic, anaerobic and aerobic units. Abundant microorganisms provided possibly for
the effective treatment of wastewater.
From a macro-point of view, the growth of biofilm was
not the same with different periods in anoxic, anaerobic
and aerobic units. The conditions of growth in the anoxic
unit were similar to that of the anaerobic unit. So the biofilm of anoxic and aerobic units was investigated. The
changes of biofilm in anoxic and aerobic units are shown in
Fig. 9.
As shown in Fig. 9, after start-up of IBBR, biofilm of
fillers had small holes in the anoxic unit. At this time, a
small part of exposed fillers was observed. It was that the
fillers were not wrapped completely by the biofilm. When
IBBR operated two months under stability, biofilm of fillers had more small holes in the anoxic unit. And the fillers
had not been seen. It was that the fillers of IBBR were
wrapped completely by the biofilm. But aeration had a
certain effect of scouring to the biofilm in the aerobic
unit. Thus, the biofilm of anoxic unit was more abundant
than that of the aerobic unit.

a) Biofilm in anoxic unit (5000 times)

b) Biofilm in anaerobic unit (5000 times)

c) Biofilm in aerobic unit (5000 times)

d) Bacillus (5000 times)

FIGURE 8 - SEM of biofilm in reaction units.
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a) Biofilm in anoxic unit after start-up

b) Biofilm in anoxic unit after operating stably 2 months

c) Biofilm in aerobic unit after start-up

d) Biofilm in aerobic unit after operating stably 2 months

FIGURE 9 - Situation of biofilm in anoxic and aerobic units.

4 CONCLUSIONS
IBBR was used to treat domestic wastewater. During
the period of operational stability, influent CODCr was
109.0-442.4 mg/L, the reflux ratio of nitrification liquid was
400%, and effluent CODCr remained at below 50 mg/L. At
this moment, the removal efficiency of CODCr could reach
91%, and the addition of enhanced phosphorus removal
had a synergistic effect on CODCr removal.
When the reflux ratio of nitrification liquid was 100%,
influent TN of IBBR was 27.7-51.0 mg/L, and removal
efficiency of TN was 15.9-25.1%. But when the reflux
ratio of nitrification liquid was 400%, influent TN was
30.7-66.4 mg/L, and removal efficiency of TN maintained
at 43.4-56.6%. The removal of TN was rising compared
with the condition of that the reflux ratio of nitrification
liquid was 100%. Thus, reflux ratio of nitrification liquid
is one of the important factors on removal of TN.
When the reflux ratio of nitrification liquid was 400%,
influent TP was 3.54-5.05 mg/L, and the removal efficiency
of TP remained at 40-50%. But after enhanced phosphorus
removal of Al2(SO4)3 was added, when influent TP was
4.06-6.23 mg/L, effluent TP was below 0.5 mg/L through
the effect of biological and chemical phosphorus removal.
At this moment, removal of TP had increased significantly
compared to the condition of without enhanced phosphorus removal of Al2(SO4)3.

Compared with the A2/O, anaerobic biological treatment, constructed wetland treatment systems and technology of Johkasou, the Integrated Biofilm Baffle Reactor
(IBBR) could overcome the contradiction of SRT in removal nitrogen and phosphorus, and it has better effect on
removal of CODCr, TN and TP. It also does not depend on
a complex infrastructure, and its operation and management are convenient. This integrated wastewater treatment system can also be applied to decentralized domestic
wastewater treatment of different terrain and scale.
The finding of the equipment provides a new choice
for the high standards treatment of decentralized domestic
wastewater. And it will have the application prospects in
developing countries and also bring about certain environmental benefits.
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During the operating stability of IBBR, there were a
large number of Bacillus, rod-shaped bacteria and other
microorganisms attached on the biofilm of the biological
units. Abundant microorganisms provided necessary conditions for the effective treatment of wastewater.
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ABSTRACT
Lake Yeniçağa is situated on the migration route of
birds crossing through the Straits. The area around the lake
is an important peat deposit and a wide variety of vegetation types and bird species are found in its basin. Although it is an ecosystem that has the potential to become
a candidate site for Ramsar designation, conservation status
has not yet been assessed. In recent years, immense pressure due to pollution in Lake Yeniçağa has brought eutrophication problem. Within the scope of this study conducted monthly between March 2008 and February 2009
on Lake Yeniçağa, the variations in water quality and in
trophic status were evaluated by comparing the data obtained during the previous studies. The study included
several water quality parameters (K+, Na+, Mg+2, Ca+2, Cl,
SO4-2, HCO3-, CO3-2, NO3, NO2, NH4, PO4) and chlorophyll a in three sampling stations.
The most notable finding of this study is that the concentration of ammonium in the water column showed a
significant increase compared with the past. Beside there
was an increase in conductivity in the lake compared to
prior periods, it is thought that chlorine may be related to
the increase in conductivity. The TSI index values derived
from the chlorophyll-a results obtained in Lake Yeniçağa
during the study period indicate that the lake is on the
eutrophic level; however, in some months it is prone to
shift from eutrophic to hypereutrophic conditions. An enhancement trend in the eutrophication level was determined. An increase in the amount of ammonia during the
study period and the oxygen depletion in the bottom layers in Lake Yeniçağa support this view.

KEYWORDS: Yeniçağa Lake, water quality, temporal variations,
trophic status, Turkey

1 INTRODUCTION
Wetlands are of great importance for the maintenance
of ecological balance in terms of their characteristics and
* Corresponding author

conservation of biodiversity. Wetlands are included in special protected areas because they provide feeding and nesting sites for water fowls as well as various recreational
activities for the population, they have a special habitat
structure and high biodiversity and form a critical habitat for particular species and groups of species. However,
although these sites provide habitats for plant and animal
species declining in number, they are among the most
threatened regions in the world due to drainage, land reclamation and pollution.
Lake Yeniçağa is situated on the migration route of
birds crossing through the Straits. The area around the
lake is an important peat deposit and a wide variety of
vegetation types and bird species are found in its basin.
Although it is an ecosystem that has the potential to become a candidate site for Ramsar designation, conservation status has not yet been assessed. 183 bird species and
345 plant species have been identified in the lake basin [1,
2]. Peat deposits, varying but not exceeding 15 meters in
depth, are located in the western part of Lake Yeniçağa
[3, 4]. Peat extracted from the deposits is of commercial
importance in the region. Lake Yeniçağa was selected as a
pilot site with the objectives of realizing a sustainable
management strategy for peat lands as carbon stocks of
Turkey as well as setting a model for wetland management
in order to slow down climate change.
Lake Yeniçağa is fed by the Deliler stream from the
east and the Kuzuviran stream from the west (Figure 1).
Furthermore, the sewage waste of the County of Yeniçağa
is discharged directly into the lake through a canal located
south-east of the lake. The wastes of the residential units,
small-scale industrial enterprises, slaughterhouses and
chicken and mushroom farms located in the surroundings
are discharged into the lake through the streams. Due to a
constant increase in pollution, a sewage treatment plant
which administers primary treatment for the waste dumps
coming from the sewage system of the district of Yeniçağa,
after which it discharges waste water into the lake, was
built by İller Bankası in 1989. However, for various reasons the treatment process is not running efficiently.
Fishing activities in Lake Yeniçağa are carried out using simple nets within the scope of Yeniçağa Cooperative
Fisheries. Some of the fish species caught in the lake which
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has regional economic value include Cyprinus carpio, Leuciscus cephalus, Tinca tinca and Carassius carassius [5].
With the increase of eutrophication, the contamination pressure caused by the sewage and pollution reaching
the lake from the residential areas through the streams has
shown its effect especially in the last 15-20 year period.
The limnological research on Lake Yeniçağa until today
has shown that pollution leads to water quality and food
chain degradation and that the fish populations of economic importance are adversely affected by the eutrophication [6-10].
In this study conducted between March 2008 and
February 2009 on Lake Yeniçağa, basic physico-chemical
properties were monitored on a monthly basis both in the
streams carrying polluting nutrients into the lake and in
the areas where the sewage waste is discharged into the
lake. A retroactive analysis was carried out to assess the
variations in water quality and trophic status.
2 MATERIAL AND METHODS
2.1 Study Area

Yeniçağa Lake is located at 976 m above sea level in the
Western Black Sea region in Turkey (40º 47´ N, 32º 02´ E).
The lake basin occurs in a depression of 7x2.5 km size
formed after tectonic activities during the early Quaternary and the lake is located on the North Anatolian Fault
Zone [11]. Since its formation, it appears that the lake surface area has been reduced about threefold to its present
size. Today Yeniçağa Lake is shallow, endorheik and eutrophic lake with a maximum depth 5.2 m [7, 8]. However,
an artificial channel was constructed on the Aşağıdere and
operated between 1965 and 1990 in order to control overflowing from the lake (Figure 1). This artificial channel
has been closed completely due to excessive decrease of
the lake water since 1990.

fiber filters was carried out to measure chlorophyll-a. The
pigment extraction was performed with methanol method
[12].
Results were compare to previous studies developed
in similar sampling stations between 1997-1999 [7, 8, 13].
3 RESULTS AND DISCUSSION
Yeniçağa is a shallow freshwater lake with an average surface area of 1800 ha. The residential units of the
district of Yeniçağa are located north of the lake which is
surrounded by agricultural lands as well as a peat deposit
to the west. The DSI (General Directorate of State Hydraulic Works) diverted the freshwater of Lake Yeniçağa
to Mengen creek through Aşağıdere (Çağa stream) in
order to use the drying method as a preventive measure
against mosquitoes and seasonal floods in the 1965s (Figure 1). With this process, the area of the lake shrank significantly and after the year 1990, construction of an
embankment was carried out by the DSI and the lake was
opted out of the drying plan. The two major sources feeding the lake today are Deliler stream from the east and
Kuzuviran stream from the west. In addition, despite the
sewage treatment plant, the sewage waste of the County
of Yeniçağa is discharged directly into the lake, without
efficient treatment, through a canal located south-east of
the lake.

2.2 Sampling and Analyses

The study included monthly monitoring of several water quality parameters in three sampling stations (Figure 1)
from March 2008 to February 2009. Sampling stations are
mainly located in front of creeks (B1-B2) and municipal
waste water outlets (B3). Measurement and analyses were
performed at surface and bottom in the water column due
to polymictic structure of Yeniçağa Lake. YSI 556 MPS
was used to insitu measurements of water temperature, pH,
conductivity, dissolved oxygen.
For the determination of water quality parameters and
pigment analyses, surface and bottom water samples were
taken with HYDROBIOS water sampler and transported
in a portable refrigerator to the laboratory. Chemical parameters (K+, Na+, Mg+2, Ca+2, Cl-, SO4-2, HCO3- and CO3-2)
and inorganic nutrients (NO3, NO2, NH4, PO4) were determined with BİONEX Ion Chromatography. Filtering
appropriate water samples through Whatman GF/C glass

FIGURE 1 - Map of Yeniçağa Lake basin and sampling stations.

In recent years, immense pressure due to pollution in
Lake Yeniçağa caused by the sewage discharge and the
effluents from industrial units joining the stream waters
has brought forth the issues of the decrease in the number
of fish of economic importance caught in the lake and
eutrophication problem [5,7,8]. Within the scope of this
study conducted monthly between March 2008 and February 2009 on Lake Yeniçağa, the variations in water qual-
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Mean Depth (cm)

ity were evaluated by comparing the data obtained during
the previous studies.
As a result of the studies between the months of
March 2008 and February 2009 at three coastal stations

on Lake Yeniçağa, the average depth was measured between 218 and 423 cm (Figure 2A).
In limnological research on Lake Yeniçağa conducted
between 1997 and 1999, the average depth of the stations
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was reported between 248 and 316 cm [13]. Apart from the
findings of the depth obtained from the stations in the
months of March and April, it is possible to claim that
there are not very significant annual variations in terms of
depth. An increase in the water depth of the lake due to the
high concentrations of water discharge into the lake during
the rainy winter and autumn months was determined (see
Figure 2C) while a reduction of water depth at the stations
during the summer months due to the drying of the streams
and increase in the evaporation rate was established.
During the months of study on lake Yeniçağa, the
lowest water temperature was measured in February at
3.87 ºC, while the highest water temperature was measured in August at 24.5 ºC (Fig. 2B). With air temperature
being the most important factor influencing water temperature in lakes located in the Subtropical zone, there are
significant seasonal variations in the water temperature of
these types of lakes [14]. In Lake Yeniçağa located in this
climatic zone, variations in the air temperature caused
seasonal variations in the water temperature (Figure 2B).
Similarly to the previous studies conducted on Lake
Yeniçağa, a temperature stratification was not detected
between the surface and bottom. Saygı and Demirkalp
(2004), stating that Lake Yeniçağa has a homogeneous
structure in terms of temperature, reported a temporary
stratification in the deepest part of the lake in June 1998
[7]. During the stratification, the difference between the
surface and bottom water temperature was measured to be
7.9 ºC. However, in this study, the difference between the
surface and bottom water temperature was found to be between 1.4 and 2 ºC in July. Constant circulation of water
is maintained in the lake due to the fact that it has a small
surface area and a shallow structure, its surroundings are
located on a flat terrain thus it is constantly exposed to
wind and in addition the streams feeding the lake are
located on the same horizontal plane. Yeniçağa is a polymictic lake, therefore its waters can constantly mix from
top to bottom and this characteristic prevents the development of thermal stratification chemically as well as
physically.

Contrary to the previous periods, in this study the oxygen concentration between the surface and bottom waters of Lake Yeniçağa is reported to differ significantly
especially in the period between July and October (Figure
2D). The surface-bottom difference in oxygen concentration between the years 1997 and 1999 was detected to be
0.1-2.2 mg/l [7-13], while in this study, it was found to be
0.30-8.87 mg/l, the highest difference being in July. In
addition, in spite of the decrease in the water temperature
of Lake Yeniçağa in correlation with the decrease in the
air temperature in October and November, the decrease in
the surface oxygen concentration is thought to be associated with increasing eutrophication. The Chlorophyll-a
concentration in the lake between the months of October
and November were found to be between 13 and 85 µg/l
and the average concentration of ammonium ranged from
2 to 4.3 mg/l (Fig. 4B, 4D). During the study period on
Lake Yeniçağa, the oxygen values measured in water
generally exceeded the threshold value (5 mg/l) defined
for surface waters by the EU Water Framework Directive
and it is located in the range of the acceptable values (6-8
mg/l) for uncontaminated or less contaminated waters
determined by the Water Pollution Control Regulation
(Turkey). Although the lake is under pressure due to pollution and eutrophication, the fact that it is a shallow lake
located in a zoogeographically high rainfall zone with
climatic conditions in which seasonal drought is not very
severe and water circulation is fast, ensures that the oxygen level is substantially higher than the expected limits,
with the summer season being the exception. With the
summer season, however, oxygen deficiency appears in
the water column. During these months, oxygen levels in
bottom layers remained within the limits that apply to
highly contaminated surface waters [15-16].
In bicarbonate-rich alkaline lakes pH values vary between 6 and 8. The change of the pH value vertically in
the water column is closely related to the biological reaction in the environment [14]. It is known that seasonal
changes in the pH value are observed before and after
phytoplankton peak periods in alkaline waters [17]. Dur-
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ing the study period on Lake Yeniçağa, pH values ranged
from 8.14 to 8.92 (Figure 3). It was established that the
pH values showed fluctuations on a monthly basis as well

as in the previous periods. It was observed that in Lake
Yeniçağa, pH value was lower at the bottom in the summer months as well as during the months (September,
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October) when the inorganic ammonium concentration is
high (Figure 4B). This situation is thought to occur due to
the disintegration of the inorganic materials through oxidation as a result of an increase in the microbial activity
in the sediment together with the increase in temperature.
As a matter of fact, it was established that during the
months when the pH value was low at the bottom, the
oxygen value also fell to minimum (Figure 2D).
In this study, conductivity values were found to range
from 393 to 613 µS/cm indicating that there was an increase in conductivity in the lake compared to prior periods. This increase was determined to be more prominent
in the months of July, August and September (Figure 4A).
It is thought that chlorine may be related to the increase in
conductivity. While chlorine value was found to range
from 18 to 32.3 mg/l in the past [13], it was found to
range from 35 to 70.6 mg/l in this study (Figure 4C). As
was the case in previous periods, it was determined that
during the summer months the increase in conductivity
was due to the increase in the evaporation rate and decrease in precipitation, while during the rainy months it
was due to dilution of water. In this study, the lowest
conductivity value in Lake Yeniçağa was recorded in
March and February. The fieldwork conducted during
these months started after the approximately 30-40 cm
thick layer of ice formed on the surface of the lake in
January. Significant decrease in conductivity values as
well as in anion-cation values were observed as a result of
the melting of the ice layer.
Carbonate and bicarbonate ions in aquatic systems
are among the most important factors that affect phytoplankton productivity. Phytoplankton can use carbonate
or bicarbonate as an inorganic carbon source. Moreover,
phytoplankton productivity is known to positively correlate with carbonate or bicarbonate alkalinity [18, 19]. Nisbet and Vernaux (1970) reported that the primary production was low in aquatic ecosystems in which the bicarbonate value was under 25 mg/l, whereas it was high in
aquatic ecosystems in which the bicarbonate value was
100-250 mg/l [20]. During the study period of March
2008 and February 2009 on Lake Yeniçağa, the bicarbon-

ate value was measured to range from 92 to 253 mg/l,
while the carbonate value from 3 to 36.9 mg/l (Table 1).
While the bicarbonate value was measured to range from
92 to 354 mg/l in a study conducted on the lake between
1997 and 1999, the bicarbonate value was observed to
have decreased significantly during March, July and August, due to the high rates of phytoplankton development,
while the carbonate value (9-27 mg/l) could be detected
only in March and August [7-13]. The detection of large
amounts of bicarbonate in Lake Yeniçağa as found in
previous studies is directly proportionate to the primary
productivity of the system. In addition, during some
months of study (July-August), the decrease in the bicarbonate value may be associated with increased phytoplankton growth. However, the fall of the bicarbonate value to a
minimum in the lake in February is thought to be associated with icing on the surface layer. In some cases, compounds such as calcium and orthophosphate might be combined with carbonate or bicarbonate and cause precipitation
in aquatic systems. Such precipitation might particularly
occur in systems where icing is observed on the surface
layer [14]. The significant decrease in the concentration of
calcium in Lake Yeniçağa in February may be the result
of the combination of the bicarbonate with calcium after
the icing period.
In the study conducted between the months of March
2008 and February 2009 on Lake Yeniçağa, ammonia was
found to be dominant in nitrogenous compounds. Nitrite,
which is an intermediate compound in the nitrogen cycle,
was detected in the water column during the months when
the phytoplankton growth was at its maximum and oxygen level in the bottom of the lake at its minimum (Table
1 and Figure 2A, 4B). Nitrite values (0.01-0.04 mg/l)
detected in the lake during the study period was approximate to the limit values for contaminated aquatic systems
issued by the Water Pollution Control Regulation (0.01 to
0.05 mg/l). While ammonium was not detected in the water
column in Lake Yeniçağa in August and September, the
highest values were measured in November (Figure 4B).
The detected ammonium values (0.27 to 4.22 mg/l) in
Lake Yeniçağa were found to be well above the maximum

TABLE-1 - Average values and monthly variations of physico-chemical variables
recorded at Yeniçağa Lake between March 2008 and February 2009, * (mg/l).

Mar
Apr
May
June
July
Aug
Oct
Sept
Nov
Dec
Feb

*NO 3
1,91
0,00
0,55
0,22
0,12
0,06
0,23
0,30
0,28
0,85
0,96

*NO 2
0,00
0,00
0,00
0,04
0,01
0,00
0,00
0,03
0,00
0,00
0,00

*PO4
0,34
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00

*SO4 *HCO 3
11,98 188
18,53 165
17,46 206
17,86 251
15,81 194
13,75 169
14,36 198
16,65 253
18,43 254
26,13 224
18,38 92
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*CO3
19,42
34,95
18,09
0,00
13,27
36,97
23,59
0,00
0,00
17,09
3,92

*Mg
11,66
12,29
12,06
12,81
11,61
13,88
16,26
15,98
17,49
18,57
12,19

*Ca
58,16
64,63
63,73
62,32
54,23
59,46
66,00
66,89
68,84
71,71
29,84

*Na
20,49
22,20
23,10
23,22
22,73
24,15
30,44
29,02
27,54
35,58
28,52

*K
2,60
2,65
2,83
3,07
2,51
3,17
4,14
4,02
4,68
4,68
4,87
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tolerable value of ammonium (0.5 mg/l) that could be
found in surface waters defined by the EU Water Framework Directive [15] and within the range of permissible
limits for contaminated surface waters (1-2 mg/l and
above) set by the Water Pollution Control Regulation [16].
It is thought that ammonia is discharged into the system
by the sources feeding Lake Yeniçağa. The entry of water
from the streams feeding the lake is prevented due to the
substantial drying of the streams as a result of reduced
water levels in the summer months. For this reason, during the drought period from June to September, concentration of ammonium was observed only at the third station through which sewage discharge is carried into the
lake. These months also constitute the period when high
phytoplankton growth rate is observed in the lake, thus,
ammonia in the water column might have been depleted
in parallel with the phytoplankton growth in August and
September. Reduction of oxygen in surface waters might
trigger an increase in ammonia [14]. In the study period,
especially during the months when the oxygen in the bottom layer falls to a minimum, while the absence of ammonia in the water column is connected with phytoplankton
growth, a significant increase of ammonia in parallel with
reduction of oxygen and in phytoplankton growth was
determined in October and November. The results of research conducted between 1997 and 1999 on Lake Yeniçağa
indicated that while oxygen in the water column played a
role in the monthly variations in ammonium values, a significant increase of ammonium in the water column was
detected during the months when the oxygen level was
low [13]. The most notable finding of this study is that the
concentration of ammonium in the water column showed
a significant increase compared with the past (Figure 4B).
During the 18-month study period in 1997-1999 on Lake
Yeniçağa, the ammonium value measured ranged from
0.03 to 2 mg/l, whereas, in this study, it ranged from 0.27
to 4.22 mg/l. The significant increase in ammonia in the
water column may be considered an indicator of increasing eutrophication.
During the study period between March 2008 and
February 2009 on Lake Yeniçağa, the orthophosphate in
the water was detected only in March at 0.34 mg/1 (Table 1).
While this was the only month when orthophosphate was
present in the water, iron was not detected in the water
column. In all the months except March, iron was found
in the water column (12-141 µg/l) and orthophosphate was
not detected [21]. Being a eutrophic lake, lack of orthophosphate may be due to its consumption by phytoplankton and/or the deposition of iron-bound phosphorus components in the sediment. It is known that in shallow and
eutrophic systems which maintain rapid water circulation
and good oxygenation, phosphorus compounds are deposited in the sediment [22]. The results of multiple studies
indicate that the Fe: P ratio plays a significant role in the
deposition of phosphorus compounds in the sediment [2325]. In addition, as a general phenomenon, in shallow and
eutrophic lakes in which the sediment accumulates high
amounts of organic material, iron-bound phosphorus com-

ponents are deposited in the sediment and as a result of good
mixture, water becomes saturated with oxygen, in this way,
no release of phosphorus from the sediment occurs [22].
In alkaline freshwaters calcium and magnesium are
the major cations while bicarbonate and sulphate are the
major anions. The distributions of cation and anion compositions in calcium- and bicarbonate-rich waters are
Ca>Mg>Na>K and HCO3>SO4> Cl respectively. However, in the surface waters of basins with magmatic rocks,
the balance of cation shows deviation from the equilibrium above and the pattern of ion composition changes to
Ca>Na>Mg>K. Furthermore, the balance of anion in softwater systems is in the form of Cl>SO4 ≥CO3 [14]. During the study period, among the anions and cations in water
at Lake Yeniçağa, calcium and bicarbonate were found to
be dominant. During the study months on Lake Yeniçağa,
the balance of anion and cation was Ca>Na>Mg>K while
the balance of the anion was HCO3> Cl ≥ SO4> CO3 (Table 1 and Figure 4C). During the months of study, minor
monthly variations but no fluctuations were detected in all
the ions, except for bicarbonate and carbonate (Table 1).
However, the significant reduction of calcium, magnesium and bicarbonate in February is thought to be due to
the interaction followed by the deposition of these ions in
the sediment after the icing observed in the surface layer
in January. The results obtained were consistent with the
results of the studies conducted on the lake between 1997
and 1999 [7-13].
During the study period between March 2008 and
February 2009 on Lake Yeniçağa, the minimum value of
chlorophyll-a measured was 8.84 µg/l while the maximum value was 78.88 µg/l. The concentration of chlorophyll-a was measured 72-86 µg/l in July which was the
largest phytoplankton bloom period, while the average
was 42.78 µg/l (Figure 4D). According to the classification of trophic levels, Yeniçağa is considered to be on the
eutrophic level [14]. The TSI index values derived from
the chlorophyll-a results obtained in Lake Yeniçağa during
the study period indicate that the lake is on the eutrophic
level; however, in some months it is prone to shift from
eutrophic to hypereutrophic conditions [26]. In addition, it
was determined that chlorophyll-a values vary seasonally
in Lake Yeniçağa. It is thought that factors limiting the
development of phytoplankton in the lake such as light
intensity and temperature, trophic level and the amount of
nutrients entering the system are effective in these changes
[27-30]. In the studies conducted between 1997-1999 on
Lake Yeniçağa, the minimum and the maximum values of
chlorophyll-a were found to be 6.2 µg/l and 65.3 µg/l
respectively. During the study period from March 2008 to
February 2009 on Lake Yeniçağa, the maximum value
determined was below that obtained in the previous periods (242.9 µg/l), however, on average the chlorophyll-a
value in the lake was observed to increase [13]. When
chlorophyll-a values measured in different periods were
examined in Figure 4D, a significant increase in the concentration of chlorophyll-a and an increasing trend in the
eutrophication level were determined. Increase in the
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amount of ammonia during the study period and the minimum oxygen value in the water column detected especially
in the bottom layers in the summer months in Lake
Yeniçağa support this view.
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PHOTODEGRADATION OF CIPROFLOXACIN
IN THE PRESENCE OF SCENEDESMUS ALGAE
Junwei Zhang*, Qijun Peng* and Zhiwei Liu
The Key Laboratory of Food Colloids and Biotechnology, Ministry of Education,
School of Chemical and Material Engineering, Jiangnan University, Wuxi 214122, China

ABSTRACT
In this study, effects of algae (Scenedesmus), Fe(III),
humic substances and pH on photodegradation of Ciprofloxacin (CPFX) under a medium pressure mercury lamp
(15 W, λmax = 254 nm) were investigated. Results showed
that algae could significantly accelerate photodegradation
of CPFX which increased by increasing concentration of
algae, the weak acidic conditions were beneficial for CPFX
photodegradation. Additionally, it could be enhanced by
addition of Fe(III) and/or humic substances into suspension of algae. Also, degradation kinetics of CPFX was
found to follow a pseudo-zero order reaction in suspension of algae. This paper discussed the photodegradation
mechanism of CPFX in suspension of algae, including the
dissolved organic matter, the enzymatic catalysis and the
chlorophyll involved in photodegradation of CPFX.
KEYWORDS:
Ciprofloxacin; photodegradation; algae; Fe(III); humic substances

1. INTRODUCTION
Detection of antibiotics in aquatic environment has
attracted attention due to the possibility of bacterial resistance; thus, a problem is created by occurrence of antibiotics, in spite of low concentration in the aquatic environment [1-5]. Ciprofloxacin (CPFX), a synthetic antibacterial agent (a fluoroquinolone, FQ) is commonly used in
both human therapy and veterinary husbandry [6, 7]. The
CPFX was detected in groundwater, treated water effluents, and soil irrigated with reclaimed water, which is
mainly from a large quantity of CPFX release, such as
excretion of humans, waste dumps and animal manures
[8-13]. Biodegradation of CPFX in sludge is slow due to
bacterial resistance, which results in ecological risk to the
aquatic environment [14, 15]. Advanced oxidation process (AOP), non-selectivity and stronger oxidability, has
been applied for removal of pharmaceuticals in water [1620]. Degradation of antibiotics, individually or in combi* Corresponding authors

nation with other organic compounds, induced by various
AOPs, has been investigated [21-23], and the research was
focused on effect of catalysts, analysis of mechanisms and
enhancement of photocatalytic efficiency [24-26]. Degradation of antibiotics catalyzed by catalysts, however, needs
the subsequent treatment to reduce effects of catalyst on the
receiving water, and thus, the development of a new photocatalytic system is urgent in order to degrade the antibiotics.
Degradation of organic compounds by the photoinitiation of microorganisms has attracted more and more
attention in recent years [23, 27, 28]. The production of
photoactive compounds was done by microorganisms adsorbing certain wavelength light, which can result in transformation of organic compound in aqueous solution [27,
29]. Algae are an important type of microorganisms in
water, which can induce generation of H2O2, hydrated electrons and singlet oxygen (1O2) under irradiation [30-32];
thus, photocatalysis of algae may be a possible alternative/complementary technology for destruction of antibiotics in the aquatic environment. To our knowledge, few
studies on degradation of antibiotics by photocatalysis of
algae have been performed.
In this study, photodegradation of CPFX and kinetics
were investigated in aqueous solution containing algae
(i.e., Scenedesmus), and effects of algae, Fe(III), humic
substances and pH, as well as degradation kinetics of
CPFX were analyzed in detail. A possible mechanism was
suggested on basis of the experiments. This research will
be helpful for providing a new method to deal with antibiotics pollution.
2. MATERIALS AND METHODS
2.1. Materials

Ciprofloxacin (CPFX, C17H18FN3O3, Fig. 1) was purchased from Sigma-Aldrich (America) and used as received. Algal species used in experiments was Scenedesmus obtained from the Wuhan Hydrobilology Institute of
Chinese Academy of Sciences (China). Chemicals obtained from Shanghai Reagent Company (China) were of
analytical reagent grade quality. Double-distilled water
was used in all experiments.
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3. RESULTS AND DISCUSSION

O

3.1. Preliminary studies

FIGURE 1 - Structure of CPFX.
2.2. Preparation of algae

Algae were grown in culture medium using a 24-h
light cycle in a culturing room equipped with air-conditioner (25 °C). Light intensity of culturing room was
2200 Lux (ST-80C illumination meter, Beijing Normal
University, China). Algae cultured in the axenic medium,
were growing in a logarithmic growth phase (12-14 d), and
then algae were taken for use in experiments after being
washed. Algae counting (cells/L) was carefully carried
out under an inverted microscope at 400 ×, and different
concentrations of algae were gained by diluting the washed
algae with double-distilled water.

Figure 2 shows that the typical time series for photochemical degradation of CPFX, in the absence or in the
presence of algae in solution, as well as the corresponding
dark control. Only small amount of CPFX was lost from
solution containing algae due to physical absorption at the
inner surface of reactor or the outer surface of algae in
dark or under natural light. However, up to 6.3 % of
CPFX was degraded by direct photolysis in solution after
60 min irradiation; this phenomenon could arise from the
photochemical attenuation and the absorption of inner
surface of reactor.
1.0

2.3. Photochemical experiments

2.4. Analytical method

Aromatic hydroxylation is considered to be one of the
typical reactions of hydroxyl radicals and is used for detection of hydroxyl radicals in case of photo-Fenton reaction at lower pH (Eq. (1)) [34, 35]. In this study, 1 mmol/L of
benzene was added into different catalytic systems under an
irradiation of 15 W medium pressure mercury lamps to
indirectly determine the quantum yield of hydroxyl radicals by HPLC. Dark reaction, direct photolysis of the corresponding amount of benzene and phenol were also carried
out separately, under the same conditions. Formations
of phenol from the reaction of benzene were detected at
280 nm by HPLC (L6, Pgrandsil-STC-C18 column [4.6×
150 mm, 5 µm], Pgenernal Co., China), and the mobile
phase consisted of 40 % (v/v) acetonitrile at a flow-rate of
0.8 ml/min. Moreover, concentration of CPFX was determined by HPLC at 277 nm. A mixture of aqueous phase/
acetonitrile (85/15, v/v) was used as mobile phase with a
flow-rate of 1.5 ml/min.

0.9
CPFX (C/C0)

Degradation experiments were carried out in a cylindrical reactor (1000 ml, length 31 cm, diameter 9 cm) with a
15 W medium pressure mercury lamp (λmax = 254 nm). Incident of photo flux, measured by the potassium ferrioxalate
actinometry, was 1.32 × 10-4 Einstein/(L·min) [33]. Temperature of solution was maintained at 25 ± 0.5 ºC by a
cooling water circulation. Solution pH was adjusted by
adding diluted hydrochloric acid solution or sodium hydroxide solution. Desired concentration of CPFX and harvested algae were added into the reactor at a dark place,
and then solution was continuously mixed by a magnetic
stirrer and sparged with air. At intervals, 5-ml aliquots of
samples were withdrawn and centrifuged at 4000 rpm for
30 min, and then concentration of supernatant of sample
was determined by HPLC analysis.
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FIGURE 2 - Change of CPFX concentration in the control experiments. [CPFX]0 = 20 mg/L, [algae] = 2.0 × 108 cells/L and pH = 5.

Interestingly, degradation rate of CPFX reached 24.9 %
in solution containing algae after 60 min irradiation, which
indicated algae could promote photodegradation of CPFX.
Low-molecular weight organics, such as dissolved organic
carbon (DOC) were secreted by algae, which can induce
formation of hydroxyl radicals (˙OH) under UV irradiation (Eq. (2) − Eq. (6)) [32, 36, 37]. Chlorophyll (Chl) can
also induce formation of hydroxyl radicals via a complicated photochemical reaction (Eq. (7) to Eq. (11)) [27].
Enzymatic reaction on surface of algal cells may be another reason involved in photodegradation of CPFX.
Therefore, composite effects of photolysis and algal photocatalysis may be responsible for rapid photodegradation
of CPFX in suspension. Photodegradation of CPFX may
depend on some factors, such as algae concentration, pH,
initial concentration of CPFX etc., and factors which are
further investigated in the following paragraphs.
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DOC + hv → DOC·

(2)

DOC· + O2 →˙DOC+ + ·O2-

(3)
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H+ + ·O2- ↔ HO2·

(4)

2HO2·

→ H2O2 + O2

(5)

H2O2 + hv → 2˙OH

(6)

+

Chl + hv → Chl (excitation)

(7)

+

+

H2O-Chl → eaq (hydrated electron) + Chl

(8)

eaq + O2 → O2

(9)

O2 + H+ → H2O2

(10)

H2O2 + hv → 2˙OH

(11)

mation of hydroxyl radicals [38]. Liu et al. [27] indicated
that algae could induce formation of hydroxyl radicals
caused by chlorophyll. Thus, higher algal concentration
causes higher yields of hydroxyl radicals which can enhance
photodegradation rate of CPFX in suspension.
1.0

0.9
CPFX (C/C0)
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3.2. Formation of hydroxyl radicals under different conditions

As shown in Fig. 3, formation of hydroxyl radicals in
solution containing algae could be induced and accumulated under irradiation with increasing exposure time. The
dark control, direct photolysis of the corresponding amount
of benzene and phenol (data not shown) adjusted to the
desired pH separately showed negligible loss of benzene,
or formation of phenol after 60-min irradiation. Also, formation of hydroxyl radicals in solution containing algae
was in agreement with photodegradation of CPFX, except
direct photolysis, which also indicated hydroxyl radicals
produced by algal photoinduction was the key to result in
photodegradation CPFX.
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Algae+benzene+UV
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FIGURE 4 - Effect of algae concentration on the photodegradation
of CPFX. [CPFX]0 = 20 mg/L, and pH = 5.
3.4. Effect of pH on the photodegradation of CPFX

It is important to study the effect of pH on the photodegradation of CPFX since wastewater of antibiotics is
discharged at different pH values. Experiments were also
carried out at a pH range of 3–6 with 20 mg/L of CPFX
and 1.7 × 108 cells/L of algae, and the results are illustrated in Fig. 5. It is observed that photodegradation of
CPFX was significantly influenced by pH, and 27.7% and
23.9% of CPFX were degraded from the suspension at pH
6 and pH 5 after 60-min irradiation, respectively; however,
only 9.6% of CPFX was degraded at pH 3 after 60 min
irradiation. Results demonstrate that pH plays an important role in photochemical degradation of CPFX in suspension of algae.

0.0
0

0.8

1.0

60

Time (min)
0.9
CPFX (C/C0)

FIGURE 3 - Formation of hydroxyl radicals under different conditions. [Benzene]0 = 1 mmol/L, [algae] = 2.0 × 108 cells/L, and pH = 5.
3.3. Effect of algal concentration on the photodegradation of
CPFX

Algal concentration is an important factor in photodegradation of CPFX, which influences yield of photoactive compounds in reaction. Effect of algae concentration, with a range of 2.0×106 – 2.0×109 cells/L, on photodegradation of CPFX was investigated at pH 5. As shown
in Fig. 4, faster degradation of CPFX occurred with increasing algae concentration. After 60-min irradiation,
14.5% and 30.6% of CPFX were degraded at algal concentration levels of 2.0×106 and 2.0×109 cells/L, respectively. Higher algae concentration, more production of
dissolved organic carbon (DOC) and chlorophyll in suspension of algae [32, 35, 37], and also more organic acid
secreted by algae can serve as photosensitizer in the for-
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FIGURE 5 - Effect of pH on the photodegradation of CPFX.
[CPFX]0 = 20 mg/L and [algae] = 2.0 × 108 cells/L.

The pH-dependence of photodegradation of CPFX
may have two aspects. Firstly, algae may be easier to
release more dissolved organic carbon (DOC) in weak
acidic conditions, and the DOC can serve as photosensi-
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tizer to induce formation of hydroxyl radicals [30, 35, 37].
Deng et al. [31, 32] noted that algae could release acidic
DOC under acid conditions, and DOC, such as humic acid
and fulvic acid etc, could act as photosensitizer. Zuo et al.
[39] indicated that DOC could form photochemical reactive substances under UV irradiation. Also, the survival of
algae may be inhibited under strong acid conditions, which
must influence secretion of algae. Secondly, pH may
affect the formation of active substances in generation of
hydroxyl radials. The formation of hydroxyl radials via a
series of reactions (Eq. (2) to Eq. (11)) needs participation
of H+ in the photochemical reaction, and the weak acidic
conditions may facilitate the formation of active substances. Liu et al. [35] indicated that pH could influence
yield of hydroxyl radicals in solution containing algae.
3.5. Effect of initial concentration of CPFX on the photodegradation of CPFX

process of CPFX well in suspension (R2>0.98), indicating
that photodegradation of CPFX in suspension of algae
obeys to pseudo-zero reaction.
3.6. Effect of Fe(III) on the photodegradation of CPFX

Iron widely exists in aquatic environment, and it can
form strong ligand-to-metal charge absorption bands with
carboxylic anions [22, 34]. Algae can release acidic dissolved organic carbon which contains humic and fulvic
acids etc [31, 32]; thus, it is interesting to investigate the
effect of Fe(III) on photodegradation of CPFX in suspension of algae. As shown in Fig. 7, photodegradation rate
of CPFX could be greatly enhanced in suspension of
algae containing Fe(III). After 60 min irradiation, photodegradation rate of CPFX was 23.9% in suspension of
algae, and 41.7% of CPFX was degraded by addition of
Fe(III) in suspension of algae; therefore, Fe(III) could
enhance degradation of CPFX on the basis of algal photocatalysis.
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FIGURE 6 - Effect of initial concentration of CPFX on the photodegradation of CPFX. [algae] = 2.0 × 108 cells/L. and pH = 5.

Effect of initial concentration of CPFX on the photodegradation of CPFX was investigated in the range of 1030 mg/L. As shown in Fig. 6, photodegradation rate of
low initial concentration of CPFX rapidly decreased,
whereas it decreased slowly at high initial concentration
of CPFX. The higher the initial concentration of CPFX,
the more CPFX molecules are oxidized by hydroxyl radicals induced by algae; however, the amount of hydroxyl
radicals is constant under fixed reaction conditions, and
then the relative amount of hydroxyl radicals attacking the
CPFX molecules decreases.
Moreover, analysis of degradation kinetics was also
performed in order to probe the degradation characteristics of CPFX. As listed in Table 1, it is observed that a
model of zero-order kinetics can describe the degradation
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Time (min)
FIGURE 7 - Effect of Fe(III) on the photodegradation of CPFX.
[CPFX]0 = 20 mg/L, [algae] = 2.0 × 108 cells/L, [Fe(III)] = 0.02
mmol/L, and pH = 5.

Fe(III)-carboxyl acid complexes between iron and
carboxylic acids are more photoreactive for production of
hydroxyl radicals [34]. I has been also reported that algae
may release acidic dissolved organic matter which contains low-molecular weight carboxylic acids [29, 31, 32].
Photodegradation rate of CPFX can be enhanced by formation of Fe(III)-carboxyl acid complexes between Fe(III)
and organic acids secreted by algae. Mechanism of formation of hydroxyl radicals (˙OH) by addition of Fe(III) in
suspension of algae is as follows (Eq. (12) to Eq. (17)):
Fe(III)-L + hv → Fe(II) + L·

(12)

·

L + O2 → ˙O2¯ + other photoproducts

TABLE 1 - Fitted equation and correlation coefficients of the pseudo-zero order reaction for photodegradation of CPFX in suspension.

No.
Fitted equation
Correlation coefficient
I
C/C0=0.986–0.00697t
R2=0.9909
II
C/C0=1.008–0.00413t
R2=0.9979
R2=0.9874
III
C/C0=1.013–0.00289t
* I, II and III in Fig. 6; IV and V in Fig. 4; VI in Fig. 5.

No.
IV
V
VI

2667

Fitted equation
C/C0=1.004–0.00262t
C/C0=0.988–0.00507t
C/C0=0.995–0.00436t

Correlation coefficient
R2=0.9931
R2=0.9965
R2=0.9953

(13)
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Fe(II) + ˙O2¯ + H+ → Fe(III) + H2O2
(14)
(II)
(III)
Fe + H2O2 → Fe + HO˙ + HO¯
(15)
> L + Fe(III) → > Fe(III)-L
(16)
(III)
(II)
> Fe -L + hv →Fe + L’
(17)
where, Fe(III)-L represents Fe(III)-carboxylate complex,
> represents surface complex, L· and L’ represent carboxylate radicals and its oxidized products, respectively.

in suspension of algae should have many important photochemical and/or photobiological processes, including the
enzymatic catalysis at the surface of algae, dissolved organic matter secreted by algae and chlorophyll (Chl) induction in the interior of algae, and photochemical and/or
photobiological processes are dominating as shown in
Fig. 9.
1.0

3.7. Effects of humic substances and Fe(III) on the photodegradation of CPFX
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FIGURE 8. Effects of humic substances and Fe(III) on the photodegradation of CPFX. [CPFX]0 = 20 mg/L, [algae] = 2.0 × 108 cells/L,
[Humic acid]0 = 4.0 mg/L, [Fe(III)]0 = 0.02 mmol/L, and pH = 5.

4. CONCLUSION
Photodegradation of CPFX in suspension of algae was
investigated under UV irradiation, mainly at wavelength of
254 nm. Algae significantly accelerated photodegradation
of CPFX. Photodegradation of CPFX increased with increasing concentration of algae, and the weak acidic conditions were beneficial to photodegradation of CPFX.
Photodegradation rate of CPFX was enhanced by addition
of Fe(III) and/or humic substances in suspension of algae.
Also, degradation kinetics of CPFX followed a pseudo-zero
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Humic substances are a ubiquitous and heterogeneous
group of natural organic compounds because of their
important role in the fate and transport of many pollutants
[31]. Experiments were carried out to study effects of humic
substances and Fe(III) on the photodegradation of CPFX in
suspension of algae. As shown in Fig. 8, 7.6% CPFX was
degraded in suspension of algae containing 4.0 mg/L humic
substance and 0.02 mmol/L Fe(III) in the dark after 60 min,
and 23.9% CPFX disappeared in suspension of algae while
41.7% CPFX was degraded in suspension of algae containing Fe(III). Also, 75.5% of CPFX disappeared in suspension of algae containing 4.0 mg/L humic substances and
0.02 mmol/L Fe(III). Humic substances and Fe(III) could
essentially accelerate photodegradation of CPFX in suspension of algae. These results indicate that humic substances and Fe(III) can promote photodegradation of CPFX
in suspension of algae. Several research groups have reported that humic substances could promote the photodegradation of organics in aqueous solution [29, 35, 39].
The mechanisms involved in the effects of humic substances and Fe(III) on the photodegradation of CPFX may
be similar to those proposed in previous studies, but those
studies are simple and only to study the action of Fe(III)
and/or humic substances.
After analyzing experimental results and corresponding references, mechanism of photodegradation of CPFX

hv

O2
Fe(II) . O2
H+
Chlorophyll+ + eaqO2 + H2O2

Other products

FIGURE 9 - Pathway of CPFX photodegradation in suspension of algae.
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order law, and the mechanism of photochemical degradation of CPFX in suspension of algae should include enzymatic catalysis at the surface of algal cells, dissolved
organic matter secreted by algae, and chlorophyll induction in the interior of algae.
ACKNOWLEDGEMENTS
This work was supported by the Fundamental Research Funds for the Central Universities (JUSRP11205).

REFERENCES

[12] Kim, I., Yamashita, N. and Tanaka, H. (2009) Photodegradation of pharmaceuticals and personal care products during
UV and UV/H2O2 treatments. Chemosphere 77, 518-525.
[13] Okuda, T., Yamashita, N., Tanaka, H., Matsukawa, H. and
Tanabe, K. (2009) Development of extraction method of
pharmaceuticals and their occurrences found in Japanese
wastewater treatment plants. Environ. Int. 35, 815-820.
[14] Watkinson, A. J., Murby, E. J. and Costanzo, S. D. (2007)
Removal of anbitiotics in conventional and advanced wastewater treatment: Implications for environmental discharge
and wastewater recycling. Water Res. 41, 4164-4176.
[15] Zorita, S., Märtensson, L. and Mathiasson, L. (2009) Occurrence and removal of pharmaceuticals in a municipal sewage
treatment system in the south of Sweden. Sci. Total Environ.
407, 2760-2770.

[1]

Esplugas, S., Bila, D. M., Krause, L. G. T. and Dezotti, M.
(2007) Ozonation and advanced oxidation tehnologies to remove endocrine disrupting chemicals (EDCS) and pharmaceutical and personal care products (PPCPs) in water effluents. J. Hazard. Mater. 149, 631-642.

[16] Hapeshi, E., Achilleos, A., Vasquez, M. I., Michael, C.,
Xekoukoulotakis, N. P., Mantzavions, D. and Kassinos, D.
(2010) Drugs degrading photocatalytically: Kinetics and
mechanisms of ofloxacin and atenolol removal on Titania
suspensions. Water Res. 44, 1737-1746.

[2]

Monpelat, S., Bot, B. L. and Thomas, O. (2009) Occurrence
and fate of pharmaceutical products and by-products, from
resource to drinking water. Environ. Int. 35, 803-814.

[17] Beltrán, F. J., Aguinaco, A. and García-Araya, J. F. (2009)
Mechanism and kinetics of sulfamethoxazole photocatalytic
ozonation in water. Water Res. 43 1359-1369.

[3]

Benotti, M. J., Trenholm, R. A. and Holady, J. C. (2009)
Pharmaceuticals and Endocrine disruption compounds in
U.S. drinking water. Environ. Sci. Technol. 43, 597-603.

[18] Paul, T., Dodd, M. C. and Strathmann, T. J. (2010) Photolytic
and photocatalytic decomposition of aqueous ciprofloxacin:
Transformation products and residual antibacterial activity.
Water Res. 44, 3121-3132.

[4]

Yoon, Y., Ryu, J., Oh, J., Choi, B. G. and Snyder, S. A.
(2010) Occurrence of endocrine disrupting compounds,
pharmaceutical, and personal care products in the Han River,
Sci. Total Environ. 408, 636-643.

[5]

McClellan, K. and Halden, R. U. (2010) Pharmaceuticals and
personal care products in archived U. S. bisolids from the
2001 EPA national sewage sludge survey. Water Res. 44,
658-668.

[6]

Dooralaer, X. V., Demeestere, K., Heynderickx, P. M., Langenhove, H. V. and Dewulf, J. (2011) UV-A and UV-C induced photolytic and photocatalytic degradation of aqueous
ciprofloxacin and moxifloxacin: Reaction kinetics and role of
adsorption. Appl. Catal. B Environ. 101, 540-547.

[7]

Vasconcelos, T. G., Kümmerer, K., Henriques, D. M. and
Martins, A. F. (2009) Ciprofloxacin in hospital effluent: Degradation by ozone and photoprocesses. J. Hazard. Mater. 169,
1154-1158.

[8]

Yang, X., Flowers, R. C., Weinberg, H. S. and Singer, P. C.
(2011) Occurrence and removal of pharmaceuticals and personal care products (PPCPs) in an advanced wastewater reclamation plant. Water Res. 45, 5218-5228.

[9]

Liu, B., Nie, X., Liu, W., Snoeijs, P., Guan, C. and Tsui, M.
T. K. (2011) Toxic effects of erythromycin, ciprofloxacin and
sulfamethoxazole on photosynthetic apparatus in Selenastrum
capricornutum. Ecotox. Environ. Safe 74, 1027-1035.

[10] Chen, F., Ying, G.-G., Kong, L.-X., Wang, L., Zhao, J.-L.,
Zhou, L.-J. and Zhang, L.-J. (2011) Distribution and accumulation of endocrin-disrupting chemcial and pharmaceuticals
in wastewater irrigated soils in Hebei, China. Environ. Pollut.
159, 1490-1498.
[11] Richardson, B. J., Lam,P. K. S. and Martin, M. (2005)
Emerging chemical of concern: Pharmaceuticals and personal
care products (PPCPs) in Asia, with particular reference to
Southern China. Mar. Pollut. Bull. 50, 913-920.

2669

[19] Choi, J.-K., Son, H.-S., Kim, T.-S., Stenstrom, M. K. and
Zoh, K.-D. (2006) Degradation kinetics and mechanism of
RDS and HMX in TiO2 photocatalysis. Environ. Technol. 27,
219-232.
[20] Villaseñor, J., Duran, N. and Mansilla, H. D. (2002) Photocatalyzed mineralization of Kraft Back liquor on ZnO/Fe2O3
coupled semiconductor. Environ. Technol. 23, 955-959.
[21] Zhang, J., Fu, D., Peng, Q., Deng, L. and Yang, X. (2011)
Fe3+-assisted photocatalytic oxidation of sulfamethazine in
TiO2 suspended solution, Fresen. Environ. Bull. 20, 10511056.
[22] Liang, W. J. and Zhao, J. (2010) Abatement of gaseous volatile organic compounds (VOCs) by photo-catalytic degradation processing over glass spring. Fresen. Environ. Bull. 19,
645-652.
[23] Ren, J., Wang, W., Zhang, L., Chang, J. and Hu, S. (2009)
Photocatalytic inactivation of bacteria by photocatalyst
Bi2WO6 under visible light. Catal. Commun. 10, 1940-1943.
[24] Huang, W. Y., Wang, B. B., Guo, L., Wu, F., and Deng, N.
S. (2009) Photochemical processes and the related advanced
oxidation technology: A minireview. Fresen. Environ. Bull.
18, 2259-2267.
[25] Hu, L., Flanders, P. M., Miller, P. L. and Strathmann, T. J.
(2007) Oxidation of sulfamethoxazole and related antimicrobial agents by TiO2 photocatalysis. Water Res. 44, 2612-2626.
[26] Wang, G., Wu, F., Zhang, X., Luo, M. and Deng, N. (2006)
Enhanced TiO2 photocatalytic degradation of bisphenol E by
β-cyclodextrin in suspended solutions. J. Hazard. Mater. 133,
85-91.
[27] Liu, X., Wu, F. and Deng, N. (2003) Photodegradation of
17α-Ethynylestradiol exposed to a high-pessure mercury
lamp (250W). Environ. Pollut. 126, 393-398.

© by PSP Volume 21 – No 9. 2012

Fresenius Environmental Bulletin

[28] Li, S., Hong, H., Zheng, F. and Deng, N. (2008) Effects of
metal pollution and macronutrient enrichment on the photoproduction of hydroxyl radicals in seawater by the alga Dunaliella salina. Mar. Chem. 108, 207-214.
[29] Peng, Z., Wu, F. and Deng, N. (2000) Photodegradation of
bisphenol A in simulated lake water containing algae, humic
acid and ferric ions. Environ. Pollut. 69, 139-152.
[30] Sandvik, S. L. H., Bilski, P., Pakulski, J. D., Chignell, C. F.
and Coffín, R. B. (2008) Photogeneration of singlet oxygen
and free radicals in dissolved organic matter isolated from the
Mississippi and Atchafalaya River plumes. Mar. Chem. 108,
207-214.
[31] Deng, L., Wang, H. and Deng, N. (2006) Photoreduction of
chromium(VI) in the presence of algae, Chlorellar vulgaris. J.
Hazard. Mater. 138, 288-292.
[32] Deng, L., Wu, F., Deng, N. and Zuo, Y. (2008) Photoreduction of mercury(II) in the presence of algae, Anabaena cylindrical. J. Photoch. Photobio. B: Bio. 91, 117-124.
[33] Braun, A. M. and Maurette, M. (1991) Photochemical Technology, John Wiley & Sons.
[34] Guo, J., Du, Y., Lan, Y. and Mao, J. (2011) Photodegradation
mechanism and kinetics of methyl orange catalyzed by
Fe(III) and citric acid. J. Hazard. Mater. 186, 2083-2088.
[35] Liu, X., Wu, F. and Deng, N. (2004) Photoproduction of hydroxyl radicals in aueous solution with algae under highpressure mercury lamp. Environ. Sci. Technol. 38, 33413348.
[36] O’Driscoll, N. J., Siciliano, S. D., Peak, D., Carignan, R. and
Lean, D. R. S. (2006) The influence of forestry activity on
the structure of dissolved organics matter in lakes: Implications for mercury photoreactions. Sci. Total Environ. 366,
880-893.
[37] Zepp, R. G. and Schlotzhauer, P. F. (1983) Influence of algae
on photolysis rates of chemicals in water. Environ. Sci.
Technol. 17, 215-224.
[38] Franke, R. and Franke, C. (1999) Model reactor for photocatalytic degradation of persistent chemical in ponds and
waste water. Chemosphere 39, 2651-2659.
[39] Zuo, Y. and Jones, R. D. (1997) Photochemistry of natural
dissolved organic matter in lake and wetland watersproduction of carbon monoxide. Water Res. 31, 850-858.

Received: March 13, 2012
Revised: April 20, 2012
Accepted: April 24, 2012

CORRESPONDING AUTHORS
Junwei Zhang and Qijun Peng
The Key Laboratory of
Food Colloids and Biotechnology
Ministry of Education
School of Chemical and Material Engineering
Jiangnan University
Wuxi 214122
P.R. CHINA
E-mail: zjwseu@126.com (Junwei Zhang)
13906170335@163.com (Qijun Peng)
FEB/ Vol 21/ No 9/ 2012 – pages 2664 – 2670

2670

© by PSP Volume 21 – No 9. 2012

Fresenius Environmental Bulletin

MOLECULAR ANALYSIS OF PEROXIDASE GENES IN CHERRY
ROOT STOCKS DEVELOPING IN VITRO STRESS CONDITIONS
Ş. Evrim Arici1*, Isıl Saraç1 and Suat Kaymak2
1
2

University of Suleyman Demirel, Agriculture Faculty, Department of Plant Protection, Isparta, Turkey

Turkish Republic Ministry of Food, Agriculture and Livestock, Management of Horticultural Research Stations, Isparta, Turkey

ABSTRACT
In this study, differences in peroxidase (POD) genes
of cherry root stocks resistant to NaCl (0, 50, 100 and
150 mM), and boron (0, 1.5 and 3 mM) toxicity under
in vitro conditions were investigated for 3 different cherry
rootstocks [Cold (Prunus avium x Prunus pseudocerasus),
Gisela 5 (Prunus cerasus x Prunus avium) and MaxMa
(Prunus mahaleb x Prunus avium)]. The results showed
that increasing concentrations of NaCl and boron reduced
shoots growth and length. PCR analysis of cherry root
stocks demonstrated bands of all primers and band sizes
to be 80-1000 bp. Polimorphism was observed in base
sequence of genes that play a role in peroxidase synthesis
of cherry rootstocks cultivated in different salt concentrations, and it came up with a rate of similarity in the 0.880.97 range. Also, peroxidase enzyme synthesis showed
differences in plants cultured in the MS medium with high
concentrations of NaCl, and no groups could be determined
among varieties.

tend to increase due to supplies of salt and boron across
the world with the result that dramatic losses of develop
ment and productivity of crops appear. Almost all plants are
exposed to oxidative damages under the above-mentioned
stress circumstances. Mechanisms to avoid, eliminate or
withstand stress conditions are of course varying, depending on their natural and environmental characteristics. Therefore, some plants are affected more severely by stress conditions whereas others manage to develop resistance to
them. A series of variations have been observed in biochemical mechanisms of plants, resistant to stress, one of
which is peroxidase enzyme which is intracellularly located, controlled by various genes and playing vital parts
in such processes as relative interactions, pathogenic infections, insect tolerance, salt tolerance, aoxin deterioration,
lignification in cellular walls, tissue suberisation and vegetative aging [2-7]. 25 multiple genes including peroxidase
gene were found in herbaceous plants, and peroxidase
alignments were discovered to be in the range of 53.1-90.9
[8]. Some studies reported that cherry rootstocks showed
variations in levels of peroxidase enzymes, especially in
stress factors [9-11]. In addition, molecular studies on
peroxidase genes have hardly been encountered.
The present study was carried out to investigate differences in (POD) genes in cherry rootstocks resistant to
salinity (NaCl) and boron (B) toxicity under in vitro conditions for three different cherry rootstocks.

KEYWORDS:
rootstock, peroxidase, salinity, in vitro, NaCl, boron

2 MATERIALS AND METHODS
2.1 Plant samples

1 INTRODUCTION
Plants undergo stress conditions through their life.
Development, metabolism and productivity of plants are
severely affected by stress conditions. Major abiotic stresses
are drought, undernourishment, over-nutrition, salinity,
extremes in temperature, terrestrial and atmospheric pollution, and radiation which are all factors to limit yields of
crop production [1]. Percentages of salt in irrigation water
* Corresponding author

In this study, three different cherry rootstocks, namely
Colt (Prunus avium x Prunus pseudocerasus), Gisela 5
(Prunus cerasus x Prunus avium), and MaxMa (Prunus
mahaleb x Prunus avium) were used as plant material.
2.2 Disinfection of explants

In order to create surface disinfection, shoot tips were
made by keeping them in 70% ethanol for 2 min, and later
in a 5% NaCl solution containing 1-2 drops of Tween 20
for 10 min, followed by rinsing 3 times with sterile distilled water, for 5 min each.
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2.3 Nutrient media

3 RESULTS

Through every step of tissue culturing, Murashige
and Skoog`s (MS) + 1 mg/L 6-benzyl aminopurine (BAP)
+ 0.02 mg/L α-naphthaleneacetic acid (NAA) hormones +
3% (w/v) sucrose with was used as nutrient medium [12].
Its pH was adjusted to 5.7.
2.4 Application of NaCl and boron to cherry stocks in vitro

Shoot tips (20 mm) of 3 different cherry rootstocks
were used in tissue culture studies. NaCl (25 mM, 50 mM)
and B (1.5 mM, 3 mM) were separately added in the MS
medium as a stress factor. These salts were not added in
the MS used for control in which plant material was placed.
The experiments were established under coincidence plots
design with 4 repetitions, each of which contained 15 explants.

3.1 Application of NaCl and boron to cherry root stocks under in vitro conditions

In this study, development of cherry rootstocks in MS
medium including different salt concentrations was observed. Developmental retardations, yellowing, browning
and calli were found on cherry stocks. Over callus formation was seen in cherry rootstocks developed in the MS
supplemented with 3 mM boron, with significant developmental retardation and dwarfism in them. (Figs. 1a, b).

2.5 DNA isolation

MaxMa, Gisela and Colt explants of 3 different cherry
rootstocks cultured on MS media containing different boron and NaCl amounts were used for extraction and purification of genomic DNA according to [13], with some
modifications. In brief, 100 mg tissue pieces were taken
from plant leaves and placed in 1.5-ml Eppendorf tubes
on which liquid nitrogen was added to pulverize them
using plastic sticks. The prepared tissue suspension was
incubated at 65 °C for 15-20 min, and an extraction buffer
was added into the pulverized plant material. Then, phenol:chlorophorm:isoamyl alcohol in the ratio of 25:24:1,
respectively, was added to the mixture with the plant suspension being gently mixed and centrifuged at 14,000 rpm
for 10 min. The liquid part on top was transferred into
another Eppendorf tube, and blended with RNase and proteinase K to incubate it in the incubator at 30 °C for 30 min.
In order to precipitate the obtained DNA in a pellet form,
0.6 ml cold isopropanol and 0.3 ml sodium acetate solution
were added to the solution. The solution was centrifuged
with the DNA being accumulated in a pellet form. The
DNA samples were stored in cold lockers at -20 °C until
analysis.
2.6 PCR analyses

In this study 11 peroxidase primer pairs (POGP1,
POGP2, POGP3, POGP6, POGP8, POGP9, POGP10,
POGP11, POGP12, POGP13, POGP14) were used for PCR
reaction [14]. A total volume of 15 µl (1.33 µM primer pair,
200 µM d NTPs, 1.5 µl 10 x PCR buffer, 2.5 mM MgCL2,
1 U of Taq polymerase, 2.5 ng DNA) was run with one
cycle for 3 min at 94 °C, in 34 cycles, 1 min at 94 °C, 1 min
at 48-57 °C, 1 min at 72 °C, and, finally, 5 min at 72 °C.
PCR product was visualized by staining with ethidium
bromide in 2.5% agarose gel /1xTAE buffer).
2.7 Data analysis

Data were scored as 1 for presence, and 0 for absence
of a DNA band, for each sample. The data matrix was
entered by NTSYSpc Version 2.11f.

a

b
FIGURE 1 - Cherry root stocks applied with different concentrations of NaCl (a) and boron (b).

The higher percentage of NaCl and boron salts in the
MS medium, the lesser lengths and numbers of shoots
were observed (data not shown). Both salt and boron
toxicity trials found the highest reduction in shoot length
and number of MaxMa, followed by Colt and Gisela 5. As
a result, the most resistant cherry rootstock to NaCl and
boron toxicity was Gisela 5 while the most sensitive was
MaxMa. Considering, salt concentration, decrease and
yellowing in number of shoots, increase in callus formation is believed to have been due to toxicity of high salt
concentration.
3.2 PCR analysis

PCR analysis using 11 peroxidase primer pairs was
performed on all samples of the 3 different cherry rootstocks cultured in MS medium containing different NaCl
and boron levels. All primers showed bands whose size
ranged from 80 to 1000 bp (Fig. 2).
Results of PCR analysis indicated that cherry rootstocks cultured in different salt concentrations had a range
of 0.88-0.97 in base alignment of the genes which played
a role in peroxidase synthesis to determine polymorphism
in the end. In spite of the fact that plants developed in
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POGP6-300

FIGURE 2 - POGP profiles amplified from DNA of cherry rootstock using primer POGP6; Ma: Marker; A: Control Gisela 5; B: 3 mM
Boron Gisela 5; C: 1.5 mM Boron Gisela 5; D: Control MaxMa; E: 1.5 mM Boron MaxMa; F: 3 mM Boron MaxMa; G: Control Colt, H: 1.5
mM Boron Colt; I: 3 mM Boron Colt; J: Control Gisela 5; K: 25 mM NaCl Gisela 5; L: 50 mM NaCl Gisela 5; M: Control MaxMa; N: 25
mM NaCl MaxMa; O:50 mM NaCl MaxM; P: Control Colt; R: 25 mM NaCl Colt; S:50 mM NaCl Colt.

A
B
C
J
D
E
H
I
F
G
K
L
M
N
O
P
R
S
T

AMW

0.88

0.90

0.92

0.95

0.97

Coefficient

FIGURE 3 - Diversitiy of peroxidase genes by molecular analysis using POGP markers: The data matrix was entered by NTSYSpc Version
2.11f.Ma: Marker; A: Control Gisela 5; B: 3 mM Boron Gisela 5; C: 1.5 mM Boron Gisela 5; D: Control MaxMa; E:1.5 mM B Boron MaxMa; F: 3 mM Boron MaxMa; G:Control Colt, H:1.5 mM Boron Colt; I: 3 mM Boron Colt; J: Control Gisela 5; K: 25 mM NaCl Gisela 5;
L:50 mM NaCl Gisela 5; M: Control MaxMa; N: 25 mM NaCl MaxMa; O:50 mM NaCl MaxM; P: Control Colt; R: 25 mM NaCl Colt; S:50
mM NaCl Colt

NaCl and boron-applied nutrient media, they showed differences in peroxidase enzyme synthesis, and specific
groups were not established among varieties (Fig. 3).
4 DISCUSSION
The increasing NaCl and B concentrations decreased
shoot length and shoot growth of cherry rootstocks in this
study. Erturk et al. [11] cultured shoot tips of Gisela 5
cherry rootstock in MS medium supplemented with doses
of 0, 50, 100 and 150 mM NaCl, and found that salt application decreased growth of shoot and chlorophyll content but did not affect water content. Molassiotis et al.
[15] applied EM9 (Mallus domestica Borkh) in gradually

increasing B doses of 0.1, 0.5, 1.0, 3.0 and 6.0 mM to an
apple rootstock under in vitro conditions. The consequence
of the trial pointed out that doses of 6 mM B caused oxidative strains, reducing dry weight of plants.
The result of PCR analysis, with NaCl application in
cherry stocks cultivated in different salt concentrations,
showed a similarity interval of 0.88-0.97 to determine polymorphism. Although polymorphism and variations were
observed in peroxidase enzymes of cherry stocks developed at high salt concentrations, no different groups were
found. It was clear from PCR analysis that bands were
seen in all primers with band sizes of 80-1000 bp. Duroux
and Welinder [10] examined peroxidase genes in 73 different plants, and finally reported that they had specific
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and individual peroxidase genes. Turkish apple germ plasm
was analyzed using 14 peroxidase specific primers [14].
These results demonstrate that primers targeting the
peroxidase gene family can be used to study genotypic
diversity and evolutionary relationships on an intra-and
inter-specific basis. Peroxidase genes of monocotyledons
and dicotyledons had different responses to biotic and
abiotic factors, and 4 peroxidase genes existing in a range
of 53.1-90.9 bp in the plants were reported by [10]. From
the studies conducted in Iran [16], Syria [17], Nigeria [18],
Spain [19] and Italy [20], it may be concluded that diversity relations of Malus spp. with peroxidase genes showed
common DNA signs, alignment repetitions and random
polymorphism. Molassiotis et al. [21] cultivated 106 mM
of apple stocks in MS medium including mannitol, sorbitol, NaCl and KaCl, and observed increases in activities
of non-enzymatic antioxidants, super oxidase dismutase
(SOD) and peroxidase (POD) in leaves and sprouts of the
plants. Antioxidant interactions caused by boron toxicity
in two barley types were examined [22], Anadolu resistant
and Hamidiye sensitive to boron, to determine plant dry
weight, protein proline, MDA, hydrogen peroxide, membrane damage, super oxidase dismutase (SOD), ascorbate
peroxidase (APX), catalase (CAT) and gulutathion reductase (GR) enzyme activities in an experiment in which they
applied 5 and 10 mM boric acid. In addition, [23] cultivated wheat plants in MS medium containing different
NaCl concentrations. It was reported that an increase
terminated SOD, CAT, and POD enzyme activities, as a
salt stress response.
Considering the consequences of the study, we found
that shoot tip developments of all rootstocks were negatively affected by salt stress and boron toxicity, with stress
conditions creating significant variations involving physiological and biochemical structures of the rootstocks. Although there were differences and polymorphism of cherry
rootstock peroxidases developed at high salt concentrations, no different groups were found. In determining tolerance to salinity and boron toxicity, development of shoot
tips and POD enzyme activity were found to be suitable
criteria of choice in mechanism of resistance to stress in
primers.
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LONG-TERM EVALUATION OF NITROGEN OXIDES
AND SULPHUR DIOXIDE EMISSIONS FROM THE
GREEK LIGNITE-BASED ELECTRICITY GENERATION SECTOR
John K. Kaldellis*, Marina Kapsali and Michael Emmanouilidis
Laboratory of Soft Energy Applications & Environmental Protection, TEI of Piraeus, Greece

ABSTRACT
The Greek electricity generation system is mainly
based on the operation of Lignite Thermal Power Stations
(LTPSs). In this context, although electricity production
from natural gas and renewable forms of energy has increased during recent years in Greece, dominant role of
LTPSs is not expected to change dramatically in the near
future. As a result, owed to the use of local lignite reserves
(poor quality lignite), the Greek LTPSs are responsible for
the production of significant flue gas emission quantities.
Considering the above, this work is focused on investigating the corresponding long-term NOX and SO2 emissions
due to lignite combustion (time period 1995-2008). At this
point, it should be noted that although the 5.3GW installed
capacity of the lignite-fired power plants represent roughly
40% of the national installed capacity, they are responsible for the noteworthy amounts of 60% and 15% of SO2
and NOX national emissions, respectively. To this end,
estimation of SO2 and NOX emission factors is currently
undertaken for each Greek LTPS, using available long-term
official data. Subsequently, the estimated emission factors
are used to classify the Greek LTPSs and evaluate their longterm environmental performance in relation with specific
flue gas emissions. According to the results obtained, a
clear decreasing rate of flue gases’ emissions (especially of
NOX) is not the case during the time period analyzed, underlining the necessity for the implementation of effective
abatement techniques in the next few years, in compliance
with the country’s commitments -as an EU Member Stateunder the corresponding environmental legislation.
KEYWORDS: Electricity generation; air pollutant production;
fossil fuels; emission factors

ity generation is mainly covered by the usage of polluting
Thermal Power Stations (TPSs) which are responsible for
damaging the environment and have a severe impact on
present and future generations’ health.
Each country, according to its standard of living, which
is a key indicator of energy consumption, uses domestic or
imported sources of energy. In Greece, the electricity generation system is mainly based -since its foundation in the
early 60’s- on the usage of local lignite and imported heavy
oil [1, 2]. In fact, lignite is the only indigenous significant
fossil fuel source, covering approximately 50% of the
national electricity generation (Fig. 1) with the mining of
more than 60 Mt on an annual basis. In this context, although electricity production from natural gas and renewable forms of energy has increased during the recent years
(Fig. 1), the dominant role of lignite is not expected to
change dramatically in the near future.
At the same time, the national levels of harmful gases
and particle releases emitted from the TPSs as a byproduct of lignite combustion [3, 4], constitute an important indicator of the current technology used, as well as of
the compliance of the State with its commitments under
the corresponding environmental legislation. Thus, wide
scrutiny of concentration data of all these harmful gases is
of great importance, considering, at the same time, that
any violation noted should be the object of serious national concern. Under this argument, considering also the
leading role of lignite in the national electricity sector [5],
the current work presents and evaluates the long-term
environmental performance of the Greek electricity generation system (based on lignite consumption), as far as
NOX and SO2 emissions are concerned, during the time
period of 1995-2008.
2 BRIEF PRESENTATION OF THE GREEK
LIGNITE THERMAL POWER STATIONS

1 INTRODUCTION
The indispensable role of energy and, more specifically, of electricity in our daily life and well being is of
unquestionable value. Nevertheless, the need for electric* Corresponding author

The national Electricity Generation System (EGS) is
divided into two main categories, i.e. the so-called interconnected system of the mainland and the autonomous
power plants of the Aegean Archipelago islands. Concerning the Archipelago region, the Greek EGS is comprised
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FIGURE 1 - National electricity generation (fuel mix) time-evolution.
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2 LTPS

Southern Greece
FIGURE 2 - Detailed map of PPC power plants with focus on the lignite power stations [6].

of approximately 40 local Autonomous Power Stations
(APSs) which consume imported fuel amounts of diesel
and heavy oil [6]. On the other hand, the mainland’s electric grid, on top of large hydro installations (3.1 GW), is
mainly supported by TPSs of total rated power 8.2 GW,

with most of them being owned by the Greek Public Power
Corporation (PPC), i.e. the exclusive supplier and practically the sole producer of energy deriving from fossil
fuels’ combustion. Fig. 2 illustrates the location of PPC’s
power plants all over Greece (TPSs and hydroelectric). The
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existing electricity generation units are mainly based on
local lignite reserves -7 Lignite Thermal Power Stations
(LTPSs) with a capacity of 5.3 GW- while the capacity
share for natural gas, along with the combined cycle stations, is slightly below 3GW.
The Greek PPC, as already mentioned, is the owner of
the major TPSs in Greece. More specifically, the LTPSs
under investigation in the present work are given in Table 1.
It should be mentioned that the Greek exploitable lignite
reserves are among the poorest fossil fuels used in thermal power plants all over the world with rather low calo-

rific value and a tendency to degrade even more during
the recent years because of the intensive exploitation of
existing mines [7]. Generally, the quality of the indigenous lignite oscillates highly both within and across mines,
with the moisture and ash content being in most cases
higher than 50% and 30%, respectively (see Table 2) [8, 9].
In fact, by taking into consideration the physical characteristics of the fuel (lignite) used in the TPSs, the northern
Greek lignite has higher calorific value (up to 50%) and
lower sulphur content than the southern one. As a result,
the emission factors from each TPS vary significantly.

TABLE 1 - Basic characteristics of Greek major thermal power stations.

TPS/Unit

Ptolemaida I*
Ptolemaida II
Ptolemaida III
Ptolemaida IV
Megalopolis-A I
Megalopolis-A II
Megalopolis-A III
Megalopolis-B IV
Kardia I
Kardia II
Kardia III
Kardia IV
Ag. Dimitrios I
Ag. Dimitrios II
Ag. Dimitrios III
Ag. Dimitrios IV
Ag. Dimitrios V
Amyntaio I
Amyntaio II

Installed
Capacity
(MW)
70
125
125
300
125
125
300
300
300
300
325
325
300
300
310
310
375
300
300

Start-up
Operation

1959
1962
1965
1973
1970
1970
1975
1991
1975
1975
1980
1981
1984
1984
1985
1986
1997
1987
1987

Fuel

Location

Technical Characteristics

Lignite

North Greece
Kozani, W. Macedonia

Boiler supplier: KSG, Stein, EVT
T/G supplier: Alsthom, BBC

Lignite, bituminous coal South Greece
Arcadia, Peloponnesus

Boiler supplier: Vereinigte Kesselwerke
T/G supplier: AEG, Siemens

Lignite

North Greece
Kozani, W. Macedonia

Boiler supplier: Stein, Ganz-Rock, T/G
supplier: Alsthom, LMZ, Teploenergo,
EPC: Zarubezhenergoproekt

Lignite

North Greece
Kozani, W. Macedonia

Boiler supplier: Stein, EVT, Biro T/G
supplier: Alsthom, LMZ, Electrosila,
Ansaldo

Lignite

North Greece
Florina, NW. Macedonia
Lignite
North Greece
Florina I
330
2003
Florina,NW. Macedonia
*Note that Ptolemaida’s I thermal power unit has recently been retired (June 2010)

Boiler supplier: Stein
T/G supplier: LMZ
Boiler supplier: Ganz-Rock
T/G supplier: ABB, EPC: ABB

TABLE 2 - Main quality characteristics of various Greek lignites (based on data from [8, 9]).

Deposit

Ptolemaida- Amyntaio
Megalopolis
Florina
Drama
Elassona

Calorific
value
(MJ/kg)
5.65
4.35
8.18
4.37
8.3

Moisture (%)
(“as received” basis)

Ash (%)
(dry basis)

Sulphur (%)
(“as received” basis)

52-58
56-60
40
60
42

29.2
32.6
39.6
39
34.8

0.5
1.2-6
>1
0.6
0.7

3 AIR POLLUTANT EMISSIONS
3.1 SOX and NOX production from power generation

At national, regional and global level, there is no
doubt that the energy sector is one of the greatest causes
of air pollution and climate change [10, 11]. Particularly,
the emissions of CO2, SOX and NOX have a direct or indirect impact on the present and future generations’ health
[12], and the abatement of these emissions is a well-known

point in the international agenda. To this end, the present
survey is mainly focused on the Greek electricity generation sector, and a thorough examination of the time-evolution
of sulphur dioxides’ and nitrogen oxides’ production is carried out.
Sulphuric emissions from power generation concern
SO2 and SO3 which are produced when the sulphur of the
solid and liquid fossil fuels is burned. During combustion,
sulphur trioxide is normally transformed to sulphur diox-
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ide and, thus, the latter represents 99.5% of sulphur oxides
in the flue gas. SO2 is mainly produced in various industrial
processes [13]. Coal and petroleum products contain sulphur compounds and, therefore, the combustion of these
fossil fuels, releases sulphur dioxide. More specifically,
SO2 emissions are strongly related with fuel sulphur concentration and the 4 most common methods [14] of reducing them include the following topics:
• De-sulphurisation of coal prior to combustion (physical, chemical, microbial).

•

Air staging across combustion chamber height for
keeping combustion temperature as low as possible.

•

Vertical fuel staging across burner height.

•

Flue gas recirculation (cold flue gases downstream of
air pre-heater are recirculated to combustion chamber).

•

Finer coal milling for reducing the size of the fuel
particles and, therefore, the required time for burnout
in the combustion chamber.

•

Low-NOX burner: The most important design of the
low NOX burner layout is characterized by concentration of fuel and graduation of air to get a controlled
combustion avoiding the production of NOX.

• The removal of sulphur oxides during combustion.
• The removal of sulphur oxides after combustion.
• Conversion of coal to a clean fuel by gasification and
liquefaction.
In fact, usage of fuels with low-sulphur content, or
installation of de-sulphurisation units to the exhaust gases
of a plant, comprise the most popular practices for reducing SO2 emissions [15]. Unfortunately, in the Greek EGS,
most of the thermal power units consume lignite with low
calorific value and rather high sulphur content (more
specifically, the sulphur content is generally low in the
mines of Western Macedonia-Northern Greece, while in
Megalopolis and Florina areas is quite high, exceeding
1%) (see Table 2). Among various available de-SOX techniques, Greek PPC has chosen to apply, in some cases,
the most common one, i.e., wet flue gas de-sulphurisation
using limestone slurry.
NOX includes nitric oxide (NO) and nitrogen dioxide
(NO2). In some cases, small amounts of (N2O) are also
produced, while this specific flue gas is said to participate
in global warming, being over 300 times more noxious
than CO2. Nitrogen oxides, which are responsible for
respiratory infections and other serious diseases, as well
as for the formation of acid rain, ozone and particulate
matter (PM), are produced when nitrogen and oxygen are
combined during combustion taking place in fossil-fuelfired heat and electricity generating plants, and in various
transportation-related sources (dominated by cars and
trucks, but also including trains, ships, airplanes and other
non-road vehicles), and processes in chemical plants. The
amount of NOX formed mainly depends on flame temperature, nitrogen content of the fuel, quantity of excess
air used for combustion, the degree of turbulence, and the
residence time at high temperature. An increase in any of
these factors can increase NOX formation [16]. Thus, as
far as the electricity production sector is concerned, reduction in NOX formation can be achieved as a result of
measures, such as the introduction of combustion modification and implementation of flue gas abatement techniques [17, 18], or even fuel-switching (from lignite or
coal) to other sources of electricity generation (e.g. renewable energy). More specifically, primary NOX reduction measures include [19]:
•

Reduction of excess air

3.2 SO2 and NOX emissions time-evolution

Greece, as an EU Member State, has accepted specific obligations and incorporated into its national legislation several air quality-related EU Directives concerning
the reduction of various harmful gases and particle releases
for the protection of the population from their dangerous
toxic effects, e.g. Directives 1996/62, 1999/30, 2000/69,
2001/81, 2002/3, and 2004/107. This legislative framework, apart from setting threshold values for measuring and
assessing ambient air quality, it also defines, among others,
the number and location of sampling points for each air
pollutant as well as the measuring and reference methodologies. In this context, the PPC contributes to the monitoring of ambient air quality in the vicinity of the thermal
power plants under its operation, with more than 50 measuring stations, performing systematically air quality measurements.
In compliance with the National Emission Ceilings
Directive (2001/81/EC), all Member States of the EU, including Greece, need to succeed in reducing their annual
SO2 and NOX emissions. Specifically, according to the
Directive, Greece is committed not to exceed the ceiling
of 523 kt of SO2 and 344 kt of NOX emissions from 2010
onwards. However, as seen in Figs. 3 and 4, this is not the
case for most of the years during the 1995-2008 time
period, for both acidifying substances.
In fact, as far as SO2 is concerned, although the above
ceiling target was achieved in 2008 with 448 kt, this is not
the case for the long-term average (1995-2008) reaching
526 kt per year, as well as for the maximum annual production recorded in 2003 (545 kt) [20] (Fig. 3). Similar
considerations apply also for NOX production. The annual
long-term average (1995-2008) is about 370 kt per year,
violating the EU emission ceiling, with the maximum annual NOX production being recorded in 2005 (i.e. 420 kt)
(Fig. 4). Furthermore, one should not disregard that after
1999 the NOX production increased gradually, despite the
introduction of natural gas in the local markets.
On top of the above, since flue gases emissions are pertinent to local human health, notwithstanding their transboundary effects, it is worth to consider them on a per
capita basis as well. In this context, according to official

2679

© by PSP Volume 21 – No 9. 2012

Fresenius Environmental Bulletin

Total SO2 emissions

550

2010 SO2 ceiling

SO2 emissions (kt)

520

490

460

430

400
1995

1996

1997

1998

1999

2000

2001

2002

2003

2004

2005

2006

2007

2008

FIGURE 3 - Total Greek SO2 emissions compared with 2010 national emission ceiling (based on data from [20]).
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FIGURE 4 - Annual Greek NOX emissions compared with 2010 national emission ceiling (based on data from [20]).

data [21], among all EU countries, Greece is considered to
be the third emitter on a per capita basis with almost 38 kg
per cap of SOX, or about four times the EU average (i.e.
10 kg per cap), see Fig. 5. As far as NOX is concerned,
Greece is the second emitter on a per capita basis (almost
33 kg per cap), emitting almost twice as much in relation
to the EU average (almost 18 kg per cap) (see Fig. 6).
Indisputably, the biggest source responsible for more
than 90% of SO2 emissions in Greece is by far the energy
sector (Fig. 7), including heat and electricity generation as
well as combustion processes used in the manufacturing
industry [22]. The energy sector is also responsible for

quite more than half of national NOX emissions, while the
remaining is emitted mainly by the road transportation
sector (see Fig. 8) [22, 23]. Note that the significant decrease in NOX emissions from transport during the time
period under investigation (Fig. 8) is attributed to the substitution of old technology vehicles by new catalytic ones.
3.3 SO2 and NOX emissions per LTPS

The impact of the electricity sector on national flue
gas emissions (especially SO2) is mainly caused by the
continued reliance on poor quality fossil fuels and, in
particular, local lignite. The 5.3 GW installed capacity of
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FIGURE 9 - Time evolution of SO2 production per LTPS.

the lignite-fired power plants represents roughly 40% of
the national installed capacity, but is responsible for the
noteworthy amounts of 60% and 15% of SO2 and NOX
national emissions, respectively. Under this argument, it
is of crucial importance to examine each thermal station
separately in order to classify it in terms of environmental
performance.
Thus, by taking into consideration previous studies [2,
24] examining SO2 emissions from 1995 to 2002, along
with additional data provided by Greek authorities [25] until
2008, one may observe the time evolution of SO2 emissions
per LTPS (Fig. 9). Comparing northern Greek LTPSs with
the southern ones, it becomes clear that the contribution of
the latter is significantly greater, mainly due to the usage
of lower quality lignite with higher sulphur content (see
Table 2). Furthermore, as it may be seen from Fig. 9, the
operation of de-sulphurisation units after 1999 at large
installations for electricity generation, such as Megalopo-

lis B TPS, resulted in a slight restriction of the increase of
SO2 emissions for some years. In fact, the TPSs which have
already been equipped with a de-sulphurisation unit are:
Megalopolis B TPS (Unit IV) in 1999 with further upgrading in 2008, Florina TPS in 2004 and, more recently,
Megalopolis A TPS (Unit III) in the end of 2009 [26].
Subsequently, the time evolution of NOX emissions
per LTPS is presented in Fig. 10, by taking into account
previous data [27] examining the NOX emissions from
1995 to 2002, along with more recent ones until 2008 [25].
It is worth-mentioning that while in the case of SO2 emissions, values fluctuate during the time period under investigation -mainly due to variation in the quality of the
lignite used-, for the NOX emissions, there is a gradual but
significant increase over the years. Furthermore, comparing southern Greek LTPSs with the northern ones, it becomes clear that the contribution of the latter is significantly greater, with the two biggest national LTPSs (i.e.

2682

© by PSP Volume 21 – No 9. 2012

Megalopolis A

Fresenius Environmental Bulletin

Megalopolis B

Agios Dimitrios

Amyntaio

Kardia

Florina

Ptolemaida

70
60

NOX emissions (kt)

50
40
30
20
10
0
1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
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Ag. Dimitrios, 1595 MW and Kardia, 1250 MW) being
together responsible for almost 70% of the total NOX
annual release (due to lignite combustion) in the country.
4 ANALYSIS OF SO2 AND
NOX EMISSION FACTORS
Based on official data [25, 28] concerning the electricity production and air pollutant emissions, it is possible to
estimate the specific air pollution factor of every Greek
LTPS as a function of time. The flue gas emissions from
the electricity generation sector in Greece are estimated
using detailed data gathered from Kaldellis et al. [2, 24, 29,
30] and the PPC [25], concerning the major local LTPSs.
In order to obtain a clear picture of the electricityrelated SO2 and NOX air pollution burden on every station, an integrated method is developed to express the
emission production in relation to the amount of electrical
energy consumed. Note that the current analysis considers
also the total efficiency of the corresponding LTPS and
the line transmission losses from the LTPSs to the main
consumption centers. The coefficients given are expressed
in kg of SO2 or NOX emitted per MWhe consumed. For
this purpose, one may use measurements concerning the
annual flue gas emissions of every LTPS of the Greek
EGS along with the corresponding net electricity generation, modified in order to include energy line transmission
losses. Thus, the emission factor of the each LTPS may be
generally defined as follows:

ex j =

(m x ) j
Ej

(1)

where, "mx" are the annual emissions of each flue gas
under investigation "x" (in this case SO2 or NOX) (expressed in kg), and "Ej" is the annual electricity generation (expressed in MWhe) of the "j" LTPS, including line
transmission losses.
Proceeding to the results obtained, in Figs. 11 and 12,
considerable fluctuations of the corresponding flue gas
emission factors on an annual basis arise during the time
period between 1995 and 2008. As far as SO2 emissions
are concerned, note that the sudden decrease of "eSO2Megalopolis-B" after 1999 is a result, as already mentioned,
of the installation of a de-sulphurisation unit (Fig. 11). It
should be noted that before the installation of the desulphurisation unit, this power plant surcharged the environment with approx. 45 kg/MWhe. Nevertheless, that
unit faced several operational problems so it did not attribute the maximum benefits that such a system could
give, until its upgrade in 2008 which resulted to the low
level of 2.5 kg of SO2 per MWhe consumed by the Greek
citizens. On the other hand, the emission factor of Megalopolis A TPS presents a gradually increasing trend, during the time period between 1995 and 2008, approaching
its highest level of approx. 80 kg/MWhe in 2003 (which
corresponds also to the highest SO2 emission factor recorded from all LTPSs within the investigated time period) (see also Fig. 13), while by 2008, the respective
amount was 70 kg/MWhe (Fig. 11).
As far as the northern LTPSs are concerned, it should
be noted that the emission factors of SO2 are more than
10 times less than those of the southern units. In this context, the highest emission factor value, among the 5 LTPSs,
corresponds to Amyntaio’s power plant (approaching the
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of northern Greek LTPSs. The highest emission factor
value during the period analyzed corresponds to Kardia’s
power station (see also Figs. 13 and 14), i.e. the second
biggest Greek LTPS in terms of capacity. Furthermore,
substantial emission factors have also been observed for
Ptolemaida’s and Ag. Dimitrios LTPSs (see Fig. 12), both
of them reaching their highest values recently, in 2006 and
2008, respectively (Fig. 13). Similarly, the Amyntaio’s
LTPS presents a rather high emission factor, especially
during the recent years (reaching its highest value of 2.5 kg/
MWhe in 2008), following a continuous amplification after
2000. As far as the 2 LTPSs of Megalopolis are concerned,
one can notice, in Fig. 12, a gradual decreasing trend of
NOX emission factors, a fact which becomes more obvious in 2008, as a result of the adoption of effective NOX
abatement techniques during that year. Note that the lowest long-term value of NOX emission factor is achieved by
the newest LTPS (in Florina), emitting almost constantly
well below 1 kg/MWhe (see Figs. 12 and 14).
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level of 7 kg/MWhe in 2008) despite the efforts made to
restrict SO2 emissions between 2001 and 2003 (see Fig. 11).
Accordingly, one may observe a significant increase –especially during recent years- of the SO2 emission factor for
Agios Dimitrios’ thermal power plant (i.e. the first station
in terms of capacity and annual energy produced, see also
Fig. 14), which reached its highest level of about 5 kg/MWhe
in 2008 (Fig. 13). Next is Florina’s TPS, i.e. the newest
power plant with start-up operation in 2003. The sudden
increase of the SO2 emission factor which occurred after
2005 is owed to a malfunction of the de-sulphurization
system. Finally, the sudden emission factor decrease depicted for the plants of Ptolemaida and Kardia after 2005
is owed to the introduction of higher quality lignite for
electricity production.
Subsequently, one may see from Fig. 12 that although
there are no significant fluctuations of the annual NOX
emission factors during the time period investigated, a
gradual increase takes place after 1999, especially for most
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Based on the above results, one may obtain from Fig. 15
an approximate estimation for the considerable environmental surcharge from SO2 and NOX emissions due to
lignite combustion for electricity generation. According to
the data depicted, average emission factors for both flue
gases seem almost stable during the time period analyzed,
as a result of the limited implementation -up till now- of
effective abatement techniques (especially for NOX production) in the country’s lignite-based electricity generation sector. Particularly, one may say that, in rough num-

bers, the Greek lignite-based EGS is responsible for the
emission of about 9 kg of SO2 per each MWhe consumed
(i.e. average value recorded during the investigated time
period). It is also worth-mentioning that the average SO2
emission factor from the southern LTPSs during the time
period analyzed is found to be almost 45 kg/MWhe (see
also Fig. 14), which is 15 times greater than the respective
average amount produced by the northern power plants
(i.e. 3 kg/MWhe). On the other hand, regarding NOX production, the average annual emission factor is found be-
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tween 1.20 and 1.90 kg/MWhe with the highest values
being recorded mainly from 2004 onwards. Thus, one
may say that the Greek lignite-based EGS is responsible
for the emission of about 1.5 kg of NOX per each MWhe
consumed (Fig. 15), with the northern LTPSs having the
biggest contribution (see Fig. 14).
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