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RAINFALLS ACCELERATE THE DECLINE PROCESS
OF MICROCYSTIS (CYANOPHYCEAE) BLOOMS
Zhicong Wang 1,2, Dunhai Li1,* and Zhongjie Li1,*
1

Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan 430072, P.R. China
2
Graduate University of Chinese Academy of Sciences, Beijing 100049, P.R. China

ABSTRACT

KEYWORDS: rainfall, Microcystis, bloom decline, buoyancy,
particle size, photosynthetic activity.

In Lake Chaohu, China, a vertical stratification of water temperature and dissolved oxygen (DO) was observed
on sunny days, whereas it was not obvious on rainy days
and DO was low in the whole water body. This indicates
that rainfall can lead to a vertical convection and a low
DO. In this study, we found that the density of small
Microcystis colonies (<100µm) was higher on rainy day
than on sunny days, implying that rainfall had a mechanical impact on large colonies and broke them into small
colonies. The measured results of algae collected on sunny
day showed that oxygen removal in mucilaginous envelope, mechanical damage, and destruction of gas vesicles
could significantly decrease the buoyancy of Microcystis
colonies by 27.36±4.85% (p < 0.01), 45.57±5.29% (p <
0.01) and 18.23±3.24% (p < 0.05) in one-way ANOVA,
respectively. However, when algae sampled on rainy day
were treated with above mentioned three methods, the
buoyancy of Microcystis colonies only decreased by
6.72±2.77% (p > 0.05), 33.37±4.02% (p < 0.01), and
13.34±3.58% (p < 0.05) in one-way ANOVA, respectively. These results suggested the rapid decrease in colony buoyancy on rainy days was not only due to the breakage of colonies but also due to the loss of oxygen bubble
entrapped in mucilaginous envelope. Under simulated
rainy day condition, the low DO in the water significantly
decreased the photosynthetic activity, the up-floating velocity, and the growth rate of Microcystis colonies, which
suggested that low-oxygen in some areas of lake could
damage the photo-system of Microcystis and cause a
bloom decline. The reculture of settled Microcystis colonies collected on rainy days showed that the recovery of
photosynthetic activity and growth rate were very low,
suggesting that most of the settled colonies could not act as
seed source for the next bloom even though they were
stirred and suspended in the water column after the weather conditions became suitable. Therefore, the physiological
inactivity and the settling of Microcystis colonies under
frequent heavy rainfall condition are the important reasons
for the seasonal, rapid, irreversible collapse of severe
algal blooms until the following year.
* Corresponding authors

1 INTRODUCTION
Nowadays, cyanobacterial blooms, especially Microcystis bloom, have become one of the most serious environmental problems all over the world [1-3]. Cyanobacterial blooms can harm ecosystem and human health by
releasing toxic substances when the algal-contaminated
water is used for recreational or drinking purpose [4-6].
Many studies have been carried out on the unusual proliferation mechanism of harmful algal blooms [7], whereas
only few studies have been related to the factors decreasing their proliferation.
In China, many large shallow lakes face serious threat
from eutrophication, such as Lake Taihu [8], Lake Chaohu
[9], and Lake Dianchi [10], and Microcystis blooms have
occurred every summer in recent decades. In later summer,
when water temperature (WT) decreases, the surface blooms
gradually disappear and the colony biomass in water column
also decreases [11]. Some researchers suggested that the
decrease in nutrients in water column, especially phosphorus, is an important factor for the decline of blooms
[12-14]. However, from previous researches, we found
that Microcystis cells can resuscitate and survive for a
long time under low-nutrient and low-temperature conditions even if they do not grow well [15, 16]. Hence, this
sudden disappearance of blooms might have resulted from
some other natural causes.
In this study, we found that continuous strong rainfalls could lead to a rapid decline of Microcystis blooms
in lake bays. Therefore, the differences in the physicochemical factors in bloomed lake bay were investigated
respectively on sunny and rainy days. Based on the data
of the colonial size, the up-floating velocity, and the photosynthetic activity of Microcystis colonies under these
two weather conditions, we show that the rainfall has
significant effects on the physicochemical conditions of
water column and the living status of the Microcystis colonies. Furthermore, we discuss the reasons why blooms
suddenly and irreversibly disappeared after continuous
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rainfall and why they could not bloom again even under
following optimum weather.
2 MATERIALS AND METHODS

following physicochemical conditions, up-floating velocity, colonial size and chlorophyll fluorescence were respectively measured on July 12 and July 14, which respectively
indicated the environmental difference between the sunny
day and rainy day.

2.1 Study sites and sampling methods

2.2 Measurement of the physicochemical conditions

Lake Chaohu (31°25′28′′-31°43′28′′N, 117°16′54′′117°51′46′′E) is located in the delta region of the Yangtze
River in Southeastern China. It has a mean surface area of
770 km2, a mean depth of 2.7 m, and a storage capacity of
2.1 × 1010 m3. Before 1950s, it was well known for its
scenic beauty and richness of aquatic life. Since that time,
however, the lake has been facing serious eutrophication
[17]. In the warm seasons of every year, the lake is covered with dense cyanobacterial blooms (mainly consisting
of Microcystis and Anabaena) [18]. We found that Microcystis blooms occurred in summer after Anabaena blooms
disappeared in late May, and Microcystis blooms declined
in later summer after frequent rainfalls. So, we carried out
the present experiment in July and chose three sampling
sites (Site 1, 31°41'30.96"N, 117°18'12.22"E; Site 2,
31°41'24.81"N117°18'8.70"E; Site 3, 31°41'18.95"N
117°18'5.59"E) for parallel experiments (Fig.1). Samples
from surface (0−0.5m), middle (1.5m from the surface),
and bottom (3m from the surface) layers were collected at
each site. The experiment was performed from July 12 to
July 20, 2010. According to the local weather forecast, we
collected the sunny Microcystis colonies in the morning
of July 12 before a period of some discontinuous raining,
and then followed by some discontinuous heavy rainfalls.
On July 14, we collected samples again after the rain. The

Dissolved oxygen (DO) and WT were measured using a portable DO meter (YSI 550A), and pH was measured using a portable pH meter (YSI pH63) [19]. Chlorophyll-a was extracted and measured spectrophotometrically as described by Parsons and Strickland [20]. The pelleted cells were extracted with 90% ethanol for 24 hours at
4°C. The absorbance at 665, 645 and 630 nm was measured, and the chlorophyll-a concentration was calculated
using the following formula: mChla(mg/L) = 11.6*OD665−
1.31*OD 645−0.14*OD 630.
2.3 Average up-floating or sinking velocity of Microcystis
colonies

A self-made floating device was used to measure the
average up-floating velocity of Microcystis colonies as
described previously [21]. The device was a modified
plastic bottle with a rectangular opening. The algae sample above the level of the opening was collected after
being stood for some minutes (∆t), then the up-floating
velocity of Microcystis was calculated according to the
formula: v= (C2–C1)×V1/(C1×S×∆t)
2.4 Microcystis colony-size determination and categorization

500 ml samples which respectively collected in sunny
day and rainy day were immediately fixed with Lugol’s

Beijing

Anhui

Tangxi River

Taiwan
Hainan

People's Republic of China

Site 3

Lake Chaohu, China
31°25′28′′-31°43′28′′N, 117°16′54′′117°51′46′′E

Site 2
Site 1

FIGURE 1 - The sampling sites in Lake Chaohu
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solution and then concentrated by siphon pipe to 60 ml
after a 48-h sedimentation. Then, 0.1 ml from each concentrated sample was assayed for numbers and type of
Microcystis by using a microscope. By measuring the
longitudinal axis length of each colony Microcystis, colonies were divided into eight types, based on the size of
single colonies, of 3–5, 5–10, 10–20, 20–40, 40–100,
100–300, 300–900 and >900 µm. To avoid personal error,
a minimum of 300 Microcystis colonies larger than 40 µm
were randomly counted in a plankton counting chamber
(0.1 ml), while colonies smaller than 40 µm were counted
only in lines 2, 5, and 8 of all 10 lines in the counting
chamber, and the number obtained was more than or
equal to 1000. Each sample was counted in triplicate, and
the variation between the samples was less than 5%.

cy of PSII (Fv/Fm), actual photochemical efficiency of
PSII (ΦPSII), photochemical quenching (qP) and nonphotochemical quenching (qN) were automatically measured under an active light (AL) with intensity of 256 µmol
photons·m-2·s-1 following adaptation for 5 min. Based on
the primary fluorescence data of Fo (original fluorescence
of dark adapted), Fm (maximum fluorescence), Fo′ (minimal fluorescence of light-adapted), Fs (steady-state fluorescence of special actinic light-adapted) and Fm′ (maximum fluorescence), the above four parameters were automatically calculated by the following formulas: Fv/Fm=
(Fm-Fo)/Fm [22]; ΦPSII = (Fm－Fs)/ Fm′ [23]; qP = (Fm′－Fs)/
(Fm′－Fo′) and qN=1－(Fm′－Fo′/Fm－Fo) [24], which had
been programmed into the PAM 2100 prior to the experiment.

2.5 Effects of low oxygen, mechanical damage, and high
pressure on the buoyancy of Microcystis colonies

2.7 Cultivation of Microcystis colonies

The surface Microcystis colonies were respectively
sampled in both sunny weather (July 12) and subsequently
rainy weather (July 14), and the following three treatments
(oxygen removal by Na2S2O4·2H2O, mechanical damage,
and destruction of gas vesicles) were carried out separately on the samples. In Treatment 1, sodium hydrosulfite
(Na2S2O4·2H2O) was added to the samples for 10 minutes;
in Treatment 2, large colonies were broken into small
colonies using a glass grind; and in Treatment 3, extracellular pressure was increased to 3×105 Pa to destroy the
gas vesicles by using a 50-ml glass syringe. Then, the
contribution of DO, colony size variation, and gas vesicles to the buoyancy of Microcystis colonies was determined. In Treatment 1, because sodium hydrosulfite rapidly exhausted the DO from the water column and more
rapidly diffused into the gelatinous envelope of Microcystis colonies and consumed the oxygen released due to
photosynthesis, Microcystis colonies were exposed to an
oxygen-deficient environment. In Treatment 2, the homogenization broke large colonies into small colonies but
did not destroy the gas vesicles inside the cells. Because
this treatment affected only the size of colonies, it was
used to study the effect of changes in colony size on the
buoyancy of Microcystis colonies. In Treatment 3, to
damage the gas vesicles, Microcystis colonies were placed
into a cell compressor modified by a 50-ml syringe, and
the cell compressor was pressurized at 3 atmospheres with
a propelling piston. The contribution of the gas vesicles to
the colony buoyancy was evaluated through measuring
the changes in up-floating velocity before and after destruction of the gas vesicles.

To confirm whether the loss of photosynthetic activity of Microcystis cells on rainy day is temporary or permanent, the settled and floating Microcystis colonies were
collected in the three sample sites after rain on July 14,
and then re-cultured in conical flasks filled with BG11
medium [25] to evaluate the growth potential under simulated conditions of wind–wave disturbance and resuspension. Microcystis colonies floating on the water
surface were collected and cultured as control. The initial
Microcystis biomass was 1.8×105 cell/L. The collected
settled and the floating Microcystis colonies were cultured
under a 12:12 LD (Light: Dark) cycle at 30±2 oC with an
intensity of 60 µmol photons s-1 m-2 provided using cool
white fluorescent tubes, and cell growth was measured
based on the changes in cell density and Fv/Fm once every
two days for 16 days.
2.8 Effect of simulated low-oxygen condition on the growth
of Microcystis colonies

To investigate the effect of DO on the growth of Microcystis colonies, the floating colonies collected from
lake water surface were grown in the lake water containing low DO (2.25 mg/L), which was regulated by sodium
hydrosulfite (initial concentration of chlorophyll-a was
150 µg/L). The oxygen-enriched lake water (8.24 mg/L)
was used as control culture medium and the initial Microcystis biomass was 3×109 cell/L. The culture condition
was the same as that in the reculture experiment, except
for LD cycle because here the culture was maintained
always in light. The variations in Fv/Fm, DO, up-floating
velocity, and percentage of floating cells were measured.
2.9 Statistical analysis

2.6 Chlorophyll fluorescence

Bloom samples were collected by using a phytoplankton net. Chlorophyll fluorescence parameters were
measured with a PAM2100 (Pulse-Amplitude-Modulation
Chlorophyll Fluorescence 2100; WALZ, Germany). The
Fv/Fm was obtained by taking the measurement under a
light less than 0.15 µmol photons·m-2·s-1 after incubation
in the dark for 10 min. Maximum photochemical efficien-

The analysis of variance (ANOVA) was used to examine whether there is significant differences among floating
velocities of Microcystis after three different treatments
(oxygen removal in mucilaginous envelope, mechanical
damage, and destruction of gas vesicles). Results of all tests
were considered significant at 95% confidence if p is below 0.05 for a given F statistic test value.
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3 RESULTS
The morphological differences of Microcystis colonies between in sunny day and rainy day were shown in
Fig. 2. It showed the bloom-forming Microcystis was
mainly composited of M. aeruginosa kütz., M. wesenbergii
(Komárek) Komárek and M. flos-aquae (Wittr.) Kirch..
Generally, the colonial size of Microcystis was larger in
sunny day in comparison with that in rainy day (Fig. 2).
However, the species biomass composition of Microcystis
kütz. was not significantly different between sunny samples and rainy samples (Table 1).
3.1 Physicochemical conditions in different water layers

Table 2 gives the vertical stratification of physicochemical conditions and phytoplankton distribution in
water column was observed on sunny days. The DO and
the chlorophyll-a contents in the surface layer were obviously higher than those in the middle or the bottom layer.
However, on rainy days, no significant differences among

these factors in the three layers were found. These results
indicated that rainfall can lead to the vertical convection
of the lake water followed by the disturbance of Microcystis blooms
3.2 Changes in the colony buoyancy after the different treatments

The up-floating velocity of Microcystis colonies on
sunny days was significantly (p < 0.01, one-way ANOVA)
higher than that on rainy days (Fig. 3). The floating velocities of Microcystis colonies on sunny days were decreased
markedly after the three treatments, namely oxygen removal by Na2S2O4·2H2O, mechanical damage, and destruction of gas vesicles. The buoyancy of Microcystis
colonies significantly decreased by 27.36±4.85% (p <
0.01), 45.57±5.29% (p < 0.01) and 18.23±3.24% (p <
0.05) in one-way ANOVA after the addition of sodium
hydrosulfite, the homogenization, and the destruction of
gas vesicles, respectively.

a M. wesenbergii

M. aeruginosa

200µm

b

200µm

dM. wesenbergii

M. aeruginosa

200µm

c

M. flos-aquae

200µm

e

f

M. flos-aquae

200µm

200µm

FIGURE 2 - Morphological characteristics of various Microcystis (M. aeruginosa kütz., M. wesenbergii (Komárek) Komárek and M. flosaquae (Wittr.) Kirch.) colonies according to different weather conditions. Here, (a), (b) and (c) were light-microscopic photographs for sunny
day; (d), (e) and (f) were microscopic photographs for rainy day, respectively.
TABLE 1 - Species composition of Microcystis kutz for sunny day (July 12) and rainy day (July 14) (Mean ± SD, n = 3)
M. aeruginosa
73.22±5.89
75.47±7.25

In sunny day (%)
In rainy day (%)

M. wesenbergii
23.54±3.74
21.96±2.19

M. flos-aquae
3.24±1.42
2.57±0.68

TABLE 2 - Physicochemical conditions in the Microcystis bloom area on sunny day (July 12) and rainy day (July 14) (Mean ± SD, n = 3)
Day
Sunny

Rainy

Water layer
Surface

Temperature (℃)
31.7 ± 0.2

pH
9.15 ± 0.35

Middle

30.4 ± 0.2

8.76 ± 0.03

Bottom

30.2 ± 0.1

8.59 ± 0.04

Surface
Middle
Bottom

29.4 ± 0.1
29.5 ± 0.1
29.5 ± 0.1

8.23 ± 0.03
8.18 ± 0.03
8.12 ± 0.03

2148

DO (mg/L)
8.68 ± 1.81

Chlorophyll-a (µg/L)
160.2 ± 8.5

5.85 ± 0.96

49.2 ± 4.9

0.78 ± 0.63
3.36 ± 0.31
3.28 ± 0.27
3.30 ± 0.27

43.6 ± 4.7
97.7 ± 6.9
80.9 ± 3.8
79.8 ± 8.6
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significantly lower (p < 0.05, one-way ANOVA) than that
of colonies on sunny days (Fig. 4). This result suggested
that breaking large colonies into small colonies might be
an important effect of rainfall on algal blooms.

2.5

Sunny day
Rainy day
-1 .

Up-floating velocity (cm min )

2

10

Lg(ind L ) of Microcystis colonies

1.5

1

0.5

7.88 7.95

8

Sunny

7.86
7.38

7.03 7.18

7.16

6.58

6.56

6.41 6.40

6

5.37

4.99

4.89

4.25
4

-1

0

Rainy

8.70

Control

Treatment 1

Treatment 2

Treatment 3

Different treatment

FIGURE 3 - Changes in the buoyancy (shown by up-floating velocity) after the three treatments (Treatment1, oxygen removal by
Na2S2O4·2H2O; Treatment 2, mechanical damage; and Treatment 3,
destruction of gas vesicles) in different weather conditions. Bars
represent standard deviation on triplicate treatments.
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FIGURE 4 - Microcystis colonies: a comparison between in rainy
day and sunny day in Lake Chaohu, Bars represent standard deviation on triplicate treatments. All the data in y-axis were transformed
to logarithm, namely expressed as Lg(ind L-1).

However, the buoyancy of Microcystis colonies collected on rainy days decreased by 6.72±2.77% (p > 0.05),
33.37±4.02% (p < 0.01), and 13.34±3.58% (p < 0.05) in
one-way ANOVA after the addition of sodium hydrosulfite, the homogenization, and the destruction of gas vesicles, respectively.

3.4 Photosynthetic activity and growth potential of the settled
Microcystis colonies
3.4.1 Photosynthetic activity

As shown in Table 3, Microcystis colonies floating at
the surface showed relatively high photosynthetic activities, and their maximum photochemical efficiency of PSII
(Fv/Fm), real photochemical efficiency of PSII (ΦPSII),
photochemical quenching (qP), and non-photochemical
quenching (qN) were obviously higher than those of the
settled colonies. The settled Microcystis colonies completely lost their photosynthetic activity.

3.3 Particle size of Microcystis colonies

The densities of small Microcystis colonies in bloom
area on rainy days were apparently higher than those on
sunny days (Fig. 4); for example, on rainy days, the density of colonies with the particle size of <100 µm was significantly higher (p < 0.05, one-way ANOVA) and the
density of colonies with the particle size of >400 µm was

TABLE 3 - Chlorophyll fluorescence parameters of Microcystis colonies collected from the surface and the bottom layers of lake (Mean ±
SD, n = 3)
Fv/Fm
0.412 ± 0.015
0.007 ± 0.002

ΦPSII
0.418 ± 0.021
0.012 ± 0.003

80

qP
0.382 ± 0.018
0.121 ± 0.015

qN
0.021 ± 0.007
0.002 ± 0
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FIGURE 5 - Changes in (left) growth and (right) Fv/Fm value of recultured settled and floating Microcystis colonies, Bars represent standard
deviation on triplicate treatments.
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3.4.2 Growth potential

Growth curves of Microcystis colonies that were collected from the water surface (floating colonies) and the
sediment surface (settled colonies) and then recultured in
BG11 medium are shown in Fig. 5. Compared with the floating colonies, the settled colonies showed a longer lag phase
of growth and a significantly lower specific growth rate
(0.042 d 1 vs. 0.336 d 1, p < 0.01, one-way ANOVA). After
reculture, the Fv/Fm value of the floating Microcystis colonies remained stable (≈ 0.418, Fig. 5). For the settled
colonies, the initial value of F v/F m was relatively low
(0.007 ± 0.002); however, it increased gradually after
reculture in BG11 medium, but it was always at a fairly
low level (0.122 ± 0.018).
−

−

3.4.3 Growth statuses of Microcystis colonies under various
DO conditions

Under low DO conditions, the photosynthetic activity
(Fv/Fm) of Microcystis colonies gradually decreased, and
it approached zero after 24 hours. However, under oxygen-enriched conditions, the photosynthetic activity of the
recultured Microcystis colonies showed a transitory rise
and then decreased quickly (Fig. 6a). The changes in DO
concentration exhibited a decreasing trend both in lowoxygen water and in oxygen-enriched water (Fig. 6b), and
the concentration of DO reached a low level of 0.24 mg/L
after 48 hours. The recultured Microcystis colonies lost
their buoyancy in a short time under low-oxygen condition
(Fig. 6c). However, even under oxygen-enriched conditions, the up-floating velocity of the recultured Microcystis colonies slowly declined (Fig. 6c) along with the decrease in DO content (Fig. 6b). Under low-oxygen condition, the percentage of the settled colonies increased (Fig.

6d); however, even under oxygen-enriched condition, the
colonies began to settle because DO decreased to a relatively low level after 12 hours.
4 DISCUSSION AND CONCLUSIONS
During the experimental period, the total precipitation
was 495.1mm and duration was 16 hours, and the impact
force of rains on water surface was 4.85×103 N (Newton).
After rainfall, the number of small Microcystis colonies
increased with the decrease in number of large colonies.
This morphological change greatly decreases the buoyancy
of Microcystis colonies [26], which also can be confirmed
by various lab treatments for algal colonies. On sunny days,
the breaking of colonies could lead to a 45.5% decrease in
the buoyancy, which might be explained by that the small
colonies had less buoyancy and/or lower oxygen entrapped
in mucilaginous-envelope compared with large colonies.
However, on rainy days, the buoyancy only decreased by
6.7% after removing oxygen inside the colonies by sodium
hydrosulfite (Fig. 3), suggesting that the retention of oxygen is not the main factor for the buoyancy of colonies on
rainy days. In field condition, a lower DO in the water
volume and a less photosynthetic activity of Microcystis
were observed on rainy days than on sunny days, resulting
in a lowering oxygen evolution rate and a rapid oxygendiffusion outside the mucilaginous envelope due to a low
oxygen pressure in water. So, the buoyancy of Microcystis colonies turned to low on rainy day.
The buoyancy of colonies only decreased by 33.37±
4.02% after homogenization, significantly (p < 0.01, one-

2150

© by PSP Volume 21 – No 8a. 2012

Fresenius Environmental Bulletin

way ANOVA) greater than the floating decrease 6.72±
2.77% of algae treated by sodium hydrosulfite. It indicated that the contribution of entrapped oxygen to the colony buoyancy was not obvious on rainy days and that
buoyancy was mostly attributed to large colony morphology, where the colony density rapidly dropped due to the
production of mucilaginous polysaccharide.
Studies on the growth status of Microcystis blooms under different weather conditions showed that low-oxygen
condition in water reduced the photosynthetic activity
quickly and decreased the buoyancy significantly; therefore, most of the Microcystis colonies settled onto the water–sediment interface [27-29]. In the middle and/or the
bottom water layer of bloom area, despite a high initial
oxygen, low-light intensity and high-metabolic activity
decreased the oxygen concentration to very low level after
48 hours. But in the surface layer, the optimal light intensity increased the photosynthetic activity, especially on
sunny days, and thus provides an oxygen-rich state. But
low-temperature water column on the surface of the lake
caused by heavy rainfall would immediately move toward
the bottom since the density of cold water is high (lower
the WT is, greater the water density is) [30]. Because of
this vertical water convection between the surface and the
bottom layers, the low-oxygen water in the bottom layer
is well dispersed throughout the water body, leading to
hypoxemia or low DO in all of the surface, middle, and
bottom layers. Because of the lowering of DO, the buoyancy of Microcystis blooms rapidly decreased, the photosynthetic activity gradually reduced, and the sinking rate
of Microcystis gradually increased. The average up-floating
velocity decreased to 0 cm/min at later phase of experiment
(Fig. 6c), which could be attributed to not all of the algal
colonies settled to the bottom (Fig. 6d). The settling of
Microcystis biomass during frequent rainfalls might be an
important reason why severe blooms seasonally, irreversibly and rapidly disappeared and did not occur in the
following year.

colonies are broken into small colonies because of the
mechanical impact of rainfall. Compared with large colonies, small colonies have lower up-floating velocity and
lower ability to entrap oxygen inside mucilaginous envelope. Moreover, heavy rainfall results in low-temperature
water column on the surface water, vertical water convection, and low DO in the whole area of Microcystis blooms.
In this low-oxygen environment, the photosynthetic activity and the up-floating velocity gradually decreased, and
then most of the colonies settled onto the bottom of lake.
The physiological activity and the growth potential of the
settled cells are reduced; therefore, the settled cells could
not act as a seed source for subsequent Microcystis blooms.
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The photosynthetic activity and the growth potential
of settled Microcystis colonies on rainy days were measured. The low Fv/Fm value suggested that the settled colonies were under environmental stress such as low-oxygen
and low-light [31] and could not float on the surface to
form blooms again. Not only PSII can be destructed by
formation of reactive oxygen species (ROS) at the acceptor side under oxygen-rich conditions [32, 33]. But also
PSII can be destructed due to photo-damage at the donor
side under conditions of low oxygen and low light [34,
35]. In addition, the reculture of settled colonies with
BG11 showed that the settled Microcystis colonies lost
their growth potential and could not serve as seed source
for the next blooms even if they were stirred with bottom
sediments and suspended in water column under wind–
wave conditions.
Based on all above discussion, we conclude that frequent rainfall might be an important cause for the decline
of Microcystis blooms in summer and autumn. Large
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DECOLORIZATION OF AN AZO DYE FROM
AQUEOUS SOLUTION BY NANO ZERO-VALENT IRON IMMOBILIZED ON PERLITE IN SEMI BATCH PACKED BED REACTOR
Ali Khani*, Mahmoud Reza Sohrabi, Morteza Khosravi and Mehran Davallo
Faculty of Chemistry, North Tehran Branch, Islamic Azad University, Tehran, Iran

ABSTRACT
The removal of Acid Orange 7 (AO7) dye in aqueous
solution by synthesized nano zero-valent iron supported
on perlite (nZVI-P) was investigated. The effect of operational parameters such as initial dye concentration, pH,
flow rate, nZVI-P granule size, temperature and the kinetic
of the removal of AO7 in semi batch packed bed reactor
connected to an on-line sampling UV-Vis spectrophotometer was studied. The value of activation energy (Ea) was
found to be 3.79 kJ.mol-1 and our results confirmed pseudofirst-order kinetics model.
KEYWORDS: Nano ZVI, Decolorization, Water treatment, Immobilization, Perlite, Azo dye.

ultra fine catalyst from the treated liquid and can be an inconvenient, time-consuming and expensive process. The
key to the problem of industrializing the technology seems
to be simple and low cost immobilization of catalysts [2124] on solid media suitable for the treatment process.
The present study investigates the simultaneous synthesis-immobilization of nano ZVI (nZVI) on the granular
perlite (nZVI-P) and its effect on the decolorization of
AO7 in designed semi-batch packed bed reactor. The
perlite was selected as a base for nZVI for its merits including high porosity, low density, natural abundance, the
absence of toxicity and low cost [25, 26]. In this work, all
experiments have been performed using designed semi
batch packed bed reactor connected to an on-line sampling UV-Vis-spectrophotometer.
2 MATERIALS AND METHODS

1 INTRODUCTION
Wastewater from textile, paper and some other industries contain residual dyes, which are not readily biodegradable. Adsorption and chemical coagulation processes are
two common techniques of wastewater treatment. However,
these methods merely transfer dyes from the liquid to the
solid phase causing secondary pollution which requiring
further treatment. Although advanced oxidation processes
(AOPs) is effective methods for removal of pollutants from
queues solution, it is expensive and costly method [1-6].
In recent years, the uses of zero-valent iron, Fe0 (ZVI)
for the treatment of toxic chemicals in waters have received
wide attention [7, 8]. ZVI is a strong reducing agent; it is
cheap and easy to produce. It has already been proven
effective in reducing chlorinated solvents including chlorinated organics [9, 10], nitroaromatic compounds [11,
12], pesticides [13], nitrate [14], chlorinated organic compounds [15, 16], and metal ions such as Cr(VI) [17-20].
In numerous investigations, an aqueous suspension of
the catalyst particles has been used [5, 7-9]. However, the
use of suspensions requires separation and recycling of the
* Corresponding author

2.1. Materials

The expanded perlite (EP) used in the present study
was obtained from Goohar Sahand Co. (Iran). Its chemical composition and properties are shown in Table 1. C.I.
Acid Orange 7 (Table 2) as a pollutant was purchased
from Boyakhsaz Co. (Iran). NaBH4, FeCl3.6H2O, NaOH
and H2SO4 were obtained from Merck Co. (Germany).
Deionized distilled water was used in all experiments and all
experiments were repeated twice (variance (σ2)= 0.0026).
TABLE 1 - Chemical composition and properties of expanded
perlite.
Constituent
SiO2, Al2O3, K2O, CaO, Na2O,
Fe2O3, MgO, MnO2
Properties
Color
pH
Specific area
Melting point
Density
Granule shape
Solubility in water
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81, 11.4, 4.3, 0.9, 0.8, 0.7,
0.6 , 0.2, 0.1 (Percentage (Wt %))
White
7
5-5.5 m2.g-1
1300 oC
3 g/cm3
Globular
No soluble
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TABLE 2 - Chemical structure and properties of AO7.
Name
Synonyms

Acid Orange 7
C.I. 15510; Orange II sodium salt; 4-(2-Hydroxy-1-naphthylazo)benzenesulfonic acid sodium salt; Sodium 4-[(2-hydroxy-1naphthyl)azo]benzenesulphonate.

Molecular

350.32

Weight
Molecular Formula

C16H11N2NaO4S

Molecular Structure

2.1.1. Preparation of nZVI-P

nZVI particles were chemically synthesized [27] and
immobilized. Solution of FeCl3.6H2O (0.2M) was stirred
with perlite in deionized water for 20 min until ferric
chloride adsorbed on expanded perlite. The borohydride
solution was then added drop wise to the aqueous Fe3+
perlite mixture at ambient temperature while stirring continuously on a magnetic stirrer. Black solid particles of
nZVI appeared immediately following the addition of
the first drop of NaBH4 solution (0.8M). After the full
addition of the borohydride solution, the mixture was stirred
for a further 10 min. The reduction of ferric iron by borohydride ions can be represented according to the following equation:

pling UV-Vis spectrophotometer which consisted of UVVis spectrophotometer, a designed absorption cell, peristaltic pump, solution reservoir, jacketed tubular Pyrex
(D= 5.5cm and length= 30cm) (Figure 1).

3Fe3+ + 6BH-4 + 18H 2 O ⎯⎯→3Fe0 + 6B(OH)3 + 21H 2

To evaluate supporting treatment, nZVI-P was washed
twice with deionized water and then dried.
The preparation process of nZVI-P including synthesis-immobilization, washing and drying carried out under
N2 gas flow.
2.1.2. Structural characterization of perlite and nZVI

X-ray diffraction (XRD) analysis was performed using a Siemens D5000 (Germany) diffractometer with CuKα radiation (40 kV, 30 mA, λ=0.15 nm), to identify the
structure and the composition of nZVI-P. The sample was
scanned within the 2θ range of 10-50°. Crystallite size of
nanoparticles was calculated from the line broadening of
X-ray diffraction peak according to the Sherrer formula
[19, 28].
Morphology of the prepared nZVI-P and the perlite
were determined using a Leo 440i scanning electron microscope (SEM) followed by AU-coated by sputtering method
using a coater sputter SC 761.
2.2. Methods
2.2.1. Experimental set up

In order to assess the removal of AO7 and study of
the reaction kinetic, the semi-batch packed bed tubular
reactor was designed that connected to an on-line sam-

FIGURE 1 - The schematic diagram of experimental apparatus; (a)
magnetic stirred hot plate, (b ) solution reservoir, (c) thermometer,
(d) UV-Vis. spectrophotometer, (e) peristaltic pump, (f) water heating-cooling system and (g) packed bed rector ( nZVI-P process).
2.2.2. Procedures

For decolorization of AO7, a solution containing
known concentration of dye was prepared and then 1 L of
prepared solution was transferred into a Pyrex beaker and
agitated with a magnetic stirrer during experiment. The
solution was pumped with a peristaltic pump (Heidolph,
PD 5001) through the circular packed bed reactor (containing nZVI-P). For exploring the effect of pH, solution's
pH was initially adjusted at desired values by adding
dilute NaOH and H2SO4 and by controlling with a pH
meter (Philips PW 9422) and the solution temperature
was adjusted with heating-cooling system. Then the pump
was switched on to initiate the circulation. The concentra-
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tion of the dye solution was determined with an on-line
sampling spectrophotometer (UV-Vis Spectrophotometer,
Perkin-Elmer 550 SE) system at λmax =485 nm [29, 30].
The decolorization percentage of AO7 (%X) was calculated at different time intervals using the equation given
below:
%X =

C 0 − Ct
× 100
C0

where C0 is the initial concentration of AO7 and Ct is
the concentration of AO7 at time t.
3 RESULTS AND DISCUSSION

Figure 2. The results of the calculation show that the
average particle size is about 85 nm.
3.2. Control test

To evaluate the efficiency of prepared nZVI-P, an experiment in basic conditions (initial concentration of AO7=
125mg.l−1, the weight)= 55g, pH =7, T=25 oC, flow rate of
solution= 150ml.min-1, granule size of nZVI-P = 4mm, the
volume of solution= 1 L, and reaction time= 90 min) was
designed in order to measure the decolorization percentage
of AO7 by nZVI-P and perlite. The results showed that
nZVI-P was more efficient than perlite (Figure 3 (a)).
3.3. Effect of initial dye concentration

3.1. XRD and SEM analysis

The resulting graphs of the XRD analysis and SEM
image of the surface of prepared catalyst are shown in

To study the effect of initial dye concentration on decolorization efficiency of nZVI-P, the experiments were
carried out with initial dye concentration varying from 75 to
175 mg.L-1 and other parameters were in basic conditions.

FIGURE 2 - XRD pattern (a) and SEM image (b) of nZVI.

FIGURE 3 - Effect of nZVI-P and perlite (a) and initial dye concentration (b) on decolorization efficiency of AO7 in basic conditions.
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The results in Figure 3 (b) show that decolorization
efficiency slightly increases with an increase in the initial
amount of AO7. If the chemical structure of a dye is simple such as AO7, it is possible that increasing the initial dye
concentration would have a positive effect on removal
efficiency [31].
3.4. Effect of the pH

The pH of solution has an important role in ions adsorption process on adsorbents. The negative surface charge
of perlite samples increased with an increase in pH. Electro-kinetic studies have also shown that the perlite samples
have no iso-electric point and have negative zeta potential
and surface charge. The variation of surface charge density of perlite samples with increasing pH can be result in
the ionization of surface silanol groups [32]. The effect of
pH on decolorization of AO7 was examined at different
pH ranging from 5 to 9 in nZVI-P process. Our results
showed that the decolorization efficiency decreases with
an increase in pH (Figures 4 and 5 (a)).
Lin et al. [33] studied the reductive degradation of
azo dye acid black 24 (AB24) by nano/micro-sized zero
valent iron. It is speculated that at pH < 6, the decolorization was largely accomplished by ZVI reduction of the
AB24 molecules. At pH > 6, the color removal might be
attributed to the adsorption of the dye molecules onto the
iron oxide formed on the ZVI particles (following reactions).

D 2 + Fe 0 → Fe 2+ + D 4−

D 2 +〉 FeOH → FeOHD−

at

at

pH 〈6

pH 〉 6

Also, the previous work confirms this manner [31].
3.5. Effect of the nZVI-P granule size

At first, different granule size of perlite (the specific
area for granule size 2, 3, 4, 5 and 6 mm was 5.5, 5.3, 5.4
and 5 m2.g-1 respectively) were used for synthesis-immobilization of nZVI, then the effect of the granule size of
nZVI-P on the decolorization efficiency was studied. The
results showed that the removal efficiency decreases with
an increase in granule size of nZVI-P (Figure 5 (b)). This
observation can be explained in terms of availability of
active sites on the nZVI-P surface. The total active surface
area increases with decreasing granule size.
3.6. Effect of flow rate

As can be seen from Figure 5 (c), a slight improvement in decolorization efficiency with increasing flow
rate is observed. Dye solution flow rate is increased with
increasing in system turbulence. Therefore, it may lead to
decomposition of more adsorbed dye molecules on the
surface of nZVI-P, thus decolorization efficiency increases.
The higher decolorization efficiencies at higher flow rates
are also attributed to the increase in the mass transfer coefficient [34].
3.7. Effect of the temperature

The changes in dye concentration with time during
the decolorization process at each temperature (adjusted
by heating-cooling system) are shown in Figure 5 (d). The
differences in the decolorization efficiency of dye were
small. These small differences should originate from the
effect of energy of reaction. Reaction rate enhances as

FIGURE 4 - Spectral changes of AO7 solution at different pH in basic condition.
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FIGURE 5 - The effect of some operational parameters on decolorization process.

temperature increases from 5 to 45 oC (Table 3). The
Arrhenius equation can be expressed as:
Ea 1
( )
R T
where k = rate constant in min-1, T = temperature in
K. The low activation energy (Ea) value (3.79 kJ.mol-1),
calculated by Table 3 results (from the slope of line: -lnk
vs. 1/T), suggests that decolorization of AO7 is limited by
diffusion step and apparent rate constant reflects the rate
at which AO7 molecules migrate from bulk solution to
the reaction zone [35].

sumption with boundary conditions of CR = CR0 at t = 0
yields:

− ln k = − ln A +

3.8. Kinetics study

− ln(

where CR0 is the initial substrate concentration and
kapp is the apparent first order reaction rate. The catalytic
reactions in many cases show this behavior [36]. A better
criteria is to introduce a parameter known as normalized
percent deviation, the lowest average absolute percent
deviation (%D) or in some literature percent relative deviation modulus, P, given by the following equation [29,
30]:

The following pseudo-first-order reaction model can
be used to describe the rate phenomena observed for
nZVI-P system in,

rR =

− dC R
k KC
= r R
dt
1 + KC R

where rR is the rate of reaction (decolorization of the
solute R), CR is the solute concentration, t is the time of
the reaction, and kr and K are the reaction and adsorption
constants associated with the solute, respectively. When
the concentration is low, the term KCR is often negligible,
and the apparent reaction rate will follow a pseudo-firstorder model. Integration of the equation under this as-

CR
) = k app t
CR0

P=

100 yexp − y pred
∑
N
yexp

where yexp is the experimental y at any x, ypred is the
corresponding predicted y according to the equation under
study with best fitted parameters, N is the number of
observations. It is clear that the lower the P value, the
better is the fit. The fit accepted to be good when P is
below 5. The linear trend observed in these plots proves
that the decolorization of AO7 at the conditions of the
reactions follows a pseudo-first-order kinetics. The apparent rate-constant hence calculated (slopes of the lines) are
shown in Table 3.
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TABLE 3 - The rate constants of reaction at different initial dye concentrations and temperatures.

R2
P
kapp (min-1)

75
0.99
3.5
0.0124

100
0.99
3.4
0.0136

R2
P
kapp (min-1)

5
0.97
4.1
0.0131

15
0.96
4
0.0136

4 CONCLUSION
In this study, simultaneous synthesis-immobilization
of ZVI nanoparticles on perlite as a cheaper and suitable
bed, for decolorization of AO7 was investigated. It was
concluded from the XRD and SEM analysis of prepared
nZVI-P that synthesis-immobilization of nZVI was accomplished. The decolorization of AO7 that confirmed
with UV-Vis analysis showed a good decolorization efficiency for the nZVI-P, and that designed semi batch
packed bed reactor was efficient setup. Adsorption was
found to be negligible in overall decolorization process.
The operational parameters such as initial dye concentration, pH, flow rate, nZVI-P granule size and temperature
have been found to be effective in decolorization process.
The decolorization percentage was 77 under basic conditions. Perlite due to its very outstanding characteristics
seems to be an ideal support for immobilization of catalysts, and so can be investigated further and used for the
production of commercial catalysts. The activation energy
was 3.79 kJ.mol-1 in temperature range of 5-45 oC and the
results according to P confirmed pseudo-first-order kinetics model.

[AO7]0 (mg.l-1)
125
0.9
4.1
0.0138
T (oC)
25
0.9
4.1
0.0138

150
0.9
4.2
0.0156

175
0.9
4.3
0.0188

35
0.88
4.7
0.0143

45
0.86
4.5
0.0171
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ABSTRACT
Solanum nigrum L. is a newly discovered Cd-hyperaccumulator species with a large biomass and fast growth
rate. Determination of Cd distribution and chemical speciation in S. nigrum is essential for understanding the mechanisms involved in Cd accumulation, transportation, and
detoxification. In this study, S. nigrum seedlings were
grown with increasing Cd concentrations (0-200 µM), and
the subcellular distribution and chemical forms of Cd in
different leaves were determined after 21-days exposure
using differential centrifugation and sequential chemical
extraction, respectively. To assess the effect of Cd hyperaccumulation on plant performance, response of the
ascorbate-glutathione cycle and the effects of exogenous
salicylic acid (SA) on Cd toxicity in S. nigrum seedlings
were investigated. Cd exposure resulted in a higher Cd
concentration in mature leaves compared with older and
younger leaves, with 62-66% localized in cell walls, 2632% in the soluble fraction, and the remainder in cellular
organelles. Cd significantly influenced the concentration
of reduced glutathione (GSH), oxidized glutathione (GSSG),
reduced ascorbate (AsA) and oxidized ascorbate (DHA), and
the activities of glutathione reductase (GR) and ascorbate
peroxidase (APX) in the S. nigrum leaves, in a concentration and time-dependent manner. However, exogenous
SA significantly increased the amount of GSH, AsA, and
DHA, decreased malondialdehyde (MDA), and increased
the activities of GR and APX.
KEYWORDS: Cadmium, Solanum nigrum L., subcellular distribution, chemical form, ascorbate-glutathione cycle

1 INTRODUCTION
Cadmium (Cd) accumulates in soil as a consequence of
agricultural activities (excessive application of phosphatic
* Corresponding author

fertilizers) and industrial activities (mining and smelting
of metalliferous ores, electroplating), and is becoming a
major problem due to its toxicity, high mobility from soil
to plant, long half-life (15-1100 years), and its further entry
into the food-chain [1, 2]. Phytoremediation of heavy
metal-polluted soils has attracted world-wide attention and
research [3-6]. The hyperaccumulation of heavy metals in
plant shoots is an intriguing biological process and a relatively rare phenomenon [5]. To date, approximately 400 taxa
of terrestrial plants have been identified as hyperaccumulators of various metals and metalloids (i.e. Ni, Cu, Cd, Mn,
Zn, Pb, and As) [6]. However, only a few species, including Thlaspi caerulescens L. [7], Arabidopsis halleri L.
[8], and Sedum alfredii H. [9] have been recognized as Cd
hyperaccumulators, plants capable of accumulating more
than 100 µg Cd g-1 DW in their above-ground parts [7].
Hyperaccumulator plant species serve as interesting
models for research into the mechanisms of metal uptake
and homeostasis [10]. As a well-known Cd hyperaccumulator, Cd uptake, tolerance, and detoxification mechanisms
of Thlaspi caerulescens have been widely studied [11-14].
Hyperaccumulators accumulate a mass of Cd in the shoots,
with no observed toxicity symptoms, indicating efficient
detoxification mechanisms. However, plant species may
differ in their specific detoxification approaches to different heavy metals. Some reports [15, 16] regarding the
subcellular distribution of heavy metals in plants detected
by differential centrifugation showed that the vacuole was
the main site of Cd storage. However, in the hyperaccumulator Sedum alfredii, most of the Cd was bound to the
cell wall [17]. Moreover, the key tolerance mechanism to
heavy metals was to be bound by chelators, or to form
conjugates [18]. Chelators that are involved in metal sequestration include the tripeptide GSH (γ-glu-cys-gly) and
its oligomers, the phytochelatins (PCs) [19]. However,
PCs are not a key factor in the detoxification of heavy
metals [20]. Organic acids, such as malate and citrate, are
also likely metal chelators in vacuoles, as judged by Xray absorption spectroscopy (XAS) [21]. Sun et al. [22]
found that total Cd and water-soluble Cd concentrations
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have significant positive correlations with acetic and citric
acid concentrations in the leaves of S. nigrum. However,
this is not the main mechanism of hyperaccumulating Cd
in the shoot of S. nigrum as evidenced by the low molar
fractions of organic acids. Furthermore, different detoxification mechanisms may be utilized for different heavy
metals. Solanum nigrum L. is a newly discovered Cd hyperaccumulator plant [23]; as reported by Wei et al. [24],
Cd mainly accumulates in the leaves of S. nigrum and
reached 124.6 µg g-1 DW under a soil Cd concentration of
25 µg g-1 DW, and the distribution pattern of Cd concentration was presented as follows: leaf>stem>root>fruit.
However, little information is available to date on the
subcellular distribution and chemical forms of Cd, especially concerning the different leaf positions in S. nigrum.
The excessive accumulation of Cd in plants, particularly in aboveground organs, is the most direct cause of
growth inhibition and oxidative stress in plants exposed to
Cd toxicity. Among the antioxidant mechanisms, the
ascorbate-glutathione cycle has been shown to play a
crucial role in removing ROS and maintaining the cellular
redox status [25]. In this cycle, reduced ascorbate (AsA)
and reduced glutathione (GSH) are of great importance in
preserving a wide range of metabolic processes [26]; they
can both react directly with ROS as well as participate in
ROS detoxification through the ascorbate-glutathione pathway [27]. In particular, glutathione protects SH-containing
enzymes from oxidation and serves as the monomer of PCs,
which tends to form stable complexes with Cd2+ and minimize the toxicity of free metal ions [28]. Moreover, AsA
and GSH are also associated with cellular redox balance
and the ratios of DHA/AsA and GSSG/GSH may function
as signals for the regulation of antioxidant mechanisms
[29]. As the primary enzyme in H2O2 elimination, ascorbate peroxidase (APX) exhibits high affinity for H2O2 and
initiates the first step of the reduction cycle [30], glutathione reductase (GR) participates not only in H2O2 scavenging, but also favors a high GSH/GSSG ratio [31]. As an
important signaling molecule in plants, salicylic acid (SA)
has been shown to play a major role in plant responses to
several abiotic stresses [32-34]. And, much information
about the effect of SA application on the antioxidant system in the plants subjected to heavy metals was available.
Metwally et al. [35] demonstrated that SA-pretreatment
alleviated Cd toxicity to barley seedlings, but not by acting at the level of antioxidant defenses. Furthermore,
Drazic and Mihailovic [36] reported that simultaneous
addition of SA and Cd to soybean seedlings mitigated
several Cd toxicity symptoms, such as leaf desiccation, and
altered ionic homeostasis. Moreover, Guo et al. [37] reported that pretreatment of rice seeds with SA enhanced the
antioxidant defense activities of Cd-stressed rice, thus
alleviating Cd-induced oxidative damage and enhancing
Cd tolerance. However, the role of SA in the hyperaccumulator plants under heavy metal stress is not fully understood.
As a typical Cd hyperaccumulator, Solanum nigrum
L. provides a good model for studying Cd distribution and

the detoxification mechanism in plants due to its rapid
growth and its good eco-adaptation to adverse environmental conditions. In this investigation, we have focused
on the subcellular distribution and chemical forms of Cd
in the species Solanum nigrum L.; the response of the
GSH-AsA cycle to Cd exposure, and the effects of exogenous SA application on Cd toxicity in the leaves of S.
nigrum were investigated.
2 MATERIALS AND METHODS
2.1. Plant culture

Seeds of Solanum nigrum L. were soaked in distilled
water overnight and germinated in a plastic tray filled
with sand. Two weeks after germination, seedlings were
transplanted to hydroponic cultures after roots had been
washed carefully with deionized water. After 7 days of preculture in one-quarter-strength Hoagland-Arnon nutrient
solution [38], the seedlings were cultured in one-halfstrength nutrient solution. Uniform seedlings were selected
and placed in 5-L polyethylene plastic containers containing 4 L nutrient solution with different Cd treatments. The
pH of the solution was checked daily and adjusted to 6.5
with 0.1 M NaOH and/or 0.1 M HCl. The solution was
aerated throughout the experiment, and the volume was
maintained by adding deionized water to compensate for
water loss by evaporation and transpiration. The nutrient
solution was renewed every 3 days. All experiments were
carried out in a controlled environment greenhouse with
the following conditions: 16 h light period at light intensity of 300 µmol m-2 s-1, 27/22°C day/night temperature and
60-70% relative humidity. There were at least three replicates for each treatment.
2.2. Distribution of Cd in Solanum nigrum L.

To estimate the distribution of Cd in Solanum nigrum L.,
18-day-old seedlings were exposed to a nutrient solution
containing 0, 50, 100, 200 µM CdCl2 (pH 6.5) for 21 days,
after which the plants were immediately harvested. Leaves
were separated into cotyledons and individual leaves from
the first to the 12th leaf (numbered from the oldest to the
youngest). We choose the 3rd and 7th leaves to investigate
the subcellular distribution and chemical forms of Cd in
this study.
2.3. Tissue fractionation

Frozen materials were homogenized in pre-chilled
extraction buffer containing 50 mM Tris-HCl (pH 7.5),
250 mM sucrose and 1.0 mM DL-Dithiothreitol. Cells were
separated into three fractions: cell wall, soluble fraction and
organelle-containing fraction using differential centrifugation as described by Weigel and Jager [39], with some
modifications. The homogenate was centrifuged at 1,500×g
for 15 min and the precipitate was designated the ‘cell
wall fraction,’ mainly consisting of cell walls and cell
wall debris. The resulting supernatant solution was further
centrifuged at 20,000×g for 30 min. The resultant precipi-
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tate and supernatant were referred to as the ‘organellecontaining fraction’ and ‘soluble fraction,’ respectively.
All steps were performed at 4 °C. After digestion (for cell
wall and organelle-containing fractions) with concentrated
HNO3-HClO4 (87:13, v/v) and dilution to constant volume,
Cd concentrations in different fractions were analyzed by
atomic absorption spectrophotometry (AA-6800, Shimadzu
Corp., Japan). In order to determine the total Cd concentrations in different leaves and calculate the percentage recovery of Cd, frozen leaves were subjected to acid digestion
with HNO3-HClO4 (87:13, v/v) for Cd determination.
2.4. Extraction of Cd in different chemical forms

Cd associated with different chemical forms was successively extracted by designated solutions in the following order [40]: F(i) 80% ethanol, extracting inorganic Cd
including nitrate, chloride, and aminophenol cadmium,
F(ii) Deionized water, extracting soluble Cd-organic acid
complexes and Cd(H2PO4)2, F(iii) 1 M NaCl, extracting
Cd integrated with pectate and protein, F(iv) 2% acetic
acid (HAC), extracting insoluble CdHPO4 and Cd3(PO4)2
and other Cd-phosphate complexes, F(v) 0.6 M HCl,
extracting cadmium oxalate, F(vi) Cd in residues.
About 2 g of frozen material was cut into small pieces
of 1-2 mm2 and transferred into a beaker with 37.5 ml
extraction solution. Each mixture was incubated at 30 °C
for 18 h, and then the extraction solution was pooled. The
residues were extracted again with the same extraction
solution (37.5 ml) for another 2 h, and the solution was
also obtained. This was repeated twice in the next 4 h. A
total of 150 ml extraction solution was collected and
evaporated to constant weight and digested with HNO3HClO4 (87:13, v/v). After collection of the former extraction solution, the plant materials retained in the beaker
were subjected to the next extraction solution with the
same extraction procedures. For determination of Cd in
residues, plant material was digested with HNO3-HClO4
(87:13, v/v) at the end of the sequential extraction. Cd
concentrations associated with different chemical forms
were determined by atomic absorption spectrophotometry
(AA-6800, Shimadzu Corp., Japan).
2.5. Determination of GSH and AsA contents

Solanum nigrum L. seedlings (18-day-old) were exposed to the nutrient solution containing 0 (control), 25
(T1), and 150 µM (T2) CdCl2 (pH 6.5) for 0, 3, 6, 9, 12,
or 15 days, followed by immediate harvesting of the
plants. After 9 days, 100 µM of exogenous salicylic acid
(SA, T3) was applied to the hydroponic system of T2
treatment to investigate effects on Cd toxicity in the leaves.
To determine the content of reduced ascorbate (AsA),
oxidized ascorbate (DHA), reduced glutathione (GSH)
and oxidized glutathione (GSSG), 1 g of frozen leaves
was homogenized in ice-cold 5% (w/v) TCA (1/10, w/v)
and then centrifuged at 20,000×g for 10 min at 4 °C. AsA
and total (AsA + DHA) contents were measured according to Wang et al. [41]. This assay is based on the reduction of Fe3+ to Fe2+ by AsA in acid solution, followed by

the formation of a red chelate between Fe2+ and bathophenanthroline, which absorbs at 534 nm. Total ascorbate was
determined through a reduction of DHA to AsA by dithiothreitol (DTT), and then DHA content was calculated by
subtracting the reduced AsA content from total ascorbate.
Total (GSH + GSSG) and GSSG content was estimated
by the method of Anderson [42]. The assay is based on
sequential oxidation of GSH by 5,5-dithio-dinitrobenzoic
acid (DTNB) to produce TNB and reduction of GSSG by
NADPH in the presence of GR. To determine GSSG
content, 2-vinylpyridine was added to the extract. GSH
content was obtained from the difference between total
glutathione and GSSG.
2.6 Enzyme analysis

Frozen leaves (0.5 g fresh weight, FW) were homogenized in ice-cold 50 mM phosphate buffer (pH 7.0, 1:4,
w/v) containing 0.1% (v/v) Triton X-100 and 1% (w/v)
polyvinylpyrrolidone (PVP). The homogenate was centrifuged at 15,000×g for 20 min at 4 °C, and the supernatant
was used for enzyme assays. For ascorbate peroxidase
(APX), homogenizing buffer was supplemented with 2
mM ascorbate.
APX activity was determined by estimating the rate
of ascorbate oxidation as reported by Nakano and Asada
[43], the decrease in absorbance at 290 nm was recorded
at 25 °C (E = 2.8 mM-1 cm-1), and APX activity was expressed as U g-1 fresh weight (1 U = 1 mmol substrate reacted during 1 min at 25 °C). The reaction mixture consisted of
50 mM potassium phosphate buffer (pH 7.0), 0.5 mM sodium ascorbate, 0.1 mM H2O2 and enzyme extract.
Glutathione reductase (GR) activity was assayed according to Foyer and Halliwell [44]. The decrease in absorption at 340 nm was recorded at 25 °C (E = 6.2 mM-1
cm-1), and GR activity was expressed as U g-1 fresh
weight (1 U = 1 mmol substrate reacted during 1 min at
25 °C). The reaction mixture consisted of 50 mM phosphate buffer (pH 7.8), 0.15 mM NADPH, 0.5 mM GSSG
and enzyme extract.
2.7 Determination of lipid peroxidation

The MDA content of leaves and roots was determined
using the thiobarbituric acid method [45]. Fresh plant
tissue (1 g) was homogenized with 10 ml 10% (w/v)
TCA. The homogenate was centrifuged at 10,000×g for
10 min. To 2 ml of the aliquot of the supernatant, 2 ml of
10% TCA containing 0.5% thiobarbituric acid (TBA) was
added. The mixture was incubated at 95 °C for 30 min,
and then cooled quickly in an ice-bath. The contents were
centrifuged at 10,000×g for 15 min, and the absorbance of
the supernatant was measured at 532 nm, and corrected
for nonspecific absorbance at 600 nm. The concentration
of MDA was calculated using an extinction coefficient of
155 mM-1 cm-1.
2.8. Statistical analysis

The results are presented as means ± standard errors
(S.E.) of four replicates. Statistical analyses were per-
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formed using SPSS 11.5 for Windows. Data were tested
for significance at P <0.05 by one-way analysis of variance (ANOVA). Subsequent multiple comparisons between means were based on the least significant deviation
(LSD) test.
3 RESULTS
During 21 days of Cd treatment, Solanum nigrum L.
seedlings grew normally and no symptoms of Cd toxicity
were observed. The Cd concentration in leaves varied
with leaf position.
3.1 Subcellular distribution of Cd in Solanum nigrum L.

The subcellular distribution of Cd in the leaves of different position is shown in Table 1. Increasing Cd treatment concentration significantly increased Cd concentrations in all subcellular fractions (P <0.05), with the majority of Cd associated with the cell wall (F1, 62-66%) and
the soluble faction (F3, 26-32%), and a trace amount
present in the organelle-containing fraction (F2, 5-7%).

Furthermore, the Cd concentrations of all subcellular
fractions in upper leaves (e.g. 7th leaf) were significantly
higher than those in lower leaves (e.g. 3rd leaf, P <0.05);
increasing Cd supply significantly increased the proportion of Cd in the cell wall and organelle-containing fractions, while the proportion of Cd in the soluble faction
decreased. Moreover, the proportion of Cd in the organelle-containing fraction of the 3rd leaf increased more
than that in the 7th leaf (Table 1). These results suggested
that a similar subcellular distribution pattern was found in
the leaves of different leaf position.
3.2 Chemical forms of Cd in Solanum nigrum L.

The Cd concentrations bound to different chemical
forms in the leaves of Solanum nigrum L. increased in a
concentration-dependent manner following Cd exposure
(Table 2). Smaller proportions of Cd were extracted by
80% ethanol, 0.6 M HCl, and of Cd in residues, while
larger proportions of Cd were extracted by d-H2O, 1 M
NaCl, and 2% HAC as shown in Table 2, with the majority of Cd extracted by 1 M NaCl (F(iii), 40.09-56.09%).
Increasing Cd application significantly increased Cd con-

TABLE 1 - Subcellular distribution of Cd (µg g-1 FW) in the 3rd and 7th leaves of Solanum nigrum L. exposed to Cd for 21 days.
Leaves

Treatments
(µM)

Cd concentration
Cell wall

Organelle

Soluble fraction

Total

Percentage recovery
(%)

61.85±1.83h
5.94±0.18k
30.69±0.91i
109.34±3.24f
90.07
(62.81)
(6.03)
(31.16)
110.92±3.61f
11.38±0.37jk
50.32±1.64h
3rd leaf
T2(100)
189.44±6.16d
91.12
(64.26)
(6.59)
(29.15)
145.55±3.07e
15.56±0.33ijk
59.29±1.25h
T3(200)
243.61±5.14c
90.47
(66.04)
(7.06)
(26.90)
107.03±2.94f
10.10±0.28jk
55.17±1.51h
T1(50)
191.65±5.26d
89.90
(62.12)
(5.86)
(32.02)
180.36±4.17d
16.93±0.39ijk
84.39±1.95g
7th leaf
T2(100)
310.87±7.19b
90.61
(64.03)
(6.01)
(29.96)
250.47±10.30c
23.73±0.98ij
110.48±4.54f
T3(200)
421.66±17.35a
91.23
(65.11)
(6.17)
(28.72)
Note: The data are presented as means ± standard error (S.E.) of four replicates, different letters followed indicate significant differences at the 0.05
level; the numbers in bracket indicate distribution rate (%); Percentage recovery (%), (Cell wall + Cell organ + Soluble fraction)/total.
T1(50)

TABLE 2 - Cd concentrations of different chemical forms (µg g-1 FW) in the 3rd and 7th leaves of Solanum nigrum L exposed to Cd for 21 days.
Cd concentration
3rd leaf
7th leaf
T1(50)
T2(100)
T3(200)
T1(50)
T2(100)
T3(200)
5.64±0.15rstu
12.63±0.24q
29.68±0.44mn
9.08±0.17qr
21.52±0.31op
32.86±0.50m
F(i)
(5.11)
(6.63)
(12.25)
(4.77)
(6.90)
(7.80)
11.30±0.29qr
26.71±0.50no
38.99±0.58l
8.29±0.15qrs
20.89±0.30p
33.78±0.51m
F(ii)
(10.22)
(14.02)
(16.10)
(4.36)
(6.70)
(8.02)
59.64±1.54k
95.08±1.77i
97.07±1.45hi
106.75±1.95g
168.38±2.44f
207.67±3.13d
F(iii)
(53.99)
(49.91)
(40.09)
(56.09)
(53.96)
(49.31)
30.45±0.79mn
44.23±0.83l
54.88±0.82k
58.46±1.07k
81.79±1.19j
101.20±1.53h
F(iv)
(27.56)
(23.22)
(22.66)
(30.71)
(26.21)
(24.03)
3.16±0.08stu
11.45±0.21qr
21.09±0.31p
7.08±0.13qrst
18.47±0.27p
44.44±0.67l
F(v)
(2.87)
(6.01)
(8.71)
(3.72)
(5.92)
(10.55)
0.41±0.01u
0.62±0.01u
0.66±0.01u
1.02±0.02u
1.50±0.02tu
1.77±0.03tu
F(vi)
(0.37)
(0.32)
(0.27)
(0.54)
(0.48)
(0.42)
Total
110.47±2.86g
190.51±3.56e
242.16±3.61c
190.32±3.47e
312.04±4.52b
421.18±6.35a
Note: The data are presented as means ± standard errors (S.E.) of four replicates, different letters followed indicate significant differences at the 0.05
level; the numbers in brackets indicate the percentage of Cd associated with different chemical forms; Fractions (i-vi): see Section 2.4.
Chemical forms
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centrations in all chemical forms (P <0.05), although the
proportion of Cd extracted by chemical solutions remained
the same. With 50 µM Cd application, Cd extracted by 1 M
NaCl was predominant in the upper leaf (the 7th leaf),
representing 56.09% of total Cd, followed by Cd extracted by 2% HAC (30.71%). The proportions of Cd extracted by 80% ethanol, d-H2O, and 0.6 M HCl represented
4.77, 4.36, and 3.72%, respectively, whereas the proportions of Cd extracted by 1 M NaCl and 2% HAC were still
predominant in all chemical forms, although they decreased
with increasing Cd application. A larger proportion of Cd
extracted by 0.6 M HCl was found with increasing Cd
supply, especially with 200 µM of Cd exposure: the proportion was more than that by 80% ethanol- and d-H2Oextractable Cd (Table 2).
The Cd concentrations bound to different chemical
forms in the lower leaf of Solanum nigrum L. were different compared to the upper leaf. As shown in Table 2, the
proportions of Cd extracted by 1 M NaCl and 2% HAC
were predominant in all chemical forms, although they
decreased with increasing Cd application, whereas a larger proportion of Cd extracted by 80% ethanol and 0.6 M

200

c

ee
ef
hi
l
m

100

AsA content/ (nmol g-1FW)

GSH content/ (nmol g-1FW)

ij

As shown in Fig. 1 (A, B, C, D), Cd application significantly influenced the leaf content of GSH, GSSG,
AsA and DHA in S. nigrum, in a concentration- and timedependent manner. After 3 days of Cd exposure, the
amounts of GSH and GSSG decreased slightly at first: GSH
content decreased by 13.37 and 7.39% (P >0.05), GSSG
content decreased by 9.33 and 7.43% (P >0.05), and GSH
content reached maximum values of 285.89 and 417.36
nmol·g-1 FW after 9-days Cd exposure under T1 and T2,
respectively. Furthermore, the average GSH content increased by 26.64% (T2) and 8.70% (T1) compared to the
control. GSSG content reached a minimum of 47.58 nmol·g1
FW after 12 days of Cd exposure when plants were
subjected to 25 µM of Cd (T1), and decreased by 52.30%
(P <0.05) compared to the 3-days value. However, when
plants were treated with 150 µM of Cd (T2), GSSG content
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3.3. GSH and AsA levels in the leaves of Solanum nigrum L.
subjected to Cd stress
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FIGURE 1 - Effect of Cd2+ on the GSH (a), GSSG (b), AsA (c) and DHA (d) contents in the leaves of Solanum nigrum L. seedlings. Thin bars
represent the standard error of the means (n=4), and different lower-case letters in each panel show significant differences at P ≤ 0.05.
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Application of exogenous SA significantly increased
the amounts of GSH, GSSG, AsA, and DHA (Figs. 1 A,
B, C, D). Under 150-µM Cd treatment, GSH content increased by 76.00 and 134.21% (P <0.05) after 3 days and
6 days of SA application; GSSG increased by 53.46% (P
<0.05) after 3 days of SA application, but decreased by
7.54% (P >0.05) after 6 days. AsA content increased by
36.67 and 10.99% (P <0.05) after 3 and 6 days; DHA
content increased by 14.05 and 10.75% (P <0.05) after 3
and 6 days of SA application compared to that of T2 (no
SA application, 150 µM Cd, P <0.05).
3.4. GR and APX activities in the leaves of Solanum nigrum
L. subjected to Cd stress

Cd application significantly influenced the activities
of GR and APX in the leaves of S. nigrum, and had concentration-dependent and time-dependent effects (Fig. 2).
GR activity increased at first, and then decreased with
exposure time, and reached peak values of 0.36 and
0.44 U·g-1 FW after 9 days of T1 and T2 Cd exposure. They
increased by 111.32 and 145.66% (P <0.05) with respect
to 3-day values of Cd exposure. Furthermore, average GR
activities increased by 30.90 and 51.67% in plants subjected to 25 and 150 µM Cd stresses, respectively. As
shown in Fig. 2B, APX activity was different to GR activity, and a rule of “increase-decrease-increase” was found
when the seedlings were subjected to 25 µM Cd (T1); a
peak value of 0.61 U·g-1 FW was reached after 6 days of
Cd exposure, which was increased by 77.24% compared
to control. Average APX activity increased by 47.37%
compared to control. However, APX activity presented the
rule of “decrease-increase-decrease”, and reached a maximum of 0.58 U·g-1 FW after 3 days of 150 µM Cd (T2)
exposure, increasing by 37.81% compared to control (P
<0.05).
Application of exogenous SA significantly increased
the activities of GR and APX; after 3 and 6 days of SA

application, GR activities were increased by 27.50 and
32.08% compared to those during T2 (no SA application,
150 µM Cd, P <0.05), and APX activities increased by
23.74 and 22.48%, respectively (P <0.05).

(A)
GR activity/ (Units g-1FW)

reached the maximum after 6 days of Cd exposure, increasing by 10.25% (P >0.05) compared to the 3-days
value. Moreover, the average GSSG content in treatment
T1 decreased by 4.70%, but in T2 increased by 20.75%,
compared to control. AsA content increased at first, and
then decreased along with treatment time when plants
were subjected to 25 µM of Cd application; average content increased by 48.58% compared to control. However,
AsA content presented a rule of “decrease-increasedecrease” in plants subjected to 150 µM of Cd, and
reached a minimum of 459.31 nmol·g-1 FW after 6 days
of Cd exposure, decreasing by 20.05% (P <0.05) compared to 3-day values, with the average content increasing
by 40.88% compared to control. DHA content increased
with increasing Cd concentration and treatment time, and
reached maximum values of 415.43 and 536.96 nmol·g-1
FW after 9 days of 25 µM Cd and 12 days of 150 µM Cd
exposure, increasing by 87.43 and 39.54% compared to 3day values, respectively (P <0.05).

.4

.2

b
c
dd

de

fg

gh

i i hi

i

b

b

Control
c
T1
T2
T3
ef

.3

a

a

a

.1

0.0
.6

APX activity/ (Units g-1FW)

© by PSP Volume 21 – No 8a. 2012

(B)

ab

a

ab

ab
bc
cd

cd

cd

de def
.4

cd

efg
gh

gh

gh

cd

fgh
h

.2

0.0
0

3

6

9

12

15

Days after Cd exposure
FIGURE 2 - Changes of the glutathione reductase (GR, a) and
ascorbate peroxidase (APX, b) activities in the leaves of Solanum
nigrum L. seedlings subjected to Cd2+ stress. Thin bars represent the
standard error of the means (n=4), and different lower-case letters
in each panel show significant differences at P ≤ 0.05.
3.5. MDA level in the leaves of Solanum nigrum L. subjected
to Cd stress

As shown in Fig. 3, Cd application significantly increased the MDA content in the leaves of S. nigrum, and
has concentration-dependent and time-dependent effects.
MDA contents were increased by 45.00 (P <0.05) and
32.11% (P <0.05) under T1 and T2 of Cd treatments for
15 and 9 days, respectively. Furthermore, average MDA
contents during T1 and T2 increased by 34.22 (P <0.05)
and 83.03% (P <0.05) compared to control, respectively.
Exogenous SA application significantly decreased MDA
contents in the leaves of S. nigrum (10.45 (P >0.05) and
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16.29% (P <0.05) after 3 and 6 days of SA application)
under T2 of Cd treatment (Fig. 3).

MDA content/ (nmol g-1FW)

5

4

a

Control
T1
T2
T3 b

b

b

c

3
cd
2

b

b

cd

de

e

1

0
9

12

15

Days after Cd exposure
FIGURE 3 - MDA level in the leaves of Solanum nigrum L. exposed to
Cd. Thin bars represent the standard error of the means (n=4), and
different lower-case letters show significant differences at P ≤ 0.05.

4 DISCUSSION
The details of subcellular distribution of heavy metals
in the hyperaccumulators are helpful to understand the
physiological function of heavy metals in plants, and to
understand the mechanisms of hyperaccumulation and detoxification. Precipitation in cell wall and intercellular
space are two main approaches of inter-detoxification of
heavy metals in plants [46, 47]. Plant cell walls contain
protein and amylose (cellulose, half-cellulose, lignin, etc.)
molecules, in which large amounts of hydroxide-, carboxyl-, aldehyde-, amido-, and phosphorus groups [48] could
bind metal ions to precipitate in the cell wall and, furthermore, decrease the concentration of heavy metal ions
in the protoplast, avoiding doing harm to the important
physiological organs or organelles. Therefore, the cell
wall is the first barrier to heavy metals trying to enter the
cell [48, 49]. Molone et al. [50] found that the cell wall
played an important role in the precipitation of heavy
metals by electron microscopy; Nishizono et al. [51] reported that in Athyrium yokoscense, 70-90% of Cu, Zn,
and Cd were located in the root cell wall, in which the
elements mainly combined with cellulose or lignin. Kramer et al. [52] also found that the cell wall played an
important role in resistance of Anthoxanthum odoratum to
Pb stress. Boominathan and Doran [53] reported that a
majority of Cd was bound to the cell wall in the root hair
of the Cd hyperaccumulator plant Thlaspi caerulescens.
In the hyperaccumulator Sedum alfredii Hance, Ni et al.
[17] found that a majority of Cd was bound to the cell
wall, with trace amounts of Cd in the soluble faction and
the organelle-containing fraction. However, Cd was mainly
located in the soluble fraction of non-hyperaccumulators.

In soybean seedlings, the majority of Cd associated with
the soluble faction (> 70%) and a minor part of this element present in the cell wall and the organelle-containing
fraction (8-14%) were found in the leaves and roots [39].
Furthermore, a similar Cd distribution pattern was found
in the leaves and roots of maize seedlings [54]. Therefore,
compartmentalization is one of the important detoxification mechanisms in the hyperaccumulators or tolerant plant
species. In this investigation, the cell wall was the main
location of Cd in the leaves of S. nigrum (62-66%), with
trace amounts of Cd in the organelle-containing fraction,
which was beneficial to the photosynthesis and respiration
of S. nigrum subjected to Cd stress.
However, when the heavy metal ions bound to the
cell wall reached saturation point, they are translocated
into the vacuole. Zenk [55] and Hall [56] demonstrated
that, in addition to being bound to the cell wall, the majority of Cd was accumulated in the vacuoles to alleviate Cd
toxicity. In other words, the vacuole was also a main storage site for Cd accumulation, where a variety of proteins
and organic acids could combine with heavy metals to
detoxify them [46]. Sun et al. [22] reported that watersoluble Cd concentration has a significant positive correlation with acetic and citric acid concentrations in the leaves
of hyperaccumulator plant species S. nigrum. This observation indicated that S. nigrum may detoxify partly in a soluble form through the complex of acetic and citric acid
with Cd, which might be one of several effective detoxification approaches in the leaves of S. nigrum. However,
clear information about internal Cd in S. nigrum leaves is
not currently available, especially the ratios of Cd with
the special organic acids. Therefore, the internal detoxification mechanisms need further studies. Extraction of Cd
in different chemical forms by chemical solutions is also
helpful in understanding the detoxification mechanism of
the hyperaccumulator. In the present investigation, the Cd
concentration in different chemical forms changed slightly
with increasing Cd concentration; the majority of Cd was
found to be extracted by NaCl and HAC, regardless of leaf
position, suggesting that the detoxification of organic acids
and amino acids in the leaves of S. nigrum subjected to
Cd stress is limited [22].
Many studies have suggested that elimination of cellular GSH and accumulation of H2O2 in plant cells is the
first response to Cd stress [57-60], and that accumulation
of H2O2 could induce membrane lipid peroxidation and
lead to an increase in MDA content, which is consistent
with our result in this study. GSH is the main non-protein
thiol involved in the detoxification of heavy metals and
the protection of redox system [30]. At the same time,
GSH, AsA, and the antioxidant enzymes collaboratively
regulate the level of intracellular H2O2 and other ROS [30];
furthermore, APX and GR are believed to act in conjunction to metabolize H2O2 to H2O through the ascorbateglutathione cycle under normal plant growth status [30]. Cd
could induce the oxidation of sulfhydryl in the active center
of GR enzyme molecules directly or indirectly [61], and
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could induce the re-synthesis of enzyme protein, thereby
enhancing the activity of GR [62, 63]. Increasing GR
activity in plant cells could maintain a high GSH/GSSG
ratio to avoid oxidative damage. The results of this study
showed that GR activity and GSH concentration presented a trend of beginning with an increase, followed by a
decrease, with increasing Cd concentrations and treatment
time, which may be due to the fact that GSH plays a major role in Cd detoxification at the early stage of Cd
treatment; however, at the later stage, Cd accumulation
induces in vivo PCs synthesis [64, 65], the main precursors of which being GSH and its derivatives [57, 64],
which resulted in a decline of GSH content. At the same
time, GR activity was curtailed due to the fact that thiol
groups were combined with Cd ions. Thus, the GSH-AsA
cycle was significantly hampered due to the reduction of
GSH content and the decrease of GR activity; H2O2 could
not be effectively removed, resulting in cellular H2O2 accumulation, which led to a further accumulation of MDA,
the product of membrane lipid peroxidation. In fact, AsA
was the main substrate for the reduction of H2O2, and
GSH plays a crucial role in the regeneration of AsA from
oxidized ascorbate [66]. Therefore, changes in intracellular GSH levels could directly affect the operation of GSHAsA cycle, and also indirectly affect the efficiency of
H2O2 scavenging, leading to a series of changes in the
metabolism of the antioxidant system. The traits for the
complex resistance mechanism of heavy metals in plants
may be controlled by multiple genes, but the key factor
has not been clear to date. Yang et al. [67] and Yan et al.
[68] demonstrated that the maintenance and improvement
of the activities of antioxidant enzymes was the foundation of Cd resistance in plants subjected to Cd stress. In
this investigation, fairly high levels of GR and APX activities at the first stage of Cd application may have provided
a substantial source of Cd resistance in the hyperaccumulator plant species S. nigrum.
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The level of MDA could be regarded as an evaluation
index of membrane injury, resulting from the accumulation of ROS and the incompatible ROS-scavenging system [69]. Exogenous SA application significantly reduced
the MDA content in the leaves of S. nigrum under high
Cd treatment (150 µM; Fig. 3). Zhang et al. [70] demonstrated that SA application could decrease the MDA content, and alleviate the toxicity in cucumber and wheat
plants under salt stress. Also, Liu et al. [71] reported that
SA application significantly reduced the MDA content in
cucumber seedlings under Pb stress. These results suggest
that exogenous SA application plays an important role in
alleviating toxicity when plants are subjected to stress.
And, exogenous SA application may alleviate Cd toxicity
in the leaves of S. nigrum at the level of antioxidant defense in this investigation. However, it is currently unknown whether exogenous SA application could induce a
change in the levels of endogenous SA and other hormones under Cd stress, preventing the entry of Cd into
roots, or decreasing Cd translocation from root to shoot.
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ABSTRACT

1 INTRODUCTION

Active biomonitoring of air quality was performed
using the moss Hypnum cupressiforme in Tirana and Vlora
urban areas, Albania. Moss bags were exposed with irrigation for 6 months at 7 sites of Tirana city and 9 sites of
Vlora city along the main streets. Heavy metals (Cu, Pb,
Zn, Mn, Fe and Cd) were determined by atomic absorption spectrometry by using flame/and or electro thermal
system. CVAAS was used for mercury determination, and
atomic emission spectrometry for K and Na determination. The target elements in this study are Cd, Hg, Cu, Pb,
Zn and Mn. For better interpretation of data, the elements
Fe, K and Na were also included. The cities are being
moderately polluted due to the high vehicular emissions,
and use of adulterated fuel in vehicles. Therefore, we
have been tried to categorize different places in the city,
on the basis of the mentioned metal concentrations in the
mosses and data statistical treatment. Mercury shows
most sounding results (13.39 µg/g, DW), near Vlora hot
spot site, polluted by metallic mercury. The comparison
with unexposed moss allowed us assessing the enrichments factors in exposed moss samples for all determined
elements. To distinguish different geochemical mobility
of elements and geochemically bound elements, correlation analysis was carried out. Two groups of elements
were found: the first one (Zn, Fe, Cu, K and Na) does not
display high accumulation factors (AFmean<3), whereas Pb
and Cd in Tirana sites, or Hg and Mn in Vlora sites, display moderate accumulation factors (AFmean >3).

KEYWORDS: active biomonitoring, urban area, heavy metals,
accumulation factor, multivariate analysis, moderately polluted

* Corresponding author

Heavy metals pollution became a significant problem
of environmental toxicology in recent years. These metals,
even if deposited constantly in small rates over long periods of time, accumulate in the environment and will probably pose an increasing major environmental and human
health hazard in future [1]. Thus, it seems very important to
develop and improve a long-term active/and or passive
monitoring technique to assess the type and level of heavy
metal pollution of any particular area. In general, the main
emission sources of heavy metals in air are ore and metal
processing and manufacturing, as well as combustion
processes, because heavy metals are minor constituents of
fuels (coal, gasoline) [2].
The bio-monitoring techniques appear to be especially useful in highly polluted areas (industrial and/or urban)
to examine deposition patterns and to recognize point
sources. In particular, mosses are bio-organisms that accumulate large amounts of trace metals, making them
good bioaccumulators to estimate metal pollution [3].
Mosses accumulate passively and retain the elements
that reach them via atmospheric dry and wet deposition.
The idea of using autochthonous mosses as useful indicators for biological monitoring of regional atmospheric
depositions and heavy metal contamination of their environment were developed at the end of the 1960s [4], while
the use of transplants or moss bags was introduced later
[5, 6]. Their high cation exchange capacity and high surface to volume ratio favour the accumulation of the large
concentrations of heavy metals across the moss cell wall
for a long period [7-9].
The use of native terrestrial mosses as bio-monitors is
now a well-recognized technique in atmospheric contamination studies [11], and is applied as a practical mode in
establishing and characterizing deposition sources. Although the bio-monitoring technique is widely known, it
was never used before for investigating trace elements in
Albania.
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The report of Tirana area quality for the year 2008 gives
some data about the pollution level of the air in the city [10].
The range of some important parameters regarding air quality valuation is as follows: Lead 0.028-0.66 µg/m3 (Albania
standard: max permitted level: 1 µg/m3) [13], PM10/PM2.5 13-354 µg/m 3 or 1.5 times higher than maximum permitted level for Albania (PM10) Annual (arithmetic mean)
250 µg/m3 ), or 7 times higher than maximum permitted
level of European countries (PM10 50 µg/m 3 for 24 h;
40 µg/m3 for 1 year) [12].
Therefore, the goal of this study was to perform the
active bio-monitoring of the air quality using the moss
Hypnum cupressiforme within and around Tirana and
Vlora urban areas, Albania. Moss bags were exposed with
irrigation for 6 months, respectively, at 7 sites of Tirana
city, and 9 sites of Vlora city, along the main streets.
2 MATERIALS AND METHODS

electro-thermal system by using a novA400 instrument
(Analytik Jena). Flame-AAS was used for Zn and Fe determination; a cold vapor atomic absorption spectrometer
(CVAAS) was used for mercury determination, and AES
method for K and Na by using a Varian SpectrAA 10+
instrument.
2.3 Quality control of the analysis

The quality control was performed by comparing the
metal contents of background sample (Hypnum cupressiforme species, collected in a clean rural area, Llogora, N:
40o 12’ 31.1”; E: 19o 35’ 06.7”), and analyzed by different techniques: AAS and ICP-AES. The results of ICP
method provided and performed by the Institute of Chemistry, Faculty of Science, Ss. Cyril and Methodius University, are in good agreement with our results (AAS). The
certified M2 and M3 moss samples were used for quality
control of ICP-AES analysis. The results of the analyses
are listed in Table 1.
(a)

2.1 Study areas

The carpet moss samples (Hypnum cupressiforme species) were collected in a clean rural area (Llogora, N: 40o
12’ 31.1”; E: 19o 35’ 06.7”). Extraneous material was removed from the moss and it was cleaned of soil particles in
laboratory, and then prepared for exposure. The moss
bags were transferred to 7 sites in Tirana and 9 sites of the
Vlora areas (Fig. 1). Moss samples are hanged on the ceilings of the first floor balcony, 2 m above ground level. The
exposure period was from October 2010 to the end of
March 2011.
Moss bags were exposed with irrigation at all sampling sites. Irrigation of moss bags was achieved by placing them on the top of a cellulose (100%) sponge packed
in a polyethylene box (150x110x80 mm) with the bottom
immersed in distilled water. Distilled water was added to
the boxes at the intervals of 15 to 20 days depending on
meteorological conditions (precipitation and temperature).
To check for a possible contamination, the elemental composition of the sponge was determined after acid digestion,
and concentrations for all elements were below the detection limits. The polyethylene boxes were decontaminated
before use by soaking in 5% nitric acid for 48 h and
washed with double-distilled water.

(b)

2.2 Method of analysis

Wet digestion of a homogeneous sub-sample was applied. About 0.5 g moss sample was transferred to the half
pressure Teflon tubes and 10 ml nitric acid (9:1) was added.
The closed tubes were put at room temperature for 48 h, and
then digested for 3 h at 80-90 ºC. The temperature was increased to 200 ºC and kept for 1 h, for further digestion. The
tubes were opened and the acid was evaporated till a very
small volume. After cooling, the mass was transferred to
25-ml volumetric flasks which were filled till the mark
with osmosis-treated water. Heavy metals, such as Cu,
Cd, Pb, and Mn, were determined by AAS equipped with

FIGURE 1 - Map of exposure sites in Tirana (a) and Vlora (b) ((a): 1
- Dajti Cable Car Str.; 2 - Tirana Hospital; 3 - Railway Str.; 4 - Tirana
Center; 5 - 21-Dec Str.; 6 – Combine; 7 – Lapraka; (b): ST_V1: New
Road; ST_2: Vlora Universities; ST_3: Cold Water; ST_4: Luna Park;
ST_5: ”Partizan” Square; ST_6: Road May 24th; ST_7: Electric Power
Station; ST_8: Road 4 Heroes; ST_9: Vlora Old Beach).
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TABLE 1 - Metal concentrations (mg/kg, DW) in moss background sample.
INDEX

Zn

Fe

Mn

Cu

Cd

Pb

K

Na

LLOGORA (ALB19) (AAS)

8.33

954

46.1

3.22

0.15

2.93

3675

194

LLOGORA (ALB19) (ICP-AES)

7.84

985

41.7

4.62

0.15

2.98

3697

191

3 RESULTS AND DISCUSSION
Concentrations of seven heavy metals and two major
elements, K and Na, determined in moss exposed at different sites are listed in Tables 2 and 3. The box plot of
the elements ranked in increasing order (black line means
unexposed moss bags) of exposed moss bag concentrations for both Tirana and Vlora areas are presented on
Fig. 2.
The intensity of metal content, based on the mean
values of moss bags exposed in Tirana and Vlora sites,
follows the trend: K > Fe > Na > Mn > Zn > Pb > Cu >
Cd > Hg. The range of variation of Pb, Cd and Fe in moss
samples exposed at Tirana is larger than that of Vlora.
The main sources of lead, cadmium and iron include the

emission from engines of old cars, the use of leaded petrol, waste incineration and industry. Intensive traffic in
Tirana could be the main factor of high Pb content in
about 47% of the analyzed moss samples. Proximity to
the road, and wear and tear of the automobile parts, could
be also the reason [14], especially of Cd contamination.
The range of variation of Hg, Zn and Mn in moss
samples exposed at Vlora sites is larger than of Tirana.
The main sources of mercury in Vlora are its ex-hot spot
site contaminated by metallic mercury from an exchlorine alkaline plant [15, 16], while Mn and Zn elements can be classified as anthropogenic and lithogenic in
origin. Mn is associated with traffic-related sources, such
as corrosion of metallic parts, concrete materials, reentrained dust from roads, tear and/or wear of tires, and

TABLE 2 - Heavy metal concentrations (in mg/kg, DW) in moss samples of Tirana area.
Station
T1
T2
T3
T4
T5
T6
T7

Zn
7.1
7.2
8.8
9.3
7.5
6.3
7.9

Fe
876
973
1193
1944
1274
557
716

Mn
46
35
46
82
46
35
46

Cu
3.0
1.3
2.6
1.8
2.8
1.3
3.6

Cd
0.22
0.33
0.14
0.22
0.27
0.49
0.21

Pb
4.2
12.2
5.8
17.6
11.6
2.6
6.5

Hg
0.057
0.135
0.092
0.112
0.084
0.376
0.432

K
2899
3781
2684
3442
3333
3678
3227

Na
221
249
183
330
213
214
225

TABLE 3 - Heavy metal concentrations (in mg/kg, DW) in moss samples of Vlora area.
Station
Zn
Fe
Mn
Cu
Cd
Pb
Hg
K
ST_V1
13.6
885
46.0
2.5
0.12
1.6
0.234
3080
ST_V2
13.2
802
82.0
1.8
0.07
3.9
0.234
3327
ST_V3
19.8
949
104.0
3.6
0.06
6.0
0.052
2749
ST_V4
1.6
1309
93.0
2.1
0.06
5.2
0.052
2839
ST_V5
3.7
771
104.0
0.9
0.05
1.2
0.130
1433
ST_V6
5.2
1003
197.0
1.7
0.20
2.1
0.313
4687
ST_V7
6.3
985
151.0
1.8
0.17
3.3
0.052
3329
ST_V8
3.1
975
151.0
1.2
0.13
1.6
0.130
1698
ST_V9
4.2
986
127.0
1.5
0.10
1.9
0.964
4042
Descriptive statistics was applied to the results obtained. Minimal. maximal and mean values for both cities are given in Table 4.

Na
174.3
226
151.3
197.2
67.0
323.6
360.0
229.8
344.7

TABLE 4 - Statistical data of monitoring areas.
Station
Background
Min.
Mean
Max.

Site
Llogora
Tirana
Vlora
Tirana
Vlora
Tirana
Vlora

Hg
0.072
0.057
0.052
0.180
0.223
0.432
0.964

Cd
0.15
0.14
0.05
0.27
0.11
0.49
0.20

Cu
4.60
1.30
0.90
2.34
2.17
3.60
3.60

Pb
3.53
2.60
1.20
8.64
3.03
17.60
6.00

2173

Zn
7.84
6.30
1.60
7.73
7.85
9.30
19.80

Mn
41.70
35.00
46.00
48.00
109.67
82.00
197.00

Na
191.5
183
67
233
230
330
360

Fe
985
557
771
1076
965
1944
1309

K
3697
2684
1433
3292
3020
3781
4687
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FIGURE 2 - Box plot of exposed moss bag concentrations (expressed
as µg /g, DW): a) Tirana area, b) Vlora area (the elements are ranked in
increasing order).

contribution of vehicular Mn emissions arising from petrol additives [17].
The loss of Cu and Zn in most of moss samples of Tirana sites could be caused by washing out and leaching
process; in similar way, this was described for Mn by

Couto et al. [18], while in Vlora sites only the loss of Cu
was evident in all moss samples.
The loss of potassium in our moss bag samples after
6-months exposure, compared to non-exposed control was
smaller than literature data [19]. Due to the maintenance
of moss humidity during the exposure, the loss of K from
the moss tissue is less pronounced for wet moss bags than
for dry ones [19]. The results indicate that sandy dust of
Vlora beach and suspended road dust (PM10) are the
most significant sources of the analyzed potassium at
Vlora sites.
To evaluate the accumulation degree, we used the Accumulation Factor (AF) defined as the concentration ratio
between the exposed and the blank moss bags, and (AF =
Cexp /Cbackground) was calculated (Tables 5 and 6).
The AF results reflect the different geochemical mobility of elements [20]. The elements given in Tables 4
and 5 can be divided into two groups. The first group of
elements (Zn, Fe, Cu, K and Na) does not display high
accumulation factors (mean AF < 3), while Pb and Cd in
Tirana sites, as well as Hg and Mn in Vlora sites, display
moderate accumulation factors (mean 3<AF<10). The site
ST_V9 of Vlora results to be highly mercury-polluted
(AF>10). As is mentioned before, the main sources of
mercury in Vlora are its ex-hot spot site contaminated by
metallic mercury from an ex-chlorine alkali plant [15, 16].
The accumulation of these elements (Mn and Hg) in
Vlora sites suggests that non-crustal sources are relevant
for these elements but also a variety of pollution emissions may contribute to their loading in ambient air.
On the contrary, Na, K and Fe have rather high concentrations but low accumulation factors (<3), which
suggests negligible contribution of anthropogenic sources
and main origin from air-borne dust.

TABLE 5 - Accumulation factors for determined elements in Tirana area.
Station
T1
T2
T3
T4
T5
T6
T7

Zn
0.91
0.92
1.12
1.19
0.96
0.80
1.01

Fe
0.89
0.99
1.21
1.97
1.29
0.57
0.73

Mn
1.10
0.84
1.10
1.97
1.10
0.84
1.10

Cu
0.65
0.28
0.57
0.39
0.61
0.28
0.78

Cd
1.47
2.20
0.93
1.47
1.80
3.27
1.40

Pb
1.19
3.46
1.64
4.99
3.29
0.74
1.84

Hg
0.79
1.88
1.28
1.56
1.17
5.22
6.00

K
0.78
1.02
0.73
0.93
0.90
0.99
0.87

Na
1.15
1.30
0.96
1.72
1.11
1.12
1.17

K
0.83
0.90
0.74
0.77
0.39
1.27
0.90
0.46
1.09

Na
0.91
1.18
0.79
1.03
0.35
1.69
1.88
1.20
1.80

TABLE 6 - Accumulation factors for determined elements in Vlora area.
Station
V1
V2
V3
V4
V5
V6
V7
V8
V9

Zn
1.73
1.68
2.53
0.20
0.47
0.66
0.80
0.40
0.54

Fe
0.90
0.81
0.96
1.33
0.78
1.02
1.00
0.99
1.00

Mn
1.10
1.97
2.49
2.23
2.49
4.72
3.62
3.62
3.05

Cu
0.54
0.39
0.78
0.46
0.20
0.37
0.39
0.26
0.33

Cd
0.80
0.47
0.40
0.40
0.33
1.33
1.13
0.87
0.67
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Pb
0.45
1.10
1.70
1.47
0.34
0.59
0.93
0.45
0.54

Hg
3.25
3.25
0.72
0.72
1.81
4.35
0.72
1.81
13.39
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3.1 Correlation and multivariate analysis of the data

To distinguish lithogenic/and or anthropogenic origin
of the elements, correlation and cluster analysis were
carried out. The results of correlation analysis are listed in

Tables 7 and 8. The results from the cluster analysis of
variables (Zn, Fe, Mn, Cu, Cd, Pb, Hg, K, Na) for Tirana
sites are presented in Table 9, and those for Vlora site in
Table 10.

TABLE 7 – The results of correlation analysis for Tirana area.
Element
Zn
Fe
Mn
Cu
Cd
Pb
Hg
K
Na

Zn
1.00
0.81
0.79
0.21
-0.77
0.59
-0.33
-0.41
0.44

Fe

Mn

Cu

Cd

Pb

Hg

K

Na

1.00
0.87
-0.12
-0.47
0.85
-0.60
-0.08
0.68

1.00
0.04
-0.45
0.69
-0.29
-0.11
0.79

1.00
-0.67
-0.25
0.06
-0.70
-0.36

1.00
-0.23
0.44
0.78
-0.02

1.00
-0.40
0.35
0.80

1.00
0.34
-0.12

1.00
0.45

1.00

TABLE 8 - The results of correlation analysis for Vlora area.
Element
Zn
Fe
Mn
Cu
Cd
Pb
Hg
K
Na

Zn
1.00
-0.41
-0.46
0.81
-0.22
0.45
-0.19
0.08
-0.26

Fe

Mn

Cu

Cd

Pb

Hg

K

Na

1.00
0.18
0.18
0.08
0.45
-0.07
0.22
0.29

1.00
-0.35
0.69
-0.20
0.12
0.33
0.61

1.00
-0.18
0.73
-0.25
0.19
-0.14

1.00
-0.39
0.09
0.55
0.73

1.00
-0.39
0.08
-0.08

1.00
0.51
0.47

1.00
0.75

1.00

TABLE 9 - Cluster Analysis of Variables: Zn, Fe, Mn, Cu, Cd, Pb, Hg, K, Na (Tirana sites).
Amalgamation Steps
Step
Number of clusters
Similarity level
Distance level
Clusters joined
New cluster
Number of obs. in new cluster
1
8
93.7315
0.125370
2
3
2
2
2
7
92.5591
0.148818
2
6
2
3
3
6
90.5880
0.188240
1
2
1
4
4
5
89.8923
0.202154
1
9
1
5
5
4
88.7723
0.224554
5
8
5
2
6
3
72.4293
0.551414
1
5
1
7
7
2
72.1979
0.556042
1
7
1
8
8
1
60.5127
0.789746
1
4
1
9
Final Partition - Cluster 1: Zn, Fe, Mn, Pb, Na; Cluster 2: Cu; Cluster 3: Cd, K; Cluster 4: Hg; obs. = observations

TABLE 10 - Cluster Analysis of variables: Zn, Fe, Mn, Cu, Cd, Pb, Hg, K, Na (Vlora sites).
Correlation Coefficient Distance, Single Linkage Amalgamation Steps
Step
Number of
Similarity level
Distance level
Clusters joined
New cluster
clusters
1
8
90.3881
0.192239
1
4
1
2
7
87.3180
0.253641
8
9
8
3
6
86.4878
0.270244
1
6
1
4
5
86.4626
0.270747
5
8
5
5
4
84.7309
0.305382
3
5
3
6
3
75.6362
0.487276
3
7
3
7
2
72.3700
0.552599
1
2
1
8
1
64.6418
0.707165
1
3
1
Final Partition - Cluster 1: Zn, Cu, Pb; Cluster 2: Fe; Cluster 3: Mn, Cd, K, Na; Cluster 4: Hg
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Number of observations
in new cluster
2
2
3
3
4
5
4
9
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The highest correlation coefficients among heavy
metals in moss samples of Tirana area are observed for
Zn, Fe, Mn, Pb and Na; that is probably due to emission
from traffic, and to suspension or re-suspension of road
and city dust, which includes soil dust mixed with trafficrelated particles more than direct exhaust emission and
city dust.
Cu and Cd, K, as well as Zn and Cd in air were significantly negatively correlated between them, suggesting
that Cu and Cd as well as Zn and Cd are mostly from
different origin.
The main source of Cd could be locally like cigarette
smoking [21], incineration of refuse materials (cadmium
pigments and stabilizers in plastics, nickel-cadmium batteries). Elevated Cd concentration could be due to polythenes, domestic waste, sewage sludge, plastic pipes, automobile tires and exhaust [22]. The most probable source of
Cd and K may be related to organic urban waste incineration, and the origin of Hg is uncertain.
The level of fine dust particles known as PM10, the
highly unmanaged urbanization, and high density of the
population inside city areas are also causal factors for the
high correlation between Mn and Na in most of moss bag
samples. Similar problems were evident also in other
countries [23, 24].
Iron was most-correlated to Mn, Pb and Na. Fe, Mn
and Na are the main elements in the Earth’s crust, and
they may come from wind-blowing soil dust and frictional work from construction sites in the ambient environment which increases the atmospheric loading of dust
particles, while Pb acts as marker element for motor vehicle emissions [23].
The high correlation coefficients between Zn, Cu and
Pb in Vlora site support the recent finding that Cu is one
of the metals most closely related to vehicle circulation in
urban areas. The most probable source of Zn, Cu and Pb
accumulation are vehicle-related particles; the source of
Pb and Cu is probably from vehicular exhaust. Higher
concentration of Zn, with regard to control samples, in
urban areas could be associated with dry deposition of
metal spewed out from automobiles, motor oil, and wear
and tear of vehicular parts, and abrasion of tires [26]. The
present finding is an agreement with Makhol and Mladenoff
[25], who also described high concentration of Zn along

the road, and they attributed that fuel is the main factor of
Zn pollution.
Mn was most correlated to Cd, which could have
originated from city dust caused by paving and non-paving
roads, as well as by building industry dusts. The dust
origin of Cd is supported by the good correlation between
Cd and Na, as well as that of K and Na, typical constituents of Earth crust.
3.2 Multivariate analysis

The results of principal component factor analysis of
the correlation matrix for elements in moss bags are presented in Tables 11 and 12.
Table 11 presents three extracted factors explaining
more than 83% of the total variance for Tirana area. The
first factor, explaining most of the variance (45.5%), has
high loadings for Pb, Fe, Mn, Zn and Na (mostly associated with city dust, traffic exhaust, soil and re-suspended
road dust). The second factor, with 28.6% of the total
variance, shows high loading for Cu pointing to the contribution of cation exchange processes in moss. Factor 3
accounts for 9.5%, and has high loadings for Hg which is
unknown for Tirana site.
Table 12 presents four extracted factors explaining
more than 82% of the total variance for Vlora site. The
first factor, explaining most of the variance (34.9%), has
high loadings for Na, Mn, Cd and Hg, which may come
from wind-blowing soil dust and frictional work from
construction sites in ambient environment increasing the
atmospheric loading of dust particles which are mostly
associated with city dust. The second factor, with 24% of
the total variance, shows high loading for Pb, Zn, Fe and
K pointing to the contribution from traffic sources. Factor
3 accounts for about 15% of the total variance (Cu element), associated with dust mixed with traffic exhaust.
Factor 4 accounts for about 11% of the total variance (Fe,
Mn and Hg), associated with dust particles (Fe and Mn),
as well as wind flow (metallic Hg present at V9 station).
The high correlation coefficients between Zn, Fe, Pb
and Na in Vlora site support the recent finding that these
metals are most closely related to vehicle-related particles; the source of Pb and Cu is probably from vehicular
exhaust. Higher concentration of Zn, with regard to the
control samples, in urban area could be associated with dry

TABLE 11 - Principal Component Analysis (PCA): Zn, Fe, Mn, Cu, Cd, Pb, Hg, K, Na (Tirana site).
Eigenvalue
Proportion
Cumulative

4.4478
0.494
0.494

2.8514
0.317
0.811

0.9510
0.106
0.917

0.3639
0.040
0.957

0.2697
0.030
0.987

0.1162
0.013
1.000

0.0000
0.000
1.000

-0.0000
-0.000
1.000

TABLE 12 - Principal Component Analysis (PCA): Zn, Fe, Mn, Cu, Cd, Pb, Hg, K, Na (Vlora site).
Eigenvalue
Proportion
Cumulative

3.4861
0.387
0.387

2.2587
0.251
0.638

1.4544
0.162
0.800

1.0296
0.114
0.914
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0.3819
0.042
0.957

0.2193
0.024
0.981

0.1628
0.018
0.999

0.0072
0.001
1.000

© by PSP Volume 21 – No 8a. 2012

Fresenius Environmental Bulletin

deposition of metal spewed out from automobiles, motor
oil, wear and tear of vehicular parts, and abrasion of tires
[27]. The present finding is an agreement with Makhol and
Mladenoff [26], who also described high concentration of
Zn along the road, and they attributed that fuel is the main
factor of Zn pollution.
The second factor related to Fe loading may be of
lithogenic origin, as main element of earth`s crust.
The third factor related to Cd and K negative loading
may originate from ion leaching caused by high humidity
in Vlora coastal area.
The fourth factor related to Hg loading may originate
from mercury pollution of V9 station (500 m far from the
shore), easily distributed in the air by coastal wind.
Similar results were found in another Balkan area [27],
providing that active moss bio-monitoring with different
moss species could be used for screening and monitoring
of atmospheric trace element pollution in urban areas.

ence are pointed out as the factors causing different loadings of the elements.
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ABSTRACT
The paper industry is a high water consumer, and effluents from paper mills can contain a high organic load.
Advanced wastewater treatment with ozone has proved to
be effective although not always economically worthwhile.
Considerable cost reductions can be achieved with a combination of ozone treatment with other advanced oxidation processes (AOPs) and with the (re-)use of AOPtreated effluents instead of using fresh water (only). Research has presented aims for improving the efficiency of
AOP treatment in order to make new water sources available. The potential for using AOP-treated effluents instead of fresh water in paper mills has been identified in
on-site factory investigations. AOP trials using ozone, UV
and peroxide have been performed on a laboratory scale.
With ozone treatment, improved biodegradability of treated
effluents has been achieved and colour was strongly reduced. To test the synergistic effects on colour reduction,
UV and peroxide treatment have been performed separately and in combination. The use of UV and peroxide
treatment alone revealed only a slight effect on colour
reduction but there has been increased reduction of colour
using their combination.

KEYWORDS: advanced oxidation processes (AOPs), ozonation,
paper mill effluents, UV irradiation, peroxide, water reuse

1 INTRODUCTION
Advanced wastewater treatment (WWT) by ozone
has many advantages over other technologies, and very
good results and experience have been and are being
achieved [1]. Reducing the organic load by up to 90% by
combining ozone treatment with a subsequent biological
low-load stage is possible, reduction rates of 50% and below
* Corresponding author

are economically worthwhile [2-4]. Ozone as advanced
effluent treatment is used in the combination of “biological
treatment – ozone – biological treatment” (see Figure 1).
Two large-scale plants operating on this principle have
achieved success in Germany and Austria [2, 5]. The
method utilises the ability of ozone to split the long-chain
compounds which are contained in fully biologically treated
mill effluents and form inert residual chemical oxygen demand (COD), thus making the compounds biodegradable
again. This can be measured as a decreased COD, an increased biochemical oxygen demand within 5 days (BOD5)
and a higher BOD5/COD ratio, which shows the improved
biodegradability. Several parameters beneath biodegradability are affected by ozone in a positive way, e.g. organic
load, colour and adsorbable organohalogens (AOX). But
the use of ozone is expensive and thus not always economically worthwhile. To make the advantages of advanced
WWT by ozone more attractive, further cost cutting is
needed. This can be achieved by combining ozone treatment with other advanced oxidation processes (AOPs) like
hydrogen peroxide (H2O2), ultraviolet radiation (UV) or
ultrasound (US) [6].
Regions that lack fresh water require new water
sources. Until now, no proper solution has been available.
The (re-)use of AOP-treated effluents instead of (only) fresh
water in high water volume consuming industries such as
the pulp and paper and textile industries could solve this
problem and would lead to considerable cost reductions
[7]. The project AOP4Water in the Cornet programme
aims to make new water sources available for high water
volume consuming industries like the pulp and paper and
textile sectors, by (re-)using AOP-treated effluents from
the pulp and paper, textile and food industries as well as
from municipal wastewater treatment plants. The key to
(re-)use is to improve the efficiency of AOP treatment to
ensure optimum water quality, and to show the possible use
of treated waters. Achievable water qualities needed for
(re-) use will be produced by AOP and biological treatment. Wastewater will be provided by paper mills, food
and textile industries and municipalities, to be used in
paper mills and textile factories.
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FIGURE 1 - Ozone as advanced effluent treatment.

2 MATERIALS AND METHODS
2.1 Factory investigations

In the first stage, factory investigations were performed
to gather information about locations and the water quality
required for replacement of fresh water by AOP-treated
effluents. The potential for using AOP-treated effluents
instead of fresh water in paper mills has been identified.
Water users and available effluents have been characterised regarding their quality and quantity. Factory investigations were performed in two paper mills. Paper mill A
produces approx. 150,000 tons of board per year on one
paper machine. The raw material used is waste paper. The
paper mill is using surface water for paper production and
is discharging its wastewater into an on-site wastewater
treatment plant (WWTP). The treated wastewater is discharged into a river. Samples were taken at 14 different
locations throughout the production process. Paper mill B
produces approx. 500,000 tons of graphic paper on two
paper machines. The raw materials used are deinked pulp,
refined mechanical pulp and virgin fibre. A separate WWTP
exists on the mill site which discharges the treated
wastewater into a river nearby. The wastewater in the production process was sampled at 20 different locations.
The temperature, pH, conductivity, COD, BOD 5,
chloride, sulphate, calcium, colour and suspended solids
(Table 1) were measured in the samples taken from the
water circuit of the paper mills. The parameters were
analysed at selected sampling points. Fresh water was
used when high water quality was needed such as showers
and sealing water. White water represented the water
drained from the stock in the wire section. Wastewater in this
case was the treated effluent downstream of the WWTP.
2.2 AOP-trials

AOP-trials were performed on wastewater from Paper
mill A. Trials were performed with single technologies:

O3, UV, US and H2O2 and with combined technologies:
UV+H2O2 and UV+US. Before AOP-trials, the samples
were filtered using black ribbon filters to remove solid
compounds. In all trials, BOD5, COD and colour at 254
nm, 436 nm, 525 nm and 620 nm (Table 1) were measured in raw and AOP-treated wastewater.
Ozone trials were performed on a laboratory ozone
plant (Figure 2) with a maximum O3 production in air of
25 g/h, a 60 L/h flow rate of the gas stream and a 2-10 L/h
flow rate of the water stream. O3 dosages varied between
12-130 g/m³.
The ozone in the laboratory ozone plant is produced
from dried compressed air. In the reactor, the ozone-containing gas is passed through a frit and rises through the
water to be ozonised. Part of the ozone contained in the
gas diffuses into the water, is dissolved and reacts with
the substances contained in the water. The ozone destructor destroys the ozone that remains in the gas. Measuring
pressure and ozone concentration in the feed- and offgas
as well as gas and water flow rates serve to balance the
ozone dosage introduced into the sample. The water to be
ozonised is pumped through the reactor in countercurrent
mode. The sample is passed through measuring cells to
determine conductivity, pH, redox potential, SAC254 nm
and ozone concentration in water. All values are logged at
intervals of 10 seconds.
UV trials were performed using a laboratory UV plant
(Figure 3). The plant comprises two UV lamps of 250 and
500 W and a 20 L storage tank. The water is filled into the
storage tank and pumped in a circle around the UV lamps.
The energy input varied between 0.4-120 kWh/m³. The
temperature of the water sample rises during treatment due
to the energy input into the water by the UV lamps and
circulation pump. A cooling system was installed to keep
the temperature of the water in a useful range.

TABLE 1 - Analytical methods used in factory investigations and AOP-trials.
Parameter
BOD5
Calcium
Chloride
COD
Colour

Method
DIN EN 1899-1
cell test
cell test
DIN ISO 15705
DIN EN ISO 7887

Parameter
Conductivity
pH
Sulphate
Suspended solids (TSS)
Temperature
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Method
DIN EN 27888
DIN 38404-2
cell test
DIN 38 409 T. 2
DIN 38404-1
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FIGURE 2 - Scheme of the laboratory ozone plant.
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FIGURE 3 - Schematic diagram of the laboratory UV plant.

H2O2 trials were performed on a laboratory scale. A
30% solution of H2O2 was injected into the paper mill
waste water while being stirred continuously. After stirring for 90 minutes, the samples were analysed. H2O2
inputs were varied between 0.5 and 20 mmol H2O2 /L.
3 RESULTS AND DISCUSSION
3.1 Factory investigations

The results of physical and chemical parameters for
available water qualities which were measured in Paper
mill A and Paper mill B are presented in Table 2. The
fresh water used in both paper mills was colourless; COD
and salt concentrations were low. Fresh water was used in
both paper mills for the purposes shown in Figure 4.
Due the low specific effluent volume and the raw materials used, COD and salt concentrations were at quite a
high level in the white water of Paper mill A. The COD,
chloride and calcium loads were high. Compared to the
inlet values, the existing WWTP lowered the COD concentration by approximately 98% down to 230 mg/L.
Additional treatment, especially for COD and colour reduction, is necessary to (re-)use the water. There was no effective loop separation in operation.

The white water is drained from the diluted pulp on
the wire of the paper machine where remaining fibres on
the wire start to form the paper structure. The white water
is collected and recirculated to dilute and adjust the consistency of the pulp just before entering the headbox and
being pumped back onto the wire again.
In Paper mill B lower values of COD were determined due to a more open water circuit and effective loop
separation. The sulphate values in Paper mill B were elevated. The COD level of 859 mg/L measured in the white
water can also be expected in the clear filtrate. The existing
WWTP lowered the COD concentration by approximately
87% down to 173 mg/L compared to the inlet values.
It could be clarified in factory investigations which
water parameters are relevant for which water consumers
(e.g. spray nozzles, sealing water etc.). These water qualities are the ones which AOP treatment has to compete
with. The biologically treated water from paper production typically has a yellow-brownish colour. The decolourising impact of AOP’s serves to benefit the replacement of fresh water with AOP-treated water especially for
white paper grades. The salt load of the wastewater is
influenced neither by biological treatment nor by AOPtreatment. Therefore, treated paper mill wastewater being
recirculated back into the paper mill instead of using fresh
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water may lead to higher salt loads in the process. This is
why the use of AOP-treated wastewater from other industrial sectors with a lower salt load will be investigated and
the use of treated paper mill wastewater in other sectors as
well. To assess which water is best suited for a specific
factory depends on several factors and will be investigated for specific sectors in the course of the project.

ically and a high BOD5/COD ratio means efficient further
biological COD reduction.
COD values and COD eliminations are shown in Figure 6. A comparison is made between paper mill and textile
effluents. The COD values of tested textile effluents are at
a significantly higher level than the COD values of tested
paper mill effluents (textile effluents: 300 mg/L, paper mill
effluents: 160 mg/L). COD is reduced at increasing ozone
dosages in both effluents. The COD eliminations plotted
against specific ozone dosages are similar for paper and
textile effluents. Eliminations of about 30% to 40% could
be achieved by specific ozone dosage of 0.8 g O3/g COD0.

3.2 AOP trials

In Figure 5 the reaction of BOD5 and BOD5/COD ratios on ozone treatment are shown, where SOD means
specific ozone dosage, which is the ozone dosage consumed in relation to the COD concentration before ozone
treatment (COD0). Ozone dosage is balanced using measured ozone concentrations in feed- and offgas among
others, according to chapter 2.2. At increasing ozone
dosages, BOD5 values and the BOD5/COD ratio increase
(BOD5 from 2 up to 15 mg/L; the BOD5/COD ratio from
0.01 up to 0.13). This indicates the improved biodegradability of the treated effluents, which is a relevant fact,
because AOP-treated effluents will be post-treated biolog-

Showers

Chemicals Preparation

The colour reduction after ozone treatment can be
seen in Figure 7. Colour was measured at the wavelengths
436 nm, 525 nm, 620 nm and 254 nm. The values measured at 436 nm are a measure of the typical yellowishbrownish colour of paper mill effluents; values measured
at 254 nm are an indicator of double bonds. Colour is
greatly reduced by ozone treatment, namely from 12 m-1
to 1 m-1 at 436 nm.

Showers

51%

Chemicals Preparation

11%

38%

23%

Pulp Dilution

2%

Cleaning/Others

11%

Vacuum System

11%

Pulp dilution

9%

Cleaning

8%

Vaccum system

8%
Sealing Water

14%

Sealing water
Fresh Water Losses

14%
0%
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0%

Total

100%

Total
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FIGURE 4 - Fresh water use in Paper mill A (left) and Paper mill B (right).

TABLE 2 - Available main water qualities in both investigated paper mills.

Mill
A
Mill
B

Fresh water
White water
Wastewater after
treatment
Fresh water
White water
Wastewater after
treatment

Temperature
°C
13
45

pH Conductivity

COD

BOD5

Chloride

Sulphate

Calcium

7.8
6.8

µS/cm
510
3910

mg/L
20
15030

mg/L
9330

mg/L
97
502

mg/L
<40
353

mg/L
42
572

Colour
(436 nm)
m-1
0
18

31

8.0

4300

230

<15

600

120

110

11

15
45

7.7
7.3

310
1640

8
859

207

18
80

0
543

53
123

2

31

7.2

1900

173

<5

80

350

140

15
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FIGURE 5 - Ozone trials - BOD5/COD ratio.
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FIGURE 8 - Trials with a combination of UV+H2O2 - results of colour measurements.

UV and peroxide treatment were combined to test the
synergistic effects on colour reduction by combining AOP
technologies (Figure 8). The X axis shows the UV energy
input, which is rather high due to laboratory tests. The use
of UV light alone shows only a small effect on colour
reduction (14 m-1 to 12 m-1). The peroxide dosage alone
also has a rather small effect (14 m-1 to 10 m-1). The combination of UV light and 20 mmol peroxide per litre reduces colour to 1.6 m-1.

ed to the paper mills and textile factories involved for
supplying the effluent samples and supporting the factory
investigations.
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ABSTRACT
The objective was to investigate the feasibility of
anaerobic baffled reactor (ABR) treating real purified
terephthalic acid (PTA) wastewater. The anaerobic biological treatment of real PTA wastewater was conducted in a
pilot-scale ABR of five compartments, and the performance of ABR was tested when the hydraulic retention
time (HRT) decreased from 40.0 to 25.0 h. After approximately four months of operation, the chemical oxygen
demand (COD) removal efficiencies ranged from 67 to
81% at 3.60-5.76 kgCOD/m3/d feeding. Further, the TA
and COD removal efficiency markedly decreased in the
1st compartment when the HRT decreased, but both of
them kept increasing in the following compartments,
indicating that the ABR showed high removal efficiency
of PTA wastewater and exhibited excellent stability to
shock loads. Additionally, the production of volatile fatty
acid (VFA) reduced, the pH value increased, and the
oxidation-reduction potential (ORP) decreased in the
latter compartments, demonstrating that the compartmentalization offered well staged multi-phase anaerobic environment to treat PTA wastewater. Therefore, it could be
concluded that the compartmentalization characteristic
could effectively protect from shock loads and keep the
stability of the whole ABR system for treating real PTA
wastewater.

KEYWORDS:
PTA wastewater; biological treatment; anaerobic baffled reactor;
hydraulic retention time; compartmentalization; shock loads

organic compounds include acetic acid, benzoic acid, ptoluic acid, o-phthalic acid and 4-carboxybenzaldehyde
[1, 3-6]. All the organic compounds pose risks for human
and ecosystem health. Therefore, it is necessary to remove
them from the wastewater.
Conventionally, two- to three-stage aerobic biological
treatment methods are usually used to treat the PTA wastewater [5, 7]. In recent decades, an increasing number of
reports have focused on the anaerobic biological pretreatment combined with further aerobic treatment. Compared to the conventionally two- to three-stage aerobic
treatment methods, this treatment technology has several
advantages, such as lower nutrient requirement, less sludge
production and energy recovery of biogas [3, 6, 8, 9].
However, anaerobic biological treatment of PTA
wastewater is inhibited by the less shock loading resulted
from the change of environmental conditions and the
interference of different chemical compounds.
Anaerobic baffled reactor (ABR), described as a staged
multi-phase anaerobic reactor, has numerous advantages,
including high stability to organic and hydraulic shock
loads, long biomass retention times, without special gas
or sludge separation [10-12]. Thus, the ABR has attracted
increasing interest for different types of wastewater treatment [13-16]. However, no studies have reported on the
treatment of PTA wastewater using ABR. Therefore, in this
study, a pilot-scale ABR was employed to investigate the
possibility of ABR for treatment of real PTA wastewater,
and to elucidate the influences of hydraulic retention time
(HRT) on the reactor performance.
2 MATERIAL AND METHODS

1 INTRODUCTION
2.1 Experimental setup

Purified terephthalic acid (PTA) is widely used as a
raw material such as polyethylene terephthalate bottles,
polyester textile fibers, polyester film [1, 2]. During the
PTA manufacturing process, a high strength organic wastewater usually generated. The most predominant pollutant in
the PTA wastewater is terephthalic acid (TA), and other
* Corresponding author

A modified plexiglass ABR described by Barber et al.
[10, 17] was employed for the investigation. Briefly, the
reactor dimensions was 2.16 m (L)×0.54 m (W)×1.26 m
(H) with effective working volume of 1.0 m3, and it consisted of five equal compartments. Each compartment was
further divided into up-comer and down-comer regions (the
width radio was 5:1) by slanted edge (45°) baffles. A constant temperature of 35±1 °C was obtained by recircula-
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tion heated water through a water jacket that was attached
to the reactor. Two liquid sampling ports were at the center of up-comer and down-comer regions of each compartment. Biogas sampling ports were at the top of each
compartment, and the volumes of biogas were measured
daily by wet gas meters.
2.2 PTA processing wastewater

PTA processing wastewater used in this study was
obtained from a local Petrochemical Corporation, and the
raw PTA wastewater contained chemical oxygen demand
(COD) of 2,350-64,600 mg/L, TA of 237-27,805 mg/L
and pH of 2.5-13.94. The raw PTA wastewater was pretreated by acid settler, alkalinity addition and homogenization followed by the use of the anaerobic biofilter (AF)
to remove most organic pollutants. Further, the two-stage
aerobic treatment method was employed to make the effluent meet the National Wastewater Discharge Standard.
Before the inoculation of anaerobic sludge, the raw PTA
wastewater was pretreated to give the feeding solution in
ABR with 6,000±500 mg/L of COD, 2,000±250 mg/L of
TA and 6.7-7.0 of pH. The microelement supplied to microorganisms was prepared according to Zhu et al. [16].
NH4Cl and K2HPO4 were added as nutrients with a final
COD:N:P ratio of 250±50:5:1.
2.3 Seed sludge, start-up and operation

The ABR was inoculated with anaerobic sludge taken
from a large-scale AF in the local PTA processing
wastewater treatment plant. In the AF reactor, the mean
COD removal efficiency was 65% with 4.00 kgCOD/m3/d
of organic loading rate (OLR), and the ratio of mixed
liquor volatile suspended solid (MLVSS) to mixed liquor
suspended solid (MLSS) was 0.65. After inoculation, the
sludge concentration in the ABR system was 25.3
gMLVSS/L.
The start-up and operation of ABR was carried out by
a stable influent COD concentration and a decreased
HRT. After the inoculation of anaerobic sludge, the reactor was sealed, and the air in the reactor was replaced with
nitrogen for 2 h to offer well anaerobic conditions to
anaerobic sludge. It was then continuous fed with PTA
processing wastewater. According to Ji et al. [13]，a
steady state was marked by relatively stable effluent pH
values and COD values with less than 5% variation. Thus
HRT was adjusted to a smaller value after the steady state
kept for approximately five days. The four steps of
changes in HRTs were finally achieved by adjusting the
influent flow rate (Table 1).

2.4 Analytical methods

The values of COD, pH and oxidation-reduction potential (ORP) were measured everyday according to the
standard methods [18]. The concentrations of volatile fatty
acid (VFA) and TA were measured using a gas chromatograph (Agilent GC-4890) equipped with a flame ionization detector (FID) and a Phenomenex ZB-Wax capillary
column (30 m×0.25 mm×0.50 µm), and Helium was used
as the carrier gas. The oven temperature was initially set
at 120 °C for 2 min and then ramped at a rate of 10 °C
/min to 210 °C. The detector temperature was 240 °C.
The samples were prepared according to Yuan et al. [20].
Biogas component (H2, CO2 and CH4) was analyzed according to Tawfik et al. [15]. All the data determined at
the steady state were the average values of five days that
kept steady and well balanced.
3 RESULTS AND DISCUSSION
3.1 Reactor performance

The concentrations of COD at the influent and effluent in ABR, and the total COD removal efficiencies for
the entire length of study are shown in Fig.1. In the first
1-15 days, the total COD removal rate fluctuated from 20
to 30%, and there was no significant variation of the total
COD removal efficiency. This was mainly due to the requirement of an adaptation process of the anaerobic environment in the ABR system [21]. However, after 15 days
of the acclimatization of the anaerobic sludge, the removal
efficiency of COD was subjected to a rapid increase, ranging from 30% to 70% in the following 19 days, indicating
that the sludge was well acclimated and the reaction system can be normally operated with the maximum removal
rate of approximately 70%. Whereas, the COD removal
efficiency increased slowly in the subsequent days, and
finally reached the highest value (approximately 81%)
after 61 days of operation, indicating that it is a promising
choice for the application of the ABR to treat PTA
wastewater.
A key factor that controlling the efficient operation of
anaerobic reactor for the treatment of industrial
wastewater was the excellent stability to shock loads. In
the experiment, the loading disturbances were created by
each step of changes in HRTs, and the result is also
shown in Fig.1. As the HRT was decreased by stages
from 40.0 h to 25.0 h, the COD removal efficiency immediately decreased due to the elevated OLR caused by the
decrease of HRT,

TABLE 1 - The operation parameter of ABR during each step
Steps

Time
(d)

HRT
(h)

Influent pH

Influent flow rate
(L/h)

OLR
(kgCOD/m3/d)

1
2
3

1-61
62-72
73-90

40.0
33.3
28.6

6.7±0.1
6.8±0.1
7.9±0.1

25
30
35

3.60
4.32
5.04
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25.0

7.0±0.1

40

5.76

FIGURE 1 - The concentrations of COD at the influent and effluent, and the COD removal efficiency in ABR

and then gradually came back and continuously increased
in the following days and reached the steady state. Finally, the COD removal efficiency at each steady state was
81%, 77%, 73% and 67%, respectively. It indicated that
the ABR for treating PTA wastewater showed high stability to shock loads though the COD removal efficiencies
slightly decreased with decreased HRT.

nificantly accumulated in the 1st compartment when the
HRT decreased from 40.0 h to 25.0 h. Thus the biodegradation of TA significantly decreased in the 1st compart-

3.2 COD removal per compartment

The COD removal efficiencies in individual compartment of the ABR are shown in Fig.2a. The COD removal efficiencies in the 1st compartment showed a gradual downward trend, but it kept increasing in the latter
compartments when HRTs decreased. Additionally, the
removal loading in the 2-5th compartments were significantly enhanced in the ABR (Fig.2b) in spite of the fact
that OLR increased. It is well known that the compartmentalization characteristic promoted the removal of
organic pollutants in stages along the wastewater flow
direction, and the latter compartments could give more
protection to the shock loading [11, 14]. Thus, the decline
of performance of ABR resulting from the decrease of
HRT mainly occurred in the 1st compartment, and the
latter compartments could show well performance for
treating wastewater.
3.3 Terephthalic acid removal

Fig.2c shows the TA removal profiles at decreased
HRT for PTA wastewater treatment in ABR. When the
HRT decreased from 40.0 h to 25.0 h, the removal efficiencies of TA markedly decreased in the 1st compartment, and first increased and then reduced in the 2nd
compartment, but kept increasing in the following compartments (Fig.2c). As indicated by Fajardo et al. (1997)
and Joung et al. [2, 3], the anaerobic biodegradation of
TA is usually inhibited by acetate. Acetate, the metabolites of biodegradation of TA and the original pollutants
in the PTA wastewater, was gradually increased and sig-
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FIGURE 2 - The COD removal efficiency (a), the removal loading
(b), and the removal efficiency of TA (c) at different HRT in each
compartment of ABR

ment. Simultaneously, due to the fact that the concentrations of acetate in the latter compartment was relatively
low, TA removal efficiencies increased by 6.2% in the
3rd compartment, by 4.4% in the 4th compartment and by
2.3% in the 5th compartment, respectively. The results
above further indicated that the compartmentalization character of ABR could have a favorable effect on TA removal.

3.6 pH and ORP

A successful anaerobic treatment requires a microbial
balance between the fast-growing acidogens and the slowgrowing methanogens [22]. However, acidogens and
methanogens have different environment requirement,
such as pH and ORP, and methanogenesis is sensitive to
the changes in the growth environment [10]. Therefore,
the fluctuation of pH and ORP could affect the anaerobic

3.4 Volatile fatty acid

The production of VFA at the steady state is an index
to the stabilization of ABR system [10]. The profiles of
VFA at different HRT were depicted in Fig.3. The compositions of VFA in each compartment, mainly including
acetic acid, propionic acid, butyric acid and valeric acid,
were similar at different HRT condition. Whereas, with
the decreasing HRT from 40.0 h to 25.0 h, the total VFA
concentrations increased by 703 mg/L, by 498 mg/L, by
634 mg/L, by 475 mg/L, and by 251 mg/L in the respective compartment along the flow direction. When the HRT
decreased, the contact time between substrate and anaerobic sludge became shorter, and the microorganisms could
not completely consume the substrate, finally resulting in a
decrease of removal efficiency (Fig.1 and Fig.2) and an
accumulation of VFA in ABR. The content of acetic acid
was always the highest in each compartments, further the
major fraction of acetic acid was located in the 1st compartment (Fig.3). It implied that the decrease of HRT led
to the significant accumulation of VFA, thereby the reduction of removal efficiency in the 1st compartment.
3.5 Biogas production and composition

The biogas production rate at different HRT was
shown in Fig.4. Firstly, a higher biogas production rate in
each compartment was observed at a lower HRT, corresponding to the highest removal loading at HRT of 25.0 h.
The total biogas production was 50.2 L/h at a HRT of
40.0 h, 54.9 L/h at a HRT of 33.3 h, 61.9 L/h at a HRT of
28.6 h and 65.3 L/h at a HRT of 25.0 h, suggesting that
the production of biogas was significantly higher at a
short HRT than that at a long HRT. Further, the biogas
compositions in the individual compartments at steady
state of different HRT were determined and shown in
Fig.5. The methane content in biogas increased gradually
from the 1st compartment to the 5th compartment under
different HRT. It appeared that the methane-producing
capacity of the anaerobic sludge was significantly enhanced in the latter compartments. Along the HRT decreasing from 40.0 h to 25.0 h, the content of methane in
each compartment reduced by 21.2%, 12.7%, 6.5%, 8.5%
and 9.2%, respectively. It was likely that the enhanced
production of total VFA concentration (Fig.3) inhibited
the activity of methanogenic bacteria, further resulted in
the reduced fraction of methane with a gradually decreased
HRT.

FIGURE 3 - The VFA concentrations at different HRT in each
compartment of ABR
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FIGURE 4 - The biogas production rates in each compartment of
ABR at different HRT

compartments, because the acidification reaction caused by
the inoculated microorganisms mainly occurred in the 1st
compartment. The pH value showed a coincident increasing tendency with the compartments of the ABR. However, when the HRT decreased from 40.0 to 25.0 h, the
magnitude of pH changes, between the 1st compartment
to the 5th compartment, became slow with value of 0.80,
0.66, 0.52 and 0.33 respectively, indicating that the longer
the HRT, pH changed in a larger scale, and the operation
of ABR was more stable.
The ORP in each compartment of the ABR under different HRT were shown in Fig.6b. It was found that ORP
decreased in turn with the compartments along flow direction at different HRT. Obviously, a long HRT was in favor
of low ORP and high methane concentration. When the
HRT decreased from 40.0 to 28.6 h, ORP in individual
compartments were less than -300 mV, indicating that the
compartment characteristic of ABR offered an optimized
anaerobic environment for the growth of methanogens. Subsequently, the growth of methanogens favored the biotransformation of the pollutants in the PTA wastewater into the
methane. Additionally, the ORP of individual compartment increased as the HRT decreased, which was similar
to the changes of methane concentration (Fig.5). It
demonstrated that the compartment characteristic played
an important role in the resisting of shock loading caused
by the decreased HRT.

FIGURE 5 - The biogas composition in each compartment of ABR
at different HRT

treatment efficiencies and the microbial community distribution in ABR. Fig.6a displays the effect of HRT on
pH changes in each ABR compartment. The pH value in
the 1st compartment was the lowest compared to other four

FIGURE 6 - The changes of pH (a) and ORP (b) at different HRT in
each compartment of ABR
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4 CONCLUSIONS

[9]

During the biological treatment of PTA wastewater in
ABR, the COD removal efficiency at four HRTs was 81%,
77%, 73% and 67%, respectively. Further, the ABR kept
excellent stability to shock loads. Thus, it is a promising
technology to use ABR for treating PTA wastewater.
The removal efficiencies of COD and TA decreased
by 19.3% and 19.7% in the 1st compartment due to the
decreased HRT from 40.0 h to 25.0 h, but both of them
kept increasing in the subsequent compartments, indicating the compartmentalization characteristic of ABR enhanced the operation stability of latter compartments.
The results of VFA, biogas, pH and ORP at various
HRT demonstrated the excellent stability of ABR for real
PTA wastewater treatment under a shock load.
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VERTICAL DISTRIBUTION OF VARIOUS FORMS OF
PHOSPHORUS IN THE SEDIMENTS OF DIANCHI LAKE, CHINA
Di Song, Ying Wang, Hui Li, Liqiong Shi, Juan Mi, Sha Deng, Juhong Zhan and Xuejun Pan*
Faculty of Environmental Science and Engineering, Kunming University of Science and Technology, Kunming 650500, People’s Republic of China

ABSTRACT
The phosphorus fractions of 15 core sediment samples collected from the Dianchi Lake were analysed, and
characters of vertical distribution were discussed. In present study, the sediment phosphorus was fractioned into
exchangeable phosphorus (Exch-P), aluminum bound
phosphorus (Al-P), iron bound phosphorus (Fe-P), calcium bound phosphorus (Ca-P), occlude Al-P, occlude FeP, inorganic phosphorus (IP) and total phosphorus (TP).
The results showed that the TP concentrations in the sediment ranged from 701.97 to 2868.61 mg·kg-1, and IP was
the main fraction of TP, ranging from 491.64 to 2254.73
mg·kg-1. Simultaneously, the Ca-P was the main fraction
of IP, ranging from 200.64 to 1381.77 mg·kg-1. It indicated that the water body was much more eutrophic. The
vertical distribution of different samples was distinguishing. The relationships between TP concentration and FeP, Ca-P, occlude Fe-P and Org-P concentrations were
significant. TP and Fe-P showed obviously vertical and
spatial variation. In some samples, the high TP and Fe-P
concentrations in surface 0-20 cm showed the increasing
P inputs in the recent 50 years. The vertical distribution
indicated that the P concentration was related to the humanity with a certain extent, moreover, the internal source
pollution played an important role in the eutrophication of
the Dianchi Lake, and some sewage interception projects
were resultful. The amounts of P released from the sediments had positive correlations with TP contents. It indicates that the heavily polluted sediments may have the
high risk of P release.
KEYWORDS: Phosphorus fraction, Sediment, Vertical Distribution, Dianchi Lake, Eutrophication

1 INTRODUCTION
As the development of urbanization and industrialization, eutrophication of lakes got worse and worse [1].
According to the national survey of 25 large and mediumsized lakes, 92% of them had tended to eutrophication,
and the lakes which were eutrophic due to N and P pollu* Corresponding author

tion had exceeded 56% [2, 3]. Now eutrophication of
freshwater lakes in China is currently one of the most
serious environmental problems, and phosphorus, which
is considered restrictive element of causing eutrophication
[4], is one of the most critical nutrients [5], and its concentration could be used to predict the total biomass of
phytoplankton, which will develop in the lakes [6]. So the
study of phosphate regeneration is significant in eutrophication of lakes [7].
In the assessment of trophic status of lakes, the concentration of total phosphorus (TP) in the water body was
the most important indexes [8]. But studies showed that,
in the sediments, P concentration which can participate in
interface exchange and be improvable by organisms depends on the different forms of the P [9]. By using chemical extractions, the P in the sediment can be divided into
different fractions such as labile P, reductant P, metal
bound P, occluded P and organic P [10-12]. And in aspects of potential bioavailability, the extracted fractions
can be characterized as the loosely sorbed P (NH4Cl-P),
the reductant soluble P(BD-P), the metal oxide bound P
(NaOH-P) and the calcium bound P (HCl-P), furthmore,
the different P concentration in promoting lake eutrophication can be more efficiently evaluated than total P concentration [13]. And moreover, the vertical distribution of
different phosphorus forms and their relation to physicochemical characteristics of sediment were studied to better understand the potential release and burial of P [14].
So the study of vertical distribution of different forms of
phosphorus is therefore significant in eutrophication of
lakes. However, there had been few detail research about
this aspect of work. Dianchi Lake has been hypereutrophicated in the last decades, which is caused directly
by the phosphorus loading [15]. Therefore in this study
we commence to characterize the vertical distribution of
various P forms in sediments of Dianchi Lake. This information will help elucidate the contribution of the P
exchange to the eutrophication.
2 MATERIALS AND METHODS
2.1 Study area and sediment sampling

Dianchi Lake (24°40′-25°02′N, 102°36-103°40′E),
the famous plateau freshwater lake in China, is situated at
the south suburb and catchment area of Kunming, Yun-
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nan province, P.R. China and divided into two parts by an
artificial dam [16]. The Caohai section that is adjacent to
Kunming City, has only 3% of the total area, and receives
most of the wastewater, and the Waihai section is 97% of
the total area and receives less wastewater [17]. The altitude of lake is average 1887.5 m. The total watersheld
area of the lake is 2920 km2, with a maximum length of
40 km (N-S), a maximum width of 12.9 km (W-E), an
average depth of about 4.4 m, and a total water capacity
of 15.7×108 m3 [18]. The water quality of the Dianchi
Lake was worse than the Grade Ⅴ of the “China Surface
Water Quality Standard (GB3838-2002)” by 2010.
Sediment cores were collected from 15 sites in the
lake in February 2010 (Fig.1). A core sampler was lowered from a boat to collect the bottom sediments. The
metal core which was pushed to the bottom of the soft
sediments was 100 cm long. Depending on the bottom
geometry of the lake, the sediment cores ranged in length
between 30 and 90 cm. On the boat, the sediment cores
were cut into segments at 5 cm intervals. All samples
were stored in the dark at 4 ℃, freeze-dried and then
sieved with a standard 150 µm sieve for research.
2.2 Analytical method

The sediment TP and P fractionation were carried out
according to Jin et al. [19]. The fractions were grouped

into Exch-P, Fe-P, Al-P, Ca-P, occlude Fe-P and occlude
Al-P. The residual P (Res-P) fraction which contains OrgP and refractory P compounds was measured by the Dvalue between TP and IP [20]. The refractory P concentration was very low, so the Res-P was counted as Organic P (Org-P) concentration.
The reaction mixture for analysis of TP contained:
0.15 g sediment, 3.0 ml 98% H2SO4 and 10 drops HClO4.
The samples were moisturized by H2O, and then a digestion was carried out with 98% H2SO4 and HClO4 by calefaction. The resultants of reaction were centrifuged at
5000 rpm for 10 min. And the supernatants were determined by the molybdenum-blue method.
In the P fractionation procedure, the sample (0.5 g)
was extracted by shaking with 25 ml 1 mol·L-1 NH4Cl for
2 h, and centrifuged at 8000 rpm for 15 min. The supernatant was analyzed the SRP (soluble reactive phosphorus)
for Exch-P. The residue was continued to extract by shaking with 25 ml 0.5 mol·L-1 NH 4F (pH=7.0) for 1 h and
then centrifuged to separate the supernatant. Similarly, the
supernatant was analyzed the SRP for Al-P. And the residue was extracted by shaking with 25 ml 0.1 mol·L-1 NaOH
for 17 h. Next two drops of 1 mol·L-1 H2SO4 was added
into the supernatant for colloid aggregation. The mixture
solution was centrifuged and then analyzed the SRP in
this supernatant for Fe-P. Finally the residue from

FIGURE 1 - Map of sampling sites of Dianchi Lake
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the third extraction was extracted with 25 ml 0.25 mol·L-1
H2SO4 for 1 h. The supernatant was isolated and analyzed
the SRP for Ca-P. The residue was analyzed the SRP for
occlude Fe-P and occlude Al-P.

3 RESULTS AND DISCUSSION
3.1 Vertical distributions of TP, IP and Org-P

The TP concentrations in the sediment profiles from the
15 sampling sites ranged from 701.97 to 2868.61 mg·kg-1
(Fig.2). In previous research, the P concentration in sedi-
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FIGURE 2 - Vertical variation of TP, IP and OP

ments was under 250 mg·kg-1 in most Chinese lakes and
seldom above 750 mg·kg-1 [21]. It indicated that the Dianchi Lake was eutrophic in severity.
Phosphorus concentrations in sediments depend on
the lake trophic status, sediment composition, sedimenta-

tion rate, physico-chemical conditions, and the extent of
diagenetic processes. A comparison of the 15 sites showed
that the highest TP concentration in the top 10 cm layers
was at S14. At S5 and S8, in the phosphate rock area, the
whole TP contents were much higher than those at the
other sites. It indicated that the pollution of the west bank
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was aggravated in recent years. The vertical variation of
S5 can be divided into 2 sedimentary sections, the content
decreased by depth in 0-20 cm, and increased in 20-30 cm.
And, the TP concentrations in the central lake (at S5 and
S9) were higher than those near the lakeshore. The possible reason was that the sediments in the center were mainly clay, whose grain size was much finer than that near
the lakeshore [22].
Fig.2 demonstrated that the variation tendency of the
TP concentration in the sediment profiles were different at
the 15 sites. TP concentrations took on the stable microvariations in S2, S6, S9 and S10. At S11 and S12, high
TP concentrations in deep layers possibly resulted from
the laggard mining technology, the sedimentation of
phosphate rock particle and the serious soil erosion at that
time. At S4, S11, S12, S13 and S14, they decreased with
sediment depth in the surface 0-20 cm layers, and then
increased drastically in the deeper layers. Especially at
S14, TP concentrations decreased rapidly with depth in 020 cm sediment layers, from 2833.48 mg·kg-1 at 0-5 cm to
1172.81 mg·kg-1 at a 15-20 cm depth, and then changed
slightly in 20-80 cm layers, according to the human activities. It had been reported that the average sedimentary
rate in the Dianchi Lake was about 0.28 cm/year [23]. And
since 1963, the sedimentary rate had no distinct difference
[24]. So it can be inferred that high TP concentrations in
surface 0-20 cm was a result of increasing P inputs in the
recent 50 years. In that period, the anthropogenic phosphorus inputs had great differences and increased fleetly
at various periods of industrial operation and urban development, such as phosphorite deposit located in the town
of Kunyang and then the sedimentation of phosphate rock
particles as well as the drainage from the nearby phosphate fertilizer factories. Phosphate industries and chemical enterprises had also been established during the 1980s.
At the same time, the agricultural catchments around the
lake had been transferred from organic agriculture to fertilizer agriculture, and due to the increasing runoff losses and
untreated rural domestic discharge by rain drop erosion from
the catchments, the non-point pollution currently presented
an increasing tendency [25]. So these results indicated that
the P load aggravated with time in Dianchi Lake and human activities in the catchment area intensified in recent
years.
Org-P was quantitatively one of the most important
phosphate phases buried in the sediment and thus directly
affects the availability levels of dissolved phosphorus for
primary production [26]. The mobilization of the recently
sedimentary labile Org-P seems to be the driving force of
the P release [27]. Hydrolysis of this fraction contributes
to the pool of inorganic P, which may be released to the
overlying water. Org-P proportions at the 15 sites were high
and the proportion to the TP varied between 20 and 30%
with corresponding values from 31.36 to 1139.57 mg·kg-1
(Fig.2). In most of samples, the vertical variations of OrgP was mainly consistent with TP concentrations, however,
the variation trends were not very prominent. At S7, the
Org-P content was much higher than those at the other

sites. It indicated that the pollution of the west bank was
severe. At S1, S2 and S11, the Org-P concentrations were
lower than that of others because the concentration was
affected by the style including the sedimentation rate and
the clay concentration.
3.2 Vertical distributions of different P forms

Profile concentrations of various P forms in the sediments from the 15 sampling sites were shown in Fig.3.
The concentrations of various P forms at S4, and S13
followed the order of Ca-P>occlude Fe-P>Fe-P>ExchP>occlude Al-P>Al-P in the whole profile. At S3, S6, S9,
S10 and S11, Fe-P comprised a larger proportion and the
rank order was Ca-P>Fe-P>occlude Fe-P>Exch-P>occlude
Al-P>Al-P.
Exch-P represented the loosely sorbed P which was
released from decaying cells of bacterial biomass in deposited phytodetrital aggregates [28]. And in Dianchi Lake,
the average concentration of Exch-P, Al-P and occlude AlP at sampling sites was very low, so the influences of these
fractions were faint comparatively.
The Fe-P has been known to be a source of internal P
loading, so it was used to evaluate the available P in sediments [29], and it can indicate the sort of pollutants and
bottom sediments [30], because the Fe-P was exchangeable
with hydroxyl iron. And the Fe-P concentration varied
markedly in the different points of the Dianchi Lake.
The maximum of Fe-P content was at S10, and the
minimum was at S13. The concentration of S5 and S9
increased and then decreased with depth. The concentrations of S4, S11, S13, S14 and S15 which were much less
than others’ substantially decreased by depth and then
changed slightly at nearly 20 cm. It indicated that the
corresponding period during which the pollution aggravated should be in the recent 50 years. On the other hand,
the concentration variation was related with the redox
state of sediments. The redox potential of surface sediment was higher than that at the bottom, thus, at deeper
level, more Fe3+ transform to Fe2+, making more Fe-P
transport into the interstitial water and the Fe-P concentration lower in the sediments. Moreover, amorphous minerals tend to order gradually, the bonding force of oxide-Fe
and hydroxide-Fe with phosphorus was weaker. It showed
that the internal source pollution played an important role
in the eutrophication of the Dianchi Lake. At S6, S7 and
S10, the contents of Fe-P changed complexly. And the
concentration of surface sediment at S1, S3 and S8 were
much lower than the max value. Because along with recovery of peripheral locality after year 2005, such as,
Daqing River Sewage Interception and Comprehensive
Improvement Project in June 2006, the extraneous source
pollution burthen was reduced with a certain extent. This
indicated that Fe-P concentration was affected by the
input concentration of extraneous source P, in other
words, the distribution of Fe-P was related to the humanity with a certain extent.
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FIGURE 3 - Vertical variation of different P forms

Ca-P is the major form of IP, and the vertical diversification of concentration was indistinctive. The Ca-P
concentration was comparatively high, and it might be
due to the nearly phosphorite deposit located in the town
of Kunyang next to the west bank, and there were massive
discharge of fluoride which could be a catalyst to promote
the depositing of Ca and phosphate during the phosphate
fertilizer production, the fluoride would go into the water
by rainfall and enter into the sediments. This indicated
that Ca-P concentration was also affected by the input
concentration of extraneous source P.
The maximum of Ca-P content was at S5, and the
minimum was at S3. The variation trend of S11 and S13
was similar to the diversification of Fe-P, which decreased by a large margin at 20 cm, and held at about 600
mg·kg-1. Because it was far from the location of the sediment to bayou, the organism of surface grew vigorously,
and there was a lot of calcium in the metabolite or the

residual body. All above caused the Ca-P concentration of
surface was much higher than that at the bottom, of which
the Ca-P formation mechanism was mainly related to the
accumulation. As to S1, S6 and S9 it increased by depth
because of that Ca-P was accumulated in the depths of
sediment easily. At S4, S5, S11 and S12, there were the
extremum values It was related with the frequent metabolism of organics in certain age. At S1, S2 and S3, the CaP concentrations were much lower than others’, it was
because that there were luxuriant wheatfield in these
places, and the root system secreted organic acid, which
transformed Ca-P to potential available phosphorus. In
some conditions, the Org-P released SRP, which adsorbed
on oxide-Fe, and then formed depositive P-Fe complex
thereinto incessantly, on the one hand the Fe compound
transferred upwards to surface incessantly, and on the
other hand there was more and more Ca-P at the bottom
by the anaerobic mineralization. So at S1, S6, S8 and S9,
the Ca-P contents increased with depth.
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The occlude Fe-P was that the Fe-P was encapsulated
within Fe2O3 adhesive film and eventually became forms
of insoluble P by collide ageing. The occlude phosphorus
fractions were considered unavailable unless in the strong
acid condition.
The maximum of occlude Fe-P content was at S2, and
the minimum was at S14. The chemical property of this
fraction was rather stable, so the variational regulation
was not obvious. However at S14, the occlude Fe-P concentration substantially decreased by depth. It might be
that the redox potential of surface sediment was higher
than that at the bottom, thus, in the deeper level, the adhesive film dissolved, and a portion of occlude Fe-P transformed into the Fe-P gradually.

content was the major control factor of TP and IP. In
contrast, the correlations between Exch-P, Al-P, occlude
Al-P and TP were faintish.
3.4 Remediation strategies

The current main management practices of Dianchi
Lake contain sewage interception, inflow rivers improvement, ecological dredging, agriculture non-point source
pollution treatment project, ecological restoration, as well
as water diversion and conservation. The primary missions
involve Sewage Interception of lagoon, urban sewer system
and rain pipelines, increasing wetland, cultivating Lake
forest, planting metasequoias, enlarging culture zone of
water hyacinth, prohibition of exploiting ground water,
digging as well as quarrying. Meanwhile, in order to accelerate metabolic rate of pollutant, water would be replaced in Dianchi Lake by transporting from Kraal jiang.
In addition to above all, ecological dredging also
plays an important role which could reduce the TP content, and restrain internal pollution further. This study
could provide the theory basis for the dredging project.

3.3 Correlation analysis of different P forms

By the correlation analysis of P fractions in each
sample (Table 1), there was distinct correlation between
each fraction, especially, the relationships between IP and
TP (r2=0.844), Fe-P and TP (r2=0.751), Fe-P and IP
(r2=0.746). So in the Dianchi Lake, IP concentration was
the base of TP, ranging from 30% to 95%, and the Fe-P

TABLE 1 - Correlation analysis of different P forms
Exch-P
Pearson Correlation
Exch-P

Al-P

Fe-P

Ca-P

occlude
Fe-P
occlude
Al-P

IP

OP

TP
**

1

Sig. (2-tailed)

Al-P

Fe-P

.054

-.392

**

Ca-P
.300

**

occlude Fe-P occlude Al-P
-.324

**

IP

OP

-.071

-.095

-.166

TP
*

-.162*

.473

.000

.000

.000

.345

.207

.026

N

179

179

179

179

179

179

179

179

179

Pearson Correlation

.054

1

.128

.089

.067

.033

.149*

.139

.190*

Sig. (2-tailed)

.473

.087

.235

.372

.662

.047

.064

.011

N

179

179

179

179

179

179

179

179

179

Pearson Correlation

-.392**

.128

1

.121

.482**

-.230**

.746**

.315**

.751**

Sig. (2-tailed)

.000

.087

.106

.000

.002

.000

.000

.000

N

179

179

179

179

179

179

179

179

179

Pearson Correlation

.300**

.089

.121

1

-.014

-.196**

.717**

-.092

.506**

Sig. (2-tailed)

.000

.235

.106

.850

.008

.000

.222

.000

N

179

179

179

179

179

179

179

179

.044

.411**
.000

Pearson Correlation

-.324

**

.067

.482

**

179
-.014

1

.071

.500

**

.030

Sig. (2-tailed)

.000

.372

.000

.850

.343

.000

.558

N

179

179

179

179

179

179

179

179

179

Pearson Correlation

-.071

.033

-.230**

-.196**

.071

1

-.235**

-.352**

-.373**

Sig. (2-tailed)

.345

.662

.002

.008

.343

.002

.000

.000

N

179

179

179

179

179

179

179

179

179

Pearson Correlation

-.095

.149*

.746**

.717**

.500**

-.235**

1

.124

.844**

Sig. (2-tailed)

.207

.047

.000

.000

.000

.002

.099

.000

N

179

179

179

179

179

179

179

179

179

Pearson Correlation

-.166*

.139

.315**

-.092

.044

-.352**

.124

1

.636**

Sig. (2-tailed)

.026

.064

.000

.222

.558

.000

.099

.000

N

179

179

179

179

179

179

179

179

179

Pearson Correlation

-.162*

.190*

.751**

.506**

.411**

-.373**

.844**

.636**

1

Sig. (2-tailed)

.030

.011

.000

.000

.000

.000

.000

.000

N

179

179

179

179

179

179

179

179

.Correlation is significant at the 0.01 level (2-tailed). *.Correlation is significant at the 0.05 level (2-tailed).
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For example, if the dredging depth reaches 20 cm or
more, the internal pollution of S14 would be effectively
controlled.
4 CONCLUSIONS
(1) TP concentration in sediments varied greatly from
701.97 to 2868.61 mg·kg-1. IP was the major fraction of
total phosphorus, from 491.64 to 2254.73 mg·kg-1 while
the Ca-P was the major form of IP, from 200.64 to
1381.77 mg·kg-1. Exch-P, Al-P, Fe-P, occlude Fe-P, occlude Al-P ranged from 0.23 to 10.18 mg·kg-1, 0 to 11.71
mg·kg-1, 4.14 to 1048.84 mg·kg-1, 11.47 to 453.32 mg·kg1
, 0.06 to 2.73 mg·kg-1, respectively. As a whole, the
decreasing order of P fractions in those sediments was:
Ca-P>Fe-P>occlude Fe-P>Exch-P>occlude Al-P>Al-P.
The relationships between TP concentration and Fe-P, CaP, occlude Fe-P and Org-P concentrations were significant, by the statistical analysis, Fe-P was the most
significant correlation factor to the TP. Besides the influences of Exch-P, Al-P and occlude Al-P were faint comparatively.
(2) TP and Fe-P, which showed obviously vertical
and spatial variation. In some samples, the high TP and
Fe-P concentrations in surface 0-20 cm showed the increasing P inputs in the recent 50 years. Ca-P and occlude
Fe-P, which were rather stable with great content, varied
indistinctly.
(3) The vertical distribution indicated that the P concentration was related to the humanity with a certain extent, moreover, the internal source pollution played an
important role in the eutrophication of the Dianchi Lake,
and some sewage interception projects were resultful. The
amounts of P released from the sediments had positive
correlations with TP contents. It indicates that the heavily
polluted sediments may have the high risk of P release.
(4) The current main management practices of Dianchi Lake have started, thereinto, ecological dredging plays
an important role which could reduce the TP content, and
restrain internal pollution further. This study could provide the appropriate depth to achieve good effect in
dredging projects.
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ABSTRACT
In this study, the adsorption characteristics of carbamazepine (CBZ) on montmorillonite KSF were investigated. The adsorption equilibrium was achieved within
30 h for CBZ onto KSF, which could be successfully
predicted with the pseudo-second-order equation. The
effects of pH, temperature and coexisting surfactants on
the adsorption were also studied, and showed that the adsorption process was pH-dependent, with maximum adsorption achieved at pH 4.2. Two representative isotherm
equations (Langmuir and Freundlich) were used to model
the adsorption data, and Langmuir equation was found to
describe the adsorption processes better, indicating that
carbamazepine was a monolayer adsorbed on KSF montmorillonite. The calculated thermodynamic parameter ∆Go
was between -20 and 0 kJ mol-1, and demonstrated a physisorption process. Coexistent surfactants, cetyltrimethylammonium bromide (CTAB) and sodium dodecylbenzene sulfonate (SDBS), with concentrations
lower than their critical micelle concentration (CMC),
inhibited CBZ adsorption on KSF.

KEYWORDS: Carbamazepine; montmorillonite KSF; adsorption;
surfactant; mineral

1 INTRODUCTION
Large amounts of pharmaceuticals and personal care
products (PPCPs) have been identified in the environment
worldwide, and their environmental impacts have drawn
concerns by both scientific and regulatory communities.
Drugs are synthesized for disease treatment and prevention, which are designed to be stable molecules resistant
to common biotransformation mechanisms to protect their
persistence in organisms [1]. The main source of PPCPs
in the environment is from wastewater treatment plant
effluents, because current wastewater treatment processes
* Corresponding author

cannot eliminate these emerging contaminants effectively [2,
3]. Of various pharmaceuticals, CBZ, one established basic
therapeutic drug, is a commonly prescribed human medicine that has been used worldwide to control seizures in
the treatment of epilepsy, grand mal, manic-depressive
illness, trigeminal neuralgia and bipolar depression for
nearly 40 years [4-6]. It has been found that 2-3% of the
ingested drug is excreted unchanged in the urine [7]. It is
environmentally relevant because of its high recalcitrance
and potential ecotoxicity [8]. CBZ has been found to be
very resistant to degradation during sewage treatment, with
only 7% of the CBZ entering the treatment system removed in typical treatment processes [4]. Therefore, it has
often been detected in environmental samples, especially
in the sewage effluents, with a wide range of concentration levels from ng L-1 to µg L-1 [6, 9].
As a valuable water reuse resource, sewage effluent is
often used worldwide as one of the most efficient solutions to the current water crisis, including landscape irrigation, agricultural irrigation, recharge of overdrawn aquifers, etc, during which the emerging PPCPs is one of the
most important concerns [3, 4, 10]. These activities will
result in the introduction of effluent-derived contaminants
to the receiving environmental medium, consequently
causing adverse environmental impacts. As a result, understanding environmental fate of these contaminants in
soils is of great concern, in particular, the fate of PPCPs
in soil systems. Previous investigation showed that adsorption of organics to soils was affected by the type and
amount of organic matter [4]. Generally, the sorption of
organics increases as organic matter increases [11]. There
are growing evidences; however, that naturally occurring
soil inorganic minerals including iron oxides [12], manganese oxides [13], and aluminosilicate clays [14] play
key roles in the fate and transport of PPCPs in soils. Investigating the interactions between PPCPs and soil inorganic minerals is becoming a topic of research.
Among various minerals, montmorillonite is one of
the most used natural clay minerals for the research on
fields, such as preparation of advanced materials (optical,
electronic, nanocomposites, etc.) and environmental applications (wastewater treatment, waste disposal etc.), due
to its large surface area, high chemical and mechanical
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stability, and higher cation exchange capacity (about 60150 meq/100 g) [15]. In case of environmental application, montmorillonite has often been used as adsorbent for
the removal of contaminants from aqueous solutions. For
instance, the removal of methyl blue from colored effluents by adsorption on montmorillonite clay was investigated by Almeida et al. [16], and montmorillonite was
found to be promising as a low-cost alternative in
wastewater treatment for the removal of cationic dyes. For
drugs adsorption on clay minerals, the adsorption of promethazine hydrochloride onto KSF and K10 montmorillonite was investigated [17, 18]. However, the adsorption
of CBZ onto this low-cost and abundant montmorillonite
KSF was not available in literature, which is essential for
the inherent diverse physicochemical properties of CBZ
[19]. In this study, batch adsorption experiments were
conducted to investigate the adsorption characteristics of
CBZ onto montmorillonite KSF from aqueous solution.
The effect of commonly used surfactants (CTAB and
SDBS) on the adsorption process was also discussed.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents

CBZ (5H-dibenz(b,f)azepine-5-carboxamide) was purchased from Sigma-Aldrich (St. Louis, MO, USA) (Fig. 1).
The stock solution was prepared by firstly dissolving a
known amount of CBZ in methanol, and then Milli-Q ultrapure water was added. The volume percentage of methanol
in solution of each vial was kept below 0.1% to minimize
any co-solvent effect. Further working solutions were freshly
prepared from stock solution for each experimental run.

NaOH. CaCl2 (final concentration: 0.01 M) was added to
the prepared solution to mimic background groundwater
ionic strength. The tubes were placed in a mechanical
shaker and shaken at 200 rpm for a predetermined time
period. After equilibration, the tubes were centrifuged at
10,000 rpm for 15 min, and the supernatant was analyzed
for CBZ with a Shimadzu UV 1600 spectrophotometer.
The maximum absorbance wavelength was determined to
be 211 nm by the full UV absorbance spectra with various
CBZ concentrations [20]. The amounts of CBZ adsorbed
on KSF, q (mg g-1), were calculated by the differences
between initial and final concentrations of CBZ in the
solution, using the following equation (eq. 1):

q = (C0 − Ct )V / m

(1)

where, C0 and Ct (mg L-1) are the initial and final
concentrations of CBZ, m (g) is the mass of KSF in solution, and V (L) is the volume of the solution.
The adsorption kinetics, effects of pH, temperature,
and the coexistent surfactants on the adsorption processes
were determined. The CBZ concentrations used in this
study were from 0.61 to 12.29 mg L-1. Although these
concentrations are higher than likely environmental concentrations of this chemical, except directly near a contamination source, practical aspects of laboratory adsorption
measurements necessitated use of the higher concentrations
[20]. Control experiments were conducted to investigate the
adsorption of CBZ to the tube walls without the addition
of KSF, but no measurable change in concentrations was
found in the control. The whole system was added with
NaN3 (0.1%), and free of light to minimize biodegradation
and photodegradation. All statistical analyses were conducted using Excel 2003 and SPSS 16.0.
3 RESULTS AND DISCUSSION
3.1 Contact time and adsorption kinetics

N
O

NH2

C15H12N2O
(pKa, 2.3; Log Kow, 2.45; Kd, 12.6-19.8 L/kg)
FIGURE 1 - Physicochemical properties of carbamazepine [2].

The adsorbent KSF was purchased from SigmaAldrich (St. Louis, MO, USA). It is composed of SiO2
(54.0%), Al2O3 (17.0%), Fe2O3 (5.2%), CaO (1.5%), MgO
(2.5%), Na2O (0.4%), K2O (1.5%), and some other components. The apparent bulk density is 800 g L-1 and the
surface area is 10 m2 g-1. The montmorillonite KSF was
used as received.
2.2 Batch experiment

Batch adsorption experiments were conducted in 50-ml
polyethylene centrifuge tubes. 0.05 g of KSF was added
into 50-ml centrifuge tubes containing 25 ml of CBZ solution. The pH was adjusted using 0.1 M HCl or 0.1 M

Figure 2 shows the adsorption kinetics of CBZ on KSF.
The contact time was determined without the adjustment of
the solution pH. As indicated in Fig. 2, the amounts of adsorption increased as the time increased. The quick adsorption occurred in the first 1 h, and the adsorption curve
reached a plateau after 30 h. In this study, 30 h was selected as the equilibrium time.
Adsorption of CBZ onto KSF can be characterized by
two processes of different kinetics: a fast initial adsorption to outer KSF surfaces, followed by a slow diffusion
into interlayers and micropores of clay minerals [21]. In
order to properly understand the adsorption process, the
adsorption kinetic data were fitted by three kinetic models, the pseudo-first-order model, the pseudo-secondorder model and the intra-particle diffusion model. The
linear forms of these equations are displayed as the following equations 2-4, representing the pseudo-first-order,
the pseudo-second-order and the intraparticle diffusion
model, respectively [18, 22].
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adsorbate through the solution to the external surface of
absorbent, or the boundary layer diffusion of solute mole
cules. The second part describes the gradual adsorption
stage, where the intraparticle diffusion is the rate-limiting
step. The third plateau part can be attributed to the ﬁnal
equilibrium stage [23].
3.2 Effect of pH

FIGURE 2 - Adsorption kinetics of carbamazepine (CBZ) onto KSF
montmorillonite.

k 1
1
1
= ( 1 )( ) +
qt
q1 t q1

(2)

t
1
t
=
+
q t k 2 q 22 q 2

(3)

qt = k p t 1 / 2 + C

(4)

where, k1 (min-1) is the equilibrium rate constant for
pseudo-first-order equation; k2 (g mg-1 min-1) is the equilibrium rate constant for pseudo-second-order equation; kp
(mg g-1 h-1/2) is the equilibrium rate constant for intraparticle diffusion equation; qt is the amount of CBZ adsorbed at time t (min); q1 (g mg-1) is the maximum adsorption capacity calculated by the pseudo-first-order
equation; q2 (g mg-1) is the maximum adsorption capacity
calculated by the pseudo-second-order equation; and C is
a constant which gives an idea about the boundary layer
thickness. The corresponding parameters of the three
models are given in Table 1. The process shows that the
whole adsorption process follows the pseudo-secondorder kinetic model, with a high correlation coefficient of
0.99 of the linear plots. As the results indicated, the adsorption process also has a great fit with the intraparticle
diffusion model (R2 = 0.99), which can further explain the
adsorption mechanism of CBZ on KSF. It suggests that
three steps may take place during the adsorption processes. As shown in Fig. 2, the ﬁrst sharper part indicates
the diffusion of

The effect of pH on CBZ adsorption was conducted
with 7.64 mg L-1 of CBZ at varying pH values from 2 to
12. The solution pH was adjusted to the desired value
using 0.1 M NaOH or HCl. Results are plotted in Fig. 3. It
shows that the adsorption process is strongly dependent
on pH. When the pH values increased from 2 to 12, the
adsorption of CBZ firstly increased till pH 4.2, and then
decreased. The maximum adsorption was achieved at pH
4.2, and used in later experiments.

FIGURE 3 - Effect of pH on the adsorption of carbamazepine onto
KSF.

The adsorption of CBZ onto KSF is determined by the
surface charge of the absorbent, the degree of ionization,
and the speciation of the adsorbate [24]. At lower pH values, more free protons are available in the solution. The
surface of the absorbent becomes positively charged, which
decreases the electrostatic attraction between the cationic
CBZ and positively charged KSF. The reduced adsorption
of CBZ at low pH is also attributed to the presence of
excessive H + ions, which compete with cationic CBZ
for the adsorption sites [16]. With the increase of pH (espe-

TABLE 1 - Kinetic parameters for the adsorption of carbamazepine (CBZ) onto KSF.

Pseudo-first-order model

Pseudo-second-order model
Intraparticle diffusion model

k1 (min−1)
q1 (mg g−1)
R2
k2×103 (g mg−1 min−1)
q2 (mg g−1)
R2
2
kp×10 (mg g−1 min−1/2)
C (mg g−1)
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68.3
2.62
0.83
2.81
2.85
0.99
3.11
1.45
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cially >9), the concentration of OH increases in the solution, and the surface of the absorbent becomes negatively
charged. There are no exchangeable cations on the outer
surface of the adsorbent, resulting in the decrease of ionexchange degree between cationic CBZ and H+ protons
which exist on the KSF surface [17, 24], thereby causing
the reduced adsorption at higher pH.

site on the surface of absorbents, no further adsorption
can take place at that site [18]. To further determine if the
process is favorable or unfavorable for the Langmuir model,
a dimensionless constant separation factor, which is also
named the equilibrium parameter, is calculated according
to the following equation eq. (6) [25]:
RL =

3.3 Adsorption isotherms

The adsorption isotherms of CBZ onto KSF are presented in Fig. 4. Representative isotherms (Freundlich and
Langmuir models) are applied to the adsorption data. The
Langmuir model assumes the monolayer adsorption of drugs
on the minerals as the following equation (eq. 5) shows:
Ce
1
Ce
(5)
=
+
qe qm b qm
where, Ce is the CBZ equilibrium concentration (mg
L-1), qe is the adsorption capacity (mg g-1), qm is the maximum adsorption capacity (mg g-1), and b is the Langmuir adsorption constant (L mg-1). The values of qm and b
are obtained from the slope and intercept of the linear plot
of Ce/qe versus qe.

1
1 + bC 0

(6)

The value of RL indicates the type of the isotherm to
be (i) unfavorable (RL > 1), (ii) linear (RL = 1), (iii) favorable (0 < RL < 1), and (iv) irreversible (RL = 0).
The Freundlich model corresponds to the heterogenous
adsorbent surface and is described as equation (eq. 7):

1
(7)
log qe = log k f + log Ce
n
where, kf is a measure of the adsorption capacity
(mg1-1/n L1/n g-1) and 1/n is the adsorption intensity. When
the value of 1/n is less than 1, it indicated a favorable
adsorption [26].
The calculated isotherm parameters for the adsorption
of CBZ onto KSF are summarized in Table 2. Compared
with Freundlich model fit, Langmuir equation described the
adsorption processes better, with high correlation coefficient values >0.95 at all four temperatures, indicating the
monolayer adsorption of CBZ onto KSF. The corresponding RL values were <1, indicating the favorable entire adsorption process. It is notable that some RL values were
close to zero, which suggested that the adsorption of CBZ
onto montmorillonite KSF is ideally irreversible [27].
According to the obtained 1/n values from Freundlich
equation, the whole adsorption process is favorable, which
is consistent with results from Langmuir equation. From
Freundlich model, the adsorption capacity of CBZ onto KSF
at different temperatures is in the order of 15 oC> 35 oC
> 25 oC > 10 oC, as shown in Fig. 4 and Table 2.
3.4 Thermodynamic parameters

FIGURE 4 - Adsorption isotherms of carbamazepine onto KSF at
different temperatures.

The central assumption of the Langmuir model is that
adsorption takes place on a homogeneous adsorbent surface of identical sites that are equally available and energetically equivalent, with each site carrying equal numbers of molecules, and no interaction between adsorbate
molecules [16]. It means once a drug molecule occupies a

The effect of temperature on the adsorption process
was investigated to obtain the thermodynamic parameters.
The change in standard free energy (∆Go), enthalpy (∆Ho)
and entropy (∆So) of adsorption are calculated from the
equations (8), (9) and (10).

K C = bq m

(8)

ΔG o = − RT ln K C

(9)

TABLE 2 - The isotherm parameters for the adsorption of CBZ onto KSF.
temperature
(oC)
10
15
25
35

qm
(mg g-1)
4.78
5.48
3.37
4.03

Langmuir model
b
RL range
(L mg-1)
0.97
0.12-0.06
0.97
0.11-0.07
1.68
0.09-0.04
1.25
0.10-0.04

Freundlich model
R

2

0.98
0.97
0.95
0.98
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n

KF (mg1-1/n L1/n g-1)

R2

1.19
5.29
7.35
8.40

0.34
3.28
2.43
2.84

0.99
0.85
0.61
0.62
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TABLE 3 - Thermodynamic parameters for the adsorption of CBZ onto KSF.
Temperature
(oC)
10
15
25
35
“--”: Not calculated

ln K C =

− ΔH oads ΔSo
+
RT
R

KL=bqm

∆Go (kJ mol-1)

4.62
5.33
5.67
5.04

-3.60
-4.01
-4.30
-4.14

(10)

where, b and qm are obtained from the Langmuir
model, K C is the equilibrium constant, R is the gas con
stant, and T is the reaction temperature (T) [23]. ∆Ho and
∆So can be calculated from the intercept and slope of the
linear plot of lnKC versus 1/T. The calculated ∆Go values
are shown in Table 3. The negative ∆Go values (from -3.6
to -4.2) indicate the spontaneous nature of the adsorption
process. It is known that when the ∆Go value is between 0
and -20 kJ mol-1, the adsorption type can be categorized
as physisorption [18]. Because the adsorption capacity
does not increase with the increase of temperature, three
temperatures in this experiment (10, 15 and 25 oC) were
selected to calculate the ∆Ho and ∆So values, which are
also presented in Table 3. The positive ∆Ho values indicate
the endothermic nature of the monolayer adsorption of the
process [23, 28], which is consistent with the Langmuir
model fit. The ∆Ho value is small and lower than 40 kJ/mol,
indicating that the adsorption process is physisorption by
nature and consistent with the result judged by ∆Go values
[18, 29]. The positive values of standard entropy change
correspond to an increase in degree of freedoms of the
adsorbed CBZ molecule [17].

∆So (J mol-1)

∆Ho (kJ mol-1)

44.39

8.89

--

--

The addition of surfactants may also influence the solubility of chemicals in the solution [34]. Kile et al. [35] found
that several surfactants (Brij 35, Triton X-100, Triton X114 and Triton X-405) enhanced DDT water solubility at
surfactant concentrations ranging from far below to far
above their CMC. The same phenomena were also reported
by other studies [31, 33]. The inhibition of CBZ adsorption
on KSF was partially attributed to the improved solubility
by the added CTAB and SDBS. Another reason for the
surfactant inhibition is probably due to the competitive
adsorption by surfactants with target compounds. The
reduced adsorption capacity of toluene and naphthalene
was reported by the competitive adsorption between the
added surfactant and the target contaminants [32]. The coexisting surfactants are likely to compete to occupy the
limited adsorption sites on KSF, and lead to the decrease
of CBZ adsorption on montmorillonite KSF.

3.5 Effect of coexistent surfactants

Surfactants are widely used in pharmaceutical products
to stabilize emulsions and enhance drug delivery within the
body [20]. They have been detected in the environment
widely and have complex effects on other contaminants
[30]. In this study, the effect of an anionic surfactant, sodium dodecylbenzene sulfonate (SDBS), and a cationic surfactant, cetyltrimethylammonium bromide (CTAB), on the
CBZ adsorption on KSF was investigated. The results are
shown in Fig. 5. The concentrations of CTAB and SDBS
selected in this study (CTAB: 1.92 and 9.62 mg L -1;
SDBS: 2.01 and 10.03 mg L-1) were far below their corresponding critical micelle concentration (CMC), which is
335 mg L-1 for CTAB and 1000 mg L-1 for SDBS, respectively [31, 32]. It shows that both surfactants inhibited the
adsorption, while CTAB shows stronger inhibition effects.
Surfactants may inhibit the adsorption process by
several ways. According to its logKow value (-1.22), CBZ
is relatively hydrophilic. When the surfactants are added to
the CBZ solution, the hydrophobic moieties of the surfactant form a hydrophobic sink for the hydrophilic chemicals [33], which may inhibit the sorption to solid surfaces.

FIGURE 5 - Effect of CTAB and SDBS on the adsorption of carbamazepine onto KSF (pH=4.2, 25 oC).

4 CONCLUSIONS
The adsorption of CBZ onto montmorillonite KSF was
pH-dependent because of the influence of pH on the KSF
surface charges. The adsorption kinetic process followed
the pseudo-second-order kinetic model, and Langmuir equation was found to describe the adsorption isotherm better
as compared with Freundlich model. As the results revealed, CBZ was monolayer-adsorbed on KSF, and the
calculated thermodynamic parameters (∆Go, ∆Ho, ∆So)
indicated that the adsorption was a physisorption process,

2209

© by PSP Volume 21 – No 8a. 2012

Fresenius Environmental Bulletin

and endothermic in nature. The addition of two surfactants (CTAB and SDBS) inhibited the adsorption process.
The results from this study will be helpful to better understand the interactions between emerging drugs and soil
inorganic minerals during their transport and fate in the
soil systems.
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BENEFITS FROM COMPOST USE IN THE
PREPARATION OF GROWING SUBSTRATES FOR
PLANTS IN CONTAINERS: INHIBITION OF SCLEROTINIA
SCLEROTIORUM AND PROTECTION OF PHILODENDRON
Elisabetta Loffredo*, Andreina Traversa and C. Eliana Gattullo
Dipartimento di Biologia e Chimica Agro-forestale e Ambientale, University of Bari, Via Amendola 165/A, 70126 Bari, Italy

ABSTRACT

1 INTRODUCTION

The water-extractable organic matter (WEOM) and
the humic acid (HA) fraction obtained from a green compost (GC) and a mixed compost (MC) were tested in vitro
at different concentrations on the mycelial growth and
sclerotial formation of Sclerotinia sclerotiorum. The MC
WEOM and MC HA caused a significant inhibition of
fungal growth and an increased production of sclerotia,
whereas GC WEOM and GC HA produced only a marked
stimulation of sclerotial formation that was exhibited as
early appearance and numerical increase. In general, sclerotial formation was promoted to a greater extent by
WEOM than HA samples.
Compost-based media for plants in containers were
prepared by mixing peat (P) and coconut fibre (Cf) with
each compost at 20, 40 and 60% (v/v). In greenhouse experiments, the mixtures were tested for 10 and 15 weeks on
the growth and health of the ornamental plant Philodendron repeatedly infected with S. sclerotiorum. At both
samplings, all the mixtures of Cf with GC produced more
leaves and higher plants, and the mixture Cf and GC at
60% also larger leaves, with respect to Cf alone. The mixtures of P with GC produced variable results as a function
of GC rate, plant biometric parameter and time. At both
samplings, the mixture of P with MC at 20% increased the
number of leaves, and the mixture of P with MC at 60%
decreased plant height with respect to P alone, whereas
after 15-weeks growth, the mixtures of Cf with MC at 40
and 60% increased plant height.

KEYWORDS: Compost, plant growing substrate, waterextractable organic matter, humic acid, Philodendron, Sclerotinia
sclerotiorum

* Corresponding author

Numerous investigations report that soil amendment
with compost besides enhancing soil fertility can be a successful practice for plant protection from several soil-borne
plant pathogens, including fungi [1-10]. In potted-plant
systems, the partial and moderate replacement of conventional substrates, such as peat and coconut fiber, with compost can preserve natural deposit of non-renewable materials, recycle effectively biomasses, and exert beneficial
effects on the health and vigor of plants [10, 11]. Nevertheless, these benefits depend greatly on the type of substrate used for composting, type and duration of the process, and percentage of compost used in the preparation of
mixtures.
The disease-suppressing properties are due mainly to
the organic fractions of compost-based substrates. Among
them, the water-extractable organic matter (WEOM) is
the fraction passing through a 0.45-µm filter membrane
[12], and it consists of a heterogeneous mixture of molecules ranging from simple sugars and organic acids to
humic colloids. It is demonstrated that either compost
WEOM or compost humic acid fraction (HA) play important biological effects on plants and microorganisms,
including fungi [3, 4, 8-10, 13-16].
Sclerotinia sclerotiorum is a cosmopolitan nonspecific
soil-borne phytopathogenic fungus causing severe damages
to a wide range of horticultural plant species [17]. In adverse nutritional or environmental conditions, this fungus
forms sclerotia that are inactive, black, and seed-like resistance structures [17].
Philodendron is one of the most popular ornamental
foliage plants having worldwide diffusion for its attractiveness.
The objectives of this work were to evaluate the potential of: (i) the WEOM fraction, at three dilutions, and
HA fraction, at two concentrations, isolated from two
composts to modulate in vitro the mycelial growth and
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sclerotial formation of S. sclerotiorum; (ii) the bulk composts mixed at three rates with peat or coconut fiber to
protect and control the growth of the ornamental plant
Philodendron repeatedly infected with S. sclerotiorum.

tion and the E4/E6 ratio of the two HA samples are shown
in Table 2. Stock aqueous suspensions of each HA were
prepared at concentrations of 1000 mg L-1 by using sterile
double-distilled water.
2.2 Fungal isolate, culture maintenance and inoculum preparation

2 MATERIALS AND METHODS
2.1 Substrates, water-extractable organic matter and humic
acid fractions

The substrates used in this study for Philodendron
growth were the following: a peat (P), a coconut fiber (Cf),
mixtures at 20%, 40% and 60% (v/v) of a green compost
(GC), or a mixed compost (MC) with P (P+GC20, P+GC40,
P+GC60, P+MC20, P+MC40, P+MC60) and Cf (Cf+GC20,
Cf+GC40, Cf+GC60, Cf+MC20, Cf+MC40, Cf+MC60).
Both composts used were collected from real scale plants.
The GC was obtained by composting, for about 120 days
in aerated (air-insufflated) piles, a mixture of lignocellulosic materials consisting mainly of tree and grass cuttings
of urban public and private green. The MC was obtained
by composting, for 80 days in aerated piles, a mixture of
60% lignocellulose material and 40% of food industry
wastes and the organic fraction of municipal solid wastes.
The main characteristics of GC and MC are reported in
Table 1.
The WEOM fraction was extracted from each compost as reported by Traversa et al. [15], and characterized
for some relevant properties reported in Table 2.
The HA fraction was isolated from each compost according to conventional methods [18]. The HA samples
obtained in homogenized, freeze-dried H+-form were characterized for their main chemical and functional properties.
Total acidity was determined by the Ba(OH)2 method, the
carboxyl group content by the Ca(CH3–COO)2 method,
and the phenolic hydroxyl group content was calculated
by difference [19]. The E4/E6 ratio was calculated as the
ratio of the absorbances at 465 and 665 nm measured with
a Perkin Elmer model Lambda 15 UV-VIS spectrophotometer on solutions of 3.0 mg of each HA in 10 ml of
0.05 M NaHCO 3. The acidic functional group composi-

The S. sclerotiorum strain was isolated from a greenhouse-grown eggplant in southern Italy. The fungus was
maintained on potato dextrose agar (PDA, Oxoid) in Petri
dishes at 20 °C in the dark. In order to obtain fresh subcultures, 2-mm PDA disks overgrown by mycelium of 5 days
were collected from the outer circumference of a colony
and transferred centrally in new plates, which were maintained under the same conditions as described above.
Fungal inoculum was obtained by collecting PDA
disks overgrown by mycelium of 10 days, suspending them
in distilled water and homogenizing by blending. An aliquot of this suspension was collected with a pipette under
stirring and inoculated by dropping it on the bottom part
of the plant.
2.3 Assays on S. sclerotiorum

Aqueous solutions of PDA were steam-sterilized,
cooled to about 55 °C and added with each WEOM
fraction (one WEOM type to each plate) at final dilutions of 1:20, 1:10 and 1:2, and each HA sample (one
HA type to each plate) at concentrations of 0 (control,
only PDA), 50 and 200 mg L-1. The concentration of PDA
was 4% (w/v) in all the treatments and the control. Each
medium was poured into 9-cm diameter Petri dishes and
allowed to cool at room temperature and solidify. The
fungus was then inoculated in the centre of the plate as
described above, and the dishes were kept in an incubator
in the dark at a constant temperature of 20 °C. The
whole experiment was conducted under sterile conditions, and replicated eight times. After appropriate time
periods, and until the fungus reached approximately the
border of the plate (72 and 88 h, respectively, for WEOM
and HA), the apparent morphology and radial growth, in
mm, of the mycelium were evaluated.

TABLE 1 - Main properties of the two composts [15].
EC
Moisture
(dS m-1)
(g kg-1)
GC
8.4
3.73
163
MC
8.5
3.64
120
a
b
TOC: total organic carbon; HA: humic acid fraction
Sample

pH

Ash
(g kg-1)
651
628

TOC a
(g kg-1)
184
196

Total N
(g kg-1)
15.6
17.2

C/N
ratio
11.7
11.4

HA b
Yield (%)
17.3
18.1

TABLE 2 - Some properties (on a moisture- and ash-free basis) of compost HA and WEOM examined [15].
Sample
GC HA
MC HA
GC WEOM
MC WEOM

Moisture %
5.97
6.50
EC (dS m-1)
3.14
3.28

Ash %
3.44
3.21
pH
7.4
7.0

COOH meq/g
3.34
3.38
TOC (mg L-1)
140
186
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Phenolic OH meq/g
1.80
2.94
ε280nm (L cm-1 mol-1)
26.8
32.5

Total acidity meq/g
5.14
6.32
E4/E6 ratio
3.6
4.3

E4/E6 ratio
8.2
8.1
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All data obtained were statistically analyzed by one-way
analysis of variance (ANOVA), and the means of treatments separated by the least significant difference (LSD)
test.
2.4 Assays on plants

Young plants (averagely 1-cm height in the experiment with GC mixtures and 4-cm height in the experiment with MC mixtures) uniformly sized of Philodendron
mandajanum (Fig. 1) were transplanted into plastic pots
containing the substrates considered. Plants were grown
for 15 weeks in a greenhouse at about 20 °C during the
light period and 15 °C during the dark period. During
growth, the plants were periodically watered but not fertilized, and S. sclerotiorum was inoculated three times in
the substrate, after 14, 24 and 34 days from transplanting.
Plant biometric parameters, such as height, number of
leaves and length of the main leaf vein, were measured
after 10 and 15 weeks from transplanting. During the
experiments, the apparent symptoms of plant suffering,
such as root injuries and rot, were also observed. The pots
were located in the greenhouse according to a completelyrandomized design with 8 replications. Data obtained for
each parameter were statistically analyzed by one-way
analysis of variance (ANOVA), and the means of treatments separated by the least significant difference (LSD)
test.

tions on the variations (%) of the radial mycelial growth
of S. sclerotiorum on PDA and on the number of sclerotia
formed, with respect to the corresponding controls, as a
function of time are reported in Figs. 2-5.
Only MC WEOM showed significant inhibition of
mycelial growth, and only after 40 h from inoculation
(Fig. 2). The maximum inhibitory effect was exerted by
the two lower dilutions, or only the medium one (Fig. 2).
On the other hand, sclerotial development appeared more
sensitive than the radial growth to both WEOM samples
which at any dilution caused faster appearance and a
marked increase of the number of sclerotia in the plates,
with respect to the control (Fig. 3). After 144 h from the
fungus inoculation, the number of sclerotia formed in the
treatments with each WEOM at the three dilutions resulted averagely more than seven times higher than the control (Fig. 3). Generally, the number of sclerotia formed
increased significantly in the first samplings, i.e. until 144 h
in the WEOM treatments and 192 h in the control, and
then it increased slowly or remained constant (Fig. 3). No
great difference of the number of sclerotia formed resulted among the various WEOM dilutions for both WEOM
types (Fig. 3).
Also in the case of HA treatments, only MC HA at
both concentrations inhibited significantly the fungal
growth until 72 h after inoculation (Fig. 4), whereas both
HA at the two doses produced an evident significant stimu-

GC WEOM
20

Variation %

0
-20
-40
-60
-80

-100
18

FIGURE 1 - Plants of Philodendron after 3-week-growth.
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3 RESULTS
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3.1 Chemical characteristics of humic acids
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*

-20
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Variation %

The comparative acidic functional group analyses and
E4/E6 ratios of the two HA showed that these parameters
are not very different between both, although MC HA has
higher total acidity with respect to GC HA (Table 2).

-80

3.2 Assays on S. sclerotiorum

With respect to the corresponding control (PDA alone),
no morphological changes were observed for S. sclerotiorum mycelium as a function of the presence of any
WEOM and any HA examined at each dose in the growing medium. The effects of the two WEOM treatments at
three dilutions and the two HA samples at two concentra-

-100
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48

64
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FIGURE 2 - Effects of WEOM at dilutions of 1:20 (white bars), 1:10
(grey bars) and 1:2 (black bars) on the variation (%) of the radial
mycelial growth of S. sclerotiorum on PDA, with respect to the
control (only error bars), as a function of time.
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FIGURE 5 - Effects of HA at two concentrations on the number of
sclerotia formed by S. sclerotiorum on PDA, with respect to the
control, as a function of time.

lation of sclerotial production, with respect to the control
(Fig. 5). The HA concentrations exerting the maximum
effect were 50 mg L-1 and 200 mg L-1 for GC HA and MC
HA, respectively (Fig. 5).
3.3 Assays on plants

-20
-40
-60
-80
-100
40

48

72

88

hours
MC HA
20
0

-20

**

**

**

-60

**

-40

*

Variation %

20

hours

FIGURE 3 - Effects of WEOM at three dilutions on the number of
sclerotia formed by S. sclerotiorum on PDA, with respect to the
control, as a function of time.
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FIGURE 4 - Effects of HA at concentrations of 50 mg L (white
bars) and 200 mg L-1 (black bars) on the variation (%) of the radial
mycelial growth of S. sclerotiorum on PDA, with respect to the
control (only error bars), as a function of time.

The effects of the growing substrates examined on
three representative biometric parameters of Philodendron
plants measured at two sampling times are shown in Figs. 6
and 7.
Generally, with respect to P and Cf alone, the GCbased substrates were more effective than the MC-based
ones in controlling the fungus and promoting plant growth
(Figs. 6 and 7). In particular, the mixture P+GC20 caused
an increase of 39% of plant height after 10 weeks, and
P+GC20, P+GC40 and P+GC60 caused increases of 52,
134 and 99%, respectively, of the same parameter after
15 weeks, with respect to the control (Fig. 6). On the
other hand, the addition of 20 and 60% of GC to P produced a slight reduction of the number of leaves at both
sampling times (Fig. 6). The addition of GC to Cf determined highly significant increases of the number and size
of leaves, and the plant height at both sampling times,
with the only exceptions of Cf+GC20 and Cf+GC40 for
the length of the main vein (Fig. 6).
In the case of MC-based substrates, a significant stimulation was observed only for P+MC20 at both sampling
times (number of leaves), and for Cf+MC40 and Cf+MC60
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FIGURE 6 - Effects of peat and coconut fiber and their mixtures with a green compost on some biometric parameters of Philodendron infected with S. sclerotiorum measured at two sampling times.
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at the second sampling time (plant height), with respect to
the corresponding control (Fig. 7). At both sampling times,
the treatment P+MC60 exerted a significant negative effect
(about 30% less) for plant height, with respect to P alone
(Fig. 7).

proportion in the potting mixtures was increased from 20
to 60% [6]. In the case of MC, the same effect was evident when only 20% of P (higher number of leaves), or 40
and 60% of Cf (higher plant), was replaced with compost
suggesting that the benefits of using MC in the mixtures
are highly dependent on the replacement rate and the
biometric parameter examined.

4 DISCUSSION
No apparent morphological changes were observed
for the mycelium of S. sclerotiorum as a function of the
various WEOM and HA treatments. Similarly, the absence of morphological modifications was reported in in
vitro experiments on Alternaria alternata and Fusarium
culmorum mycelia [16], and F. oxysporum [7] in the presence of various humic and fulvic acids in the growing
medium. However, the mycelial growth of S. sclerotiorum
was significantly inhibited by the presence of various
concentrations of the WEOM and HA fractions isolated
from MC. This effect is in agreement with recent results
showing that in non-sterile conditions water extracts from
citrus composts were able to suppress the growth of F.
oxysporum [13]. Pascual et al. [4] demonstrated that soil
amendment with a municipal waste compost, or its HA
fraction, decreased significantly the population of Pythium ultimum, thus reducing pathogenicity of this fungus to
pea plants. Some recent works showed that the HA fraction from a mature compost exerted a marked suppressiveness on the growth of F. oxysporum f. sp. melonis [7]
and S. sclerotiorum [9]. Even if both WEOM and HA
from GC did not show inhibition on mycelium of S. sclerotiorum, they induced a faster and larger formation of
sclerotia similarly to the corresponding fractions from
MC. As sclerotia are inactive structures whose development is stimulated by nutritional and environmental stress
conditions, it is evident that the presence of WEOM and
HA in the growth medium produced adverse conditions
for the fungus. Averagely, the WEOM samples induced a
more marked sclerotial formation than the HA samples,
and that was scarcely dependent on the type of compost
and the dilution adopted. In a previous study, the authors
found that different humic fractions from soil and compost were able to exert a marked stimulation of sclerotial
formation [9], and this action was dependent on their
concentration and particular properties, such as total
acidity, COOH group content and elemental composition.
The results of the in vivo experiments on Philodendron exerted by GC confirmed the results obtained in
previous experiments on other two ornamentals, impatiens and China aster [10]. In this study, the addition of a
low or moderate amount of compost to conventional substrates generally enhanced the health and vegetative status
of plants [10]. Recently, van der Gaag et al. [20] demonstrated the suitability of some green waste composts as
potting mixture components when used at 20% proportion
for their suppressiveness against Rhizoctonia solani and
F. oxysporum. Other authors found that suppressiveness
towards P. ultimum strongly increased when the compost

5 CONCLUSION
In in vitro experiments, the WEOM and HA fractions
isolated from a green compost and a mixed compost exhibited a general suppressiveness against S. sclerotiorum
by stimulating the sclerotial formation, and inhibiting the
mycelial growth only for the latter compost. In in vivo
experiments, the partial and moderate replacement with
compost of the two conventional substrates, peat and
coconut fiber, in potted-plant systems resulted in benefits
for the health and vigor of Philodendron plants. In conclusion, this study adds new scientific evidence for the
suitable and valuable use of compost in the preparation of
potting mixtures for ornamental plants.
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INFLUENCE OF AS AND PB CO-CONTAMINATION ON FROND
PHYSIOLOGY AND ULTRASTRUCTURE OF Pteris vittata L.
Kai-mei Zhang, Tao Deng, Yan-ming Fang*, Jun-hua Liu, Heng Jia
College of Forest Resources and Environment, Nanjing Forestry University, 210037, Nanjing, China

ABSTRACT
As and Pb are known for their toxicity to plants, humans and animals. They are persistent in soil system, and
are widespread contaminants. However, few studies have
been carried out on the impacts of co–contamination. Pteris
vittata L. is an As hyperaccumulator and is tolerant to Pb.
In this study, influence of As and Pb co–contamination on
P. vittata was investigated. The results showed that As
and Pb caused inhibition to plant growth, especially mature fronds. Meanwhile, lower levels of soluble proteins
and higher activities of superoxide dismutase and peroxidase were detected. At first, malondialdehyde, ascorbic
acid and glutathione were increased but then decreased.
ICP–MS analyses indicated that the concentrations of As
in different tissues decreased in the order of pinnae > petioles > roots. However, the concentrations of Pb in various
tissues followed the trends: roots > petioles > pinnae. Leaf
ultrastructure revealed that excessive As and Pb caused
adverse effects, especially on nucleus, chloroplast and
mitochondrion. Our study suggested that As and Pb exerted the toxicity through inducing oxidative stress in P. vittata, and a variety of mechanisms were involved in their
detoxification. Moreover, P. vittata may have potential for
phytoremediation of As and Pb co-contaminated soils.

KEYWORDS:
Arsenic; lead; frond physiology; antioxidants; Pteris vittata L.

1 INTRODUCTION
Heavy metal pollution is one of the most important
ecological problems in the world. Among the pollutants,
As and Pb has received more attention [1-3]. The presence
of As and Pb in soil may occur naturally or due to anthropogenic activities [4, 5]. Arsenic is a ubiquitous poison
and humans are exposed to it by ingestion of soil, contamination of drinking water, and rice products [6, 7]. Its contamination leads to severe problems of high toxicity and
carcinogen effects [8, 9]. In general, As persists at
con- taminated sites for a long time, exerting adverse effects on

* Corresponding author

plant, animal, human and soil microorganisms [10]. Pb
affects plant growth and productivity, enters the food chain
and causes health hazards to animals and humans. In particular, the residence time of Pb is long, and this may
cause prolonged risks to crop production and human health
[11–14].
Due to the widespread contamination and the potential hazards of As and Pb, increased attention has been
paid to develop methods for their cleaning up at minimal
costs with environmentally friendly option. Phytoremediation has emerged as an alternative technique for its cost–
effectiveness and environmental harmonies [15]. Ferns are
good ecological indicators of arsenic accumulation in
contaminated and/or abandoned mines [16]. Pteris vittata
L. is the first reported As-tolerant and As-accumulating
fern species [17]. After that, this species is found to possess Pb tolerance and accumulation properties [18, 19].
Since P. vittata has the ability to withstand the high concentrations of As and Pb, it provides an ideal platform to
investigate the impact of co–contamination of As and Pb
on plants. Furthermore, previous work of tolerance and
accumulation of As and Pb by P. vittata has focused on
either As or Pb [17–19]. Therefore, an understanding of
co–contamination of As and Pb is much needed.
The specific objectives of the present work were to
investigate the influence of co–contamination of As and
Pb on the frond physiology and ultrastructure of P. vittata, and to clarify the mechanism involved in the detoxification of As and Pb by P. vittata.
2 MATERIALS AND METHODS
2.1 Plant material and greenhouse experiment

The seedlings of P. vittata were collected from a nursery on Tongguan Mountain (31°N and 118°E) in Anhui
Province, China. The soil at the site is not contaminated
based on the National Soil - Environmental Quality
Standards of China (NSEQSC, GB 15618, 1995). Seedling roots were washed thoroughly with distilled water,
and then planted into a mixture of perlite and vermiculite
(1:2). After acclimating for 2 weeks, the senescent fronds
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of each seedling were cut, and only 1–2 new laminae were
left. The roots of each healthy and uniform seedling were
rinsed carefully and thoroughly with distilled water, and
finally with de–ionized water. One seedling was transferred to each pot filled with 500 g of the prepared substrates containing perlite and vermiculite (1:2, pH 3.4). The
diameter of each pot was 25 cm, and the height was 15
cm. The seedlings were fertilized at frequent intervals
with 1/2 strength Hoagland’s nutrient solution. The composition of the nutrient solution was as follows:
Ca(NO 3)2 • 4H 2O 2.0 mmol L-1, KH2PO4 0.10 mmol L-1,
MgSO4 • 7H2O 0.50 mmol L-1, KCl 0.10 mmol L-1, K2SO4
0.70 mmol L-1, H3BO3 10.00 µmol L-1, MnSO4 • H2O 0.50
µmol L-1, ZnSO4 • 7H2O 0.50 µmol L-1, CuSO4 • 5H2O 0.20
µmol L-1, (NH4)6Mo7O24 0.01 µmol L-1, and Fe-EDTA 100
µmol L-1. Different As and Pb treatments, i.e. (1) control
(CK), (2) As300Pb500, (3) As600Pb1000 and (4)
As900Pb1500 mg kg−1, were applied. As and Pb were
added in the form of Na2HAsO4·7H2O and PbNO3, respectively. Seedlings were grown in a greenhouse for 3 months
with natural light, day/night temperature of 28/20 °C, and
day/night humidity of 80/90%. The experiment was randomly arranged with each treatment replicated three
times. In each replicate, the 5th frond from the top of the
seedlings was used to determine frond physiological parameters.
2.2 Determination of chlorophyll contents

Fresh fronds of P. vittata (0.1 g) were used for measurement. Chlorophyll was extracted with a mixture of
ethanol and acetone (1:1, v/v) in darkness. Colorimetric
procedure was performed until the fronds were visibly
colorless. The optical densities of the extracts were determined at 663 and 645 nm with a SP–2100P spectrophotometer (Spectroscopic Instrument Inc., Shanghai, China).
Subsequently, the optical densities were converted to
contents of chlorophyll a (Chl a), chlorophyll b (Chl b)
and the total chlorophyll, following the formulas of Zhang
et al. [20].
2.3 Estimation of lipid peroxidation

The estimation of lipid peroxidation (as malondialdehyde, i.e. MDA) was made according to Tang et al. [21]
with minor modifications, since MDA is one of the end
products of lipid peroxidation. Fresh plant material of 0.2 g
was homogenized with 5 ml phosphate buffer (pH 7.0).
The homogenate was centrifuged at 10,000 × g for 20 min,
and supernatant was used for lipid peroxidation analysis.
To 1 ml of the supernatant, 3 ml of 10% (w/v) trichloroacetic acid (TCA) and 1 ml of 1% (w/v) thiobarbituric acid
(TBA) were added. The mixture was incubated in boiling
water for 20 min and then quickly cooled. The tubes were
centrifuged at 10,000 × g for 20 min, and the absorbance
of the supernatant was read at 532 nm. Non–specific
absorption value at 600 nm was monitored and subtracted.
The MDA concentration was calculated from the extinction coefficient 155 mM−1 cm−1.

2.4 Determination of soluble proteins (SP) and antioxidant
enzyme activities

SP were determined following Coomasie Brilliant
Blue (CBB) G–250 staining method described by Wang
et al. [22] with modifications, using bovine serum albumin (BSA) as standard. Fresh fronds of a known weight
(0.2 g) were homogenized in 5 ml phosphate buffer (pH
7.0). The homogenate was centrifuged for 20 min at
10,000 × g. Enzyme analysis was carried out using the
supernatant. Superoxide dismutase (SOD) activity was
measured according to the method of Li et al. [23]. The
reaction mixture (4 ml) comprised 0.8 ml distilled water,
0.1 ml of the supernatant, i.e. enzyme extract from P.
vittata, 3.1 ml phosphate buffer (pH 7.8), 4 mg methionine (Met), 0.2 mg nitroblue tetrazolium (NBT), 0.2 mg
Na2EDTA, and 0.02 mg riboflavin. The tubes containing
reaction mixture were exposed to light (4000 Lx irradiance, 30 min). A complete reaction mixture without enzyme served as the control, and a non-irradiated complete
reaction mixture served as a blank. The absorbance was
measured at 560 nm. One unit of SOD activity was defined as the quantity of enzyme that reduced the absorbance reading of samples to 50% compared with tubes
without enzymes. The oxidoreductase activity uses H2O2
as a donor, includes a group of non–specific enzymes, and
is generally regarded as guaiacol peroxidase (POD) activity. The method for its determination was described by
Li et al. [23], with some modifications. Briefly, the solution (4 ml) comprised 0.1 ml enzyme extract, 0.1 ml 2%
H2O2, and 3.8 ml of 0.3% guaiacol. POD was determined
by spectrophotometry following the formation of tetraguaiacol at 470 nm, at 2-min intervals up to 6 min. One unit of
POD activity was defined as absorbance change at 470 nm
per min.
2.5 Measurement of ascorbic acid (AsA) and glutathione
(GSH)

AsA and GSH were established following the procedure described by Guri [24] and Gilman [25] with modifications. A 0.5-g sample was extracted with 5 ml of 5%
(w/v) TCA and centrifuged at 15,000 × g for 10 min.
Then, the supernatant was made to a volume of 5 ml for
AsA and GSH measurements. In brief, the supernatant for
AsA determination was assayed using 2,6–dichlorophenol
–indophenol (DCPIP) reagent. The stable absorbance was
read at 600 nm, and AsA content was determined from a
standard curve prepared previously, using various known
concentrations of AsA. The final assay mixture for GSH
determination contained 0.25 ml supernatant, 2.6 ml
NaH2PO4 (150 m mol L−1, pH 7.7) and 0.18 ml 5,5'–
dithiobis–2–nitrobenzoic acid (DTNB) reagent. After
thorough mixing and incubation at 30 °C for 5 min, the
absorbance was measured at 412 nm. A standard curve
prepared by using different known concentrations of GSH
was used in the calculation of GSH amounts. DTNB reagent was achieved by dissolving 75.3 mg DTNB to 30 ml
phosphate buffer (100 m mol L−1, pH 7.8).
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2.6 Measurement of As and Pb concentrations in plant tissues

The seedlings were harvested at the end of experiment.
Additionally, the seedlings were separated into pinnae,
petioles and roots, washed off adhered soils and dusts with
de–ionized water, dried in the oven at 80 °C for 15 min,
transferred to 60 °C to give a constant weight, and then
ground into powder. 10 ml of HNO3 and 2 ml of HClO4
was added to 0.2 g of the powdered samples and incubated
overnight. After that, the samples were digested until the
solution became clear. Subsequently, the solution was
made to 50 ml with de–ionized water. Metal concentrations
in plant samples were determined using inductively coupled plasma mass spectrophotometry (ICP–MS).

With regard to Pb accumulation, greater As and Pb
concentrations resulted in greater Pb concentration levels
in the plant tissues (Table 3). In general, plant tissues responded differently when exposed to As and Pb concentrations, with roots taking up more Pb than pinnae and
petioles. Root Pb concentration accounted for approximately 50% of total Pb in all treatments. When treated with
As900Pb1500, plant had the highest root Pb level (273.71
mg kg–1 DW). In summary, Pb concentrations in various
plant tissues decreased in the order of roots > petioles >
pinnae.
TABLE 1 – Influence of co–contamination of As and Pb on the
growth of Pteris vittata ( -, no symptom observed).

2.7 Transmission electron microscopy (TEM)

Treatments
(mg kg–1)
CK

Fresh fronds from P. vittata of all treatments were selected for TEM studies. Small sections were fixed in 4%
glutaraldehyde (v/v), rinsed with 0.1 M phosphate buffer
3 times, and post–fixed in 2% osmic acid. Subsequently,
the sections were washed 3 times with 0.1 M phosphate
buffer. Dehydration was carried out in a graded acetone
series (30, 50, 70, and 90%), followed by 2 washes in
100% acetone. Each dehydration step lasted 15 min. Then,
samples were infiltrated and embedded in epoxy resin
(Epon 812). Ultra-thin sections were stained with uranyl
acetate and lead citrate, and examined in a transmission
electron microscope.

As300Pb500

Duration of
treatments (months)
1
2
3
1
2
3

As600Pb1000

1
2
3

As900Pb1500

2.8 Data analysis

1
2

All statistical analyses were performed with SPSS
13.0 (SPSS Inc., Chicago, IL, USA). Graphical work was
carried out using Excel 2003. All results were expressed
as means followed by corresponding standard deviations
or index letters indicating statistical differences between
the means.

3

Symptoms
Small and brown spots
developed on the mature
fronds
Big and brown spots
developed on the mature
fronds
Small, brown spots and
slight chlorisis developed
on the mature fronds
Big and brown spots
developed on the mature
fronds
Big, brown spots and
severe chlorisis developed on the mature
fronds
Big, brown spots and
severe chlorisis developed on the mature
fronds

TABLE 2 – The distribution of As in P. vittata upon As and Pb co–
exposure (Means ± standard deviation (S.D.); (n = 3); n d, not determined).

3 RESULTS

Treatments
(mg kg–1)
CK
As300Pb500
As600Pb1000
As900Pb1500

3.1 Influence of co–contamination of As and Pb on plant
growth

In our experiments, P. vittata was found intuitionistic
tolerant to As and Pb, and grew well at all supplied As
and Pb levels in the first month. However, mature fronds
showed toxicity symptoms with prolonged growth time
(Table 1). Symptoms became more pronounced with higher
As and Pb levels. However, development of new fronds
were unaffected with different As and Pb treatments.
3.2 As and Pb concentrations in plant tissues

In our experiments, As concentrations in plant tissues
encountered gradually increased with As and Pb addition
(Table 2). However, tissues differed widely in their capacity to take up and accumulate As. As concentration in
pinnae (leaf) were 4.5– to 5.5–fold and 8– to 12–fold significantly higher than those in petioles (stem) and roots.
In other word, As concentrations in various plant tissues
decreased in the order of pinnae > petioles > roots.

As concentrations (mg kg–1 DW)
Pinnae

Petioles

Roots

9.33±1.36
1230±552
1587±54.6
3304±230

7.11±5.30
276±29.2
287±5.87
692±131

nd
147.00±5.46
196.49±71.26
283.41±79.19

TABLE 3 - The distribution of Pb in P. vittata upon As and Pb co–
exposure (Means ± standard deviation (S.D.); (n = 3)).
Treatments
(mg kg–1)
CK
As300Pb500
As600Pb1000
As900Pb1500

Pb concentrations (mg kg–1 DW)
Pinnae

Petioles

Roots

13.97±5.22
26.56±1.74
49.58±2.35
99.67±6.86

11.51±2.75
25.41±4.11
77.46±37.17
182.81±120.48

5.9±0.5
40.72±4.69
139.32±73.6
273.71±70.46

3.3 Influence of co–contamination of As and Pb on chlorophyll contents

Chl a, Chl b and the total chlorophyll decreased as As
and Pb concentrations increased (Fig. 1). This change was
also reflected by the change in color of the mature fronds.
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In contrast, Chl b had more pronounced decline than Chl a.
When the applied As and Pb increased from As600Pb1000
to As900Pb1500, Chl a and Chl b contents were reduced
by 25.2 and 40.3% respectively (P < 0.01).

3.4 Influence of co–contamination of As and Pb on lipid
peroxidation

MDA content of P. vittata (Fig. 2a) increased initially,
and then decreased with increasing As and Pb. MDA
contents increased by 23.1%, after the plants were exposed to As300Pb500. Application of higher As and Pb
amounts, i.e. As600Pb1000 and As900Pb1500, resulted in
decreasing contents of MDA as compared to CK.
3.5 Influence of co–contamination of As and Pb on SP and
antioxidant enzyme activities

The increase in As and Pb supply significantly (P <
0.01) decreased SP contents in the fronds of P. vittata (Fig.
2b). When As and Pb treatment increased to As900Pb1500,
SP contents in the fronds decreased by 61.3%, with regard
FIGURE 1 – Chlorophyll content in P. vittata co-exposed to As and
Pb (Means ± S.D. (n = 3) for all treatments are shown on dark and
clear gray bars, respectively).

a

b

FIGURE 2 – Activities of (a) SOD and (b) POD in P. vittata co-exposed to As and Pb (Means ± S.D. (n = 3) for all treatments are shown on
dark and clear gray bars, respectively).
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FIGURE 3 – Contents of (a) MDA, (b) SP, (c) AsA, and (d) GSH in P. vittata co-exposed to As and Pb (Means ± S.D. (n = 3) for all treatments
are shown on dark and clear gray bars respectively).
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FIGURE 4 – Transmission electron micrographs of the frond cells of P. vittata co-exposed to CK (a, b) and As900Pb1500 (c-f). Bars: a = 1.5
µm, b = 0.6 µm, c = 0.2 µm, d = 1 µm, e = 2 µm, f = 0.8 µm. Labels: CW, cell wall; NUE, nucleolus; NU, nucleus; MC, mitochondria; Ch,
chloroplast; T, thylakoid; NM, nuclear membranes; CM, chloroplast membrane; K, karyoplasms; As and Pb, As and Pb deposits.

to control. Correlation analysis showed that As and Pb
concentrations were negatively correlated with SP contents (R2 = – 0.9324).
SOD activity in the fronds of P. vittata was enhanced
with increased As and Pb levels (Fig. 3a). The treatment
of As600Pb1000 induced a 2.4–fold increase in SOD activity when compared to the control, as well as a 1.7–fold increase in comparison with As300Pb500 treatment. No significant increase was observed at higher As and Pb levels.
A significant positive correlation was detected between As
and Pb concentrations and SOD activity (R2 = 0.9138).
POD activity remarkably increased at low levels of
As and Pb exposure, but leveled off at the treatment of >
As600Pb1000 (Fig. 3b). When As and Pb concentration
increased to As300Pb500, POD activity increased by
45.2% in comparison with the control. In addition, POD
activity in the fronds when exposed to As600Pb1000 and
As900Pb1500, increased by 143.4 and 143.6%, respectively, compared to the control.
3.6 Influence of co–contamination of As and Pb on AsA and
GSH

AsA content in P. vittata was significantly affected
by As and Pb, and varied with As and Pb levels (F = 25.48,
P < 0.05). Briefly, AsA content increased with the elevated
amounts of As and Pb, and then decreased at As and Pb >
As600Pb1000 (Fig 2c). Compared with the control, AsA
content in the plant exposed to As300Pb500 increased by

85%. Moreover, AsA content increased by 4.8 % when As
and Pb increased from As300Pb500 to As600Pb1000.
Significant differences in GSH content were noted
with different As and Pb concentrations (F = 4.31, P <
0.05). GSH content followed similar patterns as AsA,
increasing with As and Pb concentrations but then decreasing at As and Pb > As600Pb1000 (Fig. 2d). Upon
exposure of As600Pb1000, GSH content reached the
maximum at 6.76 µmol g−1 dry weight (DW).
3.7 Transmission electron microscopy

Ultrastructural observations on frond cells of P. vittata are shown in Fig. 4. In control, cells possessed smooth,
clean and continuous cell membranes and walls. Nucleus,
nucleolus and mitochondria with finely arranged cristae
were visible. Cells also had rich chloroplasts with regular
and continuous arrangement of thylakoid membranes of
the stroma and grana.
As and Pb application caused adverse effects (Figs. 4 cf) on frond cells of P. vittata compared to control. Moreover,
the intensity increased with increasing heavy metal concentrations. Under the co–contamination of As900Pb1500, the
frond cells had rough cell wall with many deposited aggregates, damaged membrane, shrinked karyoplasm, abnormal–shaped or dissolved nucleolus. As and Pb treatment
also resulted in an increase in the number of mitochondria
and disarrangement or severe disorganization of cristae.
Advanced vacuolation in chloroplasts in As and Pb-treated
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fronds was observed. Ultrastructural analysis also revealed a decreased number of chloroplasts.
4 DISCUSSION
Arsenic induced oxidative stress in plants, with greater As causing greater oxidative stress. As a consequence,
transport and metabolic processes were readjusted and
plant growth was inhibited [26]. Pb is one of the toxic
heavy metal and exerts adverse effects on several plants [5,
11, 12, 14, 27]. Therefore, plants developed a special defense system to allow them to grow at sites contaminated
by these heavy metals. P. vittata grew in the soils highly
contaminated by the heavy metals and was known to possess tolerance to As or Pb [18, 19]. In our study, influence
of co–contamination of As and Pb on the frond physiology and ultrastructure of P. vittata was evaluated. We
found that P. vittata exhibited growth and tolerance to
higher As and Pb concentrations
4.1 Influence of As and Pb on frond physiology

In P. vittata exposed to excess As and Pb, there was
significant plant growth inhibition and chlorosis in fronds
in comparison to control. Similar phenomena were found
in the report of Wu et al. [27]. Chlorosis was associated
with reduced chlorophyll contents in the fronds of P. vittata. Chlorophyll contents were significantly lower when
As and Pb levels were above As600Pb1000. In fronds, the
inhibition of the chlorophyll accumulation was proportional
to the increased As and Pb level. The reduction of chlorophyll accumulation in fronds could be explained by the
inhibition of chlorophyll biosynthesis. It had been reported
that As reduced chlorophyll biosynthesis in many plants
[26, 28]. Previous study also showed that Pb can cause
adverse effects on the plant’s photosynthesis, chlorophyll
synthesis and antioxidant enzymes. As a result, plant will
experience chlorosis, reduction of biomass, inhibition of
root elongation, and finally death [12, 14]. In the present
study, severe damage was observed in chloroplast internal
organization after As and Pb exposure. These results
indicated that As and Pb damaged the chloroplasts, decreased the chlorophyll contents and caused chlorosis.
The present results were consistent with other findings which also showed that As and Pb induced oxidative
stress in plants [12, 26]. The reactive oxygen species
(ROS) resulting from oxidative stress caused adverse
effects in plant cells including lipid peroxidation, protein
denaturation and DNA mutations [12, 26, 29, 30]. In our
experiments, MDA content in P. vittata treated with
lower As and Pb increased, and the soluble protein content significantly decreased with increasing As and Pb
amounts. Hence, plants have to develop complex antioxidant systems to protect themselves against ROS. Tolerance of plants to oxidative stress may be attributed to the
enhanced activity of antioxidative enzymes preventing
plant damage [29, 31]. SOD is an important enzyme cata-

lyzing the disproportionation of two O2•− radicals to H2O2
and O2 [32]. POD is considered as one of the key enzymes efficiently removing H2O2, which is toxic to plant
cells. Therefore, the combination of SOD and POD plays
an important role in the resistance of plants to oxidative
stress. In the present study, SOD and POD activities in P.
vittata were increased with increasing applications of As
and Pb. As a result, MDA content in the plants declined
when As and Pb were higher than As300Pb500. The MDA
data suggest that a combination of antioxidant compounds
and/or enzymes resulted in a greater protection for P. vittata to cope with ROS.
In our study, toxic symptoms were more severe in the
mature fronds of P. vittata than the young ones after
plants were co–exposed to As and Pb. Tu et al. [33] observed that concentrations of As in mature fronds of P.
vittata were greater than that in young ones. Additionally,
Godzik [34] reported that senescing leaves possess maximum Pb content in comparison with younger leaves. The
young fronds of P. vittata exhibited greater enzyme activity at lower As levels, and they were more sensitive to As
than the mature ones [35]. Miteva and Peycheva [36] also
demonstrated that SOD activity was greater in young leaves
of green bean and tomato under As application. Therefore,
we assume that the young fronds of P. vittata under As and
Pb co–exposure grew well because they induced greater
enzyme activity to defend themselves against the environmental stress.
It has been reported that both AsA and GSH display
antioxidant activities, and are also involved in plants`,
oxidative defense [37, 38]. AsA is essential because it is
related to enzymatic and non–enzymatic oxidation reactions. It reduces superoxide, hydrogen peroxide and hydroxyl radical or quenching singlet oxygen in the biological system, and functions as a co–substrate of plant oxidases [26]. Initially, AsA concentration increased in comparison to control under As and Pb co–exposure, probably
to protect plants from oxidative stress. However, a decrease of AsA was detected upon higher As and Pb co–
exposure. This result seemed to be attributable to a rather
limited capacity to accumulate AsA and the high depletion of AsA in response to As and Pb co–exposure. GSH
is known to play an important role in controlling the antioxidative defence system, and maintaining redox homeostasis of plant cells [39]. The depletion of GSH may be
attributed to the enzymatic repair of lipid peroxides and
the phytochelatin synthesis. In our study, GSH content
was apparently increased at lower As and Pb levels, which
may be helpful in phytochelatin synthesis and increase
plants` metal tolerance [40]. This result was also in agreement with the previous researches carried out by Miteva
and Peycheva [35] and Sun et al. [41]. Since GSH is an
important intermediate material during GSH–GSSH cycle
and can remove H2O2 effectively [42], GSH content decreased remarkably with elevated As and Pb to maintain
redox status and scavenge free radicals out of the plant
cell. Szöllösi et al. [39] suggested that changes in GSH
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content depend on the plant species, the duration of the
heavy metal exposure as well as the applied concentrations of the heavy metal. Nandita et al. [26] reported that
the AsA–GSH cycle occurs in the chloroplast, cytoplasm,
mitochondria and peroxisomes, representing an important
antioxidant protection system in plants. When treated with
As900Pb1500, severe destruction appeared in the plant
organelles. In particular, the structure of the chloroplast
and mitochondria were significantly damaged (Figs. 4 d–f).
As a result, the AsA–GSH cycle was obviously disturbed.
Consequently, the damage might lead to minimized synthesis of AsA and GSH as well as a direct decrease in
AsA and GSH contents.
4.2 Influence of As and Pb concentrations in plant tissue and
frond ultrastructure

Plants have different capacity to take up and accumulate heavy metals in various organs [11]. In the present
study, majority of As was found in the pinnae, showing
the ability of P. vittata to translocate As from the under
ground part to the above ground part. Our results are
consistent with previous researches [17, 43]. Pb mainly
occurred in roots of P. vittata, and this result is in agreement with the previous studies by Godzik [34]. Trivedi
and Erdei [44] also reported that Pb transport to shoot in
wheat was restricted, and Pb was unevenly distributed in
roots. Islam et al. [12] showed that most of Pb taken up by
Elsholtzia argyi was restricted to the root, and a very small
amount was transported to the shoots. However, plant
leaves also showed obvious symptoms of Pb toxicity.
Plants endure high concentration of heavy metals and
modify toxicity of these metals by various mechanisms,
such as restricted uptake and/or translocation of heavy
metals, exclusion of toxic heavy metals from cells, excretion or compartmentation of heavy metals, production of
heavy metal binding factors and/or formation of complexes with these binding factors and metals [45]. Lombi [43]
indicated that As in the fronds of P. vittata was mainly
distributed in the vacuoles. Sharma and Dubey [46] reported that Pb mainly occurred in the intercellular spaces,
cell wall and vacuoles of the plant leaves. Moreover,
small deposits were found in nuclei, chloroplasts and
mitochondria. In the present study, deposited aggregates
of heavy metals were found in the cell wall and damage
of nuclei, chloroplasts and mitochondria could be observed due to high levels of As and Pb. Furthermore,
metal speciation is one of the most important factors to
decide the toxicity. Ma et al. [17] have shown that arsenic
in P. vittata is predominantly present as inorganic As(V)
and As(III). Amounts of As(V) and As(III) in the medium
in our experiment need to be further investigated.

decrease of chlorophyll and soluble protein, release of
MDA, and damage to frond ultrastructure.
Against oxidative stress, the activities of enzymatic
(SOD and POD) and non–enzymatic (GSH and AsA)
antioxidants increased at low levels of As and Pb, which
indicated that the antioxidants were important for As and
Pb detoxification in P. vittata. As a result, MDA content
decreased with the activities of the antioxidants. However, the antioxidants decreased or leveled off at high As
and Pb concentrations. The changes might be associated
with organelle destruction and high heavy metal concentrations.
The main storage sites for As and Pb were the pinnae
and roots, respectively. Hence, we conclude that the predominant sequestration of As in pinnae and Pb in roots
might play an important role in strong tolerance and accumulation of As and Pb in P. vittata. Therefore, it is possible to use this fern to remediate the soils co–contaminated
with As and Pb.
ACKNOWLEDGMENTS
This work was supported by the Priority Academic
Program Development of Jiangsu Higher Education Institutions (PAPD), Jiangsu Planned Projects for Postdoctoral
Research Funds (1001078C) and China Postdoctoral Science Foundation funded project (20100481152). We wish
to thank Professor Fangyuan Yu and Raju Y. Soolanayakanahally (Department of Forest Science, The University
of British Columbia), for their valuable comments on
earlier drafts of this manuscript.

REFERENCES
[1]

Martínez-Sánchez, M.J., García-Lorenzo, L., Pérez-Sirvent
C. and Marimón J. (2008) Use of marble cutting sludges to
immobilize heavy metals and decrease toxicity of contaminated soils. Fresen. Environ. Bull. 17: 1672-1678.

[2]

Xenidis, A., Stouraiti, C. and Papassiopi, N. (2010) Stabilization of Pb and As in soils by applying combined treatment
with phosphates and ferrous iron. J. Hazard. Mater. 177:
929–937.

[3]

Chakrabarty, S., Sarma, H.P. (2011) Heavy metal contamination of drinking water in Kamrup district, Assam, India. Environ. Monit. Assess. 179: 479-486.

[4]

Liu, C.P. Luo, C.L., Gao, Y., Li, F.B., Lin, L.W., Wu, C.A.
and Li, X.D. (2010) Arsenic contamination and potential
health risk implications at an abandoned tungsten mine
southern China. Environ. Pollut. 158: 820–826.

[5]

Cho, Y., Bolick, J.A. and Butcher, D.J. (2009) Phytoremediation of lead with green onions (Allium fistulosum) and uptake
of arsenic compounds by moonlight ferns (Pteris cretica cv
Mayii). Microchem. J. 91: 6–8.

[6]

Zhu, Y.G., Williams, P.N. and Meharg, A.A. (2008) Exposure to inorganic arsenic from rice: a global issue? Environ.
Pollut. 154: 169–171.

5 CONCLUSIONS
Upon As and Pb co–exposure, growth of P. vittata,
especially its mature fronds, was affected. We found that
the plants experienced oxidative stress, which induced

2227

© by PSP Volume 21 – No 8a. 2012

Fresenius Environmental Bulletin

[7]

Shelmerdine, E.P.A., Colin, R.B., Steve, P.M. and Scott,
D.Y. (2009) Modelling phytoremediation by the hyperaccumulating fern, Pteris vittata, of soils historically contaminated with arsenic. Environ. Pollut. 157: 1589–1596.

[8]

Wei, C.Y. and Chen, T.B. (2006) Arsenic accumulation by
two brake ferns growing on an arsenic mine and their potential in phytoremediation. Chemosphere 63: 1048–1053.

[9]

Shoji, R., Yajima, R. and Yano, Y. (2008) Arsenic speciation
for the phytoremediation by the Chinese brake fern, Pteris
vittata. J. Environ Sci. 20: 1463–1468.

[10] Vahter, M. (2009) Effects of arsenic on maternal and fetal
health,” Annu. Rev. Nutr. 29: 381–399.
[11] Islam, E., Yang, X.E., Li, T.Q., Liu, D., Jin, X.F. and Meng,
F. (2007) Effect of Pb toxicity on root morphology, physiology and ultrastructure in the two ecotypes of Elsholtzia argyi.
J Hazard. Mater. 147: 806–816.
[12] Islam, E., Liu, D., Li, T.Q., Yang, X.E., Jin, X.F.,
Mahmooda, Q., Tian, S. and Li, J. (2008) Effect of Pb toxicity on leaf growth, physiology and ultrastructure in the two
ecotypes of Elsholtzia argyi. J. Hazard. Mater. 154: 914–926.
[13] Hadi, F., Bano, A. and Fuller, M.P. (2010) The improved
phytoextraction of lead (Pb) and the growth of maize (Zea
mays L.): the role of plant growth regulators (GA3 and IAA)
and EDTA alone and in combinations. Chemosphere 80:
457–462.
[14] Tang, Y.T., Qiu, R.L., Zeng, X.W., Ying, R.R. Yu, F.M. and
Zhou, X.Y. (2009) Lead, zinc, cadmium hyperaccumulation
and growth stimulation in Arabispaniculata Franch. Environ.
Exp. Bot. 66: 126–134.
[15] Pérez-Sirvent C., Martínez-Sánchez M.J., García-Lorenzo
M.L. and Bech J.(2008) Uptake of Cd and Pb by natural vegetation in soils polluted by mining activities. Fresen. Environ.
Bull. 17: 1666-1671.
[16] Chang, J.S., Yoon, I.H. and Kim, K.W. (2009) Heavy metal
and arsenic accumulating fern species as potential ecological
indicators in b As–contaminated abandoned mines. Ecol. Indic. 9: 1275–1279.
[17] Ma, L.Q., Komar, K.M., Tu, C., Zhang, W.H., Cai, Y. and
Kennelley, E.D. (2001) A fern that hyperaccumulates arsenic.
Nature 409: 579–579.
[18] Wu, F.Y., Leung, H.M., Wu, S.C., Ye, Z.H. and Wong, M.H.
(2009) Variation in arsenic, lead and zinc tolerance and accumulation in six populations of Pteris vittata L. from China.
Environ. Pollut. 157: 2394–2404.

[24] Guri, A. (1983) Variation in glutathione and ascorbic acid content among selected cultivars of Phaseolus vulgaris prior to and
after exposure to ozone. Can. J. Plant Sci. 63: 733–737.
[25] Ellman, G.L. (1959) Tissue sulfhydryl groups. Arch. Biochem. Biophy. 82: 70–77.
[26] Nandita, S., Ma, L.Q., Mrittunjai, S. and Bala, R. (2006) Metabolic adaptations to arsenic–induced oxidative stress in Pteris
vittata L and Pteris ensiformis L.. Plant Sci. 170: 274–282.
[27] Wu, F.Y., Leung, H.M., Wu, S.C., Ye, Z.H. and Wong, M.H.
(2009) Variation in arsenic, lead and zinc tolerance and accumulationin six populations of Pteris vittata L. from China.
Environ. Pollut. 157: 2394–2404.
[28] Rahman, A.M., Hasegawa, H., Rahman, M.M., Islam, M.N.,
Miah, M.A.M. and Tasmen, A. (2007) Effect of arsenic on
photosynthesis, growth and yield of five widely cultivated
rice (Oryza sativa L.) varieties in Bangladesh. Chemosphere
67: 1072–1079.
[29] Martĺnez–Domĺnguez, D., de las Heras, M., Navarro, A.F.,
Torronteras, R. and Córdoba, F. (2008) Efficiency of antioxidant response in Spartina densiflora: An adaptative success in
a polluted environment. Environ. Exp. Bot. 62: 69–77.
[30] Azcón, R., Perálvarez, M.C., Birób, B., Roldánc, A. and
Ruíz–Lozano, J.M. (2009) Antioxidant activities and metal
acquisition in mycorrhizal plants growing in a heavy–metal
multicontaminated soil amended with treated lignocellulosic
agrowaste. Appl. Soil Ecol. 41:168–177.
[31] Shi, Q., Zhu, Z., Xu, M., Qian, Q. and Yu, J. (2006) Effect of
excess manganese on the antioxidant system in Cucumis sativus L. under two light intensities. Environ. Exp. Bot. 58:
197–205.
[32] Sun, R.L., Zhou, Q.X., Sun, F.H. and Jin, C.X. (2007) Antioxidative defense and proline/phytochelatin accumulation in
a newly discovered Cd–hyperaccumulator, Solanum nigrum
L.. Environ. Exp. Bot. 60: 468–476.
[33] Tu, C., Ma, L.Q. and Bondada, B. (2002) Arsenic accumulation in the hyperaccumulator Chinese brake and its ultilization potential for phytoremediation. J. Environ. Qual. 31:
1671–1675.
[34] Godzik, B. (1993) Heavy metal contents in plants from zinc
dumps and reference area. Pol. Bot. Stud. 5: 113–132.
[35] X. D. Cao, L. Q. Ma, C. Tu, “Antioxidative responses to arsenic in the arsenic–hyperaccumulator Chinese brake fern
(Pteris vittata L.),” Environ. Pollut. vol. 28 pp. 317–325,
March 2004.

[19] Embrick, L.L., Porter, K.M., Pendergrass, A., and Butchert,
D.J. (2005) Characterization of lead and arsenic contamination at Barber Orchard, Haywood County, NC. Microchem. J.
81: 117–121.

[36] Miteva,E., Peycheva, S. (1999) Arsenic accumulation and effect on peroxidase activity in green bean and tomatoes. Bulg.
J. Agric. Sci. 5: 737–740.

[20] Zhang, X.Z., Chen, F.Y., and Wang, R.F. (1994) Plant Physiology Experiment Guide. Shenyang: Liaoning Science Technology Press.

[37] Dai, F., Huang, Y., Zhou, M. and Zhang, G. (2009) The influence of cold acclimation on antioxidative enzymes and antioxidants in sensitive and tolerant barley cultivars. Biol.
Plant. 53: 257–262.

[21] Tang, Z.C., Wei, J.M., Chen, Y., Zhong, Z.X., Qu, W.J. and
Chen, J.C. (1999) Modern Experimental Guide on Plant
Physiology. Beijing: Science Press.
[22] Wang, J.Y., Ao, H. and Zhang, J. (2003) Experimental Technique and Principle for Plant Physiology and Biochemistry.
Harbin: Northeast Forestry University Press.
[23] Li, H.S., Sun, Q. and Zhao, S.J. (2000) Experiment Principle
and Technology of Plant Physiology and Biochemistry. Beijing: Higher Education Press.

2228

[38] Semane, B., Cuypers, A., Smeets, K., Belleghem, F.V.,
Horemans, N., Schat, H. and Vangronsveld, J. (2007) Cadmium responses in Arabidopsis thaliana: glutathione metabolism and antioxidative defence system. Physiol. Plant 129:
519–528.
[39] Szöllösi, R., Varga, I.S., Erdei, L. and Mihalik, E. (2009)
Cadmium–induced oxidative stress and antioxidative mechanisms in germinating Indian mustard (Brassicajuncea L.)
seeds. Ecotoxicol. Environ. Saf. 72: 1337–1342.

© by PSP Volume 21 – No 8a. 2012

Fresenius Environmental Bulletin

[40] Yadav, S.K., Dhote, M., Kumar, P., Sharma, J., Chakrabarti,
T. and Juwarkar, A.A. (2010) Differential antioxidative enzyme responses of Jatropha curcas L. to chromium stress. J.
Hazard. Mater. 180: 609–615.
[41] Sun, Q., Ye, Z.H., Wang, X.R., and Wong, M.H. (2005) Increase of glutathione in mine population of Sedum alfredii: a
Zn hyperaccumulator and Pb accumulator. Phytochemistry
66: 2549–2556.
[42] Jia, Y., Tang, S., Wang, R.G., Ju, X.H. Ding, Y.Z., Tu, S.X.
and Smith, D.L. (2010) Effects of elevated CO2 on growth,
photosynthesis, elemental composition, antioxidant level, and
phytochelatin concentration in Lolium mutiforum and Lolium
perenne under Cd stress. J. Hazard. Mater. 180: 384–394.
[43] Lombi, E., Zhao, F.J., Fuhrmann, M., Ma, L.Q. and McGrath,
S.P. (2002) Arsenic distribution and speciation in the fronds
of the hyperaccumulator Pteris vittata. New Phytol. 156:
195–203.
[44] Trivedi, S. and Erdei, L. (1992) Effects of cadmium and lead
on the accumulation of Ca2+ and K+ and on the influx and
translocation of K+ in wheat of low and high K+ status. Physiol. Plantarum 84: 94–100.
[45] Ali, M.A., Ashraf, M. and Athar, H. R. (2009) Influence of
nickel stress on growth and some important physiological/biochemical attributes in some diverse canola (Brassica
napus L.) cultivars. J. Hazard. Mater 172: 964–969.
[46] Sharma, P. and Dubey, R.S. (2005) Lead toxicity in plants.
Braz. J. Plant Physiol 17: 35–52.

Received: November 16, 2011
Revised: February 17, 2012
Accepted: April 12, 2012

CORRESPONDING AUTHOR
Yan-ming Fang
College of Forest Resources and Environment
Nanjing Forestry University
159 Longpan Road
210037 Nanjing, Jiangsu
P.R. CHINA
E-mail: jwu4@njfu.edu.au
FEB/ Vol 21/ No 8a/ 2012 – pages 2215 - 2223

2229

© by PSP Volume 21 – No 8a. 2012

Fresenius Environmental Bulletin

DETERMINATION OF HYDROLOGICALHYDROCHEMICAL PARAMETERS AND
MACROINVERTEBRATE VARIABILITY IN FORESTED
WATERSHEDS BY CANONICAL CORRELATION ANALYSIS
Ibrahim Yurtseven1,*
1

Istanbul University, Faculty of Forestry, Department of Watershed Management, 34473 Istanbul, Turkey

ABSTRACT
Recently, ecological water monitoring has become
one of the fundamental issues of stream ecology. Out of
biotic communities living around streams, macroinvertebrates are commonly used as water quality indicators. In
this research, quantitative distributions of macroinvertebrate groups, living on a stream in the Belgrad Forest
which represents a status close to the natural one and thus
becomes a reference field with this property, were determined and it was explained how the change observed in
the hydrological/hydrochemical conditions caused population interaction on the species. Relationships between
macroinvertebrate species and environmental hydrological/hydrochemical parameters were established through
Canonical Correlation Analysis. It was found that there
were strong relationships between Heptagenia sulphurea
species and dissolved oxygen amount as well as Potamon
fluvitilis and organic substance amount. It was also detected that population of Gammurus pulex increased under conditions with increasing magnesium, nitrate nitrogen amounts and flow- rates.

KEYWORDS: Macroinvertebrate, hydrological-hydrochemical
parameters, canonical correlation analysis, indicator species

1. INTRODUCTION
There has been an inclination towards the ecosystem
approach which reflects complex intrasystem interactions
from hydrological-hydrochemical quality monitoring in
recent studies conducted to reveal the pollution and decomposition levels of streams [1-5]. This is because of the
fact that the best indicator reflecting the ecological health
* Corresponding author

and integration level in the streams is structural and functional property of biotic communities according to the
results of many researches [6].
Structural components (taxonomic diversity, variety,
indicator species) of a stream ecosystem are more sensitive to the external factors than the functional properties
(species, nutrition relationship and production). Functional properties mainly show the general health status of the
ecosystem.
Forestry practices have the potential of changing the
flow regime due to their hydrological effects [7]. Change
in the flow regime causes successive effects on the stream
ecosystem [8]. Habitat changes and that in the population
dynamics of macroinvertebrates (food of fish and, as a
result, differentiations observed in the fish population) are
closely related to the forestry practices. Thus, water and
situation of the ecosystem in the riparian zone should be
included in the parameters to be considered during planning of these activities.
In general, macroinvertebrates are aquatic organisms
which spend at least one period of their lives in water, and
do not have skeleton systems [9]. Besides forming an important step of the nutrition pyramid, macroinvertebrates
also include species which ideally demonstrate the situation
of the ecological balance or the decomposition process.
First indicator of deterioration usually becomes the macroinvertebrate species. These species particularly react to
many habitat properties in the stream channels and those
related to the flow.
Macroinvertebrates are, in the different amounts
along with the stream bed, according to the forms of nutrition [8]. The main reason is the vegetation situation
and, therefore, the organic particles in the water are distributed in different amounts in the stream. Generally, large
pieces of the organic substances are mostly in the parts of
upper forest of watersheds [10]. So, the ratio of the presence in the forest upper watersheds of shredder organisms
fed with these pieces is higher than the bottom parts of the
watershed. The species has the type of collector feeding,
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and increased in number due to the fact that there are
extremely piece part organic substances in the bottom
parts of the watershed [11].
In recent years, macroinvertebrates have been commonly used in the ecosystem researches as they potentially react with a very broad effect variety. In particular, the
benthic macroinvertebrates become prominent due to their
sensitivity to temperature, oxygen, light, bed material,
chemical-toxic matters and habitat characteristics and
their reactivity to the sudden changes in the water quality,
and they are used as biotic indicators in the studies conducted in many countries to assess the water quality in
rivers and streams [12]. Moreover, they are frequently
taken into account in long-term observations and restoration studies in the river or lake quality assessments [13].
In one of the studies, Moring [6] used the method of
comparing the quality parameters in the forestry and urban watersheds with the macroinvertebrates. It was detected in these studies that species with low sensitivity to
pollution were found at urban watersheds while species
with high sensitivity to pollution were found at forested
watersheds. In the studies of Potter et al. [4], the quality
parameters of some watersheds selected in North Calorina
and indicator macroinvertebrates were associated, and
important findings were obtained. In the study, field characteristics of the river sides in the open areas and of
streams in the forested watersheds were associated with
macroinvertebrate indicator species showing that the
water quality was much better in the streams of forested
watersheds than those found in open areas. As for the
study conducted by Smith et al. [5], they aimed at determining the effects of flow continuity in the waters found
within forests on the macroinvertebrate communities. It was
detected in the study that streams that flow continously
contain much more varieties of macroinvertebrates than
the intermittent streams. Decline in the water amount decreases the carriage of nutrients and influences the substrate
and, as a result, reduces the macroinvertebrate population
[14]. In the studies conducted in sites close to agricultural
fields, it was observed that macroinvertebrate populations
belonging to Odonata and Ephemeroptera family decreased significantly due to the decline in the flow [15].
In this case, it can be concluded that flow-rate is the leading factor that keeps the water quality at optimum level.
Water amount and the use of macroinvertebrates as
pollution indicator have also started to become common
in our country. Barlas [16] emphasized that river bed
structure is also effective on the distribution of macroinvertebrates as well as the flow-rate. Kara and Çömlekçioğlu [17], Balık et al. [18] and Uyanık et al. [19]
detected in their studies that macro-benthic fauna was
sensitive to the physical and chemical factors in its habitats. They also found in these studies that change in the
physical and chemical factors influenced the distribution of
macroinvertebrates. Özalp [20] investigated the sensitivity of Gammarus pulex that is a macroinvertebrate
species to thallium pollution, and detected that this heavy
metal is an extremely toxic element leading to some histo-

logical changes in Gammarus pulex. In the study conducted
by Selvi [21], effects of heavy metal pollution (Fe, Ni,
Cu, Zn) on some benthic macroinvertebrates were investigated, and it was revealed that heavy metal pollution
caused declines in the number of macroinvertebrate fauna.
This research is a 12-months monitoring-assessment
study conducted in upper forested watersheds in Belgrad
Forest and covers studies on macroinvertebrate species
population status (hydrological/hydrochemical parameters.
Belgrad Forest has been the subject of many researches in
the past [22-25]. However, no study is available concerning the hydro-ecological assessment of stream systems
within the forest. This study has the feature of being the
first one conducted in streams within the forests on hydrological and biological basis. In this regard, this research
can be considered as an important start. Study consists of
the stages of observation in the field, sampling, water
analyses in the laboratory, macroinveretbrate species identification and, finally, evaluation of these by the canonic
correlation analysis.
2. MATERIAL AND METHODS
2.1. Study Area

Research site covers the tributary river of Ortadere
watershed located in northwestern part of Belgrad Forest
at 37 T 0660830 – 4565839 coordinates, and on the edge
of Çatalca Peninsula which extends into north-east part of
the Thracian region and leans against the Istanbul Bosphorus (Fig. 1).
In the sampling stream, while small point bars and
pools are observed towards bottom of the watershed as a
result of the decrease of flow in summer, woody debris ia
abundantly observed in winter due to strong flow. It is
obvious that woody debris carried by strong flow in winter constitutes a unique habitat for macroinvertebrates. It
is of great importance for water production of the watershed. It is one of the several natural forested watersheds
of İstanbul where water is produced. Besides, even if it is
not at a big amount, wood is produced from upper parts of
the watershed.
2.2. Collecting of the macroinvertebrate

Bed material collected through Ekman-Birge grab
having a surface area of 232 cm2 was filtered by passing
through sieves with different aperture sizes, and the macroinvertebrates were collected via auxiliary equipments,
such as forceps or pipettes, out of the remaining material in
an extremely careful manner (in order to avoid breaking the
parts that may be helpful in identification). Then, these
macroinvertebrates were put into 200-ml brown glass
bottles including 70 % alcohol and 30 % pure water, and
kept in fridge.
2.3. Determination of hydrological-hydrochemical parameters
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Beside to collection of the macroinvertebrates, water
temperature, pH, electricity conductivity and dissolved
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FIGURE 1 - General view of the research watershed and the sampling point (Area of the watershed including the sampling point is 71.90 ha,
its slope is 10 % and its drainage density is 3.60 km2 (see Table 1)).

TABLE 1 - Some features of the research watershed
Properties
Area (ha)
Mean slope (%)
Drainage density (km/km-2)
Elevation (m)
Mean litter thickness (cm)

Research Watershed
71.90
10.00
3.60
104-158
. 5.00

oxygen measurements were also performed in the field
through a portable WTW Multiline P4 device. In the laboratory environment, turbidity, total hardness, Ca+2, Mg+2,
cloride, alkalinity, organic matter-permanganate index, Na+,
K+, N-NO3 /nitrate-nitrogen and N-NH4 / ammonium nitrogen determinations were conducted. “Standard Methods for the Examination of Water and Wastewater” of
APHA-AWWA-WPCF [26] were used during the analyses. Flow-rate value was also found by measuring the
water velocity and channel section at sampling.
2.4. Statistical analysis

One of the points to be emphasized in the researches
conducted on the community ecology is to what extent the
numbers and distributions of the species will react to the
effects of environmental variability. In the generally used
statistical methods, data either display a linear relationship or they have a limiting effect on the regression analysis due to different species. Data-analytic methods, such
as ordination and clustering, are usually applied in the
analysis that is not linear or monotonous, and carried out
in relation to any species community. One of the most
frequent problems is that effect of a single variable on the
species cannot be revealed completely due to interde-

pendence of environmental variability. Thus, a multivariate direct gradient analysis called canonical ordination has
been developed through combination of regression and
ordination techniques in recent years [27, 28]. Canonical
Correlation Analysis ensures the classification and distribution of species through ordination on the basis of their
frequency situations [29]. Briefly, Canonical Correlation
Analysis is one of the multivariate statistical analysis techniques that reveal the level of the relationship between the
cluster composed of independent variables and that composed of dependent variables [30]. Canonical correlation
analysis is not a multiple regression analysis. Even though
multiple regression analysis determines the relationship
between a dependent and multiple independent variables,
the canonical analysis investigates the relationship between p dependent variable(s) and q independent variable(s). Canonical correlation analysis obtains the canonical functions based on the correlation between two independent canonical varieties maximizing the correlation
between linear components that constitute the cluster of
dependent and independent variables [31]. In this research, canonical correlation analysis was carried out to
determine how 13 macroinvertebrate species were affected by 15 hydrological-hydrochemical parameters.
3. RESULTS AND DISCUSSION
Hydrological-hydrochemical parameters were analyzed on a tributary of Ortadere Watershed located in
Belgrad Forest during 12 months, and are indicated in
Table 2. During this period, the highest water temperature
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and, thus, the lowest water depth and the lowest amount
of dissolved oxygen were recorded in August. It was
observed that macroinvertebrate species variety decreased
considerably during this month. Standard deviation value
of the blurriness was above the mean value. Broad variations were not observed in monthly changes of parameter
values in the watershed waters that are found within forests and not polluted by any kind of point pollution
source. In August, pH value was at the highest level but
lowest in November. October was the month when Mg,
Ca, Cl, K, nitrate and ammonium nitrogen reached the
highest levels. Alkalinity and organic matter reached their
highest levels in September. Finally, the highest sodium
value was detected in May (Table 2).
As it is obvious from Table 3, Gammarus pulex is the
dominant species in the study. The highest number of
Gammarus pulex species was observed in May while the
lowest number was encountered in July. Ephemera vulgate, Ecdyonurus dispar and Palingenia longicauda were

observed in March at most. These species were not encountered during July, August and September. Heptagenia sulphurea was primarily seen in June, and not observed
during August and September. As for Calopteryx virgo,
Anisops debilis and Habroleptoides confusa, they were
encountered in May at the most.
It is concluded that parameters affect each other in
the analyses performed with regression techniques, and
this situation will have an impact on the accurateness of
the results. Correlation coefficients obtained in the regression analyses conducted for species are displayed in Table
4. According to this table, there is a high and positive
correlation between Perlodes microcephala species and
the chloride amount. There are significantly high correlation coefficients between Palingenia longicauda and
electricity conductivity; Tubifex species and sodium
amount; Gerris sp. and magnesium amount; Heptagenia
sulphurea species and dissolved oxygen amount.

TABLE 2 - Certain properties of hydrological-hydrochemical parameters.
Parameter

Unit

Water Temperature
pH
Water depth
Runoff
Conductivity
Bulanıklık
DO
Toplam sertlik
Ca2+
Mg2+
ClAlk.
O2
Na+
K+
N-NO3
N-NH4

0

Range of variation
Min.
4.1
6.58
1
0
198
1.3
2.66
5.20
10.34
0.36
24.99
41.1
1.57
1.73
1.44
0.72
0.19

C
cm
m3/sn
µS/cm
NTU
mg/L
(FS0)
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/L
mg/Lt
mg/L

Mean and standard deviation

Max.
20.8
7.03
51
0.007
332
17.75
9.27
17.63
35.17
22.56
71.82
115.79
7.77
5.00
4.21
3.46
0.38

11.81 ± 6.07
6.84 ± 7.03
27.03 ± 11.05
0.001 ± 0.002
289.58 ± 36.87
5.24 ± 5.29
4.44 ± 1.95
10.45 ± 3.40
23.12 ± 8.01
11.42 ± 6.41
43.81 ± 13.57
74.12 ± 21.84
3.86 ± 1.80
3.16 ± 1.07
2.07 ± 0.77
1.77 ± 0.87
0.23 ± 0.05

TABLE 3 - Certain properties of macroinvertebrate species populations.
Macroinvertebrate
Gammarus pulex
Gerris sp.
Ephemera vulgata
Ecdyonurus dispar
Palingenia longicauda
Heptagenia sulphurea
Perlodes microcephala
Calopteryx splendes
Calopteryx virgo
Tubifex sp.
Potamon fluviatilis
Anisops debilis
Habroleptoides confusa

Unit
2

#/m
# /m2
# /m2
# /m2
# /m2
# /m2
# /m2
# /m2
# /m2
# /m2
# /m2
# /m2
# /m2

Range of variation
Min.
15
0
0
0
0
0
0
0
0
0
0
0
0
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Max.
143
28
12
16
12
20
4
8
12
36
8
4
8

Mean and standard deviation
66.66 ± 40.80
8.91 ± 3.31
4.16 ± 1.99
5.33 ± 2.46
4.5 ± 2.13
9.33 ± 3.92
2.33 ± 1.38
4.83 ± 2.66
4.5 ± 3.86
4.16 ± 3.14
3.00 ± 1.67
2.16 ± 3.28
2.66 ± 2.77
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TABLE 4 - Pearson correlation analysis between macroinvertebrate species and hydrological-hydrochemical parameters.
Macroinvertebrate
Gammarus pulex
Gerris sp.
Ephemera vulgata
Palingenia longicauda

Heptagenia sulphurea

Perlodes microcephala

Calopteryx virgo

Interaction parameter with
Correlation Analysis
Sodium (mg/L Na+)
Magnesium (mg/L Mg2+)

Pearson

Correletion Coefficient (r)
0.750
-0.797*

Magnesium (mg/L Mg2+)
Salinity (µS/cm)
Discharge (m³/sn)

-0.744
-0.871*
0.756

Dissolved oxygen (mg/L O2)
Salinity (µS/cm)
Chlorine (mg/L Cl-)

0.768*
-0.744
-0.784*

Total hardness (FS°)
Calcium (mg/L Ca2+)

0.716
0.714

Chlorine (mg/L Cl-)
Organic matter (mg/L O2)
Sodium (mg/L Na+)

0.902*
0.767
0.734

Calcium (mg/L Ca2+)
Sodium (mg/L Na+)
* Marked correlations were significant (p<0.05).

0.746
0.850*

Tubifex sp.

TABLE 5 - Canonical axis information.

Eigenvalue
Variability (%)
Cumulative variability (%)

F1

F2

F3

F4

F5

F6

1.150
18.609
18.609

1.025
16.578
35.187

1.004
16.241
51.428

1.002
16.209
67.636

1.000
16.182
83.818

1.000
16.182
100.000

Canonical correlation analysis was applied to the data
in order to eliminate the effects of parameters on one another. At the first step, canonical correlation analysis interpreted the interactions between p-dependent (hydrological-hydrochemical parameters) and q-inde-pendent (macroinvertebrate) variables by reducing them to the linear
components along axes. Six canonical axes restricted by
hydrological-hydrochemical parameters were derived in
line with this canonical correlation analysis. Eigenvalues
of these axes, their ratios of explaining the variance, and
their cumulative variance values are displayed in Table 5.
When ratios of the axes to explain the variance are
examined, it is clear that they demonstrate a gradually
decreasing tendency. Axis couples which can explain the
variance with the highest percentage should be selected to
ensure the accurate interpretation of the canonical correlation. F1 and F2 axes that explained the variance by 35 %
were considered in the study (Fig. 2).

FIGURE 2 - Percentages of F1 and F2 axes to explain the variance.

F1 and F2 axes display the hydrological-hydrochemical
parameters that canonical correlation analysis takes into
account, and the species population scores. In interpreting
the obtained canonical functions, greatness or smallness
of the canonical coefficients, or positivity or negativity of
the mark, indicate the position of the variable in the axis.
Interpretation can be determined according to the positions of variables as it can be seen in the following diagram (Fig. 3).
When Fig. 3 was examined, information can be obtained with regards to the relationships between species
on the 1st and 2nd axes, and the hydrological-hydrochemical
parameters. In this diagram, positions of the arrows belonging to the environmental variables and the macroinvertebrates depend on the eigenvalue of the axes, intracluster relationship of the environmental variable and
macroinvertebrates with the axes.
Canonical correlation analysis does not use correlation coefficients in detecting the relationships as in the
case of regression analysis. Instead, it uses the cosine
square to determine the levels of relationships. According
to this, it can be observed that the value of cosine square
between Heptagenia sulphurea species and the dissolved
oxygen amount is high and positive. There is also a positive relationship between Potamon fluviatilis species and
the organic matter amount. It is also seen that Gammarus
pulex is associated with magnesium amount, nitrate nitrogen and the flow-rate.
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FIGURE 3 - Ordination analysis of macroinvertebrate species and hydrological-hydrochemical parameters found by canonical correlation
analysis.

TABLE 6 - Summary of canonical correlation analysis.
Macroinvertebrate
Heptagenia sulphurea
Potamon fluviatilis
Gammarus pulex

Relationship of macroinvertebrate species with the
first axis (Cosine square)
0.365
0.135
0.123

Hydrological-hydrochemical
parameters
Dissolved oxygen (mg/L)
Organic material (mg/L O2)
Magnesium (Mg mg/L)
Nitrate nitrogen (mg/L N-NO3)
Discharge (m³/sn)

Relationship of the hydrologicalhydrochemical parameters with
the first axis (Cosine square)
0.397
0.313
0.206
0.198
0.184

* Marked correlations were significant (p<0.05).

4. CONCLUSION
Forestry practices or silviculture processes can also
change the hydrological-hydrochemical structure of the
stream as they change the flow regime. Effects of this
change can be monitored by macroinvertebrates, at the
most clear and rapid manner. This study that is considered
as a reference conducted in a forest ecosystem in which no
human effect has been observed, except for acid rains,
provided the opportunity of comparing the effects of deterioration in case of future changes in the ecosystem due to
anthropogenic or natural reasons.

Canonical correlation analysis shows that macroinvertebrate species can display different reactions to each
other within the same habitat conditions, and to the hydrological-hydrochemical parameters of the habitat. This finding also means that each macroinvertebrate species has a
different tolerance value against pollutants in the stream. It
was determined that the statistical method ideally analyzing
these tolerance values and the interaction of macroinvertebrate species was the Canonical Correlation Analysis.
This is because of the fact that parameters affect each
other in the other correlation analyses while they do not
affect each other in Canonical Correlation Analysis.
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It was found in this study that the lower number of
species-parameter relationships obtained by Canonical
Correlation Analysis, with respect to regression analysis,
resulted from the lack of interactions between parameters.
Results of the canonical correlation analysis and the regression analysis used to detect the relationship between
Heptegenia sulphurea and dissolved oxygen amount were
similar. It can be concluded that Heptagenia sulphurea
species can decrease in number and, even, disappear provided that the dissolved oxygen amount decreases in case
of the warming of the stream. As one of the may bugs, it
is observed that Heptegenia sulphurea can survive in
oxygen-rich waters [32]. However, it is known that Gammarus pulex is very sensitive to saltiness as well as poorly
tolerant against low oxygen concentration [33]. It was also
detected in this study that Gammarus pulex population increased when magnesium amount, nitrate nitrogen amount
and the flow-rate showed an increase. While no relationship
could be found between Potamon fluviatilis and any one
of the parameters in the regression analysis, increase in
organic matter amount was found by canonical correlation
analysis being able to increase the population of Potamon
fluviatilis species in the stream.
We hope that this study will shed light on the future
studies to be conducted regarding the health and integration of the forest ecosystem in a broad sense.
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ABSTRACT
The photocatalytic degradation of 17α-ethinylestradiol
(EE2) in aqueous suspension under ultraviolet irradiation
was investigated using zinc oxide prepared through hydrothermal process. The as-prepared ZnO was characterized
by scanning electron microscopy (SEM) and X-ray diffraction (XRD). The results showed that the three-dimensional
structured ZnO microspheres were synthesized by assembly of nanorods with hexagonal wurtzite structure. The
influence of initial ZnO doses and pH on EE2 degradation
was firstly examined. The degradation efficiency of EE2
could reach the highest point at pH 9.0 with 0.5 g·L−1
ZnO. In addition, the effects of the presence of HCO3−,
NO3− and HPO42− on EE2 removal were also revealed. It
was found that the photocatalytic reaction was totally inhibited by NO3− and HPO42−, whereas the process was
slightly promoted by HCO3−. The photocatalytic process
of ZnO followed the pseudo-first order rate kinetics. The
reaction rate constant for EE2 degradation by ZnO/UV
was 0.156 min−1, which was higher than 0.110 min−1 of
TiO2 (Degussa P25) suspension. This work can provide
some useful information for the removal of EE2 by ZnO
from wastewater for a water reclamation purpose.

* Corresponding authors

So, new methods are needed for the effective removal of
EE2 from wastewater. Advanced oxidation process, such
as UV [5], O3 [6], UV/H2O2 [3], O3/H2O2 [7], UV/TiO2
[8] and sonocatalysis [9], can be an alternative to conventional methods for the removal of EE2. Among them, semiconductors, such as TiO2 and ZnO, are the most extensively used photocatalyst due to their high photocatalytic activity. Although TiO2 is considered as the most active photocatalyst, ZnO can also be a suitable method for the removal
of this persistent material owing to its relatively extended
spectral absorption and higher photon utilization [10, 11].
Self-assembly method [12, 13] was employed to form
ZnO microspheres with highly symmetrical conformation.
So far, there has no reports about degradation of EE2 by
nano ZnO, let alone, ZnO self-assembly microspheres.
In the work, ZnO self-assembly microspheres were
synthesized, characterized and tested for the removal of
EE2. This study aims to investigate the photocatalytic degradation of EE2 in ZnO suspension with emphasis on the
effects of anions and operating variables and the kinetic
scheme. The reaction rate constant was lastly compared
with the photocatalytic process of TiO2 for EE2 degradation.

KEYWORDS: 17α-ethinylestradiol; ZnO; self-assembly microsphere; photocatalysis; anions.

2 MATERIALS AND METHODS
2.1 Materials

1 INTRODUCTION
Endocrine disrupting compounds (EDCs), which are
arbitrarily abused and disposed, are hormonally active
chemicals with the potential to elicit adverse effects on the
endocrine systems of wildlife and humans [1]. One of the
most important and commonly found EDCs from
wastewater is the synthetic 17α-ethinylestradiol (EE2) [2].
EE2 is generally more stable and has greater estrogenic
potency than natural estrogens [3]. It is also found to be
poorly re-moved by conventional wastewater treatment
methods [4].

EE2 and Methanol (HPLC grade) were purchased
from Sigma and Merck, respectively. The chemical structure and characteristics of EE2 were listed in Table 1. All
other reagents were analytical grade and used as received.
Zn(NO 3)2·6H 2O, NaOH, ethanol (EtOH), Poly ethylene
glycol (PEG, average molecular weight 2000) were used
as reactants without further purification, and doubly distilled water was used throughout. Additionally, NaOH
and HCl were used as pH adjustment chemicals.
2.2 Preparation of photocatalysts
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0.002 mole of Zn(NO3)2·6H2O, 0.04 mole of NaOH
and 1.3 g of poly ethylene glycol (PEG 2000) were dissolved in 5 mL of distilled water. Then 35 mL anhydrous
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TABLE 1 - Structure and characteristics of EE2.
Chemical structure
Estrogen

17α-ethinylestradiol

Formula
λmax
Water solubility

C20H24O2
278 nm
4.8 mg·L−1

pKa

10.5

ethanol and 5 mL of distilled water were added into the
above solution under magnetic stirring. After it became
transparent, the mixture was experienced a 10 min supersonic (20 kHz) pretreatment in a ultrasonic cleaner with a
power of 200 W, then hydrothermally treated at 453 K for
20 h in a Teflon-lined autoclave. After the treatment, the
precipitate was harvested by centrifugation and thoroughly
washed with absolute alcohol and distilled water for three
times, respectively. Then, the sample was dried at 80 ℃ for
20 h.
2.3 Characterization of photocatalysts

Morphology of the samples was studied by scanning
electron microscopy observations (SEM, JEOL JSM-6700F)
with an acceleration voltage of 5 kV. The crystal structure of
the photocatalyst was examined by X-ray diffraction (XRD)
with a D/max-RA Cu Kα diffractometer (λ = 0.154056 nm)
employing a scanning rate of 0.02° S−1 in the 2θ ranges
from 25° to 80°.

their coexistence with the contaminants in secondary effluent. For uniformity, the study was carried out at neutral
initial pH and all anions were added as sodium salts at an
initial concentration of 500 mg·L−1. Samples were regularly withdrawn from the reactor and centrifugalized for
separation of any suspended solid prior to analysis. Then,
the samples were run on high performance liquid chromatograph.
2.5 Analysis

High performance liquid chromatograph (HPLC, Agilent 1100 system) was used to analyze EE2 concentrations. The mobile phase was a mixture of water and methanol in ratios of 70:30(v/v) with a flow rate of 0.5
mL·min−1 working at room temperature. The injection
volume was 10 µL and the detection with UV absorption
was performed at 280 nm. The retention time was 8.7 min
under these conditions.
3 RESULTS AND DISCUSSION

2.4 Photocatalytic reactor setup and degradation procedure

The photocatalytic reactor was fitted with quartz vessel and had a 6 W UV lamp with an irradiation density
peaking at 254 nm. The photoreactor, which was 300 mm
in length, consisted of a column reactor with two quartz
glass tubes of different diameters situated inside. The UV
lamp was put in the central of the reactor, including a gas
input port at the bottom. The temperature caused by irradiation was controlled by cooling water in the outer annular section. The stock solution of EE2 was prepared in
methanol followed by gradually dilution with distilled
water. A desired amount of ZnO was suspended in 200 mL
2.719 mg·L−1 EE2 solution in the photoreactor.
For all experiments, clean air was bubbled through
the solution at a fixed flow rate (2 L·min−1). Prior to UV
irradiation, the aqueous suspension was magnetically
stirred in the dark for 30 min to ensure the establishment
of adsorption/desorption equilibrium. Then, the suspension was irradiated with UV light at constant aerating
speed. The initial acidity of reactivity solution was adjusted
by the addition of either NaOH or HCl solutions to study
the effect of pH on photodegradation rate. The effects of
HCO3−, NO3− and HPO42− ions were revealed because of

3.1 SEM and XRD results

Fig.1 shows SEM overviews of the as-prepared ZnO.
The nearly monodisperse sphere construction was formed
by ZnO nanorods with a diameter of about 2.5-6.5 µm.
The length of these nanorods is in the range of 1.5-3.5
µm. Since Van der Waals’ interactions were not strong
enough to stabilize the superstructures under ambient
conditions, the integrating force in the ZnO system was
thus believed to be the strong chemical bonding between
the contacting lateral surfaces of ends [13].
Fig.2 illustrates the XRD of ZnO self-assembly microspheres. It can be seen that the synthesized samples
have indeed diffraction peaks of ZnO. All of the diffraction peaks can be indexed as hexagonal wurtzite structure
of ZnO and diffraction data are in good agreement with
the JCPDS card for ZnO (JCPDS 36-1451) [13]. There
are no characteristic peaks from other impurities, indicating the formation of pure ZnO products. The sharp and
strong diffraction peaks also confirm the good crystallization of the products [12]. The average diameter of the
nano ZnO microsphere product was estimated according
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to the Scherrer equation and was coincident with the help
of SEM results.

A

(a)
FIGURE 2 - XRD of microsphere assembly of ZnO nanorods.
3.2 Effect of catalyst concentration

Effect of ZnO concentration on EE2 degradation is
depicted in Fig.3. The results revealed that the degradation efficiency was enhanced as ZnO dose was increased
up to 0.5 g·L−1 because of the increasing presence of
catalyst sites and the number of EE2 molecules absorbed
on the catalyst [11, 14]. A decrease in degradation rate
was observed above 0.5 g·L−1 ZnO. This could be attributed to the aggregation and light scattering by the
excess ZnO and reduced light penetration, which thereby
decreased the number of •OH [14]. Hence, 0.5 g·L−1 ZnO
was chosen to be the optimumD catalyst amount for the
EE2 study under UV light.

(b)

C

(c)
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FIGURE 3 - Effect of the amount of ZnO on EE2 degradation:
[EE2]0 = 2.719 mg·L−1; irradiation time = 100min; initial pH neutral.
3.3 Effect of pH
(d)
FIGURE 1 - SEM overviews of the as-prepared microsphere assembly of ZnO nanorods: (A) A top view SEM image of the as-prepared
microsphere assembly of ZnO nanorods; (B and C) SEM image of
two similar size ZnO self-assembly microspheres; (D) SEM image of
two different size ZnO self-assembly microspheres.

Fig.4 shows the influence of pH during EE2 decomposition. The range covers the pH at point of zero charge
(pzc) of ZnO and the pKa of EE2 which are 8.0 [15] to
9.0 [16] and 10.5 [3], respectively. An increase in degradation rate was observed as pH tended to 9.0. In other
words, the highest degradation efficiency was observed at
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pH 9.0. The lower rate of degradation at pH 3.0 was possibly attributed to acid corrosion of ZnO [15]. As the pH
increasing, the higher removal rate was obtained. When
pH reached to 9.0 nearly the pzc of ZnO, the surface
charge of ZnO might be decided on the species of matters
adsorbed on the surface of the catalyst because the surface
charge of photocatalyst could be changed by pH [14]. The
high degradation rate at pH 9.0 was due to the enhanced
adsorption between the catalysts and EE2, and the much
more formation of •OH radicals by excess of OH anions
in alkaline medium. A slightly decrease in the degradation
rate was then observed at pH 11.0 where the pH value
was higher than pzc and pKa. The surface of ZnO was
negatively charged at pH 11.0, and the phenolate anions
of EE2 might be repelled by ZnO, resulting in a decrease
in the adsorption of EE2 [15]. The EE2 solution was degraded well at neutral pH, therefore other parameters
were studied at neutral pH.

oxidizing radicals, and NO3− had comparatively weaker
effect on adsorption and consequently on the photocatalytic degradation [17]. As a result, the adsorbed anions
competed with organic pollutants for the photo-oxidizing
species on the surface of catalyst and prevented the photocatalytic degradation of EE2. However, HCO3− had a positive effect on photocatalytic process. The result was different from the reported research by Krishnakumar et al. [11].
Explanation of this situation was possible because the
effect of HCO3− ions was not totally through competitive
adsorption, but via the hole transferred to the surface of
catalyst. The competitive adsorption of HCO3− ions did
not lead to the retardation effect of the photodegradation.
In ZnO/UV system, HCO3− could trap hydroxyl radicals
to produce less reactive •CO3−. Although this reaction
might occur in ZnO/UV system, it appeared to be of minor importance on the photodegradation of EE2 [18]. More
systematic investigation on the effect of HCO3− might be
required in future study.
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FIGURE 4 - Effect of initial pH on EE2 degradation: 0.5 g·L−1 ZnO;
[EE2]0 = 2.719 mg·L−1; irradiation time = 100min.
3.4 Effect of anion additives

Previously, the photocatalytic degradation of EE2
consistence with Langmuir-Hinshelwood kinetic model
was observed [8]. The plot of ln(C0/C) versus irradiation
time showed in Fig.5 reflects the influence of HCO3−,
NO3− and HPO42− on the removal of EE2. It could be
observed that the photocatalytic reaction was totally inhibited by NO3− and HPO42−, whereas the process was
slightly promoted by HCO3−. The rate constant (k) values
of HPO42−, NO3−, anion free and HCO3− at pH 7 were
0.059, 0.123, 0.156 and 0.212 min−1, respectively. In the
illuminated ZnO system, 62.1% degradation was observed
without additives, and 27.4, 48.2 and 67.2% degradations
were observed with Na2HPO4, NaNO3 and NaHCO3,
respectively after 100 min irradiation.
Compared with NO3−, the higher inhibition was found
when HPO42− was added into the suspension. The mechanism for the inhibition had been attributed to the blockage
of catalyst sites and the competition of reaction with the

20

40

60

80

100

Irradiation time (min)
FIGURE 5 - Effect of anions on EE2 degradation: 0.5 g·L−1 ZnO,
[EE2]0 = 2.719 mg·L−1, initial pH neutral; (▲) HCO3−, (■) NO3−, (◆)
HPO42−, (●) anion free.
3.5 Kinetics of photocatalytic degradation of EE2

The photocatalytic reaction mechanism is generally
composed of two main steps: fast adsorption of the reactants on the catalyst surface and a slow step of reaction in
the adsorbed organic compounds and photogenerated hydroxyl radicals. The kinetics of photocatalytic reactions in
aqueous solutions is commonly described by LangmuirHinshelwood model, which relates the degradation rate
and the concentration of organic compound C. Since the
EE2 concentration is very low, the model can be simplified to the first-order kinetics with an apparent rate constant (k), ln(C/C0) =－kt, where C0 is initial EE2 concentration. The linearity of the plots, whose negative slope is
equal to the apparent first order rate constant k, suggests
that the photocatalytic reaction approximately follows the
pseudo-first order kinetics. From the above study, the rate
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TABLE 2 - Reaction rate constant values and initial EE2 concentrations for the degradation of EE2 by TiO2 and ZnO.
Oxidation features
Immobilized TiO2/UVA
Immobilized Degussa TiO2/UVB & C at pH=3.5-4
Immobilized Degussa TiO2/UVA
Degussa TiO2(10 mg·L−1)/UV (λ=365 nm) at pH=7
ZnO (0.5 g·L−1)/UV(λ=254 nm) at pH=7

k (min−1)
0.086
0.231
About 0.225
0.110
0.156

constants of EE2 photodegradation were 0.069, 0.118,
0.156, 0.190 and 0.097 min−1 corresponding to pH 3, 5, 7,
9 and 11. Photocatalytic reaction in 0.5 g·L−1 ZnO suspension after 100 min, the highest apparent rate constant
was found to be 0.190 min−1 with 64.2% degradation of
EE2 at pH 9.
The photocatalytic degradation of EE2 probablely occurred at the C10 and C2 atoms (see Table 1 for atom
numbering). For the frontier electron densities (FEDs) for
the EE2 molecule, the highest 2FED2HOMO and FED2HOMO
+ FED2LUMO were at the C10 and C2 atoms (the values
were 0.564 and 0.357, respectively) in the phenol moiety,
respectively [19]. Therefore, the reaction was initiated by
the addition of •OH radicals at C2 position in the aromatic
ring followed by the ring opening mechanism, and the
C10 atom was one of the most likely sites to be attacked
by holes oxidation [19]. The kinetic process was significantly influenced by the generated •OH. It might be inhibited or promoted by the decrease or increase of •OH radicals.

Initial EE2 concentration
10 µg·L−1
3 µM
0.8 mg·L−1
500 µg·L−1
2.719 mg·L−1

Reference
[8]
[20]
[21]
[22]
This study

ciency of EE2 could reach the highest point at pH 9.0
with the amount of ZnO of 0.5 g·L−1. Moreover, the
photocatalytic reaction was totally inhibited by NO3− and
HPO42−, whereas the process was slightly promoted by
HCO3−. The removal photoprocess was consistent with
pseudo-first order kinetic scheme. The reaction rate constant for EE2 degradation by ZnO/UV was higher than
those by TiO2 (Degussa P25) suspension. The results indicate that ZnO is a highly potential way to remove EE2
from wastewater.
ACKNOWLEDGEMENT
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3.6 Comparison with TiO2 for EE2 degradation

Reaction rate constant values and initial EE2 concentrations for the degradation of EE2 by TiO2 and ZnO are
listed in Table 2. It can be seen from the table that the
reaction rate constant for EE2 degradation by ZnO/UV
(λmax = 254 nm) is slightly lower than those by immobilized Degussa TiO2/UV (UVB & C or UVA). The result
might be due to the efficient photoreactors and wider spectral range used. However, the degradation efficiency for
ZnO/UV system was higher than immobilized TiO2/UVA
system. Besides, the photocatalysis of ZnO suspension was
superior to TiO2 (Degussa P25) suspension under UV.
This might be due to the excellent quantum efficiency of
ZnO and its novel structure of self-assembly microsphere.
On the other hand, the initial degradation rate, which was
calculated by multiplying k by the initial EE2 concentration, was 0.424 mg·L−1·min−1 in ZnO/UV system. It was
higher than any other TiO2/UV systems mentioned. Hence,
ZnO also has a huge potential to be used for the removal
of EE2 from wastewater.
4 CONCLUSION
This study reported an efficient degradation of EE2 by
ZnO self-assembly microspheres for the first time. ZnO/UV
system was demonstrated to be capable of removing EE2
under the experimental condition. The degradation effi-
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ABSTRACT

1. INTRODUCTION

In this study, a Stagnic Albeluvisol soil was spiked
with Pb, Cu, and Zn, at the rate of 5000 mg·kg-1 as
Pb(NO 3)2, Cu(NO 3)2⋅6H 2O and Zn(NO3)2⋅6H2O, respectively, and incubated for 56 days. Next, cement (CEM),
steel shots (SS) and spodic horizon (SH) were added, and
the incubation proceeded for further 84 days, after which
the elution process was performed. Effluents were collected periodically and analyzed for pH as well as Pb, Cu
and Zn concentrations. Geochemical changes induced by
stabilizer incorporation have revealed that effluents collected from the CEM treatments over the whole incubation time were characterized by a pH increase (ca 1.8 pH
units) in the case of 1% spiking rate (pH 5.0-6.8). Most
importantly is the slight pH change (ca 0.5 pH units) for
CEM at 3%. For the SS and SH treatments, pH varied
within quite similar ranges, i.e., 2.5–3.5, indicating strong
acidification. Amounts of Pb eluted from CEM treatments
represented 14.5 and 0.76% of those recovered in the
control, respectively, for the rates of 1 and 3%, whereas
for SS and SH, it was 60 and 78% (at the rate of 1%), and
56 and 87% (at 3%). Copper was eluted from 68 to 91%
of the amounts of control, respectively, for SS and SH
applied at 1%, and from 49 to 89% in the case of 3%.
Only 2.27 and 0.32%, with respect to control, was eluted
at 1 and 3% CEM, accordingly. Mean concentrations of
Zn eluted from SS and SH treatments were very high and
varied, respectively, from 70 to 87% for the rate of 1%,
and 67 to 88% for 3%, as referred to control. For 1 and
3% CEM, Zn represented accordingly 24 and 0.06% of
control treatment. The elution-based sequence was as follows: SH > SS > CEM, implying that metal stabilization
proceeded most efficiently in the reverse order.

KEY WORDS: Heavy metals, cement, steel shots, spodic soil,
pH, elution, stabilization

* Corresponding author

The transformation of trace metals in the environment
is controlled by several factors acting complexly in order
to mitigate metals negative impact on the flora and fauna.
These processes stress on the importance of natural attenuation mechanisms occurring in remediation activities of
slightly or moderately contaminated sites [1-3]. Technologies for the remediation of soils contaminated by
heavy metals usually rely either on in situ capping or excavation, removal, and disposal of the contaminated materials. In the last decade, several approaches have been developed and some alternatives were implemented to the
complete removal of polluted soils [4, 5]. But these techniques still remain expensive and hardly achievable. This
was due to the fact, that many of these engineering techniques are subject to economic and logistic restrictions [5],
and practically invasive or prevent the restoration of environmental equilibrium.
Anthropogenic heavy metals generally are adsorbed
on surfaces of soil colloids via outer-sphere and innersphere surface complexations [6, 7], and then slowly transform to highly stable forms with time. The mechanisms of
decreasing extractability and mobility of metals incorporated into soils are not fully clear, although they are of
importance in the evaluation of their toxicity when implementing remediation goals. Stabilization methods are
widely applied for the remediation of soils heavily contaminated or polluted by metals, in particular under conditions where bioremediation and phytoremediation are not
suitable due to potential toxicity to microorganisms and
plants [8]. These involve the use of metal-blocking agents
(zeolite, montmorillonite, coal fly ashes, cement, ferric
compounds, organic materials, etc.) which may limit metals mobility and prevent them from spreading over large
areas of the surface [9-13]. However, metal fixing-agents
introduced in the soils are intended not to alter the physical and chemical properties of treated soils, but should be
environmentally friendly.
Reduction in metal mobility is a dynamic process basically dependent on soil chemical reaction (i.e. pH),
charge density and the level of free metal ions as well as
their exchangeable pools at soil colloid interfaces. Inves-
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tigations reported by Boekhold et al. [14] revealed that Cd
sorption doubled by each 0.5 pH increment in the range
pH 3.8-4.9. On the other hand, the addition of iron-rich
materials reduced in vitro extractable Pb in Pb-contaminated
soil [15, 16]. The effect of organic matter in soils as heavy
metal-stabilizing agent is related to its properties to modify pH and to influence the nature and extent of metal
retention by both solid and soluble organics [17-19]. Stabilization of inorganic contaminants by promoting sorption, retention and the formation of insoluble compounds
may be a cost-effective method for mitigating the risk of
metals dispersion to the environment and most specifically, to hamper their potential phytoaccumulation and
groundwater pollution [20, 21].
The aim of the paper was to evaluate geochemical
changes evoked by the incorporation of both Pb, Cu and
Zn, and also the input of cement, steel shots and spodic
materials into Stagnic Albeluvisol. Specifically, soil reaction (i.e. pH) and elution process as well as effluent characteristics have been considered as operational tools for
the assessment of metals stabilization and/or mobility.
2 MATERIALS AND METHODS
2.1 Physical and chemical analyses and treatments elaboration

The investigated soil is a composite (mean of 10 single samples) surface soil horizon (0-10 cm) of Stagnic
Albeluvisol [22], sampled at Rudnica (52° 20.736 N; 16°
23.381 E, Poland). Prior to analysis, the composite soil
(CS) was air-dried and ground to pass a 2.0-mm mesh
sieve. Particle size distribution was evaluated according to
Polish guidelines [23, 24] whereas organic carbon (Corg.)
was determined by the dichromate wet oxidative method
[25]. Soil pH was potentiometrically measured in
bidistilled water and 1 mol KCl dm-3 (w/v – 1:1) and 0.01
mol CaCl2 dm-3 (w/v – 1:2), [26]. The cation exchange
capacity (CEC) of soil was assayed by the Mehlich method, modified by Kociałkowski and Ratajczak [27]. Concise characterization of soil and stabilizers used in the
current study is reported in Tables 1 and 2, respectively.
TABLE 1 - Selected physical and chemical properties of the composite soil (CS).
Parameter
pHH2O
pHCaCl2
pHKCl
ΔpH (KCl-H2O)
CEC
Corg.
Sand
Silt
Clay
Pb
Cu
Zn

Unit

cmol(+) kg-1
g kg-1

mg⋅kg-1

Value
6.0
5.9
5.5
0.5
7.3
16.8
750
210
40
16.9
16.5
37.5

TABLE 2 - Chemical composition of stabilizers.
Parameter
pH H2O
pHCaCl2
pHKCl
ΔpH (KCl-H2O)

Unit

Corg.

g kg-1
cmol(+) kg-

CEC
Pb
Cu
Zn
Mn
Fe2O3
Al2O3
a

-

1

mg⋅kg-1

g kg-1

CEMa

SSb

SHc

13.1
*
13.3
0.2
*
*

7.9
6.9
8.5
0.6
*

4.8
4.6
4.0
0.8
5.1

0.57

11.0

37.9
701
29.0
2.42
251
5.8

110
2.13
2.12
0.053
4.1
41.5

114.0
33.9
118.0
0.43
47.5
116.0
*

cement, b steel shots, c spodic horizon, not determined

2.2 Preparation of treatments

The composite soil (CS) was spiked with Pb, Cu, and
Zn as Pb(NO3)2, Cu(NO3)2⋅6H2O, and Zn(NO3)2⋅6H2O),
respectively at the rate of 5000 mg·kg-1,. The treatments (in
duplication) were thoroughly mixed and watered to a moisture close to field water capacity (FWC). Next, they have
been incubated in a chamber, where the temperature was
set at 18-21 °C. A detailed description of treatments preparation is listed in Table 3.
TABLE 3 - Steps and processes involved in the elaboration of Pb,
Cu and Zn-spiked soil treatments.
1 Soil spiking with Pb, Cu, Zn; 56 days of pre-incubation (Step I)
2 Application of stabilizers at the rates 0, 1 and 3%, dry weight basis
(Step II)
3 Incubation of treatments for further 84 days with stabilizers (Step III)
4 Leaching process (Step IV)
2.3 Elution process

This process was conducted in polyethylene columns
(25 cm height, 10.5 cm width) filled with Pb, Cu, Znspiked soil to 15 cm height. The soil was compacted to
obtain soil density of 1.4 g·cm-3 (1818.19 g on dry weight
basis). Soil columns were eluted with seven equal doses
(i.e., 130 cm3) of deionized water giving thus a total of
910 cm3. This volume is equivalent to the annual mean of
water percolating through unsaturated zone to ground
water in the Wielkopolska region (Poland). Effluents were
collected two days after adding water, and another volume of water was supplied three days later. Lead, copper,
zinc concentrations were determined immediately after
effluents collection by AAS analysis (Varian Spectra AA250 Plus), whereas pH was measured potentiometrically
by using the multifunctional equipment Elmetron-CX701. Reported data are means of two replicates. Graphical
representation, calculations and statistical evaluation were
made by using Statgraphics® software and Excel® sheet
facilities.
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3 RESULTS AND DISCUSSIONS
3.1 Physical and chemical properties of tested soil and stabilizers

The content of Pb, Cu and Zn (Table 1) implies that
the investigated soil was not contaminated; hence, the
input of external sources of metals will not disturb the
chemistry of these trace levels, 16.9, 16.5 and 37.5 mg kg-1,
for Pb, Cu and Zn, respectively. According to Polish regulation concerning metal contamination, the Directive of
Polish Minister of Environmental Protection and Forest
Resources for Soil and Earth Quality (Dz. U. nr 165, poz.
1359), [28] suggested the following metal threshold values for agricultural land (Group B 0-0.3 m): Pb – 100, Cu
– 150 and Zn – 300 mg kg-1. It can be observed (Table 1)
that metal contents of the Stagnic Albeluvisol are definitely below the reported thresholds.
The granulometric composition reveals a prevalence
of the sand fraction (75%), whereas silt and clay represent
21 and 4%, respectively. Such percentage share is not
favorable for reducing metal mobility, but the level of
organic carbon (i.e., 16.8 g kg-1), along with slightly acidic
soil reaction (pH = 5.5), created conditions that may attenuate metal mobility. This is outlined by the value of the cation
exchange capacity (CEC) amounting to 7.3 cmol(+) kg-1.
Metal reaction with soils may be strengthened by the
incorporation of additives (mineral, organic, mixed) generally designated as stabilizers like those listed in Table 2
(cement (CEM), steel shots (SS) and the spodic horizon
(SH)). The following sequences can be set:
- pH-based values: CEM > SS > SH
- for Fe2O3 and Mn: SS > CEM > SH
- for Al2O3-based sequence: CEM > SH > SS.
Among the three tested stabilizers, the SH material
exhibited the lowest pH (4.0 in the case of 1 mol KCl dm-3)
but simultaneously a CEC value of 11.0 cmol(+) kg-1. It
appeared, therefore, that pH was not the sole parameter that
could control metal geochemistry in treatments with SH.
The calculated ΔpH (pHKCl-pHH2O) for SH and CS (composite soil) amounted to 0.8 and 0.5, respectively, which
implies geochemical reactions in CS and SH treatments
should be fully regulated by buffer mechanisms (practically under CEC control).
3.2 Effluent pH as impacted by stabilizers and incubation time

Soil solution has been defined by Adams [29] as the
aqueous component of soil at field-moisture content, and
later by the Jang et al. [30] as the aqueous liquid phase of
the soil and its solutes. Regardless of the definition, it is a
medium within which all soil reactions occur and, therefore, it is dynamic in nature. The knowledge of soil solution characteristics is critical for understanding the chemical processes that control bioavailability, mobility, retention and geochemical cycling of elements. Data reported in
Fig. 1 describe pH changes as related to stabilizer rates (0,
1 and 3%) and incubation time for Pb, Cu and Zn-spiked

soils. As it can be observed, effluents collected from the
1% CEM treatments over the whole incubation time were
characterized by a dynamic pH increase (ca 1.8 pH units)
at pH 5.0-6.8. Most importantly is the slight pH change
(ca 0.5 pH units) for CEM at 3% and significantly alkaline conditions (pH 8.1–8.6). These conditions favor intensive metal reaction with high concentrations of hydroxyl
groups (OH-), with the prevalence of chemisorption. This
mechanism is intended to proceed both in case of 1 as
well as 3% CEM.
The next set consists of treatments such as SS and SH
characterized by pH variations within quite similar ranges,
i.e., 2.5 – 3.5. It should be mentioned, that SS contains 251 g
Fe kg-1 as Fe2O3, and SH - 41.5 g Al kg-1 as Al2O3. The significant acidification generated by incorporating SS, on
one hand, and soil-born aluminum reactions in the case of
SH, on the other hand, deserves special attention.
Hydratation of Fe and Al produces generally important concentrations of protons and, in some cases,
some hydroxyl compounds, accordingly:
Fe: Fe2+ + 6H2O ↔ Fe(OH)3 + 3HO3+
Fe2O3 + 3 H2O ↔ 2Fe(OH)3
Fe2+ + H2S + 2 H2O
→ FeS + 2H3O+
3+
Al: Al
+ 2H2O → Al(OH)2+ + H3O+
These simplified reactions are responsible for the
mostly low pH observed in Fig. 1, and may significantly
alter Pb, Cu and Zn geochemistry. High proton concentrations in the ambient soil solution create strong ion competition within the system H+ versus Pb2+; Cu2+; Zn2+. Finally, metal retention/stabilization and/or potential mobility
should be regulated among others by the levels of free
metal ions.
3.3 Elution process and stabilizer-controlled metals mobility
3.3.1 Amounts of Pb eluted

Reactions regulating Pb geochemistry involve two
basic processes: specific and nonspecific exchange mechanisms. It was demonstrated by Schulthess and Huang [31]
that the first degree of hydrolysis of Pb2+ ions (Pb2+ →
PbOH+) occurs at pH ca 5.90. According to Appel and Ma
[32], in neutral to alkaline soil conditions, the amounts of
hydrated metals at the first degree of hydrolysis increased
simultaneously enhancing metal adsorption. The following reaction is generally suggested:
Me2+(aq) + 2n H2O → Me(OH)n2-n + n H3O+
Such conditions may have been acting in the case of
the CEM treatments at both rates, i.e. 1 and 3%, where pH
values varied between 5.1-6.4 and 8.2-8.7, respectively
(Table 4). This resulted in lower cumulative levels of Pb
eluted, accordingly 173.2 and 9.1 mg kg-1, i.e., 14.5 and
0.76% of the amounts of Pb eluted from the control treatment (1191.1 mg kg-1). Treatments receiving steel shots
(SS) and spodic horizon (SH) materials were characterized
by significantly high amounts of eluted Pb, representing on
average of 60 and 78% (at 1%), and 56 and 87% (at 3%),
respectively, of those recovered from the control.
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FIGURE 1 - Changes in effluent pH as influenced by stabilizers application rate in Pb, Cu, and Zn-spiked soil.

TABLE 4 - Summary of the amounts of Pb eluted per 1818.4 g soil mass in the column (120 days of incubation; n = 7).
cm3 H2O
Sum
3709
Mean
530
SD*
296
*
SD – Standard Deviation

Contr.
1191.1
170.2
69.4

SS

1%
SH

713.5
101.9
50.0

930.7
133.0
70.3
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CEM
mg Pb kg-1
173.2
24.7
36.4

SS

3%
SH

CEM

670.6
95.8
61.8

1020.5
145.8
72.1

9.1
1.3
1.5
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The adsorption preference exhibited by Pb in soil systems or others natural sorbents has been frequently observed [33-35]. This geochemical behavior is a result of a
high affinity of Pb for most mineral and organic colloid
functional groups, which are hard Lewis bases – carboxylic and phenolic groups (Pb2+ is a borderline hard Lewis
acid). The high electronegativity (1.9) makes it an efficient candidate for electrostatic and inner-sphere surface
complexation reactions [36].
Treatments receiving SS and SH materials were characterized by significantly high amounts of eluted Pb,
representing on average of 60 and 78% (at 1%), and 56
and 87% (at 3%), respectively, of those recovered from
the control. One of the main factors, responsible for such
excessive elution, was pH varying on average from 2.53
to 3.58 in the case of SS but 2.79 to 3.47 for SH. It should
be mentioned that conditions for Pb hydrolysis were not
fully appropriate, since pH was markedly below ca 5.90
(Fig. 1), and the competition with protons affects Pb sorption and further retention by soil particles. The mean
effluent pH (i.e. 3.12) recorded for SS and SH at 1 and
3% along with the relatively low amount of Pb being
adsorbed (as compared with the CEM treatments) could

be attributed to the prevalence of Pb2+ ions which, in turn,
support the postulates of Schulthess and Huang [31] and
Appel and Ma [32].
3.3.2 Variability in Cu desorption

Anthropogenic Cu in soils is usually characterized by
different states of solubility which, in turn, may greatly
influence its soil chemistry. Hence, in highly contaminated soils, Cu may be found as organically bound [37] and
in the residual fraction [38, 39], but also in significant
concentrations of the so-called active Cu fractions (i.e.,
Cu eluted), as those reported in the current study (Fig. 2).
As it can be observed, amounts of Cu eluted followed a
trend similar to that developed under Pb elution process.
More Cu was release from the control treatment, followed
by SH, and finally SS treatments, which were found to
create better conditions for more Cu retention. Data listed
in Table 5 clearly point out a slightly highest efficiency of
SS over SH, irrespective of the rates (1 or 3%). Amounts
of Cu eluted as referred to control treatment varied from
68 to 91%, respectively, for SS and SH applied at 1% but
from 49 to 89% in the case of 3%, accordingly.

FIGURE 2 - Amounts of Pb eluted from soils as influenced by stabilizers application in Pb-spiked soil.

TABLE 5 - Summary of the amounts of Cu eluted per 1818.4 g (soil mass in the column) during 120 days of incubation.
cm3 H2O
Sum
3709
Mean
530
*
SD
296
*
SD – Standard Deviation

Control
mg Cu kg-1
1996.3
285.2
151.7

SS

1%
SH

CEM

SS

3%
SH

CEM

1367.1
195.3
108.0

1825.0
260.7
135.0

43.4
6.2
6.4

987.3
141.0
89.3

1774.6
253.5
79.2

6.4
0.9
1.6

2250
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Acidic conditions may have affected Cu retention in
these treatments, due to the high competitiveness of protons. According to Barrow et al. [40] and Dimirkou et al.
[41], the first Cu hydrolysis constant (pK1) is about 8.0
(i.e 7.2 – 8.1) which means that Cu ions in the soil solution do not easily undergo hydrolysis process, implying
that the activity of Cu2+ ions should be significantly high
throughout pH values up to 8. Most studies of the pHdependence of copper solubility indicated that solubility
and activity decreased with increasing pH [42]. Data
reported by Harter [43] showed that at pH <6, Cu in solution is virtually present (≈ 98%) as Cu2+, and at pH 4, ca
0.01% of Cu ions should be present as CuOH+. Similar results were obtained by Wiatrowska et al. [44], who observed
that the share of CuOH+ increase with pH of soil solution
was leading to a decrease of its mobility until pH 7.4.
The reactions reported below support this assumption
which, in turn, was in line with geochemical processes
observed in the current study.
So the effect of pH in decreasing the free ions activity
in the soil solutions could be also attributed to the increase in pH-dependent charges generated by the organic
matter and also by aluminum, iron compounds, present in
appreciable amounts in investigated treatments. Therefore, if we assume that the increase of pH > 5.7 may lead
to over 1% of copper ion hydrolysis in solution [45], then,
the pertaining mechanism that could be involved can be
presented as follows:

Cu2+(aq) + 2nH2O

Cu(OH)n2-n + nH3O+

at n = 1, the hydrolysis may be as follows:
Cu

2+

(aq)

+ 2H2O

CuOH+

+ H 3O +

Copper behavior in the CEM treatments proceeded as
described by these reactions, but typical chemical processes (along with physical ones) may have tremendously
increased both its retention and precipitation. Data listed
in Table 5 for CEM, explicitly reveal that only 2.27 and
0.32% as referred to Cu in control treatment was eluted,
respectively, at 1 and 3% CEM column tests. This could
be pointed out by the copper solubility diagram of
Kabata-Pendias [46], from which it could be deduced that
CuOH+, CuO, Cu2(OH)22+ and even CuCO3 are the potential Cu forms and ions controlling solubility and solution
activity at pH 8-9. This is in line with results illustrated in
Fig. 1, where pH of effluents varied from 5.06 to 6.38
(1% CEM) and 8.17 – 8.68 (3% CEM). The respective
mean pH values were 5.79 and 8.47, i.e., ΔpH = 2.68
corresponding with ca 14% decrease in Cu solubility.
Processes favoring the formation of insoluble Cu compounds (built up of the solid phase) simultaneously reduce Cu2+ concentrations in the ambient soil solution as
confirmed by Diatta et al. [37] and Harter [47]. Amounts
of Cu eluted, with regard to control treatment, varied from
68 to 91%, respectively, for SS and SH applied at 1% but
from 49 to 89% in the case of 3%, accordingly.

FIGURE 3 - Amounts of Cu eluted from soils as influenced by stabilizers application in Cu-spiked soil.
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3.3.3 Dynamics of Zn mobility

diffusion and physical occlusion of Zn ions, on the other
hand. The efficiency of this mechanism may have been
significantly limited by the proton generation process
from Fe hydratation.

Solution chemistry of Zn differs from that of Pb and
Cu by its high susceptibility to undergo hydrolysis processes easily [48]. According to Sanderson [49], the electronegativity of Zn is estimated to be 1.65, as compared to
Cu (1.90) and Pb (2.33). This physical and chemical
property weakens Zn affinity to soil constituents but favors its release [50]. Mean concentrations of Zn eluted
(Table 6) in the case of SS and SH treatments are very
high as referred to control, and represent 70 and 87% for
1% rate, and 67 and 88% for 3%. The incorporation of SS
improved slightly Zn retention by the soil, but the acidity
generated by iron compounds decreased significantly SS
efficiency. The same applies to SH, whose efficiency may
be considered as intermediate, since fluctuating between
control and SS (Fig. 4). Data reported in Table 1 suggest
that SS may contain some alkalizing compounds, since its
pH was neutral (6.9 in 0.01 mol CaCl2 dm-3) to even alkaline (7.9 in H2O extract). The lowest amounts of eluted
Zn, as compared to SH, may be explained by the effect of
pH-dependent charges developed at the surface of (Fe)
xH2O compounds, on one hand, and to the solid phase

Treatments receiving CEM exhibited pH-dependent
rates averaging 5.79 and 8.47, respectively, for 1 and 3%.
This implies that in the case of 1% CEM, physical mechanisms will prevail, such as sorption, occlusion; but for
3% CEM, chemical reactions (chemisorption) induce
direct precipitation of Zn. It has been reported that the
hydrolysis constant of Zn is 10-9.6; hence, at pH >7.0, the
species Zn(OH)+, ZnHCO3+, and Zn(OH)3 will be present in sufficient amounts relative to Zn2+ [51]. Most
importantly are the concentrations of Zn eluted from 1
and 3% CEM, respectively, 85.3 and 0.2 mg Zn kg-1 soil,
representing accordingly 24 and 0.06% of Zn eluted from
control. The efficiency of CEM treatments was unquestionably higher as compared to SS and SH. It should be
mentioned that, on the basis of effluent pH, the environmental “friendly” effect of the rate 1% CEM may be safer
than 3% CEM.

TABLE 6 - Summary of the amounts of Zn eluted per 1818.4 g (soil mass in the column) during 120 days of incubation.
cm3 H2O
Sum
Mean
SD

3709
530
296

Control
mg Zn kg-1
2465.4
352.2
203.3

SS

1%
SH

CEM

SS

3%
SH

CEM

1717.5
245.4
122.6

2150.2
307.2
186.1

597.3
85.3
66.0

1647.6
235.4
100.8

2175.4
310.8
128.1

1.4
0.2
0.2

FIGURE 4 - Amounts of Zn eluted from soils as influenced by stabilizers application in Zn-spiked soil.
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4. CONCLUSIONS

[6]

Sposito G. (1989) The Chemistry of Soils. Oxford University
Press, NY.

1. The granulometric composition reveals a prevalence
of the sand fraction (75%), whereas silt and clay represent
21 and 4%, respectively. Such percentage share is not favorable for reducing metal mobility, but the level of organic carbon (16.8 g kg-1) along with pH 5.5 create conditions,
that may slightly attenuate metal lability.

[7]

McBride M.B. (1989) Reactions controlling heavy metals
solubility in soils. Advances in Soil Science 10, 1-56.

[8]

Hettiarachchi G M. and Pierzynski G. M. (2002) In situ stabilization of soil lead using phosphorus and manganese oxides:
influence of plant growth. Journal of Environmental Quality
31, 564-572.

2. Stabilizers used in the study differed in their chemical properties, and are ranged as follows: pH: CEM > SS
> SH; Fe2O3 and Mn: SS > CEM > SH; Al2O3: CEM >
SH > SS.

[9]

Sukreeyapongse O., Holm P. E., Strobel B. W., Panichsakpatana S., Magid J. and Hansen H. C. B. (2002): pHdependent release of cadmium, copper and lead from natural
and sludge amended soils. Journal of Environmental Quality
31,1919-1909.

3. Effluents collected from the CEM treatments over
the whole incubation time were characterized by a pH
increase (ca 1.8 pH units) for 1% rate (pH 5.0-6.8). Most
importantly is the slight pH change (ca 0.5 pH units) for
CEM at 3% (significantly alkaline ph 8.1 – 8.6). For the
SS and SH treatments, pH varied within quite similar
ranges, i.e., 2.5–3.5, indicating strong acidification.

[10] Geebelen W., Vangronsveld J., Adriano D.C., Carleer R. and
Clijster H. (2002) Ammendment-induced immobilization of
lead in a lead-spiked soil: evidence from phytotoxicity studies. Water Air and Soil Pollution 140, 261-277.

4. Amounts of Pb eluted from the CEM treatment
represented 14.5 and 0.76% of those recovered in the
control, respectively, for the stabilizer rates 1 and 3%. In
the case of SS and SH materials, it was 60 and 78% (1%)
but 56 and 87% (3%).
5. Copper was eluted from 68 to 91% of the amounts
of control, respectively, for SS and SH applied at 1% but
from 49 to 89% in the case of 3%. Only 2.27 and 0.32%
as referred to control was eluted at 1 and 3% CEM, accordingly.
6. Mean concentrations of Zn eluted in the case of SS
and SH treatments are very high and varying from 70 to
87% for spiking rate 1%, and 67 to 88% for 3%, with
respect to the control. In the cases of 1 and 3% CEM, Zn
eluted represented accordingly 24 and 0.06% of control
treatment.
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ABSTRACT

KEYWORDS: aflatoxin B1, biocontrol, inhibit, degrade, nontoxigenic Aspergilli, fermented soy sauce.

Aflatoxin B1 (AFB1), as the most mutagenic and carcinogenic mycotoxin, is commonly present in food worldwide and brings about serious health and economic problem to human. So far, no method could safely and effectively eliminate AFB1 contamination in food. To obtain
an efficient strain with capability of inhibiting AFB1 biosynthesis and degrading AFB1 simultaneously, twenty
strains of non-toxigenic Aspergillus spp. isolated from the
Chinese soybean paste (including 6 of Aspergillus oryzae,
6 of Aspergillus niger, 5 of Aspergillus sojae and 3 of
Aspergillus tamarii) were assessed in this research. Results showed that 17 strains could decrease the content of
AFB1 produced by Aspergillus flavus with different degree (reduction percentage from 19.27% to 80.33%). But
only Aspergillus niger and Aspergillus tamarii have the
ability to degrade AFB 1 (degradation percentage from
6.18% to 57.44%). Among these strains, Aspergillus niger
(AN4) presented the strongest ability to control AFB1 contamination and was selected for further study. AFB1 was
degraded from 1255.00±134.20 to 200.85±41.51 ng/ml by
the culture filtrate of AN4. When the filtrate was supplemented with solid ammonium sulfate up to 80% saturation, the dissolved precipitate had the same AFB1 biodegrability as the filtrate; however, the supernatant had
lower biodegrability than the filtrate. It suggested that the
substances responsible for the degradation of AFB1 are
extracellular enzymes produced by AN4. Moreover, spore
germination of Aspergillus flavus were inhibited in vitro
by the culture filtrate of AN4. Compared to control, only
about 30% of spores germination and thinner of hyphae
were observed in test. When the culture filtrate of AN4
was applied in the production of fermented soy sauce to
control AFB1 contamination, 56.04% of AFB1 biosynthesis was inhibited and 66.93% of AFB1 was degraded,
respectively. This research demonstrates that AN4 could
effectively control AFB1 contamination and be considered
as a promising tool to manage AFB1 in fermented food.
* Corresponding author

1 INTRODUCTION
AFB1 is the most mutagenic, carcinogenic and immunosuppressive mycotoxin to humans and animals, produced as secondary metabolite by Aspergillus flavus, Aspergillus parasiticus, Aspergillus nomius, Aspergillus
pseudotamarii, Aspergillus bombycis and Emericella astellata [1-5]. In parts of Africa, China and South East Asia,
aflatoxin contamination is correlated with the incidence of
liver cancer and AFB1 is classified as a Group I human
carcinogen by International Agency for Research on Cancer
[6, 7]. Contamination with AFB1 in agricultural commodities, both pre- and postharvest, represents serious food
safety issues and significant economic concerns. During
food processing, raw materials are easy to be contaminated by molds and aflatoxins [8-12], and AFB1 is stable
throughout process. Therefore, food is also likely to be
contaminated with AFB1 [13]. It is urgent to improve the
safety of food for human consumption, especially in traditional fermented food products.
Because of its high toxicity, trials to eliminate AFB1
contamination from food and feed have been carried out
extensively. Although numerous synthetic pesticides and
fungicides have shown optimistic results for controlling
aflatoxins production, the excessive application of chemical treatments has many adverse effects on consumers and
environment; and may lead to extreme cases of acute and
chronic toxicity [14]. Thus several research groups are
now considering “light” or “natural” food grade products
with a high efficacy in the inhibition of mycotoxin production but with a low impact on the environment and on
human health [15]. The biological control has been developed as the most promising means for lowering AFB1
contamination [16, 17].
It has been reported that AFB1 was degraded by Rhodococcus erythropolis, Stenotrophomonas maltophilia
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and Bacillus spp. [18-21]. Biosynthesis of AFB1 was also
inhibited by non-toxigenic Aspergillus flavus, Aspergillus
parasiticus, Lentinula edodes, Streptomyces spp. and Saccharomyces cerevisiae [15, 22-28]. However the reported
strains mostly come from soil, so their safety are questioned. So far, no safe and effective strains could be applied
in food processing to control AFB1 contamination, for
example, the fermented food. Moreover, little information
is available on microorganisms that have the both ability: to
restrain AFB1 biosynthesis and degrade AFB1. Therefore,
the objective of our research was to screen one safe and
highly efficient strain with the above properties from nontoxigenic Asergillus spp. isolated from the Chinese soybean
paste and to analyze the mechanism of biological control.
Finally, this strain was applied in fermented soy sauce to
control contamination of AFB1.
2 MATERIALS AND METHODS
2.1 Microorganisms

Biocontrol fungi used in this study were listed in Table 1, which were isolated from the Chinese soybean
paste. In previous experiments, these strains had been
screened as non-producer of aflatoxin B1, aflatoxin B2,
ochratoxin A and fumonisin B1. In addition, Aspergillus
flavus CGMCC 3.4408 was used as producer of AFB1 and
was obtained from the China General Microbiological
Culture Collection Center (Beijing, China). All strains were
cultured on potato dextrose agar (PDA) slants for 7 days at
28°C until good sporulation was observed. The spores were
harvested and suspended homogeneously in sterilized distilled water. Then, the spores were counted and adjusted
to 1×106 conidia/ml before performing experiments.

2.2 Effect of different non-toxigenic Aspergillus spp. on the
content of AFB1 produced by Aspergillus flavus

Twenty strains were analyzed for their ability to reduce the content of AFB1 produced by Aspergillus flavus.
Flasks containing 50 ml of potato dextrose broth (PDB)
were inoculated with 1 ml of conidial suspension of Aspergillus flavus and 1ml of conidial suspension of nontoxigenic Aspergillu spp.. Then the samples were incubated at 28°C under rotary shaken condition (120 rpm) for 5
days. A control sample only with Aspergillus flavus was
included. Finally, AFB1 concentration in broth was determined and percentage of reduction was calculated.
2.3 Degradation of AFB1 by different non-toxigenic Aspergillus spp.

Standard AFB1 solution (Sigma, St.Louis, MO, USA)
was added to 50 ml of PDB to a final concentration of
1000 ng/ml. Then the PDB was separately inoculated with
1 ml of conidial suspension of non-toxigenic Aspergillus
spp.. The samples were incubated at 28°C in a shaking
incubator with 120 rpm for 5 days. Control contained
medium and AFB1, processed under identical conditions
but without non-toxigenic Aspergillus spp.. Finally, the
AFB1 concentration in broth was determined and degradation rate was calculated.
2.4 Assay of the culture filtrate of Aspergillus niger (AN4) on
the degradation of AFB1

The culture filtrate of AN4 was prepared as previously reported [29]. Fifty milliliter of PDB was inoculated
with 1 ml of AN4 conidia and incubated at 28°C under
rotary shaken condition (120 rpm) for 5 days. The culture
filtrate was collected by filtration with a four layers of
cheese cloth. In order to analyze the influence of ammo-

TABLE 1 - Non-toxigenic Aspergillus spp. used in this study
Species

Abbreviation

Pathogenicity

Aspergillus oryzae
Aspergillus oryzae
Aspergillus oryzae
Aspergillus oryzae
Aspergillus oryzae
Aspergillus oryzae
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus niger
Aspergillus sojae
Aspergillus sojae
Aspergillus sojae
Aspergillus sojae
Aspergillus sojae
Aspergillus tamarii
Aspergillus tamarii
Aspergillus tamarii

AO1
AO2
AO3
AO4
AO5
AO6
AN1
AN2
AN3
AN4
AN5
AN6
AS1
AS2
AS3
AS4
AS5
AT1
AT2
AT3

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

2257

Mycotoxin production (aflatoxin B1,
aflatoxin B2, fumonisin B1 and ochrotoxin A)
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
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nium sulfate on the ability of the culture filtrate to degrade AFB1, each 5 ml of the culture filtrate was supplemented with solid ammonium sulfate up to 20%, 40%,
60%, 80% and 100% saturation at 4°C under constant
stirring, respectively. Then the solutions were centrifuged
at 20,000×g for 20 min; the supernatants were collected
and the precipitates were redissolved in 5 ml of 50 mmol/L
sodium phosphate buffer (pH 7.4). Next, the precipitates
were dialysed (membrance cut-off of 1 kDa) against the
same buffer for 24h at 4°C. For the following experiments, PDB, the culture filtrate of AN4, dissolved precipitate solutions and supernatants were sterilized through a
0.22 µm polycarbonate filter membrane. The degradation
of AFB1 was performed in vial [30]. Fifty microliter stock
solution of AFB1 (20μg/ml) was separately added to 950 µl
of sterile liquid as follow: (a) PDB (as control), (b) the culture filtrate of AN4, (c) supernatant and (d) dissolved
precipitate solution. The mixtures were incubated in the
dark at 37°C for 5 days. Each incubation was terminated
by adding 1 ml of HPLC grade chloroform followed by
extracting the remaining AFB1 and determining the AFB1
concentration. In addition, the laccase activity and SDSPAGE of dissolved precipitate were analyzed.
2.5 Effect of the culture filtrate of AN4 on the spore germination of Aspergillus flavus in vitro

The test was performed in a double concaves slide.
Ninety microliter of PDB containing 20% (v/v) of the
sterilized culture filtrate of AN4 was added to one of the
grooves in slide. As control, 90 µl of PDB was added to
the other groove. Then these grooves were inoculated
with 10 µl of conidial suspension of Aspergillus flavus
and the slide was incubated at 28°C. After 16 and 72 h of
incubation, spore germination and mycelium morphology
were observed by the optical microscope.
2.6 Application of the culture filtrate of AN4 to reduce AFB1
contamination in fermented soy sauce

Because the culture filtrate of AN4 has high ability to
inhibit AFB1 biosynthesis by toxigenic Aspergillus flavus
and degrade AFB1, it was applied in the manufacturing
process of fermented soy sauce to reduce AFB1 contamination. The procedure for soy sauce production was according to the method of Sugiyama with some modification
[31]. The steps in making fermented soy sauce are shown
in Fig. 1. To evaluate the application effect of the culture
filtrate of AN4 to lower AFB1 contamination in fermented
soy sauce, two experiments were carried out: (a) for the
study of AFB1 biosynthesis inhibition, the substrates were
inoculated with 5 ml of Aspergillus flavus conidial suspension; (b) for the study of AFB1 degradation, the substrates were inoculated with 5 ml of Aspergillus oryzae
(AO1) conidial suspension and 2 ml of standard AFB1
solution (20μg/ml). In the fermentation step, 200 ml of
sterilized culture filtrate of AN4 (20% of salt) was added
in test; the same volume and concentration of salt brine
(without the culture filtrate of AN4) as control. Finally,
AFB1 concentration of raw soy sauce was determined.

FIGURE 1 - The manufacturing process of the fermented soy sauce.
2.7 Analysis of AFB1

AFB1 was extracted three times with chloroform from
broth cultures. The chloroform was dried under nitrogen
gas. Quantification of AFB1 was carried out according to
the method described by Khayoon with some modification [32]. First, 100 µl of the trifluoroacetic acid (TFA)
solution and 200µl of n-hexane were added to the sample
extract residue, agitated for 30 s, and kept in the dark for
15 min at 40°C. Then, the derivative was dried under
nitrogen gas. Finally, 200µl of acetonitrile:water (15:85,
v/v) was added to the vial and agitated for 30 s. Then a 20
µl aliquot of the derivative solution was injected into the
HPLC column. Chromatographic analysis was performed
using liquid chromatography Agilent Technologies series
1100 (Santa Clara, Calif., U.S.A.), which was equipped with
a reversed-phase column, symmetry C18, 250 × 4.6 mm id,
5µm particle size (Waters, Milford, Mass., U.S.A.). All
HPLC analyses were carried out under isocratic conditions
using a mobile phase of acetonitrile:water (15:85, v/v) and
a fixed ﬂow rate at 1 ml/min. Fluorescence detection was
performed at excitation and emission wavelengths of 360
and 440 nm, respectively.
2.8 Laccase activity assays

Laccase activity was measured in the reaction mixture (2.0 ml) containing 100 µM 2,2´-azino-di-3-ethylbenzthiazoline sulfonate (ABTS) and 20 mM sodium acetate buffer (pH 4.0). The reaction was started by the addition of 0.2 ml of the dissolved precipitate solution. The
substrate oxidation was monitored at 420 nm (ε420 =
0.036/µM/cm). One unit of enzyme activity was defined
as the amount of enzyme required to produce 1 µM of
oxidized product per min [33].
2.9 SDS-PAGE

SDS-PAGE was performed according to the method
of Laemmli [34], using a 12% polycrylamide gel. The
protein bands were stained with Coomassie Brilliant Blue
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R-250 (Fluka, Switzerland) and their molecular weights
were determined by comparison with low range molecular
weight markers (Bio Basic Canada Inc., Markham, Canada).
2.10 Data analysis

All experiments were carried out in triplicate. Data
were analyzed by one way analysis of variance (ANOVA)
using the Origin 8.0 software (Origin Lab Corp., Northampton, MA, USA). A probability value of 0.05 has been
used in order to determine the statistical significance.
3 RESULTS AND DISCUSSIONS

was no significant difference in Aspergillus oryzae and
Aspergillus sojae. In contrast, Aspergillus niger and Aspergillus tamarii could degrade 29.48%-57.44% and
6.18%-18.62% of AFB1, respectively. Especially, AN4
displayed the strongest ability of AFB1 degradation that
decreased AFB1 from 1011.10±33.50 to 430.32±26.10
ng/ml. In contrast to Horn and Wicklow [41], AFB1 was
degraded by Aspergillus niger in this study, and the result
is in line with other reports [47-49]. Above results
demonstrated that Aspergillus niger has the highest ability
to inhibit AFB1 biosynthesis and to degrade AFB1. To
analyze the mechanism by which Aspergillus niger reduces AFB1 contamination, AN4 was chosen for the further
analyses.

3.1 Effect of different non-toxigenic Aspergillus spp. on the
content of AFB1 produced by Aspergillus flavus

Intra-specific competition is the basis for the biological control of aflatoxins [35]. So twenty non-toxigenic
Aspergillus spp. isolated from the Chinese soybean paste,
e.g., Aspergillus oryzae, Aspergillus niger, Aspergillus
sojae and Aspergillus tamarii, were identified for their
ability to affect AFB1 production by Aspergillus flavus.
Fig. 2 shows 17 strains were able to reduce the content of
AFB1 but to different degree (reduction percentage of
19.27-80.33%). When Aspergillus flavus was grown in
association with different non-toxigenic Aspergillus spp.,
the amount of AFB1 was much less in the competitive
situation than control (p<0.05). This effect is based on the
application of non-toxigenic strains to competitively exclude naturally toxigenic strain to reduce AFB1 contamination [36]. Among these strains, Aspergillus niger showed
higher percentage of AFB1 reduction from 46.38% to
80.33%. In particular, AN4 displayed the strongest inhibiting ability that reduced the content of AFB1 from
5055.50±117.50 to 994.30±130.50 ng/ml. The results were
consistent with previous reports [37-40]. The effect could
probably be due to the extracellular metabolite of Aspergillus niger with inhibiting strategy. Horn and Wicklow
hypothesized that Aspergillu niger decreases the pH of the
substrate in order to inhibit aflatoxin formation [41]. However, Shantaha suggested gluconic acid and oxalic acid are
the major inhibitory factors produced by Aspergillus niger
to reduce AFB1 contamination. Decrease in production of
AFB1 by oxalic acid is not due to the lowering of pH and
inhibition of the growth of AFB1-producing organism, but
to antagonize aflatoxin biosynthesis [42, 43]. Some early
researches indicated that oxidative stress, particular the
increase in lipid peroxidation and free radical generation,
is a prerequisite for aflatoxin biosynthesis [44, 45]. Oxalic
acid, as a natural antioxidant, could suppress lipid peroxidation in vitro [46].
3.2 Degradation of AFB1 by different non-toxigenic Aspergillus spp.

Not all non-toxigenic Aspergilli displayed the ability
to degrade AFB1 (Fig. 3). The amount of AFB1 degradation was strain specific. Compared to the control, there

FIGURE 2 - Effect of different non-toxigenic Aspergillus spp. on
AFB1 production by Aspergillus flavus.

FIGURE 3 - AFB1 degradation by different non-toxigenic Aspergillus spp.
3.3 Effect of the culture filtrate of Aspergillus niger (AN4) on
AFB1

According to Table 2, the culture filtrate of AN4
showed significant AFB1-degrading activity, 83.99% of
AFB1 was degraded. When the culture filtrate of AN4 was
supplemented with solid ammonium sulfate up to different saturation, the dissolved precipitates and supernatants
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presented different degrading activity. Degradation rate of
AFB1 by the dissolved precipitate was rising with the
increase of ammonium sulfate saturation and reached
maximum (88.33%) at 80% of saturation level; whereas,
the inverse result was in supernatant. Meanwhile, the laccase
activity of dissolved precipitate was 78.19±3.09 U/l. The
SDS-PAGE showed predominant bands with molecular
weight between 31 and 97.4 kDa in the dissolve precipitate at 80% of ammonium sulfate saturation level (Fig 4).
In the early research, Alberts reported that there was a
significant correlation between laccase activity and AFB1
degradation; and 87.34% of AFB1 was significantly degraded by the pure fungal laccase enzyme from T. versicolor [50]. Latest report published that Aspergillus niger
is a good source of new laccase, because Tamayo Ramos
had successfully identified multicopper oxidase (MCO)
coding genes in wild-type strain Aspergillus niger ATCC
1015 and overexpressed laccase [51]. Therefore, it suggested that the mechanism of AFB1 removal by Aspergillus niger is laccase degradation and the enzyme can
cleave the lactone ring of AFB1 [52].

minated in test. Moreover, many spores had not completely
germinated (Fig. 5b). After 72 h of incubation, the diameter
of hypha was 22.22 ± 2.04μm; in addition, homogeneous
and clear cytoplasm was observed in control (Fig. 6a).
However, the treated hypha was thinner than the control
and had a mean diameter of 13.78 ± 2.04μm; the mycelium structure became heterogeneous and some cells had
suffered morphological changes (Fig. 6b). In the altered
hyphae, the cytoplasm presented a granular aspect with
vesicular structures. It was reported that metabolites of
Aspergillus niger can inhibit spore germination of Aspergillus flavus and (or) AFB1 biosynthesis [41]. Lee isolated
an antifungal peptide (termed as Anafp) from Aspergillus
niger, which is composed of a single polypeptide chain
with 58 amino acids including six cysteine residues and
the Anafp exhibited potent growth inhibitory activity
against Aspergillus flavus [53].

TABLE 2 - Degradation of AFB1 by the culture filtrates of Aspergillus niger (AN4).
AFB1 with different
Concentration of
Degradation of
treatment
AFB1(ng/ml)
AFB1 (%)
AFB1+PDB
1255.30±134.20a
AFB1+ culture filtrate
200.85±41.51b
83.99
a-b: values in each column followed by the different letter show significant difference in Tuckey-test at 5%.

FIGURE 4 - SDS-PAGE of the culture filtrate of AN4 precipitated
by ammonium sulfate at 80% of saturation level. Lane 1 shows a
protein marker: Rabbit Phosphorylase b (97.4 kDa), Bovine Serum
Albumin (66.2 kDa), Rabbit Actin (43 kDa), Bovine Carbonic Anhydrase (31 kDa), Trpsin Inhibitor (20.1 kDa), Hen Egg White
Lysozyme (14.4 kDa); Lane 2 shows the dissolve precipitate at 80%
of saturation level.
3.4 Effect of the culture filtrate of Aspergillus niger (AN4) on
spore germination of Aspergillus flavus in vitro

After 16 h of incubation, all spores had completely
germinated and formed the well-developed mycelia in
control (Fig. 5a). Compared with the control, the germinated spores were less and only about 30% of spores ger-

FIGURE 5 - Influence of the culture filtrate of Aspergillus niger
(AN4) on spore germination of Aspergillus flavus in vitro after 16 h.
(a): Aspergillus flavus incubated in PDB; (b): Aspergillus flavus
incubated in PDB with the culture filtrate of AN4.

FIGURE 6 - Influence of the culture filtrate of Aspergillus niger
(AN4) on mycelium growth of Aspergillus flavus in vitro after 72 h.
(a): Aspergillus flavus incubated in PDB; (b): Aspergillus flavus
incubated in PDB with the culture filtrate of AN4.
3.5 Application of the culture filtrate of Aspergillus niger
(AN4) to reduce AFB1 contamination in fermented soy sauce

Because AN4 presented the high effective ability
to control AFB1 in vitro, its applied value was assessed
in fermented soy sauce. As shown in Table 3, the biosynthesis of AFB 1 was inhibited from 869.62±74.2 to
382.28±41.40ng/ml by the culture filtrate of AN4, with
56.04% of inhibition. For the study of AFB1 degradation,
66.93% of AFB1 was degraded in the test group. Compared
with other strains reported, AN4 could be successfully
applied in fermented food to lower AFB1 contamination.
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TABLE 3 - Ability of the culture filtrate of Aspergillus niger (AN4) to inhibit AFB1 biosynthesis and degrade AFB1 in fermented soy sauce,
respectively.
Inhibition of AFB1 biosynthesis by the culture filtrate of AN4
AFB1 degradation by the culture filtrate of AN4
Concentration of AFB1 (ng/ml)
Inhibition (%)
Concentration of AFB1 (ng/ml)
Degradation (%)
a
Control
869.62±74.20
419.28±32.80a
Test
382.28±41.40b
56.04
138.67±13.60b
66.93
a-b: values in each column followed by the different letter show significant difference in Tuckey-test at 5%.

4 CONCLUSION
From raw materials to final products, toxigenic fungi
and mycotoxins are easy to contaminate cereal and its
products. Therefore, it is necessary to control mycotoxins
in food. It has been reported that microorganisms could
effectively reduce mycotoxins contamination in food. In
our research, a non-toxigenic Aspergillus niger (AN4)
isolated from soybean paste showed the ability to inhibit
AFB1 production and degrade AFB1. In the following
study, we found that the culture filtrate of AN4 could
degrade 83.99% of AFB1 and inhibit spore germination of
Aspergillus flavus. It is concluded that AN4 has pleiotropic effects on controlling AFB1 contamination. As a
safety, effective and economic biological agent, AN4 can
be engineered to significantly improve the quality, safety
and acceptability of traditional fermented food. In the
future, the molecular mechanism of inhibition AFB1 biosynthesis by the culture filtrate of Aspergillus niger will
be researched.
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ABSTRACT
Uncertainty evaluation of ecological model is critical
for improving prediction and identifying effective management strategies of shallow lakes. In this study, an automatic calibration approach was developed to precisely
evaluate the values of uncertainties. In the approach, the
inherent and environmental uncertainties are reflected from
the evaluation of parameter values and the input of boundary conditions, respectively. By the approach, both the
optimal values of parameters and the uncertainty levels of
parameters and boundary conditions are accurately calibrated against observation data. The approach was coupled with an ecological model and applied to a case study.
Modeling results showed good agreement between simulations and observation data in the total trends as well as
the detailed distributions. Comparing with deterministic
modeling and arbitrary stochastic modeling, the calibrated
stochastic modeling supported by the approach predicted
the potential risk of remediation measures in a more reasonable form. These results suggest that the proposed
approach and its coupling model are useful tools for uncertainty assessment and environmental management in
shallow lake systems.

KEYWORDS: Uncertainty evaluation; Automatic calibration approach; Ecological model; Shallow lake; Stochastic model

1 INTRODUCTION
The eutrophication of shallow lakes has become a
global environmental problem that seriously affects water
quality, landscape and public's health. Effective restoration
should be based on comprehensive understanding of the
ecosystem property. Ecological models are particularly
* Corresponding author

useful tools that effectively represent functions and structural characteristics of lake ecosystems [1-3]. They enable
us to investigate many practical and pressing issues that
arise during design, operation and management of lake
restoration projects. However, models basing on deterministic structures and fixed parameters generally expose
their weakness [4, 5]. Models are simplifications of reality, and they undergo some aspects of conceptualization or
empiricism. Even the model has near-perfect structure
and is expressed by exact formulae, the stochasticity of
environmental conditions and the uncertainty inside the
model may still lead to deviation of modeling results. For
example, environmental variables such as water temperature, solar radiation and precipitation, which are sensitive
to the whole ecosystem, are highly stochastic and often
departure from their annual baselines [6, 7]. Furthermore,
parameters in ecological models are easily influenced by
biological variability such as species, body sizes and other
factors, thus they can hardly be considered as fixed values
[8, 9]. Therefore, it is essential for ecological models to
account for uncertainty in their structures, inputs and
parameters.
In order to incorporate uncertainty associated with
model forecast, Monte Carlo technique was developed
and recently grown popularly due to the advantages of
widely available digital computers. For instance, Yool
[10] and Annan [5] modeled stochastic parameters as time
variants with their values being periodically chosen from
prescribed distribution. Sagehashi et al. [11, 12] developed a model that regarded parameters as ranges for forecasting restoration effect of an eutrophic lake. Saloranta
and Andersen [13] performed a simple Monte Carlo simulation based on an approach to combine efficient simulation and numerical uncertainty analysis techniques. Their
models were capable of estimating the credibility of the
results impacted by uncertainty. However, in existing models, the level of uncertainty was often measured by subjective experience and seldom precisely evaluated. For example, the ranges of sensitive parameters assigned to Monte
Carlo simulation were often arbitrary or simply relative to
the sensitivity and the stochasticity of environmental varia-
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bles usually lacked carefully description. As a result, the
uncertainty involved in the simulation would easily be either
underestimated or overestimated, which might further reduce
the veracity of prediction. Therefore, in order to improve
prediction methods and identify effective management
strategies of shallow lakes, an observation-based approach
for evaluating the uncertainties of parameters and environmental variability should be taken fully account.
Calibration is a task to identify the optimal values of
specified parameters so that model simulations closely
match observed behavior of the study lake [14-16]. Comparing to manual search, automatic calibration that involves an algorithm to make an extensive search for bestfit parameters, is fast and less subjective. However, even
after parameter calibration, it is too unlikely to find errorfree observational data due to the uncertainty as described
above. Although Bayesian related GLUE (generalized likelihood uncertainty estimation) approach has been applied
to model calibration and uncertainty analysis [16-18], such
kind of approach needs explicitly configuring in the context of ecological lake models. Therefore, developing an
automatic calibration approach including processes for
calibrating both of the optimal values of parameters and
the definite levels of uncertainties is of great use.
In this study, an automatic calibration approach for
precisely evaluating the values of uncertainties was developed. In the approach, the inherent and environmental
uncertainties are reflected from the evaluation of parameter values and the input of environmental variables, respectively. Specially, not only the optimal values of parameters
but also the uncertainties of parameters and environmental
variables are accurately calibrated against observation data.
The approach was coupled to an ecological model of shallow lake, and the efficacy of the approach-coupled model
in simulation and prediction was tested through a case
study.

parameters”, respectively. The environmental variables,
such as light, temperature and precipitation, are input as
boundary conditions. In calibration stage, environmental
variables are input as time tables. Meanwhile, in prediction stage, they are usually unknown. One simple way to
describe them is using regression functions fitted from
climatological and hydrological data. Cosine-type function such as Eq. (2) is common applied due to the periodicity of the environmental variables.
EV ( t ) = EVmin +

The procedure for the automatic calibration approach
is shown in Fig. 1, and the detailed steps are as follows:
(1) Begin the approach with the input of local parameters, observation data of state variables and environmental variables;
(2) Total 1010 sets of inherent parameters are randomly generated within the preset ranges summarized from
extensive literatures through Latin hypercube sampling to
run the model;
(3) For each run, the model gets cold start from initial
condition based on observations, and warms up for 2
years. In the formal calculation, simulations (SVsim) and
observations (SVobs) are compared by average error (AE),
maximum error (ME) and mean sum of standard deviation
(SD), which are calculated by:
⎧
SVsim − SVobs
⎪ AE =
⎪
SVobs
⎪
max ( SVsim ) − max ( SVobs )
⎪
⎨ ME =
max ( SVobs )
⎪
⎪
2
⎪
∑ ( SVsim − SVobs )
SD
=
⎪
∑ SVobs
⎩

2.1. Construction of the automatic calibration approach

dSV
= f ( SV , PM , EV )
dt

(1)

where SV, PM and EV are the state variables, parameters and environmental variables, respectively. In the
approach, the modeling results and the observation data of
the state variable SV are defined as SVsim and SVobs, respectively. Parameters are classified as two types: parameters reflecting the features of the study lake and describing the characteristics of ecological processes within the
model are defined as “local parameters” and “inherent

2π
⎡
⎤
⎢⎣1 − COS 365 ( t + ϕ EV )⎥⎦ (2)

where EVmin, EVmax and φEV are the minimum value,
maximum value and the phase of the environmental variable EV, respectively. They are all classified as local
parameters decided by information of the study lake. In
the approach, the environmental uncertainty is calculated
by the deviation of the actual data from the regression
functions of Eq. (2).

2 MATERIALS AND METHODS

The automatic calibration approach is established to
obtain optimal parameter values and quantify uncertainties of ecological model of shallow lakes, which are often
described as a system of differential equations, with each
equation having the following form [11, 19, 20]:

EVmax − EVmin
2

(3)

(4) For the sets of parameters satisfying AE < 0.1, ME
< 0.1 and SD < 0.1 for all state variables, the relative error
(RE) is further calculated by:

RE = ∑

SVsim − SVobs
SVobs

(4)

And the total relative error (TRE) is obtained by the
sum of RE for all state variables.
(5) Redo steps (3) and (4) until all sets of inherent parameters are tested, then the set of optimal values of is
determined by the lowest TRE;
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FIGURE 1 – The flow chart of the automatic calibration approach. The full explanation of the steps is given in the text.
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(6) All inherent parameters are respectively changed
their values (∆PM = 10%) to test their sensitivity (STPM,SV)
to the model results. The sensitivity of parameter PM to
the state variable SV is estimated by:

ΔSV ΔPM
STPM , SV =
/
(5)
SV PM
(7) The total sensitivity (STPM) and sensitive percentage (ST%PM) of parameter PM is further calculated by Eq.
(6) and Eq. (7), respectively:
STPM =

2
PM , SV

∑ ST

(6)

SV

ST %PM = STPM / ∑ STPMi ×100%
i

(7)

All inherent parameters are ranked by their STPM values from high to low. The first n parameters that their
accumulative sensitive percentage ∑ST%PM > 80% is
satisfied are regarded as the sensitive inherent parameters;
(8) Total 105 sets of uncertainties (UCTSP) of all sensitive inherent parameters are produced within the range
of [0, 1] through Latin hypercube sampling. Here the uncertainty UCTSP stands for the maximum percentage deviation of parameter SP from its optimal value, i. e. UCTSP =
0 and 1 means the parameter SP is absolutely precise and
100% uncertain, respectively;
(9) For each set of UCTSP, the uniform distributions
the sensitive inherent parameters subject to are decided by
Eq. (8):

SP ∼ Uniform ⎡⎣(1 − UCTSP ) × SPO , (1 + UCTSP ) × SPO ⎤⎦ (8)
where SPO is the optimal value of the sensitive inherent parameter SP;

(12) Redo steps (9) – (11) until all sets of UCTSP are
tested. The set with lowest DP value is extracted as the
most optimal set of uncertainties;
(13) The stochasticity of environmental variables is
described by normal distributions with their means changing with time:
2
⎤⎦
EV ∼ Normal ⎡⎣ EV (t ) , σ EV

where EV(t) and σ EV are the calculation values and
the standard deviations of the environmental variables EV.
The standard deviations are calculated based on comparing with observation data (EVobs(t)) by the follow equation:

obs

(t ) SVobs (t ) ≤ SVCDF ( p, t ) , t ∈ [0, T ]}
{SVobs (t ) t ∈ [0, T ]}

2.2. Coupling the approach with ecological lake model

In models to study ecological dynamics of lakes [e. g.
13, 21, 22], essential state variables include nutrient (N),
phytoplankton (P), zooplankton (Z), detritus (D) and sediment (E). Based on the previous studies, a numerical model
containing the basic components and functions of the shallow lake ecosystem is established. The conceptual diagram
of the model is illustrated in Fig. 2 and the key differential
equations are listed as follows:
⎧ dN
⎪ dt
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪ dP
⎪ dt
⎪
⎪
⎨
⎪
⎪ dZ
⎪
⎪ dt
⎪ dD
⎪
⎪ dt
⎪
⎪
⎪
⎪ dE
⎪
⎩ dt

(9)

where SVobs(t) is the observation value of state variable SV at time t, and SVCDF(p, t) is the CDF for the cumulative probability p. To evaluate how well the distributions of simulations agree with that of observations, the
relative difference (DP) is calculated by the following
equation based on the five intervals of cumulate probability p:
DP =

1
∑ R ( SVobs , p ) − p
5 p

( p = 0.1, 0.3, 0.5, 0.7, 0.9 )

(10)

where the difference between the observed and simulated distributions is as small as the DP value close to 0;

(12)

Finally, the optimal values of inherent parameters, the
uncertainties of sensitive inherent parameters and the
standard deviations of environmental variables are output
as the results of the approach. Based on these results, the
ecological model can be formally run by Monte Carlo
method.

(11) The results of Monte Carlo simulation are summarized as cumulative distribution function (CDF). The
ratio (R(SVobs, p)) of the number of observations that are
consistent with the simulated CDF to the total number of
observations is defined as:

{SV

2
1 365
∑ ⎡ EVobs (t ) − EV (t )⎦⎤
365 t =1 ⎣

σ EV =

(10) The model is run by 105 times by Monte Carlo
method, with the values of sensitive inherent parameters
produced within the ranges decided by Eq. (8) and other
parameters remaining their optimal values;

R ( SVobs , p ) =

(11)

= −µ

Lʹ′ (1− Lʹ′ / kL ) T (1−T / kT ) N
e
e
g P P + µ rP eQ10T P
kL
kT
kN + N

+ µ rZ eQ10T Z + k D cDT − 20 D + k x ( k E cET − 20 E − N ) +

SN
V

Q
N
V
Lʹ′
T
N
ʹ′
= e(1− L / kL ) e(1−T / kT )
g P P − rP eQ10T P
kL
kT
kN + N
−

−

wP
P − Pmin
Q
P−
gZ Z − dP P − P
d
k P + P − Pmin
V

=η

P − Pmin
Q
g Z Z − rZ eQ10T Z − d Z Z − Z
k P + P − Pmin
V

= µ (1 − η )

P − Pmin
gZ Z + µdZ Z + µdP P
k P + P − Pmin

wD
S
Q
D+ D − D
d
V V
w
w
= D D + µ P P − k x ( k E cET − 20 E − N )
d
d
−k D cDT − 20 D −

(13)

where Lʹ′ = L ⋅ ⎡1 − e −( k1 + k2 P ) D ⎤ / ⎡( k1 + k2 P ) D ⎤ ; the defi⎦
⎣
⎦ ⎣

nitions of all variables and parameters and the preset
ranges of inherent parameters summarized from extensive
literatures are shown in Table 1 and Table 2, respectively.
In the model, biological processes include photosynthesis
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FIGURE 2 – Conceptual diagram of the ecological model.
TABLE 1 – Definitions of symbols in the model. The preset ranges of inherent parameters are list in Table 2. The values of local parameters
are specified for the case of Huizhou West Lake.
Symbol
State variable
N
P
Z
D
E
Environmental variable
T
L
SN
SD
Q
Inherent parameter
k1
k2
kL
kT
kN
gP
rP
Q10
wP
dP
kP
Pmin
gZ
rZ
dZ
kD
kE
kx
cD
cE
wD
µ
η
Local parameter
V
d
Tmin
Tmax
φT
Lmin
Lmax
φL
Qmin
Qmax
φQ
SNmin
SNmax
φSN
SDmin
SDmax
φSD

Definition of the symbol

Unit

Nutrient concentration
Phytoplankton biomass
Zooplankton biomass
Nutrient in detritus
Exchangeable nutrient in sediment

g/m3
g/m3
g/m3
g/m3
g/m3

Temperature of water
Solar radiation effecting on phytoplankton
Input rate of nutrient in water
Input rate of nutrient in detritus
Exchange rate of lake water

°
C
Lex
g/d
g/d
m3/d

Extinction coefficient of water
Specific extinction coefficient of phytoplankton
Best light radiation quantity for growth of phytoplankton
Best water temperature for growth of phytoplankton
Half-saturation constant for phytoplankton absorbing nutrient
Maximum growth rate of phytoplankton
Maximum respiration rate of phytoplankton
Q10 coefficient
Settling velocity of phytoplankton
Death rate of phytoplankton
Half-saturation constant for zooplankton grazing phytoplankton
Minimum biomass of phytoplankton being available grazed
Maximum growth rate of zooplankton
Respiration rate of zooplankton
Death rate of zooplankton
Mineralization rate of detritus
Mineralization rate of sediment
Nutrient exchanging coefficient between water and sediment
Temperature coefficient of mineralization rate of detritus
Temperature coefficient of mineralization rate of sediment
Settling velocity of detritus
Ratio of nutrient to biomass
Assimilation efficiency
Volume of the lake (= 2.28×106)
Depth of the lake (= 1.6)
Minimum temperature of lake water (= 12)
Maximum temperature of lake water (= 36)
Phase in the forcing function of temperature (= -45)
Minimum quantity of light radiation (= 330)
Maximum quantity of light radiation (= 830)
Phase in the forcing function of light radiation (= -45)
Minimum exchange rate of lake water (= 1.6×103)
Maximum exchange rate of lake water (= 1.4×104)
Phase in the forcing function of water exchange (= 25)
Minimum input rate of nutrient in water (= 56)
Maximum input rate of nutrient in water (= 500)
Phase in the forcing function of nutrient input in water (= 25)
Minimum input rate of nutrient in detritus (= 720)
Maximum input rate of nutrient in detritus (= 6500)
Phase in the forcing function of nutrient input in detritus (= 25)

2269

Lex
°
C
g/m3
/d
/d
m/d
/d
g/m3
3
g/m
/d
/d
/d
/d
/d
/d

m/d

m3
m
°
C
°
C
Lex
Lex
m3/d
m3/d
g/d
g/d
g/d
g/d
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TABLE 2 – The optimal values, sensitivities and uncertainties of inherent parameters specified for the case of Huizhou West Lake, resulted
from the automatic calibration approach. The parameters are ranged by STPM and the first 10 are obtained as the sensitive inherent parameters. The meanings and units of parameters are explained in Table 1. The preset ranges are summarized from literatures.
Parameter
Range
Value
STPM,P
STPM,Z
STPM,N
STPM,D
STPM,E
STPM
∑ST%PM
UCTSP
cE *
1.05-1.08 [22, 43]
1.05
-1.94
-1.36
-0.91
-1.64
-1.25
3.27
16%
2.3%
η*
0.1-0.3 [19, 44, 45]
0.16
-1.03
1.25
1.01
-0.08
0.02
1.91
26%
8.3%
kE *
0.01-0.05 [45, 46]
0.036
0.01
1.12
0.84
0.87
-0.07
1.65
34%
23.0%
rZ *
0.03-0.25 [43, 46, 47]
0.066
1.06
-0.94
-0.77
0.02
-0.03
1.61
42%
17.2%
gZ *
1-5 [20, 44, 47]
3.41
-1.03
0.10
0.91
-0.05
0.03
1.38
49%
10.4%
cD *
0.8-1.2 [11, 22, 43]
0.93
-0.88
-0.68
-0.42
0.64
-0.03
1.35
56%
2.1%
kx *
0.03-0.5 [43, 46]
0.035
-0.01
0.90
0.67
0.70
-0.06
1.32
62%
12.9%
µ*
0.001-0.03 [36, 48, 49]
0.0075
0.00
-1.02
-0.75
0.03
-0.02
1.26
69%
8.0%
kP *
5-15 [11, 20, 50]
14.5
0.94
-0.13
-0.70
0.01
-0.03
1.18
74%
2.4%
wD *
0.1-1 [22, 47]
0.13
-0.03
-0.44
-0.33
-0.87
0.06
1.03
80%
16.0%
kN
0.1-1 [11, 12, 47]
0.61
-0.03
-0.24
0.81
-0.19
-0.01
0.86
84%
gP
4.0-8.6 [36, 46]
8.5
0.03
0.23
-0.77
0.18
0.01
0.83
88%
kD
0.01-0.06 [11, 22, 47]
0.056
0.03
0.48
0.35
-0.11
-0.01
0.60
91%
Q10
0.01-1.2 [11, 12]
0.020
0.35
-0.31
-0.24
0.02
-0.02
0.52
94%
kT
20-30 [19, 46]
24.1
-0.03
-0.10
0.31
-0.08
0.00
0.33
95%
dZ
0.01-0.12 [36, 44, 50]
0.013
0.14
-0.16
-0.12
0.01
0.00
0.24
96%
wP
0.01-0.3 [43, 45]
0.020
-0.01
-0.17
-0.05
-0.13
0.01
0.22
98%
kL
300-700 [36, 46]
447
-0.02
-0.06
0.18
-0.05
0.00
0.19
99%
dP
0.01-0.1 [20, 44, 47]
0.017
0.00
-0.15
-0.01
0.00
0.00
0.15
99%
rP
0.001-0.08 [11, 12, 47]
0.016
0.00
-0.03
0.10
-0.02
0.00
0.11
100%
Pmin
0.01-1 [36, 43]
0.22
0.06
-0.01
-0.05
0.00
0.00
0.03
100%
k2
0.2-2 [11, 12, 22]
1.50
0.00
0.00
0.01
0.00
0.00
0.01
100%
k1
0.2-2 [12, 36, 47]
1.86
0.00
0.00
0.00
0.00
0.00
0.00
100%
Note: * the sensitive parameters; STPM,SV (SV = N, P, Z, D, E) – the sensitivity of parameter PM to variable SV; STPM – the total sensitivity of parameter PM; ∑ST%PM – the accumulative sensitive percentage

(grazing), respiration and mortality of phytoplankton (zooplankton). The model also includes physical and chemical
effects such as hydraulic washout, sinking of phytoplankton and detritus, and mineralization of detritus and sediment. Phytoplankton growth rate is obtained by combining in a multiplicative way the maximum growth rate and
the function for temperature limitation, light limitation,
and nutrient limitation. The dependence on nutrient is expressed as Michaelis-Menten kinematics, while the dependence on light and temperature is described by the Arrhenius-type equation. The light extinction is represented
by the sum of light absorption of water, phytoplankton
and detritus. The grazing of zooplankton is limited by the
minimum biomass of phytoplankton being available (Pmin),
i. e. if P < Pmin, zooplankton is unable to graze phytoplankton. The model does not regard fish as state variable,
but considers its effects on zooplankton by assuming that
the death rate of zooplankton is high. The boundary conditions contain environmental variables of temperature
(T), solar radiation (L), water exchanges (Q) and nutrition
sources (SN and SD). As described in Section 2.1, the environmental variables are input as time table in calibration
stage and calculated by Eq. (2) with EV = T, L, Q, SN, SD
for prediction.
2.3. A case study of Huizhou West Lake

A case study was introduced to test the efficacy of the
automatic calibration approach coupling with ecological
model. Huizhou West Lake (23º06’N, 114º23’E), located
in Guangdong Province, South of China, with a mean depth
of 1.6 m and an area of 1.48 km2, is a tropical urban lake
famous for its history, scenery and recreational values. It

is mainly supplied by precipitation and groundwater and
flows into the east branch of the Pearl River, with an
average retention time of 290 days. Since the 1980s, the
lake has suffered from serious eutrophication due to industry and urban sewage. There have been several
measures such as large-scaled sewage interception, drawing water and dredging sediment to improve water quality. However, the effects were short-term and the eutrophication came back soon with water transparency even
worse. The average TP, TN and Chl-a levels in the lake
during 2003 – 2006 are 0.04 – 0.31 g/m3, 0.25 – 1.86 g/m3
and 14 – 62 mg/m3, respectively.
In this study, an extensive research was done and data
on ecological component and water quality were collected.
Resultingly, local parameter values (listed in Table 1) and
daily data of environmental variables of 2005 were obtained. Observation data on nutrient, phytoplankton, zooplankton and detritus of 2005 and 2006 were extracted
from literatures [23-26]. The state variable N and D were
respectively assigned to represent the concentration of
soluble reactive phosphorus and detrital phosphorus. Chlorophyll-a was converted to phytoplankton biomass through
the liner correlation [27]. Individual data of zooplankton
were converted to biomass through the conversion factor
proposed by literatures [28, 29]. The observation data and
environmental variables of 2005 and the local parameters
were input into the automatic calibration approach. The
outputs of the optimal values of inherent parameters, the
uncertainties of sensitive inherent parameter and the
standard deviations of environmental variables were further used to run the model by 1010 Monte Carlo simula-
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tions. As a validation, the modeling results were compared with the observation data of 2006.
Furthermore, the model was applied to predict the
ecological effect of vegetation recovery on the lake. It is
known that macrophytes exert their positive influence in
several ways: they act as a nutrient sink and a refuge for
zooplankton [30, 31], produce allelopathic substances against
phytoplankton [32] and reduce wind- and fish-induced
resuspension of bottom sediment [33]. In the prognosis
scenario, the combinative effects of nutrient uptake, allelopathy and reducing resuspension were considered, while
the refuge effect, which were less remarkable in warm
lakes [34, 35], were ignored. For simulating nutrient uptake, an external term of rMM/d, where rM (/d) and M
(g/m2) were the phosphorus uptake rate and the density of
macrophytes and d was the mean depth of the lake, was
subtracted from the dN/dt equation in Eq. (13). To include
the effects of allelopathy and reducing resuspension, the
first term of the dP/dt equation and the fifth term of the
dD/dt equation were respectively multiplied by coefficients of (1 - aMM) and (1 + sMM), where aM (m2/g) and sM
(m2/g) were limitation factors for allelopathy and resuspension, following the approach of [32]. The values of
parameter rM, aM and sM were assigned as 2.5×10-3,
2.7×10-3 and 8.3×10-4 according to literatures [32, 36, 37].
The control variable M increased from 0 to 5 g/m2 to simulate the recovery of the vegetation. As a contrast experiment, same prognosis scenario was done by three methods: (1) deterministic modeling that optimal parameter
values were decided by the approach while uncertainty
was not considered, (2) arbitrary stochastic modeling that
the uncertainties were all set as 10%, equaling simply to
the average value of the uncertainties resulted from the
approach, and (3) calibrated stochastic modeling that the
optimal parameter values and uncertainties were both
precisely calibrated by the approach.

3 RESULTS AND DISCUSSION
3.1. Calibration and validation

As results of the automatic calibration approach, the
optimal values and sensitivities of inherent parameters,
the optimal uncertainties of sensitive inherent parameters
were listed in Table 2. Besides, the standard deviations of
T, L, Q, SN and SD were obtained as 7.1°C, 172 Lex, 3549
m3/d, 134 g/d and 1632 g/d, respectively. Using these
results, the ecological dynamics of the lake in 2005 and
2006 were calculated by the model, with the results shown
in Fig. 3. The modeling results were quite consistent with
the observation data, not only in the total trends but also in
the detailed distributions. The relative differences between
the observed and simulated distributions (DP) of phytoplankton biomass (P), zooplankton biomass (Z), soluble
reactive phosphorus concentration (N), detrital phosphorus concentration (D) were 4.7%, 7.8%, 8.0%, 14% at calibration stage and 10%, 8.7%, 9.5%, 12% at validation stage,

respectively. It indicated that the parameter values and uncertainties resulted from the automatic calibration approach
makes the model capable of reproducing many observed
features and their variability of Huizhou West Lake.
It is important to select suitable models to make the
results close to the facts and satisfactory to practical requirements [38]. Among most existing ecological models
of shallow lakes [e. g. 2, 39], calibration process is often
conducted to obtain the optimal values of parameters.
However, the modeling results are only as realistic as the
validity of the model assumptions for the lake and the
quality of actual ecological and environmental data used
for calibration [4, 5], thus the optimal values do not guarantee reliability of model predictions. In this case, the
results with fixed optimal parameters were closed to the
50% CDF of the stochastic modeling and not specially
illustrated. In Fig. 3, very few observation data were exactly on the 50% CDF and a large part of them were scattered around the lines. The results of the sensitivity analysis (Table 2) showed the variability of both chemical (cE,
kE, cD, kx) and biological (η, rZ, gZ, µ, kP) factors within the
system may have significant impacts on the ecological
dynamics. They suggest that model with fixed calibrated
values can only describe parts of observation data. By
contrast, after including uncertainty evaluation process
into the model, the results can reasonably cover most of
observation data with good agreement between simulated
and observed distributions, no matter in calibration or
validation stage. It indicates that the uncertainty evaluation process embedded in the proposed approach has
greatly enhanced the simulation capacity of the model.
3.2. Prognosis scenarios

Based on the results of the automatic calibration approach, the model was applied to forecast the effect of
vegetation recovery. The phytoplankton biomass of the
day 581, when phytoplankton biomass reached its annual
peak value, simulated by three parallel methods (the deterministic modeling, the arbitrary stochastic modeling
and the calibrated stochastic modeling) were shown in
Fig. 4. The general trends of phytoplankton biomass,
which slightly increased, sharply increased and then decreased with increasing macrophyte density, were similar
simulated by the three methods. Here, the potential risk of
phytoplankton rise at intermediate macrophyte density
was probably the comprehensive results of top-down and
bottom-up effects on the lake system where macrophytes
lacked some positive feedback, such as providing refuge
for zooplankton. The increase in macrophyte density decreased available nutrient for the N-P-Z food chain, with
the effect of nutrient deficiency cascading to the top level
Z, supported by parameter sensitivity that gP affected Z
more than P. Although macrophytes often provide refuge
for zooplankton from fish predation, which maintains
high zooplankton level [19], they signal danger more than
refuge in tropical lakes such as Huizhou West Lake [40].
As results of model without the refuge effect, the increased macrophytes decreased zooplankton biomass, re-
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FIGURE 3 – Comparison between CDF of the modeling results and observation values of phytoplankton biomass, zooplankton biomass,
reactive soluble phosphorus concentration and detrital phosphorus concentration. Year 2005 and 2006 are the stages of calibration and
validation, respectively. Squares and lines represent observation values and CDF of simulation results, respectively.

FIGURE 4 – Modeling phytoplankton biomass at day 581 as a function of marophyte density under the scenario of vegetation recovery, by
the methods of (a) stochastic modeling that uncertainties obtained by the automatic calibration approach (dashed lines) and deterministic
modeling (solid line), and (b) arbitrary stochastic modeling with the uncertainties of all sensitive parameter setting as 10%.
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leased top-down control and further enhanced the growth
of phytoplankton. Once macrophyte density reached a
high enough level where zooplankton had died out, phytoplankton would be mainly controlled by bottom-up
effect and therefore decreased with increasing macrophyte
density.
Among the three methods, the doming levels of phytoplankton biomass at intermediate macrophyte density were
significantly different. According to the calibrated stochastic modeling, when macrophyte density increased to
0.8 g/m2, there would be 50%, 30% and 10% possibility
for phytoplankton biomass increasing higher than 7 g/m3,
9 g/m3 and 13 g/m3, respectively (Fig. 4(a)). In contrast,
the results of deterministic modeling showed that the maximum phytoplankton biomass was 7.7 g/m3, which might
underestimate the potential risk of the increase in phytoplankton. On the other hand, if the uncertainties of all sensitive parameters were arbitrarily assigned as 10%, there
would be 30% and 10% possibility for the peak of phytoplankton biomass as high as 10 g/m3 and 35 g/m3, respectively (Fig. 4(b)). The risk of such high phytoplankton
biomass was possibly overestimated, considering the uncertainty values were not based on observations but simply equal to 10%.
From the results, the importance of stochastic modeling and accurate evaluation of uncertainty for the environmental risk management is clearly shown. Ecological models are often used in prediction of remediation scenarios
[11, 13, 41]. However, as it is seen from Fig. 4(a), the use
of deterministic model in prognosis scenarios may underestimate the risk of the remediation measures [10, 42].
Stochastic modeling may help to assess the potential risk
induced by the inherent or environmental uncertainty, and
the notable possibility for phytoplankton rise suggests the
increase of macrophytes should be high enough. However,
arbitrary assignment of uncertainties may unduly enlarge
the risk of lake management. Take Fig. 4(b) as an example,
the impressively high phytoplankton biomass appearing
between the 70% – 90% CDF seemed to show the remarkable danger of rebuilding vegetation. Thus the uncertainty level should be assigned as precise as possible to
avoid overestimation or underestimation of the uncertainty. The proposed observation-based approach is competent at this task, which has been supported by the consistency between observations and simulations in Fig. 3.
In addition, it should be noted that the prediction results
were obtained with certain assumptions, such as macrophytes signaled danger rather than refuge to zooplankton
in warm lakes. They could probably be different if model
structure was changed, e. g. cyanobacteria or fish were included, or different groups of zooplankton were classified.
Therefore, in the application of certain cases, the proposed
approach should be coupled in more realistic ecological
models based on the actual situation of the study lakes.

4 CONCLUSIONS
Uncertainty analysis provides powerful means to enhance the performance of the models. Including uncertainty quantitatively into ecological models is increasingly
important for simulation and prediction of ecological
dynamics of shallow lakes. In this study, an automatic
calibration approach was proposed to precisely evaluate
the uncertainty as well as parameter values (Fig. 1). The
approach was coupled to an ecological model (Fig. 2) and
applied to a case study to test its efficacy. The modeling
results showed that: (1) the approach has enhanced the
simulation ability of the model and makes the model
capable of reproducing many observed features and their
variability of the study lake (Fig. 3); and (2) with the
approach, the model is able to moderately predict the
potential risk of environmental remediation (Fig. 4).
Overall, the automatic calibration approach presented
here, taking into account both optimizing parameter values and evaluating uncertainties inside model and from
environment, provides a useful tool for the underpinning
of ecological remediation and management strategies of
shallow lakes.
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ABSTRACT
Synchronous fluorescence spectroscopy is used to determine the interaction of dissolved organic matter (DOM)
with polycyclic aromatic hydrocarbons (PAHs). In this
work, phenanthrene and DOM obtained from leachates
with different landfill ages are selected as the target subjects. Fluorescence quenching technology is used to calculate the binding constant, Kdoc. The quenching of DOM by
phenanthrene during fluorescence spectroscopy is performed
to further elucidate the interaction mechanism. The results
show that Kdoc increases with increasing landfill age. As
well, the DOM composition becomes more complex as the
landfill age increases. The synchronous fluorescence spectra
of DOM are divided into three groups based on the positions of the peaks and their characteristics, after which
their binding constants are calculated. The results of the
present work imply that synchronous fluorescence spectra
technology may be an effective tool for analyzing the
interaction mechanism between DOM and PAHs.

KEYWORDS: Synchronous fluorescence spectra, Dissolved
organic matter (DOM), Phenanthrene, Fluorescence quenching.

1 INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are a group
of typical environmental contaminants that are toxic, carcinogenic, and tend to accumulate in the human body [16]. These compounds are so widely distributed in nature that
the release of PAHs, accompanied by a transport mechanism, may result in widespread contamination. PAHs can
be associated with dissolved organic matter (DOM) and
are increasingly accumulated in soils and groundwater
[4,7,8]. In order to clearly present the influence of DOM
on the environmental fate of PAHs, it is important to study
the interaction mechanisms between the two compounds [2,
9, 10]. At present, landfills are the most commonly used
* Corresponding author

method for disposing municipal solid waste (MSW) in
China [11]. However, the anaerobic degradation of solid
wastes in landfills creates leachates that can persist in conventional landfills for extended periods of time. Leachate
release could lead to environment pollution when a landfill
site is unlined or when the lining is destroyed [12]. Higher
concentrations of DOM and pollutants are always observed in landfills compared to natural environments [13].
The characteristics of DOM in leachates are different from
other sources [14], and the composition of landfill leachates
may be altered with the age of the landfill [15]. Thus, studies on the interaction between PAHs and DOM in leachates
with different landfill ages are important to the ecological
risk assessment of landfill leachates. Synchronous fluorescence scan spectroscopy is a kind of fluorescence spectroscopy technology that simultaneously formulates spectra
by scan excitation and emission monochromator wavelengths. Spectra are formed by fluorescence intensity and
excitation/emission wavelengths. This technique is widely
used by many researchers to analyze mixtures from different sources because of its spectrum simplification, high
selectively, and low light scattering features [16-18].
The interaction between PAHs and DOM from different sources has been investigated by many scientists using
various approaches. These researches mainly focused on
the partitioning coefficient normalized to the mass of dissolved organic carbon between DOM originating from soil
or natural water and PAHs [1-3, 5, 7, 9, 19, 20]. Some
researchers investigated the conformation of DOM by
atomic force microscopy, dynamic light scattering, and
transmission electron microscopy, among others [21,22].
However, a lack of knowledge about the direct relationship between DOM conformation and its binding ability
exists, making it difficult to explain the interaction mechanism between DOM and other substances. In this study,
phenanthrene and DOM in landfill leachates with three
landfill ages are selected as study targets. Synchronous
fluorescence spectroscopy technology is used to study
DOM conformation and its interaction with phenanthrene.
The main objective of this study is to investigate the interaction between PAHs and DOM in leachates exclusively through fluorescence spectrum analysis. The results of
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this study provide basic information for pollution prevention and a toxicological evaluation on the combined pollution of leachates and hydrophobic organic contaminants.
2 MATERIALS AND METHODS
2.1 Samples

Leachates were collected from Asuwei sanitary landfill
site, located in Beijing, China. The waste in the landfill was
composed solely of municipal solid waste. Leachate samples were collected from three different landfill cells:
young aged samples in which the wastes were deposited
less than 4 years (young leachate), medium aged samples
in which the wastes were deposited within 4-13 years
(medium leachate), and old aged samples in which the
wastes were deposited over 13 years ago (old leachate).
All samples were stored in plastic bottles at 4 °C, There are
no obvious infect on the water chemistry of these samples
within the experiment period. The water quality of the
leachates was previously reported [23]. Phenanthrene (PHE,
purity >98%, Acros Co USA) was selected as a model
PAH. This was dissolved in methanol (HPLC grade,
Mallinckrodt, USA) as a stock solution. The water used in
this research was Milli-Q water (18.2 MΩ•cm, Millipore)
purged with nitrogen for 30 min to eliminate static quenching by oxygen.
2.2 Extraction, Purification of DOM

The leachate samples were centrifuged for 20 min under 4 °C (rotating speed=12,000 r/min) and then filtrated
through a glass-fiber membrane (0.45 µm). The organic
matter in the filtrate was considered as DOM. A measured
amount of each DOM sample was fractionated into hydrophobic and hydrophilic matter using XAD-8 resin (SigmaAldrich Co.) as described by Seo et al. [13] to determine
the distribution of DOM fractions in different landfill ages.
The total organic carbon (TOC) of the DOM was determined by a TOC analyzer (Shimadzu TOC-5000, Japan).
2.3 Fluorescence-quenching experiment

In order to test the interaction between DOM and
phenanthrene, This study set two groups of experiments,
the concentration of DOM and phenanthrene were fixed,
respectively, and then titrate each other. According to the
concentration of DOM in leachate and the concentration
of PAHs in the soil, they were set in different concentration condition. A Perkin Elmer LS-50B luminescence spectrophotometer with a 150-W xenon arc lamp and cuvette
magnetic stirring system was used to record fluorescence
spectra. The photomultiplier voltage was set to 700 V, and
the excitation and emission bandwidths were set to 10 nm.
In the traditional fluorescence quenching experiment (TFQ),
three DOM samples were serially diluted to 0, 5, 10, 15, 20,
25, and 30 mg/L. The samples were adjusted to pH 7
using HCl and NaOH under the control of volume less
than 100 µL. Dilution effects were ignored. A 3 mL aliquot of each diluted sample was pipetted into a cuvette

and then placed inside fluorescence spectrometer to obtain its DOM background fluorescence intensity. An aliquot of phenanthrene stock solution was spiked into the
cuvette at a final concentration of 20 µg/L. The volumetric
content of methanol was lower than 0.01% (v/v), at which
point no apparent influence on fluorescence quenching was
found. Fluorescence intensities were recorded at excitation/
emission wavelengths of 246/366 nm in the emission
spectra. Absorbance was recorded by a Shimadzu UV3000 double beam spectrophotometer (Shimadzu, Japan)
in 1 cm quartz cells to correct the inner filter effects at
246 and 366 nm; In the synchronous fluorescence spectra
experiment (SFS), Δλ was set to 20 nm, and the excitation
scan range was set from 200 to 500 nm. The background
fluorescence spectrum of phenanthrene from 0 to 50 µg/L
at every 10 µg/L was recorded before the reaction. The
concentration of every DOM samples were diluted to
20mg/L at pH7, 3.00-ml aliquot of each dilutions were
pipetted into a cuvette, phenanthrene stock solution was
spiked into the cuvette from 0 to 50 µg/L at every 10 µg/L.
For both TFQ and SFS experiments, a Teflon micro stir
bar was put into the cuvette after the solution mixed. The
cuvette was then moved to the cuvette holder in the fluorescence spectrometer and the mixture in it was stirred for
3 min. The fluorescence spectra of all samples were recorded after 10 min. The equilibrium times were found to
be sufficient in a preliminary study. The shutter was kept
closed at all times to prevent the phenanthrene from photodegrading and evaporating. These processes were repeatedly measured for three times, and their average value was
used as the result. A preliminary study had previously determined that the effects of the cuvette wall and Cl- were
insignificant in this work.
2.4 Data analysis

The inner filter effect was corrected through the following equation [24]:
Fcor = Fobs ×

2.303dAex gAem 2.303sAem
10
1 − 10− dAex
1 − 10− sAem

(1)

where Fcor represents the corrections factor (below
2.75 in this work), Aex and Aem are the absorbances at the
excitation and emission wavelengths, respectively, and d,
g, and s represent the geometric dimensions of the fluorescence cuvette. The true fluorescence intensity in the
TFQ experiment was calculated by follow equation:

Fcor = f cor × Fobs

(2)

where Fobs and Fcor stand for the fluorescence intensity before and after correction, respectively.
The interaction between DOM and phenanthrene was
examined using the Stern-Volmer equation, which is
widely used to describe static/collisional quenching. The
Stern-Volmer equation is presented as follow:
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where F0 is the fluorescence intensity of the solution
without quencher, and F is the fluorescence intensity with
quencher. K is the static quenching constant in the TFQ
experiment, and [Q] is the concentration of quencher in
the solution.
3 RESULTS AND DISCUSSION
3.1 Binding analysis using the Stern-Volmer equation in the
TFQ experiment

The water quality analysis of three leachate samples
has been described by Huo et al. [23]. The analytical results

are summarized in Table 1. The decrease in several parameters (i.e., COD, BOD, BOD/COD, DOC, and VFA)
suggests that the biodegradability of organic matter in the
three leachate samples decreased with increasing landfill
age [23].
Previous investigations indicated that the fluorescence quenching of PAHs by DOM may be attributed to
static quenching mechanisms [25-27]. Experiments on the
fluorescence quenching in two temperatures in this work
also revealed the same trend (Fig. 1), proving that static
quenching is dominates the reactions.

TABLE 1 - Water quality analysis of three leachate samplesa
Parameterb

COD
(mg/L)

BOD
(mg/L)

BOD/
COD

DOC
(mg/L)

VFA
(mg/L)

NH4+-N
(mg/L)

PO43(mg/L)

SO42(mg/L)

Cl(mg/L)

pH

Conductivity
(µS/cm)

young leachate

53,200

39,900

0.75

19,500

10,300

2,760

1.63

163

6,150

6.7

31,500

medium leachate

13,100

3,668

0.28

4,632

3,126

3,210

3.02

79

7,960

8.1

37,200

old leachate

1,863

149

0.08

796

NDc

796

1.86

18

8,250

8.8

29,100

COD: chemical oxygen demand; BOD: biological oxygen demand; DOC: dissolved organic carbon; VFA: volatile fatty acid. a From Huo et al. [23];
b sample A: new landfill cell (< 4 years); sample B: medium-aged landfill cell (4–13 years); sample C: old landfill cell. c Not detected

FIGURE 1 - Influence of temperature on traditional fluorescence quenching of phenanthrene. (a) young DOM. (b) medium DOM. (c) old
DOM.
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FIGURE 2 -The Stern-Volmer plots of DOM in leachates with different landfill age binding to phenanthrene. Data was collected from the
fluorescence intensity of emission spectra of phenanthrene in 246/366nm.

FIGURE 3 - Constituents of DOM in leachate with three landfill ages.

Figure 2 shows the Stern-Volmer plot of phenanthrene
binding to DOM in leachates from three landfill ages in the
TFQ experiment. The slope of equation in Fig. 2 represents the binding constant K between phenanthrene and
DOM. For the DOM samples from leachates with young,
medium, and old landfill ages, the values of K were
28.1×103, 87.5×103, and 102.9×103 L/kg(C), respectively.
This indicates that the reactivity of phenanthrene to DOM
in leachates increased with increasing landfill age.
The reactivity of aquatic DOM to PAHs is strongly
related to the hydrophobicity of the PAHs [7,13]. Ilani et

al. [28], Chefetz et al. [29], and Polubesova et al. [30]
demonstrated that the hydrophobic fractions in DOM samples had a higher sorption capacity for hydrophobic organic
contaminants. Xi et al. [15] and Huo et al. [23] further
showed that the aromatic components and the degree of
humification in DOM in leachates increased with increasing landfill age, which also indicates an increase in hydrophobic fractions to some extent. The fraction experiment suggests that the hydrophobic fraction contents in the
three leachate samples increased with increasing landfill
age (Fig. 3). Thus, it could be inferred that the reactivity of
phenanthrene to DOM in leachates from three landfill
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ages is enhanced via hydrophobic interactions, as shown
in Fig. 2.
3.2 Binding analysis by the SFS experiment

Compared to conventional fluorescence spectra, i.e.,
emission or excitation, SFS provides better peak resolutions. SFS provides more accurate parameters for identifying mixtures, and allows improved probabilities of identifying the molecular structures responsible for fluorescence
[31]. In this study, Δλ=Eem-Eex=20 nm was selected based
on experience and suggestions from the literature [13, 32,
33]. Phenanthrene was selected as the fluorescence quencher,
and the area of synchronous fluorescence spectra of DOM
under specific wavelength (the data was collected by the
software of FL-Winlab) was analyzed using the SternVolmer equation.
3.3 Synchronous fluorescence spectra

The SFS of all DOM samples without phenanthrene are
shown in Fig. 4. Three samples exhibited different peaks at
around 275, 350, 380, and 430 nm. A single main fluorescence peak around 275 nm was found for young DOM.
Medium and old DOM samples showed a multiple fluorescence peak at around 350, 380, and 430 nm. A large
number of conjugated aromatic π-electron system structures with electron-withdrawing functional groups always
exhibit fluorescence peaks at higher wavelengths [32,34].
In comparison, simpler structural feature materials with
fewer aromatic functional groups, conjugated chromophores, and electron-donating substituents show fluorescence peaks at relatively shorter wavelengths. Studies by
Senesi et al. (1991)[31], Kalbitz et al. (1999)[35], and
Sierra et al. (2005)[33] indicate that the fluorescence peak
at 275 nm for SFS in Δλ=20 nm is associated with protein- or phenol-like structural features. Those at 360, 400,
and 470 nm are associated with fulvic acid-like structures,

while those at 470 nm are associated with humic acid-like
structures in some research [32]. In this study, a single
main fluorescence peak in young DOM was found at
around 275 nm, indicating protein- or phenol-like structure fluorescence [33]. However, more complex peak
shapes were found in medium and old aged DOM spectra;
those at around 350, 380, and 430nm were ascribed to
fulvic acid-like structures [32]. In order to determine the
interactions between phenanthrene and each DOM structure component, the synchronous scan spectra were divided into three groups: those between 250–307 nm, widely
regarded as including protein- or phenol-like structures
and named the protein like area; those between 307–410
nm (due to the peak overlap at around 350 and 380 nm,
the peaks were calculated together and named fulvic acidlike area I); and those between 410–470 nm. The peak at
430 nm may represent a more complicated structure, as
shown in the difference in spectra between medium and
old DOM in Fig. 4. The area of the peak at 430 nm was
calculated separately and named fulvic acid-like area II.
3.4 Stern-Volmer equation results

As shown in Fig. 4, the composition of DOM became
more complex with increasing landfill age. SFS experiment shows that every DOM peaks were decreased with
the adding of phenanthrene. It means that every component in DOM appear to participate in the reaction with
increasing of landfill age. Only the protein-like area,
which is ascribed to protein- or phenol-like structures,
participates in the reaction in young DOM. Furthermore,
fulvic acid-like areas I and II, which are ascribed to fulvic
acid-like structures, appear to simultaneously participate
in the reaction in medium and old DOM. This indicates
that the interactions between phenanthrene and medium
and old DOM are more complicated than that of young
DOM.

FIGURE 4 - Synchronous scan spectrum of DOM in leachate with three landfill age
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FIGURE 5 - The Stern-Volmer plots of DOM components binding to phenanthrene. Data was collected from the area of synchronous spectra
of DOMs. (a) protein like area in young DOM. (b) protein like area in medium DOM. (c) fulvic-acid like area I in medium DOM. (d) fulvicacid like area II in medium DOM. (e) protein like area in old DOM. (f) fulvic-acid like area I in old DOM. (g) fulvic-acid like area II in old
DOM.

With increasing phenanthrene concentration, the fluorescence area decreased and the quenching intensity was
altered. This shows that every structure in DOM partici-

pates in the reaction, although their binding capacities are
different. This study applied the Stern-Volmer equation to
calculate the static quenching constant, as shown in Fig. 5.
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The temperature experiment showed that static quenching
dominates the interaction between phenanthrene and DOM.
In this part of the study, the interaction between DOM
components and phenanthrene was also considered to be
dominated by static quenching (R2>0.93). As shown in
Fig. 5, for each protein-like area in the DOM samples, the
minimum K value for young DOM is 2.9×106 L/kg, that
for old DOM is 4.2×106 L/kg, and that for medium DOM
is 5.1×106 L/kg. For the fulvic acid-like area, the K value
for medium DOM was higher than that for old DOM (the
K value for medium DOM in fulvic acid-like area I is
1.9×106 L/kg, while that for area II is 1.5×106 L/kg; the K
value for old DOM in fulvic acid-like area I is 1.4×106L/kg,
while that for area II is 1.2×106 L/kg). For both medium
and old DOM, K values in the protein-like area were
higher than those in the fulvic acid-like areas. As well, the
K value for fulvic acid-like area I was greater than that for
fulvic acid-like area II. The lowest K value of the proteinlike area in young DOM that coordinated with the TFQ
experiment indicates that simple structures in DOM may
have weak binding abilities to phenanthrene.

(I) In the TFQ experiments, the value of Kdoc increased with increasing landfill age.
(II) The three DOM samples contained different fluorescence components, and all fluorescence components
participated in the reaction process.
(III)Protein-like components have a higher binding
ability. Complex structures have lower binding abilities.
The results obtained are related to the content of the components in question in the DOM molecule.
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The results of the SFS experiments for medium and
old DOM are inconsistent with those of the TFQ experiment. In the TFQ experiment, the Kdoc value for old DOM
was slightly greater than that for medium DOM; this may
be because the aliphatic moieties, they also considered as
important reaction subjects with PAHs participate in the
action [36]. The reason for the K values being larger for
medium and old DOM samples in the protein-like area
compared to those in the fulvic acid-like areas may have
to do with the corresponding component content in DOM.
Components that arrange outside DOM may easily react
with phenanthrene; it is presumed that simple structures
arrange outside DOM. More complex components are believed to arrange inside DOM. These arrangements may be
related to the hydrophobicity of the components involved.
In this study, the fluorescence spectra technique is
used to detect fluorescence of DOM in leachate. In three
DOM samples, conjugated aromatic π-electron systems form
the main structures that emit omit fluorescence. These structures are also the main interaction sites for PAHs. In this
study, SFS technique has been used to determine the binding ability between phenanthrene and different aromatic
structures in DOM. However, due to limitations in the
fluorescence spectra technique, aliphatic moieties which
cannot omit fluorescence can not be detected. The qualitative spectral analysis for each fluorescence peak requires
improvement. Future research can determine methods to
refine this technique.
4. CONCLUSIONS
This study investigated the binding ability and interaction mechanism between phenanthrene and DOM in
leachates with three landfills of different ages through
TFQ and SFS. The observations reveal that:
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ABSTRACT
Haematological abnormalities have been verified in
patients intoxicated by microcystins (MCs) in haemodialysis unit in Caruaru, Brazil, and 60 patients died. In our
previous studies, obvious anemia has been determined in
rabbit after in vivo exposure to microcystins. As to the
cause of the anemia, except for hematopoiesis obstacles,
we hypothesized that microcystins result in erythrocyte
destruction. In the present study, Kunming mice erythrocytes in vitro were incubated with 1, 10, 100 and 1000 nM
microcystin-LR at 37 °C. Lipid peroxidation, haemolysis,
cell morphology, antioxidative response and some biochemical biomarkers were measured. The results showed
that the level of lipid peroxidation significantly increased
in microcystin-LR treatment groups. The level of glutathione
and activities of glutathione peroxidase, glutathione-Stransferase and superoxide dismutase were significantly
increased after incubation with microcystin-LR at 12, 24
and 48 h. Also, significant decreases in activities of ace＋
＋
tylcholinesterase, Na -K -ATPase and Ca2＋-Mg2＋ATPase were observed. Obvious increases of haemolysis
were determined in 10, 100 and 1000 nM groups from 12
to 48 h. Additionally, abnormal erythrocytes with
blebbing and notched cell membrane were observed in
both 100 and 1000 nM groups. It is presumed that microcystin-LR triggers lipid peroxidation of erythrocytes and
oxidative stress destroys the structure of cell membrane,
leading to alterations of antioxidative enzymes and biochemical indicators. Our results demonstrate that in vitro
exposure to microcystin-LR resulted in damage of mice
erythrocytes.

KEYWORDS: Erythrocytes, lipid peroxidation, oxidative stress, in
vitro, haemolysis, Microcystin-LR

1 INTRODUCTION
The occurrence of toxic cyanobacterial blooms in eutrophic lakes has become a worldwide problem [1]. Among

* Corresponding authors

cyanotoxins, microcystins are the most dangerous group
of cyanobacterial secondary metabolites. Up to now, more
than 80 different structural analogues of MCs have been
identified [2]. Microcystin-LR (MC-LR) which contains the
amino acids leucine and arginine in variable positions is
the most common and toxic among cyanotoxins [3]. MCLR is a potent toxin and tumor promoter, mainly by the
inhibition of protein phosphatases 1 (PP1) and 2A (PP2A)
[4]. Many investigations on mice and rats suggested that
MCs can affect the liver, kidney, reproductive and nervous systems, but liver is the main target [5-8].
Microcystins can generate oxidative stress, through
increasing the concentration of reactive oxygen species
(ROS) and oxidative damage products, such as lipid peroxides (LPO), and oxidative stress plays a crucial role in
the pathogenesis of microcystin toxicity in animals [6, 9,
10]. Microcystins can induce lipid peroxidation, cytoskeletal disorganization, increase of ROS, mitochondrial permeability transition, cytochrome c release, and apoptosis
when hepatocytes are exposed to MC-LR [11]. Both in
vitro and in vivo studies have demonstrated that MC-LR
produce a large amount of ROS [5, 12].
Blood plays an important role in microcystin transportation. Our recent study verified that normocyte anemia
was observed in rabbits, and impairment of bone marrow
was attributed as one of the important factors [13]. Anemia
generally results from blood loss, decreased erythrocyte
production, kidney failure, poor erythrocyte maturation, or
increased erythrocyte destruction [14]. Except hematopoiesis obstacles, we hypothesized that microcystins` exposure results in damage of erythrocytes. Erythrocyte is one
of the important cellular models for toxicological studies
under laboratory conditions [15]. Erythrocytes have a competent antioxidant system, and any ROS formed are effectively scavenged [16]. The erythrocytes defend themselves
against oxidative damage efficiently by the cytosol and
membrane domains, and the cytosolic antioxidant system
includes mainly enzymes, such as superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GPx)
[17]. For a better understanding of toxic effects of micro-
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cystins on haematology, the present study was conducted
to investigate the alterations induced by the cyanotoxin on
erythrocytes in vitro.
2 MATERIALS AND METHODS
2.1 Toxin and chemicals

Microcystin-RL was purchased from Express Technology Co., Ltd, China, with a purity of 97%. All reagents
were bought from various commercial sources, and were
of analytical grade.
2.2 Mice and erythrocytes

Healthy Kunming mice (mean body weight 20.0±2.5 g)
were purchased from the Hubei Provincial Center for Disease Control and Prevention, in Wuhan City, China. The
mice were housed in cages fitted with stainless steel wire–
mesh bottoms, at 23±2 °C and under a daily 12-h light/12-h
dark cycle. Animals were fed with lab chow and tap water
ad libitum, and were allowed to acclimate for 1 week prior
to experiment. Feeding was terminated 2 days before the
initial experiment. Experiments were performed according to the guidelines of Ethical Committee for Animal
Experiments at HuaZhong Agricultural University, Wuhan
of China.
Animals were lightly anaesthetized with ether, and
then blood was carefully aspirated from the eyes into
EDTA-coated tubes. Erythrocytes were isolated from blood
plasma and leukocytes by centrifugation at 3,000 rpm for
10 min at 4 °C and washed three times with an isotonic
buffer (pH 7.4) NaCl solution. Then, erythrocytes (4×106
cells/ml) were incubated in Hepes buffer (10 nM Hepes
(4-(2-hydroxyethyl)-1-piperazinethanesulfonsäure), 10 mM
glucose, 140 mM NaCl, pH 7.4). Isolated erythrocytes were
treated with 1, 10, 100 and 1000 nM MC-LR in a shaker
for 1, 3, 12, 24 and 48 h at 37 °C. Every sampling was
conducted in triplicate for each concentration at each sampling time. Control erythrocytes were simultaneously incubated with sterile incubation medium without any MC-LR.
2.3 Lipid peroxidation and antioxidative response

LPO level of erythrocytes was determined by measuring the information of malondialdehyde (MDA) according to the method described by Stocks and Dormandy
[18]. The principle of the method is the spectrophotometric
measurement of pink chromophor produced during the reaction of thiobarbituric acid (TBA) with MDA. For this purpose, 1 ml of 28% trichloroacetic acid–sodium metaarsenite solution was added to 2 ml incubation solution
and centrifuged at 2,000 rpm for 15 min. A 0.5 ml volume
of 1% TBA was added to supernatants and placed in a
boiling water-bath for 15 min. After cooling, absorbance
was measured at 532 nm. Tetraethoxypropane (TEP) was
used as the standard solution.
Glutathione (GSH) in incubation solutions was determined according to the method described by Beutler [19].
Erythrocytes were deproteinated by addition of a solution
containing 1.67 g metaphosphoric acid, 0.2 g Na2EDTA

and 30 g NaCl in distilled water. Then, 2.4 ml Na2HPO4
and 0.3 ml 5-5’-dithiobis [2-nitrobenzoic acid] (DTNB) were
added to supernatants cleared by centrifugation (10 min,
3000 rpm). The formation of 5-thio-2-nitrobenzoic acid,
which is proportional to GSH concentration, was monitored at 412 nm at 25 °C against reagent controls.
Glutathione-S-transferase (GST) activity was measured according to the method of Habig et al. [20] using
1 mM GSH, 1 mM 1-chloro-2,4-dinitrobenzene (CDNB)
and 0.1 M potassium phosphate buffer (pH 6.5). The rate of
increase of product concentration was monitored by
measuring absorbance at 340 nm at 25 °C for 3-5 min by
a microplate reader. Within this period, the rate of reaction was linear with time. One unit of GST activity is
defined as the amount of enzyme producing 1 µmol of
GS-DNB conjugate/min under the conditions of the assay.
Glutathione peroxidase (GPx) activity was estimated
by the method of Flohe and Gunzler [21]. 50 µl of 0.1 M
phosphate buffer (pH 7.0), 100 µl enzyme sample, 100 µl
glutathione reductase (0.24 units) and 100 µl of 10 mM GSH
were mixed. The mixture was pre-incubated for 10 min at
37 °C, followed by the addition of 100 µl of 1.5 mM
NADPH in 0.1% NaHCO3. The overall reaction was started
by adding 100 µl of pre-warmed hydrogen peroxide, and the
absorption decrease was monitored at 340 nm for 3 min.
Superoxide dismutase (SOD) activity assay was based
on the method of McCord and Fridovich [22], with some
modiﬁcations. In this assay, superoxide anion is generated
by the xanthine/xanthine oxidase system. The subsequent
reduction of cytochrome c was monitored at 550 nm. Enzyme activity was expressed as SOD units, where one unit
is deﬁned as the amount of enzyme needed to inhibit 50%
of cytochrome c reduction per min and per mg of protein
at 25 °C and pH 7.8.
2.4 Biochemical markers of RBC damage

Lactate dehydrogenase (LDH) activity of erythrocytes
was measured using the method of Bergmeyer et al. [23],
with some modifications. The assay mixture contained
70.5 mM triethanolamine-HCl, 7.05 mM EDTA, 0.58 mM
NADH, 0.75 mg/ml bovine serum albumin, 2.5 mM pyruvate and 0.4 mM NaOH. LDH activity was determined
from the culture medium after the exposure to MC-LR at
440 nm. Acetylcholinesterase (AChE) activity of erythrocytes was assayed by the method of Ellman et al. [24].
The assay mixture contained 0.45 mM ATCh as substrate
and 0.3 mM DTNB as chromogen in 0.1 M phosphate
＋
＋
buffer (pH 7.4) at 37 °C. Na -K -ATPase and Ca2＋Mg2＋-ATPase activities of erythrocyte membranes were
determined by measuring the initial rate of release of
inorganic phosphorus from ATP according to the method
of Chauhan et al. [25]. The mixture contained 30 mM imidazole buffer (pH 7.0), membrane sample, 100 mM
NaCl, 20 mM KCl, 3 mM MgCl2, 0.2 mM CaCl2, 0.1 mM
EGTA and 0.1 mM glycoside ouabain. The enzymatic
reaction was initiated by the addition of 3 mM ATP at 37
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°C, and stopped by the addition of 1 ml of 15% TCA 60
min later. The amount of inorganic phosphorus release was
measured using KH2PO4 as a standard and determined at
660 nm.
The protein content was determined by the method of
Lowry et al. [26]. Haemoglobin in blood was estimated
using Drabkin’s reagent by the method of Dacie and
Lewis [27].

MDA level (nmol/mg Hb)

2.5 Evaluation of haemolysis

The ratio of haemolysis was calculated from the equation:
H (%) = Apb ×100% / Awater.
where, H% is the haemolysis of erythrocytes incubated with MC-LR; Apb is the absorbance of supernatant in
all samples at 540 nm; Awater is the absorbance of erythrocytes completely hemolysed in distilled water at 540 nm.
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FIGURE 1 - Level of MDA in mice erythrocytes incubated with
microcystin-LR for 1, 3, 12, 24 and 48h at 37 °C. The values are
expressed as mean ± S.D. * indicates significant differences at
P＜0.05 in comparison to control group values.

2.6 Observation of blood smears

1E5

Air-dried smears were fixed for 1 min in methanol,
stained with Wright–Giemsa for 1 min, and washed twice
in distilled water for 1 min. Blood smears were observed
in 100 nM and 1000 nM dose groups and control at 12
and 24 h. Blood smears were examined using an Olympus
compound microscope (400 total magnifications).
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2.7 Statistical analysis
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3 RESULTS
3.1 Lipid peroxidation and antioxidative response

Significant increases of the level of MDA were observed in all MC-treatment groups at 24 and 48 h (Fig. 1).
Marked increases in levels of GSH and activities of GST,
GPx and SOD occurred in all MC-treatment groups at 12,
24 and 48h (Fig. 2).
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The values were expressed as means ± SD. The data
were tested for statistical differences by one-way ANOVA,
followed by Duncan’s multiple comparison test using
Statistica software package (Version 6.0, Statsoft, Inc.) to
compare data from erythrocytes exposed to MC-LR and
control erythrocytes. Statistical differences were considered to be significant at level P＜0.05.
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FIGURE 2 - GSH levels (a), activities of GST (b), GPx (c) and SOD
(d) in erythrocytes incubated with microcystin-LR for 1, 3, 12, 24
and 48h at 37 °C. The values are expressed as mean ± SD. * indicates significant differences at P＜0.05 in comparison to control
group values
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FIGURE 3 - The activities of LDH (a), AChE (b), Na -K -ATPase
(c) and Ca2＋ -Mg2＋ -ATPase (d) in erythrocytes incubated with
microcystin-LR for 1, 3, 12, 24 and 48 h at 37 °C. The values are
expressed as mean ± SD. * indicates significant differences at
P＜0.05 in comparison to control group values.
3.2 Biochemical assays

The increase of released LDH activity is shown in
Fig. 3a. Compared with the control, significant increases
were observed in 100 and 1000 nM dose groups at 3 h, as
well as 10, 100, 1000 nM groups at 12, 24 and 48 h.
AChE activity significantly decreased in 10, 100 and
1000 nM groups at 12 h, 100 and 1000 nM groups at 24 h
＋
＋
and 1000 nM groups at 48 h (Fig. 3b). Na -K -ATPase
activity significantly decreased in 10, 100 and 1000 nM
groups at 12 h, and obvious decreases were also observed
in all MC-treatment groups at 24 and 48 h (Fig. 3c).
Ca2＋-Mg2＋-ATPase activity significantly decreased in
100 and 1000 nM groups at 3 h, and decreases were also
observed in 10, 100, 1000 nM groups at 12 h, and in all
MC-treatment groups at 24 and 48 h (Fig. 3d).
3.3 Haemolysis

0
1h

*

Haemolysis of erythrocytes is shown in Fig. 4. Compared with the control, significant increases were observed in 100 and 1000 nM groups at 3 h, and prominent
elevation haemolysis also was examined in 10, 100 and
1000 nM dose groups from 12 to 48 h.
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FIGURE 4 - Percent of haemolysis in erythrocytes incubated with
microcystin-LR for 1, 3, 12, 24 and 48 h at 37 °C. The values are
expressed as mean ± SD. * indicates significant differences at
P＜0.05 in comparison to control group values.
3.4 Blood smears observation

Morphological changes of erythrocytes were observed in 100 and 1000 nM groups and control at 12 and
24 h (Fig. 5). Erythrocytes in control group exhibited
inerratic round shape with pink-stained cytoplasm. However, the erythrocytes in 100 and 1000 nM groups exhibited some pathological traits, with blebbing and notched
cell membrane, dissolving cellular membrane.
4 DISCUSSION
ROS including superoxide anions (•O2-), hydroxyl
radicals (•OH) and H2O2 can enhance oxidative process
and produce lipid peroxidative damage to cell mem-
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FIGURE 5 - Morphological change of erythrocytes incubated with microcystin-LR for 12 and 24 h. (A) erythrocytes of control group (400×);
(B) erythrocytes in 100 nM dose group at 12 h (400×); (C) erythrocytes in 1000 nM dose group at 12 h (400×); (D) erythrocytes in 100 nM
dose group at 24 h (400×); (E) erythrocytes in 1000 nM dose group at 24 h (400×). The damaged erythrocytes are marked by arrows

branes, finally resulting in cell death [17]. When the intensity of oxidative stress exceeds the limit of resistance,
animals will suffer a series of oxidative damages [6]. Oxidative damage is usually caused by the oxidative stress
when molecules, cells or tissues were exposed to the
excessive ROS, and the major destroy is the lipid peroxidation [28]. Many studies indicated that the level of LPO
was significantly increased and the antioxidant enzyme
system was significantly changed when mice or rats were
exposed to MC-LR [29, 30]. In the present study, the content of MDA in all MC-treatment groups was increased
compared with the control. The results indicated that

oxidative damage occurs in erythrocytes after exposure to
MC-LR.
Many antioxidant enzyme systems could protect from
oxidative damage induced by ROS, and the changes in
antioxidant enzyme system indicate status of oxidative
stress in animals [29]. In the present study, the level of
GSH significantly increased in all MC-treatment groups
at 12, 24 and 48 h. Meanwhile, activities of GST, GPx
and SOD were significantly increased in all MC-treatment
groups at 12, 24 and 48 h. Our results indicated that an
activation of the antioxidant defensive system occurred to
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tackle the MC-LR exposure. Free radicals can directly damage red blood cell membranes by peroxidation of membrane
polyunsaturated fatty acids [31, 32]. Therefore, the increase
in the level of GSH in erythrocytes may be an adaptive
response to MC-LR exposure. GST detoxifies a variety of
electrophilic compounds to reduce toxic forms through
conjugate –SH groups provided by GSH [33]. So, the
increase in erythrocytes GSH provide more –SH for GST
to decrease MC-LR toxicity. GPX catalyzes the reduction
of H2O2 using GSH [17]. The present result was shared by
a previous study that MC-LR caused an increase in the
transcription of GPX [34]. The increase of SOD activity
in erythrocytes may be due to increased generation of
ROS caused by MC-LR exposure. Liu et al. [35] also
demonstrated that MC-LR causes a prominent increase in
SOD activity in rabbits.
Some biochemical indicators were widely used in toxicology and clinical chemistry to diagnose cell, tissue and
＋
＋
organ damage, such as LDH, AChE, Na -K -ATPase
2＋
2＋
and Ca -Mg -ATPase [36]. LDH is an important glycolytic enzyme that is present in virtually all tissues [37].
Any tissue lesion or haemolysis was evidenced by an
increase of LDH activity in animals [38]. MCs induced
significant increase in activity of liver or serum LDH
when mice or fish were exposed to MCs [34, 39]. In the
present study, the activity of LDH was significantly increased from 3 to 48 h after incubation with MC-LR. The
increase of LDH activity might be due to the injury of cell
membrane and haemolysis of erythrocytes caused by MCLR exposure. Because the lipid peroxidation causes the
damage of cell membrane and increase of cell membrane
permeability, it finally results in a large number of LDH
leaking from cell and increase of activity of LDH in the
culture medium. AChE is an indicator of neurotoxic effects and has traditionally been used as a specific biomarker of exposure to organophosphate and carbamate
pesticides [40]. Kankaanpää et al. [41] indicated that the
AChE activity of blue mussels was significantly inhibited
after 12 and 24-h exposure to MC-LR but returned to control level during the period of depuration. Similarly, in the
present study, AChE activity significantly decreased. Pyrethroid markedly inhibited the rat erythrocytes and serum
AChE activities, followed by a very low recovery in
AChE activity over the period of treatment [33]. They
suggested that the increase in erythrocyte LPO correlated
with the inhibition in erythrocyte AChE activity. Therefore, the significant inhibition of AChE activity in erythrocyte may be correlative with the oxidative damage
caused by MC-LR exposure. ATPase is a protein complex
in the biofilm maintaining a relative stable ion concentration between intracellular and extracellular environments,
to ensure the normal metabolism [42]. ATPases (glycoproteins) on the cell membrane are asymmetrically embedded
in the cell membrane, including Na+-K+-ATPase, Ca2+Mg2+-ATPase and H+-K+-ATPase. Cell membrane is the
most vulnerable site to be attacked by free radicals which
induce lipid peroxidation and disturb structural integrity

of the membrane, finally affecting the activity of membrane-bound enzymes like ATPases [43]. Oxidative stress
can inhibit Na+-K+-ATPase and other ATPases through two
different mechanisms, to promote the generation of lipid
peroxides and alter the membrane fluidity and to activate
ROS damage on sulfhydryl groups of ATPase [44-47]. In
vivo and in vitro studies have confirmed that MC-LR can
induce increase of intracellular ROS, lipid peroxidation
and DNA damage [48]. In this study, Na+-K+-ATPase and
Ca2+-Mg2+-ATPase activity significantly decreased. The
inhibition of the activities of Na+-K+-ATPase and Ca2+Mg2+-ATPase in rat erythrocytes may be ascribed to lipid
peroxidation and/or the decrease in –SH groups induced
by butenolide [49].
Lipid peroxidation can cause membrane depolarization, disturb symmetry of membrane lipids, induce inhibition of membrane enzymes, and adjust transportation of
proteins, finally leading to the loss of plasmatic membrane integrity [50]. In this study, MC-LR caused marked
lipid peroxidation of erythrocytes, which might destroy
the lipid bilayer structure, and change the shape of erythrocyte membranes, finally leading to haemolysis of erythrocytes.
Change in membrane fluidity can alter the shape of
cell membrane [51]. In the present study, MC-LR exposure caused change of erythrocyte shape, including dissolution of cell and jagged cell membranes. It may be due to
the damage of cell membrane composition caused by lipid
peroxidation. Paulina et al. [51] have reported that MCLR converted the shape of blood corpuscles to echinocytes.
Erythrocytes exposed to H 2O 2 resulted in a significant
change in the cell shape and distinct echinocyte formation
[52], where oxidative damage to cell membranes caused
alterations in cell rigidity and shape, and the membrane
damage led to echinocyte formation.
4 CONCLUSION
In summary, after in vitro MC-LR exposure, marked
lipid peroxidation was triggered in mice erythrocytes, and
oxidative stress caused obvious changes of antioxidative
enzymes. Additionally, pathological erythrocytes were observed with damaged cell membrane. Altered biochemical
parameters as well as increased haemolysis of erythrocytes
in MC-treatment groups are mainly ascribed to changes
(leakage) of erythrocyte membranes. Our findings validate
the hypothesis that microcystins exert toxic effect on erythrocytes, and erythrocyte damages should also be responsible for animal anemia, and even death.
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ABSTRACT

1 INTRODUCTION

Impact of the initial pH of medium and incubation
temperature on Polyhydroxyalkanoates (PHA) production
and polymer characterization from Novosphingobium sp.
THA_AIK7 isolate were investigated in batch culture of
mineral salts medium supplemented with 2 % (w/v) crude
glycerol. It was found that an initial pH of 7 and temperature of 30°C was an appropriate condition for polymer
production. An initial pH of 7 showed a higher PHA production than an initial pH of 6 of about 17-20% at both
30°C and 35°C. Molecular weight of polymer, interestingly, was strongly affected by the initial pH of culture medium. The polymer produced using a medium with an
initial pH of 6 had a number average molecular weight
(Mn) about 18-30% higher than and weight average molecular weight (Mw) about 33-35% greater than those of
an initial pH of 7. However, both Mn and Mw of polymer
were extremely low which may be caused from the effect
of sodium hypochlorite used in an extraction method.
Thermal property and polymer structure were less affected
from different initial pH and incubation temperature. The
polymers produced from various conditions were reported
as PHB homopolymer.

KEYWORDS: crude glycerol, initial pH, Novosphingobium sp.,
polyhydroxyalkanoates, polymer characterization, temperature

* Corresponding author

Polyhydroxyalkanoates (PHA) are intracellular polymer normally found in bacteria. There are more than 300
different microorganisms that can biosynthesize and accumulate PHA inside their cells [1]. Approximately 150
different monomer units have been identified as constituents of PHA [2, 3]. Of these members, homopolymer
Poly-β-hydroxybutyrate (PHB) is the most abundant [4].
PHA naturally serve as carbon and energy storage, which
is triggered by unbalanced growth in the presence of excess carbon source [2, 4]. PHA have become the substitute materials for conventional plastic in response to the
harmful effect of the plastic waste problem [5]. Interest in
PHA has been raised because they have properties similar
to various thermoplastics and elastomers, can completely
degrade upon disposal, are nontoxic, are biocompatible,
and can be made from renewable resources [2]. The major
drawback of wider a use of PHA is higher price than
conventional plastic which is mainly caused from high
price of carbon source. Many researchers have attempted
to find an alternative carbon source that is less expensive
thereby lowering the total production cost.
Crude glycerol, a byproduct of the biodiesel process,
has currently become a sizeable waste stream because biodiesel is an important source of alternative fuel produced
worldwide [6]. The byproduct compositions, in addition to
glycerol, contain methanol and soap as two major impurities with various other elements such as sodium, potassium,
phosphorus, magnesium, sulfur, calcium [7], carbon, nitrogen, glycerides, fatty acid soaps (FFA), and fatty acid
methyl ester (FAME) [8, 9]. It has been suggested that
crude glycerol price may be eventually stabilize as low as
$0.05· lb-1 [10]. Using an inexpensive waste as a substrate
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source, the cost for PHA production can be decreased [5,
11].
The impact of temperature and initial pH of culture
medium on the polymer yield and the characters of the
polymer (melting temperature, molecular weight and structure) were preliminarily investigated in this report.
2 MATERIALS AND METHODS
2.1 Bacterial cultivation

Mineral salts medium (MSM) was used in the experiment [12]. The 50% purity of the solidified crude glycerol (CG) derived from vegetable oil-based biodiesel was
used. All chemicals used in the experiment were purchased
from Wako chemical, Japan. The bacterial isolate Novosphingobium sp. THA_AIK7 (formerly AIK7) was isolated
from biodiesel-contaminated wastewater and selected as a
high potential PHA-producing strain [13]. THA_AIK7 was
cultured in MSM supplemented with 2% (w/v) CG in a
250 ml Erlenmeyer flask with a working volume of 100
ml at 150 rpm.
2.2 PHA polymer extraction

Large scale extraction was performed according to
Shi et al. [14] modified method as follows: cell was centrifuged (8000 g, 10 min, 15°C) and washed by distilled
water. The cell pellets were re-suspended in 10 ml of 50%
sodium hypochlorite solution (Wako chemical, Japan) and
incubated at 37°C for 1 h with shaking. The lysed cell
pellet was centrifuged and was washed successively with
water, acetone, and ethanol. Fifteen milliliters of chloroform solution was added and the solution was then transferred to a glass tube. Five milliliters of distilled water
was added to the tube in order to separate cell debris from
the solvent phase. The chloroform-water solution was
then incubated at 55°C for 2 h with intermittent shaking.
Solvent and non-solvent phase was separated by centrifugation at 8000 g, 10 min, and 15°C. The chloroform phase
was transferred into a new glass tube and was evaporated
at room temperature (20–25°C). Polymer films were dried
at 45oC for 3 days before weighing and analysis.
2.3 Characterization of PHA

PHA THA_AIK7 films from 96-h cultures were used
for polymer characterization. The weight average molecular weight (Mw), number average molecular weight (Mn),
and size average molecular weight (Mz) of the polymer
were determined by gel permeation chromatography (GPC)
using GPC K-804L column (Shodex®) equipped with an
ultraviolet (UV) SPD-10A detector. CHCl3 was used as
eluent at a flow rate of 1.0 ml · min-1 at 40°C. Molecular
weights in the range of 106–102 g · mol-1 of polystyrene
were used for standard calibration. Differential scanning
calorimetry (DSC) was performed with a Perkin-Elmer
equipment. Sample was dried in vacuum for approximately
12 h at 60°C prior to thermal analysis. Sample was heated

from 20°C to 185°C at 20°C · min-1, held for 5 min to
ensure melting, then cooled to 20°C at -20°C · min-1. Melting and cooling thermogram of the polymer was recorded
from the first heating scan’s data. Fourier-transform infrared spectroscopy (FTIR) was analysed using a PerkinElmer FTIR spectrometer with a wave number range of
4000–400 cm-1 resolution. The 1H nuclear magnetic resonance (NMR) spectrum of the polymer was recorded
using JEOL GSX500 (JEOL, Tokyo, Japan) spectrometer.
Three milligrams of the polymer was dried at 40°C for 72 h
and then dissolved in 1 ml of deuterated chloroform
(CDCl3). The mixture was incubated at 45°C with shaking
to enhance solubility. Spectra were recorded at a frequency
of 500 MHz at 25°C.
3 RESULTS AND DISCUSSION
3.1 Effect on PHA content

Cell growth and polymer production were measured
at an initial pH of 6, 7, and 8 of medium and incubation
temperature at 30, 35, and 40°C (Table 1.). The highest
cell dry weight (CDW), 3.7 and 3.9 g · l-1, and highest
PHA content, 53 and 55 %CDW, were gained from an
initial pH of 7 and temperature of 30°C, respectively.
Although the PHA contents from an initial pH of 6 and
temperature of 35°C were reached 49 and 54 %CDW,
respectively. The lower cell dry weight in these two conditions, 2.4 and 2.7 g · l-1 respectively, indicated that it
might not be optimal for bacterial growth. The result of
cell dry weight and PHA content were also shown that an
initial pH of 8 and temperature of 40°C were not optimum
for bacterial growth and PHA production.
TABLE 1 - Maximum growth and PHA content from THA_AIK7
grown in MSM supplemented with 2% (w/v) CG in various conditions.
Initial pHa
6
7
8
2.4
3.7
0.7

Temperature (°C)b
30
35
40
3.9
2.7
0.8

CDW (g l-1)
PHA content
49
53
10
55
54
8.5
(%CDW)
°
a: cultured maintained at 30 C; b: cultured in medium with an initial pH
of 7

According to these data, initial pH of 6 and 7 and
temperature of 30 and 35°C were chosen to investigate the
effect of each culture condition. PHA polymers extracted
from 100 ml culture medium from each interval period
were weighted. In medium with an initial pH of 7,
THA_AIK7 could accumulate PHA at higher content
than in medium with an initial pH of 6 in both temperatures about 17-20 % (Fig. 1a -1b). At higher temperature,
35°C, PHA production gradually increased from 48 - 96 h.
At an initial pH of 7 and 30°C, PHA yield reached the
highest content ~ 0.9 g · l-1 in 72 h. Considering the PHA
yield results, it can be concluded that medium with an
initial pH of 7 and temperature of 30°C was optimal for
polymer production.
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FIGURE 1 - Polymer weight at an initial pH of 6 (a) and an initial pH of 7 (b) from THA_AIK7 cultivated in MSM supplemented with 2%
(w/v) CG in various conditions

3.2 Effect on thermal property

The extracted polymer films from each condition
were investigated the polymer characterization. Melting
temperature (Tm) of polymer was taken at the summit of
the endothermic peak in the first DSC heating thermogram. The summit of DSC curve were reached at 177,
176, 179 and 179°C from polymer in condition “pH 6
30°C”, “pH 6 35°C”, “pH 7 30°C”, and “pH 7 35°C”, respectively (Fig. 2a). The melting point of the polymer derived from each culture condition was in the common range
of PHA reported by many research groups [15-17]. The
crystallization temperature (Tc) was taken from the cooling thermogram obtained in the first cooling scan (Fig.
2b). The temperature of 135, 121, 131 and 129°C were
obtained from polymer in the condition “pH 6 30°C”, “pH
6 35°C”, “pH 7 30°C”, and “pH 7 35°C”, respectively.
High Tc of polymer may predict a fast crystallization rate
as was discussed by Hong et al. [15]. The thermal property in terms of the melting temperature of THA_AIK7
polymer was not affected by the low molecular weight of
the polymer conforming to the previous result of Zhu et
al. [17]. It could be concluded that an initial pH of medium and temperature have not much effect on both melting
and crystallization temperature.
3.3 Effect on molecular weight

The molecular weight of PHA produced from microorganisms are in the range 20 × 106 g ·mol-1 and 75 × 103
g · mol-1 [16]. Unlike other carbon sources that have been
reported for PHA biosynthesis, a significantly low Mw
PHA was reported from glycerol-based substrate. The
end-capping chain termination is attributed to glycerol
esterification resulting in the short chain PHA polymer
[11, 17]. It has been reported that PHA derived from
Halomonas sp. KM-1 cultivated in a medium supplemented with 3% of waste glycerol produced the lowest
Mn of 29 × 103 g · mol-1 [18].
From the results reported herein, two peaks were detected in GPC curve from every sample. And there was
one small peak at higher molecular weight over the detection range at 106 g · mol-1, especially from an initial pH of

6, as shown at “?” peak in Fig 3. Interestingly, molecular
weight of PHA polymer extracted from medium with an
initial pH of 6 was found higher than from an initial pH of
7 for 18-30% of Mn and 33-35% of Mw (Table 2). GPC
curve displayed a large polydispersity index (PDI) value,
which may indicate polymer chain degradation.
However, in this instance, we doubt that the molecular weight of the THA_AIK7 polymer might not as low as
it was shown. A small peak at a molecular weight over the
range (106) of the standard calibration curve in GPC trace
together with the 106 value of Mz in each sample may
show long-chain polymer synthesizing capability as well.
Therefore, we presume that THA_AIK7 isolate could
synthesize a longer chain polymer. One cause-effect in
the polymer weight decreasing may come from the extraction method in which sodium hypochlorite was used. It
has been reported that a severe degradation of the PHB
polymer due to sodium hypochlorite digestion resulting in
about 50% molecular weight reduction [19]. The actual
molecular weight of glycerol-based PHA produced from
THA_AIK7 isolate will be reanalyzed in the next step
using a mild extraction method.
3.4 Effect on polymer structure

Polymer produced using medium with an initial pH of
6 and temperature at 35°C displayed an NMR spectrographs a pattern of signal identical to the spectrum of the
PHB homopolymer [11, 16, 20] with main resonance of
CH3, CH2, and CH end groups at ~1.25, 2.4–2.6, and 5.25
ppm, respectively (Fig 4). The same spectra pattern was
observed in every culture condition. The glycerol-based
end capping resonances in the range of 3.5-4.0 ppm were
seen in all samples agree with those described by Zhu et
al. [17]. The small peak at 1.65 and 0.9 ppm resonance
which attributed to CH2 and CH3 group from HV unit,
respectively [16], were also seen in all samples. However,
the peak area of HV unit at 0.9 ppm resonance was very
small compare to of HB unit at 1.25 ppm. Therefore,
NMR spectrographs derived from THA_AIK7 isolate, in
all cultured condition reported herein, were reported as
PHB homopolymer.
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FIGURE 2 - Differential scanning calorimetry curve of melting (a) and cooling (b) thermogram from first scan of polymer produced from
THA_AIK7 cultivated in MSM supplemented with 2% (w/v) CG in various conditions

FIGURE 3 - Gel permeation chromatography curve of the THA_AIK7 polymer cultivated in MSM supplemented with 2% (w/v) CG with an
initial pH of 6 and temperature of 35°C. The relative weight average molecular weight for the peak 1=50,000, 2 = 760 and peak “?” was over
the range of standard 106 g · mol-1
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TABLE 2 - Molecular weight of PHA polymer produced from THA_AIK7 grown in MSM supplemented with 2% (w/v) CG in various conditions
Polymer sample
pH 6 30°C
pH 6 35°C
pH 7 30°C
pH 7 35°C

Mn
(Da)
1,100
1,190
760
980

Mw
(Da)
36,800
27,000
24,000
18,000

Mz
(Da)
275,000
236,000
416,000
438,000

Polydispersity index (PDI)
(Mw/Mn)
33.5
22.7
31.6
18.4

FIGURE 4 - 500 MHz 1H nuclear magnetic resonance spectrum of polymer extracted from THA_AIK7 cultivated in MSM supplemented
with 2% (w/v) CG with an initial pH of 6 and temperature of 35°C. The main resonance at 1.25, 2.4-2.6, and 5.25 ppm of CH3, CH2, and CH
end groups, respectively, are identical to PHB homopolymer. The glycerol end-capping resonances, in the range 3.5-4.0 ppm, are shown in
the expanded region.

FIGURE 5 - Fourier transform infrared spectrum of polymer extracted from THA_AIK7 cultivated in MSM supplemented with 2% (w/v)
CG with an initial pH of 6 and temperature of 35°C. The peak near 1729 cm-1, characteristic for PHA, corresponds to the ester functional
group. The high intensities near 3444 and 1637 cm-1 may have corresponded to the degradation of PHA resulting in the increment of hydrogen-bonded groups and C꞊C bonds distinctive peaks, respectively.
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Hong et al. [21] studied the FTIR spectra of PHA
containing cell and purified PHA from various cell, PHB
from Azotobacter vinelandii UWD, HB-co-HA from
Pseudomonas mendocina AS 1.2329 and medium-chainlength PHA from Pseudomonas pseudoalkaligenes AS
1.2328. They concluded that strong carbonyl marker band
between 1728-1744 cm-1 is the characteristic of PHA. In
our results, band at 1724, 1729, 1734 and 1735 cm-1 were
found in FTIR spectra of purified polymer from “pH 6
30°C”, “pH 6 35°C”, “pH 7 30°C”, and “pH 7 35°C”, respectively. An example of spectra from pH 6 35°C in Fig
5 shown accompanying bands in the range 1200 – 900
cm-1 correspond to C-O-C bond stretching [22, 23] which
were also presented in every condition. Bands in the range
2924-2981 cm-1 were found in all samples which may
correspond to stretching vibration of C-H bonds of methyl
(CH3) and methylene (CH2) groups of PHA as well [24].
The increment in intensities of band near 3444 and 1637
cm-1 may be caused from degradation of PHA resulting in
the increment of hydrogen-bonded groups and C꞊C bonds
distinctive peaks, respectively, as explained by Grassie et
al. [25] and Hong et al. [15]. The increment in intensity of
band near 3444 cm-1 responded to the decrement in intensity of band near 1729 cm-1. The degradation also caused
a decrease in crystallinity which led to the decreasing in
intensity of crystalline band near 1230 and 980 cm-1 [15,
22]. The degradation band near 3444 cm-1 of the polymer
was in agreement with the inhomogeneity of polymer
which shown by three peaks in GPC curve.
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ABSTRACT
The objective of this study is solubilization of lead and
arsenic from toxic metal mineral lead arsenate hydroxide hydroxymimetite with oxalic acid and distilled water. Furthermore, the Aspergillus niger (A. niger) strain was applied for solubilization of lead and arsenic from hydroxymimetite. Oxalic acid was confirmed as the best leaching
agent and was able to mobilize 96% of As and 1.49% of
Pb. Also, the oxalic acid was capable of solubilizing inorganic Pb from crystalline compound and transforming it
into the different organic Pb phase, which partially precipitated as lead oxalate Pb(C2O4). Our experimental studies
bring insight into the biogeochemical cycles of the studied
elements and have potential application in the bio-hydrometallurgical processes for recovery of arsenic and lead
from different materials (e. g. toxic metal minerals, mining
ores, contaminated soil and sediment and other environmental area).

KEYWORDS: Chemical and biological leaching, Aspergillus
niger, toxic minerals, organic crystalline phase, lead oxalate

1 INTRODUCTION
Heavy metals are widely distributed in natural environments [1-4]. Metals released to the environment from
natural and anthropogenic sources such as weathering,
erosion, mining and industry [5-8]. Furthermore, many of
heavy metals from natural minerals such as carbonates,
phosphates and arsenates or pure synthetic chemical compounds were used to be applied in agriculture as herbicides, fungicides, insecticides, even supplemental synthetic
fertilizers. The increase inputs of many trace elements into
agricultural soil over the past decades have resulted in the
* Corresponding author

potential toxicological implications and detrimental long
term trends effects. Lead arsenates, including; lead arsenic hydroxide - hydroxymimetite (Pb5(AsO4)3OH), is not
widespread common natural mineralogical phase in the
primary and secondary deposit of the polymetallic ore.
However, there was the most extensively used as lead
arsenical insecticides from the early 1900s to the early
1960s [9,10]. Hydroxymimetite is considered to have low
solubility [9,10] and thermodynamically stable phase, thus
the residues of hydroxymimetite can be still detected in
the environment [9,11].
Recently, arsenic and lead have been receiving increasing attention due to their implication for human health.
Considerable research has been devoted to understanding
their geochemical cycles, toxicological fate and behavior in
the environment. Arsenic and lead are one of the most significant global environmental contaminants. They are very
toxic elements to both animals and plants due to affinity for
proteins, lipids, and other cell components, causing a number of different cancer types, and cardiovascular and neurological problems [12,13]. Mobility, toxicity and bioavailability of arsenic and lead species are accelerated by primary and secondary metabolites of microbial consortium
in the environment.
Microorganisms such as bacteria, fungi, algae and yeast
are capable of transforming insoluble arsenic and lead minerals into soluble derivatives in terrestrial and aquatic environments [14,15]. Microscopic fungi, as one of the dominant component of microbiota in soil, mineral and rock substrates are important physical and chemical decomposers;
therefore they play a significant role in biogeochemical
cycles of the toxic elements [16-19]. Fungal mobilization
of metal(loid)s depends on several mechanisms, including
acidolysis (proton promoted), complexolysis (ligand promoted) and reductive mobilization. The bioleaching process can occur due to the production of primary and secondary metabolites with metal-chelating properties (carboxylic acids, amino acids and phenolic compounds)
[16,20,21]. One of the most promising applications of

2301

© by PSP Volume 21 – No 8a. 2012

Fresenius Environmental Bulletin

bioleaching is in biotechnological processes resulting in
recovery and detoxification of lead and arsenic from low
grade ores, coal, fly ash, sewage sludge, soils and sediments
and other contaminated materials [15,22-28].
Experiment on bioleaching of arsenic and lead from
minerals using different bacterial species has been published recently [29,30]. However, the application of filamentous fungi in bioleaching of arsenic and lead minerals
is missing in literature.
The purpose of this work is to examine the ability of
the filamentous fungus A. niger and the chemical leaching
with oxalic acid and distilled water to solubilize lead and
arsenic. Transformation of lead arsenate hydroxide was
also observed. Thus, X ray diffraction analysis and the scanning electron microscopy with energy dispersive X-ray microanalysis were used to determine size distribution, structural, morphological and chemical properties of hydroxymimetite before and after leaching by A. niger, oxalic acid
and distilled water. The attention was also focused on
changing of pH values during the microbial and chemical
leaching.

bioleaching capacity of the A. niger strain was compared
with chemical leaching by oxalic acids (see below) and
the leaching with distilled water. All types of experiments
were carried out in sterile 100 ml Erlenmeyer flasks containing 0.05 g of hydroxymimetite and 50 ml of the
Sabouraud broth (HiMedia, Mumbai, India). The systems
were inoculated with a 5 ml spore suspension of the A.
niger strain and cultivated for 42 days. Due to similar initial condition for leaching with A. niger strain and control
system with distilled water the pH was adjusted to 5.6 ±
0.1 with 0.1 mol dm-3 HCl or 0.1 mol dm-3 NaOH. All
laboratory samples and used culture media were autoclaved at 121°C for 20 min. before bio-leaching experiments. All experiments were replicated in three times.
The chemical leaching of hydroxymimetite was carried
out using 0.05 mol dm-3 oxalic acid [C2O4H2·H2O] (Centralchem, Slovak Republic). Oxalic acid is one of the
main extracellular fungal metabolites and this was used to
study the extraction of Pb and As from synthetic hydroxymimetite. The results were compared with fungal leaching
and leaching in distilled water (Table 2). The pH values were measured after 6., 12., 18., 30. and 42. days. The
pH was not measured for oxalic acid.

2 MATERIALS AND METHODS
2.3 Analytical data
2.1 Preparation of synthetic lead arsenate hydroxide

Synthetic lead arsenate hydroxide - hydroxymimetite
Pb5(AsO4)3OH was prepared by mixing of 20 ml 1 mol
dm-3 Pb(NO3)2, 10 ml of 1 mol dm-3 Na2HAsO4 solution
and 1 mol dm-3 NaOH (the stoichiometric ratio of Pb, As
and OH were 5:3:1) in 80 ml of redistilled H2O. The pH
was adjusted to 6.5 ~ 7 by 1 ml 0.01 mol.dm-3 NaOH. All
used chemicals were of analytical grade obtained from
Centralchem, Slovak Republic. The mixture was heated
under reflux for 5 hours at 100°C. Obtained crystalline
phases were filtered and then washed with a significantly
large amount of water and ethanol. Chemical properties of
the synthetically prepared hydroxymimetite were determined and are shown in Table 1.
TABLE 1 - Chemical properties of synthetic hydroxymimetite
Pb5(AsO4)3OH.
Chemical
element
Pb
As

Content of metal(loid) in
hydroxymimetite (mg kg-1)
70440
17030

2.2 Microorganism, culture media and bio-leaching experiments

The A. niger strain was used for bioleaching experiments. According to preliminary experiments, used A.
niger strain has had the best bioleaching capabilities of all
various fungal strains. Used A. niger strain was isolated
from soils affected by mining activities with a high content of arsenic (Pezinok, Slovakia). The fungal strain was
maintained on Sabouraud agar (HiMedia, Mumbai, India)
in the dark at room temperature. Bio-leaching experiments were carried out in three different experiments. The

The content of arsenic and lead were measured by
galvanostatic dissolved chronopotenciometry EcaFlow 150
GLP (Istran, Slovak Republic). The structure of the synthetic lead arsenate hydroxide and crystals evolved during
the A. niger strain and chemical leaching was examined
by scanning electron microscopy (SEM, JXA 840 A,
JEOL, Japan) and energy dispersive X-ray microanalysis
(EDX) for elemental composition determination [31,32].
All samples were coated with carbon.
The X - ray diffraction analysis was used to observe
the changing of residues before and after fungal and chemical leaching. The crystalline symmetry and structure parameters of new solid phases were studied by X-ray powder diffraction analysis using the diffractometer BRUKER
D8 Advance (Laboratory of X-ray diffraction SOLIPHA,
Comenius University in Bratislava, Faculty of Natural Sciences) under the following conditions: Bragg-Brentano geometry (Theta-2Theta), Cu anticathode (λα1 = 1.54060 Å),
accelerating voltage 40 kV, beam current 40 m Å. Ni Kβ
filters were used for stripping Kβ radiation on the primary
and diffracted beam, and data was obtained by the BRUKER
LynxEye detector. The step size was 0.01° 2Θ, the step time
was 1 s per one step, and the range of the measurement
was 4 – 65° 2Θ [33]. Measured data was evaluated with
DIFFRACplus EVA software package.
3 RESULTS AND DISCUSSION
The obtained results of the solubilization of insoluble
hydroxymimetite by fungal and oxalic acid leaching is
shown in Table 2. The highest arsenic and lead leaching
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TABLE 2 - The results of microbial leaching and leaching with oxalic acid and distilled water. Leaching period was 42 days.
Metal content after leaching treatment (mg.kg -1)

Leaching agent

Pb

Extraction of metal (%)

As

Oxalic acid

1052.4

± 72.06

16320

± 167.07

Pb
1.49

As
96

Aspergillus niger
Distilled water

6920
24

± 102.42
± 1.01

468
12

± 8.13
± 0.20

9.82
0.03

2.75
0.07

efficiency was achieved using the oxalic acid. The oxalic
acid was able to release 1.49% of lead and 96% of arsenic
from the solid phase. Several reports have been examining the ability of leaching by oxalic acid and ammonium
oxalate on different samples [25,26]. Our preliminary research on arsenic leaching suggests almost comparable
result [25], where oxalic acid was able to mobilize 95.2%
of arsenic from synthetic zinc arsenate adamite. Müller et
al. [26] found similar results (80%), estimating the antimony and arsenic mobilization from samples contaminated by ore processing waste using sequential extraction
procedure with ammonium oxalate. Kušnierová [27] found
that the arsenic solubility after 23 day leaching of fly ash
by citric acid achieved 25% (0.06 mg from 0.24 mg As).
Huang et al. [28] observed the removal of Pb, Cd, Cu and
Zn from sludge by citric, oxalic and acetic acid. Similarly
to our results, they showed that oxalic acid leached low
amounts of lead. Corkhill et al. [29] investigated the oxidative dissolution of arsenopyrite in the presence of the
Leptospirillum ferrooxidans bacterium. After 4 weeks of
cultivation, they found 95% dissolution of arsenopyrite
surface.
In comparison with leaching by water, the A. niger
strain was able to transform more Pb and As from hydroxymimetite. Similar ability to transform insoluble lead
containing minerals by ericoid mycorrhizal and ectomycorrhizal fungi was confirmed by Sayer et al. [16,20] and
Fomina et al. [17,18]. Originally, studies dealt with capability of primary and secondary fungal metabolites to leach arsenic minerals are almost absent. Sierra-Alvarez et al. [34]
investigated the effectiveness of copper-tolerant brown-rot
fungi Antrodia vaillantii for remediation of wood treated
with chromated copper arsenate (CCA). Applied microorganism was found to promote extensive mobilization of
arsenic (66%) from wood treated with CCA preservatives.
There is some evidence that in our experiment only
2.75% of arsenic was detected in the solution. Apparent
discrepancy between released concentration of arsenic
(2.75%) and lead (9.82%) could be due to extensive biosynthetic activity of fungal strain. Ability of A. niger species to bioaccumulate, biosorb and biovolatilise from solution was experimental confirmed by Čerňanský et al. [35]
and Urík et al. [36].
According to presented results (in Table 2), distilled
water possesses a very low ability to transform As and Pb
to dissolved compounds. Comparable results were achieved
with deionized water (0.02% As released) and rain water
(0.03% As released) after 24 h [21] and also leaching

from heavy metals contaminated soil using distilled water
was able to solubilize 0.5% As [23] .
Solubility, mobility and potential toxicity of arsenic
and lead species largely depend on the changes in acidity
and alkalinity of the surrounding environment [15]. The
changes in pH are shown in Figure 1. In fact, considerable
pH changes were recorded in the systems, where leaching
was applied using A. niger strain or distilled water. After
six days of A. niger cultivation, the pH decreased from the
initial value of 5.6 to minimum value of pH 4.2. A decrease in pH values can be explained by the varied biosynthetic activity of A. niger strain (production of acidic
secondary metabolites) and consequent release of metals
from mineral surface into solution. At the first stage of
cultivation decrease in pH value was probably connected
with exponential growth of microscopic fungus in the
cultivation system. Mainly organic acids, which are also
produced by fungi as secondary metabolites, can play
significant role to mobilize or immobilize heavy metals.
The analogy between pH changing and release and redistribution of metals in the metal contaminated soil was
confirmed by Arwidson et al. [22]. Eventually, the maximum pH reached was 8.3 on the 42nd day of cultivation.
However increasing in pH value was firstly observed between 6th and 12th after this time period pH value did not
change significantly. This could be attributed to production
different type, probably, alkaline metabolites [15].

FIGURE 1 - Changes in pH during bio-leaching by Aspegillus niger
(Aspergillus niger + Pb5(AsO4)3OH) and with distilled water (H2O +
Pb5(AsO4)3OH) from hydroxymimetite.

The effect of distilled water on pH change was less
significant. The minimum pH was the initial value (pH 5.6)
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and maximum value was achieved at the end of the experiment (pH 7.35). The pH value of distilled water leachate
shows slow increasing trend when compared to leaching
with A. niger strain, which was very likely the main
cause for dissolution of insignificant content of arsenic and
lead into the solution. Yang [24] established similar result
in pH changes using distilled water and the A. niger strain
in leaching of fly ash.

The X-ray diffraction patterns of hydroxymimetite before leaching procedures are shown in Figure 2, with typical roughly - grained particles (Figure 4) with elemental
composition as shown in Figure 5. After the bioleaching
procedure, the A. niger strain transformed hydroxymimetite
into the mixture of hydroxymimetite and an unidentified amorphous or low crystalline phase (Figure 3).

FIGURE 2 - X-ray - diffraction patterns of hydroxymimetite before the leaching procedure.

FIGURE 3 - X-ray - diffraction patterns of hydroxymimetite after bioleaching by the Aspergillus niger strain.
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FIGURE 4 - The scanning electron micrograph shows synthetic hydroxymimetite before the leaching treatment, (SEM).

FIGURE 5 - Energy dispersive X-ray microanalysis (EDX) exhibited qualitative analysis of the synthesis hydroxymimetite before the leaching treatment. The main components were Pb, As, O.

The scanning electron micrograph (Figure 6) showed
residues after bioleaching treatment provided by the experimental evidence of the fungal hyphae presented within
the mycogenic mineral; typical morphology of the parallel
particles with the pseudohexagonal shape. The qualitative
analysis of the unidentified phase contained almost pure
lead with associated carbon and oxygen (Figure 7). According to results, the transformation of the original mineral phase to the obtained organic (mycogenic) phase was
established. Similar results were achieved by the Beauveria caledonica fungus, which was able to transform
synthetic phase PbCO3 to the lead oxalate PbC2O4 [17]

and also the Aspergillus niger strain, which was able to
transform pyromorphite Pb5(PO4)3Cl to Pb oxalate [20].
The structural differences, such as structural parameters and
unit cell dimension, were recorded between hydroxymimetite before and after the bio-leaching treatment (Table 3). In
the absence of evidence to the contrary it could assumed
that low content of Pb (1.49%) in solution was associated
with production of precipitated Pb oxalate (Table 3). Typical crystal symmetry (Figure 8) and idiomorphic crystals
(Figure 9) with qualitative analysis (Figure 10) of lead
oxalate was detected.
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FIGURE 6 - The scanning electron micrograph shows parallel pseudohexagonal unidentified phase observed after bioleaching. The crystals
are overgrown by fungal hyphae (SEM).

FIGURE 7 - Energy dispersive X-ray microanalysis (EDX) exhibited qualitative analysis of the unidentified phase after bioleaching treatment. The main components were Pb, O, C.

TABLE 3 - Symmetry, structural parameters and unit cell dimension before and after the fungal and chemical leaching of synthetic hydroxymimetite
Leaching agents
Identified phase

Crystal symmetry
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Unit cell dimension Å3
Z

Before leaching
treatment
Hexagonal
10,2810(6)
7,4513(7)
682,09(1)
2

Aspergillus niger
hydroxymimetite
After leaching by A. niger strain
Hexagonal
10,2652(1)
7,4379(8)
678,76(7)
2
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Oxalic acid
lead oxalate Pb(C2O4)
After leaching by oxalic acid
Triclinic
5,5530(2)
6,9740(1)
5,5717(7)
109,55(1)
113,58(1)
88,81(1)
184,74(1)
2
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FIGURE 8 - X-ray - diffraction patterns after leaching treatment with oxalic acid. Lead oxalate Pb(C2O4) was identified after chemical
leaching with oxalic acid.

FIGURE 9 - The scanning electron micrograph shows lead oxalate crystals identified after chemical leaching with oxalic acid, (SEM).

FIGURE 10 - Energy dispersive X-ray microanalysis (EDX) exhibited qualitative analysis of lead oxalate after leaching with oxalic acid. The
main components were Pb, O, C.
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The symmetry of synthetic hydroxymimetite was not
changed using distilled water in comparison with the
oxalic acid and the A. niger strain treatment (Figures 810, Table 3).
4 CONCLUSION
In this paper, the processes of As and Pb leaching
from synthetic lead arsenate hydroxide (hydroxymimetite)
using the Aspergillus niger strain, oxalic acid and distilled
water were investigated. The transformation of hydroxymimetite to Pb oxalate was achieved by oxalic acid.
Hydroxymimetite and an unidentified low crystalline
phase by the A. niger strain were achieved. Oxalic acid
was established as the best leaching agent. The distilled
water had poor ability to mobilize As and Pb from hydroxymimetite. The application of oxalic acid and the A.
niger strain metabolites have a great potential for metal
recovery and detoxification.
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ABSTRACT
The determination of ethanolamines is essential for the
use of alkanolamine based solvents in post-combustion CO2
capture from flue gas. The detection of monoethanolamine
(MEA), diethanolamine (DEA), and N-methyldiethanolamine (MDEA) was performed using non-suppressed cation
exchange chromatography (IC) on a Dionex IonPac SCS1
column with methanesulfonic acid/acetonitrile as eluent. A
statistics-based experimental design with response surface
methodology (RSM) was employed to optimize the IC
operating parameters. The experimental results were evaluated using multivariate analysis with the MODDE 9.0 program. The developed method was applied to the quantitative analysis of traditional ethanolamine and ammonium
ions, and was found to be linear in the range 0.01-10mM
injected with coefficients of determination better than
0.999. Monomethylamine and dimethylamine as presumed
degradation products were not detected in the partially
degraded ethanolamine systems.

KEYWORDS: CO2 capture; Oxidative degradation; Ethanolamine;
Volatile amine; Ion chromatography

1. INTRODUCTION
Greenhouse gas control by post-combustion carbon
dioxide (CO2) capture technology is an important current
research topic [1]. Alkanolamine based processes are currently the most attractive and developed technologies. However, alkanolamine absorbents are degraded in this service by
several flue gas components, for example oxygen [2]. This
degradation needs to be monitored by the capture plant for
optimisation of solvent-slip and make-up streams. Prevention of degradation requires a good understanding of the
degradation process. Thus there is a need for a reliable,
cost effective and easy to use analysis method to monitor
* Corresponding author

and gain insight into the process of oxidative degradation
of alkanolamines.
The gas chromatographic (GC) technique has been
developed and utilised for analysis of partially degraded
aqueous ethanol amine samples [3-8]. However, water is a
difficult solvent for use with the GC method [9] and analysis of high polarity analytes is a demanding application
[10]. Amine analysis by liquid chromatography is well
known [11-13], including high performance liquid chromatography [14,15] and cation IC[16-18]. The developed IC
methods were not specifically developed for the analysis
of the oxidative degradation alkanolamine samples, and
were based on suppressed systems. Although the higher
noise and drift generated with a non-suppressed detection
results in an order of magnitude lower sensitivity as compared to suppressed detection [19], non-suppressed conductivity detection does produce linear calibration curves
for alkanolamines and ammonium [20], and does not need
suppressor equipment. Furthermore, the degraded alkanol
amine samples need to be diluted for IC analysis anyhow,
which is different from trace analysis of alkanolamines in
environmental water samples.
This work reports optimisation of an IC method with
non-suppressed conductivity detection for determination
of traditional ethanolamines. A response surface methodology generated with a fractional factorial experimental
design involving four factors was applied to optimize the
chromatographic conditions.
2. MATERIAL AND METHODS
2.1 Chemicals

Monoethanolamine (MEA), diethanolamine (DEA),
N-methyldimethanolamine (MDEA) and ammonium chloride were purchased from Merck or Sigma-Aldrich, Germany, in more than 99% purity and used without further
purification. The mobile phase components methanesulfonic acid (MSA) and acetonitrile (ACN) were purchased
from Merck, Germany and were of analytical reagent grade
quality. All the solutions and eluents were prepared with
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grade A glassware and pure water (18.2 MΩ·cm) supplied
by a Milli-Q RG unit from Millipore (Billerica, MA, USA).
2.2 Equipment

Table 1. The levels were chosen based on some preexperiments or instrument limits. With this number of
parameters and 3 replicates of the centre point, 27 experiments were needed.

2.2.1 Analytical instrument
TABLE 1 - Experimental design

The chromatographic system was a DX_500 ion
chromatographic analyzer incorporating a Dionex ICS3000 isocratic pump. A Dionex IonPac SCS1 cationexchange column (4x250 mm) was used as the analytical column in combination with a Dionex IonPac SCG1
(4x50 mm) guard column. A column heater and a thermal
controller were used to control the column temperature. A
Gilson 402 syringe pump and a Gilson 231 XL variable
volume autosampler was used for sample injection.
Chromeleon chromatography software was used to control data collection and operation of the entire IC system.
2.2.2 Equipment for oxidative degradation of alkanolamine
samples

The reactor was a glass autoclave with stainless steel
lock (‘miniclave steel’ type 1/200mL 10bar, obtained from
Büchiglas Ulster, Switzerland), which consisted of a gas
feed port, a liquid sampling valve, a thermowell and a pressure gauge. The autoclave was placed in an oil bath. A
magnetic heating stirrer (model MR Hei-End, obtained
from Heidolph, Germany), which was controlled using an
external Pt1000 temperature sensor, was used to supply
the agitation by a magnetic stirring bar in the autoclave.
2.3 Experimental runs of amine oxidative degradation

In a typical experimental run, 140mL amine solution
was degassed and loaded into the reactor, followed by
evacuation of the reactor to 20mbar. After that N2 was fed
into the reactor up to 1bar. The solvent was stirred at a
speed of 200 rpm and heated to the desired temperature.
O2 was then fed into the vessel up to the desired pressure.
It was ensured that the desired O2 pressure was maintained throughout the duration of the reaction by keeping
the inlet valve of O2 opened at a fixed value. A check
valve was set into the gas inlet tubing to avoid the gas
mixture flowing backwards.
About 3mL sample of the reaction mixture was removed from the reactor through the liquid sampling port
at appropriate predetermined intervals. Each sample was
quenched by quickly running cold water over the sampling bottle. The sample was then stored in a refrigerator.
2.4 Experimental design

A multivariate experimental design with response
surface methodology was implemented and analyzed with
the program MODDE 9.0 (Umetrics, Umeå, Sweden).
The first step of a multivariate optimization process concerns the choice of the most influential factors. Four variables were varied at three levels in the experimental design: concentration of MSA (MSA, mM), concentration
of ACN (ACN, v/v %), pump flow rate (FR, ml·min-1)
and column temperature (Temp, °C). Details are given in

Experimental

Run
Order

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

8
12
17
19
27
16
18
6
14
1
9
11
10
3
24
22
21
7
4
20
15
5
23
25
2
13
26

MSA ACN
Temperature
Conc. Conc.
(°C)
(mM) (v/v %)
2
0
34
8
0
34
2
8
34
8
8
34
2
0
44
8
0
44
2
8
44
8
8
44
2
0
34
8
0
34
2
8
34
8
8
34
2
0
44
8
0
44
2
8
44
8
8
44
2
4
39
8
4
39
5
0
39
5
8
39
5
4
34
5
4
44
5
4
39
5
4
39
5
4
39
5
4
39
5
4
39

Flow rate
(ml·min-1)
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.0
1.0
1.0
1.0
1.0
1.0
0.6
1.4
1.0
1.0
1.0

In this work, one of the objectives was to obtain satisfactory peak shape and well-separated peaks. MEA MDEA
peak asymmetry and ammonium cation-MEA peak resolution were chosen as responses in the design. The reason is
that previous experiments had shown MDEA peak shape to
be the poorest due to tailing, and ammonium cation-MEA
peak separation to be the most difficult.
All experiments were carried out in a randomized order. Multiple linear regression, MLR, was used for calculating the model. The variations in the model were represented by the 95% confidence interval for each model
parameter. The fraction of variation of the responses explained by the model, R2, and the fraction of variation of
the responses that can be predicted by the model, Q2.
3. RESULTS AND DISCUSSION
3.1 Optimization of IC conditions

The IonPac SCS 1 column is a hydrophilic, low capacity weak cation exchange column designed for cation
determination using non-suppressed conductivity detec-
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tion. This investigation employed isocratic conditions
using MSA as eluent. The four variables influencing the
separation were investigated and optimized with the program MODDE 9.0. The sample size was fixed at 20µL and
was not taken as a variable factor in order to increase the
sensitivity of the degradation products by using comparatively low dilution ratios.
Performing the experiments according to the central
composite face-centred (CCF) design, Table 1, produced the
conclusion that all factors had a significant effect on one or
more responses at a 95% confidence interval. However,
three quadratic terms, MSA∗MSA, FR∗FR, Temp∗Temp,
and two two-factor interaction terms, MSA∗FR, FR∗Temp,
were observed to have no significant effect on all the responses and therefore excluded in the model. Three-factor
or higher interactions were disregarded. The quality of the
model calculated was evaluated as shown in Figure 1. R2
shows how well the data from the runs fit the model; Q2
shows how well the model can predict a certain parameter. The resolution refers to the resolution between the
peaks of the ammonium cation and MEA. Asymmetry 1
and Asymmetry 2 refers to the MDEA and MEA peak
asymmetry, respectively. R2 was found to be in our model
between 0.916 and 0.973, and the values for Q2 were
found to be between 0.817 and 0.906. High values of both
R2 and Q2 for all responses show that these responses can
be well predicted by the model.
Figure 2 shows the influence of each variable on the
response and correlation coefficient values for statistics
with 95% confidence. It can be observed that the concentration of ACN is the most important parameter and that it
has a negative effect on Resolution and Asymmetry 1.
This indicates that increasing the concentration of ACN
will decrease Resolution and Asymmetry 1.Thus although
adding ACN will improve the peak shape of MDEA, it
will deteriorate the resolution between the peaks of ammonium and MEA. The concentration of MSA has a slightly negative effect on Resolution and Asymmetry 1, while it
has a positive effect on Asymmetry 2. The column temperature has no effect on Asymmetry 2. It only shows a slight
negative effect on Resolution and Asymmetry 1. On

FIGURE 1 - Summary of fit of the refined modelling

FIGURE 2 - Regression coefficient plots obtained after model refinement for Resolution, Asymmetry 1 and Asymmetry 2.

the other hand, the SCS1 column manual recommends
that it is better to operate at temperatures lower than 35°C
[20]. However, for elimination of the effect of room temperature fluctuation, the column temperature was fixed at
34°C. The flow rate was found to have only a slight effect
on Asymmetry 1.
Review of the responses with respect to effect of the parameters allowed prediction of optimal chromatographic
conditions for case. Input values of Rs>1.5, and Asymmetry=1 were set as targets for optimization of the parameters (the temperature fixed at 34°C). This optimization was
conducted with interpolation because of the instrument
limits. Three predictions were run and then compared to
the experimental values. Details are given in Table 2. Very
good agreement is observed between model predictions and
experimental results. The resulting chromatogram from the
best run is shown in Figure 3 (a). It is clear that the ethanol
amines and ammonium cation show good peak shape and
-separation. Although there is no baseline resolution between the peaks of the ammonium cation and MEA, the
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peak resolution is high enough for quantitative analysis.
Retention time of ammonium cation and each of the alkanolamines was less than 5 minutes; this is the reason why
retention time was not taken as a response in the experimental design.

by photo-oxidation in the atmosphere [21].The developed
IC method also can be employed to monitor the formation
of MMA and DMA. The typical chromatogram of standard chemicals is shown in Figure 3 (b).
3.2 Method validation

60

(a)

Conductivity (µS)

50

+

3-MEAH
+
4-DEAH
+
5-MDEAH

4

40
5

30

The SCS1 column allows simultaneous determination
of MEA, DEA, MDEA, MMA, DMA and ammonium ions
with non-suppressed conductivity detection. The lower
limit of detection (LOD, corresponding to a signal-to-noise
ratio of 3) of these ethanolamines and ammonium cation
was estimated to be approximately 1.2-4.2µM (Table 3).

+

1-Na
+
2-NH4

3

2

TABLE 3 - Parameters of cation method calibration

20
10

n=4
MEA
DEA
MDEA
NH4+
MMA
DMA

1

0
3,0

3,5

4,0

4,5

5,0

Retention Time (min)
50

3

(b)
4

Conductivity (µS)

40

6

30

+

3-MEAH
+
4-CH3NH3

7

2

+

5-DEAH
+
6-(CH3)2NH2

20

+

7-MDEAH
10

1

3,0

R2
0.9991
0.9997
0.9995
0.9999
˗
˗

Range/mM
0.01-10.0
0.01-10.0
0.01-10.0
0.01-10.0
˗
˗

TABLE 4 - Reproducibility of MEA in a standard solution

0
-10

Slope
5.464
5.694
5.684
4.945
˗
˗

The reproducibility of the chromatographic assay was
evaluated by injecting standard MEA solution as a representative compound at four different concentrations, in
quadruplicate. In Table 4, the reproducibility of the IC
analysis is represented by the relative standard deviation
(RSD) of the peak area. The small RSD values obtained
in the experiments are indicative of the overall reproducibility of the method.

+

1-Na
+
2-NH4

5

LOD/µM
2.8
4.2
3.0
1.2
2.3
2.6

3,5

4,0

4,5

MEA (mM)
0.5
1.0
2.5
5.0

5,0

Retention Time (min)

FIGURE 3 - Examples of chromatogram for separation of ammonium, methylamine, dimethylamine and alkanol amines using the
optimized method. Chromatographic conditions: MSA 8mM, ACN
7.0% (v/v), flow 1.4mL/min, column temperature 34°C.

Volatile aliphatic amines, such as monomethylamine
(MMA) and dimethylamine (DMA), as presumable degradation products of alkanolamines have been put forward
in the proposed schemes [2,8], but no confirmation can be
found in the literature. Released volatile amines may be
harmful to both humans and the environment due to the
produced toxic and carcinogenic compounds in sunlight

Peak Area (AU)
2.7341
5.5663
13.691
27.502

RSD (%)
0.344
0.259
0.108
0.102

Calibration graphs were obtained by plotting peak area
against concentration of ethanolamines and ammonium
cation in the range of 0.01-10mM. One of the advantages
of using the SCS1 column with non-suppressed detection
is that linear calibration curves can be produced for the
ammonium cation and ethanol amines. Linear regression
values with coefficients of determination larger than
0.999 are presented in Table 3. Examination of the results
in Table 2 indicates that this optimized method can be
used for determination of alkanolamines and ammonium
ions at mM level for oxidative degradation investigations.

TABLE 2 - Calculated results from model prediction, compared to the experimental results for the same input values
Input values for prediction
MSA Conc.
ACN Conc.
(mM)
(v/v %)
3.0
1.5
5.0
3.0
8.0*
7.0
*the optimized conditions

Predictions and experimental results
Temp.
(°C)
34
40
34

Flow Rate
(ml·min-1)
1.0
1.4
1.4

Rs.p ±SD

Rs.exp

Asy.1p ±SD

Asy.1exp

Asy.2p ±SD

Asy.2exp

2.36±0.15
1.91±0.13
1.79±0.20

2.25
1.79
1.67

1.77±0.07
1.19±0.06
1.18±0.09

1.83
1.24
1.21

0.74±0.02
0.80±0.02
0.91±0.02

0.75
0.81
0.90

2313

© by PSP Volume 21 – No 8a. 2012

Fresenius Environmental Bulletin

No appreciable change in retention time and separation
efficiency was observed after one year of running under
these optimized conditions. This demonstrates that the
SCS1 column can be used at these conditions for analysis
of degraded alkanolamine samples.

ammonia partial pressure is increased due to its accumulation combined with the pH decrease of the respective solution.
3

+

1-NH4

Response

4
2

Partially degraded aqueous MDEA

1
Partially degraded aqueous DEA
Partially degraded aqueous MEA

3

4

5

6

7

8

9

10

Retention time (min)

FIGURE 4 - Typical chromatograms of oxidative degradation
samples of MEA, DEA, and MDEA

Ammonium Concentration (mol/kg)

Quantitative determination of the parent amine plays
a key role in oxidative degradation studies of ethanolamine solvents for CO2 capture. The primary aim of this
investigation was to develop a rapid, reliable and costeffective method for quantification of ethanolamines and
some degradation products. This newly developed IC
method was employed to determine ethanolamine, volatile amine and ammonium ions in the oxidative degradation studies of MEA, DEA and MDEA.
Figure 4 shows typical chromatograms of oxidative
degraded samples of MEA, DEA and MDEA. The ethanolamines and the ammonium cation were well separated
and no significant interference due to other species was
observed. The results show that MEA and DEA were degradation products of DEA and MDEA, respectively, which
are consistent with the previous reports [22,23]. Some
unknown peaks of the specific samples have so far not
been identified, but it is clear that MMA and DMA were
not detected in the liquid phase of the partially degraded
ethanolamine solutions. MMA and DMA may escape from
the basic ethanolamine solutions to the gas phase due to
their alkalinity and volatility. Our experimental equipment
did not permit us to quantify the volatile amines in the gas
phase of the degraded ethanolamine system. Identification
of MMA and DMA in the gas phase was tried to confirm
the formation of the volatile amines. The gas mixture was
slowly bubbled through dilute aqueous hydrochloric acid
(HCl) solutions with high-speed stirring after the degradation experiment stopped. The solutions were subsequently
analyzed by developed IC method after neutralization
(pH=6.5). Neither MMA nor DMA was detected in the
neutralized solutions. The concentrations of MMA and
DMA were below detection limits even if they formed
during the degradation processes. These results indicate
that MMA and DMA are not primary degradation products as proposed in the schemes for oxidative degradation
of ethanolamines [2,8].
The ammonium cation was quantified as a degradation
product in both gas and liquid phase of the degradation
samples. Figure 5 shows the ammonium cation concentration in the liquid phase of the degraded ethanolamine samples. The results show the ammonium cation concentration
in the MDEA degradation samples to be much lower than
that in the degraded MEA and DEA degradation samples;
this is due to ammonia being a primary degradation product of MEA, and MEA being the major degradation product of DEA. However, ammonia was not a primary degradation product of MDEA and DEA. The increasing
ammonium cation concentration with increasing reaction
time can be explained in terms of increase of ammonia
solubility in the MEA and DEA solutions as the gas phase

+

2-MEAH
+
3-DEAH
+
4-MDEAH

3.3 Method applications

0,6
MEA
DEA
MDEA

0,5
0,4
0,3
0,2
0,1
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0
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100
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250

300
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Time (h)
FIGURE 5 - Ammonium concentration-time curves for the degradation samples of MEA, DEA and MDEA

4. CONCLUSION
Ethanolamines and ammonium cations can be fast determined at mM levels using non-suppressed detection on
an IonPac SCS1 column utilising a mobile phase of
methanesulfonic acid containing acetonitrile as organic
modifier. The method has been developed and optimized
using a fractional factorial design of experiments. Calibration plots for traditional ethanolamines and ammonium
cations are linear even up to the concentrations of 10mM.
Oxidatively degraded ethanolamine samples were analyzed under optimal system conditions and it was found
that degradation products in the samples did not interfere
with the quantitative and qualitative analysis of the samples. Monomethylamine and dimethylamine in the partially
degraded ethanolamine systems were not detected by the
developed method.
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