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FAST GRANULATION UNDER EXTREME SELECTION
PRESSURES AND ITS FORMATION MECHANISM
Xing Zhang1,2, Yong-Qiang Liu2,*, Joo-Hwa Tay3 and Wen-Ju Jiang1
2

1
College of Architecture and Environment, Sichuan University, Chengdu, 610065, PR China
Institute of Environmental Science and Engineering, Nanyang Technological University, Singapore, 637723, Singapore
3
School of Environmental Science and Engineering, Fudan University, 220 Fudan Road, Shanghai 20043, PR China

ABSTRACT
This study investigated the feasibility of fast granulation by manipulating organic loading rate and hydraulic
selection pressure. With high organic loading rate and strong
hydraulic selection pressure, such as organic loading rate
(OLR) of 24 kg m-3 d-1, cycle time of 30 min, and fixed
settling time of 1 min, aerobic granules could be observed
obviously, even with naked eyes within 7 h. However, the
rapidly formed aerobic granules disintegrated after 2-day
operation. In the meantime, aerobic granules formed
within 24 h under operational conditions of OLR of 6 or
12 kg m-3 d-1, cycle time of 1 h, fixed settling time of 2 min,
stability was successfully maintained and reactor reached
the steady state within 12 days. The mixed liquor volatile
suspended solids (MLVSS) of aerobic granules reached
6.3 g L-1 at the steady state. This is the shortest time for
formation of aerobic granules and achievement of steadily
operated aerobic granule reactor in the published literature.
Granules formed in this study did not show notable differences in terms of morphology and other main physical
characteristics compared with those reported in other
researches. The results indicate that in the case of fast
granulation under extreme selection pressures, strong hydrodynamic selection pressure plays a key role in the initial
stage for granulation while high OLR is important for the
subsequent fast biomass accumulation, once granules are
formed.

KEYWORDS: aerobic granules, fast granulation, selection pressures, mechanism, sequencing batch reactor (SBR).

1. INTRODUCTION
Aerobic granule technology is becoming a very promising technology for wastewater treatment [1-5]. Compared
to conventional activated sludge, aerobic granules have
regular and compact physical structure, diverse microbial species, good settling property, high biomass reten* Corresponding author

tion, and great ability to withstand shock load, or shock of
toxic compounds.
However, a long start-up period for pilot-scale operation of aerobic granulation system with real wastewater
becomes one of the critical bottlenecks impeding its practical application [6, 7]. It took about 400 days to form dominant aerobic granular sludge in a pilot-scale reactor fed
with real wastewater [6]. Although the exact mechanism
of granule formation is not yet clear, considerable efforts
have been invested in attempting to address this issue. In
the previous studies, Ca2+ and Mg2+ were added to enhance
the aerobic granulation process, whereas 16-18 days were
still required for the formation of aerobic granules [8, 9].
When a pure culture with high self-aggregation and coaggregation ability was mixed with activated sludge to
bioaugment the granulation [10], it took 8 days to form
aerobic granules with a mean diameter of 446 µm. Visible
aerobic granules were reported after 3-day reactor operation through inoculating with chlamydospores of Phanerochaete sp. HSD, and granulation rate reached 66% after
7-days operation [11]. Although the aforementioned
measures speed up the aerobic granulation process, they
also indisputably bring about tangible operational and
financial disadvantages. Recently, Pijuan et al. [12] reported an accelerated startup strategy through seeding flocculate sludge with crushed aerobic granules for treating real
wastewater, by which the shortest granulation time of 18
days was obtained with 50% crushed granules. However, as
pointed out by the author, a significant amount of granular
sludge is needed to enable the use of this strategy. Utilizing stored granules to accelerate the start-up of a pilotscale aerobic granular sludge reactor reported by Liu [13]
exhibits the similar problem on inoculum source. This, in
turn, stresses the importance of forming aerobic granules in
a fast manner without depending on other external factors
too much.
Selection pressures in terms of organic loading rate
(OLR), settling time and cycle time are deemed to be significant to the successful granulation. High ORL is usually not
recommended because a deterioration of aerobic granules
under high OLR has been reported [14-16]. On the other
hand, low OLR inclines to lead to a long start-up time for
aerobic granulation or uneasy granulation [17]. A mini-
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mum OLR for aerobic granulation was 4 kg COD m-3 d-1
with glucose and peptone as substrates [14]. In addition, a
short cycle time was reported to be favorable for rapid
granulation. Liu and Tay [18] noted that as the cycle time
increased from 1.5 h to 8 h, the specific biomass growth
rate of granular sludge decreased from 0.266 to 0.031 d-1.
Furthermore, significant studies have indicated that a shortened settling time could enhance aerobic granulation [19,
20]. Qin et al. [21] reported that aerobic granules can only
become dominant (about 100%) when a settling time of
less than 5 min was applied. Normally, to avoid excessive
biomass washout at the start-up period, a step-wise decrease in settling time is usually adopted during reactor
start-up periods [22-24]. Finally, the growth of the biofilm
on the reactor wall, which was covered in only few studies,
was reported to be detrimental to granule formation [25]. It
was noted that, in most of the previous studies, authors
tried to study the effects of selection pressures on aerobic
granulation individually and conservatively. If the settling
time is too short or, in case, short settling time is combined with short cycle time, the strong hydraulic selection
pressure tends to result in the washout of biomass from
the reactor and subsequent failure of reactor operation.
The objective of this study is to focus on the feasibility of fast granulation by employing combined extreme hydraulic selection pressures. Meanwhile, high OLR is applied
to compensate the loss of biomass due to extreme selection
pressure. The results from this study will not only be able to
shed more light on the mechanism of granulation, but also
guide the start-up of aerobic granular sludge reactors.
2. MATERIALS AND METHODS
2.1. Reactor setup and operation

Five bubble columns (R1-R5) with a working volume
of 2.0 L were used as sequencing batch reactor (SBR) to
cultivate aerobic granules. Each reactor had the same geometrical configuration: the internal diameter of the reactor
was 5 cm, and the reactor working height/diameter (H/D)
ratio was about 20. Fine air bubbles for aeration were
supplied through an air sparger at the reactor bottom with
an air flow-rate of 2.4 cm s-1. The reactors were operated
in a sequencing batch mode, which includes 5 min of feeding, 4 min of discharging, varied time for settling, and aeration time. Effluent was discharged from the middle part of
the reactors with a volumetric exchange ratio of 50%. Activated sludge taken from a local municipal wastewater treatment plant was firstly acclimated with the synthetic wastewater used in this experiment for 4 days in a barrel. Then,
2 L of this activated sludge with the biomass concentration of 2.85 g L-1 was inoculated into the above-mentioned
bubble column reactors, respectively.
A synthetic wastewater with the following composition was used in the experiments: COD (sodium acetate),
NH4Cl, K2HPO4, CaCl2·2H2O, MgSO4·7H2O, FeSO4·7H2O,
H3BO3, ZnCl2, CuCl2, MnSO4·H2O, (NH4)6·Mo7O24·4H2O,

AlCl3, CoCl2·6H2O, NiCl2. The influent COD was varied
for the different reactors, but COD: NH4+-N: P ratio was
always kept at 100: 5: 1. The specific influent COD applied in the different reactors can be found in Table 1.
TABLE 1 - The detailed operational conditions for five reactors to
cultivate granular sludge.
Reactor Influent
COD
(mg L-1)
R1
1000
R2
500
R3
250
R4
1000
R5
1000

OLR
(kg m-3
d-1)
12
6
3
12
24

Cycle HRT Settling
Time (hrs)
time
(hrs)
(min)
1
2
2
1
2
2
1
2
2
1
2
2
0.5
1
1

Reactor Wall
Washing
No
No
No
Yes
No

2.2 Reactor operation under extreme selection pressures

The operational conditions for reactor startup are the
following: OLR ranges from 3-24 kg m-3 d-1, fixed settling time of 2 min and cycle time of 1 h for R1-R4, cycle
time of 30 min with fixed settling time of 1 min for R5.
Reactor wall of R4 was washed to rule out the effects of
biofilm attached to reactor wall on granule formation. The
detailed operational conditions for individual SBRs are
described in Table 1.
Operation conditions of R4 were identical to those
applied for R1, except that reactor wall of R4 was washed
thoroughly at the end of a cycle every 24 h. Before reactor
wall washing, sludge in R4 was discharged into a beaker
first and reloaded thereafter. A special laboratory brush
for tubes and cylinders was used to guarantee a complete
removal of biofilms from the reactor wall. To capture the
exact time of granule formation, the samples were taken
once per h in the first 10 h for R5, while once per day for
the other reactors.
2.3 Analytical methods

Chemical oxygen demand (COD), sludge volume index
(SVI), mixed liquor suspended solids (MLSS), and mixed
liquor volatile suspended solids (MLVSS) were analyzed in
accordance to the standard methods [26]. The average particle size was measured by a laser particle size analysis system
(Malvern MasterSizer Series 2600, Malvern Instruments
Ltd., Malvern, UK). The morphology and surface characteristic were observed by using an image analyzer (IA) system (Image-Pro Plus, V4.0, Media Cybernetics) with an
Olympus SZX9 microscope and a scanning electron microscope (SEM; JSM-5310 LV JEOL, Tokyo, Japan), respectively. The biomass density was determined by following
the method suggested by Beun et al. [25]. Cell surface
hydrophobicity was determined by the use of the method
reported by Rosenberg et al. [27].
3. RESULTS
3.1 Formation of aerobic granules under extreme selection
pressure
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The sludge morphology in reactors within the first

two operation days is shown in Fig. 1. For R1-R4, small
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FIGURE 1 - The image of sludge from individual reactors within the first two operation days taken by Image Analyzer. * Bar stands for 1 mm;
the image of sludge from R4 is not shown because it is similar to that from R1.

time of 1 h, most seeded sludge was washed out in the first
several cycles, and the biomass decreased sharply from
2.85 g L-1 to a very low value within the first 3 operation
days, and then maintained at this low value for a couple of
days. Nevertheless, biomass in R1-R2 accumulated at a
very fast speed afterwards. The biomass increase rate is
0.044 g h-1 and 0.022 g h-1 in R1 with OLR of 12 kg m-3 d-1
and R2 with OLR of 6 kg m-3 d-1 within 12 days, respectively. After 288 h (12 days) of operation, the biomass
concentration in R1 and R2 reached a relatively stable level
of 6.3 and 3.2 g L-1, respectively. However, for R3 with
OLR of 3 kg m-3 d-1, biomass concentration always maintained at a level lower than 1 g L-1. Except for OLR, the
other operational conditions were totally the same for reactors R1, R2 and R3. Therefore, it is very reasonable to
believe that OLR has no evident impact on granulation at
the range of OLR used in this study. However, higher OLR
is very beneficial for the accumulation of biomass in reactors. Reactors R1 and R2 reached pseudo stable state on
day 12 in terms of biomass concentration, mean granule
size and SVI5 of sludge, which is much shorter than that
reported in any previous study. Mature granules with yellow and smooth surface in R1 and R2 are shown in Fig. 4.
8

-1

MLVSS (g l )

granules with irregular but clear outline were observed in
all reactors with naked eyes after 24-h operation. These
granules looked loose and showed a brownish color. Since
samples were taken every 24 h in reactors R1-R4, the
exact time at which they were formed was not captured.
After 1-day operation, clear-cut, cotton-ball like granules
with light color had become dominant and no flocs could
be observed in all reactors. The granules in R3 with OLR
of 3 kg m-3 d-1 appeared to be less compared with that in
R1 and R2 with OLR of 12 and 6 kg m-3 d-1, respectively.
Obviously, OLR ranging from 3 to 24 kg m-3 d-1 did not
affect the granule formation but influence the biomass concentration in reactors. In addition, it needs to point out
that the granulation of sludge in R4 with reactor wall
washing is similar to that in R1 without reactor wall
washing. The sludge photos for R4 are thus not shown in
Fig. 1. Although reactor wall of R4 was washed every 24 h,
no evident difference in terms of time taken for granule
formation in R1 and R4 was observed. These observations
are noteworthy as it is expected that the biofilm fragments
detached from the reactor wall may contribute significantly to the aerobic granulation as nucleus of granules. As
for R5, sample was sent for IA every hour in order to
capture the exact time of the formation of aerobic granules. It was observed that within 7 h, aerobic granules
appeared in the reactor as shown in Fig. 1. These granules
possessed an irregular outline and a loose and cotton-ball
like structure, which was of similar look with those observed after 24 h in R1-R4. To our best knowledge, it is
the fastest granulation time ever reported so far.
The volumetric percentage of sludge with particle
size less than 200 µm in R1 is shown in Fig. 2. Under the
strong hydraulic pressures applied in this study, the share
of particles with a size of less than 200 µm was only
around 10% on day 3. Thereafter, it further decreased to
6.4% on day 6 and 7.7% on day 12. Consequently, flocs
were barely observed under IA.

6
4
2

0
1200

Size (um)

1000
800
600
400
200

-1

SVI5 (ml g )

0
200

FIGURE 2 - The volume percentage of sludge with particle size less
than 200 µm in R1.
3.2 Accumulation of aerobic granules and reactor performance

The MLVSS, mean size and SVI profile of sludge in
R1-R4 with operation times are shown in Fig. 3. By adopting a very short, fixed settling time of 2 min and short cycle

150
100
50
0

0

48

96

144

192

240

288

336

384

Time (h)

FIGURE 3 - Evolution of biomass concentration, average particle
size and SVI5 of sludge in the four reactors over operation time (■ )
R1; (●) R2; (▲) R3 and (▼) R4.
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For R4, there was no obvious difference in terms of
MLVSS, mean size and SVI5 of sludge in R1 and R4 with

reactor wall-washing before operation at day 12, which
indicates clearly that fast formation of aerobic granules

FIGURE 4 - The image of sludge from individual reactors on the operation day of 12. * Bar stands for 1 mm.

and subsequent accumulation of granular sludge to high
biomass concentration have nothing to do with the detached biofilm from the reactor wall as speculated at the
very beginning of the experiments. In addition, no detrimental effect of the biofilm from reactor wall on granulation was observed. Reactor wall washing of R4 was
stopped from day 12. Surprisingly, SVI5 of sludge in R4
increased sharply after day 13, which led to washout of
granular sludge at settling time of 2 min, and the collapse
of the system within the following 3 days. For reactors
R1, R2 and R4, it can be found that before day 12, the
mean diameter of particles gradually increased over operation time, and there was no much difference in size between granules under OLR of 12 and 6 kg COD m-3 d-1.
The mean size of granular sludge in R1 and R2 was
around 800 µm when they reached the pseudo-steady
state. For R5, the mean particle size jumped quickly to a
level over 1000 µm after 2-days operation, and then de-

clined to about 250 µm after another 2-days operation. In
the meantime, it was observed that bigger and smoother
granules were dominant in the first two days in R5 as
shown in Fig. 1 while more and more flocs and granule
debris appeared afterward due to the granule breakup.
With the deterioration of granule SVI, aerobic granules
and their debris were washed out from the reactor, and
observed in the effluent of R5, as shown in Fig. 4. Reactor R5 was stopped due to the serious loss of biomass
after 6-days operation.
Reactors R1-R4 showed a very good COD removal
performance after operation for 8 days, with an effluent
COD of almost zero as shown in Fig. 5, whereas effluent
COD for R5 always maintained at a high level until it
collapsed on day 6.
3.3 Morphological characteristics of aerobic granules
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In addition to IA result shown in Fig. 4, granules harvested from R2 were further examined under SEM, and
SEM photos are shown in Fig. 6. It can be observed that
the granules showed a compact structure. Cavities and folds
1000
900
800

-1

Effluent COD(mg l )

700
600
500
400
300
200
100
0
0

48

96

144

192

240

288

336

Time(h)

FIGURE 5 - Effluent COD concentrations from SBR reactors (■)
R1; (●) R2; (▲) R3; (▼) R4 and (◄) R5.

were present on the surface of granules. Rod-shaped
species were found to be the dominant microorganism,
which piled up tightly to form a cauliflower structure
similar to other reports. Some “net-like” materials could
also be clearly found among these bacteria, which were
believed to be extracellular polymeric substances (EPS)
secreted by the bacteria. The morphology of granules in
this study shown by IA and SEM is in accordance to
granules cultivated under other reactor operation conditions [2].
SVI5, SVI30, VSS/SS, hydrophobicity, and density of
the harvested granules from R1 and R2 are presented in
Table 2, which also shows the similar physicochemical

properties of granules formed under extreme selection
pressure to those reported by other researches
4. DISCUSSION
Although extensive research has been done on aerobic
granule technology, the mechanism of aerobic granulation
remained unclear. This unavoidably hinders the further
application of aerobic granule technology in the practice,
to a certain extent. It is well-known that the formation of
aerobic granules in lab-scale reactors usually takes about
2 weeks, and the reactor can usually reach steady state in
1 month. A startup time of 2-4 weeks is actually quite satisfactory for a wastewater treatment reactor. However, starting up a pilot-scale aerobic granule reactor takes much
longer time than a lab-scale reactor due to enlarged reactor
dimensions, and some other uncontrollable factors, such as
fluctuating influent wastewater quality, variable temperature etc. More than 6 months [7] and 400 days [6], respectively, were reported to take to form a dominant aerobic
granular sludge in pilot-scale reactors for treating real
wastewater. This long start-up of pilot-scale aerobic granule reactors accentuates the importance of research on both
mechanism of aerobic granulation and operation strategy
to accelerate granulation.
Selection pressures, such as short settling time [20],
long starvation period in one cycle [2], and high shear force
[31], have been believed to be important to form aerobic
granules. Among them, the settling time and cycle time are
considered as two important hydraulic selection pressures
during SBR operation. The settling time exerts selection
pressure on the sludge particles through washing out those
particles that cannot settle down within the given settling
time. Significant research effort had focused on the effect
of settling time on granule formation [19, 20]. It was reported that settling time is the most influential or even the

FIGURE 6 - The SEM images of mature granules from R2 taken on operation day 14.

TABLE 2 - Characteristics of the mature granules in R1 and R2.
Parameters
Size (µm)
SVI30 (ml g-1)
SVI5 (ml g-1)

Seed sludge
40
88
161

R1
797
67
68

R2
802
62
62
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Data reported in other researches
600-1000 [30]
50-85 [2, 10, 29]
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Fresenius Environmental Bulletin

87
17
27

93
56
51

92
62
64

decisive factor for granulation process [24]. However, Wan
et al. [32] successfully cultivated aerobic granules after
500-days operation by applying long settling times such
as 30 min. Sheng et al. [33] also revealed that the initial
wash-out of small and slow-settling sludge flocs may not
be as crucial to sludge granulation as previously thought.
Although aerobic granulation occurs at both long and short
settling time, one point is sure that short settling time could
enhance aerobic granulation. It is believed that enhancement of aerobic granulation under short settling time is due
to the excessive excretion of extracellular polymer substances (EPS), and change of cell surface property for
easier attachment among bacteria in bio-granules [34, 35].
The SBR cycle time represents the frequency of solid discharge through effluent withdrawal, or the so-called washout frequency, and it is interrelated with the hydraulic
retention time (HRT). If the short cycle time representing
high solid wash-out frequency is combined with short
settling time, the hydraulic selection pressure on the reactor could be further strengthened. From the results reported
in this study, it could be known that the time taken for
formation of granules could be as short as <7 h under extreme conditions, such as cycle time of 30 min with settling
time of 1 min, and less than 24 h with cycle time of 60 min
and settling time of 2 min. Furthermore, the flocs` ratio in
biomass is less than 10%. Undoubtedly, this result proves
that strong hydraulic selection pressure can wash out the
majority of flocs and enhance the aerobic granulation. However, strong hydraulic selection pressure also leads to the
serious loss of biomass in the reactor, which is unfavorable to COD removal. To compensate the lost biomass
under strong selection pressure, overburdened OLR was
adopted in this study. Biomass accumulated rapidly after
operation day 7, for R1, R2 and R4. The biomass concentration in these reactors followed the typical growth curve
of microorganism, i.e. lag phase, exponential phase and
stationary phase. It seemed that the newly formed granules
played a role as inoculated seeded sludge. In this sense, inoculating a small quantity of granules into the reactor might
accelerate the startup of an aerobic granule reactor under
both strong selection pressure and overburdened OLR.
Although overburdened OLR was also adopted in R3 with
OLR of 3 kg COD m-3 d-1 and R5 with OLR of 24 kg
COD m-3 d-1, the newly formed granules in R3 cannot
accumulate, and those formed in R5 disintegrated and were
washed out after 48-h operation. The specific reason for
failed granule accumulation in R3 and R5 is still unclear.
However, the successful granule accumulation in R1, R2
and R4 could indicate that there is likely an optimal OLR
range for granule accumulation under OLR overburdened
state. This is a bit similar to the previous report that aerobic granules could only be cultivated within a range of
OLR from 2.5 to 15.0 kg COD m-3 d-1 [16, 19]. The difference between the previous report and our study is that
aerobic granulation occurred at a wide range of OLR from

92.08 [28]
60 [23]
34-75 [29]

3 to 24 COD m-3 d-1 with strong selection pressure but an
OLR of 3 or 24 COD m-3 d-1 could not accumulate enough
biomass in this study. Obviously, the influence of OLR on
granule accumulation is much higher than on aerobic granulation.
In addition, it is well-known that a substrate degradation phase is usually followed by an aerobic starvation
phase, in which the external substrate is no longer available
in the aeration period of each cycle of aerobic granule
SBR operation. In previous studies, a fairly long cycle time
leading to the presence of starvation is widely adopted to
create a starvation phase which was reported to be important for biogranulation and stability of long-term operation [2]. However, Liu and Tay [36] had proven that
starvation was not a prerequisite for aerobic granulation.
In this study, no starvation was observed before operation
day 7, due to overburdened OLR, as seen in the effluent
COD curve of Fig. 5. Nevertheless, granules were still observed within 7 h in R5 and 24 h in R1-R4, respectively,
regardless of the presence of high residual COD concentration, which is in agreement with the conclusion of Liu
and Tay [36]. On the other hand, the long substrate degradation phase featured by higher biomass growth yield will,
in turn, contribute to the rapid biomass accumulation.
From the microbiological perspective, the study on
microbial community structure of the biomass during the
start up period of a granular sludge reactor showed the
radical shifts of microbial community structure [37, 38]. It
was speculated that there is a strong microbial competition between flocculent sludge and granular sludge during
aerobic granulation period, i.e., bacteria with poor aggregation ability are washed out while the bacteria with high
aggregation capability are retained in the reactor. In light
of this, the granulation process can be accelerated by enhancing this microbial selection process. The outcome of
this study implies that strong hydraulic selection pressure
from short settling time combined with short cycle time
can be one means to enhance such a process. In addition,
strong hydraulic selection pressure is also favored from
the point of view of biomass growth kinetics. It was reported that the specific growth rate of flocculent sludge is
2 to 8 times higher than that of aerobic granules, even
when they have the identical microbial population [39].
Therefore, if the dominance of granular sludge is wanted,
strong selection pressure, such as short settling time, is
needed to wash out the excessive flocculent sludge and
counteract the kinetic superiority of flocculent sludge [39].
In previous studies, a step-wise decreased settling time
ranging from 20 to 2 min is commonly adopted for granular sludge cultivation. Due to the kinetics superiority of
flocculent sludge, a stage featuring coexistence of flocculent sludge with formed granules is normally experienced
in most of the previous studies [21]. In the present study,
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suspended sludge is barely observed along with granulation process until the system reached its steady state. As
illustrated in Fig. 2, the sludge volume percentage in R1
with a particle size <200 µm is maintained to be less than
10% during the startup and subsequent biomass accumulation period. In other words, the phase of co-existence of
flocs and granules can be minimized by applying extreme
hydraulic selection pressures as demonstrated herein.
The mechanism of granulation is not understood very
well, but it has been widely accepted that formation of a
primary aggregate is a very crucial step initiating the granulation process [32]. Thus, it was assumed that the initial
small granules in our reactors are likely from the detached
fragments of the biofilm grown on the reactor wall. However, clear cut granules were formed and biomass built up
quickly in both reactors, in R1without wall washing and
R4 with wall washing. No evident effect of biofilm from
reactor wall on initial granulation and the following granule accumulation was observed. Therefore, it could be believed that initial small granules are from the selfaggregation of microorganisms under strong selection pressure to avoid to be washed out. This is a kind of survival
strategy for microorganisms in the reactor under extreme
conditions. In earlier studies, the importance of the natural
biological response and self-adaptation of microorganisms to external selection pressures in forming the primary aggregate had been highlighted, i.e. microorganisms
tend to instinctively increase their degree of auto-aggregation
through self-adjustment of surface charges, hydrophobicity,
and EPS in order to be retained in SBR [31]. In addition to
the potential role of microbial self-aggregation during the
granulation process, a few studies have suggested that
filamentous fungi might play an important role in the aerobic granulation process [1, 40]. The presence of sporadic
matrix in the seed sludge observed by the phase contrast
imaging system did not rule out the possibility of contribution of filamentous fungi to the fast granulation in its
initial stage under extreme selection pressures as applied
in this research. It is likely that the loosely packed, fluffy,
cotton-ball like granules formed within 7 h in R5 occur
because the filamentous fungi/bacteria or their matrix in
the seed sludge mixture were quickly packed, wrapped and
densified by hydrodynamic forces under extreme selection
pressure. The filamentous fungi/bacteria or their matrix
also might bridge to link or grasp individual cells together.
In summary, cotton-ball like granules are formed and subsequently act as seeds for biomass accumulation.

• Clear-cut aerobic granules can be formed within 24 h
under OLR from 3 to 24 kg COD m-3 d-1, short cycle
time < 1 h, and a short settling time <2 min.
• Rapidly formed granules reached the pseudo-steady
state within 12 days in terms of biomass concentration, SVI, and average size of granular sludge with
OLR of 6 and 12 kg COD m-3 d-1 with or without reactor wall washing.
• Granular sludge could not accumulate further in the
reactor with OLR of 3 and 24 kg COD m-3 d-1.
• Biofilm growth on the reactor wall has insignificant
effects on both the initial phase of granule formation
and the subsequent biomass accumulation.
• Strong hydraulic selection pressures, such as short
cycle time and short settling time, are important to initial granulation, and overburdened OLR within an optimal range is important for the biomass accumulation
after granule formation.
This study not only provides an operational strategy for
fast startup of a granular reactor in the practice but also
sheds light on the granulation mechanism under extreme
selection pressures.

5. CONCLUSIONS
The feasibility of fast granulation was explored under
overburdened OLR and strong hydraulic selection pressures. It could be concluded as follows:
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ABSTRACT
The Harran Plain occurring in southeastern Turkey,
has faced salinity problems since the beginning of irrigated
agriculture. Soil salinity is generally most accurately determined from a soil saturation paste (SP) extract. In this
study three laboratory (SP, 1:1 and 1:2.5 soil to water
ratios) and one kriging technique have been used for the
assessment of soil salinity. A total of randomly selected
210 locations, 60 in data set I and 150 in data set II were
sampled in 2009 and 2010, respectively, and analyzed for
soil electrical conductivity (ECe dS m-1), sodium adsorption ratio (SAR) and the soluble cations (Ca2+, Mg 2+, Na+
and K+). Regression analysis was used for quantitative
assessments and a classification approach used for qualitative evaluation of salinity. The kriging of residuals and
the values from regressions between 1) soil ECes obtained
from different soil and water ratios (auxilary variables)
and 2) soil salinity variables obtained from saturation
paste (primary variables) were combined under regression
kriging with the goal of estimating soil salinity parameters. Despite significant correlations among different methods, the results of paired t test showed that averages of soil
salinity variables measured with different methods were
mostly statistically different (P=0.01). The 1:1 soil water
ratio produced the closest results to SP, especially after
classification of soils into different salinity groups which
provided regression R2 values up to 0.99. Using a validation with independent samples per cent classification
accuracy and kappa statistics of 91 %, 0.72 (p=0.001)
were obtained. Kriging combined with regression under
regression kriging improved the estimations of K+, Mg2+

and ECe slightly but did not show any improvement over
different soil to water ratios for the estimation of SAR,
Na+ and Ca2+.

* Corresponding author
KEYWORDS: Soil ECe, SAR, saturation paste, t-test, kappa
statistics, regression kriging

1 INTRODUCTION
Soil salinity affects about 20 % of total irrigated lands
of the world at various types and levels [1]. The mismanagement of soil and water resources in the Harran Plain,
which generally occurs in irrigated lands under arid and
semi arid climatic conditions, leads to human induced secondary salinization.
Soil salinity is an important soil quality parameter [2,
3] in arid and semi arid areas. Most soil chemical, physical and biological properties are adversely affected by soil
salinity [4]. Regular monitoring of soil salinity is imperative to understand the nature, spatial extent, and temporal
behavior of the salt-affected soils and to establish conservation and rehabilitation plans [5].
The most accurate assessment of soil salinity is through
the measurement of the soil electrical conductivity of the
extraction (ECe) obtained from the soil saturation paste (SP).
Soils with ECe > 4 dS/m are referred to as saline. Concentrations above this threshold constrain the growth of certain
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types of crops. In addition, soil salinity may also show high
variation across the field and may change at small distances
[6]. It therefore requires large numbers of samples to be
collected and analyzed for better characterization of ECe.
Laboratory analyses of large numbers of samples using the saturation paste technique can be tedious. Instead,
methods which can give faster results are preferred. Soil
salinity parameters measured from saturation paste has
been estimated using different soil to water ratios [7, 8, 9,
10]. However, no attempt has been made to combine the
regression results obtained from different soil and water
ratios with kriging methods, which may help to further
improve the accuracy of the estimations of soil salinity
parameters at unsampled locations.
Objectives of this study were to: 1) make both qualitative and quantitative assessment of salinated areas in the
Harran plain using saturation paste, 1:1 and 1:2.5 soil
water ratios and 2) test how accurately the 1:1 and 1:2.5
methods can estimate and categorize soil salinity variables as compared to the SP method using both regression
analysis and also a classification approach, and 3) evaluate the performance of regression kriging that combines
regression results with kriging to see whether the estimation of soil salinity variables can be improved as compared to two different soil to water ratios.

Data set I is located between Harran and Akcakale
(38 o 56’ to 39 o 9.2’ E longitude and 36 o 53’ to 36 o 41’ N
latitude) and data set II is located near to Harran (39 o 2.2’
to 39 o 9.5’ E longitude and 36 o 52’ to 36 o 46’ N latitude). Both sites lie in salt affected areas of the Harran
plain covering around 27000 and 9500 ha area, respectively. The study areas are irrigated by water from the
Atatürk Dam constructed on the Euphrates river.
The climate of the study area is semi - arid with mean
temp, precipitation and evaporation of 17.2 oC, 365.2 mm
and 1848 mm, respectively. Most of the rainfall was received during the winter season with almost no rainfall
during summer. Elevation of the plain ranges from 550 m
in the higher and 350 m in the lower part of the plain.
Elevation ranges from 354 to 389 m in data set I and from
377 to 410 m in data set II.
The soil collected were from the following soil series:
Bellitaş, Harran, Gürgelen, Akören, Akçakale, Ekinyazı,

2 MATERIALS AND METHODS
2.1 Study Data set

In the study, there were two different data sets sampled. They both are located in the Harran Plain, Sanlıurfa
city, southeastern Turkey. The plain defines upper Mesopotamia between the Euphrates and Tigres rivers (Fig.1).
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FIGURE 1 - Study area and sampling locations (circles are samples in data set I taken in 2009 and squares are samples in data set II taken in 2010)

Gürgelen (Turkish acronyms) and classified as Typic
Torrert, Typic Calciorthids and Vertic Calciorthids [11].
The soils are formed on calcareous materials with high iron
content. The surface soils are mostly finely textured (clay
loam to clay), contain very low to low amounts of organic
matter (0.5 -1.5 %), and high amounts of CaCO3 (average
25 -- 35 %). Smectite is the dominant silicate clay mineral
and other minerals consist of palygorskite, klorite, kaolinite, and illite type minerals [12]. In 2009 a typical mixture
of corn and cotton residue was present at soil sampling
(data set 1). Sampling in 2010 (data set II) was in wheat
stubble prior to planting cotton.
2.2 Sampling

A total of 210 surface soil samples (@ 0-30cm) were
obtained for the two different data sets. Around 60 locations were randomly sampled in data set I in November,
2009 and 150 locations were randomly sampled in data
set II in April 2010. These time periods correspond to the
fallow period after cotton (data set I) which is the largest
crop produced in the region. Data set II samples were
collected during the post wheat fallow period before irri-

gation of the following cotton crop. October is the end of
the irrigation period and mostly in October all of the salts
are accumulate at soil surface, after following continuous
fluctuations of groundwater during irrigation period. During sampling, the geographical locations (UTM coordinates) of the soil samples were recorded using a GPS unit.
Soil were subsequently air dried and sieved (2 mm) for
furher laboratory analyses.
2.3 Laboratory Analysis

All soil samples were air dried and sieved to pass a
2 mm screen. Soil salinity parameters including electrical conductivity (ECe) and soluble cations Ca2+, Mg2+,
Na+ and K+ were determined from the soil water extractions
obtained using the three different methods: soil saturation
paste (SP), 1:1 and 1:2.5 soil water ratios.
Saturation paste was prepared by saturating 100 g of
air dried soil slowly with pure water and the water was
extracted with suction after 24 hours equilibrium [13]. For
1:1 and 1:2.5 soil water extractions, 100 g of air dried 2 mm
sieved soil was placed in 500 mL sealed plastic tubes and
100 mL and 250 mL pure water were added, respectively.
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Hand shaking was applied for one minute at 30 minute
intervals [13]. After 5 shakings (2.5 hours), water was
extracted by gravity [14,9]. ECes were measured using an
EC probe in the soil salinity lab, and soluble cations (Ca2+,
Mg2+, Na+ and K+ as ppm) were measured using an ICP in
the Central Laboratory at Harran University.
Another soil salinity parameter, the sodium adsorption
ratio (SAR), was calculated from cations measured by the
ICP using the equation below after cations were converted
to meq 100 g-1 [13];

SAR = Na +

Ca 2+ + Mg 2+
2

Classification performances of methods were assessed using both the whole data set (data set I and data
set II) and also using same approach as in the regression
with data set I used as calibration and data set II used as
the validation set.
2.7 Regression Kriging

Regression kriging (RK) is a spatial interpolation
method that combines regression between primary (target)
variable and secondary (auxiliary) variable(s) with kriging
of residuals derived from the regression [18];

(1)

2.4 Statistical Analysis

where

2.4.1 Descriptive statistics

The basic relationships among different laboratory
methods (SP,1:1 and 1:2.5) were first determined using
pair-wise correlations. Differences between the 3 methods
were also evaluated using the paired t test and Bland-Altman test [15].
2.5 Regression analyses

Quantitative evaluation of the similarity between SP
and 1:1 and 1:2.5 methods were performed by separately
regressing SP against 1:1 and 1:2.5 extraction. The regression models were fit using a linear function. The calibration
models for regression were constructed for data set I and
II separately and also for the combined data (data set I
and data set II).
An independent validation of regression was also performed. For this, the samples in 2009 (n=60) consisting of
data set I was used as the calibration model and the samples in 2010 (n=148, data set II) was used as the validation data set.
2.6 Classification

Soil samples were grouped into different soil salinity
classes based on the results of soil electrical conductivity
and SAR obtained using the three methods: SP, 1:1 and
1:2.5. Classification was performed according to FAOs
standard classification system [14] in which the soils with
ECe < 4 and SAR < 13 were classified as non-saline, soils
with ECe > 4 and SAR< 13 as saline, soils with ECe >4
and SAR> 13 as saline-alkaline and soils with ECe < 4
and SAR > 13 classified as alkaline.
The kappa statistic (κ) was used to judge the accuracy
of classifications or the level of agreement between methods [16]; SP vs. 1:1 and SP vs. 1:2.5. κ measures the degree
of agreement between two raters (two soil to water ratios
vs. SP in our case) and tests the hypothesis that the agreement between two methods is statistically significant or by
chance. κ over 0.5 is accepted as good agreement and κ
equaling to 1 indicates perfect agreement [16]. Kappa statistics and other statistics were obtained using the R 2.4.1
programming language software [17].

p

n

k =0

i =1

Z * RK ( x0 ) = ∑ β k .qk ( xo ) +∑ wi .e( xi )

(2)

Z RK ( xo ) is the RK estimate at unsampled lo-

cations (xo), ßk and e(xi) are coefficients and residuals,
respectively, obtained from the regression between primary
and secondary variables at the sampling locations (xi),
qk(xo) are the values of secondary variables at the target
locations, and p is the number of predictor (secondary)
variables, wi are kriging weights determined from the semivariogram of residuals, which models spatial correlation
and covariance structure between data points for each
variable using following equation [19]:
n

∧

γ (h) = 0.5n∑ [Z ( xi + h) − Z ( xi )]2

(3)

i =1

∧

where γ (h ) is the semivariance between two observation points, Z(xi) and Z(xi+h), separated by a distance h,
and n is number of pairs at the distance h. Regression
coefficients and residuals were obtained using Ordinary
Least Square (OLS) regression and kriging of residuals
was performed with simple kriging [18]. Primary variables are soil salinity parameters obtained using soil saturation paste and secondary variables are soil ECe values
obtained from different soil and water rations. RK was
performed using gstat package in R 2.4.1 programming
language software [17]. For regression kriging only data
set II (n=150) was used since data set I had too few samples for producing a variogram and geostatistical analysis
[19] and also for validation.
3 RESULTS
3.1 Soil salinity variables

Summary of the statistical analyses for the soil salinity parameters and soluble cations determined with three
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different methods are shown in Table 1. Soil salinity parameters presented a broad variation within the study area
covering different levels of soil salinity groups ranging
from non-saline to saline- alkaline. ECe values ranging
between 0.2 and 104 dS m-1 for soil and from 0.4 to 37 for
SAR indicated that some soils are alkaline which is also
indicated by high sodium contents. Similarly, soil soluble
cations had a broad range (Table 1). All variables had a
skewed distribution shown by CV values of higher than 1
[20]. High standard deviation of soil salinity parameters
may be attributed to existence of different salinity groups.
Skewness also explains the high variability of soil salinity
variables across the study data sets. Soil salinity may have
a short distance variability [6] due to topography, parent
material and human practices such as fertilizer or irrigation
[21]. In our study, topography and irrigation and drainage
patterns are the main factors controlling the spatial distribution of soil salinity parameters [24].

The correlation matrix among different methods were
shown in Table 2. Slightly better correlations were observed between variables obtained using SP and 1:1 methods rather than SP and 1:2.5. There were strong correlations among ECe and SAR and also ECe and other soluble
cations measured by all three methods. ECe was highly
correlated with soluble cations with the highest correlation
with Mg2+ followed by Ca2+ , Na+ and K+ using all three
methods. These can be related to the type of salt mineral
found in the soils. In this case, the common salt minerals
seems to be derivatives of Mg2+, Ca2+ and Na+ with CI- or
SO42- rather than KCI salts. Highest correlation was observed between SAR and Na+ followed by Mg2+, Ca2+ and
K+ (Table 2).
Table 3 shows the paired t test statistics for soil salinity variables using soil saturation paste as reference

TABLE 1 - Basic statistics of soil salinity parameters determined using three methods (n=210).
ECe dS m-1
Min
Mean
Max
Std.Dev
Skewness
CV

0.2
5.7
103.8
14.8
4.3
2.6

Min
Mean
Max
Std.Dev
Skewness
CV

0.2
3.7
49.8
8.9
3.5
2.4

Min
Mean
Max
Std.Dev
Skewness
CV

0.1
2.0
26.6
4.3
3.5
2.2

Ca2+

SAR
SP
0.4
2.5
36.7
4.3
4.8
1.7
SW1:1
0.0
2.1
32.2
2.1
3.4
1.0
SW1:2.5
0.2
1.6
17.9
2.0
4.5
1.3

Soluble Cations (ppm)
Mg2+

K+

Na+

21
532
10370
1401
4.6
2.6

3.3
145
2412
370
3.8
2.6

1.9
47
5099
354
14.1
7.5

16.1
538
9726
1493
4.1
2.8

4.2
356
6010
897
4.6
2.5

0.57
102
1630
267
4
2.6

1
35
3871
269
14
7.7

10.6
356
7186
979
4.1
2.8

0.84
212
4149
568
4.9
2.7

0.12
47.4
825
128
4.3
2.7

0.81
20.7
1888
132
13.7
6.4

5.5
181
3914
491
4.4
2.7

SP: Saturation paste; SW1:1 : 1 to 1 soil water ratio; SW1:2.5: 1 to 2.5 soil water ratio

TABLE 2 - Correlations among soil salinity variables obtained according to three different methods soil saturation paste, SW1:1 and
SW1:2.5
SW1:1†
SP
EC
Ca2+
Mg2+
Na+
ECe
0.94
0.85
0.89
0.79
Ca2+
0.88
0.95
0.85
0.65
2+
Mg
0.96
0.85
0.94
0.87
Na+
0.88
0.67
0.85
0.94
K+
0.44
0.5
0.48
0.39
SAR
0.73
0.46
0.7
0.91
SP
SW1:2.5‡
ECe
0.94
0.79
0.83
0.77
Ca2+
0.9
0.88
0.8
0.63
Mg2+
0.95
0.82
0.91
0.85
Na+
0.89
0.66
0.85
0.92
+
K
0.48
0.48
0.47
0.38
SAR
0.74
0.49
0.73
0.9
All correlations > 0.65 significant at p<0.01 level and correlations > 0.3 significant at p <0.05 level
†
1 to 1 soil and water ratio
‡
1 to 2.5 soil and water ratio
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K+
0.45
0.55
0.51
0.41
0.99
0.25

SAR
0.64
0.43
0.73
0.9
0.25
0.98

0.47
0.56
0.53
0.44
0.99
0.28

0.66
0.45
0.75
0.9
0.25
0.97
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TABLE 3 - Paired t test results

FIGURE 2 - The distribution of two methods (saturation paste vs. soil water 1 to 1 ratio) according to Bland and Altman test results, examples for soluble Mg (with insignifant p value) and ECe (with significant p value)

method versus the different soil water ratios 1:1 vs. 1:2.5
for each data set and the combined data.
Bias values are higher for data set I. Except a few cases, for K+ and Mg2+, p values are all significant (p=0.01)
indicating that there is a statistical difference between the
reference method and the other two methods although
they are highly correlated (Table 2). Standard deviations
were also high for data set I as compared to the counterparts in data set II. Figure 2 shows an example BlandAltman plot for a variable with a significant p value and
also a variable with an insignificant p values.
3.2 Regression analyses

The relationship among three techniques SP, 1:1 and
1:2.5 have been further evaluated using regression analysis. Soil salinity parameters were graphed using scatter
plots and the data was fit using linear regression. Regres-

sion models (Table 4) using a linear equation have been
run for data set I and for data set 2 and also constructed
for the combined data (data set I + data set II) (see Fig. 3).
Overall, the fit of the regression lines for salinity parameters was accurate as indicated by the high R2 values (R2 >
0.80; p=0.01, Table 4) except for soil pH (R2 between
0.01 and 0.42). In most cases, R2 values were higher for
set I and set II compare to whole data set (Table 4, Fig. 3)
indicating that fitting calibrations separately for set I and
set II was better than fitting the combined data (Table 4,
Fig. 3). Figure 3 shows estimation results for soil salinity
variables using models where data set 1 was used for
calibration and data set II was used as validation. The
figure shows the scatter plots between estimated and
measured values of the samples in the validation data set.
R2 values for validation ranged from 0.82 to 0.99 for 1:1
and from 0.88 to 0.98 for 1:2.5, respectively.
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TABLE 4 - The results of regression run for three data sets

12000
Ca_SP_whole=1.48(SW11)+ 6.75
Ca_SP_2010= 1.33(SW11) -36.67

10000

Ca_SP_2009= 2.07(SW11)+ 15.92

Ca-SP

8000

6000

4000

2000

0

0

1000

2000

3000

4000

5000

6000

7000

Ca-SW11
FIGURE 3 - Regression curves fitted seperatelly for data sets I and II and combination of both, an example for Ca2+
3.3 Classification
ther non saline or saline-alkaline. There were no

The extraction methods 1:1 and 1:2.5 were also compared for their accuracy. They are grouped as non-saline,
saline, saline-alkaline and alkaline [13] against the saturation paste extraction. Classification using the combined
data and also an independent validation was performed.
First the entire data set was used in the classification and
then data set I (n= 60) was used as the calibration set and
data set II (n= 150) was used as the validation data set. The
agreement in terms of classification accuracy between SP
and other soil and water ratios were statistically evaluated
using kappa statistics (κ). Accuracies for all the classes and
also kappa values were depicted in the Table 5. Samples
were correctly classified and accuracies were high between
58 % and 92 % with κ values ranging from 0.63 to 0.77.
The highest grouping rate accuracy was obtained for non
saline class. Some saline samples were grouped into ei-

samples
grouped as alkaline within the data set analysed. Samples
in the entire data set were more successfully classified
using both 1:1 and 1:2.5 methods with higher Po and κ
values. The calibrations for 1:1 extraction were slightly
higher than for 1:2.5 for both the entire data set and also
the validation set.
3.4 Regression kriging

The results from the analyses were combined with
kriging using regression kriging (RK) which uses an auxilary variable in addition to main variables. Soil ECe values
were used as auxiliary variable and incorporated into regression kriging analysis to improve the accuracy of the
estimations of soil salinity parameters in outside the study
area. The performance of RK was compared with regression methods using the same independent validation data
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set that included randomly selected 30% of the samples
taken in 2010, the remaining 70% used as calibration data.

The regression was performed between main and
secondary variables at calibration locations and residuals
of regressions were extracted and kriged across the study
area and then combined with kriged regression parameters

TABLE 5 - The results of classification and kappa statistics with SP vs SW1:1 and SP vs. SW1:2.5.
SW1:1
SP
NS
S
SA
A
total
average (%)
Po

NS
171
10
0
0

S
0
21
2
0

SA
0
1
4
0

ALL
A
0
0
0
0

total cases
171
32
6
0
209

Po (%)
100
66
67

NS
117
0
0
0

VALIDATION
SA
A
0
0
3
0
3
0
0
0

S
10
16
0
0

total cases
127
19
3
0
149

77
94

92
91

0.77
(p<0.000)

κ

Po (%)
92
84
100

0.72
(p<0.000)
SW1:2.5

NS
S
SA
A
total
average (%)
Po

171
15
0

0
17
5
0

0
0
1
0

0
0
0
0

171
32
6
0
209

100
53
20

115
0
0
0

12
16
0
0

0
3
3
0

0
0
0
0

127
19
3
0
149

58
90

92
89

0.63
(p<0.000)

κ

91
84
100

0.69
(p<0.000)

NS:Nonsaline; S:Saline; SA:Saline-Alkaline; A:Alkaline; Po: Proportion of agreement

TABLE 6 – Variogram parameters of residuals obtained between primary and secondary variables
aux. var.
ECe1:1

ECe1:2.5

prim.var.
R2
0.97
0.73
0.92
0.92
0.58
0.91
0.95
0.73
0.91
0.94
0.57
0.92

ECsat
SAR
Ca2+
Mg2+
K2+
Na+
ECsat
SAR
Ca2+
Mg2+
K+
Na+

Range
17179
2598
526573
132453
8379
1277
644
3583
1502
106488
4751
472

Variogram params.
co
psill
c
0.036
0.029
0.065
0.11
0.07
0.18
2296
27051
29347
95.98
103
198.98
10.36
4.519
14.87
1129
1490
2619
0.043
0.016
0.059
0.085
0.11
0.19
1253
1439
2692
60.71
27.84
88.55
71.9
9.87
81.77
786
324
1110
TABLE 7 - Results of regression kriging

co+c
0.10
0.29
31643
294.9
25.2
3748
0.10
0.28
3945
149.26
153.67
1896

c/co+c
0.64
0.62
0.92
0.67
0.58
0.69
0.57
0.69
0.68
0.59
0.53
0.58

model
sph
exp
sph
sph
sph
sph
sph
exp
exp
sph
exp
sph

Var.
Aux. Var.
ECe1:1
RMSEP
R2

SAR
RK
0.59
0.37

REG
0.54
0.36

Ca2+
RK
51.12
0.88

REG
50.88
0.89

Mg2+
RK
7.83
0.94

REG
7.89
0.93

K+
RK
3.72
0.60

REG
4.11
0.48

Na+
RK
74.62
0.71

REG
70.95
0.73

ECsat
RK
0.11
0.99

REG
0.10
0.99

ECe1:2.5 RMSEP
R2

0.52
0.37

0.47
0.41

57.36
0.86

56.89
0.88

8.24
0.93

9.33
0.91

3.77
0.60

4.28
0.51

56.37
0.73

45.40
0.78

0.37
0.96

0.38
0.97

to obtain final estimations at validation locations. The
regression R2 values between primary and auxiliary variables at calibration location and also the parameters of
variograms run for residuals showing the quality of spatial
distribution indicated by c/c+co were given in Table 6,
respectively. The overall strong relationships existed be-

tween primary and auxiliary variables but the spatial distribution of residuals were weak to moderate. Variograms
were fitted using either spherical or exponential models
(Table 6).
R2 and RMSEP values of estimations performed using
both RK and regression using independent validation were
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shown in the Table 7. Regression kriging using ECe-1:1 as
covariable slightly improved the estimations of soil salinity
variables, such as K+ and Mg2+, providing relatively higher
R2 and lower RMSEP values for estimation but no improvement for SAR, Ca2+, ECe and Na+ were found.

greater for the SP method as compared to 1:1 and 1:2.5
methods. As the amount of water increased, the similarity
of results obtained using different soil to water ratios to
SP method decreased. Similar results were reported by other
studies [9, 10, 18, 22].

Regression kriging using ECe-1:2.5 as covariable improved the estimations of K+, Mg2+ and also ECe slightly
reducing the RMSEP values of these variables as compare
to regression alone and did not improve the estimations of
SAR, Ca2+ and Na+ as in the case of RK using ECe-1:1 as
covariable.

Another effect can be attributed to equilibrium times
during the analysis which is higher in SP than other two
methods causing more salts to be released into the extraction
water. Solubility of salt minerals is different [22]. Saline
soils dominated with calcite and gypsum salts are less soluble than the soils containing halite, so less prone to leaching
from soils [23]. Less equilibrium time in soil water extractions causes less salt to be dissolved resulting in a lower soil
salinity values. In the study area, the existence of gypsum
was confirmed spectroscopy by Bilgili et al. [24].

4 DISCUSSION
Paired t tests of the methods used showed that there are
statistical differences between SP and other soil and water
ratios (Table 3). Application of correlation and regression
analysis as the only approach for the comparison of two
methods has been found misleading [15]. As a complement
to the paired t test results, the Bland-Altman approach was
used for correlation and regression tests for statistical evaluation of agreement between the two extraction ratios and the
SP reference. In the Bland and Altman technique the average
differences between the two methods are plotted against the
average values of two methods to evaluate the bias (average discrepancy) and also see if there is any trend between the two methods (Fig. 3).

The quality of regressions changed with the laboratory methods. Linear regression between SP and 1:1 soil
water had slightly higher R2 values than regression between SP and 1:2.5 soil to water extracts (Table 4). Constructing separate calibration models for each data set
were more successful than constructing models for combined data (Fig. 4). Better calibration results were also
obtained when using low ratio of soil and water. Factors
impacting the calibration accuracy of the models were
reported as soil texture, regionality (local models), salt
type and CEC but not the number of samples used for
calibration [8-10]. We had similarly successful results
using a limited number of samples (data set I, n= 60).

As can be seen in Fig. 2, variables with statistically
significant paired t -test results (Table 3) show a different
pattern than variables with insignificant paired t-test results,
such as Mg, and K for a few cases. The latter ones showed
that the points fall in the 95% confidence interval in BlandAltman plots with no trend. Whereas the former ones with
significant paired t –test statistics showed a trend, i.e. the
average differences between the two methods confirmed
an increase with the increase of average values. In addition they also higher or lower values which do not fall in
95% confidence interval.
Despite statistical dissimilarity between methods, the
average and maximum values of soil salinity parameters
obtained from different extraction methods were always

Soil textural differences may impact the accuracy of
the results. As soil texture gets finer, the accuracy decreases [9]. Soil used in this study is all clay textured.
Salts can be more easily washed out from medium or
coarse textured soils. Finer textured soils generate a larger
value for conversion from soil water extraction to SP.
Henry and Hogg [22] stated that more deviation is obtained for soils dominated by gypsum and carbonate than
saline samples which are dominated by chloride salts.
Similar to SAR and ECe the relationships between SP and
1:1 and 1:2.5 were strong for soluble cations Ca 2+, Mg2+,
Na+, and K+. The correlation coefficient for K was lowest
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FIGURE 4 - Independent validation of calibration models using data set I (n=60) as calibration and data set II (n=150) as validation
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in all cases as also found by Sonmez et al. [9] and Zhang et
al. [8].
In our study, a factor of 1.57 was obtained to estimate
ECe from ECe- 1:1 with intercept of -0.23 (Table 4). This
was close to the conversion factor used by earlier studies.
Zhang et al. [8] used a factor of 1.79 and intercept of 1.46
to convert SP to 1:1 for soils in Oklohama, USA. Hogg
and Henry [22] reported a conversion factor of 1.56 (with
an intercept of -0.06) for Saskatchewan soils. Al-Mustafa
and Al-Omran [25] reported a coefficient of 3.03 (with
intercept of – 0.64 ) for soils in Saudia Arabia.
The theoretical value suggested by USSL [14] for
chloride salts was 2.7. In order to convert ECe-1:2.5 to
ECe-SP a factor of 3.2 with intercept of -0.66 was used in
the study. Ozcan et al. [26] reported closer factors for
conversion of soil ECe and Na and K for 1:1 and 1:2.5
soil water ratios. The conversion factors between saturation paste and soil water ratios were higher for the 1:2.5
soil water ratio. The factors were nearly twice the magnitude used for conversion of 1:1 soil water ratios to saturation paste. Earlier works stated that slope is increasing as
the amount of water increased [9].
Conversion factors not only varied between different
soil to water ratios, they also changed between different
times of sampling and sampling locations with data set 2
values generally lower than for data set 1, for both 1:1 and
1:2.5 soil water ratios. As factor approaches to unity (1)
they become a more accurate estimator [8]. The higher the
coefficient is, the more the difference is.
In order to determine whether different soil water ratios can be successfully used in place of saturation paste
for new samples, samples collected at different times and
locations were used as calibration and validation data sets.
In validation where the data set I was used as calibration
data set II was used for validation, both water ratios were
successful (Fig. 4) indicating that both methods can successfully estimate the soil salinity variables of new independent samples once calibration models are constructed.
When compared to calibration models, validation results
did not differ significantly (Table 4; Fig. 4). However,
when we run the t test for validation samples, it was insignificant (p>0.05) only for K in 1:1 and SAR in 1:2.5, other
t test was significant indicating that the results were different.
Qualitative assessment of saline soils is important in
crop management and remediation of saline soils. The
successful management of saline areas requires the determination of the areas degraded by salinity. The classification performances of two water extraction ratios compared to SP were tested statistically using the kappa test.
Kappa test has been used by earlier workers for testing the
accuracy of qualitative classification of variables in the
comparisons of various methods. Values close to 1 indicates perfect agreement and values higher than 0.5 suggest
acceptable classification. All kappa values were statistically
significant (P<0.01) indicating that classifications were not
random. Similar to regression analysis, the 1:1 method was

more accurate in classifying the saline soils into different
categorical classes providing higher percent of accuracy
and also kappa values for both data sets (whole set and
validation set). Percent accuracy (Po) and kappa values
were higher for the combined data set than the validation
set, where samples from data set I were used as calibration and data set II was used for validation.
Regression kriging technique slightly outperformed
the linear regression, providing relatively smaller Root
Mean Square Error of Prediction (RMSEP) values for K+
and Mg2+ using ECe-1:1 and ECe- 1:2.5 as covariable. It
also provided beter results for ECe-SP using only ECe1:2.5 as covariable. RMSEP values were higher for SAR,
Na+, and Ca2+ and ECe when using ECe-1:1 as an auxilary
variable indicating no improvement or advantage of using
RK. Variables which were already very well estimated using
regression analyses showed no improvement in RK. However, in the case of K+, the regression results were not as
strong as others, so RK helped to improve the estimations
by providing lower RMSEP values. RMSEP values for
SAR were always higher indicating better performances by
regression alone than RK (only in a few cases did it provide
slightly better estimations). The success of RK for some
variables has been attributed to the fact that RK takes the
spatial correlation between residuals into account as opposed to regression analyses only [27].
It has been reported that the performance of RK is impacted by the strength of the relationship between primary
and secondary variables and spatial dependence of residuals [18, 28]. In this study, relationships between primary
and secondary variables were good (Table 6), but spatial
distributions of residuals obtained from regression between
the two calibration points generally ranged from weak to
moderate, as indicated a by high nugget to sill ratio (Table
6)[28]. Thus, the poor estimations obtained can be attributed to these relatively weak spatial distributions of residuals.
Performance of regression kriging has been also attributed
to sampling density and also number of samples [27, 29].

4 CONCLUSIONS
Three laboratory and one kriging method have been
evaluated for characterization and estimation of selected
soil salinity variables such as ECe, SAR and soluble cations (Ca2+, Mg2+, Na+and K+). Calibration models constructed between soil salinity variables obtained using a
soil saturation paste (SP) and different soil and water
ratios (1 to 1 and 1 to 2.5) for two different data sets collected in different time and locations were successful. The
best results were obtained by fitting different curves for
the two data sets separately rather than with the data sets
combined. Models were validated using independent
samples obtained in the following year also provided
successful results. The methods were also qualitatively
compared using classification parameters. In the case of
validation performed for both regression and also classifi-
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cation, the 1:1 method was more successful than 1:2.5.
Regression kriging using soil ECes for different soil and
water ratios as a covariable improved the estimations of
the actual soil salinity variables. The levels obtained using
the SP extraction improved the estimations of K+, Mg2+
and ECe but no improvement was found for SAR, Ca2+
and Na+, using regression kriging.
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ABSTRACT
Dew is a crucial factor in the water cycle in a wetland
ecosystem. This study aims to investigate the dewfall in
the Carex lasiocarpa marsh in the Sanjiang Plain. The
experiment was performed during the growing season
from mid-May to mid-October in 2008 and 2009. Dew
formation was monitored using wood sticks. The results
indicate that dew events occurred during 70% to 80% of
the rainless nights during the research period. The dew
intensity reached its peak in August in both years. A statistics analysis shows that the dew intensity in July and
September of 2009 was significantly lower than that in
2008 because of the significantly higher relative humidity
during that year. However, the annual dewfall was almost
the same, at the amount of 8.76 and 8.38 mm in 2008 and
2009, respectively. The Carex lasiocarpa marsh is an
important site for dew deposition.

ecological environments [4]. On the other hand, Luo et al.
[5] pointed out that dew formation could have harmful
effects on plants by supplying moisture for the growth of
bacterial and fungal plant diseases as well as pest development. Therefore, dew is an important water resource
particularly during the arid season or dry months. However, dew can also be harmful when it becomes the nutriment for plant pathogens. Hence, a study on dew formation
is necessary. But, dew in a wetland ecosystem has not been
studied. The Sanjiang Plain is the largest concentrated
region of mire wetlands in China before the 1960s. Solar
radiation in this region is intense during daytime. After
sunset, heat radiates from the surface to the atmosphere,
resulting in a rapid decrease in the surface layer temperature. Consequently, more vapor turns into liquid water at
night during the growing season. The purpose of this
study is to investigate the dewfall in the Carex lasiocarpa
marsh in the Sanjiang Plain.
2 MATERIALS AND METHODS

KEYWORDS: dewfall, dew intensity, dew days, Carex lasiocarpa
marsh, wetland ecosystem

2.1 Study site

1 INTRODUCTION
As a significant component of water balance, dew has
attracted great interest and thus has been extensively studied. Dew formation can occur at most nights in many
regions of the world. Although dew cannot provide water
in quantities as large as those of fog or rain, its presence
or absence, as well as its chemical and biological composition, can initiate and influence the spread of diseases
and affect many other aspects of our environment [1]. In
some arid and semi-arid regions of the world, small animals and plants use dew water to sustain their activities
[2]. Liu et al. [3] demonstrated that in a tropical rain forest, dew formation not only reduces the intensity of temperature drop, but also condenses water vapor in the forest.
Dew is also necessary in urban vegetation systems and urban
* Corresponding author

The experiment was organized at the Sanjiang Mire
Wetland Experimental Station (47°35’N, 133°31’E), Chinese Academy of Sciences. Annual precipitation ranges from
550 to 600 mm, and about 65% rainfall occurs from June to
September. The average annual temperature is 1.9 °C. Water and soil over mires are completely frozen from November to next April. The marsh surface keeps waterlogged status throughout the year and the water depth is
about 10-30 cm [6]. The evaporation of surface water in
the wetland affords enough vapor to condense at night.
Dew can thus form. Carex lasiocarpa is the dominant
plant, and it was selected as the typical plot for the experiment.
2.2 Dew monitoring

Measurements in each ecosystem were performed from
mid-May until mid-October for the following reasons:
Firstly, our study focused on dew condensed on leaves.
Summer and early autumn are growing seasons and minimal
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dew could be expected then. Secondly, the dew point temperature (Td) was below zero after October in the Sanjiang
Plain, and it would form frost but not dew. The method for
monitoring dewfall was validated by Yan and Xu [7]. A
poplar wooden stick used as a condenser for monitoring
dewfall was weighed twice daily, at sunset and at sunrise,
using an electronic balance (accuracy within 0.001 g). The
poplar woodstick surface is more close to the real surface
of vegetals. Furthermore, its surface area can be precisely
calculated after having been polished. An observation
shelf consisting of a bottom layer (5 cm above surface
water level) and a canopy layer was set up for each experimental plot. The height of the canopy layer can be adjusted for the various plant heights. The condensers were
set at the bottom and at the plant canopy. The average
factual dew per unit area was then calculated. Triple parallel condensers were placed for each height when the air
temperature (Ta, in ºC) had reached to the dew-point temperature (Td, in ºC) after sunset. When air temperature
reached the dew-point temperature, fog can also formed.
Fog is the aerosol which is composed of the suspended
tiny liquid drops in the air. Whereas, dew is the liquid
condensed on the surface of the ground objects. The difference between dew and fog is condensation nucleus. The
condensation nucleus of fog is the dust in the air, and dew
is the objects on the ground. However, the distinction
between dew and fog is difficult. Therefore, some studies
regarded fog as dew [8, 9]. In our study area, according to
monitoring results, the foggy day is less than 5 days during the experimental period. Thus, in this study, it is considered that when fog droplets fall down on the woodstick, it has turned into dew but not fog anymore, which
means the amount of dew on the condensers can be detected but fog can not. The suspended liquid drop (fog)
can not affect the calculation on dew. The condensers
were then kept in each plot until sunrise. The condensers
were gathered when Ta was higher than Td, and the weighing process is then repeated. The woodsticks were set in
the Carex lasiocarpa marsh in the daytime in order to
prevent over-air dry and eliminate the effect of moisture
absorption on measuring accuracy. Everyday meteorological factors, including Ta, Td, relative humidity (%) (RH),
water vapor pressure (Vp), and wind speed (Vnight) were
measured at hourly intervals during condensation time by
the meteorological station at the experimental station. The
mean values of the RH, Td, Vp, Vnight, and Ta were determined at the condensation time.

n

∑ DF

(2)

DFi = 2 × LAIi × Ii × Di

(3)

DF =

i

i =1

where DF is the total dewfall (mm); DFi is the dewfall in a particular period (mm); and LAI is the leaf area
index. LAIi is the LAI in a particular period (cm2/cm2); I i
is the average I in a particular period (mm); and D is the
dew days. Di is the D in a particular period (days); 2 is the
coefficient of a leaf side; and n is the time for measuring
LAI [7].
The LAI of the paddy was measured using a LAI2000 Plant Canopy Analyzer over a 10-day interval. Distinguishing dew from rain was difficult, so dewfall was
recorded as zero for the night if there was a rainfall during
the measuring period.
2.4 Sample analysis

The statistical analyses were carried out using SPSS
software version 16.0 (SPSS Inc., Chicago, IL, USA). To
test the normal distribution of monthly dew intensity and
meteorological factors, Q–Q probability plots were employed. A Q–Q probability plot is used to test data distribution. Normal distribution is the precondition to compare
the mean of the data. Only if the data follow a normal
distribution pattern, ANOVA can be used. By Q–Q probability plot analyzing, all the data showed normal distribution pattern. The dew intensity were analyzed using
one-way ANOVA, and the significance limit was set to
P<0.05. ANOVA, the abbreviation of analysis of variance,
is used to test the significant differences among the mean
of several samples. The difference were considered significant if P was lower than 0.05. Least Significant Difference or Tamhane’s T2 procedure was used to determine
the significant differences between each group of dew
intensity. The Homogeneity-of-variance procedure was
performed to test the variance among each group of data.
When the data were homoscedasticity, indicating no significant difference among each group of variance, the
method of least significant difference was used. While,
when the data were heteroscedasticity, indicating no significant difference among each group of variance, the
method of Tamhane’s T2 was used.
3 RESULTS AND DISCUSSION

2.3 Calculation

3.1. Dew days

Dew intensity and dewfall were calculated with the
following formulas:

As shown in Fig.1, the maximum days of dew events
occurred in August in both two years. More dew events
were observed from June to September in 2008 than in
2009. The number of dewing days in 2008 and 2009 were
98 and 76 days, respectively. The average number of dewing days in Sanjiang Plain from 1995 to 2004 was 95 days
[10]. The rain events were more frequent and heavy in
2009 than in 2008, which led to fewer dew days compared
with the mean dew days in a year. The rainless nights

I=

10 × (Wr − Ws )
S

(1)

where I is the dew intensity (mm); Wr is the weight of
condenser before sunrise (g); Ws is the weight of the condenser after sunset (g); and S is the surface area of the
condenser (cm2).
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during the experiment period in 2008 and 2009 were 124
and 107 days, respectively. Dew formation accounted for
approximately 70% to 80% of the free rain nights during
the growing season.

FIGURE 1 - Monthly dew days of 2008 and 2009
3.2 Dew intensity and dew distribution

Fig. 2 and Table 1 show the patterns of the precipitation and dew intensity in 2008 and 2009. Both the frequency and amounts of rainfall in 2009 were higher than in
2008. The highest dewing intensity was observed in August, and then decreased as the experiment proceeded. The
monthly dew intensity followed a normal distribution pattern, determined via statistical analysis. The total dew intensity in July and September of 2008 was significantly
lower than that during the same period in 2009 (P<0.05),
but did not show significant differences in the other months
(P>0.05).

Fig. 3 shows that dew intensities between 0.03 and
0.07 mm/d accounted for over 50% of the dew events in the
Carex lasiocarpa marsh, and that dew intensities above
0.085 mm/d did not occur in 2008. Dew measurements in
2009 showed higher dew intensities. The dew intensity with
the highest frequency ranged between 0.03 and 0.04 mm/d.
The frequency distribution of the dew intensity showed
that the most frequent dew events did not correspond to
the lowest yields. The result shows that more than 20% of
the dew frequency was between 0.10 and 0.14 mm/d. The
dew intensity in Carex lasiocarpa marsh was lower than the
maximum intensities monitored in other ecosystems, such
as in the Negev Desert, where a dew intensity of 0.32 mm/d
[8] was measured, and in the Xishuangbanna tropical rainforest, which has a 1.36 mm/d dew and fog precipitation
[11]. The difference may be attributed to the surface characteristics of the Carex lasiocarpa marsh, which is perennially covered with dense wetland vegetation and water,
as well as to its diurnal temperature, which is lower than
that in the desert ecosystem. Although vapor is sufficient
in the marsh, the difference in the RH between the marsh
in the Sanjiang Plain and the tropical rain forest remains
distinct. The rainfall in tropical rainforest was abundant
and the transpiration was intense, which led to more vapor
can condense in the night. On the other hand, unlike the
other areas, the plants in the rainforest were high and thick,
and it is hard to distinguish dew and fog. The amount of dew
and fog precipitation was 1.36 mm/d, and it was the sum of
three different layers where the height was 5m (0.28 mm),
20m (0.40 mm), and 33m (0.67 mm), respectively. The
highest dew intensities (above 0.2 mm/d) were observed
during the dry season in Tikehau as well as in Tahiti Island in France [12]. This result is similar to that obtained
from our experimental plot.

FIGURE 2 - Dew amounts (top half) and rain data (bottom half) for the Sanjiang Plain in 2008 and 2009
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relative humidity of air, the ambient temperature, and the
wind speed were the main factors affect the dew formation
in Dhahran [17]. Dew was strongly correlated with relative
humidity in Kothara [18]. In the Xishuangbanna area,
variations in the dew amounts were caused by wind speed
and diurnal temperature ranges in the air [11]. The dew
intensity is positively correlated with the RH, Td, and Vp,
but is negatively correlated with the wind speed [19].

3.3 Factors affecting dew intensity

In Fig. 4, the meteorological factors have been averaged over the dew duration time. According to the statistics analyzing, the monthly meteorological factors follow
a normal distribution pattern. The dew harvest in 2009
corresponds to a higher RH, Ta, and Vp. High RH and Vp
values were attributed to the increase in the wetness due
to abundant rainfall. Based on statistical analysis, the RH,
Ta, and Vp values in July and September of 2009 were all
higher than those in the same period of 2008 (P<0.05),
indicating a significant difference in the dew intensities in
these two months. The low dew intensity in May and October was due to the significant RH deficit, which caused a
significant decrease in Td during these months compared
with those in the other months (P<0.05). By contrast, the
rainfall was abundant in July and August, resulting in sufficient vapor in the air close to the surface. The RH values in
July and August were significantly higher than those in
the other months (P<0.05), resulting in increased vapor
condensation at night during the rainy season.

Meteorological factors significantly affect dew formation. Torbjorn [13] reported that in humid Kungsbacka
and arid Dodoma, the dew volume data were correlated with
dry bulb temperature, wind speed, Td, and cloud cover. Atmospheric pressure, wind speed, and direction affect the
dew formation in different sites in Poland [14]. According
to Kidron [15], elevation and altitude play important roles
in dew formation in Negev. In the Philippines, dew formation was found to have a significant linear correlation
with the nightly minimum vapor-pressure deficit [16]. The

The wind speed is a key factor for dew formation.
However, the function of wind for dew deposit is complicated. Although strong wind enhances heat exchange, this
situation may homogenize the temperature quickly and
decrease the temperature down below the dew point temperature. Meanwhile, it makes the vapor diffuse rapidly. It
is known that wind speed (at 10m elevation) greater than
3.0 m/s significantly decreases collected dew volumes [20,
21]. Therefore, breeze is beneficial to enhance the transition of water vapor and heat loss in horizontal and vertical

FIGURE 3 - Distribution of the dew intensity during the growing
seasons of 2008 and 2009
TABLE 1 - Statistics of dew occurrence and rainfall
Date
Rainfall (cumulative, mm)
Minimum dew intensity (mm)
Maximum dew intensity (mm)
Average dew intensity (mm)

18/5/2008–
14/10/2008
275.3
0.002
0.089
0.039

14/5/2009–
15/10/2009
428.3
0.0035
0.133
0.053

FIGURE 4 - Variation of the dew-related characteristics in the dew days in 2008 and 2009 from May to October
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FIGURE 5 - Total dewfall and leaf area index (LAI) variation with time in 2008 and 2009

direction [4]. As a consequence, a mean wind speed as
high as 3.5 m/s is too fast to perm it sufficient vapor for
frequent condensation. Fig. 4 and Fig. 2 shows that most of
dew events occurred at a wind speed below 3.5 m/s and the
largest dew amount occurred for the wind speeds around
2.0 m/s in Carex lasiocarpa marsh.
3.4 Dewfall

Fig. 5 compares the total dewfall and the leaf area index (LAI) in 2008 and 2009 at ten-day intervals. The results
indicate that July, August, and September were the dew
harvest periods. The dewfall during these periods accounted
for more than 80% of the annual dewfall. Although the
condensation intensity in 2009 was higher than that in 2008
because of the abundant rainfall, the annual dewfall
was lower. The annual dewfall resource reached 8.76
and 8.38 mm in 2008 and 2009, respectively, which
accounted for 3.18% and 1.96% of the rainfall during
the same period. Therefore, dew is a significant component of the water balance in a wetland ecosystem.
The similarity in dewfall in 2008 and 2009 are due to
the following reasons: (i) the frequent rain, which led to a
decrease in the number of dew days in 2009; and ii) the
higher LAI in 2008 compared to that in 2009, which is
partly associated to increased sunshine and solar radiation.
Dew can give a non negligible contribution, especially during the dry season when rain is scarce. For instance, the
dew amount in June 2008 was 1.55 mm, which accounts
for 6.2% of the rainfall (25.0 mm).
In the Xishuangbanna tropical rain forest, the annual
dewfall reached 89.4±13.5 mm [22], which is evidently
higher than that in the marsh in the Sanjiang Plain. This

finding may be due to the location of our experimental
station, which is in middle latitude (47°35′N) with a shorter
frost-free season. The dew days in the Sanjiang Plain were
significantly less than the total number of dew days (258
±58) in the tropical rain forest. The RH value, which is
positively correlated with the dew intensity [19], was also
higher in the tropical rain forest, thereby leading to high
dewfall levels in the Xishuangbanna region. The Carex
lasiocarpa dewfall in the Sanjiang Plain was also lower than
that in the desert in the middle of Utah, USA (29.31 mm)
[23] as well as that in the Zadar region of Croatia (about
20 mm) [24]. This result is attributed to the longer dew
days in the desert, as well as the daily vapor condensation
in the desert region. These findings demonstrate that dewfall varies with different dew days as well as with different underlying land surfaces in different regions.
4 CONCLUSION
The dewing days in 2008 and 2009 were 98 and
76 days, respectively, which accounted for 70% to 80%
of the rainless nights during the growing season in the
Sanjiang Plain. The dew intensity was higher in July and
September of 2009 than that of 2008 (P<0.05), but with
equal annual dewfall because of the lower LAI and fewer
dew days. The annual dewfall resource reached 8.76 and
8.38 mm in 2008 and 2009, respectively, which accounted
for 3.18% and 1.96% of the rainfall during the same period. Although the mean contribution of dew is small with
respect to rain, dew can be a useful supplement when
rainfall is lacking.
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ABSTRACT
PM10 samples were collected at urban and rural sites in
Algiers-Boumerdes, and three monitoring campaigns were
done in summer and autumn 2007 and summer 2008.
Quartz fiber filters of 47 mm diameter were used as collection substrates. The resulting samples were analysed for
inorganic ions, elemental carbon (EC), organic carbon (OC),
and water-soluble organic carbon (WSOC). Sulphate and
particulate organic matter (POM) were the two most abundant constituents in all aerosol samples. Sulphate accounted
for an average of 17.38-19.04% of the total urban aerosol
and 20.80% of the total aerosol at the rural site, while the
POM represent between 44.51 and 47.61% of the total
mass aerosol identified in all sites studied, with a high
contribution of POM recorded at the rural site. WSOC was
a significant portion of OC, accounting for about one-third
of OC fraction at the urban sites in all campaign samplings,
and 56% of OC at the rural site in summer 2008. Sulphate
(SO42-), ammonium (NH4+), and nitrate (NO3-) were the
predominant ionic species in all sites studied.

KEYWORDS: OC, EC, WSOC, ionic species, aerosol source
identification, Algeria.

1 INTRODUCTION
Aerosol particles with diameters <10 µm (PM10) represent the thoracic and/or breathable fraction being more
harmful for human health, and found to play an important
role in visibility degradation, and climate change [1].
Carbonaceous aerosol is a dominant component of fine
particles, contributing 20-40% [2], even up to 80% [3] of
the total mass of fine particles in urban and industrialized
areas and, therefore, attracts more and more attention from
scientists. The total carbonaceous aerosol comprises a com* Corresponding author

plex mixture that is traditionally classified in two main
fractions: organic carbon (OC) and elemental carbon (EC).
The OC fraction is composed of a great variety of organic
compounds, ranging from low molecular-weight compounds
(e.g. malonic and oxalic acids) [4] to n-alkanes, polycyclic
aromatic hydrocarbons, terpenes, carbonyls, n-alkanols, and
organic acids [5-7]. These data have been recently complemented with measurements of water-soluble organic carbon (WSOC), which accounts for a highly variable fraction (12-95%) of the total organics showing a functional
group composition similar to that of aquatic humic substances [8-12].
Atmospheric aerosols in PM10 are generally dominated
by particles from the following three sources: (1) primary
fine particles emitted from industrial sources and road
vehicles; (2) secondary aerosols, predominantly ammonium
sulphate and ammonium nitrate, which are generally transported over long ranges and have relatively weak spatial
gradients; and (3) windblown soil and re-suspended street
dust, which are largely coarse (2.5-10 µm) in particle fraction [13]. Aerosols can be classified as primary and secondary pollutants based on their source. Primary aerosols
are usually emitted in particulate form directly from
sources. Secondary aerosols comprise particles generated in
the atmosphere that are predominantly of submicron size
and produced by heterogeneous or homogeneous chemical
reactions. Sulphate is a common secondary pollutant. Numerous studies have proven that sulphur dioxide is converted to sulphate via oxidation hydrolysis [14].
On a global scale, sulphate is one of the principal components of secondary aerosol mass, due to large emissions
of sulphur dioxide compared to those of NOx and volatile
organic compounds [15]. Ammonium nitrate aerosol exhibits
a large hygroscopic growth factor [16], and its presence
could enhance water uptake for a given humidity thus increasing the amount of light scattered by an ambient aerosol
population, increasing the magnitude of the aerosol direct
radiative forcing. Other components of ambient aerosol
typically include elemental carbon, organic carbon, sea salt
(mainly sodium chloride), and mineral dust (such as calcium salts and silicates) [17].
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Base cations, such as Ca2+, K+ and Mg2+, are necessary plant nutrients. Their associated anions, principally
oxides, hydroxides, carbonates and silicates, can decrease
air precipitation acidity and increase soil base saturation.
Base cations primarily derive from mechanical erosion
and wind mobilization of soil particles, and particles from
volcanic eruptions, forest fires, industrial processes, biological mobilization, or combustion of fuels, such as wood or
peat. The primary anthropogenic sources of mineral dust
are power production, cement, ferrous and other industries. Marine aerosols, which are transferred from marine
to continental areas by monsoon, are considered to be the
predominant source of sodium [18].
The composition of organic particulate matter, comprising n-alkanes, n-alkanoic acids, polycyclic aromatic
hydrocarbons, nitrated polycyclic aromatic hydrocarbons,
and highly organic polar compounds, were measured during
a long time period between 1998 and 2008 at different sites
of Algeria [15-17]. However, the concentrations of OC,
EC, and WSOC have never been reported in Algeria. Our
work adds to the increasing chemical database on Algeria
[19-20].
In this study, PM10 was daily collected at urban (located at Algiers and Boumerdes) and rural (located at Algiers-Boumerdes border) areas, in summer and autumn
2007 as well as in summer 2008. Herein, we report on the
concentrations of OC, EC, and water-soluble organic carbon (WSOC), but also the concentrations of major inorganic cations and anions associated to the aerosol samples.
2 MATERIALS AND METHODS
2.1. Sampling locations and periods

The first sampling site, Rouiba (RB, 36°44′10"N,
3°17′02"E), 30 km east of Algiers, looks like an urban area,
and there, the vehicle congestion is very high and frequent.
The second sampling site, Ouled Moussa (OM, 36°41′03"N,
3°21′56"E), located along the border between Algiers and
Boumerdes, is affected by moderate/scarce vehicle traffic.
Thus, it is classified as an urban area. Finally, the third
sampling site is situated in the Lake of Reghaia (RE,
36°46′05"N, 3°20′22"E), 40 km east of Algiers. According to environmental features, it is considered as a rural
area and suitable to detect the influence of miscellaneous
sources comprising biogenic ones.
Three intensive monitoring campaigns were conducted
in Rouiba and Ouled Moussa during summer and autumn
2007, and summer 2008; in the Lake of Reghaia, the measurements were restricted to autumn 2007 and summer
2008. More than 100 air samples were collected in total.
2.2. Collection materials and sampling protocols

Airborne particulates were collected daily, starting at
8:00 h in the morning and lasting 24 hours. The collection
was restricted to PM10 fraction, by using the inertial impactors applied to aspirating air-sampling systems, oper-

ated at medium-volume conditions (flow-rate = 39 L min-1)
and equipped with electronic volume counters. All substrates
were collected with 47-mm quartz fiber filters (QMA Whatman filters). These were pre-washed for 3 days in 3 successive batches with Milli-Q water for lowering blanks for
ionic species. After drying at 60 °C, they were fired for 1 h at
800 °C to lower the blank levels for EC and OC. These filters were kept and transported to the field in packs of 20
in leak-proof glass jars before sampling. After sampling,
exposed filters were downloaded directly in the field and
stored at -5 °C in individual Petri slides wrapped in aluminum foil within sealed bags, until analysis. All handling
procedures were designed to reduce potential contaminations.
2.3. Analysis
2.3.1. Analysis for EC and OC

Samples were analyzed for EC and OC using the
Thermo-Optical Transmission (TOT) method on a Sunset
Lab analyzer [21]. We used temperatures up to 870 °C for
the analysis of OC in 100% He, and up to 900 °C for the
analysis of EC in 98% He+2% O2. Automatic split time
was always used for the distinction between EC and pyrolyzed OC, except for blank samples, where it was manually corrected when needed. The transit time between the
front oven and the FID detector was optimized and adjusted at 13 s. We analyzed a fraction of 1.5 cm2 from each
sample, without any preparation. A subset of samples (approximately 5% of the overall set, for various sample loadings) was analyzed 3 times to check for the even repartition of particles on the filters, and the accuracy of this subsampling method for the determination of atmospheric concentration. This test indicated a really good reproducibility
of the deposition, with the variability of the results being
within 3%. The arithmetic average of the concentrations of
the field blanks was taken into account for the calculation
of atmospheric concentrations. Field-blank concentrations
(equivalent to concentrations of OC = 0.45 ± 0.27 µg C
m-3 and EC = 0.05 ± 0.06 µg C m-3 for a sample of 20 m3
of air) accounted for 6.6 and 4.4% of the average atmospheric concentrations in summer for OC and EC, respectively.
2.4. Analysis of WSOC

The extraction procedure to make single fragments
(i.e. portions of 18 mm in diameter) of n (n=1-3) depending on the OC concentrations) consisted of successive initial
daily samples which were soaked together in an airtight
glass bottle in 17 mL of MilliQ water for 40 min with some
manual shaking. The extract was then filtered just before
the analysis using Acrodisc filters (Pall Gelmann) with a
porosity of 0.2 µm.
The analyses of WSOC concentrations were performed
with a Model 700 TOC analyzer (OI Analytical). The
technique is based on the IR detection of the CO2 formed
after the hot chemical oxidation of the carbon content of the
liquid sample. The sample was first acidified with 200 µL of
5% phosphoric acid, and to drive off the CO2 formed
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from the inorganic carbonates, a nitrogen flux for 2.5 min
was used. The OC content of the sample was then oxidized
after the addition of 1 mL of sodium persulfate (100 g L-1),
and the resulting CO2 was subsequently measured after degassing with the nitrogen flux. We used a sampling loop of
10 mL volume, the oxidation time was set to 11 min, and
the temperature for the oxidation was 100 °C. These analytical conditions were previously tested by Pertuisot and
coworkers [22].
The calibration was performed daily with 5 fresh synthetic solutions of sucrose (C12H22O11) covering the full
range of the detector (0-4.2 µg C mL-1). This calibration
was very stable from day to day, with a coefficient of
variation (standard deviation over mean) of the slope of
1.6% (n=17). Several tests were performed to evaluate the
uncertainty linked with this analysis. The coefficient of
variation of 6 analyses of a synthetic solution at a concentration of 2.1 µg C mL-1 was 0.7%. The average coefficient of variation for the analysis of real atmospheric
samples (analyses of 3 fragments for each of 3 actual
samples) was 1.5%. It is, therefore, probably safe to say
that the overall uncertainty of the analysis with this method was below 5%. However, it should be mentioned that
the acidification step (lowering the pH close to 2) is probably driving off some of the weak acids included in the
original samples, like formic and acetic acid. While their
exact concentrations are not known, we can estimate that
they represent mostly a few % of the total WSOC concentrations, on the basis of the maximum concentrations that
can be measured in the particulate phase in urban environments [23, 24].
2.5. Analysis of anionic and cationic species

The remaining parts of the filter (after extraction of the
fractions for EC/OC and WSOC analyses, and removal of
the outer ring in contact with the filter holder) were analyzed with Ionic Chromatography (IC) for the determination of a whole suite of anionic and cationic species following the method described by Jaffrezo et al. [25, 26]. In
brief, samples were soaked in 10 mL of Milli-Q water for
30 min in air-tight glass bottles, and then filtered just
before the analysis using Acrodisc filters (Pall Gelmann)

with a porosity of 0.2 µm. Analysis of cations (NH4+, K+,
Mg2+, Ca2+) took place with a CS12 column on a Dionex
100 IC. The determination of Na+ was prevented by the
high concentration remaining in the matrix of the quartz
filters. Analysis of inorganic anions (Cl−, NO3−, SO42−)
took place on an AS11 column on a Dionex 500 analyzer.
3 RESULTS AND DISCUSSION
3.1. Carbonaceous matter concentrations (OC, EC and WSOC)

The average concentrations of OC and EC are presented in Table 1. Average OC levels, recorded at Rouiba
and Ouled Moussa, were quite similar during summer
2007 and 2008 (7.58-6.97 µg m -3 in summer 2007 and
5.66-5.83 µg m-3 in summer 2008), were higher than those
recorded at the Lake of Reghaia (3.51 µg m-3 in summer
2008). However, in autumn 2007, the average OC values at
Rouiba and at the Lake of Reghaia were very similar, and
lower than those recorded at Ouled Moussa in the same
campaign (6.21 µg m-3).
At Ouled Moussa, the highest average EC levels were
recorded in summer 2008 (3.32 µg m-3) and autumn 2007
(2.55 µg m-3); however, in summer 2007, the average EC
concentrations were very similar at Rouiba and at
Ouled Moussa. At the Lake of Reghaia, average EC levels were very low during autumn 2007 (0.31 µg m-3) and
summer 2008 (0.92 µg m-3). The EC concentrations are
considered as tracers of primary emissions mostly derived
from traffic [27]; these results suggest that the influence
of traffic is lower at the Lake of Reghaia than at Rouiba
and Ouled Moussa. Furthermore, they would also indicate
that the influence of traffic emissions is similar at the
urban sites of Rouiba and Ouled Moussa.
According to Table 1, the concentration of total carbon (TC) was calculated as the sum of organic and elemental carbon (TC = OC + EC). Average TC levels were
very similar at Ouled Moussa during summer (2007, 2008)
and autumn 2008 (8.54-9.15 µg m-3), but also at the Lake
of Reghaia during autumn 2007 and summer 2008 (4.244.43 µg m -3 ); however, at Rouiba, the average TC values were similar during summer 2007 and 2008 (8.05-

TABLE 1 - Average OC, EC and WSOC concentrations (µg m-3) associated with their standard deviations in parentheses during the summer
and autumn 2007 as well as summer 2008.
OC

EC

TC

WSOC

OC/EC

EC/TC

(2007)
(2008)
Ouled Moussa (2007)
(2008)
Lake of Reghaia (2008)

7.58 (1.41)
5.66 (2.03)
6.97 (1.97)
5.83 (1.30)
3.51 (1.66)

1.79 (0.38)
2.39 (1.37)
1.57 (0.49)
3.32(1.07)
0.92 (0.60)

9.37 (1.77)
8.05 (2.21)
8.54 (2.41)
9.15 (3.38)
4.43 (2.24)

2.64 (0.43)
1.60 (0.47)
2.65 (0.77)
2.25 (0.47)
2.00 (0.61)

4.24
2.36
4.44
1.75
3.81

0.19
0.29
0.18
0.36
0.20

Autumn:
Rouiba
(2007)
Ouled Moussa (2007)
Lake of Reghaia (2007)

4.39 (0.30)
6.21 (0.36)
3.93 (2.14)

1.06 (0.22)
2.55 (0.23)
0.31 (0.29)

5.45 (0.49)
8.76 (0.42)
4.24 (2.34)

1.58 (0.09)
1.69 (0.33)
1.23 (0.46)

4.14
2.44
12.56

0.19
0.29
0.07

Summer:
Rouiba
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9.37 µg m -3) but were very higher than those recorded
in autumn 2007 (5.45 µg m-3).
The average EC/TC ratios varied from 0.18 to 0.36
for all sites during summer 2007 and 2008, and from 0.19
to 0.29 in autumn 2007 for urban sites (Rouiba and Ouled
Moussa), but the average EC/TC ratio was extremely
lower at the Lake of Reghaia in autumn 2007 (0.07).
Average WSOC concentrations were relatively similar
at the three sites in the respective seasons (1.60-2.65 µg.m-3
in summer and 1.23-1.69 µg.m-3 in autumn), showing an
increase in the WSOC/OC ratios towards the summer at
Ouled Moussa (27-38%). This increase may be due to enhanced photochemical oxidation forming oxygen-containing
functional groups which increase water solubility in summer,
as well as to enhanced wet depositional losses of WSOC
relative to the insoluble carbon in winter. The increase of
WSOC/OC ratio was more important at the Lake of Reghaia
(31-56%), and WSOC/OC observed at this rural site, tends
to suggest that the secondary organic compounds (secondary aerosols) are a dominant component of WSOC
fraction. This effect was not observed at Rouiba between
summer and autumn 2007; there, WSOC/OC ratio varied
from 28 to 36% (see Table 2).

30]. The OC/EC ratios recorded at Rouiba (2.36-4.24) and
at Ouled Moussa (1.75-4.44) indicated a strong influence
of fuel combustion emission; in this case, it was the road
traffic. The OC/EC ratio resulting from biomass emissions
or coal combustion was very high (20-40) [29, 31-33], and
this ratio ranged from 3.81-12.56 at the Lake of Reghaia,
indicating the predominance of biomass combustion.
Average data for WSOC fractions (Table 2) ranged
from 12% (next to a highway in Paris) [34] up to 80% for
a rural area in Sweden during summer [35]. There is some
tendency for lower values to be associated with urban
areas, particularly in winter, and for higher values to occur in rural areas, especially in summer. This is more or
less consistent with the hypothesis of WSOC consisting
of a large fraction of secondary (oxidized and more soluble) organic species.

3.2. Carbonaceous matter sources

Very poor correlations between OC and EC were obtained at Rouiba and at the Lake of Regahia, where the correlation coefficients (R2) were 0.49 and 0.35, respectively
(Fig. 1). These poor correlations indicate a more variability
of the influence of sources over time at these sampling
sites. Moreover, the slopes for Rouiba and Lake of
Reghaia sites were lower, indicating a big distance from
sources of carbonaceous material (eg. less primary aerosol)
and/or sources of different profiles. In addition to that, the yintercepts were low at both sites, possibly indicating low
impact sources of OC not producing EC. However, Fig. 1
shows that no correlation exists between OC and EC at
Ouled Moussa site (R2 = 0.06). In contrast, as shown in
Fig. 2, the regressions between WSOC and OC were
excellent, and led to very close slopes at Rouiba and Lake
of Reghaia sites, but it was much better at Ouled Moussa
site, despite the differences in sampling location and emission sources influencing each of the sampling sites. However, these plots indicate some remaining variability in the
relation between OC and WSOC, and it is worth exploring
the characteristics of the WSOC fraction evolution.
The ratio between OC and EC was most frequently
used to differentiate between anthropogenic and biogenic
emission sources, but also to differentiate between the
most important emission sources vehicles and biomass
burning.
Emissions from the biomass combustion were generally characterized by a high OC/EC ratio compared to
those of diesel and gasoline vehicles. The OC/EC ratio for
diesel engines emissions varied between 0.8 and 1 [28],
and between 2.2 and 4 for gasoline engine emissions [29,

FIGURE 1 - Correlation between OC and EC for the three sites
sampling
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FIGURE 2 - Correlation between WSOC and OC for the three sites of sampling.

TABLE 2 - Average WSOC concentrations (µg m-3) and its mass fractions in the literature.
Site

Date
winter 1992
summer1992
June-July 1996
June-August 96
September 96
Jan.-Feb. 1998
Mar.-Apr. 1998
May-Sep. 1998
Oct.-Nov. 98
Oct.-Feb. 98/99
Mar.-Apr. 1999
summer 1998

N*
2
2
5
5
6
9
0
9
4
4
4
8

WSOC
3.2-3.4
21,3-23.2
1,7
2,4
4,0
7,1
2,3
1,4
3,4
5,7
2,4
0,63

WSOC fraction
28-32% TC
32-55% TC
77% OC
48% OC
65% OC
47% OC
49% OC
50% OC
47% OC
38% OC
38% OC
60% OC

summer 1998
June 2003
St Louis, Missouri (USA) (urban)
August. 2003
Oct. 2003
Paris ( kerb side )
Aug.-Oct. 1997
Rouiba (urban)
summer 2007
autumn 2007
summer 2008
Ouled Moussa (urban)
summer 2007
autumn 2007
summer 2008
Lake of Reghaia (rural)
autumn 2007
summer 2008
* N: number of samples; **: continuous measurements.

22
*
**
**
4
7
7
7
7
7
10
6
6

4,8
2,87
2,40
1,33
4,4
2,46
1,58
1,60
2,65
1,69
2,25
1,23
2,00

63% OC
64% OC
61% OC
31% OC
12.4%
35% OC
36% OC
28% OC
38% OC
27% OC
38% OC
31% OC
56% OC

Tokyo, Japan (urban)
Sweden (natural site)
K-Puszta, Hungary (rural)
Italy (urban)

Pô Valley, Italy (rural)

Jungfraujoch, Switzerland
(altitude site)
K-Puszta, Hungary (rural)

+

References
[4]
[35]

[36]

[8]

+

3.3. K /OC and K /EC ratios

Potassium has many sources as origin of emissions
including marine, soil and mineral dust. It has also been

[37]
[34]

This study

detected in the combustion of biomass [38, 39] and used as
a tracer of biomass burning in natural environments, such
as some rural sites in Africa [40], in Amazon [41], in
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Brazil [42], or in Greenland during the glacio-chemical
episodes [43].
Watson and coworkers [44] showed in their previous
works focused on study profiles of different PM2.5 sources
(vehicular emissions, biomass burning, crustal material,
and coal combustion) at Colorado (USA), that the soluble
potassium K+ is a good tracer of biomass burning sources
in zones which are influenced by anthropogenic emissions,
and a very little amount of K+ was emitted by fossil fuel
combustion.
The emissions from biomass burning, including savanna burning, forest ﬁres and agricultural waste burning,
contributed signiﬁcantly to the atmospheric concentrations
of K+ and carbonaceous species (OC and EC). Likewise,
fossil-fuel and vehicular emissions were also the dominant
sources of OC and EC; however, K+ concentration was
non-significant. Thus, K+/OC and K+/EC ratios can be used
to characterize the emission sources, biomass burning versus fossil fuel. The K+/OC ratio exhibited a narrow range
of 0.08 to 0.10 for savanna burning [39], and 0.04 to 0.13
for agricultural waste burning [45]. Similarly, K+/EC ratios
in biomass burning aerosols can vary from 0.20 to as high
as 0.69 [45-47]. On the other hand, fossil-fuel emissions
had characteristically lower K+/EC ratios [47]. However,
a fraction of K+ can be derived from fertilizers (used for
agricultural purposes), sea-salt and mineral dust [48]. For
example, Duan and coworkers [49] have reported that
K+/OC ratio can be as high as 0.20 during the wheat straw
burning events and the possible contribution of K+ from
fertilizers.
In this study, the K +/OC ratios were 0.02 in both urban
sites (Rouiba and Ouled Moussa) but was 0.04 at the rural
site (Lake Reghaia); the K+/OC values in the urban sites
were significantly lower than those reported by literature, indicating a low emission of potassium (K+) but a
high concentration of OC for both urban sites. Also, K+/EC
ratios were very low at both urban sites (Rouiba and Ouled
Moussa), where a value of K+/EC equal to 0.04 was recorded; in the same time, a high value of K+/EC ratio equal

to 0.14 was recorded at Lake of Reghaia. The K+/OC and
K+/EC ratios recorded at urban sites (Rouiba and Ouled
Moussa) confirm the predominance of fossil fuel emissions,
especially vehicular emissions. In contrast, at the Lake of
Reghaia site, it is undoubtedly clear that biomass combustion was the predominant source emission.
3.4. Ionic species concentrations

Table 3 lists the average ionic concentrations for all
three sampling sites. The average concentrations for ionic
species including Cl-, NO3-, SO42-,Na+, NH4+, K+, Mg2+
and Ca2+, were 0.49, 1.48, 3.42, 0.57, 1.86, 0.09, 0.04 and
0.28 µg m-3 at Rouiba; 0.26, 1.21, 3.99, 0.81, 1.38, 0.13,
0.07 and 0.46 µg m-3 at Ouled Moussa; 0.29, 1.09, 3.22, 0.83,
1.16, 0.13, 0.06 and 0.41 µg m-3 at the Lake of Reghaia.
Figure 3 represents the percentages of average concentrations of ionic species at all sampling sites in summer 2008. The average percentage concentrations of ionic
species including Cl-, NO3-, SO42-, Na+, NH4+, K+, Mg2+
and Ca2+ were: 6; 18; 42; 7; 22 ; 1; 1 and 3% at Rouiba, 3;
14; 48; 10; 17; 2; 1 and 5% at Ouled Moussa and 4; 15;
45; 11; 16; 2; 1 and 6% at the Lake of Reghaia.
The ionic species predominant were SO42-, NH4+ and
NO3- in all sampling sites, representing 82, 79 and 76% of
the total ionic species identified at Rouiba, Ouled Moussa
and at the Lake of Reghaia, respectively, in the campaign
of summer 2008.
3.5. Ionic species sources

The NH4+ ion is formed by the neutralization between
ammonia gas and acidic species, and the major sources
for ammonia gas include animal farming, fertilizers and
organic decomposition. However, the volatility of ammonium chloride and ammonium nitrate, being more signiﬁcant
at high temperatures, can cause a negative sampling artefact
for particulate NH4+ [50]. The major natural sources for
particulate K+ are sea salts and soils, and biomass burning
constitutes the major part of its anthropogenic source [39].

TABLE 3 - Ionic species concentrations (µg m-3) in PM10 at sampling sites.
ClNO3SO42Rouiba
Max.
0.77
4.05
5.77
Min.
0.32
0.57
0.74
Ave.
0.49
1.48
3.42
S.D.
0.18
1.27
1.82
Ouled Moussa
Max.
0.46
2.21
7.03
Min.
0.08
0.59
2.04
Ave.
0.26
1.21
3.99
S.D.
0.12
0.50
1.42
Lake of Reghaia
Max.
0.79
2.27
5.56
Min.
0.03
0.23
1.30
Mean.
0.29
1.09
3.22
S.D.
0.28
0.88
1.68
Max.: Maximum, Min.: Minimum, Ave.: Average, S.D.: Standard Deviation
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Na+

NH4+

K+

Mg2+

Ca2+

0.94
0.37
0.57
0.18

3.53
0.31
1.86
1.14

0.14
0.04
0.09
0.03

0.09
0.02
0.04
0.02

0.34
0.15
0.28
0.06

1.07
0.59
0.81
0.13

2.28
0.50
1.38
0.60

0.18
0.06
0.13
0.04

0.18
0.03
0.07
0.04

0.61
0.31
0.46
0.09

1.56
0.38
0.83
0.39

2.69
0.33
1.16
0.81

0.33
0.07
0.13
0.09

0.11
0.03
0.06
0.02

1.00
0.10
0.41
0.28
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In addition to the sea salt contribution, other sources that
contribute to the concentrations of SO42, K+, and Ca2+

2+
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can be estimated using the concentrations of non-sea-salt
sulphate (nss-SO42-), non-sea-salt potassium (nss-K+), and
non-sea-salt calcium (nss-Ca2+), which are calculated by
the following equations and by assuming that the chemical composition of sea-salt particles is the same as that of
sea water, and that the soluble Na+ in particulate samples
comes solely from sea-salts [52]:

ClNO3 -

SO4 2Na+

NH4 +
K+

nss-SO42- = [SO42-] – [Na+] x 0.2516

Mg2+
Ca2+

+

2+

2+

(2)

+

nss-Ca = [Ca ] – [Na ] x 0.0385

(3)
2-

The values of ion concentrations: nss-SO4 , nss-K+
and nss-Ca2+, calculated from equations (1-3) for the study
sites (RB, OM and LR), during the campaign of summer
2008, ranged from 3.01 to 3.79 µg m-3 for nss-SO42-, from
0.07 to 0.10 µg m-3 for nss-K+, and from 0.26 to 0.43 µg m-3
for nss-Ca2+. The contribution of non marine sources in
the total concentration of these ions varied from 93 to
96% for sulphate ions; 76 to 77% for potassium, and 92 to
93% for calcium. These percentages show clearly that the
marine source (sea salt) has a low or minimal contribution
in particle ions associated to urban and rural aerosols, in
this study.

ClNO3 -

SO4 2Na+

NH4 +
K+

Mg2+
Ca2+

We can also deduce the origin of their source for chloride (Cl-) and magnesium (Mg2+), when calculating the enrichment factor (EF).

-

The enrichment factor (EF) of an ion has been used to
indicate the extent of the contribution of sources other
than sea salts to the particulate concentration of the ion.
Assuming that soluble Na+ comes solely from sea, the EF
of Mg2+ and Cl- can be deﬁned as follows [53]:

NO3-

EF (Mg2+) = [Mg2+]/([Na+] x 0,1187)
SO4

(1)

+

nss-K = [K ] – [Na ] x 0.037

+)

Am2+
Ca
meter
NH4+ Pow
Na+ er
sup
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+

2-

-

-

+

EF (Cl ) = [Cl ]/([Na ] x 1,795)

Cat
hoFIGURE 3 - Average
lyte percentage of ionic species at the sampling sites.
Sea salts Ano
are the major natural source for particulate
SO42, and secondary
SO42- is formed by the oxidation of
lyte
SO2, which is produced mainly by fossil fuel combustion
and some biogenic gases, such as dimethyl sulphide,
which has a marine
Sedi source.
Generally,men
particulate NO3- is mainly formed by oxidation of nitrogen
oxides (NOx) to nitric acid, which then
t
2+
forms particlesMgthrough
the reaction with sodium chloride
or ammonia [51]. So, in contrast to the oxidation of SO2,
which always results in formation of aerosol SO42- mass,
HNO3 formed by the oxidation of NOx is distributed
between the gas and aerosol phases.
However, it is possible to deduce the main ions identified in this study from the contribution of marine sources
in the atmospheric aerosol at urban and rural sites.

(4)
(5)

The enrichment factor of magnesium and chloride
ions, calculated from equations (4) and (5) for the three
sites studied (RB, OM and LR) during the campaign of
summer 2008, was 0.60, 0.73 and 0.61 for Mg ions and
0.48, 0.18 and 0.19 for Cl ions, at Rouiba, Ouled Moussa
and Lake Reghaia, respectively.
These results indicate that for magnesium, where the
enrichment factor was below to 1, the contribution of other
sources was very important, especially the soil source. For
the enrichment factor of chloride ions which was also below 1, this fact was related to the loss of chlorine manifested at all sites. The loss of chlorine in the atmospheric
aerosol samples was very clear when regarding the concentrations of chloride and sodium ions shown in Table 3,
where the concentrations of sodium ions exceeded that of
chloride ions at all sites; on the other hand, in literature, the
ratio of sodium to chloride ions was 1.80 in seawater [54].
In this study, a substantial loss of chloride ions originating
from sea salt was observed during transportation due to
reactions with acid gases and aerosol species.
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TABLE 4 - Concentrations of major chemical constituents in PM10 aerosols (µg m-3) in summer 2008 at sampling site
Rouiba
Ouled Moussa
EC
2.39 (12%)*
3.32 (16%)
POM
9.06 (46%)
9.33 (44%)
2SO4
3.42 (17%)
3.99 (19%)
NO31.48 (7%)
1.21 (6%)
Cl0.49 (2%)
0.26 (1%)
NH4+
1.86 (9%)
1.38 (6%)
+
Na
0.57 (2%)
0.81 (4%)
K+
0.09 (1%)
0.13 (1%)
Mg2+
0.04 (1%)
0.07 (1%)
2+
Ca
0.28 (1%)
0.46 (2%)
Total identified mass
19.68
20.96
*
The percentage inside the parenthesis represents the mass percentage of the given aerosol species.

3.6. Aerosol chemical composition

The chemical species concentrations of PM10 fraction
at urban (Rouiba and Ouled Moussa) and rural sites (Lake of
Reghaia) are listed in Table 4. Turpin and co-workers [55]
had attributed factors for converting the organic carbon
fraction (OC) of the particulate organic matter (POM).
They assigned a factor of 1.6 ± 0.2 for urban areas and 2.1
± 0.2 for non-urban aerosols (rural, forest and remote
areas). In our study, these two latter factors were used to
convert organic carbon fraction to the particulate organic
matter fraction. A factor equal to 1.6, was used for the
aerosol collected at urban sites (Rouiba and Ouled Moussa),
and equal to 2.1 for rural aerosol (Lake of Reghaia). The
total masses identified ranged between 15.84 (rural site)
and 20.96 µg m -3 (urban site). The percentage mass
fraction of particulate organic matter (POM) varied from
44.51% (urban site) to 47.61% (rural site) of the total
percentage. The fraction of particulate organic matter was
the dominant fraction at all sites investigated.
Sulfate (SO42-) and ammonium (NH4+) ions were the
dominant fractions of ionic species identified in all three
study sites.

Lake of Reghaia
0.92 (6%)
7.37 (47%)
3.22 (21%)
1.09 (8%)
0.29 (2%)
1.16 (7%)
0.83 (5%)
0.13 (1%)
0.06 (1%)
0.41 (2%)
15.84

The mass fraction of particulate organic matter
(POM) is the dominant fraction at all sites investigated.
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POLLUTION SURVEY AND SOURCE ANALYSIS OF POLYCYCLIC
AROMATIC HYDROCARBONS AND NITRATED POLYCYCLIC
AROMATIC HYDROCARBONS IN URBAN SURFACE SOIL
Yuejin Zhang and Juan Wang*
College of Biological, Chemical Science and Engineering, Jiaxing University, Jiaxing, 314001, P.R. China

ABSTRACT
Because of the toxicity of polycyclic aromatic hydrocarbons (PAHs) and nitrated polycyclic aromatic hydrocarbons NPAHs), determination of their concentrations was
of great interest in terms of soil and water pollution control.
In this work, twelve surface soil samples were collected in
every of 5 km×5 km squares in Jiaxing city, Zhejiang
province, China. Normal solid phase extraction was used
for extraction of selected PAHs and NPAHs. A procedure
for simultaneous determination of PAHs and NPAHs,
including extraction, preseparation, reduction and analysis
with HPLC, was developed. In the experiment, sixteen
PAHs and fifteen NPAHs were detected from the samples
of urban surface soil. PAH total concentrations ranged
from 17.23 to 471.34 pg/g, while NPAH total concentrations ranged from 22.7 to 129.0 pg/g. Fluoranthene (11%),
pyrene (11%), and benzo(a) anthracene (24%) were the main
components of PAHs, while 2-nitrofluoranthene (14.3%) and
6-nitrochrysene (26.5%) were the most abundant components of NPAHs. Source analysis revealed that the PAHs
originated from coal combustion around the study area,
while NPAH studies suggested that primary emission of
gasoline engines and daytime OH reactions were the dominant sources of these compounds.

KEYWORDS:
PAHs, NPAHs, soil, source

1 INTRODUCTION
PAHs are frequently found in various environmental
samples as a result of anthropogenic contamination and/or
natural processes. In recent years, increasing attention has
been focused on nitrated substitutes because of the higher
* Corresponding author

mutagenic (2×105 times) or carcinogenic (10 times) properties of certain congeners (e.g., 1-nitropyrene) compared
with underivated PAHs. Many NPAHs are of primary concern because they are much more carcinogenic than their
parent PAHs, and display greater degrees of mutagenicity
[1-5]. NPAHs can either be directly emitted from combustion sources, such as diesel or gasoline engines, or formed
from their parent PAHs by atmospheric OH or NO3 radicalinitiated reactions [6, 7]. Considerable effort has been spent
in recent years on the development of analytical methods
for the identification and quantification of NPAHs [8].
Several monitoring campaigns in various regions, such as
Rome, Milano, Napoli (Italy) [9], Birmingham (England)
[10], Barcelona (Spain) [11], and Houston (USA) [12],
have already demonstrated the existence of NPAHs in the
atmosphere. As far pollution sources were concerned, petrogenic and pyrolytic sources are by far the prime sources of
PAH inputs in the environment [13-15]. Petroleum sources
contain relatively higher concentrations of 2-3 ringed PAHs
[13], whereas combustion sources are typically characterized by a large proportion of high molecular-weight parent PAHs [15]. For NPAHs, the ratio of 2-NFLE/1-NPYR
is generally used to evaluate the relative contribution of
NPAH sources in soil samples [9].
However, sources and concentrations of these PAH
derivatives in soils, especially for NPAHs, were not yet
well documented. Earlier investigations of urban soil from
Jiaxing city, China, showed that concentrations of PAHs
reached 60 mg/kg dry weight. The most import hypothesis was that the selected area is polluted by PAHs and
NPAHs cooperatively, which was never reported before.
In this work, the objectives of this work were (1) to expatiate on the hypothesis that the selected area was polluted
with PAHs and NPAHs cooperatively; (2) to develop a
method for identification of PAHs and NPAHs in urban
soil samples; (3) to determine the concentrations of PAHs
and NPAHs in soil samples; and (4) to identify the possible sources of PAHs and NPAHs based on specific pollutant ratios. Obviously, it was useful to establish an environmental evaluation, which can serve as an essential
reference information for future studies, such as remediation technologies, health risk assessment and urban development.
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2 MATERIALS AND METHODS
2.1 Sampling site

Jiaxing city is located in the north shore of Hangzhou
bay, east of China (30°21′-31°02′N, 120°18′-121°16′E,
Fig. 1). The population and the surface area of the city are
about 4.51 million and 3995 km2, respectively. Jiaxing
city has a warm and humid climate with distinct four seasons, sufficient sunshine and plenty of rainfall. The annual mean temperature is 15.9 °C, and the annual average
rainfall is 1168.6 mm. In Hangzhou bay, the water eutrophication is severe, and the pollution of petroleum
hydrocarbons is of great significance. Twelve surface soil
samples (0-20 cm) were collected in every 5×5 km
square, as displayed in Fig. 1. The soil samples were airdried and sieved to 2 mm for further analysis.
2.2 Materials

PAH and NPAH standard samples were provided by
Supelco (Bellefonte, PA, USA). Acetonitrile, cyclohexane, hexane, pentane, acetone, methanol, and methylene
chloride (99.99%, HPLC grade) were obtained from B. J.
Baker Co. (Germany). Silica gel (activated at 403 K for 16 h)
and anhydrous sodium sulfate (at 673 K for 4 h) were purchased from Beijing Chemical Reagent Co. (Beijing,
China).
2.3 Extraction methods for PAH detection

40, 30, and 20 ml of dichloromethane: acetone (1:1)
were added to 10 g soil samples and sonicated for 20 min,

respectively. In the concentrated extracts, solvent was
changed into cyclohexane before centrifugation for 3-5 min
at 3,000 rpm. The silica gel column was pretreated with
pentane to eliminate satisfied and naphthenic hydrocarbons.
Supernatant was placed into the column and the PAHs
were obtained by elution with 50 ml of a mixture of dichloromethane-pentane (1:1). The eluate was concentrated
at 35 °C with a nitrogen stream under reduced pressure to
near dryness, and then dissolved in 1 ml of acetonitrile for
further analysis.
2.4 Extraction methods for NPAH detection

Soil samples were extracted with 40 ml methanolacetone (1:1) by shaking for 2 h at room temperature. The
extract was separated into two organic fractions differing
in polarity using a combination of reversed and normal
solid-phase extraction [8]. The more polar fraction dissolved in dichloromethane was applied to the top of a clean
silica gel column. Then, 0.3 ml of 0.05% aqueous solution
of copper (II) chloride and 50 mg of NaBH4 were added.
The resulting mixture was shaken and allowed to stand at
room temperature in the dark for 1 h. Five ml of water
was added, and then the NPAHs were extracted with three
5-ml portions of benzene. The organic layers were combined, and the solvent was reduced to about 3 ml by rotary
evaporation. Approximately 5 µl of heptafluorobutyric anhydride (HFBA) was immediately added to the mixture, and
then, the tube was sealed and heated in a water bath at 50 °C
for 15 min. The reaction mixture was cooled to room temperature, after which 2 ml of 5% aqueous ammonia solution
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FIGURE 1 - Sampling location of the urban surface soil in Jiaxing, China. Jiaxing city is located in the north shore of Hangzhou bay, east of
China (30°21′-31°02′N, 120°18′-121°16′E).
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was added to destroy the excess HFBA and terminate the
reaction. The mixture was shaken for 5 min. Finally, the
organic and aqueous phases were allowed to separate, and
benzene phase containing the fluorinated NPAHs was
recovered for subsequent analysis.

between 0.50 and 3.50 ng/g. Correlation analysis was
performed with SPSS 13.0 for Windows. The characteristic ratio of individual PAHs was drawn using origin 7.5.
TABLE 1 - Recoveries and limits of detection for each PAH in the
experiments.

2.5 HPLC methods

Determination of PAHs and NPAHs was performed
using HPLC (20 AT, provided by Shimadzu Co., Japan)
equipped with an ultraviolet detector operating at 254 nm
wavelength and a column temperature of 30 °C. Separation
of PAH compounds was obtained with a PAH-C18 (5 µm)
column (4 mm i.d. × 20 cm) using a mobile phase of
acetonitrile/water (60/40, v/v) at a flow-rate of 1 ml/min.
The sample injection volume was 10 µl, and the total
analysis time was 66 min. The three-time average recoveries for PAHs and NPAHs ranged from 70%–125%, with
less than 10% relative standard deviations (Table 1). Correlation analysis was performed with SPSS 13.0 for Windows. The characteristic ratio of individual PAHs was
drawn using Origin 7.5.

PAHs

Recovery Rate (%)

Limit of Detection (µg/kg)

Nap
Any
Ane
Fle
Phe
Ant
Fla
Pyr
Baa
Chr
Bbf
Bkf
Bap
Daa
Bap
Ilp

50±6
60±1
61±0
68±0
79±2
85±3
91±2
68±0
105±4
101±2
98±1
93±2
99±11
75±0
79±0
83±2

3.5
1.2
1.0
0.8
0.5
0.5
1.0
1.0
1.0
1.0
2.0
1.0
1.0
2.0
4.0
7.0

2.6 Quality assurance

Comparing with other methods, three individual samples were analyzed in order to identify the critical steps of
the analytical protocols. Before the onset of the sampling
and analysis program, PAH and NPAH recovery studies
were undertaken to demonstrate the efficiency of the method.
Mean recoveries of individual compounds ranged from 75 to
122% for soil samples. Analytical limits of detection
deﬁned as the lowest concentration of the compound
than can be detected (S/N = 3) were used to calculate the
methodology limits of detection for each individual compound. NPAH detection limits in the samples ranged
between 0.1 and 0.50 ng/g, while that of PAHs ranged

3 RESULTS AND DISCUSSION
3.1 Concentration and source analysis of PAHs

The concentrations of PAHs, calculated by dry weight,
are listed in Table 2. The concentration of individual PAHs
varied from 0.75 pg/g (Ant) to 248.33 pg/g (Baa). The concentration of Bap, a prime representative of toxic PAHs,
was 0.80–52.65 pg/g, with a medium value of 15.83 pg/g.
∑2−3 ringed PAHs referred to the total concentrations of
Nap, Acy, Ace, Fle, Phe, and Ant, and ranged from 3.39
to 67.60 pg/g, with 27.57 pg/g as mean content. ∑4-6
ringed PAHs referred to the total concentrations of Flu,

TABLE 2 - Concentration of individual PAHs in every sampling location (pg/g).
No.

S1

S2

S3

S4

S5

S6

S7

S8

S9

S10

S11

S12

Mean

Nap
Acy
Ace
Fle
Phe
Ant
Fla
Pyr
Baa
Chr
Bbf
Bkf
Bap
Inp
Daa
Bgp
∑2-3r
PAHs
∑4-6r
PAHs
∑PAHs

20.36
3.82
0.76
9.67
22.91
7.89
15.53
16.8
8.65
20.11
20
18.83
2.04
18.65

13.75
3.4
2.75
4
3.75
16
5.5
5.75
2
4.25
6
4.25

2.3
7.28
0.75
14.55
10.3
54.69
3.26
8.53
1
7.28
8.78
1.76
6.27

1
2.39
2.33
1.86
3.18
2.39
2.12
0.8
0.8
1.86

4.06
0.76
18.38
15.3
5.59
10.67
11.94
7.11
13.97
16.51
1.52
14.49

15.78
13.72
4.99
62.42
54.9
16.22
32.44
29.94
2.5
41.17
33.69
7.49
36.18

3.76
2.51
65.18
51.48
21.31
23.82
53.9
33.85
52.65
65.18
11.28
56.41

21.12
11
35.48
4.32
10.14
248.33
6.33
2.53
4.53
3.8

21.74
2.42
7.25
13.28
67.62
10.87
7.25
4.83
7.25
8.45
7.25

62.86
2.84
48.21
85.08
19.85
34.03
38.29
4.25
5.67
26.94
2.84
29.78

23.92
6.1
6.1
19.08
16.84
159.83
30.5
12.2
7.32
28.3
26.84
21.96

2
19.16
2.3
44.44
30.69
42.66
2.81
22.22
1.53
4.09
19.41
2.04
21.2

11.33
27.49
2.20
5.61
10.00
3.69
26.09
25.13
55.90
14.95
16.94
7.75
15.83
23.06
4.14
18.51

Standard
deviations
12.77
20.19
1.70
4.76
10.57
3.06
22.98
25.68
74.31
12.19
16.10
10.24
16.65
17.32
3.77
16.19

34.61

19.9

10.33

3.39

4.82

34.49

6.27

67.6

24.16

65.7

36.12

23.46

27.57

21.67

151.41

51.5

116.42

15.34

115.48

316.95

435.06

279.98

134.05

294.94

322.87

191.09

202.09

126.65

186.02

71.4

126.75

18.73

120.3

351.44

441.33

347.58

158.21

360.64

358.99

214.55

229.66

137.10

1371
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Pyr, Baa, Chr, Bbf, Bkf, Bap, Inp, Daa, and Bgp, and varied from 15.34 to 435.06 pg/g, with 202.09 pg/g as mean
concentration. The concentration of ∑16 EPA-PAHs ranged
from 18.73 to 441.33 pg/g, with a mean concentration of
229.66 pg/g. A large amount of waste gas/particles polluted
with PAHs from the incomplete combustion of fossil fuels
from industrial activities is emitted into the atmosphere;
these PAHs are then transferred to the soil via dry/wet
deposition. Trapido et al. [16] reported that the highest
PAH concentrations in the soils of Estonian urban areas
ranged from 2200 to 12300 ng/g. The maximum concentrations of total soil PAHs ever reported in China were
4523 ng/g in a wastewater irrigated area of Shenyang city,
Liaoning Province, and 82.4 ng/g in the Lalu wetland of
Lhasa, Tibet [17]. Thus, concentrations of PAHs in typical
surface soils in Jiaxing city were at low or medium levels
compared with data reported in the literature.
In this study, HPAHs were dominant, LPAHs/HPAHs
ranged from 0.01–0.32 with an average ratio of 0.16,
Ant/(Ant+Phe) was 0.85–0.99 with a mean of 0.92, and
Fla/(Fla+Pyr) was 0.30–0.74 with a mean of 0.51. These

results suggested the definite predominance of combustion
sources in the urban soil of Jiaxing. The ratio of Bap/Bgp
ranged from 0.19 to 1.29, with 0.88 as the mean, and 75%
of the values were in the range of 0.9–6.6. Meanwhile,
D

A

1.2

1.0

Bap/Bgp

0.8

C

B

0.6

0.4

0.2
0.3

0.4

0.5

0.6

0.7

0.8

Fla/Fla+Pyr

FIGURE 2 - Plot of Bap/Bgp versus Fla/(Fla+Pyr).

TABLE 3 - Concentration of NPAHs in collected soil samples of Jiaxing City.
S1

S2

S3

S4

S5

S6

S7

S8

S9

S10

S11

S12

Mean

1-Nitronaphthalene
2-Nitronaphthalene
2-Nitrofluorene
9-Nitronanthracene
2-Nitrofluoranthene
3-Nitronphenanthrene
4-Nitropyrene
1-Nitropyrene
2-Nitropyrene
7-Nitrobenz[a]anthracene
6-Nitrochrysene
1,3-Dinitropyrene
1,6-Dinitropyrene
1,8-Dinitropyrene
6-Nitrobenzo[a]pyrene

3.2
1.6
7.3
1.3
4.8
4.3
1.2
4.9
1.9
8.65
2.3

2.9
2.5
4.3
1.6
8.2
0.4
8.3
0.5
5.75
3.8
-

5.8
34.3
0.8
0.5
6.7
0.6
8.53
2.1
1.2

12.8
0.5
2.5
2.8
0.5
1.5
2.12
-

7.6
4.9
1.5
1.5
9.4
2
11.94
4.5
1.9

8.2
7.3
4.8
7.8
12.9
6.4
1.3
5.4
29.94
-

0.9
12.4
19.6
9.4
5.4
14.6
53.9
12.5
-

9.4
4.9
0.4
3.5
9.2
2.3
2.53
-

4.6
18.5
25.4
0.4
13.7
2.5
7.25
8.45
-

9.3
12.5
2.9
5.4
0.4
1.1
12.4
9.5
38.29
2.5

0.2
18.5
2.6
6.1
1.4
43.5
12.9
12.2
-

1.8
9.4
2.3
1.8
3.4
22.22
-

6.99
7.47
1.30
3.44
9.13
8.71
4.31
3.11
11.49
4.27
16.94
6.27
1.98

Individual NPAH

No.

Standard
deviations
4.25
6.02
1.06
2.69
9.31
8.70
3.72
3.85
12.73
4.89
16.10
4.19
0.57

60
40
20
0
-20
-40

-∑NPAH

-60
2-NPYE
7-NBAA
6-NCHR
1,3-DNPY
1,6-DNPY
1,8-DNPY
6-NBAP
SUM

1-NNPE
2-NNPE
2-NFLE
9-NANT
2-NFLU
3-NPHE
4-NPYE
1-NPYE

-80
-100
-120
-140
-160
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8
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Sample location
FIGURE 3 - Distribution of NPAHs in the 12 urban soil samples.

1372

10

11

12

© by PSP Volume 22 – No 5. 2013

Fresenius Environmental Bulletin

75% of the values of Flu/(Flu+Pyr) were >0.5. Yunker et
al. [13] suggested that a Fla/(Fla + Pyr) ratio < 0.4 indicates
petroleum input, but a ratio between 0.4 and 0.5 liquid
fossil fuel (vehicle and crude oil) combustion, and a ratio >
0.5, grass, wood or coal combustion. The plot of Bap/Bgp
versus Flu/(Flu+Pyr) is presented in Fig. 2, which shows
that 70% of the samples fell in the combustion zone (A),
suggesting the prominence of coal combustion around
the study area. Two samples with Flu/(Flu+Pyr) >0.5 and
Bap/Bgp <0.9 indicated a combination of coal combustion
and traffic emission.
3.2 Concentration and source analysis of NPAHs

NPAH concentrations were one to two orders of
magnitude lower than that of PAHs (Table 3). Among the
15 NPAHs measured, only 1,3-dinitropyrene and 1,6-dinitropyrene were not detected in all samples. Two kinds of
NPAHs, 2-nitrofluoranthene and 6-nitrochrysene, were the
most abundant ones (Fig. 3) and respectively accounted
for about 14.3 and 26.5% of the total studied NPAH concentration. The concentrations of NPAHs, such as, 1-,2nitronaphthalene, 2-nitrofluoranthene, and 1-nitropyrene,
in urban and sub-urban sites were similar to those reported
in Rome [9], Barcelona [11], and Los Angeles [2] at similar
sampling seasons. Nevertheless, except for 2-nitropyrene,
individual total NPAH concentrations were 2−30 times
higher than those reported by Bamford and Baker [18] for
comparable sampling conditions in Baltimore.

2-NFLU/1-NPYR and 2NFLU/2-NPYR

30
25

2-NFLU/1-NPYR
2-NFLU/2-NPYR

20

[19], and the only nitrofluoranthene formed from the NO3initiated reaction [20]. Ratios close to 10 indicated daytime
OH reactions, and ratios >100 suggested nighttime NO3
formation pathways. At all sampling sites, 2-NFLE/2-NPYR
ratio (average ratio = 8.85) was consistent with daytime
OH reaction as the dominant gas-phase formation pathway compared with the NO3-initiated reaction.
4 CONCLUSIONS
This work demonstrated the soil contamination by PAH
and NPAH residues in the urban area of Jiaxing. It extends
understanding on the current PAH-contamination status in
the whole area. PAH total concentrations ranged from
17.23 to 471.34 pg/g, while NPAH total concentrations
ranged from 22.7 to 129.0 pg/g. Source analysis revealed
that the PAHs originated from coal combustion around the
study area, while NPAH studies suggested that primary
emission of gasoline engines and daytime OH reactions
were the dominant sources of these compounds.
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ABSTRACT
This study was conducted to investigate the contractility of aflatoxicated isolated broiler ileum smooth muscles. Fourty-eight, one-day old broiler chicks were divided
into 4 groups, each containing 12 chicks. The 1st group
was the control group, the 2nd group received 1 g/kg yeast
glucomannan (Mycosorb), the 3rd group received 2 mg/kg
aflatoxin, and the 4th group received 1g/kg yeast glucomannan + 2 mg/kg aflatoxin in the feed. At the 21st day of
the study, chicks were decapitated and the ileum isolated.
Decapitation lasted on 28th day of the study. The isolated
ileum strips were mounted under a basal tension of 1 g. The
contractions of acetylcholine (ACh), nicotine, and bethanechol were calculated as g contraction/mg wet weight of
ileum. For histopathologic examination, ileum sections were
stained with hematoxylin-eosin and masson trichrome. The
isolated ileum muscle contractions with ACh, nicotine, and
bethanechol were not statistically significant in the study
groups as compared to control group (P>0.05). Pathological examination revealed no histopathological changes in
the smooth muscle tissues of the study group chicks when
compared with control group. It is concluded that aflatoxins
do not specifically change the contractility of broiler chick
ileum to agonists most likely due to lack of aflatoxin-induced pathologic changes in the broiler chick ileum.

KEYWORDS:
Broilers, isolated ileum, aflatoxin, yeast glucomannan

1 INTRODUCTION
Aflatoxins are important mycotoxins in animal
feedstuff that cause economic losses of processed food
and feedstuff [1]. Aflatoxins cause acute, subacute, and
chronic poisoning in animals, depending on the amount
of toxin

* Corresponding author

and sensitivity of the animal [2]. There are studies that
showed the acute effects of aflatoxins; Luzi et al. [3] studied the acute effect of aflatoxins on guinea pig ileum and
showed contractile effects of AFB1 and B2 on guinea pig
ileum. Gursoy et al. [4] suggested that aflatoxin may
enhance the amplitude and frequency of contractions either
by increasing muscarinic activity, or by decreasing nitric
oxide synthase release in proximal colon and by increasing
muscarinic activity in distal colon of rat. Abdel Hag et al.
[5] detected the relaxant effect of aflatoxins on the isolated
trachea of guinea pig precontracted with carbachol. Yunus
et al. [6] studied the effect of AFB1 on electrophysiological
variables and active glucose uptake in jejunal epithelium of
chicken and observed that 3.75 µg AFB1/mL exposure
decreased the carbamylcholine responses in the jejunal
epithelium of broilers. Aflatoxin susceptibility in poultry
varies among species, breeds and genetic lines. Ducklings
and turkey are the most sensitive species, goslings, quails
and pheasants intermediate, and domestic chickens are
most resistant to aflatoxins [7, 8].
The enzymatic digestion and absorption of nutrients
mainly occurs in small intestine [9]. All fatty acids were
rapidly absorbed in the jejunum and also significantly important absorption occurred in the ileum for linoleic,
stearic and palmitic acid. Both in the ileum and jejunum
approximately 93% of the secreted bile acids were absorbed [10]. Gastrointestinal tract is supposed to be affected
more from the aflatoxins of dietary origin because it is the
first organ that interacts with the ingested food stuff. Data
about the effects of mycotoxins on the gastrointestinal tract
is scanty and non-conclusive [9] Applegate et al. [11] suggested that aflatoxins altered the intestinal morphology,
sialic acid production and apparent digestible energy, and
so, a direct or indirect effect on the functionality of the
gastrointestinal tract is presumed. On the other hand,
Warren and Hamilton [12] showed that aflatoxin caused
no significant variation in breaking strength of large intestine.
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Yeast or yeast cell walls can be used as adsorbents
for mycotoxins [13]. Yıldırım et al. [14] reported that
0.75 g/kg yeast glucomannan corrected the uremia and
creatininemia, and significantly restored the AST activity,
but was insufficient to prevent liver and kidney damage
caused by 2 mg/kg total aflatoxins in diet. Karaman et al.
[15] showed that 1 g/kg yeast glucomannan added to the
diet for 21 days was more effective to diminish the pathological changes caused by 2 mg/kg total aflatoxins in diet.
Kamalzadeh et al. [16] indicated that 1 g/kg glucomannan
in the naturally contaminated diet (average AF concentration in diet is 184 µg/kg) was more effective to improve
the performance than 0.5 and 1.5 g/kg in broiler chickens.
Therefore, this research was conducted to determine
whether the contractility of isolated ileum changes in aflatoxicated broiler chickens or not. Acetycholine, bethanechol and nicotine were used as contractility inducing
agents whereas yeast glucomannan was used to counter the
aflatoxin effect.
2 MATERIALS AND METHODS
2.1 Animal husbandary

To assess the effects on isolated muscles of the ileum,
48 1-day old chicks (Ross 308 strain) were assigned to
4 groups each consisting of 12 chicks. First group was
control group and fed with commercial diet (Bil-Yem); the
amounts of AFs were determined to be below the minimum
detectable levels. The composition of basal diet given to
broiler chicken is shown in Table 1. The 2nd group was fed
with 1 g/kg yeast glucomannan (Mycosorb); 3 rd group
was fed with 2 mg of aflatoxins/kg diet; 4th group received
2 mg/kg of aflatoxin, as well as 1 g/kg yeast glucomannan
(Mycosorb) in diets. Initially, the room temperature was
32 oC, and then, it gradually decreased to 25 oC. The
chickens were allowed ad libitum access to feed and water. The trial lasted for 28 days. Decapitation began on
TABLE 1 - Composition of the basal experimental broiler diets (%).
Ingredients
Corn
Soybean meal
Full-fat soybean
Vegetable oil
Limestone
Dicalcium phosphate
Salt
Vitamin premix*
Mineral premix**
DL-methionine
Chemical composition
Crude protein, %
Calculated ME, kcal/kg
Ca, %
P, %

%
47.70
32.00
15.00
2.00
1.60
1.00
0.25
0.20
0.15
0.10
23.15
3035
0.89
0.60

* The premix (Rovimix 124-F) supplemented to 1 kg of feed had the following amounts of vitamins: vitamin A: 15 000 000 IU, vitamin D3: 1 500 000 IU,
vitamin E: 50 000 mg, vitamin K3: 5 000 mg, vitamin B1: 3 000 mg, vitamin
B2: 6 000 mg, niacin: 25 000 mg, calcium-D-pantothenate: 12 000 mg,
vitamin B6: 5 000 mg, vitamin B12: 30 mg, folic acid: 1 000 mg, D-biotin:
125 mg, L-lysine: 300 000 mg.

** The premix (Remineral 1) supplemented to 1 kg of feed had the following
amounts of minerals: Mn 80 000 mg, Fe 30 000 mg, Zn 60 000mg, Cu 5 000 mg,
Co 500 mg, I 2 000 mg, CaCO3: 235 680 mg.

21st day and ended on 28th day of the study. The animal
care and use protocol was reviewed and approved by the
Ethics Committee of the Faculty of Veterinary Medicine,
Kırıkkale University (03. 02. 2005 -05/01).
2.2 Production of aflatoxin

Aflatoxin was produced from Aspergillus parasiticus
NRLL 2999 strain (National Center for Agricultural Utilization Research, Peoria, IL, USA) on rice according to the
method of Shotwell et al. [17], modified by Demet et al.
[18]. The analysis of total aflatoxins was made with RBiopharm Total Aflatoxin test kits [19]. The strains [type] of
aflatoxins and their ratio were defined according to Nabney
and Nesbitt [20] method. The total AF (B1, B2, G1 and G2)
levels in rice were 85.58 mg/kg which consisted of 80.23%
AFB1, 11.45%AFB2, 6.12% AFG1, and 2.20% AFG2.
2.3 Drugs

The pharmacological agonists used were acetycholine
chloride (Sigma A 6625), carbamyl-β-methylcholine chloride (Sigma C5259), nicotine hydrogen tartrate (Sigma N
5260). The drugs were dissolved in sterile water, and stock
solutions were prepared and kept at -20 C. Further dilutions were made from stock solutions as needed.
2.4 Contraction study

The chicks were killed beginning from the 21st day to
the 28th day of age, and the ileum was isolated accordingly. The ileum was dissected between the two ceca of the
broiler chickens. The luminal contents were flushed out,
and approximately 15-20 mm long ileum segments were
excised from the middle part of the ileum. From one animal, 3 ileal segments were suspended in the tissue bath.
The ileum was used as whole tubal preparation, placed in
10 ml tissue bath maintained at 37 oC, and filled with
Tyrode solution (mM: NaCl: 136.9; KCl: 2.68, MgCl2:
1.05, NaH2PO4: 0.42, glucose: 5.5; CaCl2: 1.8 and NaHCO3:
11.9; pH: 7.4) and continuously gassed with 95% oxygen
and 5% carbon dioxide at 37 oC. The isolated ileum samples were suspended under a basal tension of 1 g, rinsed
with Tyrode every 15 min, and allowed to equilibrate for
1 h. Only one drug was applied to one suspended ileum of
the broiler. Contractions were measured with a force displacement transducer (FDT 05 MAY, Commat, Turkey)
and recorded by Biopac System, Inc. USA (MP35).
The non-cumulative contraction–response curves were
established for ACh (10-8 to 10-3 M), nicotine (10-7 to 10-3 M),
bethanechol (10-7 to 10-3 M) on each of the 4 trial groups.
After the trial, each suspended ileum was weighted. Agonist contractions were calculated in terms of g contraction/
wet tissue weight (mg). Acetylcholine is a mixed nicotinicmuscarinic agonist, whereas bethanechol is primarily a
muscarinic agonist. Nicotine showed its effect by activating the nicotinic ACh receptors [21].
2.5 Histopathology
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For histopathological examinations, ileum sections
were fixed in 10 % formalin-buffered solution. Routine
histopathology preparation process was followed, paraffin
blocks were prepared and stained with hematoxylin-eosin
(H-E) and Masson Trichrome with aniline blue (MT) (BioOptica, 04 - 010802).

Smooth muscle tissues of all groups were similar, nuclei localizations were normal, and no histopathological
changes were detected in H-E stainings of all sections
(Figs. 4 a-d). Similarly, smooth muscles stayed in normal
architecture in all groups with MT staining (Figs. 5 a-d).

2.6 Statistical analysis

Each contraction of agonist concentrations was compared among the 4 trial groups. The mean and standard
error of the contractions were presented in Figs. 1, 2, and 3.

Acetylcholine

3 RESULTS AND DıSCUSSıON
The results of this study showed that ACh, bethanechol, and nicotine contracted the ileum of the broiler
chicks in all of the groups. Similarly, Saba and Arowolo
[22] showed the contractile effects of ACh in ductisolated ileum.
The tissue contractions of ACh, nicotine, bethanechol
(P> 0.05) (Figs. 1, 2, 3) did not change between the control and the other groups. The acute effects of aflatoxins
have been studied on different isolated tissues [3, 5]. Acute
AFB1 exposure has been reported to enhance thecontractions in the rat ileum [23]. Luzi et al. [3] suggested that
AFB1 contracted isolated guinea pig ileum in a dosedependent manner, and this effect was induced indirectly
through the cholinergic system by stimulating ACh release
from the postganglionic nerve endings. Yunus et al. [6]
showed that AFB1 exposure decreased the carbamylcholine
response in the jejunal epithelium of broilers. In these studies, aflatoxins were applied directly to the tissues.
The peristaltic and segmenting contractions of the intestine help the digesta to pass through the intestine. The
contractions of intestine probably serve to mix the digestive fluids and digesta [24]. There are many studies showing that tissue damage and diseases may change the contractility of gastrointestinal smooth muscle in different
animals [25-27]. Aflatoxins can alter the intestinal morphology, sialic acid production, and apparent digestible
energy; therefore, they can have a direct or indirect effect
on the functionality of the gastrointestinal tract [11]. Kana
et al. [28] reported on a decrease in the intestine density
(weight/ length) of broilers fed on AFB1-contaminated
diet. In our study, there were no differences between the
control group and other treatment groups regarding the
contraction of ileum to agonists. This can be attributed to
the histopathological results of our study. There were no
histopathological differences on smooth muscle of the
ileum sections of control group, and other trial groups as
well (Figs. 4, 5).

gram contraction/ mg wet tissue

Statistical analysis of data was performed by using
GraphPad Prism Software (ver. 3). Kruskal Wallis analysis method was used for the differences among groups.
Differences were considered to be significant when P value
was less than 0.05.

log M

FIGURE 1 - The concentration answer curve of ACh in the isolated
ileum of broilers (no differences were detected between the control
groups and other groups (P>0.05); n represents the number of
animals. control, n: 10; A: aflatoxin given group, n: 10; G. Glucomannan given group n: 12; A+G: glucomannan and aflatoxin given
group n: 10).

FIGURE 2 - The concentration answer curve of nicotine in the
isolated ileum of broilers (no differences were detected between the
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control groups and other groups (P>0.05); control, n: 9; A: aflatoxin
given group, n: 11; G. glucomannan given group n: 8; A+G: gluco-

mannan and aflatoxin given group n: 10).

FIGURE 3 - The concentration answer curve of bethanechol in the isolated ileum of broilers (no differences were detected between the control groups and other groups (P>0.05); control, n: 12; A: aflatoxin given group n: 11; G: glucomannan given group, n: 12; A+G: glucomannan and aflatoxin given group, n: 12).
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FIGURE 4 - Smooth muscle of ileum. There is no histopathological difference between control and trial groups. Nuclear localizations were
generally normal, and no loss of nucleus (arrows) a: control group, b: mycosorb [glucomannan] group, c: aflatoxin group, d: mycosorb+aflatoxin group. H-E. Bars: 20 micron).

FIGURE 5 - Smooth muscle of ileum. There is no histopathological difference in smooth muscle tissue (sm) between control and trial groups.
Tissue compositions were normal; a: control group, b: mycosorb group, c: aflatoxin group, d: mycosorb+aflatoxin group. MT stain. Bars: 20
micron).

Warren and Hamilton [12] showed that dietary aflatoxin had no discernible effect on stainable collagen, or
the length of collageneous spikes. Yunus et al. [29] indicated that during a 4-week exposure, the high AFB1 diet
resulted in lower unit weight of duodenum and jejenum
compared with the control but no differences were detected in ileum. Applegate et al. [11] detected that intestinal
crypt depth but not villus length increased linearly in
laying hens fed with 0.6, 1.2, and 2.5 mg/kg AFB1 for 14
days from 20 to 22 weeks of age; on the other hand, they
argued that gross villus height and crypt depth do not
fully assess the intestinal functionality. Ledoux et al. [30]
showed that the microscopic sections of the ileum were
not remarkable in a 4 mg/kg AFB1 given group. This
finding is compatible with our histopathological findings.

4 CONCLUSIONS
There are lots of studies showing the hazardous effects of total AFs on the performance, pathological and
biochemical parameters of broiler chickens [11, 14, 15].
On the other hand, mycotoxin responses of the birds may
be affected by the composition of the diet, growth of the
birds, level of mycotoxins under investigation, and cocontamination (miscellaneous contamination) with other
mycotoxins. In our study, ACh, bethanecol and nicotine
contracted the ileum of the broiler chicks in all of the
groups, but no difference was recorded in the contraction
of ileum to agonists among the trial groups. This can be
attributed to the pathological results of this study as there
were no pathological differences detected in the ileum of
both control and other trial groups.

Karaman et al. [15] reported that glucomannan had
no adverse effect on the pathology of liver, bursa of fabricius, thymus, spleen and kidney. Also, in our study,
there was no discernable effect on the ileum of glucomannan-fed broilers.
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EXAMINATION OF NUTRIENT REMOVAL FROM
ANAEROBIC EFFLUENT OF THE DAIRY PROCESSING
INDUSTRY BY STRUVITE PRECIPITATION USING
THE RESPONSE SURFACE METHODOLOGY
Ayla Uysal* and Begum Kuru
Department of Environmental Engineering, Suleyman Demirel University, Isparta 32260 Turkey

ABSTRACT
Obligatory anaerobic treatment of agro-industrial wastewaters releases large amounts of nutrients into receiving
water-bodies. In this study, response surface methodology
was employed to optimize NH4+ and PO43- recovery from
anaerobic effluent of a full-scale dairy processing industry
by struvite precipitation. This study also examined the
residual interfering ions (Na+, Ca2+, and K+) and COD
removal efficiency during struvite precipitation. Removal
efficiency rates of 88.4% for NH4+ and 79.3% for PO43were obtained at optimized conditions with pH 9.60, mixing speed 260 rpm, and Mg2+:NH4+:PO43- molar ratio of
1:1:1, respectively. The experimental data suggested that
the model described the experiments well (FNH4+=14.08,
FPO43-= 40.22, FTable = 2.9340). According to the quadratic
regression model, the linear, quadratic and interaction
terms of Mg2+, PO43- and pH had significant effects on
NH4+ and PO43- recovery. It was found that high concentration of Na+ in the anaerobic effluent affected the formation
of struvite. The formation of struvite (MgNH4PO4(H2O)6),
ferroalluaudite (NaFe(Fe,Mn)2(PO4)3) and sodium carbonate sulfate (Na6CO3(SO4)2), as products under different reaction conditions, were confirmed by XRD, SEM
and EDX. Considerable COD removal was also achieved,
with a maximum removal efficiency of 68.4%.

KEYWORDS: Dairy processing industry; interfering ions; nutrient
recovery; response surface methodology; struvite.

and seas. Beneficial recovery and reuse of nutrients from
anaerobic industrial effluents is becoming more attractive,
due to more stringent nutrient discharge requirements and
the increasing cost of fertilizers. Nutrient removal by
struvite (MgNH4PO4.6H2O) precipitation has been suggested as a potential alternative approach [1-4].
One of the most important aspects of the European
Union Urban Wastewater Treatment Directive [5] is that
the directive defined the concept of a “sensitive area”, and
wastewater discharge standards into these areas. The agroindustry is one of several industries whose activities are
greatly affected by the scope of this Directive. In today’s
agro-industry, conventional methods for nitrogen/ phosphorus removal only address the removal of nutrients, and
ignore the potential for nutrient recovery. Struvite precipitation can be regarded as a sustainable treatment technique,
because it serves a double purpose in removing and recovering nutrients from wastewaters [6]. There are various studies examining the removal of nutrients from anaerobic effluents of the agro-industry by struvite precipitation [7-9].
Response surface methodology (RSM) is a collection
of mathematical and statistical techniques that is useful for
the modeling and analysis of problems in which a response
of interest is influenced by several variables, and the objective is to optimize that [10]. There are no systematic reports
specifically addressing response surface modeling of nutrient removal by struvite precipitation from full-scale dairy
processing industry using an experimental design.

Obligatory anaerobic treatment of agro-industrial wastewaters releases large amounts of nitrogen and phosphorus
into receiving water-bodies. Worldwide, these nutrients
are directly responsible for eutrophication of rivers, lakes,

Precipitation of struvite is affected by several factors,
such as pH, concentrations of Mg2+, PO43- and NH4+, and
the presence of other interfering ions, such as Ca2+, K+, and
Na+ [11]. Phosphorus can precipitate as metal phosphate by
reacting with metals present during the struvite precipitation [12]. Therefore, it is important to know the concentrations of the metals and heavy metals in the wastewater
subjected to struvite precipitation experiments.

* Corresponding author

Therefore, the aims of this study are as follows: (1) to
characterize the anaerobic effluent of a full-scale dairy pro-

1 INTRODUCTION
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cessing operation; (2) to examine the effects of pH, mixing speed, Mg2+ and PO43- concentrations on NH4+ and
PO43- removal by struvite precipitation using the RSM
design; (3) to examine COD removal and residual interfering ions by struvite precipitation under different operating conditions; (4) to determine the components of the
dried precipitate using SEM, EDX and XRD analyses.
2 MATERIALS AND METHODS
2.1. Characterization of anaerobic effluent of a full-scale dairy
processing industry and struvite precipitation experiments

An anaerobic effluent was obtained from a full-scale
dairy processing industry in Aksaray/Turkey, and its characterization is given in Table 1. An aliquot (100 ml) of the
anaerobic effluent was poured into a 250-ml beaker and
was mixed continuously on a magnetic stirrer (MTOPS,
HSD 180) for approximately 30 min until a stable pH was
reached [6]. In order to simultaneously remove and recover
NH4+ and PO43- in the formation of struvite, MgCl2.6H2O
and H3PO4 were added [6]. During the struvite reaction,
the solution pH was adjusted to the desired value by gradual addition of NaOH (5% and/or 10%). The pH of the
solution was measured continuously (HANNA, HI 221).
All the runs were carried out at an ambient laboratory
temperature of approx. 20 ºC. Prior to analyses, all samples were allowed to settle for 1 h in a beaker. Precipitates
were filtered using a coarse filter. For characterization of
solids, the filtered precipitate was dried at room temperature for at least 48 h. Concentrations of metals, COD,
PO43-, and NH4+ were measured in the filtrate.
TABLE 1 - Characteristics of the dairy processing industry anaerobic
effluent.
Parameter
TS (mg/L)
TVS (mg/L)
TSS (mg/L)
TCOD (mg/L)
SCOD (mg/L)
NH4+ (mg/L)
PO43- (mg/L)
Mg2+ (mg/L)
Ca2+ (mg/L)
K+ (mg/L)
Na+ (mg/L)
Mg+2:NH4+:PO43pH

Anaerobic effluent from dairy processing industry
3850±14.14
3385±134.35
105± 21.21
420.50±21.92
276.50±17.68
145.00±4.56
50.36±1.74
20.24±0.006
97.12±0.013
69.64±0.04
1141±0.392
1:12.43:1.95
7.97

2.2. Response surface methodology (RSM) design and statistical analysis

Previous studies have shown the importance of molar
concentration ratio of Mg2+, NH4+, and PO43- (Mg2+:NH4+:
PO43-) as well as the pH of wastewater to achieve considerable removal of the nutrients by struvite formation [6].
Mixing energy is also important in struvite precipitation,
and must be adequate to promote crystal growth [13]. Experimental conditions affecting struvite precipitation (Mg2+
and PO43- levels, pH, mixing speed) were determined based
on the RSM. Analysis of Variance (ANOVA) was used to

analyze the results with Minitab 16 software. A 31 run RSM
design with a four-factor, five-level central composite
design (with 7 central point experiments) was used. Table 2
shows the 31 experimental combinations, and the results
determined for the four-factor and five-level composite
design according to the RSM. The four coded factor levels (X1, X2, X3, X4) were -2, -1, 0, 1 and 2, respectively.
Seven central point experiments (test nos. from 25 to 31.)
were carried out to accurately determine the experimental
error variance, and to test the adequacy of the models.
The NH4+ concentration (10.35 mM) of the original dairy
processing effluent was used to determine Mg2+ and PO43levels that were needed to be added.
The x1, x2, x3 and x4 variables in the regression equations are coded (non-dimensional) factors representing the
four tested factors. The correlation between the coded and
real values is as follows:
x1 = (X1 – 10.35) / 4.15

(1)

x2 = (X2 – 10.35) / 4.15

(2)

x3 = (X3 – 8.80) / 0.4

(3)

x4 = (X4 − 260) / 80

(4)

2+

where, X1 is Mg concentration (mM), X2 is PO43concentration (mM), X3 is pH, and X4 is mixing speed
(rpm). The numerator is found by subtracting the midpoint value from the x value. The denominator is found by
subtracting the midpoint from the high value.
The main effects and interaction effects of the variables were estimated using the following quadric polynomial equation.
Y = a0 + a1x1 + a2x2 + a3x3 + a4x4 + a12x1x2 + a13x1x3 +
a14x1x4 + a23x2x3 + a24x2x4 + a34x3x4 + a11x12 + a22x22 +
a33x32 + a44x42
(5)
where, Y is removed NH4+ or PO43- percentage (%);
x1, x2, x3, x4 are coded, non-dimensional factors, respectively, for Mg2+ concentration, PO43- concentration, pH
and mixing speed; a0 is the constant term, a1, a2, a3, a4 are
linear effect terms, a12, a13, a14, a23, a24, a34 are interaction
effect terms, and a11, a22, a33, a44 are quadric terms.
MINITAB 16 software was used for regression and
graphical analyses of the data, and to determine response
surface curves, regression coefficient and F values. The
significance of independent variables and their interactions were tested by means of ANOVA. It was considered
that results with less than 95% confidence interval
(p>0.05) were not statistically significant for the model.
2.3. Analytical procedures

Total solids (TS), total volatile solids (TVS) and total
suspended solids (TSS) were determined by the method
described in Standard Methods [14]. PO43- and NH4+ were
determined using the Hach Ascorbic Acid method and the
Hach Nessler method, respectively. Total chemical oxygen
demand (TCOD) and soluble chemical oxygen demand
(SCOD) were determined by the Hach Reactor Digestion
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TABLE 2 - Central composite design, observed and predicted responses for N/P removal.
Test
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

X1
(Mg2+, mM)

X2
(PO43-, mM)

X3
(pH)

(-1) 6.21
(1) 14.5
(-1) 6.21
(1) 14.5
(-1) 6.21
(1) 14.5
(-1) 6.21
(1) 14.5
(-1) 6.21
(1) 14.5
(-1) 6.21
(1) 14.5
(-1) 6.21
(1) 14.5
(-1) 6.21
(1) 14.5
(-2) 2.07
(2) 18.63
(0) 10.35
(0) 10.35
(0) 10.35
(0) 10.35
(0) 10.35
(0) 10.35
(0) 10.35
(0) 10.35
(0) 10.35
(0) 10.35
(0) 10.35
(0) 10.35
(0) 10.35

(-1) 6.21
(-1) 6.21
(1) 14.5
(1) 14.5
(-1) 6.21
(-1) 6.21
(1) 14.5
(1) 14.5
(-1) 6.21
(-1) 6.21
(1) 14.5
(1) 14.5
(-1) 6.21
(-1) 6.21
(1) 14.5
(1) 14.5
(0) 10.35
(0) 10.35
(-2) 2.07
(2) 18.63
(0) 10.35
(0) 10.35
(0) 10.35
(0) 10.35
(0) 10.35
(0) 10.35
(0) 10.35
(0) 10.35
(0) 10.35
(0) 10.35
(0) 10.35

(-1) 8.40
(-1) 8.40
(-1) 8.40
(-1) 8.40
(1) 9.20
(1) 9.20
(1) 9.20
(1) 9.20
(-1) 8.40
(-1) 8.40
(-1) 8.40
(-1) 8.40
(1) 9.20
(1) 9.20
(1) 9.20
(1) 9.20
(0) 8.80
(0) 8.80
(0) 8.80
(0) 8.80
(-2) 8.00
(2) 9.60
(0) 8.80
(0) 8.80
(0) 8.80
(0) 8.80
(0) 8.80
(0) 8.80
(0) 8.80
(0) 8.80
(0) 8.80

X4
(mixing
speed, rpm)
(-1) 180
(-1) 180
(-1) 180
(-1) 180
(-1) 180
(-1) 180
(-1) 180
(-1) 180
(1) 340
(1) 340
(1) 340
(1) 340
(1) 340
(1) 340
(1) 340
(1) 340
(0) 260
(0) 260
(0) 260
(0) 260
(0) 260
(0) 260
(-2) 100
(2) 420
(0) 260
(0) 260
(0) 260
(0) 260
(0) 260
(0) 260
(0) 260

method. SCOD, PO43-, NH4+ and metal contents were determined after filtering the samples through 0.45-µm membrane filters. Chemical elements, Na+, Ca2+, K+, and Mg2+
and heavy metals including As, Hg, Cd, Co, Cr, Cu, Fe,
Mn, Ni, Pb, and Zn were analysed using inductively coupled plasma (ICP-OES) (Perkin Elmer, DV2100). The crystal structure of the precipitate was determined using an Xray diffractometer (XRD, Philips, X’Pert Pro) and a scanning electron microscope (SEM, Philips, XL-30S FEG)
equipped with an energy-dispersive X-ray analyzer (EDX).
3 RESULTS AND DISCUSSION
+

3-

3.1. Effects of model components on NH4 and PO4 removal,
and statistical evaluation

Table 2 shows experimental conditions and nutrient
removal percents of four factors (Mg2+, PO43- , pH and
mixing speed) in RSM design. It also shows the values
predicted by the regression model. To determine the effects of the variables on NH4+ and PO43- removal, the test
set used in the central composite design was analyzed.
Table 3 shows multiple regression results and the significance of variables for the second-order model. The following second-order polynomial equation in coded form
was established to explain the NH4+ and PO43- removal
efficiency:

Y1
(NH4+ removal, %)
Observed
Predicted
53.74
46.88
64.19
62.81
74.20
71.24
91.86
95.01
62.63
58.01
66.24
66.08
78.92
78.71
89.32
94.62
50.49
43.99
63.57
62.60
69.84
68.83
91.86
95.28
60.23
55.91
64.90
66.66
76.91
77.09
89.99
95.68
30.38
42.36
86.48
76.88
21.49
31.82
93.15
85.19
68.51
73.87
88.39
85.40
85.32
88.00
86.48
86.17
81.35
83.72
82.65
83.72
83.32
83.72
83.86
83.72
84.65
83.72
84.65
83.72
85.59
83.72

Y2
(PO43- removal, %)
Observed
Predicted
58.16
57.96
78.56
71.31
5.60
1.00
41.30
48.88
80.51
72.94
87.53
92.21
11.12
17.12
72.93
70.92
58.76
59.38
79.99
75.56
2.87
-0.23
44.31
50.47
78.78
72.78
91.68
94.88
8.44
14.29
69.15
70.93
3.20
7.79
82.54
77.77
80.66
89.22
17.05
8.31
38.25
40.95
79.26
76.38
64.91
66.68
70.06
68.11
75.21
73.35
77.39
73.35
73.70
73.35
70.37
73.35
71.31
73.35
73.41
73.35
72.09
73.35

Y1=YNH4+=83.72+8.63x1+13.34x2+2.88x3 – 6.02x12 –
6.30x22
(6)
32
Y2=YPO4 =73.35+17.49x1-20.22x2+8.85x3–7.64x1 –
6.14x22–3.67x32+8.84x1x2
(7)
+
where, Y1 is predicted NH4 removal efficiency (%);
Y2 is predicted PO43- removal efficiency (%); x1, x2, x3 are
coded terms for three independent test variables (Mg2+
concentration, PO43- concentration, pH), respectively.
Results showed that first-degree linear terms (Mg2+
concentration (x1), PO43- concentration (x2) and pH (x3))
and quadratic terms (x12, x22, x32) were more significant
than the interaction effects (Eqs. 6, 7). The linear and
quadratic terms of x1, x2 and x3 had significant effects (P <
0.05) on NH4+ and PO43- recovery, except the quadratic
term of x32 (P = 0.417) on NH4+ recovery (Table 3).
The model adequacy was checked by an F-test and
the determination coefficient R2 [15, 16].The calculated
Fisher’s F-test value was found for NH4+ to be (Fmodel=
14.08), while the F-value for PO43- was 40.22 (Table 3).
The tabulated F-value ((Ftable = Fα,df,(n-df+1) = F0.05,3,29) =
2.9340 [17] at the 5% level, is indicating that the computed Fisher’s variance ratio at this level was large enough
to indicate a very high degree of adequacy of the quadratic model, and also that the treatment combinations are
highly significant. The fitness of the regression model
was also checked by the determination coefficient (R2). A
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TABLE 3 - ANOVA for response surface quadratic models.

Term
Regression
Constant
Mg2+
PO43pH
Mixing speed
Mg2+×Mg2+
PO43-×PO43pH×pH
Mixing speed×
Mixing speed
Mg2+×PO43Mg2+×pH
Mg2+×Mixing speed
PO43-×pH
PO43-×Mixing speed
pH×Mixing speed
Residual Error
Lack-of-Fit
Pure Error
Total

Coefficient

Degrees of
freedom
Y1
Y2
14
14
–
–
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Y1
–
83.7248
8.6315
13.3430
2.8821
-0.4578
-6.0265
-6.3045
-1.0222

Y2
–
73.3534
17.4949
-20.2275
8.8584
0.3571
-7.6442
-6.1468
-3.6724

0.8406

-1.4893

1

1.9600
-1.9656
0.6700
-0.9148
0.1195
0.1974
–
–
–
–

8.6314
1.4805
0.7085
0.2831
-0.6652
-0.3968
–
–
–
–

1
1
1
1
1
1
16
10
6
30

Sum of square

F

P

Y1
8496.09
–
1788.07
4272.84
199.36
5.03
876.24
1153.90
357.1

Y2
22952.2
–
7345.7
9819.7
1883.3
3.1
1301.9
932.1
29.88

Y1
606.86
–
1788.07
4272.84
199.36
5.03
1038.55
1136.58
385.66

Y2
1639.45
–
7345.68
9819.67
1883.3
3.06
1670.95
1080.44
0.69

Y1
14.08
–
41.07
99.10
4.62
0.12
24.09
26.36
9.46

Y2
40.22
–
180.21
240.91
46.20
0.08
40.99
26.51
0.417

Y1
0.000
0.000
0.000
0.000
0.047
0.737
0.000
0.000
0.417

Y2
0.000
0.000
0.000
0.000
0.000
0.788
0.000
0.000
0.007

1

20.20

63.4

20.20

63.42

0.47

1.56

0.503

0.230

1
1
1
1
1
1
16
10
6
30

61.47
61.82
7.18
13.39
0.23
0.62
689.84
677.66
12.18
9185.93

1192.0
35.1
8.0
1.3
7.1
2.5
652.2
617.7
34.5
23604.4

61.47
61.82
7.18
13.39
0.23
0.62
43.11
67.77
2.03
–

1192.03
35.07
8.03
1.28
7.08
2.52
40.76
61.77
5.75
–

1.43
1.43
0.17
0.31
0.01
0.01
–
33.37
–
–

29.24
0.86
0.20
0.03
0.17
0.06
–
10.74
–
–

0.250
0.249
0.689
0.585
0.943
0.906
–
0.000
–
–

0.000
0.367
0.663
0.861
0.682
0.807
–
0.004
–
–

very high value of the correlation coefficient (R2NH4+=
0.9249, R2PO43-= 0.9724) signified an excellent correlation
between the predicted values and experimental findings.
Response surfaces showing the effects of interactions between variables on NH4+ removal are presented
in Figs. 1 a-c. Increasing PO43- concentration had more
effect than Mg2+ on NH4+ removal efficiency (Fig. 1a).
Similarly, it was reported by Ryu et al. [18] that NH4+
removal was affected more by the amount of PO43- added
than Mg2+. Figure 1b shows that increasing PO43- concentration had a greater effect on NH4+ removal than the effect
of increasing pH. NH4+ removal efficiency was significantly influenced by PO43- concentration when both Mg2+ concentration and pH were above the central point. The increase of Mg2+ concentration at a high pH would not lead
to obvious NH4+ removal. This conclusion was also supported by Fig. 1c.
The interactive effects of the variables on PO43- removal are illustrated in Figs. 1 d-f. PO43- removal efficiency
increased with increasing Mg2+ concentration and decreasing PO43- concentration (Fig. 1d). Ye et al. [19] also found
that a higher PO43--P concentration with a lower Mg2+ level
led to a drastic decline in recovered P concentration. The
pH level appeared to be the critical factor that affected
PO43- removal [20]. Increasing pH and Mg2+ concentration
would cause a significant increase in PO43- removal (Fig.
1e). Figure 1f shows that the efficiency of PO43- removal
increased with decreasing P concentration and increasing
pH level. Figures 1e and f suggested that increasing pH
would cause a significant increase in PO43- removal when
both Mg2+ and PO43- concentration were above the central
point.
This study observed that increasing pH, Mg2+ and
PO 4 concentrations had a remarkable effect on NH 4+
3-

Mean square

removal, while the mixing speed did not appear to have
significant effect at all (figures not shown). Rahaman et
al. [21] indicated that mixing intensity had little effect on
the intrinsic kinetics of struvite precipitation for the range
of mixing speeds tested. Wang et al. [13] reported that no
significant increase in phosphorus removal was observed
in cases where the mixing speed was higher than 76 s-1.
Excessive mixing strength exposes larger crystals to the
shear force caused by strong mixing. The large crystals are
broken down, and the settleability of the precipitate as well
as the phosphorus removal efficiency are reduced [13]. The
present study also showed that the efficiency of PO43- removal decreased in cases where the mixing speed increased above the central point (>260 rpm) (i.e. tests 8
and 16 in Table 2).
3.2. COD removal and residual interfering ions under different operating conditions

Interfering ions in the media can affect the precipitation of struvite and dissociation from water [11]. Phosphorus can precipitate in form of metal phosphates by
reacting with metals present during the struvite precipitation [12]. Moreover, heavy metals can be incorporated
into the crystal lattice or sorbed onto the surface of struvite, reducing the purity of the product. Therefore, it is
important to know the concentrations of the metals and
heavy metals in the wastewater subjected to struvite precipitation experiments. A previous dairy-industry study [7]
did not examine, in detail, residual interfering ions during
struvite precipitation. Considerable Ca2+ and K+ amounts
were observed in addition to Mg2+ in the anaerobic effluent (Table 1). The dairy effluent used in the present study
contains brine, which is used in cheese production. Due to
the use of salt in brine production, a high concentration of
Na+ was observed, which will reduce the induction time
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of struvite precipitation, and may also affect struvite precipitation [22]. With regard to heavy metals, Fe, Mn, Cd,
Co, Cr, Pb, Ni, Cu, Zn, As, and Hg were below the minimum detection threshold.
Figure 2a shows the concentration of interfering ions
and Mg2+ in the anaerobic dairy effluent that remained
after the struvite precipitation. Ca2+ is that ion that can
inhibit the formation of struvite by forming calcium
phosphate, depending on the pH value of the media and
the concentration of Ca2+. Ca2+ ions compete with Mg2+ to

react with phosphorus. In the event that the molar ratio of
the Ca2+ ion is high, most of the phosphorus is removed as
calcium phosphate [11]. However, interference can be
minimized by adjusting the molar ratio Mg2+:Ca2+ in
solution, thereby efficiently forming struvite [23]. It was
observed that residual Ca2+ concentration increased with
increasing Mg2+ but decreasing PO43- concentrations (Fig.
2a). It was also reported by Ye et al. [19] that the effect of
Ca2+ on recovery levels could be negligible when supplemented PO43--P was at low level, whereas increasing Ca2+
concentrations led to increased P recovery levels during

a

b

c

d

e

e

f

FIGURE 1 - Response surface showing effects of interaction (coded units) of Mg×P (a), pH×P (b), Mg×pH (c) on NH4+ removal (Y1); P×Mg
(d), Mg×pH (e), P×pH (f) on PO43- removal (Y2).
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FIGURE 2 - Residual concentration of interfering ions and COD (a), residual concentration of Na ions (b), after struvite precipitation.

addition of PO43--P at high concentration levels. At pH 9.2,
Ca2+ removal efficiency was found to be 90.3% when Mg2+
was 6.21 mM and PO43- was 14.5 mM. Various studies [24,
25] indicate that potassium struvite (KMgPO4.6H2O) precipitates instead of ammonium struvite at very low ammonium concentrations. Residual K+ concentration was observed to be between 50.61 and 66.89 mg/L (Fig. 2a). K+
removal efficiencies between 3.95 and 27.33% were
achieved by struvite precipitation. It could be seen that,
due to the high NH4+ content, K+ in the anaerobic dairy
effluent did not cause KMgPO4.6H2O formation. Similarly, Huang et al. [2] found that ammonia removal and
remaining PO4-P concentration decreased slowly with increasing K+:Mg2+ ratio. In the present study, there were very
high Na+ concentrations in the dairy processing wastewater
(Table 1). Since the additional phosphoric acid reduced the
environmental pH, residual Na+ concentration increased with
the increase in PO43-concentration (Fig. 2b). XRD analysis
of the dry struvite precipitate showed ferroalluaudite

(NaFe(Fe,Mn)2(PO4)3) formation in test number 18, and
sodium carbonate sulfate (Na6CO3(SO4)2) formation in test
number 22, in addition to struvite formation (Figs. 3a-b).
However, Liu [26] reported that 1900 mg/L Na+ concentration in semiconductor wastewater did not have an important effect on struvite reactions.
It has been reported that struvite precipitation not only
removes NH4-N and PO4-P, but also leads to COD removal
from wastewater [1, 27, 28]. In the present study, all tests
showed that COD removal efficiencies varied between
52.2 and 68.4% (Fig. 2a). The results indicated that struvite precipitation not only helped to remove NH4+ and
PO43-, but also achieved up to 68.4% COD removal. The
removal of COD during the precipitation of struvite may
be attributed to the co-precipitation of struvite together
with side products and other impurities present in the raw
dairy processing anaerobic effluent. SEM analysis of
the dry struvite precipitate for test number 18 showed that
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struvite crystals developed (Fig. 4). The chemical properties of the struvite precipitate were also analyzed by EDX
(Table 4). The presence of carbon demonstrated the removal
of organic pollutants from the dairy wastewater. EDX analysis also detected Ca2+ and Na+, which might be trapped
and dried on the surface of the precipitate.

a

TABLE 4 - Chemical properties analysis of dry struvite precipitates
by EDX analysis.
Element
CK
NK
OK
NaK
MgK
PK
ClK
KK
CaK

Test No 18
Wt %
7.82
4.15
38.65
1.12
15.10
23.47
0.80
1.44
7.44

At %
12.94
5.89
47.96
0.97
12.33
15.05
0.45
0.73
3.69

Element
CK
NK
OK
NaK
MgK
PK
ClK
KK
CaK

Test No 22
Wt %
8.65
3.86
37.56
1.18
13.77
23.48
0.39
1.40
9.71

At %
14.38
5.51
46.88
1.02
11.31
15.14
0.22
0.71
7.84

4 CONCLUSIONS

b

FIGURE 3 - XRD results of dry struvite precipitate in (a) test number 18, and (b) test number 22.

The experimental conditions affecting struvite precipitation for optimizing nutrient removal from anaerobic effluents of the dairy processing industry using RSM were
investigated. RSM results showed that first-degree main
effects (Mg2+ concentration (x1), PO43- concentration (x2),
and pH (x3)) as well as secondary effects (x12, x22, x32) were
more significant than interaction effects for NH4+ and PO43removal. The values predicted from the quadratic model
were in very good agreement with the observed ones
(R2NH4+= 0.9249, R2PO43-=0.9724). Removal efficiency of
88.4% for NH4+ and 79.3% for PO43- was obtained at optimized conditions with pH 9.60, mixing speed 260 rpm, and
Mg2+:NH4+:PO43- molar ratio of 1:1:1, respectively. Considerable Na+, Ca2+, and K+ concentrations were observed
in the anaerobic effluent. The high Na+ contents of dairy
wastewater could inhibit the formation of pure struvite.
This is confirmed by the XRD and EDX analysis of the
precipitate. Due to the high NH4+ content, K+ in the anaerobic dairy effluent did not cause KMgPO4.6H2O formation.
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ABSTRACT
Eighty breast milk samples were analyzed in three
middle districts of Jordan, in 2004/2005. The results showed
that the average in the three districts was 0.17 mg/kg milk fat
for HCHs, 0.28 mg/kg milk fat for DDTs, and 0.01 mg/kg
milk fat for cyclodiens. Also, eighty breast milk samples
were analyzed in four north districts of Jordan, in 2005/
2006. The results showed that the average in the four
districts was 0.13 mg/kg milk fat for HCHs, 0.25 mg/kg
milk fat for DDTs, and 0.01 mg/kg milk fat for cyclodiens. One hundred eighty breast milk samples from
four south districts were analyzed in 2007/2008 period
showed that the average in these four districts was 0.15
mg/kg milk fat for HCHs, 0.28 mg/kg milk fat for DDTs,
and 0.01 mg/kg milk fat for cyclodiens.
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Breast milk, chlorinated pesticides, Jordan
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feed and digest other foods [4]. Concentrations of the chlorinated pesticides in the breast milk from mothers seemed
to play an important role on the incidence of congenital
hypothyroidism in Japan [5]. However, nursing mothers
are passing on the toxins of chlorinated pesticides to their
newborns and babies through breast feeding which, on the
other side, is still the best food and nutrition for babies [6,
7]. Experts have urged mothers to continue breast feeding,
saying the potential benefits to the child still out-weight
the risk presented by contaminated milk with man-made
pollutants, particularly chlorinated pesticides [8, 9]. According to scientists in Canada [10], environmental pollutants that are known to cause cancer in rat mammary tissues, particularly chlorinated pesticides, are present in
human breast milk.
DDT production was banned in the USA in 1972, but
mothers born years after the ban continue to pass DDE to
their children [11].

	
  

1 INTRODUCTION
Pesticides in the world contribute to the increase of
agricultural products by controlling agricultural pests and
to the increase of public health levels by controlling insect
vectors for epidemic and non-epidemic diseases of human
beings and also animals. The misuse of pesticides has several environmental disadvantages. Pesticide pollutants, particularly chlorinated ones, can enter the human body. Some
people’s bodies have become a reservoir for these pollutants. These chemicals accumulate in various parts of the
human body including body fat, liver, brain, and breast
milk [1]. These substances may affect infants and babies
through mother’s milk more than other people, causing
public health concern. Among chlorinated pesticides that
accumulate in breast milk are DDTs, HCHs and cyclodiens members [2, 3]. However, breast milk is the primary source of nutrition for newborns before they become
able to

In Jordan, the use of most chlorinated pesticides was
banned in the early eighties of the former century, and the
remaining chlorinated insecticides were also banned in
the mid-nineties of the same century [3, 12].
The aim of this comparative study is to monitor the
status of the chlorinated pesticides and their main metabolites in mothers’ breast milk sampled in eleven districts,
distributed in the north, middle and south of Jordan.
2 MATERIALS AND METHODS
2.1 Sampling and Sample Handling

Eighty human breast milk samples were collected in
2004/2005 from three middle districts in Jordan as follows: 30 samples from Amman, the capital, 20 samples
from Zarqa, 10 samples from Al-Salt, 10 samples from
South Shonah, and 10 samples from Deir-Allah. Eighty
human breast milk samples were collected in 2005/2006
from four north districts in Jordan as follows: 20 samples
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from Irbid, 10 samples from North Shonah, 20 samples
from Mafraq, 20 samples from Jarash, and 10 samples
from Ajloun. One hundred and eighty human milk samples were collected in 2007/2008 from four south districts
in Jordan as follows: 40 samples from Tafilah, 32 samples
from Al-Karak, 40 samples from Ghor Al-Safi, 38 samples from Ma’an, and 30 samples from Aqaba.
25-30 ml of mothers’ milk were taken from each volunteer woman and placed in a 50-ml well cleaned and dry
glass bottle, transferred into a cooling box to the laboratory, and stored at -20 ºC until analysis. Data concerning
age, weight, delivery number, last delivery date, fat food
intake, exposure to pesticides, and sampling date for each
lady were gathered in a prepared questionaire. The breast
milk samples were collected in cooperation with the Ministry of Health. The number of samples which were gathered
from the cities, towns and villages in the different districts
(north, middle and south) were according to the population density.
2.2 Chemicals, Solvents and Gases

Acetone, dichloromethane and petroleum ether (4060 ºC) were all of p.a. quality whereas n-hexane used was
of GC-quality. Standards of the individual chlorinated
pesticides were of purity between 99.5–99.9%. Anhydrous
sodium sulfate (p.a.) was heated at 550 ºC for 2 h. Florisil
(p.a., 60-100 mesh) was heated at 550 ºC overnight, mixed
with distilled water to give 3% (w/w), mixed well and kept
for 12 h in a closed container prior to use. Helium
(99.99% purity) and make-up gas argon/methane (95+5%;
99.9% purity) were used for GC analyses. Elution mixture
was petroleum ether + dichloromethane (80:20, v/v).
2.3 Methods and GC- Analysis

Extraction, cleanup and determination were carried out
according to DFG-method [13], with the following details. Glassware was dried at 110 ºC after washing with
water, soap, distilled water, acetone and n-hexane. The gas
chromatograph (HP-5890) was equipped with 63Ni-electron
capture detector (ECD), a splitter injector, and two columns: column I (moderately polar): HP-608 capillary column (30 m, I.D. = 0.25 mm, film thickness = 0.25 µm)
and column II (non polar): HP-5 capillary column (30 m,
I.D. = 0.25 mm, film thickness = 0.25 µm). The GC was
used under the following operating conditions: injector
(280 °C), detector (300 °C), column temperature program:
80 °C (2.2 min), 80 – 175 °C (30 ºC/min), 175 – 225 °C
(10 ºC/min), and 225 °C (2 min). Carrier gas (He): 2 ml/min,
make-up gas: 30 ml/min, split-ratio: (1:25). These conditions are valid for both columns used.

extraction steps were repeated twice. The pooled organic
extracts were filtered through an anhydrous sodium sulfate layer into a weighed round bottom flask. The solvents
were evaporated using a rotary evaporator at 30 ºC and
200 mbar. The round bottom flask with the residues was
placed overnight in a desiccator. Then, the round bottom
flask with residues was reweighed, and from the weight
difference, the % fat content in milk was calculated.
2.5 Pesticides Extraction

25 g Florisil were added to a chromatography column
(50 x 2 cm, with Teflon stopcock) containing 100 ml petroleum ether. Ten g milk sample mixed with 25 g Florisil
(3% water) were added to the column and the excess
solvent was collected in a 500-ml round bottom flask. The
column was eluted with 300 ml of the elution mixture.
The eluates were rotary-evaporated nearly to dryness at
35 ºC and 12 mbar. The remaining solvent was evaporated using a stream of nitrogen gas. The residues were
dissolved in 2 ml n-hexane containing 0.3 µg/ml aldrin as
internal standard (I.S), and 2 µl of the final extract were
injected onto the GC column.
2.6 Recovery Tests and Detection Limits

Extraction and clean-up method was evaluated by
spiking blank milk samples with known concentrations of
each of the studied chlorinated pesticides, and each of
these samples was extracted and cleaned-up according to
the above-mentioned method. The experimentally found
concentration was related to the theoretically added concentration to calculate the % recovery. The detection limit
for each compound was calculated as S/N ≥ 3 from the
chromatogram of the standard mixture of the fourteen studied pesticides after dilution for several times. Each solution
was injected twice. The results of %recovery and detection limits are shown in Table 1.
TABLE 1 - Recovery range (%) and average detection limits for the
studied chlorinated pesticides in breast milk samples from Jordan
between 2004 and 2008.

2.4 Determination of Fat Content

The % fat content was determined according to [13,
14]. Ten g of each milk sample were weighed and mixed
thoroughly in a separatory funnel with 2 ml of 25% ammonia, and then 25 ml diethyl ether with 25 ml petroleum
ether (40-60 ºC) were added and mixed thoroughly. The
organic solvents layer was separated and the previous
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Pesticide
HCB
α-HCH
γ-HCH
β-HCH
Heptachlor
Aldrin
Heptachlorepoxide
o,p’-DDE
p,p’-DDE
Dieldrin
o,p’-DDD
Endrin
o,p’-DDT
p,p’-DDD
p,p’-DDT

Range of Average
Recovery (%)
90-95
85-95
100-110
90-95
90-95
90-95
90-95
85-90
90-95
90-95
85-90
80-90
85-90
90-95
90-95

Average Detection
Limit (µg/ml)
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.005
0.01
0.005
0.009
0.005
0.005
0.005
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3 RESULTS
3.1 Pesticide Residues in the Middle Districts (2004/2005)

Results in Table 2 show that the average residue concentrations in human breast milk in the three middle districts of Jordan (in 2004/2005) were 0.17 mg/kg milk fat
for total HCHs, 0.38 mg/kg milk fat for DDTs and 0.01
mg/kg milk fat for cyclodiens. Analyzed breast milk samples collected from the middle districts contained highest
average residues of p,p’-DDE (0.33 mg/kg milk fat) followed by p,p’-DDT (0.29 mg/kg milk fat) and β-HCH
(0.15 mg/kg milk fat) (Table 3).
3.2. Pesticide Residues in the North Districts (2005/2006)

The results in Table 2 show that the average residue
concentrations in human breast milk in the four north districts of Jordan (in 2005/2006) were 0.13 mg/kg milk fat for
total HCHs , 0.25 mg/kg milk fat for DDTs, and 0.01 mg/kg
milk fat for cyclodiens. Analyzed breast milk samples collected from the north districts contained the highest average
residue level of HCB (0.25 mg/kg milk fat), followed by
p,p’-DDE (0.22 mg/kg milk fat) and p,p’-DDT (0.1 mg/kg
milk fat) (Table 4). All analyzed samples did not contain
heptachlor, o,p’-DDD, p,p’-DDD, o,p’-DDE, o,p’-DDT,
endrin, aldrin, and dieldrin (Table 4).
3.3 Pesticide Residues in South Districts in 2007/2008

The results in Table 2 show the average residue concentrations in human breast milk in the four south districts

TABLE 2 - Average residue concentrations (mg/kg milk fat) of chlorinated pesticides in human breast milk in three studies between 2004
and 2008, in the middle, north and south districts of Jordan.
Study Date
2004/2005
2005/2006
2007/2008

Districts
Middle
North
South

Total-HCHs
0.17
0.13
0.15

Total-DDTs
0.38
0.25
0.28

Total-Cyclodiens
0.01
0.01
0.01

TABLE 3 - Number and percentage of positive samples, average, minimum and maximum concentrations (mg/kg milk fat) of chlorinated
pesticides in mothers’ milk from the middle districts of Jordan in 2004/2005.
Compound
N*
N%
Average Concentration
Minimum Concentration
Maximum Concentration
HCB
18
23
0.04
0.02
0.24
α-HCH
15
19
0.09
0.02
0.21
β-HCH
71
89
0.15
0.01
0.67
6
8
0.09
0.04
0.23
γ-HCH
Heptachlor
Heptachlor-epoxide
4
5
0.21
0.08
0.35
o,p’-DDD
p,p’-DDD
o,p’-DDE
4
5
0.05
0.03
0.08
p,p’-DDE
62
78
0.33
0.01
2.32
o,p’-DDT
5
6
0.15
0.05
0.36
p,p’-DDT
20
36
0.29
0.01
2.20
Endrin
Aldrin
Dieldrin
* Total number of samples = 80, N = Number of positive samples; N% = Percentage of positive samples, Average fat content = 3%

TABLE 4 – Number and percentage of positive samples, average, minimum and maximum concentrations (mg/kg milk fat) of chlorinated
pesticides in mothers’ milk in the north districts of Jordan in 2005/2006.
Compound
HCB
α-HCH
β-HCH
γ-HCH
Heptachlor
Heptachlor-epoxide
o,p’-DDD
p,p’-DDD
o,p’-DDE
p,p’-DDE
o,p’-DDT
p,p’-DDT

N*
8
5
19
1
7
4
62
5
20

N%
10
6
24
1
9
85
25

Average Concentration
0.25
0.08
0.07
0.04
0.20
0.22
0.10
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Minimum Concentration
0.09
0.02
0.01
0.04
0.01
0.01
0.01

Maximum Concentration
0.54
0.17
0.32
0.04
0.72
1.78
0.28
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Endrin
Aldrin
Dieldrin
* Total number of samples = 80, N = Number of positive samples; N% = Percentage of positive samples, Average fat content = 3%
TABLE 5 - Number and percentage of positive samples, average, minimum and maximum concentrations (mg/kg milk fat) of chlorinated
pesticides in mothers’ milk in the south districts of Jordan in 2007/2008.
Compound
N*
N%
Average Concentration
Minimum Concentration
Maximum Concentration
HCB
3
2
0.16
0.09
0.21
α-HCH
6
3
0.21
0.09
0.32
β-HCH
81
45
0.32
0.08
0.83
γ-HCH
Heptachlor
Heptachlor-epoxide
8
4
0.24
0.17
0.45
o,p’-DDD
p,p’-DDD
o,p’-DDE
p,p’-DDE
163
91
0.31
0.01
2.89
o,p’-DDT
p,p’-DDT
Endrin
Aldrin
Dieldrin
* Total number of samples = 180, N = Number of positive samples; N% = Percentage of positive samples, Average fat content = 2.9%

of Jordan (in 2007/2008): 0.15 mg/kg milk fat for total
HCHs, 0.28 mg/kg milk fat for total DDTs and 0.01
mg/kg milk fat for cyclodiens. Analyzed breast milk samples collected from the south districts contained the highest average residue level of β-HCH (0.32 mg/kg milk fat),
followed by p,p’-DDE (0.31 mg/kg milk fat) and heptachlor epoxide (0.24 mg/kg milk fat) (Table 5). All analyzed samples (180 sample) did not contain γ-HCH, heptachlor, o,p’-DDD, p,p’-DDD, o,p’-DDE, o,p’-DDT, p,p’DDT, endrin, aldrin and dieldrin (Table 5).
4 DISCUSSION
The widespread use of pesticides has led to the contamination of air, water, soil, foodstuff and human body.
Some chemical pollutants including chlorinated pesticides
are able to be carried by air current and clouds to long
distances, thousands of km away from the emission source,
and then, they move with the food chain reaching human
breast milk [1, 5]. In fact, in many ways, people’s bodies
have become reservoirs for these organic chemical pollutants [8, 15, 16], particularly those which are able to stay
in fat tissues for many years. However, some proteins in
human breast milk which are not present in cow’s milk
might fight diseases by helping to remove bacteria, viruses and other dangerous pathogens from infants [11, 17].
Ministry of Agriculture in Jordan has banned the use of
chlorinated pesticides since the last century [3]. In addition,
the Ministry of Environment in Jordan has requested the
Royal Scientific Society, University of Jordan and other
Jordanian Authorities to monitor pesticide residues in the
main components of the Jordanian environment since the
nineties of the last century. Chlorinated pesticides have
been also monitored in breast milk from mothers in Jordan.

The eighty human breast milk samples collected from
the middle districts in Jordan in 2004/2005 contained
HCHs, DDTs and cyclodiens residues in the three districts. All milk samples collected from Deir-Allah in the
Balqa district contained residues of p,p’-DDE, and βHCH. All these eighty human milk samples did not contain endrin, aldrin, dieldrin, o,p’-DDD and p,p’-DDD.
Alawi [18] reported on residues of total HCHs, DDTs and
cyclodiens in human breast milk in the middle districts of
Jordan sampled in 1993/1994 and 2000/2001 which were
higher than those found in 2004/2005 (0.17, 0.38 and 0.01
mg/kg milk fat), respectively.
The eighty human breast milk samples collected from
the north districts in Jordan in 2005/2006 contained residues of HCHs, DDTs and cyclodiesns. Alawi [18] reported
on residues of total HCHs, DDTs and cyclodiens in human
breast milk in the north districts of Jordan during the 1993/
1994 and 2001/2002 campaigns. These values have been
also higher than in 2004/2005 (0.13, 0.25 and 0.01 mg/kg
milk fat), respectively.
The one hundred eighty human breast milk samples
collected from the four Jordanian south districts in 2007/
2008 also contained HCHs, DDTs and cyclodiens; 91% of
the contaminated samples contained p,p’-DDE, and 45%
contained β-HCH. Alawi [18] observed residues of total
HCHs, DDTs and cyclodiens in Jordanian breast milk
from the south districts in 1993/1994 and 2002/2003 to be
higher than in 2007/2008 (0.15, 0.28 and 0.01 mg/kg milk
fat), respectively. However, these milk samples from the
south districts of Jordan did not contain o,p’-DDT, p,p’DDT, o,p’-DDD, p,p’-DDD, α-HCH, γ-HCH, aldrin, heptachlor, endrin, and dieldrin.
In general, there was a considerable decline in residue
concentrations in the above-mentioned three studies (2004/
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2005, 2005/2006 and 2007/2008) in human breast milk in
the different districts of Jordan compared with previous
studies conducted in Jordan [2, 18]. In addition, when
comparing the results of the present three studies in Jordan

with other international studies (Table 6), one could notice
that the residues of chlorinated pesticides, particularly the
DDTs in breast milk from north, middle and south Jordan,
were higher than in other countries (see Table 6) [19-21].

TABLE 6 - Comparison of the average residue concentrations of chlorinated pesticides in human breast milk (mg/kg milk fat) in Jordan and
in other countries.
Compound

Turkey
2003
(n=37)
[19-21]

Malaysia
2001/2002
(n=17)
[21]

Germany
2001/2002
(n=39)
[19-21]

Indonesia
2002
(n=70)
[21]

HCB
∑HCH’s
∑DDT’s

0.02
1.60
0.15

0.01
1.60
0.19

0.04
0.15
0.02

0.03
0.10

but in breast milk samples from middle and south Jordan,
they were higher than in the countries mentioned in Table 6
[19-21].
In conclusion, there was undoubtedly a decline in the
residues of HCHs and DDTs in human breast milk from
the districts in Jordan in the three studies whereas cyclodien residues in human breast milk from all districts in
Jordan, and in all three studies, were equal.
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NITROGEN AND PHOSPHORUS FROM MUNICIPAL SEWAGE
Xin Liu, Jin-Hong Fan*, Hong-Wu Wang and Lu-Ming Ma
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ABSTRACT
Scrap cast iron was added into a biological treatment
system to treat municipal sewage. The distribution and
morphological changes of contaminants in solution and
sludge were investigated. And the performance of sludge
was analyzed by scanning electron microscopy (SEM), in
conjunction with energy-dispersion spectroscopy (EDS).
Results showed that the presence of Fe0 improved the
removal of nitrogen and phosphorus but also the dewatering performance of sludge. Compared with the SBR, the
average NH3-N and TN removal efficiency of the Fe0SBR was about 10% and 30% higher, respectively, and
did not fluctuate with the influent changing. The Fe0enhanced removal efficiency rates of PO3-4-P and TP were
up to 142% and 58%, respectively. The precipitated phosphorus would not be re-released easily when the quantity
and quality of sewage fluctuated.

The ferric salt is coagulator and P precipitant. As is
known, Fe2+ and Fe3+ can be released spontaneously by the
corrosion of iron anodes in water. Consequently, comprehensive reactions of electrochemical redox, electrophoretic
deposition and flocculation may improve the treatment
efficiency, especially the biodegradability of contaminants,
such as nitrobenzene or chlorobenzene [10, 11]. Therefore,
the scrap cast iron has the potential to be used in eutrophication control. Also, the permeability of cell membranes can
be improved when appropriate amounts of Fe2+ and Fe3+
exist [11]. Therefore, the metabolism of the microorganisms
and the sludge characteristics may be influenced after Fe0
is added into the sludge.
In this work, scrap cast iron was added into SBR to
treat sewage. The objectives are to investigate (1) the COD,
N and P removal effects, (2) the mechanisms of N and P in
the combined system, and (3) the effects of Fe0 on the
performance of activated sludge.
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2 MATERIALS AND METHODS
2.1 Sewage sample

1 INTRODUCTION
Owing to its low cost, the A2/O process is widely used
in China to control the eutrophication [1, 2]. However,
removal efficiencies of both N and P are usually less than
80% because of the low carbon resource of sewage, the
SRT contradiction between nitrobacteria and phosphorus
accumulating organisms (PAOs), and the carbon source
distribution contradiction between denitrifying bacteria
and PAOs [3] .
To solve these problems, many improved processes,
such as BICT, SND, ANAMMOX and DEPHANOX have
been investigated successively in recent years [4-7]. However, the operational stability may be affected by quantity
and quality of sewage, and it takes a long time to cultivate
the microorganisms. For example, it takes more than 11 days
for yielding Anammox bacteria and more than 1 year for
starting the reactor [8, 9].
* Corresponding author

The sewage and seeding sludge were from an urban
sewage plant in Shanghai. The seeding sludge was from a
pilot plant located in this plant. The MLSS was about
3000 mg·L-1. The sewage quality was as fallows: CODCr
120-250 mg·L-1, NH3-N 10-25 mg·L-1, TN 15-35 mg·L-1,
TP 1.2-4mg·L-1, PO43--P 0.9-3 mg·L-1, TFe≤3 mg·L-1, and
pH 6.5-7.6.
2.2 Apparatus and materials
0

2.2.1 The comparison tests of Fe -SBR with typical SBR

The reactor (20×80 cm, working volume of 20 L) was
made of PVC, and its schematic diagram is shown in Fig. 1.
The scrap cast iron, mixed with scrap copper as needed,
was fixed above the detachable PVC plate. The metal was
submerged under the sewage to release Fe2+ and Fe3+ ions
into the water during the running cycle. An electric stirrer
was used to keep the air, sludge and sewage mixing uniformly. The running cycle was 12 h (0.5 h for inflow, 4 h
for microporous aeration, 1 h of stirring for denitrification, 1 h for sedimentation, 0.5 h for discharge, and 5 h
for idling). That means the hydraulic retention time (HRT)
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TABLE 1 - The components of iron scrap (mass percents).
Fe
>9
5%

C
0.32%- 0.40%

Si

Mn
0.40% - 0.70%

0.17% - 0.37%

was 12 h. The solid retention time (SRT) was 15 days.
The effluent was discharged from sampling tube 4.
The scrap copper (purity≥99%) and iron were purchased from the machinery factory of Tongji University.
The components of iron scrap are displayed in Table 1.
They were immersed into the detergent, at least 3 days, to
remove the emulsified oil on the surface. All chemicals
were of analytical reagent grade and purchased from
China National Pharmaceutical Group Corporation.
2.2.2 The verification tests

The HY-2 shaker (Guohua Apparatus Co. Ltd, CHN)
and five 500-ml glass bottles were used. 100 g of scrap
cast iron was added into the above bottles, respectively.
H2SO4 and NaOH were used to adjust the initial pH. The
sodium nitrate was used to adjust the nitrate concentration
of influent. The environmental temperature and rotation rate
were set to 25±1 °C and 180 rpm, respectively.

Mo
0.15% - 0.25%

Cr
0.80% - 1.10%

The pH and DO values were determined with a pHS3C pH meter (Shanghai Precision & Scientific Instrument
Co. Ltd, CHN) and an on-line monitoring system (YSI Inc.,
USA). The LS230 Laser Particle Size Analyzer (Beckman
Coulter Inc., USA) was used to analyze the distribution of
sludge particle size. The Capillary Suction Time Filtrability Tester (Model: 200) (Triton Electronics Ltd, UK) was
used to analyze the Capillary Suction Time (CST) of the
sludge. The XL-30E SEM (Philips Inc., NL) equipped with
phonenix EDS (EDAX Inc., USA) was used to observe
the changes of solid surface. The analytical procedure was
from Bourven et al. [13].
3 RESULTS AND DISCUSSION
0

3.1 Comparison of Fe -SBR with SBR
0

3.1.1 Startup of Fe -SBR system

Two identical typical SBR reactors were operated in
the same conditions. Firstly, the seeding sludge was aerated 10 h every day for activation. After 5 days, the sludge
began to be acclimated through a running cycle of 12 h, as
mentioned in Materials and Methods. Simultaneously, 4 g
sodium acetate was dosed into the two reactors, respectively, as the carbon source of denitrification. In the 19th
day, when the two reactors run into the stable period, 70 g
of scrap cast iron was added into one SBR, and then
called 1#. And the other one, called 2#, was still run as
typical SBR. As seen in Fig. 2, the whole startup stage of
Fe0-SBR system (1#) was completed within 1 month.
3.1.2 Treatment efficiency of both systems

FIGURE 1 - Schematic diagram of experimental apparatus.
2.3 Analytical methods

CODCr, NH3-N, NO-3-N, NO-2-N, total nitrogen (TN),
phosphate, total phosphate (TP), Cu2+ and total Fe ions
(TFe, Fe2+ and Fe3+) were determined by Standard Methods for the Examination of Water and Wastewater [12].
The removal efficiency was calculated by
(Cin-Cout) × 100%/Cin.
Cin means the concentration of pollutant in the influent whereas Cout means that of pollutant in the effluent.

The changes of sewage quality were monitored during the 4 h of aeration and 1 h of denitrification stages.
Fig. 3(a) shows that the removal efficiency of COD in the
two reactors was similar. This means, the growth of microorganisms would not be inhibited in the presence of
Fe0 and corrosion products. The removal effects of N in
1# were better than that of 2# (Fig. 3(b) - Fig. 3(d)). In 1#,
the final removal efficiency of NH3-N and TN reached
97% and 78%, respectively, while that was only 57% and
50% in 2#. After the aeration was finished, the transformation efficiency of nitrate was up to 94% in 1#, compared with 87% in 2#. In the initial 0.5 h of stirring denitrification stage, the TN degradation was also improved
when the Fe0 existed. Significantly, the removal efficiency of PO3-4-P and TP (Fig. 3(e) - Fig.3 (f)) in 1# were by
142% and 58%, respectively, higher than those of 2#.
Reasons for the P concentration increase in the first 30
min were: (1) The P of influent was accumulated rapidly
during the 30 min of inflow process, and (2) After 7.5 h,
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anoxic process of the last running cycle, the P releasing
rate of PAOs was still higher than the P assimilating rate

of itself.

FIGURE 2 - Treatment efficiency of Fe0-SBR (1#) during the whole startup stage.
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FIGURE 3 - Treatment efficiency of two reactors in a running cycle (4 h for aeration and 1 h for denitrification). (a) Degradation profiles of
COD. (b) Variation profiles of NH3-N and pH. (c) Variation profiles of NO-3-N. (d) Variation profiles of TN. (e) Variation profiles of PO3-4-P.
(f) Variation profiles of TP. 70 g of scrap cast iron were added into 1#. 2# was typical SBR. DO in two reactors was 3-4 mg·L-1.
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FIGURE 4 - The SEM-EDS photographs of the activated sludge in the two reactors (10000×): (a) the EDS photograph of dot 1 of 1# SEM
photograph, (b) the EDS photograph of dot 2 of 1# SEM photograph, (c) the EDS photograph of dot 3 of 2# SEM photograph, (d) the EDS
photograph of dot 4 of 2# SEM photograph .

The average TFe concentration of 1# in effluent was
2.8 mg·L-1, compared with TFe≤3 mg·L-1 in influent. According to Fig. 3(b), the effluent pH of 1# was about 8. In
this condition, the Fe2+ and Fe3+ would be precipitated well.
As seen in Fig. 4, the iron was the main metallic element
in the sludge of 1# while it was Al and Ca in 2#.
0

3.2 The mechanism of Fe -enhanced biological treatment
0

3.2.1 The effect of Fe on NH3-N removal

Fig. 5(a) shows that the average removal efficiency of
NH3-N in 1# was above 99%, and more stable when influent fluctuated. However, the removal efficiency of NH3-N
in 2# fluctuated from 70 to 98%. Since Fe2+ and Fe3+ are
the complex ions of some key enzymes and the carriers of
redox reactions in cells, a certain amount of them can promote the nitrification process[14], and the growth of protozoa which prey on the nitrifying microorganism will be
inhibited when Fe3+ exists [15].
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0

3.2.2 The effect of Fe on the nitrite accumulation

The optimum pH of nitrite bacteria was 8-9. And the
previous studies of our group [14] also observed that nitrite

will be accumulated at high TFe concentration and normal
temperature when pH was 8-9 and NH3-N ≥70 mg·L-1. In

FIGURE 5 - (a) Removal efficiency of NH3-N of both reaction systems with different influent NH3-N loading. (b) Variation profiles of NO-3-N
and NO-2-N (during the 4-h aeration stage and 1-h stirring denitrification stage) in new control test. (c) The NH3-N and NO-2-N conversion of
3# in 15 days. 1#: 70 g of scrap cast iron. 3#: 70 g of scrap cast iron +14 g of scrap copper.(d) Removal effect of TN of two reaction systems
with different influent TN loading (Average denitrification reaction rate: 1# 0.0033 kgTN·kgss-1·h-1, 2# 0.0026 kgTN·kgss-1·h-1). (e) The NO-3N reduction by Fe0 under different initial pH values.

this condition, the pH of the system maintained at 7.5-9.5
by the corrosion of Fe0. So, the nitrite might be accumulated in Fe0-SBR system. To verify the hypothesis, the
control reactor called 3# was used by adding scrap Cu of
20% (WCu:WFe) into the scrap cast iron. Because of the high
potential difference between Cu and Fe [10, 11], more Fe2+
and Fe3+ will be generated by Fe0 corrosion in 3#. The
results showed that the TFe concentration in 1# and 3#
was 60 mg·L-1 and 100 mg·L-1, respectively. Fig. 5(b)

displays the concentration changes of nitrate and nitrite in
a running cycle of 4-h aeration and 1-h stirring denitrification stages of the two reactors. In 3#, the nitrite concentration accumulated a little within the initial 1st h, but was
almost 0 after 2 h. Fig. 5(c) shows the long-term changes
of NH3-N and nitrite conversion in 3#. The results also
indicated that the nitrite concentration was almost 0 after
4-h aeration. So, under the present experimental conditions, the nitrite would not be accumulated in Fe0-SBR
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system, and NH3-N conversion followed the traditional
nitrification pathway:
ammonia→nitrite→nitrate.
0

3.2.3 The effect of Fe on TN removal

The removal efficiency of TN in 1# was stable (Fig.
5(d)). The reasons might be attributed to the chemical
reduction or biological action, which must be determined
by the verification tests. Fig. 5(e) shows the chemical
reduction of nitrate by Fe0 for 3 h. The results showed that
chemical reduction effect was not distinct when the pH
was above 4.18. Instead of N2, the final reaction product
was ammonia. Therefore, the promotion of TN removal
effect was mainly attributed to the Fe0-enhanced biological treatment.
The removal of ammonia through assimilation by the
microorganisms can be calculated via equation (1) [16]:

Na =

0.125BOD5 YH
1+θ c b H

(1)

where, Na (mg·L-1) is the ammonia removal from influent by assimilation of the microorganisms, BOD5
(mg·L-1) is biochemical oxygen demand for 5 days in
influent, YH (mgVSS/mgBOD5) is yield coefficient of
heterotrophic microorganism, θc (d) is solid retention
time, and bH (d-1) is attenuation coefficient of heterotrophic microorganism.
During a running cycle (Fig. 3), the average BOD5
was 90 mg·L-1, and the θc was 7 days. The typical YH
value ranges from 0.6 to 0.9. Herein, YH value of 0.6 mg
VSS/mg BOD5 and bH value of 0.15 d-1 were used, respectively [16]. By equation (1), the removal of 3.29 mg
NH3-N·L-1 equals to 11.3 mg TN·L-1 removed by assimilation of the microorganisms. Compared with the experimental result (Fig. 3(d)), the removal amount of TN
ranged from 8 to 13 mg·L-1 after 4-h aeration. So, the
degradation of TN was mainly attributed to the assimilation of the microorganisms enhanced by Fe0. In addition,
Fe0 also promoted the biological denitrification process.
0

3.2.4 The effect of Fe on the phosphorus removal

According to Fig. 3(e)-(f), the trends of phosphate and
TP in 1# and 2# were similar. To reveal the mechanism of
phosphate and TP removal in the two reactors, the phosphate components of the activated sludge were determined.
The classification of phosphorus and the meaning of abbreviations are displayed in Tables 2 and 3, respectively.
The results of method 1 [19] are displayed in Fig. 6(a).
It was shown that CP, which accounted for 74.37 and
62.68% in the sludge of 1# and 2#, respectively, was the
main P component. So, the chemical precipitation reaction
was the major removal mechanism of P. Moreover, the conTABLE 2 - The classification of phosphorus [17, 18].
Classification

Component
Dissolved orthophosphate
Dissolved organic P
Adsorbed organic P on the surface
Organic P bounded to Fe and Ca
Biological fixation P (BP)
Major part of organic and humic P
Refractory organic P
Adsorbed orthophosphate on the surface
Soluble phosphorus, FePO4 and part of phosphate adsorbed to Fe(OH)3, Mn(OH)4,
calcium phosphate, calcium hydrophosphate and calcium biphosphate
Chemical combined P (CP)
Adsorbed(bound) P to iron complex, clay materials and aluminum oxides
Adsorbed (bound) P to apatite compounds and some carbonate matrix
a
RP=reactive phosphate; bNRP=non-reactive phosphate; cBD=buffered dithionite
Dissolved P (DP)

TABLE 3 - The meaning of abbreviations.
Component
Dissolved P
Al-P
Fe-P
Oc-P
Ca-P

Commentary
Labile, loosely bound and adsorbed P
The P bound to aluminum ion
The P bound to iron ion
occluded phosphate
The P bound to calcium ion
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Abbreviation
PS-RPa
PS-NRPb
CW-NRP
BD-NRP
NaOH-NRP
HCl-NRP
CW-RP
BDc-RP
NaOH-RP
HCl-RP
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FIGURE 6 - The analysis of P components: (a) Method 1, (b) Method 2.

centration of NaOH-RP component which is considered to
be stable in water was by 17% higher in 1# than in 2#. It
was mainly attributed to the integrated precipitation and
adsorption reaction resulting from Fe2+ and Fe3+ which
were generated by the corrosion of Fe0. The concentration
of BD-RP component which can be released again, was
16.4% in the activated sludge of 2#, while it was only
7.4% in 1#. That means, the P removal effect of 1# was
more stable than that of 2#.
TABLE 4 - The Ksp of the precipitates.
Precipitate
FePO4
FePO4·2H2O
AlPO4
Fe(OH)3
Al(OH)3

Ksp
1.3×10-22
9.92×10-29
9.84×10-21
2.79×10-39
1.1×10-33

In method 1, the components of P were compartmentalized into 10 sections, but the Fe-P and Al-P could
not be distinguished. So, the method 2 [20] was used. The
results are displayed in Fig. 6(b). The main trends were
similar to that in method 1. The contents of occluded phosphate which was more stable than the other P components
accounted for 22.45 and 10.85% in the sludge of 1# and 2#,
respectively, while the DP was just at the reverse. That
means both the P removal effect and stability of 1# were
better than those of 2#. Fe-P was the main P component
in 1#, while Al-P was the main P component in 2#. It was
confirmed again that the major P removal mechanism was
chemical precipitation reaction, and Fe2+ and Fe3+ promoted
the P removal effect. Under the same influent conditions,
the Al-P in 1# was only 7.8% but about 30% in 2#. The Ksp
of the precipitates may explain the reasons (Table 4). When
Fe3+ and Al3+ coexist in the same system, the PO43- will be

precipitated by Fe3+ firstly. Moreover, the Fe3+ concentration in 1# was much higher while the Al3+ concentration
was the same. So, it led to the content differences of Fe-P
and Al-P in the two reactors.
0

3.2.5 The effect of Fe on the activated sludge

Fe2+, Fe3+, and their hydrolysates existed in 1# by the
corrosion of Fe0. Therefore, the sludge of 1# contained
more inorganic substances, such as Fe(OH)3 and FePO4.
After the first month, the MLVSS/MLSS of 1# was 0.769
(MLSS 5060 mg·L-1), and it was stable at 0.643-0.653 in
the next 2 months (MLSS 6448-6864 mg·L-1), while 2#
maintained about 0.89 (maximum MLSS 5576 mg·L-1)
during the 3 months. Compared with 2#, the settling velocity (SV) of sludge in 1# was slightly higher by 10%
(data not shown). The CST of 1# was 20.5 s while it was
30.5 s in 2#. It means the dewatering performance of Fe0SBR system was better than that of the typical SBR system. The sludge particle size in the two reactors showed a
normal logarithmic distribution (data not shown), and
both average sludge particle sizes of the two reactors were
about 77 µm. That means that inorganic iron corrosion
products will not destruct the flocs.
4 CONCLUSIONS
The scrap cast iron combined SBR, which can continuously generate Fe2+ and Fe3+ by corrosion, was used
to treat municipal sewage. Compared with the typical
SBR, the Fe0 improved the performance of the biological
treatment. The removal efficiency rates of PO3-4-P and TP
in the effluent of Fe0-SBR were by 142% and 58% higher
than those of typical SBR, respectively, and the precipitated phosphorus would not be released again. The aver-
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age NH3-N and TN removal efficiencies of the Fe0-SBR
were about 10% and 30% higher than those of typical
SBR, respectively, and did not fluctuate with the influent
changing. Additionally, the growth of heterotrophic microorganisms was not inhibited in the presence of Fe0.
The average TFe in the effluent was less than 3 mg.L-1
and would not cause new pollution. The Fe0 also improved the setting and dewatering performance of sludge.
In the Fe0-SBR, the removal of N still depended on the
biological assimilation and denitrification. The Fe0 improved the performance of corresponding microorganisms, and the removal of P was mainly attributed to the
integrated precipitation and adsorption reaction by Fe2+,
Fe3+ and their hydrolysis products. That may provide a
new way for metal solid waste disposal.
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WASTEWATER FROM LEAD-ZINC SULFIDE ORES
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ABSTRACT
Flotation wastewater discharged directly into the environment may lead to pollution and ecological damage.
The adsorption capacity, neutralization and settling ability
of modified fly ash could be greatly improved to adsorb
heavy metals and neutralize acidity from flotation
wastewater. Under the conditions of pH 7-11, lead ions =50
mg/L, zinc ions =50 mg/L, copper ions = 50 mg/L, the
effluent quality treated by modified fly ash could reach
lead ions <1mg/L, zinc ions <1mg/L, and copper ions
<0.5 mg/L. With a long period of sunlight irradiation,
CODcr could be degraded slowly but the functional
groups of flotation reagents could not be changed. Biological aerated filter (BAF) process uses a spherical light
weight aggregate as filter material to treat flotation
wastewater. With the following raw water quality (pH 6-8,
CODcr = 300-400 mg/L, DO, HRT, filter material height
being controlled), the CODcr removal rate of treated effluent could reach 67.47%. The total effluent quality could
reach “Emission Standard of Pollutants for Lead and Zinc
Industry (GB-25466-2010)”.

KEYWORDS:
Pb-Zn sulfide ores, flotation wastewater, sunlight degradation,
modified fly ash, Biological aerated filter (BAF), simulated.

1 INTRODUCTION
In China, wastewater discharge from mineral processing and smelting industry occupies 12% of the whole
national industrial wastewater discharge. The direct discharge of flotation wastewater has caused severe environmental pollution and ecological destruction. Improving
wastewater treatment rate together with recyclable utilization is one of the important environmental protection
methods for the mineral processing and smelting industry
to meet the target of energy-saving and emissionreduction [1, 2].

Flotation reagents are adapted during mineral processing, including trapping agents (xanthate, aerofloat),
depres* Corresponding author

sant (cyanide salt, water glass), frother (pine root oil, cresol),
surfactant (copper sulfate, heavy metal salts), curing agent
(sodium sulfide), and pulp regulators (sulfuric acid, lime)
[3]. The characteristics of flotation wastewater quality are
high heavy metal concentrations, low biodegradability,
high total dissolved solids, high foamability, and high toxicity [4, 5].
Because of its porous morphology and the alkaline
oxide composition, fly ash can be used to treat acid
wastewater and adsorb kinds of heavy metal ions. Undisturbed fly ash adsorption capacity is finite and the settling
property is poor [6, 7]. In order to improve the properties
of undisturbed fly ash, this research conducts in the optimum modifier and modified process of undisturbed fly
ash, as well as the preliminary study of the treatment
mechanism and the adsorption kinetics [8].
Biological aerated filter (BAF) process uses spherical
light weight aggregates as filter material to treat flotation
wastewater. The advantages of BAF process are high treatment efficiency, small floor area, plentiful biofacies, stronger
ability for resisting shock load and toxic substances, good
effect on entrapping SS, and combined biological oxidation
and biological filter into one system [9, 10].
Considering the high levels of heavy metals and low
biodegradability of flotation wastewater, the treatment
process adapts modified fly ash to adsorb all kinds of toxic
metals; furthermore, anaerobic pretreatment improves the
biodegradability and aerobic BAF degrades CODcr. Thus,
the total effluent quality could reach “Emission Standard
of Pollutants for Lead and Zinc Industry (GB-254662010)”.
2 MATERIALS AND METHODS
2.1 Experimental materials
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Combined with the practicable draining situation of
mineral processing, in the laboratory, aniline aerofloat,
butyl xanthate, ethyl thiocarbamate, octadecyl amine, and
turpentine were mixed in proportion of 1:1:1:1:1. Copper

sulfate, zinc sulfate and lead(II) chloride were mixed to
prepare for heavy metal ions solution. Qualitatively, the
prepared simulated flotation wastewater is listed in Table 1.

TABLE 1 - Prepared simulated flotation wastewater quality characteristics and effluent standard.
Items
Simulated wastewater
Effluent standards

BOD5
mg/L
27-55
-

CODcr
mg/L
300-400
<100

pH
6-9
6-9

Cu2+
mg/L
50
<0.5

Zn2+
mg/L
50
<2.0

Pb2+
mg/L
50
<1.0

FIGURE 1 - Schematic diagram of flotation wastewater treatment process.

2.2 Experimental device

Flocculation reactor and BAF were made up with
PMMA film. The dimension of reaction zone equipped with
a stirring paddle and the size was 20×40×50 cm; however,
inclined lamellar precipitation zone was 40×40×50 cm.
Anaerobic BAF and aerobic BAF equipped with tubular
high resistance water distribution system was 15×150 cm.
Spherical light weight aggregate as filter material was
110 cm high. A Microporous aerator supplied oxygen and
back washing system prevented filter blockage. The schematic diagram of flotation wastewater treatment process is
illustrated in Fig. 1.
2.3 Experimental method

Various common modifiers, such as NaOH, CaO,
Na2CO3, NaCl, HCl, and H2SO4, were selected to prepare for
solution with 1 mol/L concentration. Preparatory conditions
of modified fly ash were as follows: the ratio of undisturbed fly ash and modifier solution was 1 g:10 ml. Mix-

ing and stirring rate was 350 rpm. Reaction time was 8 h,
drying was done at 150 °C, as well as grinding and sieving to prepare the modified fly ash.
Combining natural concentration with artificial inoculation, the method of BAF culturing was used continuously for the influent. After 20 days, there was a thick
light brown biofilm on the filter surface.
3 RESULTS AND ANALYSIS
3.1 Experiments of modified fly ash

3 g of modified fly ash contained modifiers, such as
NaOH, CaO, Na2CO3, NaCl, HCl, and H2SO4, and undisturbed fly ash, under the experimental conditions of stirring (350 rpm), reaction time (30 min), reaction temperature (30 °C), sedimentation time (30 min). The removal
efficiencies and effluent concentrations of Cu2+, Pb2+, and
Zn2+ are shown in Fig. 2.
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FIGURE 2 - Removal efficiency of heavy metals by different modifiers
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FIGURE 4 - Infrared spectrum analysis of simulated flotation wastewater and flotation wastewater after 36-h exposure to light.
3.3 The influence of HRT on BAF process

The experimental results showed that the removal efficiency of Cu, Pb and Zn by different modified fly ashes
was higher than that of undisturbed fly ash. The sequence
of removal efficiency of different modifiers was Na2CO3>
CaO >NaOH> NaCl> H2SO4> HCl> undisturbed fly ash.
When treating/modifying fly ash with Na2CO3, the effluent concentrations of Cu, Pb and Zn were 0.12, 0.26 and
0.56 mg/L, respectively, and could reach “Emission
Standard of Pollutants for Lead and Zinc Industry (GB25466-2010)”. Experimental results suggest that Na2CO3
was the optimum modifier.
3.2 CODcr removal efficiency of natural photodegradation to
simulated flotation wastewater

In actual mineral processing, photo degradation was
often used to treat flotation wastewater. Photo degradation
experiment was designed under the condition to analyze
the degradation process and mechanism. Simulated flotation wastewater was exposed under natural light for 0, 24,
48, 96, 144, 192, and 216 h. The experimental results are
shown in Figs. 3 and 4.
According to the experimental results of Figs. 3 and 4,
natural light exposure was effective on CODcr removal of
simulated flotation wastewater, but the light exposure time
was too long for practical engineering. Meanwhile the infrared spectrum analysis results showed that the wave crests
occurred at the same location. It could be inferred that
natural light exposure could not change the groups of
simulated flotation wastewater.

HRT is a key factor to BAF process which could directly influence the biofilm and decrease effluent quality.
Experimental HRT of anaerobic BAF and aerobic BAF
was designed as 12, 24 and 36 h, respectively. The removal
efficiency of CODcr and B/C change of anaerobic BAF are
shown in Fig. 5 and Table 2.
The results of Fig. 5 showed that the removal efficiency of anaerobic BAF was not noticeable. Under different HRT, the removal rate ranged between 6.5338.53%, but the removal rate of aerobic BAF was increased gradually with the increase of HRT, when HRT of
BAF process was 36 h, the effluent CODcr was below 80
mg/L, which could reach Emission Standard of Pollutants
for Lead and Zinc Industry (GB-25466-2010), and removal rate ranged between 60-80%. Table 2 depicts that
anaerobic BAF can improve the biochemical degradation
of flotation wastewater with B/C increasing from 0.16 to
0.32, which was beneficial to subsequent biological treatment.
3.4 The effect of influent CODcr concentration on BAF process

Considering the biological toxicity and difficulty of
flotation wastewater biodegradation, the experiment had
been designed to investigate the influent CODcr concentration effects on removal efficiency. The experimental results are presented in Table 3.
In Table 3, it was observed that BAF process had
strong anti-shock loading capability. Influent CODcr con-
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FIGURE 5 - Influence of HRT on CODcr removal efficiency of simulated flotation wastewater

TABLE 2 - B/C of anaerobic BAF
Serial Number
1
2
3

BOD5 (mg/L)
influent
effluent
47.16
56.45
30.08
30.81
50.22
58.39

influent

COD (mg/L)
effluent

257.83
189.45
277.45

188.18
102.71
182.48

centration was about 300-350 mg/L, while the removal rate
was >82.37%. When influent CODcr concentration was
higher than 400 mg/L, the removal rate decreased quickly;
however, the biofilm even being deactivated.
TABLE 3 - Experimental results of influent CODcr concentration
effects on removal efficiency.
Influent concentration
(mg/L)
200-250
250-300
300-350
400

Removal Rate (%)
72.01
77.04
82.37
<50.32

3.5 The effect of DO concentration on BAF process

DO is an important influencing factor for biofilm growth
and removal efficiency. When DO is lower than 2 mg/L,
activity of aerobes and metabolism of organic compounds
are limited. DO concentration was taken as 2, 3, 4, and
5 mg/L, to research on the influencing effect of DO concentration on CODcr removal efficiency. Experimental
results are shown in Fig. 6.
Influent CODcr concentration of flotation wastewater
being 250 mg/L, when DO concentration was controlled at
2 mg/L, CODcr removal rate was steady at about 53.71%;
when DO was 4 mg/L, CODcr removal rate was increased
as high as 73.29%; when DO was increased to 5 mg/L,
removal rate was decreased to 58.48%. DO concentration
increase means aeration rate increase. Suitable aeration rate
could maintain biofilm regenerated and promote metabolism

Influent B/C

Effluent B/C

0.18
0.16
0.18

0.30
0.30
0.32

of organic compounds. Excessive aeration could lead to
biofilm detachment, thus affecting removal efficiency.
3.6 The effect of filling height on BAF process

As a plug flow reactor, generally microbes attached
and species distribution in BAF process were influenced
by filling height. Experiment was designed to study CODcr
removal rate with different filling heights. Experimental
results are shown in Fig. 7.
In Fig. 7, the removal rate of different filling heights
was obviously different. When filling height was 30 cm,
CODcr removal rate was >42.44%, which was much higher
than that of 60 and 90 cm filling heights. From the bottom,
when the first filling height was supplied with more DO
and nutritional conditions of influent, the amount of attached microbe growth was large and removal rate was
high. When filling height was 60 cm, some fine organic
compounds could reach this height, and about 15% CODcr
could be removed in this filling height. When filling
height was 90 cm, hydraulic conditions, nutritional status
and DO level were all poor; thus, CODcr removal rate
was not obvious.
3.7 Experimental results of continuous operation of modified
fly ash and BAF treatment process

In order to test the reliable operation and removal stabilization of modified fly ash and BAF treatment process,
this process was operated continuously and sampled as
well as monitored every other day. Experimental results
are shown in Fig. 8.
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The experimental results of Fig. 8 showed that modified fly ash combined with BAF treatment process could
effectively eliminate heavy metals and CODcr, and CODcr
concentration ranged between 50-65 mg/L, Pb ranged
between 0.2-0.6 mg/L, Zn ranged between 0.3-1.2 mg/L,
and Cu ranged between 0.1-0.4 mg/L. All the effluent parameters reached Emission Standard of Pollutants for Lead
and Zinc Industry (GB-25466-2010).

4 CONCLUSIONS
This study could provide technical reference for flotation wastewater treatment including: (1) Under conditions
of the ratio of undisturbed fly ash and modifier solution
being 1 g:10 ml, mixing and stirring rate being 350 rpm,
reaction time being 8 h, drying at 150 °C, and Na2CO3
used as optimum modifier. (2) Under conditions of HRT
= 36 h, DO = 4 mg/L, effluent CODcr level <400 mg/L,
anaerobics + aerobics, BAF could effectively eliminate
CODcr. (3) Continuous operating experiments showed that
removal efficiency of modified fly ash + BAF was stabilized.
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All the effluent parameters reached Emission Standard of
Pollutants for Lead and Zinc Industry (GB-25466-2010).
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ABSTRACT

1 INTRODUCTION

The metallothionein, total protein, cadmium, mercury
and copper contents were measured in soluble fractions
(cytosol) of gills, kidney, intestine, muscle and liver of wild
Persian sturgeon (Acipenser persicus) caught from the coast
of the southern part of the Caspian Sea and a fish rearing
pond (1-year old fish from a hatchery centre). The
concentration of metallothionein (MT) was in the range of
21.87-154.66 µg per g wet weight. MT in mature sturgeon
was significantly higher than in 1-year old fish (p ≤0.05).The
trend of MT concentration in the cytosol of tissues was as
follows: liver> intestine> kidney> gills> muscle.
There was a positive correlation of MT with Cu and
Cd in liver and kidney as well as MT with Cu in the intestine (P ≤0.05). So, hepatic and renal MT can be introduced
as biomarker of Cu and Cd concentration in wild Persian
sturgeon. Correlation of Hg and MT was not significant in
any of the experimental tissues (P ≥0.05), but Hg concentration in the cytosol of gills was higher than the other
metals, according to its remarkable presence in the soluble
part of this tissue.
The trend of cytosolic total protein in tissues was as
follows: liver> gill> kidney> intestine> muscle. Significant
difference between cytosolic proteins in both age groups
was not observed (P ≥0.05). Also, there was no correlation
between cytosolic metal concentration and total protein in
each tissue (P ≥0.05). Therefore, total proteins are not
suggested as a suitable biomarker of metal pollution in
wild Persian sturgeon.

KEYWORDS: Metallothionein, Persian sturgeon, cadmium, mercury, copper, total protein

* Corresponding author

Toxic metals are non-degradable and highly persistent
in aquatic environments. Therefore, they can be incorporated
by organisms and have been a potential environmental threat
for several decades. These metals enter surface waters from
various sources including industrial wastewater, domestic
sewage, urban storm runoff, and atmospheric precipitation
[1, 2].
Since chemical monitoring in water and biota is technically and financially demanding, and does not give information about effects of metals at subcellular level, there
is an increasing requirement for shifting to biomarkers`
determination [3-5]. Biomarkers provide qualitative measure of exposure, effects to toxic chemicals, or environmental
stresses.
The most famous biomarker of metal exposure is
metallothionein (MT) which plays a role in homeostatic
control of essential metals (Zn and Cu), and also detoxifies some metals (Hg and Cd) in organisms [6-8].
MT was measured and applied as a potential biomarker
of metal pollution in many investigations [9-15]. Several in
vivo studies were done to investigate MT synthesis, and
induction in fish after exposure to different metals, too [1,
2, 12, 16-21].
This study was done on Persian sturgeon (Acipenser
persicus) which is one of the most economically important
fishes in the Caspian Sea, and the stocks of which have decreased during recent years. Caspian Sea is an enclosed
aquatic ecosystem that accepts heavy load of anthropogenic
metals. This study was conducted to identify concentrations
of Cu, Hg, Cd, and metallothioneins as specific biomarker
of metal exposure, and total protein as a non-specific biomarker in soluble fractions of liver, kidney, gill, muscle
and intestine of Persian sturgeon. Also, it was performed
to determine the possible relationship between MT and
total protein of each experimental tissue with the levels of
the mentioned metals in order to survey detoxification role
of MT in this species, and the possibility of introducing a
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tissue as indicator of metal pollution. Also, the dependence
of MT on age and weight was examined. Two groups of
fish were investigated. One group was 1-year old fish
reared in Shahid Dr Beheshty Hatchery centre, and another
group was 13-19-years old fish caught from the southern
part of Caspian Sea (Guilan province). This is the first
research on MT and total protein in soluble fractions of
different tissues of wild sturgeon fish.

2.1 Sampling

season of 2010 in the main spawning grounds of Guilan
province, Iran (southern part of Caspian Sea). The biological characteristics including total length and weight were
recorded. The average length, weight and age of the fish
were 173.40±17.69 cm, 26.50±7.58 kg, and 15.9±1.65,
respectively. The age of specimens was determined using
pectoral fin sections. For this purpose, the fin was cut and
sawed. The section was soaked in boiling water to remove
adhering skin and cartilage. Then, 0.4-0.6 mm sections of
it were cut and placed in 50% glycerine for 24 h in order
to clarify dark and light circles. The number of dark and
light circles was counted to indicate fish age.

Our investigation was carried out on 25 migratory
sexually mature Persian sturgeons (Acipenser persicus)
(13-19 years old) captured by gillnets during the fishing

Also, 21 one-year old Persian sturgeon weighing 120 200 g were obtained from the Shahid Dr Beheshti Hatchery
(Guilan Province - South Caspian Sea).

2 MATERIALS AND METHODS

FIGURE 1 - Sampling locations of fish in Caspian Sea.
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The tissues (gill, liver, intestine and kidney) were dissected from fish and rinsed with distilled water to remove
the adhering blood, and maintained in liquid nitrogen for
24 h, and then in a −50 °C freezer until analysis.
2.2 Labware

All plastic labware used for sample collection and
storage were acid-washed prior to use by soaking in 15%
nitric acid for 24 h to minimize trace metal contamination,
followed by repeatedly rinsing in high-purity water. After
rinsing, the labware was placed to dry under a hood.
2.3 Measurement of MT

Measurements of MT concentrations in the liver, kidney, intestine and gill were performed according to Viarengo method (1997) [22]. The samples were homogenized on ice in sucrose–TRIS buffer with phenylmethylsulfonyl flouride (PMSF, Sigma) (1.5 µl ml_1) and β-mercaptoethanol (Sigma) (0.1 µl ml_1) in 1:3 (w/v) ratio using a
Polytron PT 3100 homogenizer (Switzerland). The homogenates were centrifuged at 30,000g for 60 min at 0 °C
using a Tomy Superma 25 centrifuge (Japan). 1.05 ml
EtOH (99%, -20 °C) and 80 µl of chloroform were added
to one ml of the supernatant (S30). Then, samples were
mixed with a Vortex for 2 min. The samples were centrifuged at 6000g for 10 min at 0 °C. The resultant supernatants were collected and their volumes measured using a
pipette (1.8 ml). Finally, 40 µl of 37% HCl and 3-fold
sample volume of EtOH (ca. 5.4 ml) were added. After
storing the samples at -20 °C for 1 h (protein precipitation),
they were centrifuged at 6000·g for 10 min. The supernatants were discarded and the pellet was treated with 2 ml
washing solution (17.4 ml 87% v/v EtOH + 0.2 ml 1% v/v
chloroform + 2.4 ml of 12% v/v sucrose–TRIS buffer) for
3 times. The samples were again centrifuged at 6000g for
10 min at 0 °C, the supernatant was discarded, and the
pellet dried under a nitrogen gas stream for 10 min. The dry
pellets were added to 150 µl of 0.25 M NaCl and 150 µl of
1 N HCl containing 4 mM EDTA (Merck, Germany) and
mixed with a Vortex. 4.2 ml of DTNB (Merck, Germany)
dissolved in phosphate buffer (pH=8) was added to the
samples, and they were centrifuged at 3000g for 5 min at
room temperature. The absorbance of the samples was
measured at 412 nm using a Varian (Cary 300, Australia)
spectrophotometer and plotted against the concentration of
reduced glutathione (GSH) (Merck, Germany) as standard.
2.4 Metal determination

The supernatants (S30) were digested with three volumes of concentrated nitric acid (HNO3) and heated at 90 °C
for 4 h. When fumes were white and the solution was
completely clear, the samples were cooled to room temperature and the tubes were filled up to 5 ml with ultrapure water.
The determination of metals in cytosol was done by
Inductively Coupled Plasma (ICP) analysis (Shimadzu,
Series 7000, Japan). The emissions of Cd, Cu and Hg were

read at 228, 324 and 253 nm, respectively. The detection
limit of ICP was 0.8 µg per L.
2.5 Protein determination

Total cytosolic protein was measured in supernatants
(S30) of different tissues according to Bradford method
(1976) using Bovine Serum Albumin (BSA) (Sigma-Aldrich) as standard and reading absorbance at 595 nm using a Cary 300 spectrophotometer (Varian) [21].
2.6 Statistical analysis

All data were presented as the average ± standard deviation (Xmean ± S.D.) of replicate measurements. To identify significant differences, one-way analysis of variance
(ANOVA) was applied. When the assumptions of the
ANOVA and t-test were not satisfied, non-parametric
Kruskal–Wallis comparison test was used. Correlations
between variables (Cd, Hg and Cu concentrations, and MT
levels of cytosol) were tested with the Spearman correlation test. Also, the correlation between MT and experimental metals with age and weight of fish was measured.
The level of significance was set at 0.05. Statistical
analyses were performed using the SPSS 17 software.
3 RESULTS
The metallothionein concentrations in five analyzed
tissues ranged from 21.87-154.66 µg g-1 wet weight. As
shown in Table 1, the trend of MT content in tissues was
liver> intestine> kidney> gill> muscle.
TABLE 1 - Metallothionein in different tissues of Caspian Sea fish
(means ± S.D.)
MT (µg g-1 ww)
1-year old (n=21)
13-19 years old (n=25)
Liver
57.44±1.02 a
83.42±10.21 a
Kidney
40.95±0.81 a
68.37±4.62 a
a
Intestine
45.73±3.69
80.36±2.09 a
a
Gill
29.78±1.34
61.19±2.78 a
Muscle
27.93±8.54
23.82±4.09
ww = wet weight; a statistically significant differences of MT levels
between both age groups at significance level of p<0.05
Tissue

The Cd content of tissue cytosols was in the range of
0-779.97 µg L-1 cytosol, and the highest value was observed
in kidney. The lowest levels were observed in intestine,
muscle and gills.
Mercury in the cytosol ranged between 98.071956.99 µg L-1, and maximum and minimum values were
in liver and muscle, respectively. The mean concentration
of mercury in cytosol was highest in gill, followed by
liver, kidney, intestine and muscle, respectively.
Copper concentration in the cytosol was in the range
of 26.40-1047.98 µg L-1. The highest and lowest levels
were analyzed in liver and muscle, respectively. The concentration of Cu in the cytosol of tissues was in the following order: liver> kidney> intestine> gill> muscle.

1415

© by PSP Volume 22 – No 5. 2013

Fresenius Environmental Bulletin

TABLE 2 - Cytosolic metal concentrations in different tissues of
wild Persian sturgeon (n=25; means ± S.D.).
Tissue
Cd (µg L-1)
Liver
203.44±80.91
Kidney
191.27±100.47
Intestine
nd
Gill
nd
Muscle
nd
nd: Less than detection limit

Hg (µg L-1)
1226.20±214.79
1063.60±148.51
580.62±49.40
1254.80±157.68
141.87±16.02

Cu (µg L-1)
662.05±129.38
418.92±47.43
359.22±30.75
289.70±34.33
238.56±5.24

The results of Mann-Whitney U-test showed that MT
in mature fish was significantly higher than in 1-year old
ones in all tissues, except for muscle (p ≤0.05). In liver,
correlation coefficient of determination of MT and Cd was
0.850 (p ≤0.01). There was also a positive correlation between cytosolic Cd with age and weight of fish (p ≤0.05)
while correlation coefficient of determination of age and
weight with Cu level was 0.881 (p ≤0.01).
There was also a positive correlation between Cd
(r2=0.731) and Cu (r2=0.762) with MT in the kidney (p
≤0.05). Cu and Cd in the cytosol of the kidney were agedependent. There was not any significant correlation
between MT and Hg in liver and kidney tissues (p ≥0.05).
In intestine, only a positive correlation (r2=0.726) between Cu and MT was observed (p ≤0.05) while MT did
not show any positive relation with Cd and Hg in this
tissue (p≥ 0.05).
Significant correlations between metals and MT in
cytosols of muscle and gill were not observed but there
was positive correlation between MT and age of fish in
kidney, liver, muscle, intestine and gill tissues (p <0.01).
Cytosolic total protein concentrations of liver, gills,
kidney, muscle and intestine are shown in Table 3. The
trend of total protein in tissues was as follows: liver>
gill> kidney> intestine> muscle. Significant correlation
between total protein and metal concentration in experimental tissues was not observed (p ≥0.05). Also, no significant difference of total protein was observed between
1-year and 13-19-years old groups of fish in any of the
analyzed tissues (p ≥0.05).
TABLE 3 - Total cytosolic protein in different tissues of Persian
sturgeon (means ± SD).
Protein (mg ml-1 solution)
Tissue
Liver
Kidney
Intestine
Gill
Muscle

1 year old (n=21)

13-19 years old (n=25)

14.967±0.529
12.597±0.283
10.723±0.120
13.058±0.355
9.757±0.317

15.345±0.214
12.116±0.473
9.845±0.153
14.251±0.352
10.139±0.043

4 DISCUSSION
As seen in Table 1, average MT concentration in liver,
kidney, intestine and gills of 13-19 years old fish was significantly (p<0.05) higher than that of 1-year old Caspian
sea fish, probably caused by longer exposure periods to

different MT-inducing metals. This is in agreement with
Filipović Marijić and Raspor [24] who showed positive
correlation between the age and renal MT of red mullet
(Mullus barbatus) caught along the coasts of the Mediterranean Sea. Also, Bonvick et al. [25] pointed out that Cd,
Zn-MT concentration in liver of roach (Rutilus rutilus)
was increased with age. Bebianno et al. [26] investigated
MT in four different length and age groups of scabbardfish (Aphanopus carbo) and found that MT was decreased
in gill and muscle with increasing age and length, but was
increased in the liver.
The trend of MT in different tissues was in the following order: liver> intestine> kidney> gill> muscle, and
comparable to Campenhout et al. [27] who analyzed MT,
Cu, Zn and Cd in the cytosol of liver, kidney and gills of
gibel carp (Carassius auratus gibelio) caught from 6 differently polluted regions, and reported the highest MT
levels in liver compared to the other tissues. Filipović and
Raspor {[28] reported the highest MT levels in liver,
followed by kidney and brain of Liza aurata. Also, Ghedira et al. [20] found that, after injection of Cd and Cu to
fish (Sparus aurata), the MT induction was more pronounced in liver (p <0.01), followed by kidney and gills
(p <0.05).
According to our results, Krizkova et al. [29] found
higher MT concentrations in the liver and spleen than gonad and muscle of perch (Perca fluviatilis), although there
were some researchers who reported higher MT content in
kidney than liver [30].
Hermesz et al. [31] studied tissue-specific induction
of MT after Cd exposure which resulted in higher content
of MT-mRNA in the liver than kidney. They suggested that
Cd is primarily adsorbed on the liver and binds to MT
being transported to the kidney. In tissues, MT-metal complexes dissociate in lysosomes and released metals can
induce MT synthesis [32].
Based on the results, among the measured metals (Cu,
Cd and Hg), Hg concentration (1254.8±157.7 µg L-1 cytosol of the gill) was more. Minimum concentration was
related to Cd (< 0.5 µg L-1) in intestine and gill tissues. As
a whole, mean Hg and Cd concentrations were maximum
and minimum, respectively.
The trends of different metals in various tissues are as
follows:
Cd: Liver> kidney> intestine ≈gill ≈muscle
Hg: gill> liver> kidney> intestine> muscle
Cu: liver> kidney> intestine> gill> muscle
Such a metal distribution is in agreement with Filipović Marijić and Raspor [33], who reported the highest Cu
and Cd concentrations in liver, compared to the kidney and
intestine of Mullus barbatus.
There was a significant positive correlation (p ≤0.05)
between Cd in cytosol of the liver with age and weight of
fish (r2=0.771 for age and r2=0.714 for weight). The findings herein are in agreement with Filipović Marijić and
Raspor [33] who found that age-related Cd increase was
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faster in liver than in kidney of Mullus barbatus. Also,
Olsvic et al. [34] introduced kidney and liver as two important Cd accumulators.
According to the results, Hg levels in the cytosol of
gill were higher with regard to the other tissues, probably
due to unequal fractionation of Hg between soluble (cytosol) and insoluble fraction of this tissue. Bebianno et al.
[26] measured Hg in different fractions of liver, gill and
muscle of scabbardfish (Aphanopus carbo) and mentioned
that in the gills of fish, 61% of Hg was in the soluble
(cytosol) fraction. But, there were 90 and 80% of mercury
in the insoluble fraction of muscle and liver, respectively.
The Spearman correlation analysis of above-mentioned
metals with MT in liver, kidney, intestine, muscle and gill
shows that there was no significant correlation between
MT and metal concentrations in gill and muscle tissues (p
≥0.05), but in the liver, MT with Cu and Cd had a significant positive correlation (p ≤0.05). Also, MT showed a
positive correlation with Cd and Cu in the kidney but only
with Cu in the intestine (p ≤0.05). There was not significant correlation between MT and Hg level in the cytosol
of experimental tissues (p ≥0.05).
Urena et al. [30] observed positive significant correlations between MT and Cu in the liver (r2= 0.737, p
≤0.01), and between MT and Cd in the kidney (r2 = 0.848,
p ≤0.01) relating it to high binding capacity of MT to Cd.
But, they did not observe significant correlations between
MT content with other metals like Hg, Zn, Fe, Pb and Mn
that is somehow in agreement with the results herein.
Positive correlation between MT and Cu was also
found in liver and kidney of red mullet [24], in liver of
striped red mullet and golden grey mullet [28], and in intestine of red mullet [35], in accordance with our results.
Also, Giguere et al. [36] suggested intestine as an indicator tissue for Cu exposure, because there was a strong
positive correlation (p<0.01) between MT and Cu in this
tissue (r2=0.81) confirming our results.
Rhee et al. [37] studied the correlation of Cu, Zn and
Cd with MT in brain, gonad, intestine and liver tissues,
and concluded that Cd was the strongest tilapia MT inducer among metals in killifish that is also consistent with
this work.
Atli and Canli [2] concluded that after tilapia exposure to Cu, Cd and Zn, only Cd was MT inducer in liver
(p<0.05), and that is also shown in this research. But they
did not mention positive correlation between Cu and MT
in the liver.
Ghedira et al. [20] found the highest synthesis of MT
and Cu and Cd concentrations in the liver of sea bream
(Sparus aurata), in agreement with our results.

Marijić and Raspor [40] measured cytosolic total protein
of gills, intestine and liver of chub (Squalius cephalus L.)
and reported that total cytosolic protein concentrations in
3 tissues followed the order: liver>intestine>gills. Our
results showed that the highest and the lowest cytosolic
total protein amounts were detected in liver and muscle,
respectively. Shariati et al. [41] exposed Persian sturgeon to
different concentrations of water-borne Cd and found that
cytosolic total protein of liver was decreased after 14 days.
As no significant correlation between cytosolic metals and
total protein of each tissue was observed, it was not suggested as a non-specific biomarker of metal pollution in
low metal concentration.
5 CONCLUSION
As there were positive correlations between MT with
Cu and Cd in liver and kidney, and with Cu in intestine,
MT in those tissues can be used as biomarker for the mentioned metals. Also, MT and Cu and Cd were age-dependent
in kidney and liver. In the kidney, there was no significant
correlation between metals and MT in gill and muscle.
Cytosolic total protein content trend was as follows:
liver> gill> kidney> intestine> muscle, and there was no
significant difference between age groups (p ≥0.05). Also,
no correlation between cytosolic Cu, Cd and Hg with total
protein was observed. So, it seems that total protein is not a
suitable biomarker of metal pollution in Persian sturgeon.
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The studies of cytosolic protein in different tissues
are very limited. Results on total protein concentrations in
the cytosol of liver, kidney, intestine and brain of Mullus
barbatus indicated that the highest protein content was in
the kidney, followed by liver, intestine and brain [24, 35].
Also, Dragun et al. [38], Podrug et al. [39], and Filipović
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ABSTRACT
A magnetic fluid compound flocculant sample was
prepared and characterized by scanning electron microscopy (SEM). Then, the electrostatic cluster effect of the
flocculant in water was studied, and its flocculation efficiency was tested based on the fractal theory. It was found
that electrostatic clusters comprised of spherical particles
formed during the flocculation process, and that high dosage of magnetic fluid compound flocculant meant a large
dimension and particle size of the flocculant. The particle
size of the magnetic flocculation body had a high speed of
growth in flocculation phase during the first 6 min, and
then gradually became more and more stable after 10 min.
Through the test simulation, the average growth rate
reached a maximum of 83.62 µm/min when G 1 was
800.20 s-1, T1 = 51.45 s, G2 =155 s-1, and T2 = 24.13 s.

KEYWORDS: Magnetic flocculant; magnetic fluid; flocculation
efficiency; fractal theory; growth kinetics

1 INTRODUCTION
Applying the fractal theory into flocculent morphology provides people with a brand new concept and method
to deal with the problem of flocculent morphology, which
leads the reconsideration of the structure and physical
characteristics of the flocculating agent, and then established a series of a new theory system [1-3]. It has been
long proven that flocculants have fractal structure. But a
recent study suggests that the strict self-similar fractal
structure is simply a kind of ideal conditions. Flocculants
should generally be considered as having two or three features of fractal dimensions, or rather multi-fractal structures
[4-6]. The growth of the flocculants is a random process
with nonlinear characteristics [7]. If not considering the
fragmentation of the flocking agents, conventional flocculation process formed little groups by linear stochastic
movement of initial particles, and the superposition and
collision of which gathered into a larger group, and then
* Corresponding author

further gathered into bigger flocculants step by step [8-11].
In a certain scope, the process determines the self-similarity
and scale invariance of the flocculants, which are exactly
two important characteristics of fractal theory.
Magnetic fluid was a kind of new functional material
and a stable colloidal solution, formed into a kind of carrier matrix liquid [12-14] by some ferromagnetic materials of micro particles, such as iron (Fe), cobalt (Co), and
flexion/extension (Fe3O4) coated by surfactants. In this
paper, a magnetic fluid (MF) flocculant, with a core-shell
structure of the layers coating magnetic fluid core particles with PAM and SiO2, was prepared. We studied the
flocculation effect of the flocking agent based on the
fractal theory, and analyzed the relationship of the fractal
dimension and the flocculation conditions.
For flocculation effects, the dynamic characteristics
of water treatment flocculation process are an important
influencing factor. Recently, a series of fractal growth
models have appeared with the fractal theory applied into
the research on dynamics of flocculation process. In order
to explore the growth dynamics of the flocculation body,
this paper studied the flocculation dynamic equation and
built an experimental model by using the Box-Behnken
design of response surface method.
2 MATERIALS AND METHODS
2.1 Preparation of magnetic fluid compound flocculant

Magnetic fluid compound flocculant was prepared after performing a 3-step procedure. Firstly, ferrite nanoparticles were synthesized by co-precipitating Fe(II) and Fe(III)
in alkaline solution. NaOH (1.5 M) was added drop-bydrop to a mixture of FeCl3·6H2O (0.5 M) and FeCl2·6H2O
(0.5 M), with stirring (300 rpm) at 50 °C for 0.5 h. In a
second step, tetraethyl orthosilicate (TEOS) was added
into the stirring solution at 80 °C. Finally, certain amounts
of PAM and PAC were added into the solution with slight
stirring for 2 h, and rested for 24 h to get the magnetic
fluid compound flocculant.
2.2 Flocculation test

The flocculation tests were performed on the basis of
Table 1. Based on experimental method 1, for example,
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test water (1000 ml) was transferred into a beaker (1 L), and,
at first, mixed under rapid stirring (150 rpm) for 1 min. Then
it was mixed for 5 min under 40 rpm, 45 rpm, 50 rpm,
55 rpm, 60 rpm, followed by breaks of 2 min. Finally,
after 20 min of quiescent settling, sample was collected
from 2 cm below the surface for measurements.
The images of flocculants were examined by microscopy, and the flocculent particle size was obtained by using
a granulometer.

phase as the influencing factors, and took the average
growth rate of flocculent particle size as the evaluated
index. The highest level and lowest level values of the
influencing factor determined by the test are shown in
Table 2, put them to the Design-Expert 8.0.5b and then, it
generated 29 groups automatically which had different
influencing factors (G1(A), T1 (B), G2(C), T2(D)) of the
experimental program shown in Table 3.
TABLE 2 - Extreme value levels of factors.

TABLE 1 - Experimental comparison group.
Experimental Description
method
1

150 rpm (1min)+40 rpm (5min)/45 rpm (5min)/50 rpm (5min)/
55 rpm (5min)/60 rpm (5min)+400 rpm(2min)+40 rpm(2 0min)
200 rpm (1min)+40 rpm (5min)/45 rpm (5min)/50 rpm (5min)/
55 rpm (5min)/60 rpm (5min)+400 rpm (2min)+40 rpm (20min)
250 rpm (1min)+40 rpm (5min)/45 rpm (5min)/50 rpm (5min)/
55 rpm (5min)/60 rpm (5min)+400 rpm (2min)+40 rpm (20min)

2
3

Factor
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

2.3.1 Experimental conditions

To get a wider range of magnetic field intensity, the
magnetic field generator used voltage of 24 V, and current
was controlled (1-20 A) in the test device. The impeller
diameter of the auxiliary stirring device was 0.1 m; the
speed of coagulation phase (fast stirring) was controlled
by 100-350 rpm, and the speed of flocculation phase (slow
stirring) was controlled by 40-80 rpm.
2.3.2 The calculation of the G value

The speed gradient G was calculated by T.R. Camp
and P.C. Stein [15, 16], through the power consumption
per unit volume of water flow in laminar state, which can
be expressed as follows:
P

(1)

µ

where, µ is the mean water power viscosity taken as
1. 005*10-3pa· s, and P is the power consumption per unit
volume of fluid.
In magnetic flocculation process, the power consumption per unit volume of fluid as P included the power consumption of magnetic field generator as P1 and that of auxiliary stirring device as P2. It can be expressed as follows:
(2)
P1 = UI

P2 = 1.435 × 10 4 d 4.38 n 2.96ς 0.69 µ 0.31

(3)

where, U and I are the mean voltage and current of the
magnetic field generator, d is the mean impeller diameter
of the auxiliary stirring device, n is the mean stirring rate of
auxiliary stirring device, and ζ is the mean gravitational
mass of water taken as 1000/9.8 kg·s2/m4 [17].
2.3.2 Experimental program

The experimental programs were performed on the
basis of Table 2. Orthogonal test was designed which took
G1, T1 of coagulation stage and G2, T2 of flocculation

G2/s-1
167
155

T1/s
80
30

T2/s
300
150

TABLE 3 - Experimental scheme and the growth rate of the flocs.

2.3 The growth dynamic model of the flocs

G=

G1/s-1
894
696

Level
The highest level
The lowest level

G1/s 1
795.00
795.00
795.00
795.00
795.00
894.00
894.00
795.00
894.00
696.00
795.00
795.00
696.00
795.00
696.00
894.00
795.00
795.00
696.00
894.00
795.00
696.00
894.00
696.00
795.00
795.00
795.00
795.00
795.00
-

T1/s
55.00
80.00
80.00
55.00
55.00
55.00
55.00
80.00
80.00
55.00
55.00
30.00
55.00
30.00
55.00
30.00
55.00
30.00
80.00
55.00
55.00
30.00
55.00
55.00
55.00
55.00
55.00
30.00
80.00

G2/s 1
161.00
161.00
167.00
161.00
167.00
161.00
167.00
161.00
161.00
155.00
161.00
167.00
167.00
161.00
161.00
161.00
155.00
155.00
161.00
161.00
161.00
161.00
155.00
161.00
167.00
155.00
161.00
161.00
155.00
-

T2/s
225.00
300.00
225.00
225.00
300.00
150.00
225.00
150.00
225.00
225.00
225.00
225.00
225.00
300.00
150.00
225.00
150.00
225.00
225.00
300.00
225.00
225.00
225.00
300.00
150.00
300.00
225.00
150.00
225.00

u/µm· min
81.2
69.9
73.4
81.3
72.1
73.4
70.9
72.7
71.3
77.9
80.8
73.5
71.2
69.4
72.4
74.1
79.3
80.8
73.6
71.7
80.9
72.6
78.9
72.4
76.1
80.7
79.3
77.2
79.2

3 RESULTS AND DISCUSSION
3.1 Electrostatic cluster effect of magnetic fluid compound
flocculant in water

Magnetic fluid compound flocculant could keep good
stability in solution. During the packages in fabrication
process, spherical particles of large specific surface area
with good adsorption ability were formed. In the flocculation process, colloid particles in water would be rapidly
absorbed on the surface of these spherical particles, forming "electrostatic clusters", as shown in Fig. 1. Strong electrostatic attraction was generated between these electrostatic clusters and the surrounding bare particulate surfaces
due to the electrostatic charges of electrostatic clusters
themselves. Thus, the strong DLVO theory of potential
barrier was reduced, causing a great improvement of parti-
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cle collision efficiency, which finally enhanced the effect
of flocculation. Electrostatic cluster effect was a kind of
incomplete electricity neutralizing effect, resulting from
the ionization and interaction of PAM and SiO2.

culent body size. The flocculant particle size slightly increased (about 50 µm) in an external magnetic field; the
reason may be that the flocculant particles were more
likely to aggregate in a magnetic field.
1200
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FIGURE 3 - Effect of flocculation dosage on flocculent diameter.

FIGURE 1 - SEM image of electrostatic clusters.
3.2 Determination of fractal dimension

3.3.3 Effect of hydraulic conditions on fractal dimension

3.2.1 Effect of flocculation dosage on fractal dimension

The influence resulted in flocculant growth on fractal
dimension as shown in Fig. 4. In the initial stage, the
initial particulate quickly gathered with magnetic particles
as the core under certain mixing conditions; meanwhile,
many holes were formed in the flocculant internal. As the
magnetic flocculant groups' self-condensed, aggregation
between clusters dominated in the process, and larger
close-grained particles came into the flocculant`s interior.
Therefore, the fractal dimension will increase gradually
accompanied by the growth of the flocculant. As can be
seen from the graph, fractal dimension increased with enhanced mixing conditions. However, because of the sensitivity of the flocculant for the hydraulic conditions, chance
of flocculants' breakage was increased under overpowered
mixing conditions, which then resulted in fractal dimension reduction.

As shown in Fig. 2, the fractal dimension increased
with the increase of flocculation dosage but then, it decreased with further dosage, and yielded a maximum
value when the flocculation dosage was 3 ml/L. The removal rate of TSS showed the same trend as the fractal
dimension of the flocculant; it decreased when the dosage
of flocculation was in excess or insufficient, and removed
96 % of TSS at the identical dosage. So, we can conclude
that the efficiency of the flocculation is correlated with
the fractal dimension.
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FIGURE 2 - Effect of flocculation dosage on fractal dimension.

3.40

3.3.2 Effect of flocculation dosage on flocculant diameter

In order to examine the effect of the dosage of magnetic fluid compound flocculant on flocculant particle size,
a contrast test was performed in an external magnetic field.
It was found (Fig. 3) that the flocculent body size gradually
increased with the increase of magnetic fluid compound
flocculant dosage, and reached a maximum at 3.0 ml/L.
Meanwhile, the magnetic field has some effects on floc-

0

500

1000 1500 2000 2500 3000

Time/(s)
FIGURE 4 - Effect of hydraulic conditions on fractal dimension.
3.3 Image of flocculant

To further verify the coagulation behavior of magnetic fluid compound flocculant aggregates, the micro-
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a

b

c

d

e
FIGURE 5 - Flocculent image of different dosages.

f

TABLE 4 - Fit indeces of the model.
Source

Sequential
Lack of fit
Adjusted
Predicted
p-value
p-value
R-Squared
R-Squared
Linear
0.0042
0.2347
0.1269
0. 0326
2FI
0.0025
0.0451
-0.3337
Suggested
0. 9704
Quadratic
0.1154
0.9235
0.6891
<0. 0001
Cubic
0.0489
0.9163
-1.9813
0. 5683
a
The p value is the mean probability which is outside the 95% of confidence interval. If the p value is more than 0.05, it indicates this factor is not
remarkable, and if the p value is less than 0.05, it indicates the reverse.

TABLE 5 - Variance analysis of the influence factors.

F
p

A
1.791E-003
0.0071

B
2.52
0.0882

C
70.22
<0.0001

D
9.94
0.9668

AB
1.94
0.01854

AC
0.23
0.06411

AD
0.39
0.5433

BC
0.30
0.5911

BD
3.36
0.1348

CD
3.92
0.0678

scope was used to observe the morphology of magnetic
fluid compound flocculant flocs which are shown in Fig. 5.
The flocculant dosages of a-f were 1, 2, 3, 4, 5, and 6 ml/L,
respectively. There are marked differences between flocs
formed by magnetic fluid compound flocculant coagulation at low and high dosages. The flocs formed at low
dosage are looser and smaller, while those formed at high
dosage have a more compact structure and are larger. As
shown in Fig.5 (b-c), at high dosage, many magnetic fluid
compound flocculant aggregates adsorbed on the surface
of the contamination particles extend to attach other particles in the interior of contamination particle flocs, which
leads to a more compact structure of the flocs.

good and not messy, and yet, the p value of the faulty loss
of quadratic equation model is 0.1154 which illustrates the
simulation of test data with this model is remarkable. In
addition, the correction of correlation coefficient (R2) is
0.9235, which illustrates that 92.35 % of the results in the
test can be explained by the quadratic equation model.
Therefore, the model can be used for simulated test results.
The quadratic equation analyzed by software is as follows:

3.4 The growth dynamic model of magnetic flocculation body

After analysis of variance for every influencing factor
and their interactions, the F value in the F-test and the F
value which is less than that of the F-table (F-table is the
F value of 95% confidence interval) are shown in Table 5.
It works out that the factors A, B and AB have remarkable
influence (p ≤0.05), and the influence level is: C>A>AB.

3.4.1 Model fitting index

All sorts of model fitting index analyzed by software
are shown in Table 4. It can be seen that the p value of the
continuity of quadratic equation model is less than 0.0001
which illustrates the continuity of test data in the model is

u = - 687. 15198 +0. 87864G1 + 0. 38765T1 + 4. 55928G2 + 0. 77925T2
- 3. 83838*10 4G1T1 - 5. 47138*10 4G1G2 - 5. 72391*10 5G1T2 +
2. 5*10 3G2T1 + 6. 66667*10 4T1T2 - 3. 0*10 3G2T2 - 4. 75717*10 4G12
-3
-4
2
2
2
- 6. 0*10 T1 - 0. 012847G2 - 6. 75556*10 T2
3.4.2 Analysis of variance for each factor
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FIGURE 6 - Influence of interaction between factors on floc-size growth.

3.4.2 Analysis of the growth dynamic model for magnetic
flocculation body

In the factors of G1, T1, G2 and T2, every influencing
factor and their interactions to the average growth rate of
flocculent particle size is shown in Fig. 6(a- f).
As shown in Figs. 6a and 6c, under fast stirring, when
factors of G1 and T1 interacted each other, the maximum
value of the response surface appeared when G1 = 795 s-1
and T1 = 55 s, and the average growth rate of flocculent
particle size was 81.3 µm/min. The flocculent particle size

was bigger and easier to subside, and the effect of magnetic
flocculation was best when the velocity gradient (G1) was
less than 795 s-1. The magnetic flocculation was underpowered [18], and magnetic seeds could not well-distributed in
solution and had no nucleation, all of which caused elimination of colloid stability and a great decline of the informing
capacity. The whole system would appear with larger
particle size micro-flocs in a short time, but high frequency
fierce collision would make the flocs broken again if the G1
value was too big. And then, magnetic seeds maybe agglo-
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merating themselves so that the adsorption capacity to the
colloid particles was greatly reduced. The G1·T1 value
characterized collision times of particles in magnetic flocculation system. The proper collision times were helpful to
inform on larger partical size micro flocculent body [19] so
that it provided growth of magnetic flocculation phase
which was in the second half a good foundation. The response surface had a maximum value when G1· T1 =
43725; at this time, the magnetic flocculation body grew
fastest and the effect of sewage treatment was optimal.
The influence of G2 and T2 values in flocculation
phase to the growth of partical size is shown in Fig. 6f. It
can be seen that the G2 value had great influence on the
results, and when the G2 value was approaching the minimum of 155 s-1, the particle size grew faster. This is
mainly because, in this stage, the magnetic flocculation
body in system gradually adsorbed together in the magnetic
field so that it could form bigger flocs quickly. When the
velocity gradient was reduced, the shearing force of water
layer decreased, and the destructive force of the flocs
which had been formed or were weakly formed strengthened flocculation efficiency. But a small G2 value may
not be good. It can be seen in Figs .6b and 6d that the
growth rate of particle size is stabilized, and waves occurred at 79.3 µm/min when G2 was 55 s-1. It illustrates
that it could complete adsorption processes through the
collision of magnetic particles when the velocity gradient
of flocculation system was small so that the magnetic flocculation body had the best dynamic conditions.

particle size under different hydraulic conditions. In addition, through analyzing characteristics of magnetic flocculation body and building the growth dynamic model of
magnetic flocculation, we received the quadratic equation
of the magnetic flocculation body’s growth rate, and the
average growth rate reached a maximum of 83.62 µm/min
when G1 = 800.20 s-1 ,T1 = 51.45 s, G2 = 155 s-1, and T2 =
224.13 s.
In summary, the study demonstrated that the size of
fractal dimension and the effect of magnetic flocculation
have good correlation. The application of fractal theory
provides powerful tools for improving flocculation process and researching the mechanism of magnetic flocculation.
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In addition, the remarkable effect of factors T1 and T2
to test results is shown in Fig. 6e. The growth rate of flocculent body was fastest at 80.1 µm/min when T1 was 60 s
and T2 was 240 s. It indicates that the times of fast stirring
and slow stirring have remarkable influence onto the growth
of flocculation body in flocculation phase. Under the best
conditions, collision times characterized by G· T were
more, and promoted the growth of flocculation body.
As shown in Fig. 6, when all 4 factors were changing
at the same time, the Design-Expert 8.0.5b obtained the
best flocculation conditions: G1 = 800.20 s-1, T1 = 51.45 s,
G2 = 155 s-1, and T2 = 224.13 s. At this time, the average
growth ratio of magnetic flocculation body reached the
maximum of 83.62 µm/min. It was helpful to inform about
big magnetic particles and sedimentation of magnetic flocculation body. The effect of overflow sewage treatment
was best under these conditions
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ABSTRACT

1 INTRODUCTION

The species and concentrations of particulate organic
phosphorus (POP) in the surface waters of Lake Hulun,
Lake Taihu and Lake Dianchi of China were characterized
by solution 31P nuclear magnetic resonance spectroscopy.
Nine POP species were detected in the NaOH extracts. Orthophosphate monoesters, polyphosphate, DNA, phosphonates and unknown phosphorus were widely found in all
the samples. The three-dimensional excitation-emission
matrix (3D-EEM) analysis for the NaOH extracts of all
samples indicated that POP species in Lake Hulun came
mainly from exogenous sources while most POP species
in the other two lakes were from endogenous sources. The
terrestrial sources of POP originating from hay in the surrounding grasslands made the primary POP species (orthophosphate monoesters, DNA and polyphosphate) difficult to
be biodegraded and further transferred into dissolved forms
in Lake Hulun. Approximately 13.32 µg L-1 and 6.39 µg L-1
of DNA were detected in central Lake Taihu and Lake
Dianchi, respectively. This DNA would be easily transported and transferred because it originated mainly from
cyanobacterial sources. In addition, there were 1.06 µg L-1
and 0.67 µg L-1 of polyphosphate in these two lakes. These
indicated that most of POPs in the surface water of Lake
Taihu and Lake Dianchi did more benefits for phosphorus
cycles than that in Lake Hulun. Thus, different phosphorus forms, levels and origin are emerged in the three eutrophic lakes of China.

31

KEYWORDS: particulate organic phosphorus; P nuclear magnetic resonance; three-dimensional excitation-emission matrix;
Lake Hulun; Lake Dianchi; Lake Taihu
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Phosphorus (P) is a vital nutrient utilized by all organisms in aquatic ecosystems, and thereby regulates trophic
status and subsequently water quality [1-3]. For analytical
purposes, aqueous P is divided into dissolved phosphorus
(DP, which detects after passing through a 0.45-µm filter)
and particulate phosphorus (PP) fractions [4-5]. The DP is
of great concern to aquatic ecosystems because of its bioavailability and benefits for the growth of organisms, while
PP is often ignored because of its stability [6-9]. However,
the most aqueous P is in PP forms that can be transferred
into DP in freshwater ecosystems. Therefore, the regeneration of dissolved P compounds from sinking particles is a
critical step regulating P availability and biological production in surface water, especially in eutrophic systems [3,
10- 11].
Aqueous total phosphorus (TP) and total dissolved
phosphorus (TDP) in water ecosystems are usually determined by digestion and colorimetric techniques, and aqueous total particulate phosphorus (TPP) measured by the
difference between TP and TDP [12]. However, colorimetric methods do not measure all P species (especially organic phosphorus) and thus little is known about the contents and species of aquatic PP in cyanobacteria-dominated
lakes because of the limitations of current methodology on
the characterization of P forms [4, 5, 13]. 31P nuclear magnetic resonance (NMR) spectroscopy is supposed to be one
of the most useful tools for with the potential to characterize particulate organic P (POP) pools originating from
crystal granules, living or dead algae and other organisms,
and / or biogenic debris in marine and lake sediments [1,
5, 14-16]. Polyphosphate contents in a eutrophic shallow
lake were identified by Selig et al. [17] through NMR. Several P compounds in marine sinking pools, including orthophosphate, pyrophosphate, polyphosphate (poly-P), orthophosphate monoesters, orthophosphate diesters and phosphonates were identified by Paytan et al. [1]. Some biogenic organic P compounds, such as phosphomonoesters,
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phosphodiester and poly-P, have also been identified by
using NMR [2, 18, 19]. A solution 31P NMR method was
developed to characterize DP and PP in river waters by
Cade-Menun et al. [5]. Bai et al. [20] characterized organic
P species in the surface sediments of Lake Taihu using
NMR after pretreatment with a solution (containing 0.1M
EDTA and 2% (w/v) Na2S2O4) and extraction with 0.1M
NaOH (20). However, some limitations of the NMR
method have been proposed [15, 21].
Thus, the objective of this work was to develop an
extrication procedure for solution 31P-NMR spectroscopy
that could investigate particulate matter in three large,
shallow eutrophic lakes (Lakes Hulun, Taihu and Dianchi)
of China. The adjusted NaOH-EDTA extraction procedure
by Bai et al. [20] was chosen for this work. A threedimensional excitation-emission matrix (3D-EEM) was
obtained for the NaOH extraction of each sample to analyze the sources of POP in the three lakes. The specific
objectives of this work were to: (1) develop an extrication
procedure for suspend solids (SS) in eutrophic lakes using
water samples of 20 L or less; (2) determine whether POP
in the surface water of the three lakes came from exogenous or endogenous sources; (3) discuss the bioavailability of various POP species and their contribution to the
biogeochemical P cycle in eutrophic lake ecosystems.

2 MATERIALS AND METHODS
2.1 Study area

Three lakes (Lake Hulun, Lake Taihu and Lake Dianchi) are located in northern, southern and southwestern
China (Figure 1), respectively. Lake Hulun, with an area
of 1918.8 km2 (in 2006), is the largest lake in northern
China, which used to be a bright pearl in the Hulunbeier
Grassland [22], where the founding emperor of the Yuan
Dynasty (Genghis Khan) came from. It is located in
117°00′10"–117°41′40"E, 48°30′40"–49°20′40" N, and
plays crucial roles in guarding the ecological security of
northern grassland in China. It was the drying and warming
climate in the Hulunbeier grassland that led to decreases in
the area and water levels of Lake Hulun, which in turn led
to aqueous nutrients (N and P) being at high levels in recent
years [22-24]. The lake has been suffering from cyanobacterial blooms since 2006 [22]. Prior studies demonstrated
that aqueous nutrients (C, N and P) were homogeneously
distributed across the lake [25-26]. Therefore, three sampling sites were used, as shown in Figure 1.
Lake Taihu, with an area of 2338 km2, is the third largest freshwater lake in southern China, which is located
between 119°36′10"–119°52′32"E, 30°55′40"–31°32′58"N
(Figure 1). It has suffered from cyanobacterial blooms in

FIGURE 1 - Sampling sites of Lake Hulun (H), Lake Taihu (T) and Lake Dianchi (D)
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the past few years [27-30]. Meiliang Bay, located in the
northern areas of Lake Taihu, is one of the areas where
serious cyanobacterial blooms break out [31-32]. Water
quality has been deteriorating in Meiliang Bay since the
early 1980s, switching to a eutrophic state during 1988 to
1995, and then a hyper-eutrophic state in recent years [31,
33-34]. Site T1 was located between Zhihu and Wujin
ports (the mouths of two main inflow rivers). Sites T2 and
T3 were in the center of Meiliang Bay and Lake Taihu,
respectively. Site T4 was located in Xukou Bay, where
macrophytes grow in summer.
Lake Dianchi, with an area of 298 km2, is a large shallow plateau lake in the southwest of China. It is located
between 102°30′10"-103°00′32"E, 24°28′40"-25°28′58"N,
and has also been suffering from serious cyanobacterial
blooms in recent years [35-38]. Lake Caohai, located in the
north of Lake Dianchi, is the region where both cyanobacteria and macrophytes grow due to high N and P levels
over the past few years [39]. Lake Waihai, located in the
south of Lake Dianchi, is the main lake region where serious cyanobacterial blooms frequently break out [39]. Site
D1 was in the center of Lake Caohai. Sites D2 and D3 were
located in Lake Waihai, and D3 was in the center of Lake
Dianchi.
The 20 L surface water samples (-50 cm) were taken
from each site (Figure 1) with a 5 L water sampler in 2010,
and then filtered through 0.45 µm Whatman Cellulose
Acetate (OE67) filter membranes using a vacuum pump.
All samples were eluted by 20-30 ml solutions (containing 0.1M EDTA and 2% (w/v) Na2S2O4) and lyophilized
at -80oC, and the solid matter was passed through a 100mesh sieve and stored at room temperature until analysis.
For all samples, triplicates were analyzed for each of two
parallels and the data are reported as the averages of these.
2.2 Analysis of water quality parameters

The water quality parameters, including temperature,
dissolved oxygen (DO), pH, electrical conductivity (EC),
total dissolved solid (TDS) and salinity were detected by
a Multi-Parameter Water Quality Instrument YSI6600 at
each site in the field.
Another 500 ml water sample was taken from each
the site to detect different P forms. Each water sample
was digested with potassium persulphate and TP was
measured through the molybdenum blue colorimetric
method [40]. TDP was analyzed with the same method as
that of TP except that the samples were filtered through a
0.45 µm mixed-fiber membrane. Dissolved inorganic P
(DIP, phosphate content in < 0.45 µm filtrate) was also
quantified with the method for TP, without potassium
persulphate digestion. If the DIP concentration was below
the method’s detection limit, it was then detected by a
Skalar flow-injection analyzer. Meanwhile, 20 ml aliquots
were collected from each site and refrigerated for later
chl-a analysis. For this purpose, the samples were filtered,
ground, extracted with 90% acetone, and centrifuged, then
absorbance was measured with a UV-Vis spectrophotom-

eter [41, 42]. The cyanobacterial cells were counted using
a Zeiss Fluorescence microscope after being stained with
Lugol’s solution.
31

2.3 Phosphorus extraction and P NMR analysis

Each sample was pre-extracted with 25 ml of a solution composed of 0.1 M EDTA and 2% (w/v) (EDTANa2S2O4, pH=4.5) for 2 h at -20oC, and then extracted
with 10 ml 0.1M NaOH for 16 h at the same temperature
(for the first six hours, shaking all the samples each hour).
DIP and TP in EDTA-Na2S2O4 solution and NaOH extracts were detected. The 31P NMR analysis method used
in this study was described by Bai et al. [20].
2.4 3D EEM analysis

All the NaOH extracts were filtered by passing through
0.45 µm Whatman Cellulose Acetate (OE67) filter membranes, and then diluted with distilled water until they were
colorless. Finally, the 3D EEM analyses were carried out
by a Hitachi Fluorescence spectrophotometer-F-7000.
3 RESULTS AND DISCUSSION
Total P concentrations were extremely high in Lake
Hulun, Lake Taihu and Lake Dianchi, with the concentrations of 0.435 mg L-1, 0.062 mg L-1 and 0.278 mg L-1, respectively in 2009, which were much higher than class III
of the Environmental Quality Standards for Surface Water
(as we measured in 2009; GB3838-2002, 0.05 mg L-1).
Furthermore, analyses of the Carlson Indices for these three
lakes indicated that they were all in eutrophic or hypereutrophic status [28, 39] (Figure 2). Anthropogenic dominated eutrophication occurred in Lake Taihu and Lake Dianchi, while natural dominated eutrophication occurred in
Lake Hulun, because the values of R/N (the ratio of anthropogenic eutrophication indexes (R) to natural eutrophication indexes (N)) in the former two lakes were above 1,
while that in the latter was lower than 1 by mathematical
model analyses (Tables 1 and 2). Obviously, the degree
of an- thropogenic interface activities could be well reflected by the ratios of R/N when historical data of multiple factors such as atmospheric temperature, rainfall and
evaporation,
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FIGURE 2 - Multiyear changes of TSITN-TP values in Lake Hulun
(H), Lake Taihu (T) and Lake Dian (D)
TABLE 1 - Correlations between aqueous TP and various influence factors in Lake Hulun, Lake Taihu and Lake Dianchi
Items
Temperature (N1)
Rainfall/snowfall(N2)
Evaporation (N3)
Population densities (R1)
Agricultural production (R2)
Industrial production (R3)
Inflows (S1)
Outflows (S2)

Lake Hulun
0.235
-0.676*
-0.502
0.037
0.068
0.103
0.323
0

Lake Taihu
-0.044
0.482
0.035
0.316
0.184
0.169
0.405
-0.388

Lake Dianchi
0.104
0.378
0.112
0.295
0.256
0.475
0.568
-0.326

TABLE 2 - Natural eutrophication indexes (N), anthropogenic eutrophication indexes (R) and R/N values of Lake Hulun, Lake Taihu and
Lake Dianchi
Items
Lake Hulun
Lake Taihu
Lake Dianchi
N
0.662
1.218
0.960
R
0.462
2.797
5.287
R/N
0.698
2.296
5.507
Note: N= ∑Ni + ∑Ni*∑Sk/(∑Ni+∑Rj); R= ∑Rj + ∑Rj*∑Sk/(∑Ni+∑Rj); i=1, 2, 3; j=1, 2, 3; k=1, 2.
Ni= QNi/QN0*RNi (i=1, 2, 3), QN0 and QNi represent values of the ith influence factor in criteria year and 2010, respectively; RNi represent correlation
coefficients between the ith influence factor and TP in multiyears.
Rj= QRj/QR0*RRj (j=1, 2, 3), QR0 and QRj represent values of the jth influence factor in criteria year and 2010, respectively; RRj represent correlation
coefficients between the jth influence factor and TP in multiyears.
Sk= QSi/QS0*RSk (k=1, 2), QS0 and QSk represent values of the kth influence factor in criteria year and 2010, respectively; RSk represent correlation
coefficients between the kth influence factor and TP in multiyears.

volumes of inflow and outflow, population densities, and
agricultural and industrial production were sufficient for
the past few years. However, not all lakes in China have
been well investigated to date, i.e., Lake Xingyun and
Lake Qilu in Yunnan Province, China. Therefore, how to
assess the degree of anthropogenic interface activities,
either qualitatively or quantitatively by detecting the current levels of particulate organic phosphorus and the corresponding EEM contents in the lake ecosystems is in need
of further research. The principal purpose of this work was
to examine the relationship between the degree of anthropogenic interface and the fluorescence characteristics of the
SS or particulate organic phosphorus compositions in the
surface waters of three large shallow eutrophic lakes (Lake
Hulun, Lake Taihu and Lake Dianchi).
3.1 Relationship between degree of anthropogenic interface
activities and fluorescence characteristics of NaOH extracts

The different substances can be characterized with
3D EEM, and the observed variability in the threedimensional excitation emission matrix florescence spectroscopic characterization of NaOH extracts from SS in Lake
Hulun, Lake Taihu and Lake Dianchi show significant
differences (Figure 3). Four main fluorescence peaks, including peak A (UV humic-like), peak B (protein-like tyrosine), peak C (visible humic-like) and peak T (protein-like
tryptophan), were observed in the NaOH extracts from the
three different lakes.
Both peaks A and C, which indicated the existence of
humic-like substances in the lake ecosystems, were observed in the NaOH extracts from all sites of the three
lakes [43-45]. In Lake Hulun, the fluorescence intensities

of peak C were much stronger than those of peak A, and
there were no significant differences among the fluorescence intensities from different sampling sites. In Lake
Taihu, decreasing peak C fluorescence intensities were
observed from T1 (the main estuary), to T2 (the center of
Meiliang Bay) to T3 (the center of Lake Taihu). Meanwhile, the strongest fluorescence intensities of peak A
were found in T2 where serious cyanobacterial blooms
break out, followed by T3 and T1. In Lake Dianchi, the
fluorescence intensity of peak C also decreased from D1
(Caohai) to D3 (the center of Lake Dianchi) while the fluorescence intensity of peak A was strongest in D2 where
serious cyanobacterial blooms frequently break out. Baker
[46] proposed that UV-like humic substances (peak A) were
low molecular and high fluorescence efficiency organic
compounds, which were further identified to be originated
mainly from the products of cyanobacterial particles during an outbreak of cyanobacterial bloom in this work. The
scaling of peak A was similar to that of cyanobacteria
samples from Lake Taihu (Figure 4). Positive correlations
were observed between peak A intensities in the extracts
and cyanobacterial densities of the corresponding sampling sites in the study lakes (p<0.05), i.e., the strongest
fluorescence intensities were observed in T2 and D2 where
serious cyanobacterial blooms break out, which is consistent with Nagata [47]. Peak C (visible-like humic) is mainly induced by relatively stable and high molecular weight
aromatic fulvic acid substances [46]. Higher intensities
were observed when sampling sites were further from the
lake shore (Figure 3), and the peak C fluorescence intensities might also originate from terrestrial sources, which is
consistent with results of Zhang et al. [48].

1430

© by PSP Volume 22 – No 5. 2013

Fresenius Environmental Bulletin

The peak A fluorescence intensities in the NaOH extracts were significantly positively correlated with cyano-

bacterial densities in the surface water (p<0.01) and sig-

FIGURE 3 - The 3D-EEMs images of the NaOH extracts from the different sites of three lakes (peak A —UV humic-like; peak B—proteinlike tyrosine; peak C—visible humic-like; peak T—protein-like tryptophan)

nificantly negatively correlated with lake water EC and
salinity (p<0.05). Positive correlations between TP, TDP
as well as DO in the field and the fluorescence intensities
of peak C in the NaOH extracts were also found in the
three lakes.
Therefore, the fluorescence intensities of peaks A and
C indicated that SS in the surface water was from cyanobacterial bloom or terrestrial sources (Figure 4). When the
ratios for fluorescence intensities of peak A/C were above 1,
the SS in the surface water originated mainly from cyanobacterial bloom. Otherwise, it mainly originated from terrestrial sources. Obviously, the SS in the surface water of
Lake Hulun mainly originated from terrestrial sources
(external sources), while cyanobacterial bloom (internal
sources) was the dominant composition of SS in Lake
Taihu and Lake Dianchi.
Peaks B and T were also observed in the NaOH extracts of the SS in Lakes Taihu and Dianchi. In Lake Taihu,
the fluorescence intensities decreased from T1 to T3. In
Lake Dianchi, the fluorescence intensities of peaks B and
T were strongest in site D2 where the anthropogenic interface was also strongest, and they decreased towards D1 and
D3. The fluorescence intensities of peaks B and T, which

are thought to be positively correlated with anthropogenic
activities [44, 45, 49-51], were extremely weak in Lake
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OP in NaOH extracts ( µg L-1)

pre-extracts was in inorganic forms (Table 4). TP extracted
with 0.1 M NaOH solutions ranged from 9–199 µg L-1,
with recovery rates of 10.34%-39.93% in the SS samples.
Organic P in the NaOH extracts ranged from 0–86 µg L-1,
accounting for 0% - 96.96% of TP in the NaOH extracts.
The sum of TP in these two extracts ranged from 40–455 µg
L-1, and thus the total recovery rates for these two-step extractions were 45.98%–93.60%. Significant positive correlations were observed between TPP in the lake water and
TP in the two extractions (p<0.05, Figure 5).
120
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r2=0.88
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OP in SS
FIGURE 4 - The 3D-EEMs images of the NaOH extracts from hay
(a) and cyanobacteria (b) in the field

Hulun, i.e., their ratios for fluorescence intensities in the
total fluorescence intensities were lower than 5%, which
were under the scale of detection errors. These indicated
that anthropogenic activities in this lake were relatively minor. Conversely, there were much stronger fluorescence
intensities for peaks B and T in Lake Taihu and Lake Dianchi. Furthermore, their fluorescence intensities decreased
significantly when the sampling sites were off the lake
shore where the interface of anthropogenic activities was
reduced (Figure 3), which confirms Coble’s findings of a
positive relationship between the anthropogenic interface
and fluorescence intensities of peaks B and T [44, 49].
Therefore, stronger fluorescence intensities of peaks B and
T could imply more anthropogenic interference in Lake
Taihu and Lake Dianchi.

FIGURE 5 - Relationships between organic P in SS and in the
NaOH extracts detected by colorimetry (Black dot) and 31P NMR
(white dot), respectively

Nine P compound classes, including ATP β-phosphate
(-19 to -20 ppm), polyphosphate (terminal P: -3 to -4 ppm;
middle P: -17 to -19 ppm), pyrophosphate (-3.5 to -4.5 ppm),

3.2 Effects of organic P compositions in the NaOH extracts
on lake ecosystems

The water quality parameters in Lake Hulun, Lake
Taihu and Lake Dianchi are shown in Table 3. The aqueous TP concentrations ranged from 0.092 mg L-1 in T4 to
0.610 mg L-1 in T1, and aqueous TDP concentrations
ranged from 0.027 mg L-1 in D4 to 0.352 mg L-1 in D1.
Therefore, the aqueous TPP concentrations, ranging from
0.087–0.586 mg L-1, accounted for 38.03–96.07% of aqueous TP concentrations in the water ecosystems (Table 3).
The TP concentrations in the EDTA-Na2S2O 4 preextracts from different sites ranged from 31–256 µg L-1,
with recovery rates ranging from 24.91% to 63.89%. Furthermore, most P (ranging from 78.38% to 102.06%) in the
TABLE 3 - Water quality parameters in different sites of three lakes
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H1
H2
H3
T1
T2
T3
T4
D1
D2
D3
D4

TP
(µg L-1)
390
405
355
610
351
307
92
568
394
244
202

TDP
(µg L-1)
130
132
105
72
121
131
53
352
49
49
27

Fresenius Environmental Bulletin

DIP
(µg L-1)
8.391
36
13
24
61
24
3
282
27
28
15

TPP
(µg L-1)
260
273
250
586
290
283
87
216
345
195
175

Temperature
(oC)
20.69
21.28
21.26
24.63
23.07
22.87
22.05
23.92
23.63
22.61
22.71

DO
(mg L-1)
8.00
8.47
10.56
6.29
8.54
8.87
8.63
15.83
10.76
7.92
8.65

pH
8.95
9.07
9.02
7.79
7.23
7.53
8.94
8.74
9.58
9.42
9.41

EC
(g L-1)
2.990
3.146
3.249
0.547
0.527
0.469
0.449
0.630
0.463
0.457
0.460

Salinity
(‰)
1.61
1.85
1.92
0.26
0.25
0.25
0.22
0.30
0.22
0.22
0.22

Turbidity (NTU)
209.2
85.3
88.2
68.9
34.1
35.6
0.5
10.4
64.9
37.5
24.9

Chl-a
(µg L-1)
15.5
10.7
14.3
16.3
21.8
15.2
1.7
99.5
27.9
11.6
12.6

TABLE 4 - TP in EDTA-Na2S2O4 extracts and TP, TOP as well as organic P species in NaOH extracts (µg L-1)

H1
H2
H3
T1
T2
T3
T4
D1
D2
D3
D4

TP in
TP in
TOPd
Phosphonatee Phospholipidse
Pre-extracts NaOH
a
b
71(78.38)
79
52(65.82)
n.d.
n.d.
68(85.12)a
109
85(77.98)b
n.d.
4.46(1.10)c
159(83.43)a
75
13(17.33)b 1.32(0.37)c
n.d.
256(99.04)a 199
86(43.22)b 2.66(0.44)c
n.d.
159(92.06)a
46
40(96.96)b
n.d.
n.d.
149(93.75)a
51
33(64.71)b
n.d.
n.d.
a
31(102.06)
9
nd
n.d.
n.d.
a
b
138(81.34)
44
41(93.18)
n.d.
1.78(0.32)c
a
b
c
215(92.15)
69
61(88.41)
1.22(0.31)
n.d.
122(87.96)a
39
32(82.05)b 0.64(0.26)c
n.d.
109(84.25)a
35
25(71.43)b 0.40(0.20)c
n.d.

DNAe

Polyphosphatee
c

9.53(2.44)
33.76(8.34)c
n.d.
47.55(7.80)c
16.25(4.13)c
13.32(4.34)c
n.d.
9.70(1.70)c
19.25(4.88)c
9.99(4.09)c
6.39(3.16)c

c

1.53(0.39)
n.d.
n.d.
26.91(4.41)c
0.50(0.14)c
1.06(0.35)c
n.d.
2.02(0.36)c
2.02(0.51)c
0.53(0.22)c
0.67(0.33)c

Phosphonate
Teichoic acidse ATP β-phosphatee Pyrophosphatee unknow Pe
monoesterse
c
3.49(0.90)
1.26(0.32)c
0.19(0.05)c
n.d.
nd
12.37(3.05)c
n.d.
n.d.
n.d.
5.64(1.39)c
0.85(0.24)c
n.d.
n.d.
n.d.
0.20(0.06)c
2.58(0.42)c
n.d.
n.d.
1.63(0.27)c
nd
1.66(0.47)c
n.d.
2.33(0.66)c
0.65(0.19)c
nd
2.36(0.77)c
n.d.
n.d.
n.d.
nd
n.d.
n.d.
n.d.
n.d.
nd
c
n.d.
n.d.
n.d.
0.80(0.22)
nd
c
0.74(0.19)
n.d.
n.d.
n.d.
1.05(0.27)c
c
0.39(0.16)
n.d.
n.d.
n.d.
0.55(0.23)c
0.24(0.12)c
n.d.
n.d.
n.d.
0.35(0.17)c

Note: The percentage of inorganic P to TP in the pre-extracts; b The percentage of organic P to TP in the NaOH extracts; c The percentage of individual P species to TP in
the surface water; d Detected by colorimetric method; e Detected by 31P NMR
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FIGURE 6 - P NMR images of the organic phosphorus from different sites of three lakes (a—PO43-; b—phosphonates; c—DNA; d—
pyrophosphate; e—ATP β-phosphate; f—unknown phosphorus; g —orthophosphate; h—orthophosphate monoesters; i—phospholipids; j—
polyphosphate)

DNA (0 ppm), phospholipids (1–3 ppm), orthophosphate
monoesters (4–6 ppm), orthophosphate (6–7 ppm), phosphonates (18–20 ppm) and unknown phosphorus (23–24 ppm)

were detected by 31P NMR in the NaOH extracts from SS in
Lake Hulun, Lake Taihu and Lake Dianchi (Figure 6). Concentrations of all these organic P species were under de-
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tection limits in site T4 where macrophytes grow in summer (Table 4). DNA were detected in nearly all sites expect H3, with its concentrations ranging from 6.39 µg L-1
to 47.55 µg L-1, and could account for 1.70%- 8.34% of
TP in the lake waters. Orthophosphate monoesters were
also widely detected in these three lakes, except for sites D1
and T4, with their concentrations ranging from 0.24 µg L-1
to 12.37 µg L-1, and accounted for 0.12%–3.05% of aqueous TP in the water ecosystems. Polyphosphate concentrations ranged from 0.50µg L-1 to 26.91 µg L-1, accounting for 0.14%–4.41% of TP in the lake water (excluding
sites H2, H3 and T4). Both phosphonates (sites H3, T1, D2,
D3 and D4) and unknown P (sites H2, H3, D2, D3 and D4)
were found in five sites of the three lakes, with the highest
concentrations of 2.66 µg L-1 and 5.64 µg L-1, accounting
for 0.44% and 1.39% of TP in the lake water, respectively
(Table 4). Pyrophosphates were de-tected in sites D1, T1 and
T2, with the highest concentration of 1.63 µg L-1 in T1 and
the lowest concentration of 0.65 µg L-1 in T2 (Table 4).
Phospholipids were detected in sites D1 and H2, with concentrations of 1.78µg L-1 and 4.46 µg L-1, respectively. ATP
β-phosphate and Teichoic acids were only found in one or
two sites (Table 4).
Distinguishing P fractions, including dissolved and
particulate forms, could be beneficial for understanding
the P biogeochemical cycle in lake ecosystems [7, 52-55].
Most studies have focused on dissolved P forms because
of its bioavailability and potential for causing eutrophication [6, 7]. However, most P is in particulate forms (3;
65.53−88.20% in cyanobacterial dominated lakes, as we
measured in 2009), and some of them could be regenerated into dissolved forms if environmental conditions were
suitable [2, 3, 5]. Actually, there are two P fractions in the
SS of the surface water, one of which is inorganic [1, 3,
56], which is consistent with P compositions in the EDTANa2S2O4 extracts. However, this fraction is supposed to be
associated with non-biological sources, and potentially
difficult for organisms to use [1, 3, 56]. Conversely, the
other fraction (organic) is usually related to organisms or
biological processes. Our results demonstrated that the
contents of organic particulate P (including phosphonates
monoesters, polyphosphate, orthophosphate, etc.) contributed to the composition of aqueous TP and TPP in the
surface water directly, because there were positive correlations among them (p<0.05).
As discussed above, POP fractions (such as orthophosphate monoesters, DNA, polyphosphate, and so on) in the
surface water of Lake Hulun that were bound to organic
matter (3D-EEMs for NaOH extracts, Figure 3) originated
mainly from terrestrial sources. Furthermore, they were
identified to be from hay in the grasslands since 3D-EEMs
images of SS were similar to that of hay in the surroundings (Figures 3 and 4), so they were hard to be transported
or transferred in the lake ecosystems because they were
difficult to be biodegraded by organisms. However, about
13.32 µg L-1 (accounting for 4.34% of TP), 1.06 µg L-1
(accounting for 0.35% of TP) and 2.36 µg L-1 (accounting
for 0.77% of TP) of DNA, polyphosphate and orthophos-

phate monoesters in the surface water of Lake Taihu were
identified to be from endogenous or biogenic sources. These
are easily transported or transferred in lake ecosystems [20,
57]. Therefore, there was at least 16.74 µg L-1 (accounting
for 5.46% of TP) of POP species, which was higher than
the concentration of SRP (less than 5% of TP) that could
be transferred to bioavailable forms in the surface water of
Lake Taihu. These could accelerate P metabolism and have
a great deal of influence on the biogeochemical cycle of P
in the lake ecosystem [55]. Similar to that of Lake Taihu,
there was also 7.30 µg L-1 (accounting for 3.61% of TP)
of POP species in bioavailable forms in Lake Dianchi.
Furthermore, losses of POP species might have occurred
during the alkaline extraction or concentration processes
because of hydrolysis or precipitation under strongly alkaline conditions [19, 58], so the proportions of 5.46% and
3.61% in Lake Taihu and Lake Dianchi should be much
higher in actual ecosystems.
4 CONCLUSIONS
Nine organic P species were detected in the NaOH extracts of SS in surface water by 31P NMR, including phosphonates, phospholipids, DNA, polyphosphate, orthophosphate monoesters, teichoic acids, ATP β-phosphate, pyrophosphate and unknown P. Among them, orthophosphate
monoesters, DNA and polyphosphate were widely found
in almost all samples, which indicated that they were crucial to the composition of phosphorus matters in the surface
water of eutrophic shallow lakes. The 3D EEM analysis
indicated that POP species in Lake Hulun originated mainly
from hay in the surrounding grassland, while inner cyanobacterial sources were one of the most important sources of
POP species in the other two lakes. The POP species in
Lake Hulun were restricted to transport or transfer in lake
ecosystems because of their difficulties in biodegradation.
Conversely, POP species in Lake Taihu and Lake Dianchi
were biodegradable, so they could be transported or transferred easily. The POP species in the surface waters of
Lake Taihu and Lake Dianchi did more benefits for P
cycles than that in Lake Hulun. Thus, there are the different phosphorus forms, levels and origin in the three eutrophic lakes of China.
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ABSTRACT

materials, may be a suitable alternative technology for removing heavy metals from wastewater [6-13].

This work presents experimental results for the removal of aluminium from aqueous solutions. Aluminium
adsorption from solutions in the range of pH 2 to 3.5 on
Citrullus lanatus was compared to biomasses that were conditioned with boiling or acidic pretreatments. The adsorption isotherms and the effects of different variables such
as the treatment of the biomass, pH, metal concentration
and reaction time on the aluminium removal efficiency
were determined. Up to 90% removal of Al (III) was
achieved. The adsorbent materials were characterised with
scanning electron microscopy, energy dispersive X-ray
spectroscopy and infrared spectroscopy before and after
they came in contact with the aqueous aluminium solutions. Finally, the capacity of the Citrullus lanatus for
adsorption of aluminium was described adequately by the
Freundlich isotherm adsorption.
KEYWORDS: Aqueous solution, removal of aluminium, biosorbent, adsorption. Citrulls lanatus

1 INTRODUCTION
In recent years, intensive industrial activities in the
electroplating, dyestuff, chemicals, metallurgical, pharmaceutical and others industries have contributed greatly to
higher levels of heavy metals in the environment. [1]
A range of technologies, such as chemical precipitation, chemical oxidation, electrochemical treatment and ion
exchange resins, have been widely used to remove heavy
metal contaminants from industrial wastewater [2, 3].
However, these conventional methods for the removal of
metal ions from aqueous solutions have significant disadvantages [4, 5]. More recently, many studies have addressed
the development of new technologies. In this context, biosorption, which uses low-cost non-polluting adsorption
* Corresponding author

Most investigations have focused on the biosorption
of toxic metal ions such as Pb, Cr, Cu, Sb and Cd, which
are released into the environment by private companies
[14-17]. In recent years, there has been considerable interest in aluminium because its industrial use has increased [18,19].
Several investigations have showed that high concentrations of aluminium penetrate the human body, causing
cellular alterations in the pulmonary alveoli [20]. A direct
relationship between the presence of aluminium in drinking water and Alzheimer’s disease was proposed after neurological disorders were detected [21-23].
This research examined the adsorption of aluminium
by from food waste. A preliminary literature search revealed that many organic raw materials were used as biomasses, including a) corn stover, b) residues wheat, c)
peanut shells, d) shellfish and tuna [24-28].
For this study, watermelon (Citrullus lanatus) was selected as the biomass for bioadsorption. Watermelon is a
natural product, and its rind is regarded as trash or municipal solid waste [29]. Citrullus lanatus is a viable option for
a bioadsorbent for the remediation of wastewater [30].
2 MATERIALS AND METHODS
2.1 Conditioning of Citrullus lanatus

Natural Citrullus lanatus. The Citrullus lanatus was
collected from the municipality of Toluca in the State of
Mexico. The raw watermelon rinds were washed with
distilled water; dried in the sun for 7 days and dehydrated
at 70 ◦C for 5 h in an oven. After the biomass cooled, it
was crushed, milled and passed through a No. 20 mesh
sieve. The biomass material was stored in a desiccator and
designated as the control biomass for this study.
Protonated Citrullus lanatus. Protonated biomass was
prepared by treating a sample of the control biomass with
1 M H2SO4 solution (14 mL/ 7 g) for 24 h to replace the
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naturally occurring ionic species with protons and sulfate
ions. The acid-treated biomaterial was washed several
times with distilled water, dried at room temperature for
3 days and designated as the protonated biomass.
Boiled Citrullus lanatus. Deionised water and 7 g of
control biomass were placed in a small cloth bag and
boiled for 30 min to release the colorants from the rind.
The solution of rind was added to 200 mL of chloroform
for 12 h, and washed with deionised water. The juice of
half a lemon was added to the biomaterial. The mixture
was placed in an oven for 2 h at 75 °C, dried at room
temperature for 3 days and designated as boiled biomass.

amount of material that is adsorbed. This model is shown
in equation (1),

dqt
= Kl (qe − qt )
dt

(1)

where qe and qt refer to the capacity of adsorption at
equilibrium and time t, respectively, and Kl is the constant
velocity (L min-1). In the second model, the reaction velocity depends on the amount of metal ions on the surface
of the sorbent and the quantity of the sorbent in equilibrium. This model is shown in equation (2),

dqt
= K dt
(qe − qt ) 2

2.2 Fourier transform infrared analysis (FTIR)

(2)

Infrared spectroscopy was used to evaluate the effects
of both treatments on the biomass. Infrared spectra were
obtained with a Fourier transform infrared spectrometer
(FTIR Nicollet AVATAR 360). For the FTIR study, 30 mg
of finely ground biomass were mixed with 300 mg of KBr
(Sigma) and used to prepare translucent sample disks.

where K is the adsorption velocity constant (g mg-1
min ), qe is the quantity of metal ions adsorbed at equilibrium (mg g-1) and qt is the quantity of metal ions on the
surface of the sorbent time t (mgg-1). For both models,
the equations were integrated to obtain linear equations.

2.3 Aluminum solutions

2.7 Adsorption models

Solutions were prepared by mixing 2.47 mg of AlCl3
with 1 L of deionised water. The concentration of aluminium in this solution was 500 mg L-1. Dilutions were made
to prepare solutions with 10, 20, 30, 40, 50 and 60 mg L-1
of aluminium. These solutions were used in the experiments
where the analyte (aluminium) was in contact with the
biomass.

The results from the adsorption experiments were analysed with the Langmuir and Freundlich models. The
Langmuir isotherm model assumes uniform energies of
adsorption on the surface with no migration of adsorbate
in the plane of the surface. The linear form of the Langmuir isotherm is given by Eq. (3), where qe is the amount
adsorbed (mgg−1), Ce is the equilibrium concentration of
adsorbate (mgL−1) and Qo and b are the Langmuir constants related to the maximum adsorption capacity and
energy of adsorption, respectively,

2.4 Batch experiments

Adsorption studies were carried out with a batch technique to obtain data on adsorption rates and equilibria. For
these investigations, test tubes containing equal volumes
(10 mL) of various adsorbate solutions were used. A known
amount of adsorbent (0.15 g of biomass) was added to each
test tube, and the tubes were agitated intermittently from 5
to 30 min. The initial adsorbate concentration ranged
from 10 to 60 mgL−1. This test method has been proposed
previously [31, 32]. The pH range was determined by a
study of the concentrations of chemical species and was
between pH 2 and 4. At specific time intervals, the test
solutions were centrifuged to separate the adsorbent materials and the supernatant fluids. All of the experiments
were performed at a constant temperature of 20 °C.

-1

Ce ⎛ 1
= ⎜
qe ⎜⎝ b Qο

2.6 Kinetic studies

In this work, models of pseudo-first and second order
adsorption kinetics were studied. The Lagergreen equation describes the adsorption kinetics in a liquid-solid
system where the adsorption rate is proportional to the

(3)

The adsorption data also were analysed with the
Freundlich model. The logarithmic form of the Freundlich
model is given by Eq. (4), where qe is the amount adsorbed (mgg−1), Ce is the equilibrium concentration of the
adsorbate (mgL−1), and KF and n are the Freundlich constants related to the adsorption capacity and adsorption
intensity, respectively,

Log qe

2.5 Metal detection in aqueous solutions

The removal of aluminium was investigated by drawing samples after various contact times and analysing the
concentrations of metals in the filtrate solutions. An
Atomic Absorption Spectrophotometer was used to measure the concentration of Al(III) in each solution.

⎞ ⎛ Ce ⎞
⎟⎟ + ⎜⎜ ο ⎟⎟
⎠ ⎝ Q ⎠

⎛ 1 ⎞
= LogKF + ⎜ ⎟ Log Ce
⎝ n ⎠

(4)

2.8 Analysis by SEM and EDS

After the metal–biomass contact experiments were
performed, samples of biomass were characterised by
scanning electron microscopy (SEM). The biomass samples were mounted directly on metal studs and analysed in
a JEOL JSM-5900 LV microscope to obtain information
regarding the surface morphology. The secondary electron images depict material on the scale of a few microns.
A DX-4 analyser was coupled to the microscope to perform the energy dispersive X-ray spectroscopy (EDS),
which provides in situ elemental analysis.
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3 RESULTS AND DISCUSSION

3.2 Determination of the pH range

3.1 Effect of biomass treatments

3.3 Kinetic studies

All batch experiments were carried out at pH 2 – 3.5.
Small amounts of HCl were added to the aluminium solutions to control the pH. Figure 4 shows the percent aluminium that was removed by the protonated biomass.
Even at the lowest concentration (10 mgL-1), 80% of the
Al(III) was removed. At higher concentrations (60 mgL-1),
less Al(III) was removed (30%) because all of the available
adsorption sites on the biomass surface were occupied by
Al3+ ions. Barrera (2006) [33] reported that the OH groups
in cellulose formed three possible links with Al(III) ions,
which explains the results of this study where the OH
functional groups were responsible for the adsorption of
the aluminium ions on the biomasses.

%T

The biomass used in this work is watermelon, a fruit,
and its main components are cellulose and hemicellulose.
These cellulosic components of the biomass contain carbonyl, methyl and hydroxyl functional groups that interact
with metal ions in aqueous solutions. In this work, IR
studies showed that the aluminium ions interacted with
the biomasses.
Figure 1 shows the FTIR spectrum of the control biomass. This spectrum contained a number of absorption
peaks that indicate the complex nature of the biomass. The
broad absorption band of approximately 3428 cm−1 identified the presence of the OH groups of cellulose. The peak
at 1623 cm−1 corresponded to the C=O stretching and
C=O chelate stretching. The absorption band at 1414 cm−1
was assigned to the symmetric bending of the CH3 groups.
The bands at 1317 and 1050 cm−1 indicated carbohydrate
units.
The FTIR spectra of the biomasses with both treatments (boiled and protonated) are shown in Fig. 2. These
spectra displayed the changes in the cellulosic functional
groups due to the treatments. The peaks for the OH and
carboxyl C=O groups for the treated biomasses were
significantly less intense than for the control biomass.

Figure 3, shows the chemical diagram of dominant aluminium species. This diagram established that the optimum pH range for the batch experiments was between pH
2 and 3.5. In the pH 2 – 3.5 range, the aluminium is dissolved in the form Al3+, which is available for adsorption on
the biomass. Between pH 4 and 11, the aluminium would be
present in the form of a hydroxide, Al(OH)3 and precipitate
as a solid. Above pH 11, the aluminium would be in the
form of Al(OH)4¯, which would interfere with the adsorption process.

Wavenumbers ( cm-1)
FIGURE 1 - FTIR spectra of the control biomass.
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FIGURE 5 - Aluminum removal by boiled treatment
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Figure 5 shows the removal of aluminium ions by
boiled biomass. In this case, the aluminium removal was
90% at low aluminium concentrations (10 mgL-1) and 50%
at higher concentrations.
The adsorption behaviour was similar for both protonated and boiled biomasses. But the difference in the per
cent aluminium removed from solution can be explained
by the acid hydrolysis of the glycosidic linkage in cellulose.
Nevell (1985) [34] explained that the amount of cellulose
decreased with this acid treatment that was used to protonate the biomass. The evidence shows that the pH value,
which remained constant during every test, was not the
determining factor for the percentage of removal. But the
pretreatment of the protonated biomass with the acid was
very aggressive, while the treatment of the boiled biomass
was much less severe. The highest removal of aluminium
was obtained with the boiled biomass because after the
biomass was boiled to remove the carotenoids, lemon juice
was added and protons from the lemon juice protonated the
boiled biomass.
After it was determined that the highest percentages
of aluminium removal were obtained with the boiled biomass, reaction velocity studies were carried out. The results
of analyses with pseudo first and second order models are
shown in Table 1.
Table 1 shows the correlation coefficients of the linear models. The results showed that Al adsorption did not
agree with the pseudo first order model, in contrast to the
correlation coefficients for the pseudo second order model.
The strong correlation between the experimental results
and the pseudo second order model is justified by the
heterogeneous nature of the biomaterial, which has many
active sites that provide great adsorption capacity. On the
basis of this reasoning, the reaction velocity was determined for each experiment. As the concentration of Al in
solution increased, the reaction constant decreased be-

cause the active sites for biomaterial adsorption were
occupied rapidly and the reaction velocity decreased.
3.4 Adsorption isotherms

To determine the mechanistic parameters associated
with Al (III) adsorption, the results of the experiments were
analysed according to the Langmuir and Freundlich models. The adsorption isotherm studies are of fundamental importance in determining the adsorption capacity of Al (III) on
the biomasses. In this study of isotherms, the best results for
the removal of aluminium by the boiled biomass were
used.
Table 2 shows the coefficients of the Langmuir and
Freundlich isotherms. The best results were obtained with
the Freundlich model because values of KF and r2 were
higher than for the control biomass.
Variations in the fitted values for the Langmuir and
Freundlich models from other recent reports indicated that
Al (III) can be described by the Langmuir isotherm [35].
However, in this investigation of the adsorption of aluminium on Citrullus lanatus, the behaviour followed the
model of Freundlich. In the literature, several authors
concluded that these phenomena could have been due to
the heterogeneity of the adsorbent material [36].
3.5 Analysis by SEM and EDS

Figure 6 displays the EDX spectra and scanning electron
micrographs from this work. In Fig. 6a, the surface of the
control biomass was continuous with features approximately 60 µm in size before the control biomass came in contact
with the aluminium solution. In contrast, Fig. 6b reveals
changes in the surface texture and porosity of the control
biomass after it came in contact with the aluminium sample. These results agree with the adsorption model described
by Freundlich.

TABLE 1 - Results of the pseudo first and second order models
Al (mgL-1)
10
20
30
40
50
60

1st order

2nd order

equation

r2

equation

r2

k

y = -0.1259x - 0.3188
y = -0.0791x - 0.2076
y = -0.091x - 0.1285
y = -0.0926x - 0.1132
y = -0.0956x +0.0136
y = -0.0803x +0.1214

0.9506
0.9213
0.9504
0.9463
0.9315
0.916

y = 1.6321x + 0.6693
y = 0.9501x + 0.4075
y = 0.7318x + 0.3398
y = 0.6791x + 0.2754
y = 0.5441x + 0.2389
y = 0.4537x + 0.1404

0.9995
0.9991
0.9994
0.9995
0.9995
0.998

0.2745
0.1746
0.1577
0.1116
0.1049
0.0433

TABLE 2 - Langmuir and Freundlich constants for the aluminum removal
Biomass-Treatment

Langmuir
o

Boiled treatment

Q
(mgg-1)
1.79

Freundlich
r

2

0.965
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KF
(mgg-1)
6.146

r2
0.9815
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FIGURE 6 - Elemental composition and scanning electron microphotographs of the control biomass (a) before and (b) after the contact with
a Al (III) aqueous solution

4 CONCLUSIONS
Biosorption on Citrullus lanatus was studied in terms
of the kinetics and adsorption isotherms for the removal of
Al (III) from aqueous solutions. The experiments showed
that biosorption on the boiled biomass was rapid and
achieved maximum uptake capacity in 10 min.
Pretreatment of the biomass had crucial effects on the
removal of aluminium from solution. The acid treatment
reduced the removal percentage by 10%. Although several other studies reported that the acid treatment was effec-

tive, this study showed that the acid treatment of the Citrullus lanatus biomass was very aggressive and therefore
that acid treatment is not recommended. Experimental
adsorption data correlated adequately with the Freund-lich
model in this work. The SEM analysis indicated that the
aluminium adsorption took place on the surface of the
control biomass. EDX analysis confirmed the presence of
metal on the sorbent materials after contact with the solutions. This study set a precedent for further research with
this specific Citrullus lanatus biomass on the basis of its
chemical composition.
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ABSTRACT
The concentrations of Pb, Cu, Ni, Zn, Fe, Mn, Cd, Co
and Cr in raisins, grapes and soil samples from IncesuKayseri were determined by flame atomic absorption
spectrometry (FAAS) after digestion. The accuracy of the
methods was confirmed by certified reference materials
(SRM 2710 Montana Soil and NIST SRM 1515 Apple
Leaves). The maximum trace element levels were found to
be 732 µg/g (Fe), 2600 µg/g (Mn), 48 µg/g (Zn), 34 µg/g
(Pb), 41 µg/g (Ni), 38 µg/g (Cr), 24 µg/g (Cu), 34 µg/g (Co),
and 4.0 µg/g (Cd) for soil samples; 62 µg/g (Fe), 61 µg/g
(Mn), 28 µg/g (Zn), and 9.8 µg/g (Cu) for raisin samples;
14.8 µg/g (Fe), 41.8 µg/g (Mn), 20.4 µg/g (Zn), 1.6 µg/g
(Ni), 0.6 µg/g (Cr), and 2.4 µg/g (Cu) µg/g for grape samples from Incesu. The concentrations of trace metals were
dependent on grape and soil species. Some of the analyzed
samples were accumulated with trace heavy metals.

and essential metals either added to remove sulfur oxides or
from other sources. [9-13]. The chemical composition of
grapes is influenced by a variety of factors, such as maturity, variety, growing region, and year [14]. Raisins, for
fresh consumption as well as for use in baking and confectionery, are produced by dehydrating grapes in the sun,
natural air drying, or a mechanical process of oven drying. Raisins are a good source of necessary vitamins and
minerals, including potassium, iron, calcium, and vitamin B
[15-21]. Grapes and raisins are widely produced and consumed in Turkey. So, the determinations of their trace and
toxic metal contents are very important.
In this study, toxic and essential trace elements were
determined in raisins, grapes and soil samples from Incesu-Kayseri by FAAS analysis, after wet digestion procedure.
2 MATERIALS AND METHODS

KEYWORDS: Trace metal, raisins, grape, soil, Incesu, flame
atomic absorption spectrometry.

1 INTRODUCTION
The determinations of toxic and essential elements at
trace levels are important in environmental samples like
natural waters, food and food products [1-4]. The determinations of metal ions were carried out by a suitable instrument like atomic absorption spectrometry, spectrophotometry etc. [5-8].
Trace metals play a negative or positive role in the
quality of grapes. Metals promote specific redox processes
during maturing that give a good appearance to the grape.
Essential and toxic metals are incorporated into grapes during cultivation. The metal levels of soil could produce
significant differences in metal levels of fruits. High concentrations of copper, iron, manganese and zinc may cause
instability and turbidity of grapes. Nickel, cadmium and
lead are toxic [5-8]. Grapes and other grape products are
widely consumed around the world, and may contain toxic
* Corresponding author

2.1. Instrument

The metal contents were determined using a flame
atomic absorption spectrometer (Perkin Elmer model 3110;
Norwalk, CT) equipped with particular hollow cathode
lamps. The instrumental conditions were adjusted according to the manufacturer’s suggestions. The air/acetylene
flow-rates and the burner height were adjusted to provide
the maximum of analytical signals. The water used was
purified using a Human model RO 180 (HUMAN Corp.,
Seoul, Korea) purification system, which resulted in the
water having a conductivity of 1 µS cm−1.
2.2. Solutions

All reagents were of analytical reagent grade. All the
plastic and glassware were cleaned by soaking in 10%
HNO3 solution, and then rinsing with water prior to use.
The standard solutions of the analyzed elements were prepared by diluting a stock solution of 1000 mg/L of them.
The certified reference materials were SRM 2710 Montana
Soil and NIST SRM 1515 Apple Leaves.
2.3. Sample collection

In total, 21 samples of grapes, raisins and soils were
collected from Incesu, Kayseri which is an important agri-
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cultural area for Kayseri City. The samples were transferred to the laboratory, and dried at 80 oC for 24 h. The
dried samples were homogenized, packed in small precleaned polyethylene bottles, and kept at room temperature until analysis.

(B125 mm, Schleicher & Schuell, Dassel, Germany), and
diluted to 10 ml with water. The same procedure was
applied for blank samples.
3 RESULTS AND DISCUSSIONS

2.4. Digestion procedure

Aliquots (5 g from grapes and/or 1 g from NIST
SRM 1515 apple leaves; raisins and soil samples) were
used. Digestion was performed using a 10 ml HNO3 (65%)
+ 3 ml H2O2 (30%) mixture. The mixture was heated up to
100 oC on a hot plate till solubilization was completed.
Digestions of soil samples and SRM 2710 Montana
Soil (0.2 g) were performed using 15 ml of aqua regia
solution. This mixture was heated up to 150 oC for 4 h and
brought to a volume of 10 ml with deionized water. This
procedure was repeated two times. The resulting mixture
was filtered through a 589/3 blue ribbon filter paper

The digestion procedure presented was applied for
the determination of trace element levels in SRM 2710
Montana Soil and NIST SRM 1515 Apple Leaves (certified reference materials) to validate the method for accuracy and precision. The results are given in Table 1. The
results found were in good agreement with the values of
certified reference materials. Raisin and grape samples
were spiked with metal ions to estimate the accuracy of
the presented procedure. The results are given in Table 2.
Good agreement was obtained between added and found
metal ion contents using the recommended procedure.

TABLE 1 - The levels of trace elements in certified reference materials, N=4.
SRM 2710 Montana Soil
Element Certified value (µg/g) Observed value (µg/g)
Cu
2950
2832
Zn
6952
6466
Mn
1.01 wt. %
0.99 wt. %
Pb
5532
5200
Ni
14.3
12.9
Cd
21.8
20.7
BDL: below the detection limit

Recovery (%)
96
93
91
94
90
95

NIST SRM 1515 Apple Leaves
Certified value (µg/g) Observed value (µg/g)
5.64
5.36±0.3
12.5
12.2±0.3
54
51.8±2.1
BDL
BDL
BDL

Recovery (%)
95
98
96

TABLE 2 - Tests of addition/recovery in the experiments for raisins and grapes, N=3.
Added (µg)
Fe
0
10
20
Cu
0
10
20
Zn
0
10
20
Mn
0
10
20
Cr
0
10
20
Pb
0
10
20
Co
0
10
20
Ni
0
10
20
Cd
0
10
20
BDL: Below detection limit

Örenşehir grape
Found (µg)
14.8±0.3
24.5 ±0.4
34.4±0.6
0.8±0.1
10.8± 0.3
20.4±0.6
20.4±1.0
30.1±1.2
39.2±1.3
41.8±0.2
51.4±1.4
60.8±1.7
0.6±0.1
10.1±0.2
20.2±0.6
BDL
9.5±0.8
18.8±1.5
0.9±0.1
10.3±1.1
19.2±1.8
1.6±0.1
11.4±1.2
20.8±2.1
BDL
9.8±0.2
19.4±1.8

Recovery (%)
97
98
100
98
96
94
96
95
95
98
95
94
94
96
98
96
98
97
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Yenibağ raisin
Found (µg)
50.1±1.0
59.7 ±1.1
69.9± 1.4
3.8±0.1
13.6± 0.9
22.8± 1.1
8.9±0.7
18.6±1.1
27.9±1.2
26.9±0.1
36.3±1.7
45.9±1.9
BDL
9.5±0.2
19.5±0.7
BDL
9.7±0.7
19±0.9
BDL
9.4±0.5
18.4±1.2
BDL
9.6±0.3
18.8±1.2
BDL
9.5±0.6
18.6±1.9

Recovery (%)
96
99
98
95
97
95
94
95
95
95
97
95
94
92
96
94
95
93
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TABLE 3 - The levels of trace elements in raisins samples, N=3.
Element
Fe
Cu
Zn
Mn

Concentration (µg/g)
Bahçesaray
36.0±2.1
3.6±0.5
12.3±1.1
41.1±2.9

Bilikler
36.0±0.6
3.6±0.1
12.6±0.4
44.1±1.1

Garipçe
51.6±0.4
9.8±0.2
13.0±0.7
38.3±1.0

Kuşaklı
36.7±0.5
2.9±0.0
8.9±0.4
28.3±1.2

Yenibağ
50.1±1.0
3.8±0.1
8.9±0.7
26.9±0.1

Kumbağ
61.6±1.0
3.7±0.2
24.6±1.1
61.0±0.0

Aksu
49.4±0.2
4.8±0.8
28.1±0.5
44.5±1.2

TABLE 4 - The levels of trace elements in grape samples, N=3.
Concentration (µg/g)
Element
Bahçesaray
Büyükkum
Fe
6.9±0.3
8.2±0.2
Cu
1.4±0.1
0.9±0.1
Zn
2.5±0.2
3.1±0.1
Mn
6.8±0.4
3.1±0.2
Co
BDL
0.8±0.1
Ni
1.3±0.1
1.2±0.2
BDL: Below detection limit

Örenşehir
14.8±0.3
0.8±0.1
20.4±1.0
41.8±0.2
0.9±0.1
1.6±0.1

Tandır
9.2±0.1
0.4±0.1
2.9±0.3
11.0±0.5
1.2±0.1
1.0±0.1

Kayabağ
7.6±0.1
2.4±0.1
2.1±0.1
5.7±0.4
0.9±0.1
0.9±0.1

Yenibağ
6.6±0.1
0.6±0.1
6.1±0.2
9.8±0.6
1.0±0.2
0.8±0.1

Bilikler
9.8±0.2
1.1±0.1
2.2±0.1
7.9±0.4
BDL
1.2±0.1

TABLE 5 - The levels of trace elements in soil samples, N=3.
Concentration (µg/g)
Element
Bahçesaray
Fe
732±14
Cu
16±1
Zn
48±3
Mn
2600±29
Cr
15±1
Pb
16±1
Co
17±2
Ni
28±1
Cd
BDL
BDL: Below detection limit

Pekmez Toprağı
518±13
18±1
26±1
130±5
19±1
30±1
34±2
41±2
4±1

Derebağ
717±26
17±1
51±3
1976±45
20±1
17±1
19±0
39±2
1±0.2

The trace metal ion contentrations in raisin, grape and
soils samples are given in Tables 3, 4 and 5, respectively.
Lead, chromium and cadmium levels of all grape samples
were below the detection limit of FAAS. Similarly, the
levels of lead, chromium, cobalt, nickel and cadmium were
also below the detection limit of FAAS in all raisin samples.
Iron is a necessary element for human growth and
health [22], and was found to be the second most abundant element in our raisin, grape and soil samples from
Incesu-Kayseri. The ranges of iron in raisin, grape and
soil samples were 36.0-61.6, 6.6-14.8 and 518-732 µg/g.
Copper is also important for healthy life of humans
[23]. The lowest and highest contents of Cu for raisins were
found to be 2.9 µg/g for Kuşaklı and 9.8 µg/g for Garipçe.
Copper contents of raisin samples from Turkey have been
reported to be in the range of 0.770-4.706 µg/g by Calisir
and Akman [18]. The concentration ranges of copper in
grape samples were 0.4 µg/g (Tandır) to 2.4 µg/g (Kayabağ). The minimum and maximum Cu levels in soil samples were found to be 16 µg/g (Bahçesaray) and 26 µg/g
(Karayel), respectively.
Zinc is also essential for human nutrition [24]. As can
be seen in Table 3, the lowest and highest Zn levels in

Kayabağ
726±24
16±1
47±1
1664±21
20±1
14±1
21±1
37±3
BDL

Karayel
689±21
24±1
48±1
1794±35
38±1
13±1
18±1
29±1
BDL

Bilikler
661±11
16±1
27±1
1014±32
11±2
BDL
8±1
12±1
BDL

Aksu
722±17
17 ±1
44±2
1924±52
2±0.5
34±1
16±1
37±1
1±0.2

raisin samples from Incesu were 8.9 and 28.1 µg/g, respectively, and in grape and soil samples were 2.1-20.4
and 26-51 µg/g, respectively (Table 3).
Manganese was the most abundant element in the analyzed samples. The range of manganese in raisin samples
was 26.9-61.0 µg/g (Table 3). Minimum level of Mn was
found in Büyükkum grape sample (3.1 µg/g), and maximum level in Örenşehir sample (41.8 µg/g).
Cobalt is a part of B12 vitamin that is necessary for
humans [23]. Cobalt in grape samples from Bahçesaray
and Bilikler was below the detection limit of FAAS. The
highest cobalt level was 1.2 µg/g in Tandır grape sample.
Cobalt concentration in soil samples from Incesu ranged
between 8-34 µg/g (Table 5).
Nickel is a toxic element. As can be seen in Table 4, the
level of Ni in grapes from Yenibag was minimum (0.8 µg/g),
while it was highest in samples from Örensehir (1.6 µg/g). In
soil samples, Ni was found to be 12 (Bilikler) -41 µg/g
(Pekmez Topragi).
Chromium is required for the regulation of blood sugar.
The estimated and safe daily intake for chromium is 50–
200 µg/g [25, 26]. Chromium values in both grapes and
raisins were below the detection limit of FAAS, and in
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soil samples from Incesu 0.5 (Aksu) - 38 µg Cr/g (Karayel)
were found.
The lowest and highest contents of lead for soils were
found to be 13 µg/g for the Karayel sample and 34 µg/g
for the Aksu sample. Lead levels of raisin samples
from Turkey have been reported in the range of 0.012 0.359 µg/g [15]. The maximum lead level permitted for
fruit juice is 0.05 mg/kg according to Turkish Food Codex [27]. The concentration of lead and cadmium in grape
samples were found to be below FAAS detection limit.
Cadmium is a dangerous metal for plants, animals and
human life. It was only detected (1-4 µg/g) in 3 soil samples. In all other samples, it was found below the detection
limit of flame AAS.
4 CONCLUSIONS
Trace metal contamination in food and soil is a serious health threat to humans [28, 29]. The health problems
of humans are of high emotional concern, and food safety
is addressing many issues including sensitivity of toxic
endpoints, or trace metal exposure. The results obtained for
trace elements in raisins and grapes produced in Turkey
were acceptable for human consumption, from the viewpoint of nutritional and toxic levels.
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ABSTRACT
A constructed wetland (CW) planted with Phragmites
(RCW) inoculated with Pseudomonas oleovorans CL-3 to
treat the secondary effluent from sewage disposal system
were examined to determine the efficiencies of N removal
from Oct. 29 to Nov. 16 in 2011, before harvesting. The
experiment was operated in batch-loaded method. RCW
inoculated by Pseudomonas oleovorans CL-3 (RCW-CL3) in the first phase had obvious improvement on ammonia (NH3-N) and total nitrogen (TN) removal efficiency.
The final removal efficiencies of the RCW-CL-3 were
found to be 88% for COD, 89% for NH3-N, and 71% for
TN. The effect of hydraulic retention time (HRT) variation on treatment efficiency of RCW-CL-3 was also discussed. Statistic analyses indicated that the optimal HRT
for NH3-N concentration achieving the GB18918-2002
standard (China) for Class I-B guideline of 15.0 mg/L
was 7 days, while the NH3-N removal of the control
group had not met the criteria until 17 days, at the end of
the second phase. Results suggest that NO3--N was totally
converted into N2 by the denitrification process of CL-3.
The CWs would be a cost-effective measure for N removal of rural domestic wastewater by means of bioaugmentation, and period of repeated inoculation is needed to be
defined.
,
KEYWORDS: constructed wetlands; domestic wastewater; Pseudomonas oleovorans CL-3; nitrogen removal
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Bioaugmentation, being an economical and eco-friendly
approach, has emerged as the most advantageous wastewater
clean-up technique for contaminated sites [3]. It is usually
achieved by inoculating microbial strains or mixes of strains
that are isolated from the same polluted site, and grown in
the selective media containing the pollutant to enhance
microbial activities in removing undesired pollutants [4].
At present, there is limited information about the experiments using bioaugmentation in CWs for wastewater
treatment. Lin et al. [5] inoculated microbial compounds
to a reed wetland system, and the ammonia (NH3-N) was
significantly removed. Bacillus subtilis FY99-01 strain was
used to efficiently enhance microbial nitrate removal in the
artificial riparian wetland of a river bend [6], and results
suggested that nitrate (NO3--N) was removed more efficiently in summer (>35 %) than in winter (3.8-8.6 %), and
the maximal removal efficiency of NO3--N was 36.1%.
A denitrifying bacterium isolated from the sludge of the
double sludge switching-sequencing batch reactor (DSSBR),
with a high removal efficiency of NO3—N, was obtained and
named Pseudomonas oleovorans CL-3 in the laboratory
tests [7]. In this study, N removal of a CW planted with
Phragmites which was introduced by Pseudomonas oleovorans CL-3 for rural domestic wastewater, was investigated. The objectives of this study were to investigate the
effect on N removal of a RCW by bioaugmentation in autumn, and to determine the period of repeated inoculation.
2 MATERIALS AND METHODS

1 INTRODUCTION

2.1 System description

Subsurface flow constructed wetlands (SSFCW), the
most widely used alternative wastewater treatment facilities, are applied typically in small villages and farms for
specific wastewater treatment [1]. Pollutant removal in
CWs is typically associated with specific microbial functional groups. Nitrification of nitrobacteria coupled with
denitrification of denitrifying bacteria is usually the most
significant N removal mechanism in the CW [2].

The experiments were carried out in Shandong Architectural University, in the suburb of Jinan in Shandong
Province, China (36.67’N and 117.0’E). The study system
consisted of a wastewater containment tank and two subsurface flow constructed wetland mesocosms (Fig. 1). The
tank and polyvinyl chloride (PVC) pipes were installed to
collect and transfer the influent, the secondary effluent from
a sewage disposal system, which is used to purify domestic
wastewater from Shandong Architectural University. Each
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CW was 400 cm in length and 100 cm in width, with a
depth of 130 cm, and packed padding of 100 cm. Their
filter beds both consisted of four layers from top to bottom
to a height of 10 cm with soil, 10 cm with washed river
sand, 10 cm with ceramic particles, 55 cm with detritus, and
15 cm with cobblestones, which were used as the supporting
layer. The soil came from wetlands of Nansi Lake in Shandong Province. The characteristics of the ceramic particles
used in this study can be found in Jiang et al. [8]. Two CWs
were planted with reed (Phragmites) (RCW) in March
2010. After planting, the microcosms kept flooded for two
months until the macrophyte was well established. The
system was started to dynamic operation from May 2010.

suspension, and incubated stably at room temperature. This
medium contained (g/L) (pH 7.2-7.4): potassium sodium
tartrate 20, KNO3 2, KH2PO4 0.5, and MgSO4 • 7H2O 2.
An air bag was used to connect the flask through a glass
tube and some silicone tubes. Gas released by nitrogen
reduction was gathered by the airbag and determined using
a GC-MS system (7980A/5973N, Agilent Technologies,
USA) with a DB-1 column (30 m × 0.25 mm × 0.25 µm).
2.5 Inoculation of mesocosms

The experiment was operated in batch-loaded method.
In phase І, wastewater was rapidly filled in each bed. Then,
about 9 L of the culture suspension (OD600=1.5) in a 10-L
plastic drum was released into the RCW regarded as RCWCL-3 on Oct. 29 in 2011. After 10 days, CWs were drained
completely and filled again. In phase П, strain suspension
was not inoculated again, and the pollutant of wastewater
was examined for 17 days. The special injector (Chinese
patent number ZL 20112485865.3) was used to add an
equivalent volume of inoculum into the CWs in 3 different depths (0.35, 0.45 and 0.55 m).
2.6 Water sampling and analysis

FIGURE 1 - Scheme of the constructed wetland mesocosms.
2.2 Wastewater chemical properties

The quality of influent wastewater chemical properties
measured four times a month is summarized in Table 1. The
annual differences were not significant.
2.3 Inoculum preparation

Pseudomonas oleovorans CL-3 (Chinese patent applying) was isolated in the School of Environmental Science and Engineering in Shandong University, and preserved in the China Center for Type Culture Collection
(CCTCC) with the number of M 2012226. The LB medium (pH 7.2-7.4) for enrichment of stain CL-3 was prepared by dissolving 10 g tryptone, 5 g yeast extract, and
10 g NaCl in 1 L of distilled water. LB medium was autoclaved for 30 min at 121 °C. Sterile medium (100 ml) in
250-ml conical flasks was inoculated with 2 ml of fresh
activated sludge and incubated stably at 35 °C for 24 h.
The optical density of strain CL-3 was measured at 600 nm
(OD600) using a spectrophotometer (UV-2450, Shimadzu,
Japan) at the end of incubation.
2.4 Gas production of CL-3

The influent was sampled before the wastewater flowed
into the CWs. Certain amounts of outlets were fixed at the
bottom on the other side of the CWs. All the outlets were
closed when the CWs were filled with wastewater. After
bioaugmentation, the effluent samples were taken from
the lowest outlet on the first day, and then, sampling interval was 3 days in an 18-day period. In the laboratory,
the wastewater samples in triplicate were analyzed for
chemical oxygen demand (COD), total nitrogen (TN),
NH3-N, nitrite (NO2--N), and NO3--N using the standard
methods [9]. The data were averaged. COD was measured
using the potassium dichromate method. TN, NH3-N and
NO3--N were determined by a UV-VIS spectrophotometer
(Shimadzu Instrument Co. Ltd., UV-2450, Japan) using
the Nessler’s reagent spectrophotometric method, potassium persulphate oxidation-ultraviolet spectrophotometry,
and ultraviolet spectrophotometry screening method, respectively. Dissolved oxygen (DO) was monitored using
the portable DO determining meter (DO-200, Lovibond,
Germany). The pH of the effluent of each CCW was measured with a pH-meter (Shanghai Leici Instrument Co. Ltd.,
PHS-3C, China). Treatment efficiency was calculated as
percentage of removal as follows:
Removal efficiency (%) = (Ci-Ce)/Ci×100
where, Ci and Ce are the influent and effluent concentration in mg/L.

A 1-L conical flask was completely filled with sterile
denitrifying medium (DM), inoculated with 1 ml of CL-3

TABLE 1 - Influent wastewater characteristics.
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pH
7.5-8.0

DO (mg/L)
1.03±0.11
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CODcr (mg/L)
40-270

NH3-N (mg/L)
124-146

3 RESULTS AND DISCUSSION
3.1 Gas analysis

Relative amount (100%)

Nitrous oxide (N2O) is a significant contributor to global
warming and destruction of the ozone layer [10]. During the
microbial-mediated process-denitrification, NO3--N is converted into N2 via intermediates NO2--N, nitrogen monoxide
(NO), and N2O [10]. N2O was required as terminal electron acceptor for denitrifying bacteria CL-3, and can be
released in high quantities under low oxygen environments
with sufficient NO3--N and organic carbon [11]. The results
indicate that NO and N2O were not found in the final
product of denitrification (toxic greenhouse gases). NO3--N
was all converted into N2 by the denitrification process of
CL-3 (Fig. 2). It is indicated that strain CL-3 has the
complete denitrification ability, even under low DO conditions. Compared with other denitrifiers [12], the strain
CL-3 was more superior for environmental protection in
the bioaugmentation.

Time (min)
FIGURE 2 - GC-MS chromatogram of the gas released by denitrification process.
3.2 CODCr removal in the RCW

As shown in Fig. 3, CODCr in the influent fluctuated
with the average value of 268 mg/L in phase І. The CODCr

NO3—N (mg/L)
0.1-1.5

NO2—N (mg/L)
0-0.2

TN (mg/L)
130-150

removal efficiency was above 88% after bioaugmentation
in RCW-CL-3, while the CODCr removal efficiency of the
control RCW was about 68%. The CODCr had already met
the standards of national and local governments (China),
the Class I-B criteria of GB18918-2002 (CODCr <60 mg/L)
on the seventh day. In comparison with the control group,
HRT of RCW-CL-3 was shortened efficiently. However, in
phase П, CODCr with the initial concentration of 246 mg/L in
the influent was not decreased significantly as in Phase І.
Between RCW-CL-3 and RCW, removal efficiency of
CODCr showed little differences. It is likely that the inoculated strains CL-3 did not immobilize well. It is indicated that the growth rate of the inoculated organisms
must be higher than decreasing rate due to washout and
predation [13].
3.3 N removal in the CCW

The most studied process for N removal has mostly
been assumed to be a result of the combination of nitrification-denitrification [14]. Nitrification is the aerobic oxidation of NH3-N to nitrite (NO2--N), and then, to NO3--N.
The process is performed by nitrifying bacteria [15]. Nitrification takes place in all types of CWs [16]. Generally,
denitrification is still believed to account for more than
half of N removal in CWs [17]. Denitrification is promoted
by higher NO3--N concentrations [18], while nitrification is
dependent on NH3-N concentration in wastewater [19].
Kuschk et al. [20] reported that the denitrification process
was complete in summer but was significantly inhibited
below 15 °C. The average air temperature was 18 °C in
our test period, which would beneficial for nitrifying and
denitrifying.
Generally speaking, autochthonous (indigenous) microbes exhibit more adaptive features to the same environment, possessing metabolic activity in purification processes, while allochthonous (foreign) microbes inoculated
usually do not survive or are outcompeted in the wetland
environment [21]. The removal efficiencies of NH3-N,
NO3--N and TN are described in Fig. 4.
In phase І, the influent NH3-N concentration was
about 68 mg/L, approximated to the TN concentration of

1454

© by PSP Volume 22 – No 5. 2013

Fresenius Environmental Bulletin

FIGURE 3 - CODcr removal in the RCW inoculated with CL-3 in the autumn of 2011.
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FIGURE 4 - Variations of nitrogen compounds in the RCW inoculated with CL-3 in the autumn of 2011.

75 mg/L. Figure 4 shows that the concentration of NH3-N
decreased to 7.03 mg/L (NH3-N<15 mg/L in the Class I-B
criteria of GB18918-2002) on the seventh day, in the
RCW-CL-3. The efficiency of NH3-N removal was about
89%, but only 65% in the control RCW. However, at the
end of the second period, NH3-N removal was only 52%
in the RCW-CL-3. It was shown that repeated inoculation
of highly competent bacteria CL-3 should be applied to
provide the wetland system with sufficient biomass.
The initial concentrations of NO 3--N and NO 2--N
were about 1.2 mg/L and 0.1 mg/L, respectively. In the

two phases, the concentrations of NO3--N were increased
quickly, but then gradually decreased. The nitrification was
inhibited because of the limited oxygen and the NO3--N
concentration was maintained at a certain level. Presumably, part of NH3-N was transformed to NO3--N under anoxic conditions, and the strain preferentially utilized NO3--N as
an electron donor and, finally, N2 to the atmosphere
during denitrification. The concentration of NO2--N was
kept at a low level during the whole experiment. The removal efficiency of TN in the RCW-CL-3 was similar
to that of NH3-N, and a maximum removal efficiency of
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TABLE 2 - TN removal efficiency (%) compared between our test and other SSFCWs.
Type of CW
Reed
Cattail
D. Sanderiana
Reed-CL-3

Temperature
(°C)
15-30
15-30
14
18

Size
2*0.5*0.6
2*0.5*0.6
3*1*0.8
4*1*1.3

Influent
TN (mg/L)
20.88-51.33
20.88-51.33
65
75

HRT (days)
4
4
5
7

References
Fu et al. [24]
Fu et al. [24]
Luo et al. [23]
This test
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ABSTRACT

technologies have been developed to remediate these sites
[3].

Lots of sites are contaminated with both heavy metals
and organic matters, and these sites pose a serious threat to
our health and the environment. Carboxymethyl-β-cyclodextrin (CMCD) has been suggested as an efficient complexing agent for remediation of sites co-contaminated with
heavy metals and organic matters. Previous studies have
shown that some factors (pH, temperature and concentration of CMCD) have potential influence on removal efficiency of heavy metals and organic matters. Results from
this paper show that CMCD can greatly increase the solubility of naphthalene (Nap) and anthracene (Ant); their
solubility is enhanced almost 18- and 7-fold in 10 g/L
CMCD. Removal efficiency of CMCD to the heavy metal
ions (Cu2+, Cd2+, and Pb2+) is about 90%, and following
the order of Pb2+>Cu2+>Cd2+; the trend is the same as the
conditional stability constants between these ions and
CMCD. Furthermore, interactions between heavy metal ions
and PAHs are also investigated in this paper. The results
of the experiments show that Nap and Ant have no influence on metal-CMCD interactions, and heavy metals make
neither contribution nor inhibition to the adsorption of PAHs
by CMCD.
KEYWORDS: PAHs; heavy metals; cyclodextrin; elution; cocontaminated

1 INTRODUCTION
Organic and inorganic co-contaminations, such as that
of polycyclic aromatic hydrocarbons (PAHs) and heavy
metals, have been caused by human activities. The accumulation of PAHs and heavy metals in the environment
not only results in environmental pollution but also poses
a serious threat to human health, because of their chronic
toxic, carcinogenic nature, and their long-standing in the
environment [1, 2]. Remediation of sites co-contaminated
by PAHs and heavy metals is an important environmental
issue; many physical, chemical, biological, and combined
* Corresponding author

In PAHs/heavy metals co-contaminated environments,
common heavy metals include arsenic, cadmium, chromium,
copper, lead, mercury, nickel, and zinc that have been
found to be toxic to all creatures [4-10]. PAHs have been
released to the environment on a large scale. Many PAHs
are carcinogens, especially PAHs in soil, which can be
accumulated and transported into agricultural plants. The
U.S. Environmental Protection Agency (USEPA, 1997)
[11] reported that the national priority list (NPL) includes
16 kinds of PAHs.
Modified cyclodextrins were reported to have the potential to complex with low-polarity organic compounds
and heavy metal ions [12, 13]. Cyclodextrins are cyclic
oligosaccharides, which are derived from the degradation
of starch by enzymes [14, 15]. Cyclodextrins have several
advantages over regular solvents and surfactants because
of their non-toxicity, higher biodegradability, and low
affinity of sorption to the solid phase at a wide range of
pH values [15, 16]. Among the initial cyclodextrins, βcyclodextrin is the most accessible, cheapest and, generally,
the most useful one. Modified β-cyclodextrins with higher
solubility than the initial generation are commercially available and can be synthesized. For example, some studies have
shown that carboxymethyl-β-cyclodextrin (CMCD) has the
ability to complex heavy metals, such as cadmium, nickel,
strontium, and mercury, in the presence of various organic
contaminants [17].
Some authors have studied several influencing factors
(such as concentration of elution agent, temperature, pH)
when simultaneously removing a single metal (Cd) and a
single organic matter (Ant) from sand [15]. Due to the fact
that most of the sites are contaminated with different kinds
of heavy metals and organic matters, it is important to
study the removal effect of varying combinations of heavy
metals and PAHs by CMCD. At the same time, little is
known whether there are some interactions (antagonism,
synergism, and additives) between heavy metals and PAHs
or not when they are removed by CMCD. In this paper, we
chose Cu2+, Cd2+, and Pb2+ as the heavy metal contaminants, Nap and Ant as PAH contaminants, CMCD as elution agent, and quartz sand as the carrier of contaminants.
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The enhanced solubility of heavy metals and PAHs by
CMCD, and the removal efficiency of co-contaminated
sand were investigated.
2 MATERIALS AND METHODS
2.1 Materials

CMCD was obtained from Chemical Reagent Factory
of Shanghai (China); the compound was delivered as
sodium salt with a purity of 99%. Its average molecular
weight is 1620, and its average degree of carboxymethyl
substitution is about 6. Naphthalene (Nap) and Anthracene (Ant) were obtained from Shanghai Aladdin Chemistry Company, with a purity of 99.5%. The properties of
Nap and Ant are shown in Table 1. Copper (copper nitrate, purity 99.9%), cadmium (cadmium nitrate, purity
99.9%) and lead (lead nitrate, purity 99.9%) were selected
as representatives of heavy metals. Quartz sand was of
analytical reagent grade (particle size 40-70 mesh) and
from Tianjin quartz clock factory. All other reagents and
solvents used were of analytical reagent grade unless
otherwise stated.
2.2 Methods
2.2.1 Solubilization of Nap and Ant by CMCD

For Nap and Ant solubility measurements, 100 ml of
solution containing varying concentrations of CMCD was
poured in 250-ml conical flasks, and the solid compound
was added in excess of solubility limitation in quantities.
Triplicate flasks were prepared for each CMCD concentration, and also blanks were prepared in identical situation but without CMCD addition. All samples were equilibrated on a reciprocating shaker for 3 days in the dark.
After equilibration, liquid samples were extracted from
the flasks by a syringe and filtered through a 0.45-µm
glass fiber filter to remove solid compounds. 1 ml of the
filtered sample was withdrawn and diluted with 50:50
methanol/water solution in 10-ml volumetric flasks. The
role of methanol is to decompose CMCD–solute complexes [2]. The effects of CMCD on the UV spectra of
PAHs are negligible within the range of experiments.
2.2.2 Complexation of heavy metal ions by CMCD

The complexation of heavy metal ions (Cu2+, Cd2+,
and Pb2+) by CMCD was performed by standard batch
method. Aliquots (100 ml) of 300 mg/L heavy metal ion
solutions with 50 mmol KNO3 background ionic strength,
containing varying concentrations of CMCD, were added
to 250-ml conical flasks and equilibrated on a reciprocating shaker for approximately 1 day at 30 °C.

Quartz sand was spiked with PAHs, with an initial
target concentration of 250 mg/kg. Initially, PAH was
completely dissolved in hexane, and the hexane-PAH
mixture was subsequently mixed with the measured
amount of sand. The soil-hexane-PAH mixture was then
placed in a fume hood for 2 days to make all the hexane
evaporate. Sand was spiked with heavy metal ions at a
target concentration of 250 mg/kg. Required amount of
heavy metal compound was dissolved in deionized water
and then, added to the sand; the sand and solution were
mixed homogenously and air-dried in a fume hood (see
preparing procedure of sand mixed with PAHs).
The generator column approach was used to determine the removal efficiency of contaminants by CMCD
[15]. The generator column was 40 cm long, had a radius
of 3 cm, and was packed with prepared quartz sand. The
column was plugged with glass wool at both ends and
contained a large pore-diameter fritted disc sealed at the
outlet. Then, 100 ml of distilled water, or solutions containing different concentrations of CMCD, were passed
through the column, and a fraction of the effluent was
immediately analyzed for solute concentration. The remaining effluent was then repeatedly passed through the
column so as to obtain a relatively constant effluent concentration. All experiments were carried out at 30 °C.
2.2.4 Analytical method

The concentrations of Nap and Ant were determined
by UV–VIS spectrophotometry (Thermo Fisher Scientific
company, USA), the wavelengths used for UV detection
of Nap and Ant were 220 and 251 nm, respectively.
Duo to different forms of the heavy metals in the experiments, we used two kinds of quantitative instruments.
The concentrations of free ions (no complexation with
CMCD) were analyzed by ion selective electrodes
(Thermo Scientific Orion 9629BNWP, 9648BNWP and
9682BNWP, USA), while total concentrations of heavy
metal ions were determined by AAS analysis (TAS–
990AFG).
3 RESULTS AND DISCUSSION
3.1 Solubilization of Nap and Ant by CMCD

The solubilization effects of CMCD on Nap and Ant
are plotted in Fig. 1. The results show that the apparent
aqueous solubility of Nap and Ant are linearly increased
with the concentration of CMCD, which might be ascribed
to the formation of 1:1 inclusion complexes in solution.

2.2.3 Elution of the polluted sand
TABLE 1 - Physico-chemical properties of Nap and Ant.
PAH
Nap
Ant

MW [18, 19]
[g/mol]
128.17
178.23

MV [1]
[nm3]
0.232
0.315

SW [18,19]
[mg/L]
28.20
0.0695

MP [18, 19]
[°C]
80.3
216.1
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log Kow [20, 21]
3.37
4.46

H [18, 19]
[Pa m3/mol]
42.6
4.29
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The linearity can be expressed by the following Eq. (1):

St

S0

(1)

= K S ⋅ C0 + 1

where, St is the aqueous phase concentration of PAHs
with CMCD, S0 is the concentration of PAHs in absence of
CMCD, C0 is the initial concentration of CMCD, and KS is
the stability constant of inclusion complexes for PAHs with
CMCD [22].
The results of the experiments show that 10 g/L
CMCD results in 18-fold increase of solubilization for Nap
but only 7-fold for Ant. Higher solubilization of Nap compared to Ant is based on: (1) the solubility of Nap in water
is larger than that of Ant, which is in agreement with the
solubility values reported in literature (Table 1). Then, the
mass transfer resistance from water to CMCD for Nap is
smaller; (2) the molecules of Nap and Ant are appropriate
in width to fit completely in the cavity of CMCD and
form an inclusion complex, and the molecular volume of
Nap is smaller than that of Ant (Table 1); (3) the length of
Ant molecule is larger than the depth of the β-CD cavity;
however, the length of Nap is slightly smaller than the
diameter of the β-CD cavity. The maximum contact with
the cavity is obtained when the short axis of Nap is parallel to the axis of the cavity [15, 23].

Values within curved brackets represent activities
[24].
Due to the coordination between heavy metal ions
and CMCD, the solubility of heavy metal ions can be
enhanced by CMCD. Results show that CMCD can enhance the solubility of all the heavy metal salts investigated. The solubilization effects of CMCD on heavy metal
ions are plotted in Fig. 2, and the results show that the
apparent aqueous solubility of Cu2+, Cd2+ and Pb2+ are
obviously increased reaching the solubility limitation with
increasing CMCD level (when CMCD was 10 g/L, free
ion levels almost reached limitation); therefore, we used
this CMCD concentration in the following experiments.
The conditional stability constants between the three ions
and CMCD followed the order of Pb2+>Cu2+>Cd2+.

FIGURE 2 - Complexation of Cu2+, Cd2+, and Pb2+ by CMCD, [ion]
= 300 mg/L, t = 24 h.
3.3 Interaction between PAHs and heavy metal ions

FIGURE 1 - Solubilization curves of Nap and Ant by CMCD, t = 3
days.
3.2 Solubilization of heavy metal ions by CMCD

In the model, the free metal ion activity, Me2+ for all
divalent cations investigated in this study, is controlled by
the presence of a soluble metal salt. CMCD complexes the
free metal ion which causes more of the salt to dissolve
(Eqs. (2) and (3)), and CMCD has a complexation reaction
with a 1:1 (metal ion:CMCD) stoichiometry:
Me(NO3)2 → Me2+ + 2NO3(2)
CMCD2- + Me2+ → CMCD-Me
(3)
The conditional stability constant for metal-CMCD
complexation is calculated according to:
K CMCD − ME =

{CMCD − ME}

{CMCD }{ME }
2−

2+

(4)

In order to investigate simultaneous removal of PAHs
and heavy metal ions by CMCD, a series of experiments
were carried out. Firstly, excess amounts of PAHs with
10 g/L CMCD, containing varying concentrations of heavy
metal ions, were added to 250-ml conical flasks and equilibrated on a reciprocating shaker for 3 days at 30 °C. The
results show that the apparent aqueous solubility of PAHs
were high, and not affected by concentrations of heavy
metal ions, which indicates that the solubilization of PAHs
by CMCD is also not influenced by the presence of heavy
metal ions (Fig. 3). Secondly, 500 mg/L heavy metal ions
with 10 g/L CMCD, containing varying concentrations of
Nap and Ant, respectively, were added to 250-ml conical
flasks and equilibrated on a reciprocating shaker for 1 day
at 30 °C. The results show that the complexation of heavy
metal ions with CMCD was effective, and the removal
efficiency of heavy metal ions was almost not affected by
PAHs, which indicates the presence of PAHs has a negligible effect on the complexation ions by CMCD (Fig. 4).
Based on the structure and properties of CMCD as well
as results of the above experiments, we can know that
PAHs and heavy metal ions are complexed at different loca-

1462

© by PSP Volume 22 – No 5. 2013

Fresenius Environmental Bulletin

FIGURE 3 - Effects of Cu2+, Cd2+ and Pb2+ on the apparent solubility of Nap and Ant, [CMCD] = 10 g/L, t = 3 days.

FIGURE 4 - Effects of Nap and Ant on the formation of metal-CMCD,
[CMCD] = 10 g/L, [ion] = 500 mg/L, t = 24 h.

tions, and the carboxyl groups of CMCD complex the
heavy metal ions outside the cavity, while the PAHs are
absorbed by the low-polarity cavity of CMCD.

and mixed-contaminant (Nap and Ant) sand were 0.423
and 0.417 mg/L, which were lower than the apparent
aqueous solubility of Ant with 10 g/L CMCD.

2.4 Elution of heavy metal ions and PAHs

The elution curves for heavy metal ions removal from
single-contaminant and mixed-contaminant sand are plotted (Fig. 5), obtained by plotting the ion concentration
eluted by CMCD in equilibrium versus the amount of
heavy metal ions adsorbed by sand. The results show that
CMCD has removal efficiency rates of about 92, 89 and
95% for Cu2+, Cd2+, and Pb2+, respectively, and the removal efficiency of heavy metal ions from single-contaminant sand is almost the same as from mixed-contaminant
sand. On the other hand, the order of removal efficiency is
the same as the order of the conditional stability constants. It can be concluded that no interactions exist between the three heavy metal ions when they are removed
by CMCD from mixed-contaminant sand.
Due to the high volatility of Nap, it was almost
completely volatized in contaminated sand; therefore,
we had not got its removal efficiency. However, the
effluent concentrations of Ant in single-contaminant (Ant)

FIGURE 5 - Removal efficiency of heavy metal ions from different mixed contaminated sand samples, [CMCD] = 10 g/L, [ion] =
250 mg/L, t = 24 h.
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4 CONCLUSIONS
CMCD could simultaneously increase the apparent
aqueous solubility of PAHs and complex with heavy metals, making CMCD a potential agent for contaminants`
remediation. The solubility of Nap and Ant in 10 g/L of
CMCD were enhanced almost 18- and 7-fold, respectively.
The conditional stability constants between heavy metal ions
(Cu2+, Cd2+, and Pb2+) and CMCD followed the order
of Pb2+>Cu2+>Cd2+. When CMCD concentration reached
10 g/L, the metal-CMCD complexation percentage was
>90%. At the same time, the elution removal efficiency
rates of heavy metals from single-contaminant sand and
mixed-contaminant sand were both about 90%. Because
PAHs and heavy metal ions were complexed at different
locations, the apparent aqueous solubility of PAHs was
nearly not affected by concentration of heavy metal ions,
and the presence of PAHs had a negligible effect on the
complexation ions by CMCD, either. A further study of the
interactions between PAHs and heavy metals during microbiological methods will be developed in the near future.
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ABSTRACT
Sediment pollution is quite a serious problem in the
whole world. Hybrid technology of electrokinetic (EK) bioremediation was adopted to restore the polluted sediment.
In this paper, effects of electric field were studied on the
vulnerability of bacteria, and the mobility of nutrients
through the sediment. Because a strong electric field for
inactivation of microorganisms had the inhibiting effects
of electrochemical products generated at the electrodes,
we found a strong electric field (3V • cm-1) would reduce the
activity of bacteria, while a weak electric field (1V • cm-1)
could activate the microbial activity, and accordingly, dehydrogenase activity in sediment under a weak electric
field (1 V·cm-1) was higher than that under stronger electric fields (3 V·cm-1). It was found that electric field
could inhibit the growth of heterotrophic bacteria nearby
the cathode, and electric field polarity reversal might be
an effective way to minimize such effects (pH variation
and negative electrode reaction).

KEYWORDS: electrokinetic bioremediation; microbial activity;
electrokinetic transport; lake sediment

1 INTRODUCTION
The electrokinetic (EK) process is a remediation technique for removal of contaminants, and has been applied to
polluted sites. However, the application of a direct electric
current to soil results in several changes, such as pH, redox
potential, and electrolyte concentration, in the soil medium.
These changes may impact the nature of the soil surface
chemistry and the success of the electrochemical remediation [1]. Although bioremediation has advantages in the
remediation of organic pollutants, the low mobility of target contaminants, microorgnisms and nutrients may cause
insufficient interactions between them [2]. Electrokinetic
bioremediation is a hybrid technology developed in recent
years, which uses electrokinetic processes to stimulate mi* Corresponding author

crobiological degradation [3, 4]. It combines bioremediation with electrokinetic transport phenomena of nutrients,
terminal electron acceptors, and contaminant-degrading
microbes. It was found that the application of electrokinetics to soil altered the exposed microbial community, including the electrokinetic transport of microorganisms, the
stimulation of microbiological leaching processes, direct
electron-transfer-processes between microorganisms and
electrodes, and the use of electrolysis to enhance reductive and oxidative biodegradation processes [5–7]. Therefore, the interactions between electrokinetic processes and
microbial communities of soil are keys to improve the
efficacy and sustainability of the remediation strategy [8].
A major factor limiting the success of bioremediation
is the difficulty for bacteria transport through the soil,
which might lead to lack of interaction between bacteria
and pollutants [9]. The oxygen and nutrient supply to the
degrading populations may also be limiting, due to slow
diffusion and low hydraulic conductivity [11]. Electrokinetics has the potential to strengthen the interaction probability of the bacteria and organic contaminant by transporting bacteria to polluted sources. Electrokinetic bioremediation has been found to be efficient in remedying
organic-polluted soils which are diffcult to be treated by
other methods. Some researches showed the response of
bacteria exposed to electric current caused little changes in
the activity and composition of the microbial community
near the anode [5, 11]. However, electro-bioremediation
technology still had its adverse effects, such as resulting in
extreme soil pH. The electrolysis of water generated hydrogen ions at the anode and hydroxide ions at the cathode,
forming an acid and a basic area. Despite growing interest
in the electrokinetic bioremediation of contaminated soil, it
is still largely unknown to which degree weak electric
fields influence the fate of contaminant-degrading microorganisms in the sub-surface [12]. The possible mechanisms
involved in the electrokinetics in biodegradation require to
be further studied [13, 14].
Sediment pollution is quite a serious problem in the
whole world. The main sources of pollutants in lakes include external loading (such as rainfall, runoff, soil leaching, industrial and municipal effluents) and internal loading. When the external source pollution got controlled, a
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variety of pollutants in the sediment will release to aquatic
environment through exchange, which is the major source
of polluting the overlying water [15, 16]. Sediments from
Wuhan East Lake in China are chosen as a research object, which is the special aspect in our studies owing to
the difference of physical and chemical properties between sediment and soil. In this paper, effects of the electric field were studied on the vulnerability of bacteria, and
the mobility of nutrients through the sediment in a benchscale.

Hu and Shuiguo Hu basins using a home-made sediment
corer. The sediments were black because they contained
some plant debris, smelled bad and looked like slush. The
sediments were inoculated with a laboratory-kept bacterium,
Bacillus subtilis (dyeing bacterium positive, short levers,
containing a living bacterium number of 5.2×108 cfu g-1).
Before the start-up of EK bioremediation, the bacterial consortium was cultivated up to 0.5 of optical density (600 nm)
in a bioreactor.
2.3 Apparatus

2 MATERIALS AND METHODS
2.1 Study site: Wuhan east lake

Wuhan east lake (30°33 HN, 114°23 HE) is on the alluvial plain of the middle basin of the Yangtze River, northeastern of Wuhan City, China. Its mean depth is 3-4 m, with
a maximum of 4.5 m. It has a total surface area of 32 km2,
and the lake itself is composed of several basins: Guozheng
Hu, Tanglin Hu, Hou Hu, and Niuchao Hu. The catchment
area is 97 km2, including urban area (26.8 km2), mountainous area (36 km2) and arable land (34.2 km2). The
muddy lake bottom is flat and sparsely covered with microphytes.
Municipal wastewater is still released into the lake
Donghu through 5 main sewage outlets. A large amount
of sediment is suspended because of the wind-induced
wave action in this shallow lake, and resulted in natural
pollution to overlying water.
2.2 Sample and bacteria

In June 2011, undisturbed sediment cores (φ =5 cm)
were taken from the connection between the Guozheng

Figure 1 shows the schematic diagram of the EK test
device. The test device consisted of the electrokinetic reactor, electrode trough, graphite electrode, the direct current
power supply, and ammeter. The electrokinetic reactor was
made of a cylinder-shaped PVC pipe (70 mm diameter ×
160 mm length). The amount of dry soil packed in the cell
was approximately 600 g. Two small chambers were connected to the main chamber at both ends, and used as electrode compartments. The filter candles had porous walls
(450 um pore size), allowing the exchange of electrode
solution into and out of the electrode compartments. Electrodes (graphite plates of 20 mm diameter and 30 mm
thickness) were connected to a direct current power supply.
2.4 Analysis

A microbiological test was carried out with the MPN
method. Dehydrogenase activity in sediments was measured by triphenyl tetrazolium chloride (TTC) methods
according to [17]. After each experiment, the soil sample
was extracted from the tube and divided into 5 slices for
physical and chemical analysis as schematically shown in
Fig. 2.

FIGURE 1 - Schematic diagram of the electrokinetic test device.

FIGURE 2 - Division schemes of the sediment sample slices (1#, 2# , 3#, 4 #and 5# are respectively the areas of 0-2 cm, 2-4 cm, 4-6 cm, and 6-8 cm and
8-10 cm from sediments to anode).
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buffering soils, such as kaolin, the pH of the soils decreased to 2–3 near the anode, and increased to 8–12 near
the cathode. In our test, the pH variation was not very
significant, probably due to the high buffering capacity of
the sediments.

TABLE 1 - Test design of electric field strength on the bacterial
activity.
Test code
EK I
EK II
EK III

E/ V·cm-1
0
3.0
1.0

Electric field variation
no electric field
uniform electric field
uniform electric field

EK I
EK II
EK III

5
-1

As summarized in Table 1, three EK patterns, named
as EK 1, EK 2, and EK 3, were tested to investigate the
influence of electric field strength variation on the bacterial activity after bacilli were added into the reactor. In
EK1, no electric field was kept in the system. In EK 2 and
EK 3, the different strengths of electric field were applied
in the system. After applied EK processes, the soil in the
EK cell was sliced every 5 cm lengthwise, and pH was
measured. Finally, the influence of electrode polarity
reversal on bacterial density was studied, and the feasibility research of electrokinetic migration of nutrients into
the sediments was made.

4

5

2.5 Electrokinetic experiment design

Bacteria count ( 10 CFU.g )
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FIGURE 4 - Bacteria count distribution after EK process.

3 RESULTS AND DISCUSSION

3.2 Bacterial count variation

3.1 pH variation

The experimental condition is summarized in Table 2.
The EK bioremediation was operated with a constant current for 1 week. After experiment, the sediment sample was
extracted from the tube and divided into 5 slices for analysis of pH value and heterotrophic bacterial count. The
results are shown in Figs. 3 and 4.
12
-1

1.0 V.cm
10

pH

8
6
4
2
0

anolyte

1#

2#

3#

4#

5# catholyte raw sediment

FIGURE 3 - pH distribution in sediments after EK process.

As shown in Fig. 3, the anode region becomes acidic
due to H+ generation, and the cathode region becomes alkaline due to OH− generation during EK processes. The pH
decreased as the sediment was far away from the cathode,
and the pH in the middle of the soil cell maintained at the
original value of 7.39. The pH changed to below 4 from
the initial 7.39 near the anode, and above 9 near the cathode. According to Reddy and Chinthamreddy [18], in low

Figure 4 shows that bacteria count in the central region of the sediments was significantly higher than that of
the raw sediment, which indicated that there were active
microbes in the middle of the sediments. Bacteria counts of
slice 1# and slice 5# were significantly lower than that of
the raw sediment. In slice 1#, where the pH was acidic, equal
to 3.45, there was a negative impact. Meanwhile, the pH was
basic in slice 5#, where it was harmful for the microbial
activity. Obvious pH variation resulted from the electrode reaction, and thus, against the growth of microorganism breeding. It also could be found from Fig. 4 that bacterial
count in sediments under weak electric field (1 V·cm-1) was
higher than that under a stronger electric field (3 V·cm-1),
which indicated high electric intensity could reduce the
activity of bacteria. Tiehm [4] concluded that three possible mechanisms for the inactivation of microorganisms
should be taken into account: (i) effects of the electric
field, i.e. the voltage gradient between the electrodes, (ii)
damage of the microorganisms due to direct contact with
the electrodes, and (iii) inhibiting effects of electrochemical
products generated at the electrodes. Therefore, either from
a energy consumption standpoint or from a microbial growth
standpoint, electric field strength should not be too high in
the EK bioremediation process.
In general, bioremediation has advantages in the remediation of polluted sediments and soils but the low mobility
of target contaminants, microorganisms and nutrients may
cause insufficient interactions between them. It could also
be found from Fig. 4 that bacteria count in sediment almost did not increase without electric field, and bacterial
count in central region was approximate three times that
of raw sediments. The bacteria existing in the sediment
usually take negative charges, and electric field can promote the migration of charged molecules and particles,
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which was beneficial to the bioaccessibility between bacteria and the target compounds; furthermore, weak electric
fields can stimulate the activity of microorganism. Shi [19]
found that, relative to the control, DC-treated cells mobilized by electroosmosis were 3-fold more culturable. This
was confirmed in our experiments.
3.3 Dehydrogenase activity variation

Biochemical reactions are carried out by the catalysis
of enzymes, and the rate of reactions depends on the enzyme activity. Therefore, dehydrogenase activity (DHA) in
sediments was measured after EK process. The correlation between DHA and microorganism activity was significant. According to Table 2, the EK bioremediation
was operated with a constant current for 1 week. DHA
values of different distance from the anode are shown in
Fig. 5.
EK I
EK II
EK III

-1

-1

Dehydrogenase activity (mg.g .h )

5

4

3

2

1

0
0

2

4

6

8

10

Distance from the anode (cm)
FIGURE 5 - Dehydrogenase activity distribution after EK process.

5
-1
Bacteria count( 10 CFU.g )

7

6

raw sediment
reversal 2min
reversal 10min
reversal 50min

5

sediments. DHA nearby the cathode and near the anode
was obviously lower than that of raw sediment. Due to
electrode reaction, the lower pH value nearby the anode
and higher pH value nearby the cathode are harmful to the
growth of microorganism breeding. Accordingly, the dehydrogenase quantity of microbial secretion was also reduced.
Similar to the results in Fig. 4, DHA in sediment under
weak electric field (1 V·cm-1) was higher than that under
stronger electric field (3 V·cm-1). In different sections of
sediments it was observed that the higher the bacterial
count, the higher the DHA.
3.4 Effects of electric field polarity reversal on bacteria count

In the EK process, the pH value nearby the electrode
will be changed obviously as a result of electrochemical
reaction. Electric field polarity reversal may be an effective way to reduce such effects. Therefore, different polarity reversal intervals (2, 10, 50 min) in the electric field
with an intensity of 3.0 V·cm-1 were arranged on sediment
microbial communities in order to minimize the effects of
electrochemical reaction on pH value variation. The results are shown in Fig. 6.
Bacterial count nearby the anode was always lower
than that of other positions in different polarity reversal
intervals (Fig. 6). Bacteria count in lower polarity reversal
intervals (2, 10 min) was higher than that of raw sediment
under no electric field. As compared with lower bacteria
count nearby the anode, bacterial counts nearby the cathode and central region were obviously higher than that of
raw sediment under no electric field when polarity reversal interval was 50 min. The results indicated that electric
field could inhibit the growth of heterotrophic bacteria
nearby cathode, and electric field polarity reversal might
be an effective way to minimize the pH variation, thus
decreasing such effects of pH variation on bacterial activity. It also could be concluded that higher frequency of
electric field polarity reversal was helpful to eliminate the
negative effects on bacterial count nearby the anode, and
an appropriate electric field could stimulate the bacterial
growth in sediments.

4

4 CONCLUSIONS

3

Hybrid technology of EK bioremediation was adopted
to restore the polluted sediment. Research results are summarized as follows:

2

1

anolyte
central region
catholyte
Different section of sediments in the reactor
FIGURE 6 - Effects of frequency of electric field polarity reversal
on bacterial count.

Variation of DHA (Fig. 5) was similar to that of bacterial count in Fig. 4. DHA in the central region was significantly higher than that of the raw sediment, which indicates that there were active microbes in the middle of the

1. In the process of EK bioremediation, the pH value
variation was obvious in the anolyte, catholyte, and sediments. The pH changed to below 4 from the initial 7.39
near the anode, and above 9 near the cathode. Bacterial activity was decreased under strong electric field (3 V·cm-1) due
to the electrode reaction; accordingly, dehydrogenase activity in sediment under a weak electric field (1 V·cm-1) was
higher than that under a stronger electric field (3 V·cm-1).
2. We found that electric field could inhibit the
growth of heterotrophic bacteria nearby cathode, and

1469

© by PSP Volume 22 – No 5. 2013

Fresenius Environmental Bulletin

electric field polarity reversal might be an effective way
to minimize such effects (pH variation and negative electrode reaction).

[12] Tsai, T.H. (2011) Removal of metal impurities from cutting
slurry waste using a modified electrokinetic system, Fresenius Environmental Bulletin 20(1), 99-103.
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ABSTRACT
Soil respiration plays a key role in the carbon budget
and carbon cycle of terrestrial ecosystems. To examine soil
respiration response to fertilizer application and water
addition, soil respiration was measured in a semiarid region
of northeast China. We examined the effects of fertilizer
application, water addition, and their interactions on soil
respiration in a randomized block experiment, analyzed
by repeated-measures ANOVA. The results indicated that
the effects of fertilization on soil respiration were dependent
on water addition, in 2010. However, soil respiration after
fertilizer application was not significantly different from the
control, in 2011, under the same water conditions. Soil
temperature clearly affected soil respiration, and explained
9.8-22.5% of the variation in soil respiration of 2010, and
25.8-48.3% in 2011. However, soil water dynamics has an
overriding influence on soil respiration in Horqin Sandy
Land. A simple empirical model indicated that soil water
content explained 22.7-86.1% of the soil respiration dynamics under water and fertilization treatments. Compared to temperature, we found that soil moisture has an
overriding effect on soil respiration in Horqin Sandy Land.
KEYWORDS: biomass, temperature and moisture, fertilizer application, water addition, semi-arid region

1 INTRODUCTION
As a major carbon efflux from terrestrial ecosystems to
the atmosphere, soil respiration is estimated to be 50-78 Pg
C yr, contributing about 25% of the global CO2 exchange
[1, 2]. Therefore, a small change in soil respiration will
have a large impact on atmospheric CO2. Net soil respiration is the sum of several different biochemical processes,
and is not only an essential indicator of the terrestrial ecosystems carbon cycle, but also a valid variable in studies of
* Corresponding author

decomposition of soil organic matter (SOM), heterogeneity of vegetation coverage, soil texture and properties, the
carbon metabolism in litter layer, root distribution, and metabolic action [3]. Therefore, measurements of soil respiration
and its major control factors are of great importance for
ecosystem C budgets.
N addition can affect the processes involved in soil
respiration in terrestrial ecosystems. N fertilization in
northern temperate areas can increase C capture and
sequestration with about 0.4 Pg C per year [4]. A more
recent research showed that direct effects of N addition on
soil respiration were variable [5, 6]. CO2 flux decreased in
the forest ecosystems of Europe and southern China where
N deposition and fertilizer use have been increasing [7]. In
contrast, N has been found to be a limiting factor in temperate and boreal ecosystems [8, 9]. In Horqin sandy grassland, root development is limited by lack of soil nutrients
[10], and thus, also root respiration and root-associated
microbes. Many previous studies have shown that P inputs
to soil ecosystems enhances aboveground biomass, promote plant nutrient use efficiency, and increase litter decomposition rates [11]. We hypothesized that N and P
additions to soil by fertilization can enhance soil respiration, i.e., an increase in N and P availability may increase
SOM decomposition rates through increased soil microbial activity.
Precipitation is the main environmental factor affecting
ecosystem structure and function in a semi-arid region, as
water-limited ecosystems have the greatest physiological
and chemical responses to precipitation events [12, 13]. Increased precipitation will significantly increase soil microorganism activity as well as diffusion of soluble organic C
substrates, which will, in turn, increase soil respiration
[14, 15].
The objectives of our study were 1) to assess the response of soil respiration to N and P fertilization; 2) to
describe the effects of water addition (simulated precipitation) on soil respiration during growing and dormant seasons; 3) to analyze the relationship between soil water con-
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tent and soil respiration a well as the impact of temperature on soil respiration in the sandy soil of Horqin.
2 MATERIALS AND METHODS
2.1 Study site

The study was conducted at Naiman Desertification
Research Station, Chinese Academy of Sciences (42°55′N,
120°42′E, 360 m a.s.l.). The southern part of the Horqin
sandy land, northeast China (Fig. 1), is characterized by
sand dunes alternated with slightly fluctuating inter-dune
lowland. The climate of the study area is a temperate, continental semi-arid monsoon climate with 366 mm annual
mean precipitation, of which 85% falls during the growing
season. Mean annual potential evaporation is 1935 mm.
The average annual temperature is about 6.8 °C, and the
minimum and maximum monthly mean temperatures
are -13.1 °C in January and 23.7 °C in July, respectively.
The soil is sandy, loose in texture, light yellow in color,
and low in organic matter content.
Original vegetation in this study area is mainly composed of Setaria viridis, Pennisetum centrasiaticum, Chloris
virgate, Lespedeza davurica, Artemisia scoparia, Corispermum macrocarpum and Chenopodium acuminatum,
and the vegetative coverage is in the range of 15-75% [16,
17].

2.2 Experimental design

The experimental grassland was fenced in 2009 to exclude livestock grazing, and 24 plots of 6×6 m were set up.
Each plot was surrounded by a 1-m wide buffer zone.
We used a randomized block design with each of six
blocks including N addition (10 g·m -2·yr-1), P addition
(10 g·m-2·yr-1), coupling of N and P, and an untreated
control. N and P were added as CO(NH2)2 and Ca(H2PO4)2,
respectively. The fertilizers were dissolved in water, and
sprinkled in May 2010 and 2011. Each plot was divided
into four 3×3 m subplots, and three subplots were randomly selected for water addition, one subplot received
water in summer, one received snow in winter, and the last
one received no water. Water addition in summer was
conducted in June, July, and August, in 2010 and 2011. In
summer, 10 mm of water was added per month. Similarly,
snow corresponding to 10 mm water was collected in
winter to carry out the snow addition in January, February
and March (both years), respectively. Thus, 30 mm precipitation was added per year in each plot, approximately
10% of the mean precipitation during the growing season
in the study site.
2.3 Field sampling and measurements

PVC collars (80 cm2 in area, and 5 cm in height) were
inserted 2-3 cm into the soil in each subplot for soil respiration estimates. During the growing season of 2010 and

FIGURE 1 - Sketch map of the study site and the location of Naiman Desertification Research Station, CAS in Horqin Sandy Land of Northeastern China.
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2011, soil respiration was measured twice a month with
the soil chamber connected to a LICOR-6400 (LICOR,
Inc., Lincoln NE, USA) portable photosynthesis measuring system. Shrubs and herbs within the collars were removed carefully at least 24 h before the measurements to
minimize the fluctuation of soil respiration due to chamber
installation, and eliminate respiration from aboveground
vegetation and litter. Soil respiration was measured once
every 2 h from 8:00 to 18:00. Furthermore, in order to
avoid the effects of precipitation during the measurements,
soil respiration was only measured on sunny days. Soil
temperature (°C) at the depth of 5 cm was measured near
to every PVC collar by inserting a thermocouple probe
connected to the LI-6400. Soil volumetric water content
was also measured next to PVC collars by a long probe
sensor connected to a portable soil moisture device (Diviner 2000, Sentek Pty Ltd, Balmain, Australia).
2.4 Statistical analysis

All statistical analyses were made using PASW 18.0
software (PASW Institute, IBM, USA). The Kolmogorov–
Smirnov method was used to test whether the soil respiration
values followed a normal distribution. In order to determine
the main and interactive effects of water addition and fertilization treatment on soil respiration in each year, a repeated-measures ANOVA was used. A general linear model
(GLM) with LSD test (critical P = 0.05) was used to examine the differences among the main effects of the treatments. The following exponential function by Lloyd and
Taylor [18] was used to describe the relationship between soil respiration rates and soil temperature:
R=AeBT

(1)
-2 -1

R is the soil respiration rate (umol m s ), A and B
are fitted coefficients, T is soil temperature over 10 cm
depth (°C). Q10, usually around 2, is indicating the relative
rate change when temperature increases by 10 °C, and
was calculated as follows:
Q10=e10B

(2)

A quadratic regression was used to simulate the relationship between soil respiration and soil volumetric water content during the growing season for all treatments.
The equation is as follows:
R=A+BWV+CWV2
(3)
where, A, B and C are fitted coefficients, and WV is
soil volumetric water content.
3 RESULTS
3.1 Effects of fertilization and water addition on shoot biomass and root biomass

The results of ANOVA revealed that the differences
in shoot biomass and root biomass between fertilization
were not significant (Table 1), and the shoot biomass and
root biomass were higher in fertilization than in unfertilized experiments. The mean shoot biomass values during
the growing season were 87.2, 98.3, 113.8 and 115.9g m-2
in the unfertilized test, N addition test, P addition test and
NP addition test, respectively. Similarly, shoot and root biomass increased with water addition, but there were no
significant difference among CK, snow addition in winter,
and water addition in summer. During growing season,
soil moisture was little different between fertilization in
2010 (Table 2). However, this phenomenon was changed
in 2011; soil moisture in P addition and NP addition were
lower than that in unfertilized experiment.
3.2 Effect of fertilization and water addition on soil respiration

The analyses of variance showed significant differences in respiration rates between fertilization treatments
in 2010 (P = 0.001) and 2011 (P = 0.045). Similarly, soil
respiration increased markedly during the growing season
following the increase in soil moisture by water addition.
However, significant interactive effects of fertilization and
water addition on soil respiration were only observed in
2010 (Table 3).

TABLE 1 - Effects of fertilizer application on root biomass, shoot biomass and soil moisture.
Root biomass (g m-2)
Shoot biomass (g m-2)
Soil moisture (%)
0 cm-10 cm
10 cm-20 cm
2010
2011
CK
74.9(23.5)a
35.9(16.9)a
87.2(22.8)a
6.826(0.349)a
5.660(0.234)ab
N
112.7(26.3)a
25.1(18.9)a
98.3(25.5)a
6.868(0.290)a
6.097(0.239)a
P
79.8(21.4)a
24.0(15.4)a
113.8(20.8)a
7.052(0.295)a
5.277(0.234)b
NP
80.5(21.4)a
28.2(15.4)a
115.9(20.8)a
6.940(0.290)a
5.551(0.245)ab
Data represent means, and values in brackets are standard errors. Means with different lowercase letters in the same column are significantly
different at P<0.05.
Fertilization

TABLE 2 - Effects of water addition on root biomass, shoot biomass and soil moisture.
Root biomass (g m-2)
Shoot biomass (g m-2)
Soil moisture (%)
0 cm-10 cm
10 cm-20 cm
2010
2011
CK
79.5(11.6)a
28.3(8.3)a
103.8(11.3)a
6.294(0.258)b
5.083(0.204)b
Winter
85.7(11.0)a
45.6(7.9)a
103.6(10.6)a
6.496(0.258)b
5.450(0.208)b
Summer
91.4(11.2)a
42.3(8.0)a
127.2(10.9)a
7.935(0.281)a
6.403(0.206)a
Data represent means, and values in brackets are standard errors. Means with different lowercase letters in the same column are significantly
different at P<0.05.
Water addition
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TABLE 3 - Repeated-measures analysis of the effects of fertilizer
application and water addition on soil respiration.
Time

Treatment
df
F
Fertilizer application
3
5.754
2010
Water addition
2
11.93
Interactive effects
6
5.126
Fertilizer application
3
2.694
2011
Water addition
2
15.45
Interactive effects
6
0.616
Results no significant at P>0.05are indicated in bold

P
0.001
0.000
0.000
0.045
0.000
0.718

3.2.1 Fertilizer application

Soil respiration rates in unfertilized, N addition, P
addition and NP addition plots were 3.01, 3.34, 3.07 and

2.74 µmol·m-2·s-1 in 2010 but 2.56, 2.62, 2.51 and 2.27
µmol·m-2·s-1 in 2011, respectively (Fig. 2). Different
fertilizer additions showed different effects during the
growing seasons. In 2010, N addition increased soil respiration by 10.7% (P = 0.026), whereas NP addition reduced it by 9.0% (P = 0.061). The effects of P addition on
soil respiration varied slightly. Our data indicated no
significant differences in soil respiration rates between the
control and N addition in 2011 (Fig. 2). The effect of P
addition on soil respiration rates in 2011 was consistent
with N addition suppressing respiration by 2.1% across all
the water treatments. NP addition reduced soil respiration
by 11.4% in 2011 (Fig. 2), and the minimum value was
2.27 µmol•m-2•s-1 among the fertilization treatments.

FIGURE 2 - Soil respiration in response to different fertilizer applications in 2010 and 2011. Bars with different letters are significantly
different (P < 0.05). Error bars indicate one SE of the mean.

FIGURE 3 - Soil respiration in response to different water addition in 2010 and 2011. Bars with different letters are significantly different (P
< 0.05). Error bars indicate one SE of the mean.
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3.2.2 Water addition

3.2.3 Interaction of fertilizer application and water addition

In the present study, the effects of added water on soil
respiration rates were greater than those from fertilizer
application. When analyzed across all fertilization treatments in 2010, water addition in summer and snow addition in winter increased soil respiration by 20.0% and
2.3%, respectively (Fig. 3). Compared with 2010, the
positive effect of water addition on soil respiration was
higher in 2011. On average, soil respiration increased by
29.2% under water addition in summer, and was enhanced
by 11.8% under snow addition in winter (Fig. 3).

The effects of fertilization on soil respiration were
somewhat changed by water addition in 2010 (Fig. 4).
Except for NP addition, soil respiration rates in all fertilization treatments tended to increase with summer water
addition. We found that soil respiration was enhanced by
27.3, 24.9 and -4.9% for N addition, P addition and NP
addition treatments under the summer water addition,
respectively. Under the winter water addition, the only
significant difference was a lower respiration in the NP
treatment (Fig. 4). The impact of different fertilizer applications on soil respiration under no water addition did not
vary markedly.

FIGURE 4 - Effects of water addition on soil respiration under different fertilizer application in 2010. No water = white bar, winter water =
light grey bar, summer water = dark grey bar. Different lower case letters indicate significant (P<0.05) differences in soil respiration under
the same water addition but different fertilizer application. Different capital letters indicate significant differences in soil respiration under
the same fertilizer application with different water addition (P < 0.05). Error bars indicate one SE of the mean.

FIGURE 5 - Effects of water addition on soil respiration under different fertilizer applications in 2011. No water = white bar, winter water =
light grey bar, summer water = dark grey bar. Different lower case letters indicate significant (P < 0.05) differences in soil respiration under
the same water addition but different fertilizer application. Different capital letters indicate significant (P < 0.05) differences in soil respiration under the same fertilizer application but different water addition. Error bars indicate one SE of the mean.
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In 2011, soil respiration rates under N addition and P
addition were significantly greater in the summer water
addition (NS and PS) than in other water treatments, and
the largest difference reached 46.3% in P addition. Soil
respiration was always higher in the summer water addition treatments than snow addition in winter and control.
Across the three water treatments, measured soil respiration under water addition in summer revealed significant
differences between the fertilizer applications, which was
changed by 6.2, -0.1 and -15.7% in the corresponding N
addition, P addition and NP addition treatments, respectively (Fig. 5)
4 DISCUSSION
4.1 Effects of fertilization and water addition on shoot biomass and root biomass

The responses of shoot biomass and root biomass to
fertilizer application were slightly in our study, and this
may be due to fertilization affecting plant biomass and
composition by changing soil moisture. Increased shoot and
root biomass under fertilization could result in soil moisture decrease much rapidly, and greater evapotranspiration
in the plants surrounding, which may limit plant growth, in
return [19]. Wang et al. (2010) [20] showed that shoot biomass and root biomass, in general, directly influence root
respiration, and indirectly, affect heterotrophic respiration,
and the positive linear relationship of total biomass with
soil respiration has been observed during the growing
season in semiarid and arid ecosystems. Similarly, our
results revealed that soil respiration increased linearly
with shoot biomass in the growing season (R2=0.135, P=
0.002, data not shown), while there was no significant
correlation between root biomass and soil respiration. This
is similar to a related report of wetland in the northeast of
China during the growing period [21].
4.2 Effects of fertilization on soil respiration

The effect of N addition in our study showed that N
fertilization increased the annual mean soil respiration by
about 11% over the control, during the first year of fertilization. It was consistent with some previous observations
[6]. And the positive effect of N addition on soil respiration is in line with the recent study that N deposition can
enhance the fluxes of dissolved organic C from terrestrial
ecosystems to marine ecosystems [22] .
Fertilizer addition will, in most cases, increase plant
growth, which will increase C input to soil but also decrease soil water content. These results were consistent
with the present study. There are also direct chemical effects
depending of fertilizer composition; some can increase pH
but some lower it [23]; N fertilization, thus, affects interactions between roots and soil via the rhizosphere effect, and
the increased root biomass will increase root respiration,
root exudate production and, consequently, microbial activity
[24]. The effect of N addition on soil respiration was not
significant in the second year. This reveals that other fac-

tors, such as base nutrient status, rainfall patterns etc., can
affect the response to N fertilization. N fertilization can
also, in some cases, decrease microbial biomass, decomposition rates of soil organic carbon (SOC), and substrate
availability [25, 26]. P addition, in our study, did not significantly change soil respiration. However, soil respiration
was strongly reduced under P addition in a subarctic heath,
and a high arctic semiarid desert [27]. The main reason of
these results was attributed to inhibited soil microbial activity and reduced root biomass. In the present study, small
changes in soil respiration under P addition may be due to
the limited amount and time span of fertilizer application
– a long-term experiment may give another result.
The combined effects of N and P fertilizer were weak
in 2010, but the respiration was reduced in 2011. This
may be due to an increased plant growth from the two
years of fertilization which will create drier conditions.
Summing up, the effects on respiration by fertilizer addition were not strong and somewhat mixed, probably due
to the different processes being affected in different ways
(salt effects, pH change, plant growth,…). Therefore, further
studies are necessary to specifically understand the reasons.
4.3 Effects of water addition on soil respiration

Precipitation is the important limiting factor for plant
growth, nutrient dynamics and litter production, which is
considered to be the most influential environmental factor
on soil respiration, especially in grasslands and other waterlimited regions [28, 29]. This observation confirmed that
increased precipitation significantly enhanced total soil respiration, which is, in part, due to precipitation stimulating the
activity of plant roots and soil microorganisms during the
growing season by increasing soil water content [30]. It is
a well-known fact that soil respiration and decomposer
activity is determined by soil water content and soil temperature in an interactive manner, and simple model approaches for calculating the activity already exist [31].
Generally, soil moisture derived from precipitation has an
overriding impact on soil respiration, particularly in semiarid ecosystems [32], such as the temperate steppe ecosystem in Inner Mongolia of Northern China.
4.4 Interaction of fertilizer application and water addition

Our results fit within the wide range of results in the
literature on the coupled effects of fertilizer application and
water addition on soil respiration. For example, regardless
of water treatment, NP addition can decrease soil respiration due to reduced root/shoot ratios, i.e., reduced allocation of photosynthetic products underground [33]. Moreover, our results support some previous reports from semiarid regions; soil respiration was mainly limited by soil
nutrients and moisture [24, 34]. However, in temperate
forest soils, soil respiration was increased immediately in
response to N additions, while it was reduced with chronic N additions due to restrictions of enzyme production
and decomposer efficiency [6]. There was conflicting
evidence in a mature tropical forest compared to our results: N and P addition, in general, significantly reduced
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TABLE 4 - Relationship of soil respiration with temperature and soil moisture across all treatments.
Equation
Equation R=A+BW+CW2
R=Aexp(BT)
R2
P
Q10
R2
P
A
B
A
B
C
CK
0.470
0.060
0.225
0.000
1.82
2.182
-0.299
0.061
0.861
0.000
CK
W
0.811
0.045
0.128
0.000
1.57
3.792
-0.526
0.060
0.422
0.001
S
0.761
0.045
0.130
0.000
1.57
3.764
-0.681
0.078
0.735
0.000
CK
0.477
0.062
0.169
0.000
1.86
4.102
-0.554
0.060
0.480
0.000
N
W
0.714
0.050
0.115
0.001
1.65
5.092
-0.921
0.093
0.332
0.004
S
0.611
0.068
0.109
0.002
1.97
7.133
-0.808
0.064
0.233
0.062
2010
CK
0.569
0.049
0.189
0.000
1.63
3.232
-0.226
0.025
0.422
0.001
P
W
0.574
0.051
0.114
0.001
1.67
-2.678
1.505
-0.077
0.513
0.000
S
0.548
0.063
0.146
0.000
1.88
-4.242
2.053
-0.119
0.236
0.020
CK
0.903
0.042
0.116
0.001
1.52
2.887
-0.196
0.025
0.384
0.000
NP
W
0.817
0.036
0.098
0.002
1.43
-2.058
1.160
-0.052
0.365
0.001
S
0.674
0.052
0.187
0.000
1.68
2.448
0.057
0.011
0.287
0.010
CK
0.229
0.073
0.290
0.000
2.08
1.300
-0.028
0.052
0.469
0.000
CK
W
0.161
0.088
0.369
0.000
2.41
2.162
-0.502
0.102
0.458
0.000
S
0.186
0.088
0.410
0.000
2.41
7.090
-2.448
0.273
0.687
0.000
CK
0.184
0.080
0.259
0.000
2.23
0.792
0.177
0.027
0.579
0.000
N
W
0.160
0.087
0.291
0.000
2.39
0.666
0.102
0.035
0.468
0.000
S
0.191
0.089
0.278
0.000
2.44
8.367
-2.752
0.277
0.644
0.000
2011
CK
0.181
0.078
0.295
0.000
2.18
2.389
-0.873
0.151
0.810
0.000
P
W
0.213
0.078
0.289
0.000
2.18
0.386
0.394
0.022
0.561
0.000
S
0.142
0.097
0.483
0.000
2.64
2.593
-0.334
0.069
0.227
0.019
CK
0.219
0.070
0.258
0.000
2.01
0.548
0.105
0.046
0.543
0.000
NP
W
0.185
0.078
0.306
0.000
2.18
2.664
-0.807
0.101
0.788
0.000
S
0.184
0.082
0.372
0.000
2.27
2.802
-0.785
0.111
0.579
0.000
Parameters of the fitted function of R (µmol CO2 m-2s-1), T (°C, Wv (%) and Q10 for all data. R2 values are representing the coefficients of determination, and P values, the levels of significance of the regression equations. Bold numbers indicate no significant relationships between soil respiration
and soil temperature or soil moisture.
Year

Fertilization

Water

soil respiration [28, 35]. All of these studies indicate that
the interactive responses of soil respiration to fertilizer
application and water addition are complicated, and overlaid by spatial and temporal variation.
In summary, our study indicated that the combination
of N addition and water addition in summer increased soil
respiration in Horqin Sandy Land. These results underline
that soil respiration in semiarid ecosystems is generally
limited by low soil moisture but also, to some extent, nutrient shortage.
4.5 Relationship between soil respiration and temperature

Soil temperature is an unavoidable driving variable in
field ecological research. Based on the observed data, it
was found that soil respiration was significantly correlated
(P ≤ 0.002) with soil temperature, and an exponential
equation could well quantify the relationship between soil
respiration and soil temperature (Table 2). The coefficient
of determination, indicating the proportion of variance
explained by the equation (R2), varied among different
treatments in 2010, and showed moderate change under
different water treatments in 2011. According to the exponential equation, temperature explained 9.8-22.5% of
the variation in soil respiration in 2010, and accounted for
25.8-48.3% of soil respiration variation in 2011 under
different treatments. The R2 values under water addition in
summer were higher than that under snow addition in
winter, and the latter was higher than that under no water
addition. Soil temperature explained 48.3% of the change

in soil respiration under the P addition plus water addition
in summer, and minimum contribution was observed in
the N and P addition under no water addition (Table 4).
Q10 is often used to describe the dependence of soil
respiration activity on temperature. In our study, the Q10
values ranged from 1.43 to 1.97 in 2010 but 2.01 to 2.64
in 2011, across all fertilization and water treatments. A
high Q10 value indicates high temperature dependence,
and it is usually around 2 for temperatures above + 5 °C,
and the values found herein were close. Temperature impact on soil respiration is one of the important factors in
the carbon cycle. This study, in 2011, supported the observation that the sensitivity of soil respiration to temperature was increased with soil moisture increase in grasslands and other water-limited regions [36, 37]. Although
this phenomenon was not obvious in 2010, we found that
Q10 took marginally higher values under summer water
addition than in other water treatments. Furthermore, Q10
values changed slightly between fertilizer applications.
However, the values for NP addition in 2010 and 2011
were 1.43-1.68 and 2.01-2.27, respectively, slightly lower
than that in other fertilization treatments, and this result
may warrant further research.
4.6 Relationship between soil respiration and soil moisture

During the growing season, a significant and positive
relationship between soil water content and soil respiration was found across most treatments (P < 0.05). Based
on the quadratic model, soil moisture accounted for 22.7-
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86.1% of soil respiration variation under water and fertilization treatment (Table 4). The effect of soil moisture on
soil respiration was consistent across all treatments, and
the R2 values of soil respiration dependence of soil moisture were markedly higher than those of temperature
dependence (Table 4). Thus, soil respiration was mainly
limited by soil moisture. As observed in another research
in semiarid ecosystems, soil moisture is the key factor
controlling soil respiration [38]. Soil respiration has dramatically increased immediately after precipitation pulses
in arid and semiarid ecosystems [12]. This phenomenon is
mainly due to the sudden access to decomposable material
that has been physically degraded and accumulated during
the dry periods.
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ABSTRACT
A Mamdani fuzzy logic model for the determination
of the suitability class of a given area for the cultivation of
Vitis vinifera L. was established. A large number of parameters that influence the growth of V. vifera L. were taken
into account. The inputs of the model were classified into
four classes: (i) concentration of soil macroelements, (ii)
concentration of soil microlements, (iii) soil properties,
and (iv) local values. Each class formed a fuzzy logic submodel whose output is an input of the main model. The
final output of the model is a single number in the range 0
(not at all suitable) to 1 (excellent). The model was applied
to ten sites of a greatest area located in Northern Greece,
and it was found that, from the suitability point of view,
all the studied sites were rated from 0.42 to 0.57 of the
above scale.

KEYWORDS: Vitis vinifera L., soil properties, macro element,
micro element, Fuzzy logic

1. INTRODUCTION
Land-use planning is necessary to guide the decision
makers in their attempt to select appropriate types of land
use, determine the optimal spatial locations of the planned
activity, to identify and formulate opportunities for land
use change, and anticipate the consequences of changing
land use policies [1]. Statistical methods tend to be empirical, involving regression-based prediction of suitability,
as a function of environmental variables. These methods
cannot be employed successfully when quantitative data
is either not available, or much of the information is qualitative in nature [2, 3]. Even when sufficient data isavailable, the sample data utilized may not accurately represent or capture the relationships existing between vari* Corresponding author

ables, throughout the entire area being assessed [2, 3]. Consequently, statistical models may be limited from the lack
of empirical data, and results generated may be unrealistic, differ from expectations, or vary in accuracy [4, 5].
Fuzzy data mining techniques are useful for extracting
user knowledge from data [6, 7]. These techniques are
capable of handling information in which uncertainty,
imprecision and ambiguity are a part, as often occurs in soil
data [8], or descriptions of cultivation information [9].
The concept of a fuzzy set was introduced by Zadeh
[10] as a quantitative approach to integrate factors, such
as human reasoning and knowledge. In recent years, fuzzy
logic is used widely in land evaluation studies, thus recognizing its basic advantage which can be summarized in
the fact that it may take into account both quantitative and
qualitative factors to the final decision [11].
The fuzzy logic allows modeling of a system under
consideration on the basis of linguistic descriptions provided mainly by the domain of expert. The major advantage of the fuzzy logic concept is that it manages to
transform this information from the linguistic to a background analytical level, where mathematical computations
take place. The values of the linguistic variables can fall
into some categories, yet instead of either being or not
being an element of a category, they can be an element to a
certain degree, justifying the basic principle of fuzzy logic
that ‘‘everything is a matter of degree’’. On the basis of the
expert’s linguistic descriptions, a fuzzy inference system
can be developed, which models his/her evaluating system
i.e. provides evaluative inferences upon incoming information by performing the appropriate computations. Numerous applications of fuzzy logic have been developed
in many research fields [12, 13].
Applications of fuzzy logic-based land evaluation systems have been developed to assess agricultural land suitability [14-16], and fuzzy classification to determine land
suitability for various agricultural purposes [17] was among
the first to apply fuzzy logic to land evaluation by utilizing fuzzy sets to determine land suitability to grow apples
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in an area northeast of China. Single crop suitability assessments have also been performed for rubber [18], alfalfa [19], rice [20], and maize [21].
The aim of the present work is to examine the application of the fuzzy logic as an approach for the construction of a quality index to evaluate the suitability of a given area for Vitis vinifera L. cultivation which should not
be characterized simply as good or bad. It is good or bad
to some extent. Thus, the suitability is a matter of degree.
The introduced fuzzy decision system can provide a figure of merit for the suitability of an area, and indicate the
need of improvements which can be realized in many
ways, as for example fertilizer application.
Certainly, the suitability of a given area for Vitis vinifera growth is quite complex since several, usually weakly
correlated parameters should be taken into account. If, for
example, the concentration in available soil Fe is satisfactory for optimum plant growth, the ambient temperature is
good and the soil pH is acceptable, the suitability is “good”.
What suitability should be, however, attributed to a soil
which is deficient in Fe, low ambient temperature and
acid pH: “good” or “bad”? And if it is so, to what extent?
In addition, when considering the existing bibliographic
optimum Fe concentration of 5-10 mg/kg, it does not mean
that if the available soil Fe level of 10 mg/kg can signify
that the soil suitability is appropriate, or, in contrary, a level
of 11 mg/kg of Fe could signify unsuitability of the soil
for growth of Vitis vinifera L. Fuzzy logic is an appropriate
tool to introduce smoothness in transitions of the parameter
values, to simplify the treatment of multi-parameter models
substantially, and to optimize the baseline criteria according to the purpose of growth. Furthermore, it is adaptable
to incorporate experimental data or human experience
into the model.
The fuzzy logic approach can easily deal with the varying and case-dependent membership rates of the involved
parameters, via the use of fuzzy sets, and can include human experience and experimental inferences in terms of
linguistic rules. It can also offer an interesting study of
how these parameters can be combined, and with which
weighting factors, in order to coherently describe the suitability of a given area.
The support of the proposed fuzzy sets is determined
on the basis of the research experience as it is recorded in
the literature. The membership functions can be, however,
modified ad hoc in order to be adapted to the purposes of
other kinds of horticulture or arboriculture.
With regard to Vitis vinifera L. cultivation, there are
many factors that effect its growth. A model including the
whole number of them is too complicated. Therefore, 15
of the most important of them were selected in our model.
Moreover, some variables, like the kind of ground, are
qualitative and this makes the construction of the model
more difficult. Fuzzy logic can manage both quantitative
and qualitative variables. In the present paper, the whole
number of parameters were classified into four classes,
forming four fuzzy logic sub-models. The output of each

class was used as input of a final fuzzy logic model having as output the final decision.
The paper is organized as follows: Firstly, the method
of analysis of the micro and macro elements is described.
Then, based on the optimum values of all parameters, the
membership functions of the four sub-models were constructed. Finally, based on the output of all sub-models,
the main model is constructed. In the last part of the paper, the model is applied to the North Greece area.
2. SOIL METHOD ANALYSIS
Soil samples were taken at a depth of 0-30 cm from
thirteen sites of Northern Greece, which were cultivated
with Vitis vinifera L. Soil analysis was done as follows:
Available P was determined by taking 2.5 g of ground soil
sample, which was extracted in 100 ml of 0.5M NaHCO3
after shaking it steadily for 30 min. The P in solution was
determined by developing the blue phosphomolybdate
complex, and its intensity was measured colorimetrically
[22]. Available K was determined by extracting 2.5 g of
soil in 50 ml of 1M NH4Ac, pH 7.0 [23], and the K was
measured by flame photometry. The soil micronutrients
Zn, Cu, B and Fe were extracted by using 20 g of soil in
40 ml of 0.005M DTPA solution, and measured by means
of AAS analysis (Variant AAS type AA-IO) [24]. The EC,
CaCO3 organic matter (OM) and pH were determined by
the methods of Page et al. [25].
3. MODEL ESTABLISHMENT
3.1. A model overview

For the purpose of this paper, a Mamdani fuzzy logic
model was established. In a Mamdani fuzzy logic system,
both inputs and output are fuzzy [26-28]. As stated above,
a large number of parameters influence the growth and the
quality of Vitis vinifera L. Supplying a large number of
parameters to inputs of the fuzzy logic system (15 herein),
the model would be quite complicated. In order to include
in the model all the parameters that have an influence on
Vitis vinifera L. growth, keeping simultaneously the simplicity of the model, all parameters were classified into
four classes, and four fuzzy logic sub-models were established for the determination of the main fuzzy logic model
inputs. The sub-models used were:
The macro elements sub-model inputs were the concentration of the elements K, Mg, P.
The micro elements sub-model inputs were the concentrations of the elements Fe, Cu, Zn, B.
The soil properties sub-model inputs were the values
of pH, CaCO3, the electrical conductivity (EC), and the
classification of the soil textural classes.
The local values sub-model inputs were the values of
latitude, the mean temperature of the warmest month, the
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mean temperature of the coolest month, and the sum of
the mean daily temperatures from April to October.
The sub-model outputs were used as inputs of the
main model. Thus, the main fuzzy system inputs are only
four, and this is the basic advantage of the presented
model. The output of it is a number between 0 (bad) and 1
(excellent), and this single number describes the suitability of a given area for Vitis vinifera growth.
The MATLAB software was used for the establishment of the model. Figure 1 shows an overview of the
fuzzy decision system:

functions were used for L and H, and a gauss2mf for M.
The sigmoid mf is either open left, or right, with the point
of inflection of the curve as parameter. The gauss2 mf is a
two-sided composite of two different Gaussian curves, with
the mean and variance of each Gaussian curve as parameters [26]. The core of membership function M was determined by the optimum values as referred in bibliography
[29-31].
Table 1 shows the critical values of macro element
concentrations in soil. Table 2 shows the parameters of all
inputs mf. Figure 2 shows the mf of the input K. The
plateau of the M mf corresponds to the critical range
given in Table 1. The mf of the other inputs have similar
structures.
TABLE 1 - The optimum values of macro element concentrations
for Vitis vinifera L [31].
Elements
K
Mg
P

Critical Range (mg/kg)
150-250
50-100
15-25

TABLE 2 - Membership function (mf) parameters for the macro
element inputs.
Element
L
K
[-0.04 100 0 0]
Mg
[-0.19 31 0 0]
P
[-0.47 10 0 0]
L = light, M = medium, and

M
H
[50 150 100 250] [0.05 350 0 0]
[20 50 55 100]
[0.0597 223.4 0 0]
[6 15 6.6 25]
[0.4 32 0 0]
H = heavy soil texture

FIGURE 1 - Overview of the fuzzy decision system.
3.2. Membership functions

The membership functions (mf) of a fuzzy system
measure the degree to which the fuzzy set elements meet
the specific properties, or, in other words, they measure
the “degree of belongingness” of an element to a specific
fuzzy set. Membership value is between 0 and 1. The
input space is referred to as universe of discourse or simply universe [28].
The feature of a membership function is defined by
three properties: the support, the core, and the boundary.
The support is the region of universe that is characterized
by a non-zero membership. The core is the region of universe that is characterized by full membership (1), and the
boundary is the region of universe that has a non-zero but
not full membership. Some of the most commonly used
membership functions are the Gaussian, trapezoid, triangular, etc. The membership functions used for the description of the model input variables are presented below.

FIGURE 2 - Membership function (mf) of K inputs.

3.3. The macro elements concentration

The output of the macro element model was characterized by four Gaussian mf corresponding to four linguistic variables B, M, G, and VG starting from B (bad) to
VG (very good). The parameters of the Gaussian mf are
the mean and variance. Table 3 shows the parameters of
output mf. Figure 3 shows the output mf.

The concentration of each element that belongs to this
category is characterized by three fuzzy sets which correspond to the linguistic variables low (L), medium (M), and
high (H). To describe these sets, two sigmoid membership

The fuzzy association between the inputs and output
of the model is achieved via a number of IF-THEN rules.
This rule-based system is known as Fuzzy Associative
Memory (FAM). The theory of fuzzy logic involves several
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TABLE 3 - Membership function (mf) parameters for the macro
element output.
mf
B
M
G
VG

parameters
[0.102 0.005358 0 0]
[0.116 0.3464 0 0]
[0.11 0.7021 0 0]
[0.106 0.9945 0 0]

consequent sets are aggregated and, finally, the centre of
gravity of the resulting set was computed, giving the
corresponding acoustic quality.
Figure 4 shows the output of the model as function of
two inputs, namely, Mg and K. The other input (P) is assumed to be constant at the value of 25 mg/kg. The output
of this sub-model is a number between 0 and 1, and assesses the combination of macro element concentrations in the
ground.
TABLE 4 - Fuzzy Associative Memory (FAM) for the decision
macroelements sub-model.
K
Mg
P

M
M
M
VG

M
M
notM
G

M
notM
M
G

M
notM
notM
M

notM
M
M
G

notM
M
notM
M

notM
notM
M
M

notM
notM
notM
B

FIGURE 3 - Membership functions (mf) for the macro element
model output.

possibilities for the definition of the OR and AND logical
operations as well as for the inference mechanism. Thus,
there are more ways to implement a fuzzy decision system which apparently leads to alternative models. For the
purposes of this work, the most commonly applied min,
max logical operators and the max-min implication operator (Mamdani implication) are considered to be sufficient.
In a Mamdani type fuzzy logic system model, the output
is a fuzzy membership function based on the rules created. Depending on the values used, the input membership
functions are activated to a certain degree. The contributed
output from each rule reflects this degree of activation.
The final output is a fuzzy set created by the superposition
of individual rule actions. An example of FAM rules used
in this model is: “IF concentration of K is medium (M)
AND the concentration of Na is not medium (NOT M)
AND the concentration of Ca is medium (M) AND the
…, THEN the concentration of macroelements is good
(G)”. The operator NOT M means that the concentration
belongs to either L or H mf.
For the macroelements sub-model eight such rules were
written. Table 4 shows The FAM for microelements submodel. All inputs (columns) are connected via the AND
logical operator. The first three rows correspond to IF/AND,
and the last row corresponds to the consequent THEN.
Since a crisp output value, the concentration in macro
elements, is required, the output fuzzy set must be defuzzified. In the present paper, the centroid method was used
for this action. According to this method, for each input
combination (B, M, G, VG), the degree of fulfillment and
the consequent set of each rule are computed. Then, all

FIGURE 4 - Output of the macro-element sub-model as function of
inputs Mg and K. The third input (P) is assumed to be constant at
the value of 25 mg/kg.
3.4 The micro elements concentration

For the micro elements sub-model, input mf has the
same structure as the macro elements sub-model. For the
output, five fuzzy sets Gaussian corresponding to the
linguistic variables B, M, G, VG, and EG starting from B
(bad) to EG (excellent). Tables 5-7 show the critical values
TABLE 5 - Critical values of soil microelements necessary for optimum plant yield [31].
Microelements
Fe
Cu
Zn
B

Critical values (mg/kg)
5-10
0.4-0.8
1.5-2
0.8-1.5

TABLE 6 - Membership function (mf) parameters for the micro
element inputs.
Soil
L
M
Characteristics
Fe (ppm)
[-1.9 3.3 0 0] [1.7 5 5 10]
Cu
[-15 0.32 0 0] [0.0954 0.4 0.207 0.8]
Zn
[-6 1 0 0]
[0.485 1.5 0.679 2]
B
[-11 0.6 0 0] [0.2 0.8 0.45 1.5]
L = light, M = medium, and H = heavy soil texture
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H
[0.6 15 0 0]
[10.5 1 0 0]
[2.5 2.5 0 0]
[7 2 0 0]
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TABLE 7 - Membership function (mf) parameters for the micro
element output.
mf
B
M
G
VG
EG

parameters
[0.11 0 0 0]
[0.1 0.25 0 0]
[0.1 0.5 0 0]
[0.1 0.75 0 0]
[0.11 1 0 0]

below which plant yields may decrease [31]. Table 8 shows
the Fuzzy Associative Memory (FAM) for the decision
micro elements sub-model.
3.5. The soil properties sub-model

For the soil properties sub-model, the same structure
as above was adopted. With respect to the “ground” input,
the soil texture classification was used. In the M, mf belongs to the loamy grounds with the following commen-

dations L, CL, SCL, and SiCL. In the L, mf belongs to the
sandy grounds with the commendations S, LS, SL, Si, and
SiL, and in the H, mf corresponds to the clay grounds
with the commendations C, SC, and SiC. The description
of soil classification is given in Table 9 [31]. The values
of these grounds are 0.1, 0.5 and 0.9 correspondingly if
they are belonging clearly to one of the above classifications. If there is an ambiguity, these values according to
the degree of ambiguity can be increased (or decreased)
by ±0.25.
Table 10 shows the optimum approximate critical values of some soil characteristics for optimum plant growth
[29, 30, 32]. Tables 11 and 12 show the soil classification
and the parameters used for this model. Table 13 shows
the Fuzzy Associative Memory (FAM) for the decision
micro elements sub-model.

TABLE 8 - Fuzzy Associative Memory (FAM) for the decision micro elements sub-model. In this table, NM means NOT M.
Fe
Gu
Zn
B

M
M
M
M
EG

M
M
M
NM
VG

M
M
NM
M
VG

M
M
NM
NM
VG

M
NM
M
M
VG

M
NM
M
NM
G

M
NM
NM
M
G

M
NM
NM
NM
M

NM
M
M
M
VG

NM
M
M
NM
VG

NM
M
NM
M
G

NM
M
NM
NM
M

NM
NM
M
M
G

NM
NM
M
NM
M

NM
NM
NM
M
M

NM
NM
NM
NM
B

TABLE 9 - Classification of soil textural classes according to the classical Bouyoucos triange of soil mechanical analysis.
Classification

Description a

TABLE 10 - Optimum approximate critical values of some soil
characteristics for optimum plant growth.
Optimum values
6.5-7.5
0-40%
1.5-3.5
L, S, CL, SCL

L
[-4 5.5 0 0]
[-0.3 32 0 0]
[-13 1.125 0 0]

M
[0.78 6.5 0.7 7.5]
[0.3 1.5 0.3 3.5]

L
L
L
L
L
M
M
M
M
H
H
H

0.1
0.1
0.1
0.1
0.1
0.5
0.5
0.5
0.5
0.9
0.9
0.9

TABLE 12 - Membership function (mf) parameters for the microelement output.
mf
B
M
G
VG
EG

TABLE 11 - Membership function (mf) parameters for the microelement inputs.
Input
pH
CaCO3
Electrical cond
(EC)
Soil

Value

(b)

S
C<10% but >0%, S>87% but <100%, Si<17% but >0%
LS
C<15% but >0%, S>72% but <100%, Si<30% but >0%
SL
C<20% but >0%, S>45% but <95%, Si<50 but >0%
Si
C<10% but>0%, S<20% but >0%, Si>80% but <100%
SiL
C<28% but >0%, S<50% but >0%, Si>50% but <90%
L
C<28% but >8%, S>25% but<50%, Si>28% but <50%
CL
C>28% but<40%, S>20% but <48%, Si>18% but >63%
SCL
C>20% but <36%, S>45% but <80%, Si<30% but <0%
SiCL
C>28% but <35%, S>25% but <60%, Si>35% but <60%
C
C>40% but <80%, S<20% but >0%, Si<40%but>0%
SiC
C>40% but <60%, S>28% but <60%, Si>40% but<60%
SC
C>35% but <50%, S>48% but <68%, Si<20% but >0%
(a) C = clay, S = sand, Si = silt, (b) L = light, M = medium, and H = Heavy soil, respectively.

Soil characteristics
pH
CaCO3
Electrical conductivity (EC)
Textural class

Mf

H
[4 8.2 0 0]
[-13 1.125 0 0]
[5 3.8 0 0]

[-18.1 0.25 0 0] [0.1804 0.49 0 0] 18.3 0.737 0 0]

parameters
[0.1 0 0 0]
[0.1 0.25 0 0]
[0.1 0.5 0 0]
[0.1 0.75 0 0]
[0.1 1 0 0]

3.6. The local values sub-model

For the local values sub-model, the inputs are the values
of latitude, the mean temperature of the warmest month
(Tempw), the mean temperature of the coolest month
(Tempc) and the sum of the mean daily temperatures from
April to October (Tempt). The main difference from the
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TABLE 13 - Fuzzy Associative Memory (FAM) for the decision micro-element sub-model. NM means NOT M.
pH
CaCO3
Cond
Grnd

M
M
M
M
M
M
M
M
M
M
H
H
M
M
NM
NM
M
M
M
NM
M
NM
M
NM
EG
VG
VG
VG
VG
G
L = light, M = medium, and H = Heavy soil, respectively

M
H
NM
M
G

M
H
NM
NM
M

other sub-models is that for each of the three latter inputs
two sigmoid mf were used (L and H). Tables 14-16 show
the optimum values and membership functions used for this
model [29, 30]. Table 17 shows the Fuzzy Associative
Memory (FAM) for the decision local values sub-model.
TABLE 14 - Optimum values of local values sub-model.
Input
Latitude
Tempw
Tempc
Tempt

NM
M
M
M
VG

NM
M
M
NM
VG

NM
M
NM
M
G

NM
M
NM
NM
M

NM
H
M
M
G

NM
H
M
NM
M

NM
H
NM
M
M

NM
H
NM
NM
B

TABLE 18 - Membership function (mf) parameters for the final
model inputs.
Input
Macro elements
Microelements
Soil Properties
Local values

L
[-15 0.5 0 0]
[-15 0.5 0 0]
[-15 0.5 0 0]
[-15 0.5 0 0]

H
[15 0.5 0 0]
[10.69 0.501 0 0]
[9.978 0.51 0 0]
[15 0.5 0 0]

TABLE 19 - Membership function (mf) parameters for the final
model output.

Optimum values
31oN-50oS (-31 +50)
>19
>-1
>1800

mf
B
M
G
VG
EG

TABLE 15 - Membership function (mf) parameters for the local
values sub-model inputs.

parameters
[0.1 0 0 0]
[0.1 0.25 0 0]
[0.1 0.5 0 0]
[0.1 0.75 0 0]
[0.1 1 0 0]

Input
L
M
H
Latitude [-0.6 -65 0 0]
[15 -50 18 31] [0.2 50 0 0]
Tempw
[-0.5 15 0 0]
[0.5 15 0 0]
Tempc
[-1 -4 0 0]
[1 -4 0 0]
Tempt
[-0.005 1500 0 0]
[0.005 1500 0 0]
L = light, M = medium, and H = High values, respectively
TABLE 16 - Membership function (mf) parameters for the local
values sub-model output.
mf
B
M
G
VG
EG

parameters
[0.1 0 0 0]
[0.1 0.25 0 0]
[0.1 0.5 0 0]
[0.1 0.75 0 0]
[0.1 1 0 0]

3.7. The main model

The main model takes as inputs the outputs of the
four sub-models. Two sigmoid mf values (L and H) were
used for inputs. Tables 18 and 19 show the parameters
used for this model. Table 20 shows the Fuzzy Associative Memory (FAM) for the decision of final model.

FIGURE 5 - Outputs of the model as function of micro-element and
macro-element inputs. The other inputs, soil properties and local
values, are assumed to be constant at the values of 0.5 and 0.5,
correspondingly.

TABLE 17 - Fuzzy Associative Memory (FAM) for the decision local values sub-model. NM means NOT M.
Latitude
Tempw
Tempc
Tempt

M
L
L
L
EG

M
L
L
H
VG

M
L
H
L
VG

M
L
H
H
VG

M
H
L
L
VG

M
H
L
H
G

M
H
H
L
G

M
H
H
H
M

NM
L
L
L
VG

NM
L
L
H
VG

NM
L
H
L
G

NM
L
H
H
M

NM
H
L
L
G

NM
H
L
H
M

NM
H
H
L
M

NM
H
H
H
B

H
H
L
H
M

H
H
H
L
M

H
H
H
H
B

TABLE 20 - Fuzzy Associative Memory (FAM) for the decision final model.
Macroel
Microel
Soil pr
Local

L
L
L
L
EG

L
L
L
H
VG

L
L
H
L
VG

L
L
H
H
VG

L
H
L
L
VG

L
H
L
H
G

L
H
H
L
G

L
H
H
H
M
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H
L
L
L
VG

H
L
L
H
VG

H
L
H
L
G

H
L
H
H
M

H
H
L
L
G
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FIGURE 6 - Map of Northern Greece showing the vineyard areas and soil sampling sites.

FIGURE 7 - Final classification of the measured locations. The suitability of each area is in the range 0 (not at all suitable) to 1 (excellent).

Figure 5 shows the suitability of the area under evaluation, as a function of two inputs, namely, the micro and
micro elements inputs only. The other inputs are assumed
to be constant at the values of 0.5 and 0.5 correspondingly. The output is a number between 0 and 1.
4 CASE STUDY
For the application to the model, 13 areas located in
Northern Greece were chosen as shown in Fig. 6. For
each area, for 1-10 sites, an analysis of soil was performed as shown in Table A1 in Appendix. The meteorological data was taken from the local meteorological stations. These data was introduced as inputs of the model.
Figure 7 shows the final classification of measured locations. As one can see from this figure, the suitability of
the selected areas is in the range of 0.42 to 0.57. A. Perea

(Thessaloniki) location, according to this model, is judged
as the best for this particular cultivation
5 CONCLUSION
A Fuzzy model to characterize the suitability of a given
area for Vitis vinifera L. growth was established. The fuzzy
model takes into account the 15 most influencing parameters classified into four classes, related to the Vitis vinifera
L. cultivation assigning a single number that describes the
suitability of this area for this cultivation. Considering a
single-level fuzzy model with these 15 parameters as
input would result a set of 2,834,352 IF-THEN rules,
accounting for all possible mf combinations A selection
of the most influencing rules in such cases is not always
an easy procedure, since the selection affects the accuracy
of the model. The subdivision of the main model into four
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sub-models reduces the number of the maximum number
of rules to 214. The modification adopted herein, significantly simplifies the model, since only 76 rules involving
the full combination of the corresponding mf of inputs
were used.
Furthermore, the model has the following advantages:
• It takes into account many low or non-correlated variables between each other variables.
• It describes the suitability by only assigning a single
number (0-1).
• It is quite flexible, since it is based on experience, and
can be easily modified if better experience is obtained.
• The model can be modified appropriately, and can be
applied to other cultivations as well.
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APPENDIX
TABLE A1 - Measurements
ID
1010
1012
1796
2123
2124
2179
2185
1128
1595
1597
1599
1601
1195
1014
2275
2276
2277
2278
2279
2280
2281
2282
2283
2284
3860
2810
3137
1593
1127
1441
1442
1478
1547
1550
2484
3538
3729
3750
3751
3752
3856
3858

Macro elements
K
Mg P
180
104 115.92
180
92
55.58
210
78
47.38
1150 114 154.40
1100 120 190.83
180
95
64.94
200
62
65.84
130
51
13.52
260
62
78.89
190
84
61.66
190
87
75.44
240
50
78.6
210
53
25.32
80
6
15.12
440
162 32.35
410
270 28.61
580
236 32.99
230
240 17.83
430
300 18.42
450
152 13.75
290
162 16.68
520
285 19.78
100
219 17.48
320
131 12.24
150
149 35.70
90
39
59.61
60
26
36.43
150
102 50.23
100
92
23.60
110
60
26.73
70
51
36.18
510
71
273.03
130
95
50.32
100
41
26.98
130
26
82.48
120
90
22.86
340
38
52.95
230
56
159.52
170
26
103.65
670
32
169.98
180
65
23.31
220
114 23.70

Micro elements
Fe
Cu
9.27
1.21
8.11
1.04
6.74
0.63
6.87
21.82
6.16
0.83
53.37 2.42
26.38 4.84
3.58
0.31
49.10 16.52
13.68 2.96
46.65 4.6
11.33 10.36
0.81
0.14
93.44 0.48
3.59
0.114
3.14
0.125
4.18
0.067
2.52
0.058
3.48
0.071
3.36
0.099
3.62
0.118
4.38
0.076
3.33
0.090
4.21
0.134
30.17 1.92
30.03 13.74
3.15
1.02
29.25 2.24
2.46
0.11
59.37 1.60
78.40 1.51
14.25 6.93
9.87
1.87
46.61 1.35
26.52 1.00
6.60
4.69
15.77 2.10
32.90 8.11
20.43 8.43
31.99 9.50
3.85
0.78
5.28
1.03

Zn
0.37
0.67
0.34
2.97
3.02
7.14
2.23
0.15
1.01
0.39
1.02
0.96
0.09
6.22
1.05
1.08
0.98
0.70
1.30
2.28
1.13
1.01
0.51
0.72
1.22
1.59
16.14
0.51
0.13
0.64
1.06
10.78
0.59
0.55
0.78
0.51
3.01
7.94
8.88
14.81
0.65
0.49

B
2.04
1.36
0.73
3.21
3.66
0.45
0.37
0.39
0.38
0.39
0.43
0.41
0.25
0.32
1.33
1.72
1.46
1.01
2.42
1.11
1.13
1.43
1.16
1.36
0.39
0.73
0.46
0.36
0.03
0.14
0.19
0.87
0.15
0.25
0.51
0.55
0.89
1.23
0.90
0.76
0.53
0.58

Soil properties
pH
CaCO3
7.70
2.6
7.55
2.2
7.03
1.8
6.68
0.0
6.96
1.3
6.75
0.0
7.20
1.3
8.00
26.4
6.36
0.0
7.26
0.9
6.01
0.0
7.05
0.9
7.70
7.5
6.00
0.0
7.65
1.3
7.91
16.3
7.9
7.9
8.24
24.6
8.39
15.8
7.84
5.7
7.95
29.9
7.92
7.9
7.92
26.8
7.84
34.3
6.41
0.0
6.59
0.0
7.70
2.6
5.88
0.0
7.40
1.8
5.30
0.0
4.80
0.0
6.99
3.1
7.45
1.3
5.55
0.0
7.09
1.8
7.92
3.5
7.58
1.8
7.12
0.9
7.63
0.9
7.29
0.9
7.77
18.5
8.00
1.3

Cond
0.389
0.196
0.364
4.911
6.724
0.708
0.315
0.310
0.140
0.209
0.191
0.274
0.332
0.178
0.938
1.260
1.114
0.834
0.866
0.816
0.586
0.584
0.666
0.723
0.319
1.903
0.289
0.356
0.284
0.264
0.499
0.911
0.358
0.177
2.217
0.596
1.000
1.025
0.756
0.496
0.368
0.420

Grnd
SCL
SCL
SCL
SL
SL
SCL
SCL
L
LS
LS
SL
SL
L
SL
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SC
SL
SL
SCL
SL
SL
SL
SCL
SCL
SL
SiC
SCL
SL
SL
SL
SC
SC

Local values
Latt
Tempw
40.2
24.5
40.2
24.5
40.2
24.5
40.2
24.5
40.2
24.5
40.2
24.5
40.2
24.5
40.2
24.5
40.1
24.5
40.1
24.5
40.1
24.5
40.1
24.5
40.1
24.5
40.1
24.5
40.1
24.5
40.1
24.5
40.1
24.5
40.1
24.5
40.1
24.5
40.1
24.5
40.1
24.5
40.1
24.5
40.1
24.5
40.1
24.5
40.26 24.5
40.1
24.5
40.1
24.5
41
22.4
41.2
24.5
40.31 22.74
40.31 22.74
40.31 22.74
40.7
25.2
40.7
25.2
40.5
25.2
40.47 22.53
40.47 22.53
40.49 22.53
40.49 22.53
40.49 22.53
40.49 22.53
40.49 22.53

Tempc
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
3.9
4.1
3.9
3.16
3.16
3.16
4.01
4.01
4.01
2.9
2.9
2.9
2.9
2.9
2.9
2.9

Tempt
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
4072
3736
3736
3736
4200
4200
4200
3906
3906
3906
3906
3906
3906
3906

TABLE A2 - Identification (ID) of measured locations.
Location

ID

Location

ID

Epanomi CHALKIDIKI

1010

Sikia CHALKIDIKI

1601 N Kalikrateia CHALKIDIKI 2283

Location

Arethousa THESSALONIKI 1547

Epanomi CHALKIDIKI

1012

Lakoma CHALKIDIKI

1195 N Kalikrateia CHALKIDIKI 2284

Arethousa THESSALONIKI 1550

Epanomi CHALKIDIKI

1796

Olimpiada CHALKIDIKI

1014 M. Panagia CHALKIDIKI

3860

A Peraia THESSALONIKI

2484

Epanomi CHALKIDIKI

2123

N Kalikrateia CHALKIDIKI

2275 A Panagia CHALKIDIKI

2810

Palaiofito PELLAS

3538

Epanomi CHALKIDIKI

2124

N Kalikrateia CHALKIDIKI

2276 A Panagia CHALKIDIKI

3137

Palaiofito PELLAS

3729

Epanomi CHALKIDIKI

2179

N Kalikrateia CHALKIDIKI

2277 Kilkis KILKIS

1593

Elaiohori KAVALA

3750

Epanomi CHALKIDIKI

2185

N Kalikrateia CHALKIDIKI

2278 Sidirolastro SERES

1127

Elaiohori KAVALA

3751

Epanomi CHALKIDIKI

1128

N Kalikrateia CHALKIDIKI

2279 Ag Kiriaki KASTORIA

1441

Elaiohori KAVALA

3752

Sikia CHALKIDIKI

1595

N Kalikrateia CHALKIDIKI

2280 Ag Kiriaki KASTORIA

1442

Elaiohori KAVALA

3856

Sikia CHALKIDIKI

1597

N Kalikrateia CHALKIDIKI

2281 Ag Kiriaki KASTORIA

1478

Elaiohori KAVALA

3858

Sikia CHALKIDIKI

1599

N Kalikrateia CHALKIDIKI

2282

1488

ID

Location

ID
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ABSTRACT
An experimental study was carried out to determine
the effects of waves on coastal life. Wave dynamism occurs
as a result of beach porosity. Oxygen change at water levels
was studied along the coast. Beyond the enlargement of
oxygenated sediment surface, the increased habitat complexity itself often leads to a higher diversity of benthic
communities. The beach was built as a natural sandy beach
at laboratory scale. Waves infiltrate through the groundwater which leads to an increase of dissolved oxygen (DO)
concentration in water. Beach profiles were analyzed to
obtain the area of erosion and offshore bar, center of gravity of offshore bar, and wave run-up height. Seven vertical
lines were determined, and DO concentration and profile
data were collected for each line. Regular waves were used
during the experiments. Beach sand with a mean diameter
of 0.3 mm was selected for the study, and the slope of the
beach was 1:5. The data in flume showed that DO concentration did not change under the places where there were
stable measurement points, and at the region that runup/
rundown swash flows did not reach. Harmonic oscillations
of DO concentration were observed more in places close to
water surface than those close to sediment surface.
KEYWORDS:
dissolved oxygen, beach, coastal life

1 INTRODUCTION
Coastal region constitutes the most important part of
natural life and the dynamic natural equilibrium. The coasts
are vital for the ecosystem, in addition to being the most
commonly used natural sources by communities in tourism, sports, etc. The coastal dynamic structure caused by
sea waves affects nutrients, shore’s morphology, ecosystem, quality of sea water, and DO concentrations.
The potential for infiltration or exfiltration has been
linked to beach water table elevation at wave frequencies,
with a low water table favouring infiltration and onshore

* Corresponding author

sediment transport as well as high water table favouring
extrafiltration and offshore sediment transport [1]. Infiltration region resulting from the wave action can be seen with
color difference in flume, in the Istanbul Technical University Hydraulic Laboratory, Turkey (Fig. 1).

FIGURE 1 - Distance of oxygen changes under sediment surface in
flume.

Plants and animals that inhabit the intertidal zone of
wave-swept shores are generally small, relative to terrestrial or subtidal organisms [2]. According to McLachlan
and Brown [3], exposed sandy beaches are dominated by
a mobile swash fauna, and they hypothesized that swash
condition is the major force limiting the distribution of
macrofauna towards reflective beaches (SEH or Swash Exclusion Hypothesis). Another study was done with distribution data for both species from beaches with different morphodynamics where O. semistriata was restricted to relatively flat beaches with fine sediment and gentle swash
conditions, and E. rathbunae which was mostly present on
reflective beaches with coarse sediment and vigorous swash
action [4]. The zonation of organisms on sandy shores can
be found in Little [5].
Enhancing DO in streams contributes to the improvement of the quality of an aquatic habitat [6]. DO is probably the single most important chemical parameter that is
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required to ensure the health of aquatic habitats [7]. DO is
transferred at the sediment-water interface in a turbulent
flow [8]. The amount of DO in a water body is an indication of the level of micro-biological activity and the amount
of decaying organic matter present, and often limits the
amount of waste which a water body can safely assimilate
from municipal and industrial discharges [9]. Thus, DO is
one of the most important parameters for the quantification
of water quality. In addition, it is probably the most significant parameter relating to the sustainability of aquatic life
(high oxygen levels and, hence, low organic pollution) [10].
Low DO levels influence the composition of fish fauna,
favouring species with tolerance for low oxygen levels, such
as common carp (Cyprinus carpio), and can cause winterkill
in ice-covered lakes [11]. German and Danish coastal bottom waters give an example, in O2-deficiency areas [12].
Another example is that, over a Danish coastal sediment
at 15 m water depth, the diffusive boundary layer was 0.50.7 mm thick, showing both stochastic fluctuations of oxygen distribution owing to boundary-layer turbulence and
harmonic oscillations resulting from surface waves [13].
Another example is that of DO concentration profiles
in near-bed region of the flume under lid plate (vertically
adjustable) at 12.5 cm water depth. The lid plate was suspended from the top of the channel in order to eliminate
atmospheric re-aeration in the respective study [14].
The current literature includes some investigations on
the measurements of DO between sediments (eg. [8, 1315]) but the data in these studies have been collected either
from the offshore area under a deep water body or shallow
water with eliminated atmospheric re-aeration in flume
whereas the focus of this study is on coastal measurements. Hence, the effects of wave(s) on enhancing the DO
levels were investigated in a laboratory flume.

(D1, D2, D3, D4) away from the shoreline to the open sea,
2 vertical lines (D6, D7) from the shoreline to the beach,
and 1 vertical line (D5) on the shoreline were determined.
Throughout these vertical lines, DO was measured in
water and among sediments, and the wave effect was investigated. Data which indicated regular wave series were
collected at 0.05-s intervals, showing 10.9 cm wave height
and 0.94 s wave period. Beach sand with a mean diameter
of 0.3 mm was classified as medium sand [16]. When
each experiment was completed, water was discharged from
the flume and beach profile was drawn on the glass and
transferred to Autocad programme to obtain the area of erosion and offshore bar, center of gravity of the offshore bar,
and wave run-up height. Beach slope was prepared again
for the next experiment. Stable DO levels were limits of
measurements in the flume. The reference DO measurement points were determined every 5 cm throughout the
vertical lines. The DO measurement points in the mesh
are presented in Table 1. All dissolved oxygen measurements were conducted at those same levels. The first two
characters of measurement name were used for vertical
line number, and the last two for depth. The meaning of K
is a measurement which was performed under sand surface
and among sediments. The meaning of S is a measurement
which was performed in water. If measurement was under
sediment surface, the last two characters of measurement
name showed how many cm the measurement point was
under sediment surface. If measurement was above sediment
surface, the last two characters of measurement name

2 MATERIALS AND METHODS
Experiments were carried out in a flume (length 24
m, width 1 m, and height 1 m) as illustrated in Fig. 2. The
flume was consistently filled to the same mark in order to
ensure that water level was 60 cm for each experiment. DO
concentration was measured using an oxygen probe (Unisense Clark-type OX500: Glass sensor with 400-600 µm outside tip diameter and 0.3 µM detection limit). Water temperature and salinity were determined by a WTW Multiline P4 Universal Meter with Tetra Con 325 salinity probe. A
general layout of the experimental equipment is shown in
Fig. 3. Experimental equipment used in this study included
wave production machine, four probes for wave height and
period measurements, a monitor, A/D converter card, and
medium-sized sand.
In experiments, distribution of DO, which is needed
for organisms, was investigated in dry, wet, and saturated
zones horizontally, and from water surface to under the
bottom of the sand vertically. There were 7 vertical lines
and 25 cm between each vertical line. Four vertical lines

FIGURE 2 - The wave flume in the Istanbul Technical University
Hydraulic Laboratory, Turkey.
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FIGURE 3 - The experimental setup.
TABLE 1 - Names of DO measurements with respect to depth.
Depth (cm)
60
55
50
45
40
35

Vertical line no
Distance from origin (m)
0
0,05
0,10
0,15
0,20
0,25

D7

D6

D7K15
D7K20

D6K5
D6K10
D6K15
D6K20

showed how many cm the measurement point was above
sediment surface. For example, K0 is sediment surface,
K5 is 5 cm under the sediment surface, S10 is 10 cm above
the sediment surface, D1S15 is 15 cm above the sediment
surface throughout D1 vertical line (Table 1).
Calibration solution with the same temperature and salinity as the water in flume was used. Temperature and
salinity in flume water was measured for each experiment.
As oxygen microsensors respond linearly to changes in oxygen concentrations, a two-point calibration was used. Full
air saturation (100% atm) and zero oxygen (0% atm) were
the points for calibration. Water taken from flume was prepared in an Unisense calibration chamber CAL300 (5-min
bubbling at a rate of 0.5 L gas per min was sufficient to
drive 99% of the oxygen out. Sensor was placed in a wellaerated calibration solution and signal reading on display
was determined as full air saturation. An anoxic solution
of sodium ascorbate and NaOH, both at a final concentration of 0.1 M, was stirred briefly and allowed to stagnate.
Later, the sensor was placed in the solution, and determined as Zero-calibration when the signal remained stable. The solution was stored in a closed container for
maximum 1-2 weeks.
3 RESULTS
Measurement of DO was not performed beyond a certain depth at which the waves lost their effect on DO con-

D5

D4
D3
Measurement names
D5K0
D5K5
D4K0
D3S5
D5K10
D4K5
D3K0
D5K15
D4K10
D3K5
D5K20
D4K15
D3K10
D4K20
D3K15

D2

D1

D2S10
D2S5
D2K0
D2K5
D2K10

D1S15
D1S10
D1S5
D1K0
D1K5

centration, and waves were not initiated for approximately
2 h until a stable DO concentration was reached. This stable
DO concentration was taken as the initial dissolved oxygen
concentration (IDO), and the wave machine was switched
on. Upon generation of the waves, at a certain point, DO
concentration was stabilized again, and this value was considered as the final dissolved oxygen concentration (FDO).
The corresponding IDO and FDO values, with respect to
depth at D5 and D6, are provided in Fig. 4. Time series of
DO concentrations per IDO at D1, D2, D3, D4, D5, D6,
and D7 vertical lines is shown in Figs. 8-14. IDO and
FDO are identical for the first DO value (Fig. 4) because,
in this depth, DO concentration was stable despite the
wave effect.
As it can be seen from Fig. 5, the points can be listed
as D1S5, D1S10, D1K5, D1K0, D1S15 and D1K10 in
descending order of difference between IDO and FDO. Because of wave breaking at D3, DO increase at D1 vertical
line was higher in the region between water surface and
sediment surface. IDO and FDO at D1S5 were 8.86 and
9.8 mg/L, respectively. Additionally, IDO and FDO at
D1S10 were 9.6 and 10.2 mg/L, respectively, and corresponding values were 10.2 and 10.5 mg/L, at D1S15.
The experiments indicated that difference between IDO
and FDO for each point along D2 vertical line was highest at
D2K0, consecutively followed by D2S10, D2S5, D2K5 and
D2K10 (Fig. 6). Maximal DO increase was 0.99 mg/L at the
sediment surface throughout D2 vertical line because it
was next to the breaking vertical line. D2S5 and D2S10
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0

IDO at D5
FDO at D5
IDO at D6
FDO at D6

-5

Depth (cm)

-10
-15
-20
-25
5

7

9
DO (mg/L)

11

FIGURE 4 - Initial and final dissolved oxygen concentrations at D5 and D6 vertical lines.

D1S15
D1S10
D1S5
D1K0
D1K5
D1K10
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Time (s)
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FIGURE 5 - Time series of DO concentration per IDO at D1 vertical line.
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FIGURE 6 - Time series of DO concentration per IDO at D2 vertical line.
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FIGURE 7 - Time series of DO concentration per IDO at D3 vertical line.

were affected similarly from waves with DO increases of
0.6 and 0.62 mg/L, respectively.
As for the difference between IDO and FDO along
D3 vertical line, the maximum was observed at D3S5,
followed by D3K5, D3K0, D3K10 and D3K15 consecutively (Fig. 7). Wave was breaking at D3 vertical line
which resulted in an increase of 1.1 and 0.8 mg/L at D3S5
and D3K5, respectively. In addition to this, the difference
was 0.4 mg/L at sediment surface, and the corresponding
value was 0.2 mg/L at D3K10.
The points can be listed as D4K0, D4K5, D4K15,
D4K10 and D4K20 in descending order of difference between IDO and FDO (Fig. 8). Because of the erosion in the
beach profile along D4 vertical line, D4K5 was at the
sediment surface with an increase of 0.5 mg/L, which is
the second highest value after 0.57 mg/L observed at
D4K0. The differences between IDO and FDO at D4K15
and D4K10 were 0.3 and 0.2 mg/L, respectively.
These experiments indicated that difference between
IDO and FDO for each point along D5 vertical line on the
shoreline was at D5K10, followed by D5K5 and D5K0
consecutively (Fig. 9). There was no difference between
IDO and FDO at both D5K15 and D5K20. The experiment
at D5K20, where DO concentration was investigated, confirmed that there were no wave effects at D5K15, and DO
level did not change under D5K15 (Fig. 9). Beach profile

eroded at D5 vertical line and, therefore, maximum DO
increase at this line was 0.38 mg/L at D5K10. The differences between IDO and FDO at D5K5 and D5K0 were
0.2 and 0.12 mg/L, respectively.
D6 vertical line was at the region characterized by
runup/rundown swash flows. DO increased to 0.14 mg/L
at D6K15 and 0.05 mg/L at D6K10. As for the difference
between IDO and FDO along D6 vertical line in runup/
rundown swash flow’s region, the maximum was observed
at D6K15, consecutively followed by D6K10, D6K5 and
D6K20 (Fig. 10). The differences between IDO and FDO
at D6K15, D6K10, D6K5 and D6K20 were 0.14, 0.05,
0.01, 0.01 and 0 mg/L, respectively.
Runup/rundown swash flows did not reach D7, and
DO did not change (Fig. 11). DO increase was maximum
at D1S5, D2K0, D3S5, D4K0, D5K10, and D6K15 for
each vertical line. The maximum value was at the point that
was 5 cm above the sediment surface throughout D3 vertical wave-breaking line. Value was highest at the point that
was at the sediment surface throughout D2 and D4 vertical
lines which were next to breaking vertical line, and also at
the point that was 10 cm under the sediment surface throughout D5 vertical line and far away from wave breaking.
A value maximum was also found at the point that was
15 cm under the sediment surface throughout D6 vertical
line being away from the shoreline to the beach.
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FIGURE 8 - Time series of DO concentration per IDO at D4 vertical line.
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FIGURE 9 - Time series of DO concentration per IDO at D5 vertical line.
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FIGURE 10 - Time series of DO concentration per IDO at D6 vertical line.
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FIGURE 11 - Time series of DO concentration per IDO at D7 vertical line.

4 DISCUSSION
The data from either the offshore under deep water
body or shallow water with eliminated atmospheric reaeration in flume have shown DO concentration under
sediment was low whereas waves increased DO level in
shallow water [8, 13-15, 17]. Oxygen transfer resulted in
flow around and over stones placed in a laboratory flume;
the presence of stones increased DO transfer efficiency by
0–0.60 in the flume [6]. Air bubbling was more in shallow that offshore water among sediments because waves
enhanced DO concentrations. Herein, DO concentration
showed a decreasing trend with increasing depth under
sediment surface.
The location of wave breaking and the maximum of
the undertow move onshore with the sandbar resulted in
small waves pitched forward on the bar [18]. When the
wave height was lower and wave period was the same,
DO enrichment was observed close to the beach because
of the highest DO increase in the breaking line while
forming bar was observed closer to the beach.
Extreme environmental conditions (temperature, storms,
oxygen deficiency) may act as disturbances with profound
effects on the temporal development of benthic communities. In combination with a high input of organic matter
and its decomposition, this situation may lead to a marked
decrease of oxygen content in the bottom waters. When
low oxygen concentrations (< 4 mg/L) had been recorded
in the north-eastern part of the German Bight in 1982 and
1983, a widespread mass mortality of macrozoobenthos
was documented; during most of the 80ies, this area represented a rather persistent community dominated by Amphiura filiformis, only interrupted in 1984, with a low species number and lower density of many species indicating
a possible influence of hypoxic (very low oxygen) bottom
waters already recorded in the area in 1983 [19]. Creatures in aquatic ecosystems require dissolved oxygen for
decomposing organic matter, cellular respiration processes
to transform digested organic matter into energy, and other

needs. Therefore, they need waves increasing the rate of
oxygen from the air being dissolved or absorbed in the
water. This experimental study demonstrated wave action
supplying the water with plentiful oxygen.
5 CONCLUSIONS
Corresponding data have been collected either offshore under deep water body or shallow water with eliminated atmospheric re-aeration in the flume whereas this
study was focused on coastal measurements of DO. Hence,
the effects of wave(s) on enhancing DO levels were investigated in a laboratory flume.
Stability of DO concentration despite wave action was
observed at D1K10, D2K10, D3K15, D4K20, D5K15,
D6K20, and D7 (Figs. 4-11). DO level did not change
under the place where there were stable measurement
points and also at the region not reached by runup/ rundown swash flows. DO increased in water from depth to
water surface. Harmonic oscillations of DO concentration
were observed predominantly at places close to water
surface than to sediment surface. D3, D4, and D6 vertical
lines, due to wave breaking and climbing, were critical for
measurements. The highest DO increase was observed in
the breaking line (D3 vertical line: wave breaking of 11
cm wave height and wave period of 1 s). When wave
periods were the same and wave height was lower, the
offshore bar was closer to the beach. As a result of offshore bar position, breaking wave line was closer to the
beach, and DO increase was greater in areas that were
closer to beach. Near-shore habitats were enriched in some
living creatures, in relative abundance among offshore
habitats. The numbers and diversity of species are further at
gentle swash conditions, because movement and life is
easier for organisms, and there is enough oxygen to live.
Wave effects resulted in additional air bubbles. For
this reason, waves changed DO values among sediments.
Waters and sands can get rid of a certain amount of pollution, naturally by dispersing it harmlessly. The effect of
diffusion and advection enables restoration and sustaina-
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bility of the ecosystem by improving conditions in water
and sand. Therefore, waves affect shoreline reclamation
by providing aeration.
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