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STUDY ON GARDEN PLOT SYSTEMS FOR
DECENTRALIZED WASTEWATER TREATMENT IN
RURAL AREAS OF THE YANGTZE RIVER DELTA, CHINA
Jingjing Duan1,2,§, Hui Zheng3,§, Chenguang Geng1,2, Xun Li1 and Zengqiang Duan1,*
1

State Key Laboratory of Soil and Sustainable Agriculture, Institute of Soil Science, Chinese Academy of Sciences, 210008 Nanjing, China
2
University of Chinese Academy of Sciences, 100049 Beijing, China
3
College of Soil and Water Conservation, Beijing Forestry University, 100083 Beijing, China

ABSTRACT
As a modified land treatment system, the garden plot
system (GPS) has considerable potential for rural decentralized wastewater treatment. In this study, two GPSs were
established – one in the Caohuang village for domestic
sewage (DS) treatment and the other in the Houhong village for livestock wastewater (LW) treatment. Both GPSs
exhibited high treatment efficiency. The outflow of DS
treated by a GPS can be discharged into rivers and lakes
that have a lower dilution capacity, whereas the outflow
of LW treated by a GPS can potentially be utilized as liquid
fertilizer. An investigation of three villages in the town of
Wanshi found the amount of discharge in the area averaged
approximately 55.0 L/p/day, and water quality monitoring
showed the concentration of LW to be much higher than
that of DS. We estimate that in the rural areas of the Yangtze River Delta, DS can be fully accommodated by the
area’s garden land. Accordingly, based on the village GPS
studies, a decentralized wastewater treatment model was
constructed for rural areas in the Yangtze River Delta to
support both wastewater utilization and environmental protection.
KEYWORDS: Land treatment; garden plot system; domestic
sewage; livestock wastewater; Yangtze River Delta

1. INTRODUCTION
Located in eastern China, the Yangtze River Delta is
an alluvial fan delta met at sea by the Yangtze River and
Qiantang River [1]. Nowadays, the Yangtze River Delta
encompasses the city of Shanghai, Jiangsu province and
Zhejiang province [2], and it covers an area of 0.21 million km2, accounting for 2.2% of the area of China. Population density in the region was 748 people km2 in 2011,
which was 5.3 times greater than the national average [3].
* Corresponding author
§
These authors contributed equally to this work.

The conflict between people and the land is extremely
prominent; with rapid economic and societal development, environmental issues are increasing in severity. Agricultural non-point source pollution has become a major
source of water pollution [4]. In rural areas, domestic
sewage (DS) and livestock wastewater (LW) are two important sources of this pollution [5].
Appropriate ecological techniques that promote longterm sustainability are urgently needed for wastewater treatment in rural areas. Seldom is land idle in rural areas of the
Yangtze River Delta. In an area with almost no underground sewer lines, the construction of a wastewater treatment plant (WWTP) is unsuitable. Therefore, we considered a more reliable and cost-effective decentralized system [6]. Currently, decentralized wastewater treatment techniques can be divided into two categories; first is a traditional processing system that utilizes complex biological
and physical processes and is considered to be a simplification of various WWTP processes [6]; second is a natural treatment system that utilizes soil as a treatment and
discharge carrier and that includes land treatment systems,
wetland treatment systems and wastewater lagoons [7-9].
Among these system types, the land treatment system has
the advantages of low energy demand, low operation and
maintenance cost and is an ideal technology in areas such
as small rural communities [10]. However, the hydraulic
loading rate of the system is low, and the site area is often
very large [9]. Therefore, several researchers modified the
system to adapt to the local conditions and effluent quality by installing subsurface drains or constructing infiltration systems [11-15]. However, there are few studies on
the use of garden plot infiltration systems for wastewater
treatment worldwide. Garden land is rich and plentiful in
the Yangtze River Delta, accounting for 25.47% of all
land types [1]. Therefore, it is possible to construct a
garden plot system (GPS) in this region.
The purpose of this study was to develop a GPS for
decentralized wastewater treatment in rural areas of the
Yangtze River Delta. Two GPSs were established – one in
the Caohuang village for DS treatment and the other in
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the Houhong village for LW treatment. Based on the GPS
trials conducted in these villages, a decentralized
wastewater treatment model was constructed in the rural
areas of the Yangtze River Delta to further wastewater
utilization and environmental conservation.
2. MATERIALS AND METHODS
2.1 Land Sites

System number one: Seedling land at Caohuang village in the city of Xinghua, province of Jiangsu, China
(Fig. 1).
The experiment site is located in a north subtropical region characterized by a humid climate. The annual average temperature is 15 oC, and annual precipitation
is 1024.8 mm. The soil at the experiment site is Gleyic
Stagnic Anthrosol sourced from parent material of lacustrine sediments, which is a type of loam soil. Camphor
trees were selected as biological models because they are
valuable timber and special commercial tree species in
Southern China [16]. The camphor trees in the experimental
seedling land were all six years of age. The size of each plot
measured 150 m2 and had a length-to-width ratio of 6. The
planting distances of the camphor trees were 1.25 m within
and between double rows. Three treatment plots (A, B and
C) were irrigated with pre-treated DS, and a control plot

was irrigated with river water. Each plot had two replications. The hydraulic loading rates were determined based
on the growth characteristics of the camphor trees, traditional fertilization, weather conditions and land use capability of the experiment site [16, 17]. Plot A had a low
hydraulic loading rate (Lw=506 mm/annual), plot B had a
medium hydraulic loading rate (Lw=760 mm/annual), and
plot C had the same hydraulic loading rate as plot B but
included the application of manure (2 t / 667 m2, goose
feces). The domestic wastewater was pre-treated in a storage pool, which then flowed into the GPS. A schematic
diagram of the GPS is shown in Fig. 2. Film hole furrow
irrigation (in which plastic film is laid in a ditch alongside
crops grown on the ridges and water penetrates into the
soil through irrigation holes in the mulch) was applied to
the distribution system with a furrow distance of 1.25 m.
A subsurface drainage system was implemented as shown
in Fig. 3. The effluent was collected in the catchment well
through drainage pipes buried at a depth of 60 cm.
System number two: Vineyard at Houhong village
in the town of Wanshi, city of Yixing, province of Jiangsu,
China (Fig. 1).
The experiment site is located in a subtropical region
characterized by a mild and humid climate. The average
annual precipitation is 1177 mm. The local soil is classified
as silty clay loam. The vineyard is approximately 6000 m2

FIGURE 1 - Map of the experiment sites in Jiangsu province, China.
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FIGURE 2 - Treatment plots layout of the garden land system.
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FIGURE 3 - Subsurface drainage system. 1- Drainage pipe, 2- Collecting pipe, 3- Ball valve, 4- Drainage well.
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FIGURE 4 - Vertical view of distribution system of each plot. 1- Capillary, 2- Hole in the capillary, 3- Vine.

and is planted with six-year-old Eurasian Summer Black
grapevines. The experimental plot measured 225 m2. The
planting distances of the vines were 1.0 m and 2.5 m
within and between double rows, respectively. After the
grape harvest, ryegrass was intercropped in the plots. Each
plot had three replications. Each plot measured 75 m2 with
a 3:1 aspect ratio. Double row perforated-pipe irrigation
was used to distribute the wastewater (Fig. 4). The ground
surface distribution system was spaced evenly. The capillary was made of 12-mm diameter polyethylene plastic
pipe. Laser-perforated holes in the pipe were spaced every
50 cm and had a diameter of 1.0 mm. The distance between the capillary and the crop was 62.5 cm. A subsurface drainage system was also installed in each plot. Biogas slurry from a dairy farm was the source of LW in the
experiment.
2.2 Investigation of decentralized sewage characteristics

Data collection, household surveys and sample analyses were conducted in this study. Based on their distance
from the center of Wanshi and economic development
level, the villages of Dajian, Houhong and Nancao were
selected for investigation. From these three villages, representative households were selected based on the following characteristics: (1) annual household income, (2) age
structure and population scale within a household and (3)
scattered livestock and poultry raising conditions. In addition, the quantity of domestic wastewater produced was
estimated by multiplying the amount of water consumed
by the emission factor instead of directly measuring the
wastewater produced by a single household. Samples of
domestic wastewater were taken from seven septic tanks
and two centralized sewage outlets on August 23, 2011. At
the same time, samples of livestock wastewater were obtained from two septic tanks located on small farms.
2.3 Wastewater sampling and analysis

The evaluation of treatment efficiency of the treatment plots was accomplished by monitoring the quality of
soil solution samples. Soil samples were taken at a depth
of 60 cm using soil percolation pipes, consisting of PVC
material with a clay head, 24 hours after each application.

Measured values of pH, EC (electric conductivity), SS
(suspended solids), COD (chemical oxygen demand), TOC
(total organic carbon), NH4+-N (ammonium), NO3--N (nitrate), TN (total nitrogen) and TP (total phosphorus) were
analyzed according to Water and Wastewater Monitoring
Analysis Methods [18].
2.4 Data analysis

An analysis of variance (ANOVA) was used to separate the variances of the main properties. In addition, post
hoc pairwise comparisons among different treatment plots
were performed using the least significant difference (LSD)
test.
3. RESULTS AND DISCUSSION
3.1 Investigation of decentralized sewage

According to the surveys of fifteen households in the
villages of Dajian, Houhong and Nancao, tap water consumption by each person was between 10.4 and 74.7 L/day,
with an average of 40.9 L/day. Typically, the amount of
sewage discharge is between 75% and 90% of total water
consumption [19]. Therefore, in this study, the discharge
amount was approximately 30.1 to 36.8 L/p/day based on
the amount of tap water consumed. Assuming tap water
consumption accounts for 60% of total water consumption
[20], the actual water consumption and water discharge
amount were on average 68.8 and 55.0 L/p/day, respectively. The discharge amount in this study was higher than the
results in Shi’s study. According to Shi, the amount of DS
discharged by residents in a typical village of Southern
Jiangsu province was 40 to 50 L/p/day [21].
The physical and chemical properties of the DS and
LW are shown in Table 1. Although the amount of SS was
lower, other properties of decentralized wastewater were
found to be within the range of domestic blackwater reported by Chen et al. [22]. It can also be concluded from
Table 1 that the concentration of LW was much higher
than that of DS, especially for TP, NH4+-N, COD and
TOC, and the dominant form of nitrogen in both livestock
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TABLE 1 - The physical and chemical properties of decentralized wastewater in Wanshi.
SSa
Total N
(mg L-1
(mg L-1
Minimum value
7.05
26.0
17.36
DS
Maximum value
8.30
90.0
167.09
Mean value
7.64
56.9
106.31
Swine wastewater
7.32
1730
386.36
LW
Dairy farm wastewater
8.50
2100
402.38
a
Suspended solid; b Chemical oxygen demand; c Total organic carbon.

928

914

828

820

614

date

CODb
(mg L-1
120.0
250.0
186.9
1756
2015

TOCc
(mg L-1
23.0
99.0
60.9
567
328

11
-0
3

10
-2
0

10
-1
2

(b)

10
-0
5

35
30
25
20
15
10
5
0

NO3--N
(mg L-1
0.47
17.76
3.36
20.29
33.95

11
-2
2

60
50
40
30
20
10
0

NH4+-N
(mg L-1
15.62
72.11
54.34
270.5
376.42

A plot
B, C plot

(a)

09
-2
7

hydraulic loading rate (mm)

Total P
(mg L-1
0.80
16.39
7.99
43.21
84.18

pH

10
-1
6

Item

hydraulic loading rate (mm)

Type of
wastewater

date
FIGURE 5 - The hydraulic loading rates of (a) System number one in 2010 and (b) System number two in 2011.

TABLE 2 - The concentration of inflow and outflow in system number one.
Item
NO3--N
NH4+-N
Inflow (mg/L)
0.04
13.30
River Water (mg/L)
0.21
1.65
Outflow (mg/L)
0.12
2.91
A plot
Removal rate (%)
/
78.2
Outflow (mg/L)
2.09
2.12
B plot
Removal rate (%)
/
84.1
Outflow (mg/L)
2.44
2.56
C plot
Removal rate (%)
/
80.8
(GB18918-2002)
/
5
Level One, Standard A(mg/L)
a
b
/: No data were available. Total organic carbon; Chemical oxygen demand.

and domestic sewage was ammonium. Therefore, the type
of sewage being treated should be considered as one of the
key factors when designing garden land treatment systems.
3.2 Domestic sewage treatment by GPS

The application of domestic wastewater in system
number one was conducted between mid-June and midOctober 2010, and the hydraulic loading rate is shown in

Total N
14.40
2.12
3.54
75.4
4.65
67.7
5.61
61.0

Total P
1.22
0.49
0.32
74.2
0.29
76.2
0.34
72.1

TOCa
16.7
/
7.54
54.9
5.94
64.4
6.31
62.2

CODb
63.0
32
25.0
60.3
18.0
71.4
32.0
49.2

15

0.5

/

50

Fig. 5 (a). Table 2 shows that the removal rates of NH4+-N
were 78.2%, 84.1% and 80.8% in plots A, B and C, respectively, which were higher than those of other properties. The concentrations of TN and NH4+-N in the effluent
were lower in the summer because of greater water consumption during this season, whereas the removal rates of
TN and NH4+-N in the GPS system were higher in summer than in spring and autumn [23]. According to Ye and
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Wu’s study, the removal rates of NH4+-N were higher in
constructed wetlands [24, 25]. However, the construction
costs of a GPS are much lower than other common treatment technologies [23]. The removal rates of TOC and
COD were also lower. However, the water quality of outflow in the three treatment plots met the First-level A
Standard as defined by the Discharge Standard of Pollutants for Municipal Wastewater Treatment Plants; therefore, water from a drainage well can be discharged into
rivers and lakes that have a lower dilution capacity [26].

3.3 Livestock wastewater treatment by GPS

The hydraulic loading rate of dairy farm wastewater
in system number two is shown in Fig. 5 (b), and the composition of the wastewater is shown in Table 3. The concentration of NO3--N in the 60 cm soil solution was rather
high (Fig. 6), which may be attributed to nitrate leaching.
Therefore, we recommend better management controls be
performed, such as enhancing plant nitrogen uptake and
preventing preferential flow [27, 28]. The concentration of
NH4+-N, TN and TP all decreased greatly as the wastewater

TABLE 3 - The mean composition of dairy farm wastewater in system number two in 2011. Average values (± SD) are shown.
ECa
SSb
NH4+-N
NO3--N
Total N
-1
-1
-1
(ms cm )
(mg L
(mg L
(mg L-1
(mg L-1
7.50
6.20
72.98
375.46
6.37
429.73
Concentration
± 0.12
± 0.45
± 25.36
± 19.37
± 2.43
± 43.24
a
Electric conductivity; b Suspended solid; c Chemical oxygen demand; d Total organic carbon.
Items

450

pH

Total P
(mg L-1
46.32
± 8.23

CODc
(mg L-1
439
± 67

TOCd
(mg L-1
394
± 84

Influent
60 cm soil solution
(a)

500

(b)

400
450
400

TN (mg/L)

300
250

+

NH4 -N (mg/L)

350

200

350
300
250

150

200

100

150

50

100
10-13

10-20

11-04

11-22

10-13

date

90

10-20

60

(c)

55

80

11-04

11-22

11-04

11-22

date
(d)

50

70

45
40

TP (mg/L)

-

NO3 -N (mg/L)

60
50
40
30

35
30
25
20
15

20

10

10

5

0

0

10-13

10-20

11-04

11-22

10-13

10-20

date

date

FIGURE 6 - Concentration of: (a) NH4+-N, (b) TN, (c) NO3--N and (d) TP of influent and 60 cm soil solution in system number two. Data
were from the later four applications of livestock wastewater.
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percolated into the soil. The removal rates of NH4+-N, TN
and TP averaged 81.0%, 72.5% and 88.0%, respectively.
According to Knight et al. [29], in the livestock
wastewater treatment wetland database, the average removal rates of TN and NH4+-N were 51% and 60%, respectively, which were lower than in the garden land system.
Therefore, a GPS is shown to have high treatment efficiency
for LW treatment, whereas the outflow still contains a certain level of nutrient elements that can potentially be utilized as liquid fertilizer for crops.
3.4 Estimation of GPS for decentralized sewage treatment in
rural areas of the Yangtze River Delta

Based on the investigation of decentralized sewage, the
discharge amount of DS was assumed to be 55 L/p/day ac-

cording to the following estimation. The total discharge
amount of rural DS was estimated by multiplying per capita discharge rate by the population size and number of
days, and the receivable amount was calculated by multiplying the garden land area by the annual hydraulic loading rate. Here, the available land area includes mulberry
land, orchard land and seedling land. The hydraulic loading
rate (estimated to be 500 mm/annual) is one of the most important parameters in designing a land treatment system [9].
By our estimation, we can conclude from Table 4 that there
is sufficient garden land area available to treat all of the DS
generated by rural residents in the Yangtze River Delta.
Additionally, a certain amount of LW can be applied to the
GPS as liquid fertilizer. In this way, crops can gain enough
nutrients and the wastewater can also be disposed of [30].

TABLE 4 - The discharge and receivable amount of rural DS in the Yangtze River Delta.
Rural population
Total discharge
Garden plot area
(1×104 p)
(1×108 tons
(1×103 ha
2002
7835.86
15.73
719.59
2003
7636.58
15.33
735.62
2004
7459.47
14.97
799.50
2005
7246.50
14.55
812.97
2006
7143.35
14.34
833.47
2007
7058.40
14.17
823.95
2008
6974.87
14.00
834.04
Source: Shanghai Statistical Yearbook, Jiangsu Statistical Yearbook, and Zhejiang Statistical Yearbook, 2003-2009 [32-34].
Year

Receivable amount
(1×108 tons
35.98
36.78
39.98
40.65
41.67
41.20
41.70

FIGURE 7 - Decentralized wastewater treatment model in rural areas of the Yangtze River Delta.
Note: The different colors from the rural-urban continuum to exurb represent the change in pollution extent.
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The amount of DS and LW applied to the land treatment
should be determined according to local climate, crop
types, soil condition and other site-specific factors. However, the above estimation is based on the assumption that
the reuse of decentralized wastewater is safe. In fact,
adverse consequences on vegetable quality, population
health and soil quality may result from the use of untreated wastewater [31]. Therefore, proper pre-treat-ment,
such as disinfection, should be taken before wastewater
application to avoid pathogenic and chemical contamination. Moreover, microbial pathogens and chemicals of
concern should be examined in waters and soils to assess
whether it is safe to reclaim decentralized wastewater
using the GPS in rural areas of the Yangtze River Delta.

wastewater and livestock manure in rural areas of the
Yangtze River Delta.
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3.5 Construction of a decentralized wastewater treatment
model in rural areas of the Yangtze River Delta

A decentralized wastewater treatment model is constructed based on the analyses in this study. In general
terms, the main water flow in Fig. 7 includes: (a) DS
flow, which is the wastewater from households in the
rural-urban continuum, suburbs and exurbs that is received by garden land and then discharged into water
bodies or used for agricultural irrigation after treatment;
(b) LW flow, which has a high level of nutrients and
whose effluent can be used as liquid fertilizer (after proper treatment) on garden land or woodland; and (c) surface
runoff flow that occurs during rain events. Surface runoff
from paddy wetlands can remove nitrogen, phosphorous
and other nutrients from the field, contaminating the environment. To utilize nutrients and reduce environmental
pollution, surface runoff can be diverted to garden land or
woodland and then into ecological ditches. The flow of
solid waste is also shown in Fig. 7. The manure produced
from raising livestock can be composted between crop
rows in garden land or woodland plots using vermicomposting technology, whereby wastes are transformed into
organic fertilizer without polluting the environment.
4. CONCLUSIONS
Two garden plot systems were established – one in
seedling land receiving DS and the other in a vineyard
receiving LW, each of which has a high treatment efficiency. The outflow of the first system type may be discharged into rivers and lakes that have a lower dilution
capacity, whereas the outflow of the second system may
potentially be utilized as liquid fertilizer. We estimate that
in rural areas of the Yangtze River Delta, the garden land
is capable of treating the DS generated by rural residents in
the area. However, proper pre-treatment should be taken
before wastewater application to avoid pathogenic or chemical contamination. Furthermore, long-term experiments
should be conducted to evaluate the potential health risks
of incorporating a GPS. Finally, a decentralized
wastewater treatment model was constructed for treating
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ABSTRACT
The increased nitrogen (N) availability caused by climate warming and associated permafrost thawing would
affect the carbon (C) sequestration in high latitude ecosystems, especially in boreal peatlands. However, the effect
of N availability on C mineralization of soil, especially at
depths, was not sufficiently understood. In this study, we
collected boreal peatland soils at different depths in Northeast China and investigated soil organic C (SOC) mineralization with three N addition levels (control: 0 mg N·g-1
soil; low N: 0.04 mg N·g-1soil; high N: 0.08 mg N·g-1soil)
in a short laboratory experiment. The results showed that
after 66d incubation the total SOC mineralization as well
as the percentage of initial SOC mineralization mainly decreased at depth and they were evidently correlated with
initial water content, pH, and total phosphorus (P) content.
N addition suppressed SOC mineralization in subsurface
(30-100 cm) soil layers, and the suppression was significant
at 70-80 cm and 90-100 cm depths. N addition tended to
enhanced SOC mineralization in surface (0-30 cm) soil
layers, and the stimulation effect was significant at 20-30 cm
depth. In conclusion, our results suggested that N addition
did not affect SOC mineralization significantly at 0-100 cm
depths; some initial soil characteristics were the major factors that control SOC mineralization at depth.
KEYWORDS: soil layers; SOC mineralization; N addition; boreal
peatlands; Northeast China

1. INTRODUCTION
The SOC in Northern peatlands soil is about one-third
of the world’s SOC pool, which is more than half of the
amount of C in the atmosphere [1, 2]. Most of the SOC
stock in peatlands soil was found in the subsoil [3-5]. A
recent study showed that more than 60% of the total soil
C is stored below 30 cm depth in the northern permafrost
region [6]. Soil organic matter decomposition is a key proc* Corresponding author

ess determining ecosystem C storage and nutrient cycling
[7, 8]. Most natural peatlands act as C sink because of low
organic matter decomposition rates, which are caused by
typical environmental conditions such as low temperature,
waterlogging and lack of nitrogen availability [9]. The
increase of N availability caused by climate warming and
N deposition could affect groundwater and soil organic
matter decomposition [10-12], which has aroused the interests of many researches both in field and laboratory [9,1315]. Previous reports indicated that the effects of nutrient
additions on microbial mineralization of SOC tend to be
highly variable [3, 13-14, 16]. Depending on the specific
soil type examined, nutrient additions could have a positive, negative or no effect on microbial respiration rates
[3, 16, 17].
Since large proportion of SOC stored in subsoil (30100 cm), researchers had paid more attention to subsoil and
the different effects of nutrient availability on SOC decomposition between topsoil and subsoil [3-5, 18]. Soils in
different depth have various physical and chemical properties, so the responses of them to N addition may be diverse. Fierer et al. [3] suggested that the subsurface horizons were significantly more sensitive to increases in nutrient availability than the surface [3]. The N addition could
increase SOC mineralization in subsurface soil layer and
have a negligible affect on surface soil layers [3]. However, Fontaine et al. [18] suggested that a lack to supply of
fresh carbon may be the real reason for preventing SOC
mineralization. Salomé et al. [4] indicated that the controlling factors on C dynamics were different between topsoil
and subsoil.
The studies about SOC mineralization of the topsoil
and subsoil were mainly focused on grassland and agriculture ecosystems [4, 18, 19], and only few information
was found on peatlands [14, 15]. In the present study,
soils at different depths were collected from boreal peatlands in Northeast China (1) to investigate various SOC
mineralization rates at different depth; (2) to study the
effects of N addition on SOC mineralization at different
depth. We hypothesized that (hypothesis one) carbon
mineralization rates would decrease with depth and (hypothesis two) N addition would enhance carbon minerali-
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zation at different depth. SOC mineralization was estimated
by measuring soil CO2 emission under laboratory conditions.
2. MATERIALS AND METHODS
2.1 Experimental site and soil collection

Soil was collected from a boreal peatland region
(52.94°N, 122.86°E) in Northeast China. The climate of
the study site belongs to cold temperate continental monsoon area. The mean annual temperature, precipitation is
–4°C, 425 mm (with 347 mm as rain and 78 mm occurring as snow). The deepest thawing depth is about 50 cm,
which appears at the end of August. The dominate shrub
types are Ledum palustre var.angustum and Vaccinium
uliginosum, and dominate herbaceous plant is Eriophorum
vaginatum, with sphagnum covered on the ground. In
October 2010, the sphagnum was cleared and 4 soil cores
at 0-100 cm depth were collected. Each soil core was cut
into 10 segments of 10 cm composites on a depth-segment
basis and then stored at -20°C until the experiment starts.
2.2 Experimental design

Soil was milled and picked out visibly identifiable
roots in low temperature in order to avoid the soil thaw.
One part of the milled soil was selected randomly for
chemical analysis; the rest was prepared for the lab incubation. 5 g soil sample (dry weight) at each depth was
weighed and placed in 500 ml glass wide-necked bottles.
The incubation temperature was set to 10°C, which is
close to the mean soil temperature in growing-season at our
research site. Three N addition levels were set as follow:
control (0 mg·g-1 soil), low N (0.04 mg·g-1 soil) and high N
(0.08 mg·g-1 soil). The low level was set according to the
study on estimating N release from climate warming [21],
and assumed that (1) the total plant production was 280 g
C m-2yr-1, (2) the soil respiration responses to temperature
change with a Q10 of 2.4 [20], (3) the average soil C:N
ratio is 28 and the average soil bulk density is 0.3 g·cm-3,
then 3 temperature increase should result in N mineralization of about 0.04 mg·g-1 soil. The high N level was the
doubled elevated N based on low N level. N was added as
1ml ammonium nitrate (NH4NO3) solution with distilled
water and the same amount of distilled water was added
to the control treatment. Soil moisture was maintained to
field condition and the effect of solution addition on soil
moisture could be negligible, since the distilled water was
far less than the water in the soil. Each treatment was
replicated four times and four empty flasks were treated
as blanks. The total amount of flasks was 124. Samples
were pre-incubated at 10°C for 24 hours before the incubation started. Each flask was covered with a rubber stopper, with two glass tubes connecting rubber tube and
three-way valve. All flasks were purged by flowing N2 at
a rate of 1.5 L·min-1 for 3 to 5 mins and sealed immediately at the beginning of incubation. The CO2 gases were
sampled in 1, 4, 8, 14, 21, 32, 46, 66 days using gas-tight

syringe, and then each flask was purged again by flowing
N2 at the same rate for 3 to 5 min and then sealed. The
SOC mineralization rates were calculated as the difference between the CO2 production from the soil and that
from the blank, and expressed as mg CO2-C·kg-1 soil·d-1.
The total SOC mineralization was expressed as the total
CO2 production in the end of incubation and the units was
CO2-C·kg-1 soil. The percentage of initial SOC mineralization was expressed as the proportion between the amount
of total SOC mineralization and initial SOC content in soil
sample.
2.3 Chemical analyses

The CO2 samples were analyzed with the gas chromatograph (Agilent 7820A, Agilent, USA) within 12 h
after sampling. The milled dry soil (<0.25 mm) was used
to test SOC, total N and P. SOC was analyzed by wetdigestion with H2SO4-K2Cr2O7 and total N was determined
by semi-micro Kjeldahl digestion using CuSO4 and K2SO4
of a ratio of 1:9 as catalysts. Total P was determined by
sulphuric acid digestion and measured colorimetrically at
700 nm [21]. Gravimetric water content of soil was measured by oven-drying at 105°C for 24 h and pH of a 1:2
(fresh soil: water slurry) was tested using a pH meter.
2.4 Statistical analyses

All data were analyzed using SPSS (V. 11.5). One-way
analysis of variance (ANOVA) was used to test the difference in soil characteristics of various layers and calculate
the standard errors; the mean difference was significant at
the 0.05 level. The ANOVA was used to examine the difference of total SOC mineralization and the percentage of
initial SOC mineralization among different soil layers and
to verify the effect of N addition on total SOC mineralization and the percentage of initial SOC mineralization in
same soil layer. Two-way ANOVAs was used to examine
the effects of N addition (N), soil layers, and their interactions (N× soil layers) on total SOC mineralization and
percentage of initial SOC mineralization. Pearson’s correlation analysis was performed to test relationships between
initial soil characteristics and SOC mineralization and percentage of initial SOC mineralization.
3. RESULTS
3.1. Soil characteristics

Initial soil characteristics changed significantly with
soil depths, the 0-10 cm layer had the highest water content, SOC, total N and P values, and the lowest pH (Table 1).
The SOC, total N, and P contents intend to decrease from
554.1, 19.85, 1.61 to 296.2, 9.90, 0.67g·kg-1, respectively,
with the soil depth increase (Table 1). The SOC in 10-20 cm
soil was lower than 20-40 cm; and SOC in 40-60 cm soil
was lower than 60-70 cm (p<0.05). There was a wide
range of soil water content in different soil layers. The
soil water content was highest in the 0-10 cm layer (7.96),
and lowest in the 90-100 cm layer (1.57). The pH value
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TABLE 1 - Initial soil characteristics at different soil depths
Depth (cm)
Water content (water:dry soil)
pH
SOC (g·kg-1)
Total N (g·kg-1)
0-10
7.96±0.72a†
5.57±0.04a
554.1±13.6a
19.85±0.91a
10-20
4.18±0.42c
5.61±0.02a
457.9±6.8c
16.64±0.09c
20-30
4.85±0.05c
5.65±0.04b
482.7±9.4b
18.52±0.07b
30-40
4.55±0.21c
5.70±0.03c
490.3±2.0b
18.46±0.08b
40-50
2.50±0.24de
5.71±0.03c
462.5±1.5c
16.19±0.18c
50-60
4.16±0.07c
5.74±0.05c
444.9±8.9de
16.05±0.70c
60-70
5.71±0.35b
5.80±0.01d
482.4±7.1b
16.59±0.18c
70-80
2.31±0.28ef
5.84±0.01d
455.9±7.4cd
14.79±0.10d
80-90
3.13±0.37d
5.83±0.03d
439.7±6.5e
14.55±0.31d
90-100
1.57±0.13f
5.94±0.02e
296.2±6.7f
9.90±0.68e
† Values ± stand deviations (n=4). Values within a column followed by the same letter are not significantly different at p<0.05.

SOC mineralization rate ( mg CO2-C·kg-1soil·d-1)
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FIGURE 1 - SOC mineralization rates during the incubation time (66 days) at different soil depths under different N treatments. Control (0
mg N·g-1 soil); low N treatment (0.04 mg N·g-1 soil); high N treatment (0.08 mg N·g-1 soil). Vertical bars indicate standard error (n=4). “*”
means C mineralization rates are significantly different among three N addition treatments.

increased as soil depth increased, and the pH values among
0-20, 20-30, 30-60, 60-90 and 90-100 cm were significantly different (p<0.05, Table 1).
3.2. SOC mineralization at different soil depths

In general, the dynamic pattern of SOC mineralization
rates at different soil depths was similar during the whole
incubation period (Fig. 1). SOC mineralization rates of all
layers increased rapidly at the initial stage, got the highest
value on the 4th day or the 8th day and gradually de-

creased till the 32nd days, and then SOC mineralization
rates went to steady or slightly increased (90-100cm)
(Fig. 1). In vertical soil profile, carbon mineralization
rates generally reduced with the increase of soil depth. At
the end of incubation the total amount of SOC mineralization was evidently decreased with depth (p<0.001, Table 3),
from 3313 mg CO2-C·kg-1 soil in 0-10 cm layer to 150 mg
CO2-C·kg-1 soil in 90-100 cm layer (p< 0.05, Table 2). The
percentage of initial SOC mineralization also decreased as
the soil depth increased, from 0.598% in 0-10 cm layer to
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0.051% in 90-100 cm layer (p< 0.05, Table 2). The total
SOC mineralization and the percentage of initial SOC
mineralization at 40-50 cm depth were lower than at 5070 cm depth; and those at 70-80 cm depth were lower
than at 80-90 cm depth (Table 2).
3.3. Effect of N addition on SOC mineralization

The effect of N addition on SOC mineralization was
various among soil layers. There was no significant difference in the total SOC mineralization and the percentage of initial SOC mineralization between control and two
N addition treatments in the 0-20 cm, 30-70 cm and 8090 cm layers (Table 2), although the SOC mineralization
rates were different in some incubation stages (Fig. 1). At
20-30 cm depth, SOC mineralization rates were similar
among different N treatments from the 1st day to the 32nd
day, but SOC mineralization rates under high N were
higher than under control treatment from the 44 th to
the 66 th day of incubation (Fig.1). In 70-80cm and 90100 cm soil layers, N addition suppressed SOC mineralization, which was intensified with the increase of N addition (Fig.1).

4. DISCUSSION
4.1 SOC mineralization and relationship with initial soil properties

Our data supported the first hypothesis that total SOC
mineralization and percentage of initial SOC mineralization decreased with soil depth [7] (Fig.1, Table 2). This
might be caused by decreasing C substrate quality with
depth [4, 16], and differences in microbial biomass or
activity with depth [3-4, 7]. Large percentage of total SOC
mineralization was observed in subsurface (30-100 cm)
soil, the percentage may be larger if we consider the soil
bulk, which was larger in subsurface soil. So the subsurface soil thawing in permafrost will lead to large amount
of SOC mineralization in boreal peatlands [22-23]. In this
study, no significant correlation was found between initial
SOC content and total SOC mineralization (p>0.05,
Table 4). This result was inconsistent with Fontaine et
al. [18], who suggested that a lack of fresh C may suppress the organic matter decomposition in subsurface soil.
We assume the reason for our results was large C content
in peatland soil that could meet the needs of microbial
activity even in subsurface soil.

TABLE 2 -Total SOC mineralization and percentage of initial SOC mineralization at different soil depths in the end of incubation
Total SOC mineralization ( mg CO2-C·kg-1 soil)
Percentage of initial SOC mineralization (%)
Control
Low N
High N
Control
Low N
High N
0-10
3313±101aA†
3835±122aA
3506±168aA
0.598±0.018aA
0.692±0.022aA
0.633±0.030aA
10-20
1860±68bA
1684±131bA
1846±31bA
0.406±0.015bA
0.368±0.012bA
0.403±0.007bA
20-30
1122±61cA
1249±92cAB
1479±76cB
0.232±0.013cA
0.259±0.019cAB
0.306±0.016cB
30-40
740±13dA
673±41dA
699±52dA
0.151±0.003dA
0.137±0.008dA
0.143±0.011dA
40-50
306±9gA
276±10fA
266±21fA
0.066±0.002hiA
0.060±0.002fA
0.057±0.005fA
50-60
544±11eA
596±30dA
550±26deA
0.122±0.003eA
0.134±0.007dA
0.124±0.006deA
60-70
507±12efA
522±19deA
514±22deA
0.105±0.005fgA
0.108±0.005deA
0.107±0.006deA
70-80
287±23gA
240±13fA
179±21fB
0.063±0.003hiA
0.053±0.003fA
0.039±0.005fB
80-90
398±24fgA
419±5eA
432±20eA
0.091±0.005ghA
0.095±0.001eA
0.098±0.005eA
90-100
150±20hA
95±7gB
86±6fB
0.051±0.007iA
0.032±0.002fB
0.029±0.002fB
† Values ± stand deviations (n=4). Values within a column followed by the same lower-case letter are not significantly different at p<0.05. Values
within a row followed by the same upper-case letter are not significantly different at p<0.05.
Soil depth (cm)

TABLE 3 - Effects of N addition (N), soil depths, and their interactions on total SOC
mineralization and percentage of initial SOC mineralization showed by P-values using two-way ANOVAs
Treatments
N
Soil layers
N × Soil layers

Total SOC mineralization ( mg CO2-C•kg-1 soil)
0.256
<0.001
<0.001

Percentage of initial SOC mineralization (%)
0.444
<0.001
<0.001

TABLE 4 - Pearson correlation coefficients between initial characteristics
and total SOC mineralization and percentage of initial SOC mineralization
Initial characteristics
Total SOC mineralization ( mg CO2-C•kg-1 soil)
Water content
0.806**
pH
-0.803**
SOC
0.621
Total N
0.646*
Total P
0.971***
* p<0.05; ** p<0.01; *** p<0.001
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Percentage of initial SOC mineralization (%)
0.777**
-0.815**
0.588
0.627
0.962***
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The total SOC mineralization and the percentage of
initial SOC mineralization were all significantly correlated with soil total P content in different soil layers
(p<0.001, Table 4). Other researches also suggested that P
availability played an important role in SOC mineralization [24-25]. In our experiment, total C mineralization in
90-100 cm soil with low total P content was suppressed
by N addition, while surface soil layers with relatively
high total P content were rarely influenced or even stimulated by N addition. Our results were similar with some
other results [9, 26], which indicated that P availability
may be the limiting factor in boreal peatlands. Significant
correlations between total SOC mineralization and initial
pH value and water content were also found in our study
(p<0.01, Table 4). Total P content and pH may reflect the
soil physical and chemical characteristics, and affect SOC
mineralization by regulating the microbial structure and
activities [26]. We believed that those two indexes could
be indicators for SOC mineralization in this peatland soils.
4.2 Effect of N addition on total SOC mineralization at different soil depths

In disagreement with our second hypothesis, the effect of N addition on SOC mineralization was various at
different soil depths. As shown in Fig.1, the SOC mineralization rates at most soil depths were suppressed by N
addition in the beginning of incubation. The decreased
microbial respiration may be due to C/energy limitation of
activated microbial metabolism occurred within a short
period after nutrient addition or because higher rate of
exogenous N input can lead to significant changes in the
composition of soil microbial communities over short periods [24]. Our results indicated that there may be a balance
between stimulative and suppressive effect and the organic
matter decomposition under N addition treatments was
generally connected with C substrate quality [3, 16]. The
surface soils (for example 20-30 cm) owning large percentage of active soil C pool may decompose faster with fertilization, while subsoils (for example 70-80 and 90-100 cm)
owning large percentage of recalcitrant SOC pool may be
suppressed by N addition [27, 28]. Higher hydrolytic enzyme or cellulose-degrading enzymes activities increased
by N fertilization could result in the increasing labile C
mineralization under N addition [10, 13]; the negative
effect of N addition on SOC mineralization may be caused
by reducing the oxidative enzymes, which would degrade
more complex SOC compounds [13, 29], or by reacting
with breakdown products of lignin degradation to form
other compounds that resist decay [16, 25, 30]. But
those mechanisms could not explain the result of Fierer
et al. [3], who indicated that N addition increases CO2
production in subsurface soil layers. Different N addition,
microbial community composition, chemical properties,
and availability of SOC could be the reasons for the different results [16], but the real mechanism need be further
studied. In addition, some other studies suggested that N
addition would inhibit soil respiration rates when the P
availability was low, but N addition would have neutral or

stimulatory effects on soil respiration when P availability
was high [26]. The surface soil had abundant active C
pool and total N, P content (Table 1), so stimulation effect
could be equal or excess suppression effect, otherwise
subsurface soil had relative low content of active C poor
and total N, P (Table 1), and the suppression effect may
be dominant. In a word, N addition increased of decreased
SOC carbon mineralization at some depths, but had no
significant influence as a whole at 0-100 cm depth under
neither low nor high N addition (p>0.05, Table 3).
5. CONCLUSIONS
Although the experiment could not sufficient reflect
the field condition, it gave some valuable information about
the effect of increased N availability caused by global
warming on carbon mineralization in boreal peatland soil.
Our results showed that the SOC mineralization in boreal
peatlands soil decreased with depth, which may be caused
by soil initial characteristics in different soil layers. Water
content, pH and total P content had evident correlation with
SOC mineralization, while initial total SOC and total N had
no or slight effect on SOC mineralization. Our results indicated that in boreal peatlands, SOC mineralization may not
be limited by C or N energy, p availability may be the
main factor affecting SOC mineralization. N addition had
different effects on SOC mineralization at different soil
depths, but had no significant influence on organic SOC
mineralization at 0-100 cm depth.
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BIOREACTORS TREATING MUNICIPAL WASTEWATER
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ABSTRACT

1. INTRODUCTION

Two bench membrane bioreactors (MBRs) were operated at 10-d, 20-d, and 30-d solids retention time (SRT)
and no sludge wasting condition treating municipal
wastewater and denaturing gradient gel electrophoresis
(DGGE) fingerprint analyses were performed to evaluate
the effect of SRT, membrane type, presence of anoxic
zone, and organic shock loading on microbial communities. Further community analysis was achieved by excising 24 DGGE bands for sequencing and identification.
Different SRTs and different membrane modules (flat
sheet versus hollow fiber) had minor impacts on mixed
liquor (ML) sample microbial communities. However,
greater differences in microbial communities were observed between ML and biofilm samples on membranes
for all conditions evaluated. Microbial communities in
biofilm samples from flat sheet membranes were different
than those from hollow fiber membranes. Adding a 7-day
organic shock loading to the Enviroquip MBR had little
impact on the ML, however the biofilm microbial communities in the shocked unit showed fewer dominant
species. Operating the MBRs without an anoxic zone led
to an increased number of dominant species, but the dominant species were different in flat sheet and hollow fiber
modules. A 16S rRNA clone library was constructed for
one sample of mixed liquor (30-d SRT). The phylogenetic
distribution found that 62% were from the Proteobacteria
class and most of these were Betaproteobacteria (47% of
total). A phylogenetic tree analysis of the Betaproteobacteria indicated that 5 species (Ideonella sp., Aquabacerium
sp., Dechloromonas sp., Oxalobacterace, and Herbaspirillum sp.) made up 62% of the bacteria in this class.

KEYWORDS: Membrane bioreactor, microbial communities,
DGGE, clone library.

* Corresponding author

Urban development and population increases in
Honolulu on the Island of Oahu, Hawaii have substantially
increased drinking water demands including for landscape
irrigation usage (35 golf courses in operation). However,
drinking water in Hawaii is derived solely from groundwater sources, which have limitations in sustainable yield.
In order to promote long term sustainable development
and preserve groundwater resources for drinking water,
recycled water produced with traditional tertiary treatment
at the Honouliuli wastewater treatment plant (WWTP) is
being used for landscape irrigation in western Oahu. The
City and County of Honolulu and the WateReuse Foundation funded the Honolulu Membrane Bioreactor (MBR)
Pilot Study at the Honouliuli WWTP to seek an alternative of treatment technology for water reuse on the island
[1]. The study included side-by-side analyses of six different pilot MBRs and two bench MBRs.
A MBR is a combination of suspended growth activated sludge biological treatment and membrane filtration
equipment performing the critical solids/liquid separation
function that is traditionally accomplished using secondary clarifiers. MBRs allow for a long solids retention time
(SRT) and high mixed liquor suspended solid (MLSS) concentrations due to the membrane separation process. Thus,
MBRs have been found to be advantageous over conventional activated sludge in terms of system stability and
compactness. However, membrane fouling is inevitable
after a certain period of MBR operation, which will increase
energy costs and membrane cleaning frequency, and reduce
membrane life. Membrane fouling is the undesirable deposition and accumulation of solutes, colloids, microorganisms, and cell debris within/on membranes, which can be
classified into three categories: biofouling, organic fouling, and inorganic fouling. Biofouling includes the deposition, growth and metabolism of microorganisms on the
membranes. So, microbial communities in MBRs have
been assessed by researchers to identify fouling microorganisms [2]. Some typical molecular biological techniques
such as Polymerase Chain Reaction (PCR) - Denaturing
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gradient gel electrophoresis (DGGE) and clone library
profiling have been widely used to study wastewater microbial communities. DGGE and16S rRNA clone library
analysis has been used in MBR systems to identify dominant microbial species [3-5]. These papers revealed that the
organisms on membrane surfaces are quite different from
the planktonic organisms in the bulk liquid and specific
phylogenic bacteria of group proteobacteria and bacteroidetes dominate the MBR microbial community. These studies did not investigate the effects of SRT on microbial communities.
This study evaluates the effects of several parameters
on microbial communities in mixed liquor (ML) and
biofilm samples on membranes from bench MBRs. Two
different membrane types (flat sheet versus hollow fiber)
were evaluated at different SRTs including 10-, 20-, 30days and no sludge wasting condition. In addition, the two
different membrane types were evaluated at 20-days SRT
with and without anoxic zones. Also, the flat sheet membrane system was evaluated with and without organic shock
loading at 20-days SRT. Microbial communities were evaluated by DGGE fingerprinting and subsequent sequencing to
identify certain dominant organisms. In addition, one ML
sample was chosen to develop a 16S rRNA clone library
to document the full distribution of microbial species.
2. MATERIALS AND METHODS
2.1 Operation of membrane bioreactors

Two bench MBRs (Enviroquip and Ionics) were operated side-by-side at Honouliuli WWTP. Pretreatment
included bar screening, degritting and 3-mm fine screening. The membrane specifications of the MBRs are summarized in Table 1. The feed to each MBR was supplemented with sodium bicarbonate buffer to maintain pH
7.0. Fine bubble aerators were placed in the aeration tanks
to maintain DO above 2 mg/l (except at very high mixed
liquor solids concentrations). Coarse air bubbles were
emitted continuously from the header at the bottom of the
membrane modules to scour the membrane surface to
dislodge solids. The membranes were operated with 9-min
permeation cycle intervals. At the end of each permeation
cycle, the applied permeate pump was stopped for 1-min
and membranes were under relaxation which allows the
accumulated cake to be scoured from membrane surfaces.
An internal recirculation pump was placed in each aeration tank to recirculate approximately 4-5 times of influent flow rate of ML to anoxic tank for nitrogen removal.
The bench MBRs were operated at different SRTs (10-d,
30-d, and no sludge wasting condition) to investigate the
influence of different SRTs on microbial communities in
ML and biofilms on membranes. In addition, the Enviroquip MBR was tested at 20-d SRT with and without anoxic
tank and with a glucose shock loading (for 7 days) and the
Ionics MBR was tested at 20-d SRT without anoxic tank
to investigate the influence of these parameters on microbial communities.

TABLE 1 - Membrane specifications for MBRs.
Specification
Membrane
configuration
Membrane type
Pore size, µm
Membrane area, ft2
Flow rate, gpd
Flux, gfd
TMP, -psi
Treatment process
Operating mode

Bench MBRs
Enviroquip
Ionics
Vert. flat panel
Horiz. hollow fiber
MF
0.4
3.9
61
15.7
0.1 - 4

MF
0.4
1.3
19
14.7
1-4

anoxic/aerobic
Continuous air scour and permeation relax

2.2 Analytical methods

The total suspended solids (TSS) of influent, effluent
and ML samples were measured according to Standard
Methods 2540 D and 2540 E, respectively [6]. The chemical
oxygen demand (COD), 5-day biochemical oxygen demand (BOD5), ammonia nitrogen, turbidity, UV transmittance at 254 nm (UVT254) of influent and effluent were
determined by Standard Methods 5220 D, 5210 B, 4500NH3 D, 2130-B, and 5910-B, respectively [6]. The pH of
influent and effluent was measured using Standard Method
4500-H B and the dissolved oxygen (DO) concentrations of
reactors were measured using Standard Method 4500-O G
[6]. The total nitrogen (TN) of influent and effluent was
measured by a cadmium colorimetric reaction (Nitraver 5
Reagent, Hach, Loveland, CO, USA). The total phosphorus
(TP) of influent and effluent was measured colorimetrically
using Nessler reagents (Nessler Reagent, Hach, Loveland,
CO, USA).
2.3 DNA extraction and PCR amplification

Total genomic DNA was purified directly from mixed
liquor and biofilm samples using FastDNA Spin Kit (BIO
101; Vista, CA, USA).
Two rounds of PCR amplifications were conducted
for denaturing gradient gel electrophoresis (DGGE) analysis.
In the first round, the general 16S rRNA gene was amplified by PCR using the extracted genomic DNA as
template and universal primers; forward primer 27f (5’AGA GTT TGA TCC TGG CTC AG-3’) and reverse primer
1492r (5’-TAC GGT TAC CTT GTT CGC TT-3’) [7]. In
the second round, the V3 region of 16S rRNA gene was
amplified by PCR using the above 16S rRNA gene PCR
product as template and forward primer 338f (5’-ACT
CCT ACG GGA GGC AGC AG-3’) and reverse primer
518r (5’-ATT ACC GCG GCT GCT GG-3’) [8, 9]. A GC
clamp of 40 bp was added to the forward primer [8, 9]. The
length of the expected amplified fragment with GC clamp
was 236 bp.
The 50 µl PCR mixtures contained: 0.5 µM each primer,
200 µM each deoxynucloside triphosphate, 5 µl of 10x
reaction buffer (w/ 15 mM MgCl2), 1.25 U of Taq DNA
polymerase (Promega; Madison, WI, USA), and 0.75 µl
of extracted DNA. PCR amplifications were performed in
an iCycler (Bio-Rad Laboratories, Hercules, Calif. USA).
The 16S rRNA gene amplification had an initial denatura-

977

© by PSP Volume 23 – No 4. 2014

Fresenius Environmental Bulletin

tion at 94°C for 5 min; 32 cycles of denaturation (60 sec
at 94 °C), annealing (90 sec at 57 °C) and extension (90 sec
at 72 °C); and a final extension at 72 °C for 7 min. The V3
region of 16S rRNA gene amplification had an initial denaturation at 94°C for 5 min; 30 cycles of denaturation
(45 sec at 94 °C), annealing (60 sec at 57 °C) and extension
(60 sec at 72 °C); and a final extension at 72 °C for 7 min.
Amplified DNA was examined by horizontal electrophoresis
in 1.5% agarose with 2 µl aliquots of PCR products.
2.4 DGGE analysis

The second round PCR products were directly used
for DGGE analysis on 8% (w/v) polyacrylamide gels
(37.5:1, acrylamide/bisacrylamide) using a denaturing gradient ranging from 30% to 55% (100% denaturant contained
7M urea and 40% formamide in 1×TAE buffer) in DCode
system (Bio-Rad laboratories, Hercules, Calif., USA).
The gels ran first at 200V for 5min and then at 80V for
13h at 60oC. Then the gels were stained for 10min with
250 ml of 1x running buffer containing 25 µl of 10 mg/ml
ethidium bromide, destained for 5 min with 1x running
buffer and then visualized with a UV transilluminator
(Gel Doc 2000, Bio-Rad laboratories, Hercules, Calif.,
USA). Specific DGGE bands were manually excised from
the gel, rinsed with 70% ethanol two times, added to 30 µl
of purified water and subjected to 3 cycles of freeze and
thaw. Then primer 338f and 518r were used to re-amplify
the DNA contained in the supernatant. The DNA sequences were determined by Map Biotech Co., Ltd.
(Shanghai, China).
16S rRNA gene-cloning and phylogenetic analysis

Clone libraries of 16S rRNA were constructed for
DNA extracts from bench Ionics MBR mixed liquor.
Nearly complete 16S rRNA gene fragments were amplified
with primers 27f and 1492r as described previously. The
amplicons were pooled to minimize bias, purified with a
QIA-quick PCR purification kit (Qiagen), and cloned into

pTG19-T vector by TA Cloning Kit (Generay, China).
Clones were randomly selected from the library and were
determined by coloning PCR (with primer combinations
27F/M13-47 and 27F/RV-M) for their rRNA gene inserts
orientation and then sequenced forwardly using vector
primers M13 according to the procedures for 16S rRNA
gene amplification. Chimeric sequences were identified and
excluded from subsequent analysis. For representatives of
the operational taxonomic units (OTUs, defined as groups
in which sequence similarity was more than 97%) that
comprised two or more clones, nearly complete 16S rRNA
gene sequences were obtained by a second round of sequencing analysis starting from the opposite side of the
vector with the corresponding vector-primers. All the
sequences were compared to the known sequences for
phylogenetic analysis. Phylogenetic tree was constructed
by neighbor-joining method with the Clustal X software
package. One thousand bootstraps were performed to estimate the confidence of tree topologies. The 16S rRNA
gene sequences from this study have been deposited in
National Institutes of Health (NIH) genetic sequence
database (GeneBank).
3. RESULTS AND DISCUSSION
3.1 General performance of bench MBRs

The two bench MBRs were operated at four SRTs at
Honouliuli WWTP. Effluent water quality data for the
Enviroquip and Ionics MBRs at all SRT conditions are
summarized in Tables 2 and 3. Results indicate that 10-,
20-, and 30-d SRT and no sludge wasting condition showed
no difference in TSS, BOD and COD removal efficiencies,
but some differences in nutrient removals. The bench MBRs
produced an effluent containing non-detectable TSS (<0.4
and <1.2 mg/L, respectively, with >99% removal), low
BOD5 (<1.9 and <2.5 mg/L, respectively, with >99%
removal), low COD (<17 mg/L, >97% removal), low

TABLE 2 - Treatment performance for bench Enviroquip MBR
SRT, d
TSS influent, mg/L
TSS effluent, mg/L (removal)
BOD5 influent, mg/L
BOD5 effluent, mg/L (removal)
COD influent, mg/L
COD effluent, mg/L (removal)
TP influent, mg/L
TP effluent, mg/L (removal)
NH4+-N influent, mg/L
NH4+-N effluent, mg/L (removal)
TN influent, mg/L
TN effluent, mg/L (removal)
UVT254 influent, %
UVT254 effluent, %
Turbidity effluent, NTU
a
with glucose addition
b
without anoxic tank

10

20

20a

20b

30

434
0.4 (99.9%)
270
0.9 (99.7%)
760
8 (99%)
6.5
2.6 (60%)
22.3
2.5 (89%)
34.2
7.8 (77%)
43.3
77.6
0.22

301
0.0 (100%)
268
0.5 (99.8%)
507
13 (97%)
5.9
3.6 (39%)
17.3
0.2 (99%)
30.4
16.2 (47%)
48.5
75.5
0.19

227
0.0 (100%)
441
0.6 (99.9%)
645
17 (97%)
4.4
3.0 (32%)
16.2
0.1 (99%)
29.9
15.6 (48%)
43.3
76.2
0.14

290
0.0 (100%)
257
0.6 (99.7%)
541
12 (98%)
6.2
3.5 (43%)
24.7
1.2 (95%)
31.2
20.0 (36%)
43.4
77.2
0.14

291
0.3 (99.9%)
276
0.4 (99.9%)
367
11 (97%)
4.8
4.1 (15%)
29.3
0.2 (99%)
34.0
10.0 (71%)
42.6
72.8
0.17

978

No sludge
wasting
276
0.3 (99.9%)
248
1.9 (99.2%)
515
14 (97%)
6.1
6.2 (-2%)
21.0
1.5 (93%)
28.7
6.2 (79%)
50.1
75.1
0.30

© by PSP Volume 23 – No 4. 2014

Fresenius Environmental Bulletin

TABLE 3 - Treatment performance for bench Ionics MBR
SRT, d
TSS influent, mg/L
TSS effluent, mg/L (removal)
BOD5 influent, mg/L
BOD5 effluent, mg/L (removal)
COD influent, mg/L
COD effluent, mg/L (removal)
TP influent, mg/L
TP effluent, mg/L (removal)
NH4+-N influent, mg/L
NH4+-N effluent, mg/L (removal)
TN influent, mg/L
TN effluent, mg/L (removal)
UVT254 influent, %
UVT254 effluent, %
Turbidity effluent, NTU
b
without anoxic tank

10

20b

30

434
1.2 (99.7%)
270
2.5 (99.1%)
760
14 (98%)
6.5
4.6 (29%)
22.3
2.2 (90%)
34.2
9.7 (72%)
43.3
75.9
0.74

290
0.4 (99.9%)
257
1.4 (99.4%)
541
12 (98%)
6.2
3.6 (15%)
24.7
0.5 (98%)
31.2
26.5 (15%)
43.4
74.8
0.58

291
0.9 (99.7%)
276
1.2 (99.6%)
367
9 (98%)
4.8
4.0 (17%)
29.3
0.4 (99%)
34.0
5.2 (85%)
42.6
71.3
0.37

turbidity (<0.3 NTU and 0.26-0.74 NTU, respectively),
and high UVT254 (>71%). The Enviroquip MBR was also
capable of handling a BOD shock loading (20-day SRT
with 150 mg/L BOD5 of glucose addition) while maintaining an effluent BOD5 value of 0.6 mg/L. Turbidity values
greater than 0.2 NTU under some SRTs were caused by
slime layer growth in the effluent tubing. Effluent UVT254
values were all greater than 70%, which is superior to
traditional secondary treated effluent (60-70%), and are
suitable for UV disinfection for water recycling purposes.
TP removal efficiency results indicate that the longer the
SRT, the lower the TP removal rate; and essentially no TP
was removed under no sludge wasting condition. The
results can be explained by the fact that phosphorus is
removed in the reactor via phosphate assimilation by
microorganism and cell wasting thereafter. The best ammonia nitrogen removal was obtained in 20- and 30-d SRT
conditions (0.1-1.2 mg/L and > 95% removal). However,
slightly lower ammonia nitrogen removal was obtained in
10-d SRT and no sludge wasting conditions, which were
possibly caused by low nitrifying bacteria concentration
in 10-d SRT and low dissolved oxygen concentration at
no sludge wasting condition that had a relatively higher
MLSS concentration. 48 to 82% of TN removal was obtained in conditions containing both aerobic and anoxic
zones, while only 15 to 36% of TN removal was obtained
in the 20-d SRT condition without anoxic zone in which
no denitrification process was included in the operation.
3.2 Microbial community structure analysis
3.2.1 DGGE profiles analysis

The DGGE fingerprinting profiles for ML and membrane biofilm samples of the bench MBRs under different
SRTs are presented in Figure 1. 24 DGGE bands were
excised for PCR and DNA sequencing to determine microbial species (see Table 4). In general, approximately
20 visible DGGE bands were identified but no identical
DGGE profiles were observed in ML or biofilm samples.
Each DGGE profile pattern shows one or more different

No sludge
wasting
276
0.5 (99.9%)
248
1.3 (99.5%)
515
16 (97%)
6.1
5.9 (3%)
21.0
2.9 (85%)
28.7
16.1 (42%)
50.1
74.9
0.26

sample specific dominant species. The differences in observed sample specific dominant species under each operating condition were caused by different growing environments that the microbial communities were exposed to. A
comparison of DGGE profiles between different SRTs,
different membrane modules, ML and biofilm samples,
shock loading conditions, and without anoxic zone conditions are presented in the following subsections.
3.2.1.1 DGGE profiles for different SRTs

DGGE profiles of ML samples for Bench Enviroquip
MBR operated at 20-, 10-, 30-day SRT and no sludge
wasting condition were represented in Figure 1 Lanes 1,
15, 19 and 11, respectively. Each DGGE profile at different SRT appeared similar in terms of overall band quantity but different in terms of band brightness and the presence of sample specific bands. Approximately 20 visible
bands were identified in each DGGE profile with approximately five to eight relatively bright bands. Each
bright band in a DGGE profile represents a dominant microbial species. The brighter the band is, the more abundant
the microbial species represented. Similar numbers of
DGGE bands indicates ML sample microbial communities at different SRTs are similar overall but certain species were selected and were more abundant under different SRTs. At 30-day SRT, two very bright visible bands
indicate these two microbial species were selected and
more abundant than other species. One of the two bands
located in the upper position (band 24) of the 30-day
DGGE profile were excised for DNA sequencing and was
identified as Pseudomonas sp. The Pseudomonas sp. also
existed in other SRT conditions but was less abundant.
DGGE profiles of ML samples for Bench Ionics
MBR operated at 10- and 30-day SRT and no sludge
wasting condition are represented in Lanes 13, 17 and 9,
respectively. Like the Enviroquip MBR, each DGGE
profile at different SRTs also appeared similar in terms of
overall band quantity but different in terms of band
brightness and the presence of sample specific bands. At
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the no sludge wasting condition, a unique band (band 1)
showed up in the very bottom of the DGGE profile. Band 1
was excised for DNA sequencing and was identified as
Mitsuaria sp. A total of 8 bands were excised from the
30-day SRT DGGE profiles, sequenced and identified as
shown in Table 4 (bands 19-24).
3.2.1.2 DGGE profiles for different samples (ML vs. biofilm)

DGGE profiles of biofilm samples for Enviroquip
and Ionics MBRs operated at 20-, 10-, 30-day SRT and no
sludge wasting condition were represented in lanes adjacent to ML samples (Lanes 2, 16, 20, 12, 14, 18 and 10)
in Figure 1. Each paired ML and biofilm DGGE profiles
at the same SRT of the same membrane module appeared
somewhat different in terms of band quantity, band brightness, and the presence of sample specific bands. Microbial
communities in ML and biofilm samples were different
due to the attachment of certain types of microorganisms
on membrane surfaces and the subsequent multiplication.
Some dominant species in the ML sample were not dominant in the biofilm sample and vice versa. DGGE bands
that showed up primarily in biofilm samples were excised
for sequencing and are identified in Table 4. More biofilm
sample unique DGGE bands were sequenced since the
dominant species in the biofilm may play a major role in
membrane fouling.
3.2.1.3 DGGE profiles for different membrane modules (flat
panel vs. hollow fiber)

Comparisons of DGGE profiles between Enviroquip
MBR and Ionics MBR under the same SRT condition
were conducted to evaluate variation of microbial communities in ML and biofilm samples between different
membrane modules. Overall, the ML sample DGGE
profile patterns in different membrane module MBRs are
very similar in terms of band quantity and position but
membrane module specific bands do exist at certain SRTs
indicating selection pressure due to the membrane type
(flat panel vs. hollow fiber). This can be illustrated by
Enviroquip and Ionics MBRs at 30-day SRTs (Lanes 17
vs 19) and no sludge wasting condition (Lanes 9 and 11).
The dominant species sequenced as Pseudomonas sp.
(band 24) in Enviroquip MBR at 30-day SRT also existed
in Ionics MBR at 30-day SRT and was abundant as well,
but the dominant species in the middle portion of the
DGGE profiles are clearly at different positions. Similarly, the dominant species Mitsuaria sp. (band 1) identified in
Ionics MBR at no sludge wasting condition was also identified in Enviroquip MBR, but other dominant species are at
different positions.
On the contrary, the biofilm DGGE profile patterns
for different membrane module MBRs (flat panel vs. hollow
fiber) at the same SRT are quite different in terms of quantity, position and brightness of sample unique bands. Thus,
biofilm microbial species that attached to and multiplied
on the flat panel membrane modules were different from
those that attached to the hollow fiber membrane surface.
This can be observed in the Enviroquip and Ionics MBRs

at 30-day SRT (bands 18 and 20) and no sludge wasting
condition (bands 10 and 12).
3.2.1.4 DGGE profiles with organic shock loading

The Enviroquip MBR was operated at 20-day SRT
with and without organic shock loading condition (with
glucose addition) to evaluate any effects on microbial
community. Lanes 1 and 2 in Figure 1 represent without
organic shock loading and Lanes 3 and 4 represent with
organic shock loading. No DGEE profile difference existed in ML samples between conditions with and without
shock loading (Lanes 1 and 3), however major differences
are observed in the corresponding biofilm samples (Lanes
2 and 4). Thus, it seems that even though a short-term
organic shock loading (7-days duration) does not impact
the ML microbial community, it does appear to have a
significant impact on attachment of microorganisms and
subsequent multiplication on the membrane surface. Comparison of community profiles without and with organic
shock loading (Lane 2 vs. Lane 4) indicates fewer dominant DGGE bands on the biofilm (including disappearance of dominant species band 4) during a shock loading.
This could indicate inhibition of certain microorganisms
and/or increased selection pressure for organisms able to
take up the readily degradable glucose substrate.
3.2.1.5 DGGE profiles without anoxic zone

Lanes 5 and 6 in Figure 1 represent ML and membrane biofilm DGGE profiles for the Enviroquip MBR at
20-d SRT operated without an anoxic zone. These can be
compared to Lanes 1 and 2 and there are some differences.
DGGE profiles of ML and biofilm samples with and without anoxic zone were similar in terms of the quantity and
position of DGGE bands but more bright bands were observed in DGGE profiles without anoxic zone. The variation in bright DGGE bands indicated the without anoxic
zone condition selected more dominant species in both the
ML and biofilm samples. Comparison of Lanes 2 and 6
shows that the dominant species in the biofilm represented by bands 3 and 4 with anoxic zone are present in Lane
6 (without anoxic zone), but are much lighter (not dominant). Bands 3 and 4 were excised, sequenced and identified as Herminiimonas sp. and Methylibium sp., respectively. Further, there are bands (10 and 11) that are more
dominant without the anoxic zone. These were sequenced
and identified as Pseudomonas sp. Additional DGGE
bands (bands 5 to 9) from the Enviroquip MBR without
anoxic zone condition were excised for DNA sequencing
and the results are shown in Table 4.
Lanes 7 and 8 in Figure 1 represent ML and membrane biofilm DGGE profiles for the Ionics MBR at 20-d
SRT operated without an anoxic zone. These profiles can
only be compared to the Enviroquip MBR without anoxic
zone (Lanes 5 and 6) because the Ionics unit was not run
at 20-days SRT with an anoxic zone. The DGGE profiles
of both ML and biofilms without anoxic zone appear to
share several bright bands even though they are different
membrane modules (flat sheet and hollow fiber). For the
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mixed liquor samples, the dominant species in the Enviroquip unit (Lane 5) are in the upper and middle part of
the profile, while in the Ionics unit they are located further down in the profile. In addition, some of the bands (6,
8 and 9 appear in both profiles but are more abundant in
the Enviroquip MBR while bands 5 and 7 seem to only be

present in the Enviroquip unit. Comparison of lanes 6 and
8 shows greater similarity than Lanes 5 and 7, however
there are some differences. Overall, the type of membrane
module does seem to affect the selection of dominant
species, especially in ML, in MBRs without anoxic zones.

TABLE 4 – DNA sequencing results of selected DGGE bands
DGGE bands 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

DNA sequencing results
Mitsuaria sp.
Brevundimonas sp.
Herminiimonas sp
Methylibium sp.
Bacteroidetes sp.
uncultured bacteria
uncultured bacteria
Burkholderiales sp.
Chitinophagaceae sp.
Pseudomonas sp.
Pseudomonas sp.
Desulfobacterales sp.
Clostridiales sp.
Pseudomonas sp.
Nitrospira sp.
Frigoribacterium sp.
Actinobacterium.
Rhodobacteraceae sp.
Pseudomonas sp.
Pseudomonas sp.
Pseudomonas sp.
Arcobacter sp.
Firmicutes sp.
Chitinophaga sp.

FIGURE 1 – DGGE fingerprint profiles of bench MBRs
Lane 1, Enviroquip ML, 20-d SRT; Lane 2, Enviroquip biofilm, 20-d SRT; Lane 3, Enviroquip ML, 20-d SRT w/ glucose addition; Lane 4, Enviroquip biofilm, 20-d SRT w/ glucose addition; Lane 5, Enviroquip ML, 20-d SRT w/o anoxic zone; Lane 6, Enviroquip biofilm, 20-d SRT w/o anoxic
zone; Lane 7, Ionics ML, 20-d SRT w/o anoxic zone; Lane 8, Ionics biofilm, 20-d SRT w/o anoxic zone; Lane 9, Ionics ML, no sludge wasting; Lane
10, Ionics biofilm, no sludge wasting; Lane 11, Enviroquip ML, no sludge wasting; Lane 12, Enviroquip biofilm, no sludge wasting; Lane 13, Ionics
ML, 10-d SRT; Lane 14, Ionics biofilm, 10-d SRT; Lane 15, Enviroquip ML, 10-d SRT; Lane 16, Enviroquip biofilm, 10-d SRT; Lane 17, Ionics
ML, 30-d SRT; Lane 18, Ionics biofilm, 30-d SRT; Lane 19, Enviroquip ML, 30-d SRT; Lane 20, Enviroquip biofilm, 30-d SRT.
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3.2.1.6 16S rRNA clone library

One clone library was constructed with 100 randomly
selected clones to identify potentially dominant species
from the bench Ionics MBR mixed liquor at 30-d SRT
condition. All clones were grouped into different OTUs
based on greater than 97% sequence similarity with an
OTU [10]. A total of 46 OTUs were obtained in the clone

library. Taxonomic breakdown at bacterial class level for
the clone library is shown in Figure 2. The bacterial
community contained bacteria from more than nine bacterial classes. A majority of the bacteria species belonged to
Proteobacteria including Alphaproteobacteria (8%), Betaproteobacteria (47%), and Gammaproteobacteria (10%).
Proteobacteria accounted for 62% in the clone library, the
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FIGURE 2 - Phylogenetic distribution of the OTUs in bench Ionics MBR clone library

Betaproteobacteria, 47%

1%1%

1%1%
1%

Comamonadaceae
3%

13%

Variovorax sp.
Rhodocyclaceae
Denitratisoma sp.
5%

Thauera aromatica
Ideonella sp.
Aquabacterium sp.
Dechloromonas sp.

5%

Oxalobacterace
Herbaspirillum sp.

10%

others
6%

FIGURE 3 - Betaproteobacteria in bench Ionics MBR clone library
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Sphingopyxis sp. strain B17 gene for 16S rRNA (EU240203.1)
OTU43 (1/100)
Sphingomonas sp. Mar-33 16S ribosomal RNA gene (EF128173.1)
Pedomicrobium fusiforme partial 16S rRNA gene (Y14313.1)
Uncultured alpha proteobacterium clone AKYH1214 16S ribosomal RNA gene (AY921890.1)
Uncultured Alphaproteobacteria bacterium 16S rRNA gene (CU921137.1)
OTU41 (1/100)
OTU40 (1/100)
OTU39 (2/100)
Rhodobacter sp. 13630K 16S ribosomal RNA gene (EU741065.1)
OTU42 (3/100)
Cellvibrio sp. R4001 partial 16S rRNA gene (AJ289161.1)
OTU27 (1/100)
Aeromonas caviae strain T84 16S ribosomal RNA gene (HQ407259.1)
OTU25 (2/100)
Uncultured bacterium clone Anxy3 16S ribosomal RNA gene (HQ343208.1)
OTU26 (1/100)
Uncultured bacterium gene for 16S ribosomal RNA (AB280271.1)
OTU29 (4/100)
Uncultured Xanthomonadaceae bacterium clone Amb_16S_945 16S ribosomal RNA gene (EF018659.1)
OTU24 (1/100)
Uncultured gamma proteobacterium clone ly6 16S ribosomal RNA gene (GQ203645.1)
OTU28 (1/100)
OTU22 (2/100)
Uncultured beta proteobacterium clone bf2-5 16S ribosomal RNA gene (GU257822.1)
OTU23 (2/100)
Uncultured bacterium clone KIST-JJY042 16S ribosomal RNA gene (EF654711.1)
Uncultured beta proteobacterium clone bf2-41 16S ribosomal RNA gene (GU257821.1)
Uncultured beta proteobacterium clone Amr2_H7 16S ribosomal RNA gene (HQ010147.1)
OTU11 (1/100)
OTU5 (1/100)
OTU21 (1/100)
OTU13 (1/100)
OTU12 (2/100)
Ideonella sp. IMCC1722 16S ribosomal RNA gene (DQ664241.1)
Ideonella sp. enrichment culture clone 02SU5-P 16S ribosomal RNA gene (HQ436490.1)
Sphaerotilus sp. L19 gene for 16S rRNA (AB087568.1)
Uncultured Comamonadaceae bacterium clone 26 16S ribosomal RNA gene (HQ184367.1)
OTU15 (1/100)
OTU16 (1/100)
OTU17 (1/100)
Variovorax sp. EMB 263 16S ribosomal RNA gene (DQ413166.1)
Uncultured beta proteobacterium clone R6D 16S ribosomal RNA gene (EU499547.1)
OTU14 (1/100)
OTU18 (1/100)
Uncultured Rhodocyclaceae bacterium partial 16S rRNA gene (FM207908.1)
OTU20 (2/100)
Beta proteobacterium Wuba70 16S ribosomal RNA gene (AF336360.1)
OTU4 (1/100)
Oxalobacteraceae bacterium MWH73 partial 16S rRNA gene (AJ556800.1)
OTU3 (6/100)
Oxalicibacterium faecigallinarum gene for 16S rRNA (AB469788.1)
Herbaspirillum sp. AKB-2008-TE24 partial 16S rRNA gene (AM989102.1)
OTU1 (9/100)
OTU2 (1/100)
Beta proteobacterium A1020 16S ribosomal RNA gene (AF236013.1)
Denitratisoma sp. enrichment culture clone ANA-RAS-29 16S ribosomal RNA gene (HM769664.1)
OTU19 (1/100)
OTU7 (1/100)
Uncultured bacterium clone KIST-JJY034 16S ribosomal RNA gene (EF654703.1)
Rhodocyclaceae bacterium enrichment culture clone ANA-RAS-19 16S ribosomal RNA gene (HM769662.1)
OTU6 (1/100)
Thauera aromatica 16S rRNA gene (AJ315680.1)
OTU8 (5/100)
Aquatic bacterium R1-B8 gene for 16S ribosomal RNA (AB195740.1)
Dechloromonas sp. A34 16S ribosomal RNA gene (EF632559.1)
Dechloromonas sp. MissR 16S ribosomal RNA gene (AF170357.1)
OTU10 (2/100)
OTU9 (3/100)
OTU38 (1/100)
Uncultured bacterium gene for 16S rRNA (AB286384.1)
OTU37 (1/100)
Uncultured bacterium gene for 16S ribosomal RNA (AB280367.1)
OTU32 (1/100)
OTU33 (1/100)
Uncultured Planctomycetes bacterium 16S rRNA gene (CU919129.1)
OTU34 (1/100)
Uncultured Acidobacteria bacterium gene for 16S rRNA (AB252947.1)
OTU35 (1/100)
Uncultured Acidobacteria bacterium clone KBS_T8_R3_149249_e5 16S ribosomal RNA gene (HM062055.1)
OTU36 (3/100)
Uncultured Acidobacteria bacterium small subunit ribosomal RNA gene (AY899797.1)
OTU30 (1/100)
OTU31 (2/100)
Uncultured bacterium partial 16S rRNA gene (FR691504.1)
Uncultured Firmicutes bacterium 16S rRNA gene (CU925891.1)
OTU45 (3/100)
Rhodococcus sp. VITSNK6 16S ribosomal RNA gene (FJ973466.1)
OTU44 (11/100)
Uncultured Paucibacter sp. isolate IS9 16S ribosomal RNA gene (DQ839340.1)
OTU46 (9/100)
Uncultured bacterium clone TX5A_112 16S ribosomal RNA gene (FJ152820.1)

Alphaproteobacteria

Gammaproteobacteria

Betaproteobacteria

Betaproteobacteria

FIGURE 4 - Phylogenetic tree of activated sludge microorganisms in bench Ionics MBR

the majority of which was Betaproteobacteria. Other
bacteria contained in the clone library included Firmicutes
(3%), Rhodococcus (3%), Paucibacter (11%), Planctomycetes (1%), Acidobacteria (5%), and other uncultured

bacteria (12%). Du [4] reported that Bacteroidetes (50%)
and Proteobacteria (40%) were dominant in their MBR
systems. Wan [3] also reported Alpha and Betaproteobacteria and Bacteroidetes dominating the gene library of a
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full scale MBR system. Miura [5] found that Betaproteobacteria and Gammaproteobacteria were dominant (61%
and 22%, respectively) species on a MBR membrane
surface. Our results agree with the finding of a large percentage of proteobacteria, but we did not find dominance
of Bacteroidetes in the mixed liquor sample.
Since Betaproteobacteria accounted for 47% clones in
the clone library, it deserves a further breakdown analysis,
which is presented Figure 3. A phylogenetic tree created
from the 46 OTUs is presented in Figure 4. As shown in
Figure 4, except for 13% of unidentified species, the remaining clones represent Comamonadaceae (1%), Variovorax sp. (1%), Rhodocyclaceae (1%), Denitratisoma sp.
(1%), Thauera aromatica (1%), Ideonella sp. (3%), Aquabacerium sp. (5%), Dechloromonas sp. (5%), Oxalobacterace (6%), Herbaspirillum sp. (10%). These species are
commonly encountered in MBR systems [2-5, 10]. Many
of these identified microbial species are involved in the
nitrogen removal process. Denitrifying bacteria Denitratisoma sp. and Thauera aromatica were detected in
denitrifying environments [11, 12]. Aquabacterium sp.
and Nitrosomonas sp. are also important in nitrogen removal [13]. Dechloromonas sp. was reported as a nitrate
reducer [2, 14]. Herbaspirillum sp. is known to be a nitrogen-fixing bacterium.

the dominant species accounting for 47% of the clone
library.
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ABSTRACT
The fluorescent components and humification degree
of dissolved organic matter (DOM) extracted from wetland
soils under different types of land use were studied using
fluorescence emission, excitation, synchronous, excitationemission matrix spectra with PARAFAC model. Composite
soil samples of different depths (0-10, 10-20 and 20-30 cm)
were collected from four different wetland ecosystems along
a disturbed-impact and land-use gradient in Taihu Lake
wetland, i.e. cinnamomum camphora field (CFD), grassland
(GLD), paddy field (PFD), and soybean field (SFD). Fifteen
humification indices (HIXs) (A4/A1, A465, I445/I340, I370/I338,
I440/I338, I440/I370, S338-370, S338-440, S370-440, A2/A1, A3/A1,
A3/A2, C1, C2 and C3), deduced from fluorescence spectra
of DOM, were very feasible to indicate humification degree, except A4/A1 and C2. The aromatic contents and molecular weights of DOM were the highest in the CFD soils,
while land-use intensity was the lowest, followed by the
GLD, PFD and SFD. Humification degree of DOM within
the CFD soil profile was the highest, followed by the GLD,
PFD and SFD. Due to good linear correlations of electric
conductivity (EC) with HIXs, EC could indirectly suppress humification processes through adverse effect on
microbial and biochemical activity. Obviously fluorescence can be used as an effective method to indicate soil
DOM humification, and also be used as a predictive tool
to indicate secondary salinization.
KEYWORDS:
PARAFAC; Humification; secondary salinization; wetland

1. INTRODUCTION
Soil organic matter (SOM), the lowest content in the
present composition of soil, is a heterogeneous mixture of
compounds at several stages of decomposition due to bio* Corresponding author

degradation of plant and animal residues and microbial
metabolites [1]. It exerts an important role in several agronomic, environmental, and geochemical processes, such as
fertility, permeability and structural stability of the soil.
Dissolved organic matter (DOM) has been defined
as water soluble organic materials that can pass through
a 0.45-µm membrane filter [2]. DOM is dissolved organic
compounds generated from both terrestrial and aquatic
ecosystems. It not only controls nutrients cycling in terrestrial ecosystems by serving as a vector for dissolved
losses of carbon, nitrogen and phosphorus, but also offers
a substrate for microbial activity, and promotes transport
of metals and organic pollutants [3, 4]. Composition and
humification alterations of soil DOM are important for
revealing biogeochemical effects of DOM within soil profiles and along terrestrial-aquatic ecosystems. Wetlands
are an essential origin of DOM for aquatic ecosystems,
which structural composition and humification exert an
advanced influence on physics, chemistry and biology of
aquatic ecosystems. Aquatic DOM levels, as measured by
dissolved organic carbon (DOC) concentrations, show a
significant correlation with wetland area, coverage, type
and use-pattern [4].
Taihu Lake, the third largest freshwater lake in China,
is located in the southern end of Yangtze River Delta. It is
an important wetland serving as aquatic resources for industry, agricultural irrigation, recreation, transportation and
biodiversity preservation. A population of more than
37 million and a significant industrial complex are located
within its drainage basin. Cultivated lands with heavy
fertilization (34.5 g N m-2 year-1) account for approximately
15,100 km2 of the drainage basin area, and forest-grass
fields are about 11,000 km 2 [5]. The lake receives approximately 30,635 t year-1 of total nitrogen and 1,751 t
year-1 of total phosphorus, 50% of which originates from
agricultural soil runoff [6]. Consequently, the lake has
become highly eutrophic, particularly in the northern area.
Intense scientific research efforts are mostly on the origin
and distribution of nutrients in Taihu Lake, while fewer
studies have focused on the humification degree of soil
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organic matter in the wetland ecosystem, which may
determine application of manure and chemical fertilizer.
Therefore, we aim to investigate the fluorescent components and assess the humification degree of DOM extracted from soils in the Taihu Lake drainage basin under
different types of land use (crop, vegetable, grassland and
forest) using fluorescence spectroscopy. Moreover we
apply chemometrics to humification indices (HIXs) deduced from fluorescence spectra to distinguish the humification degree of DOM and indicate secondary salinization processes of wetland soils.
2. MATERIALS AND METHODS
2.1 Sample collection

According to soil disturbance and land use intensities,
four wetland ecosystems located in the northern Taihu
Lake drainage basin under different types of land use, i.e.
cinnamomum camphora field (CFD: 31°35'25" N, 120°
7'29" E), grassland (GLD: 31°31'1" N, 119°59'34" E),
paddy field (PFD: 31°33'18" N, 120° 1'46"E), and soybean field (SFD: 31°27'20" N, 120°17'50" E), were selected for this work. The soil types at the CFD, GLD, PFD
and SFD sites were yellow brown sandy soil, yellow brown
clay soil, bleached paddy soil and degleyic paddy soil,
respectively [7]. Triplicate soil samples from three soil
layers (0-20, 20-40 and 40-60 cm) were collected at each
site using a tube sampler in June 2010. Each soil sample
was thoroughly mixed and homogenized after carefully
removing the organic materials and roots. The soil samples
were immediately placed into protection packages to preserve freshness and transferred to the laboratory on ice.
2.2 Soil physico-chemical analyses

A portion of each soil sample was air-dried and sieved
(Ф=100), and the reminder was stored frozen or directly
analyzed. Bulk density (BD), soil moisture, pH and electric
conductivity (EC) were determined using field moist soil
samples, whereas total organic carbon (TOC) was determined using air-dried and sieved samples that were subsequently subjected to DOM extraction (Section 2.3). Bulk
density was measured by the gravimetric method. Soil pH
was measured in a 1-to-2.5 soil-to-water slurry using a pH
meter, and EC was determined in a 1-to-1 soil-to-water
solution using an electronic conductivity meter. TOC was
measured using a Shimadzu TOC-VCPH analyzer.
2.3 Extraction of dissolved organic matter

Samples of 50 g of air-dried and sieved (Ф=100) soils
were mixed into 200 g Milli-Q water, and stirred (150 r
min-1) over a period of 24 h at room temperature [8]. The
extract was separated with a Sigma centrifuge (9000 r
min-1, 15 min), and the supernatant was then filtrated through
0.45 µm cellulose acetate filter. Dissolved organic matter
in the filtrate was DOM. After organic carbon was determined using the Shimadzu TOC-VCPH analyzer, the filtrates were stored frozen.

2.4 Fluorescent measurements

The filtered DOM samples were all brought to a fixed
DOC concentration of 10 mg C L-1 by dilution with MilliQ water in 40 mL amber vials, and a fixed pH of 7.0±0.1
using 6 M NaOH and 6 M HCl. Fluorescence spectra
were measured using a Hitachi Fluorescence Spectrophotometer (F-7000) equipped with the fluorescence solutions
1.00.000 for data processing. The emission and excitation
slits were adjusted to a bandwidth of 5 nm. A scan velocity of 240 nm min-1 was selected for both monochromators.
The quartz cell contained 3 mL of each sample. Emission
spectra were recorded from 360 to 550 nm with excitation
at 240 nm and from 500 to 600 nm with excitation at 465
nm [2,9]. Excitation spectra were obtained over the range
300 to 550 nm with emission at 560 nm [10]. Synchronous spectra were measured by scanning simultaneously
both the excitation, varied from 300 to 550 nm, and emission wavelengths, while maintaining a constant, optimized
wavelength difference !λ=λem−λex=30 nm [11]. Fluorescence Excitation–emission matrices (EEMs) were determined by measuring fluorescence intensity across excitation
wavelengths ranging from 200 to 450 nm and emission
wavelengths range from 280 to 550 nm [12]. Fluorescence
measurements were made at a regulated temperature 25°C.
Appropriate instrument-specific corrections of the excitation and emission were performed and all fluorescence
spectra were corrected for inner-filtering effects before
Quinine-sulfate calibration against scatter [13, 14].
2.5 PARAFAC model

Fluorescence EEMs were modeled using parallel factor analysis (PARAFAC) which uses an alternating least
squares algorithm to minimize the sum of squared residuals across the dataset and estimate the underlying structure
of the EEM [15, 16]. The data signal is decompounded into
a set of trilinear terms and a residual array:
F

xijk = ∑ aif bif ckf + eijk

(1)

f =1

Where xijk is the intensity of the ith sample at the jth
variable (emission mode) and at the kth variable (excitation mode) in the F-component model; aif is directly proportional to the concentration of the fth analyte of the ith
sample, bjf and ckf are scaled estimates of the emission and
excitation spectra at wavelengths j and k respectively for
the fth analyte, and eijk is the residual noise, representing
the variability not accounted for by the model; i=1, 2, …,
I, j=1, 2, …, J, k=1, 2, …, K.
The calibrated and corrected fluorescence data were
analyzed using the Matlab toolbox for N-way PARAFAC
model ([13, 17]; toolbox is freely available). The number
of fluorescence components was found by a validation
method including split half and residual analysis.
2.6 Statistical analyses

Principal components analysis (PCA) was used to
analyze humification indices (HIXs) deduced from fluo-
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rescence spectra, and to identify the humification degree
of DOM. Humification effects on secondary salinization
are determined using regression analysis between HIXs
and EC. All statistical analyses are performed using SSPS
16.0 and OriginPro 8.0 for windows.
3. RESULTS AND DISCUSSION
3.1 Physcio-chemical of properties

Soils collected in the four wetland ecosystems exhibited substantially different physico-chemical properties
depending on the soil sample’s associated land use and
depth within the soil profile (Table 1). Soil bulk density
was approximately similar in the GLD, PFD and SFD
soils, but lower in the CFD soil. Soil moistures within the
PFD and SFD profiles were higher than those of the CFD
and GLD. The soil moistures varied slightly in the PFD
and SFD, while it decreased with depth in the CFD and
GLD. GLD soil had the highest pH (7.94-8.09), followed
by the CFD (6.49-6.71), PFD (5.76-6.05) and SFD (4.625.41). Soil EC within the SFD soil profile was the highest
(2.35-2.87 mS cm-1), followed by the PFD (1.85-2.02 mS
cm-1), GLD (1.74-1.83 mS cm-1) and CFD (0.82-1.03 mS
cm-1). The mean TOC in the PFD soil (20.5 g C kg-1) was
the highest, followed by the SFD (19.2 g C kg-1), CFD
(18.7 g C kg-1) and GLD (10.2 g C kg-1). TOC concentrations decreased with depth for all soil sampling locations
except for the PFD.

intensity of each aqueous soil sample was mainly influenced by the molecular structure and weight of the DOM.
As DOM condenses, thus increasing in molecular weight,
functional groups with strong fluorescence intensities,
e.g., hydroxyl and amino groups are replaced with functional groups with weak fluorescence intensities, e.g., carboxyl and ketonic groups [19-21]. The intensities of the
SFD and PFD soils were distinctly higher than those of the
GLD and CFD soils, indicating that the molecular weights
of fluorescent DOM within the forest-grass soil profiles
were higher than those within the farmlands.
As fluorescing molecules are more condensed, their
emission spectra tend to a red-shift in the wavelength [18,
22, 23]. Since humification can be considered to be associated with a rise in condensation and with a resulting
shift to longer emission wavelengths, the area in the upper
(A1: 400-425 nm) quarter of emission spectra divided by
the area in the lower (A4: 475-500 nm) quarter (A4/A1)
can be used as an HIX. The humification degree of DOM
is inversely related to the HIX A4/A1.
There were two typical shoulders of DOM at around
530 nm and 570 nm in the emission spectra with excitation wavelength 465 nm (Fig. 1b), where the forest-grass
soils approximately exhibited lower intensities than the
farmlands. A second HIX was calculated as the mathematical integration of the area under the emission curve at
excitation wavelength 465 nm (A465) [9], and high values
of A465 reflected a low humification degree.

3.2 Fluorescence spectroscopic properties

3.2.2 Excitation fluorescence spectra

3.2.1 Emission fluorescence spectra

There were more characteristic peaks and shoulders in
excitation scans than in emission scans, thus resulting in
more information of structural components of DOM [10].
A peak was observed at around 445 nm, and three shoulders at around 340 nm, 470 nm and 510 nm (Fig. 1c). A
third HIX to characterize the humification degree of DOM
can be determined using excitation scans, as fluorescent
peaks and shoulders tend to shift from shorter to longer
wavelengths with the increasing aromatic content and
molecular weight [9]. This third HIX is calculated as the
ratio of the fluorescence intensity at excitation wavelength

The most salient properties common to these emission spectra with ultraviolet excitation of 360 nm were: a
relatively fixed peak at 412 nm and a shoulder at around
440-480 nm (Fig. 1a). The fluorescence intensity is affected by the concentration of organic carbon, DOM molecular structure and weight, pH and electrolyte concentration in the solutions [18]. The concentration of organic
carbon and pH were held constant across samples, and the
ionic strength was consequently reduced due to dilution of
organic carbon to10 mg L-1. Therefore, the fluorescence

TABLE 1 - Physcio-chemical properties of soil samples under the different land uses. CFD-cinnamomum camphora, GLD-grassland, PFDpaddy field and SFD-soybean field.
Samples
CFD1
CFD2
CFD3
GLD1
GLD2
GLD3
PFD1
PFD2
PFD3
SFD1
SFD2
SFD3

Depth
cm
0-10
10-20
20-30
0-10
10-20
20-30
0-10
10-20
20-30
0-10
10-20
20-30

Bulk density
mg cm-1
1.29±0.12
1.31±0.14
1.34±0.11
1.37±0.17
1.45±0.17
1.57±0.18
1.53±0.17
1.55±0.21
1.56±0.18
1.41±0.15
1.54±0.15
1.62±0.14

Moisture
%
19.46±2.4
17.74±2.1
15.74±2.0
14.66±1.8
16.06±1.9
16.12±1.9
23.22±3.1
23.22±2.8
24.07±3.1
22.95±2.4
22.08±2.1
21.62±2.1
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pH
6.05±0.44
5.76±0.46
5.83±0.41
7.94±0.63
8.08±0.56
8.09±0.56
6.61±0.44
6.49±0.49
6.71±0.52
5.46±0.43
4.62±0.34
4.87±0.36

EC
mS cm-1
1.03±0.11
0.82±0.09
0.86±0.09
1.74±0.21
1.76±0.22
1.83±0.21
2.02±0.17
2.01±0.18
1.85±0.17
2.87±0.25
2.35±0.23
2.61±0.25

TOC
g C kg-1
21.41±1.6
18.60±1.7
16.18±1.5
11.75±1.4
9.85±1.3
9.01±1.1
19.31±3.1
22.56±2.9
19.77±2.3
20.50±1.9
19.18±2.1
18.02±2.2
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FIGURE 1 - Emission spectra with excitation at 360 nm (a) and excitation at 465 nm (b), Excitation spectra with emission at 560 nm (c), and
synchronous spectra (d) of the DOM from soils under the different land uses.

445 nm to that at excitation wavelength 340 nm (I445/I340).
Humification degree increases with a rise in I445/I340.
3.2.3 Synchronous fluorescence spectra

Three fulvic-like peaks are typically identified from
synchronous fluorescence spectra of soil DOM [24]. However, synchronous fluorescence spectra of CFD, GLD,
PFD, and SFD samples exhibited a peak at around 338 nm
and two weak shoulders at around 370 nm and 440 nm
respectively (Fig. 1d). The shift in the maximum intensity
from shorter to longer excitation wavelengths is correlative with an increasing number of highly condensed aromatic carbon systems capable of a high degree of resonance [11, 20]. Thus the ratio of fluorescent intensities at
excitation wavelengths 370 nm to 338 nm (I370/I338), 440
nm to 338 nm (I440/I338), and 440 nm to 370 nm (I440/I370)
are feasible measures of DOM condensation. Increasing
ratios indicate a higher level condensation and humification degree, so they were defined as HIXs [24]. As the
HIXs were independent of the relative fluorescence intensity, they could be reproducibly measured.
The fluorescence spectral slope, a measure of the rate
at which intensity decreases with wavelengths, may reflect
expanded spectroscopic information over a broad wave-

length range [25]. Three spectral slopes at excitation wavelengths (?) 338-370 nm (S338-370), 338-440 nm (S338-440) and
370-440 nm (S370-440) are indicative of DOM molecular
weight and aromatic content, and are referred as HIXs to
indicate humification degree. Inferred humification degree
increases with a rise in these indices.
In accordance with the peak and shoulders shown
in Figure 1d, three spectral regions were labeled as the
first fulvic like (F1), the second fulvic like (F2) and the third
fulvic like (F3), each of which corresponded to the excitation
wavelengths 315-360 nm, 360-440 nm and 440-550 nm,
respectively [26]. The shift in the peak intensities from
shorter to longer wavelengths can be related to more complex condensed aromatic structures. Therefore an HIX was
determined as the ratio of the area in the F2 region to the
area in the F1 region (A2/A1), the area in the F3 region to
the area in the F1 region (A3/A1), and the area in the F3
region to the area in the F2 region (A3/A2). Inferred humification degree increases with the increasing of these three
indices.
3.2.4 Fluorescence excitation-emission matrix

EEMs for all soil samples were all somewhat similar
to that shown in Fig. 2a, showing three peaks: peak A –
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fulvic-like (λex/em = 230-260/400-440 nm), peak C – fulvic-like (λex/em = 320-350/400-440 nm), Peak T – tryptophan-like (λex/em = 250-280/340-380 nm), peak H – Humic-like (λex/em = 250-280/460-500 nm) [14, 27, 28]. The
peak T is associated with microbial activity [29].
PARAFAC modeling of the wetland soil samples revealed that the fluorescence of DOM could be characterized by three different components (Fig. 2b-d). Following
the literature compilation made by Stedmon et al. [30], their
own data on excitation/emission spectra of different groups
of fluorescing substances and an operational definition
given by Chen et al. [27], components I was comparable
to fulvic-like material from terrestrial sources; component
II was likely related to tryptophan and aromatic proteins;
component III was associated with humic-like material
from terrestrial sources.
The relative contribution of each component to the
overall DOM EEM can indicate the molecular structure
and weight of the DOM, as each component has associated characteristics [18]. The intensity of components I and
III is proportional to the humification degree of the sample and could thus be used as a humification index (C1,
C3). Component II (tryptophan-like) is expected to be
associated with microbial activity [30, 31]. Although the

aromatic proteins that are characteristics of component II
may originate from sewage contamination, the intensity of
component II (C2) is expected to at least partially indicate
microbial and biochemical activities.
3.3 Humification variation properties

The arithmetic means, standard deviations (SD) and
standard errors (SE) of the fifteen HIXs are shown in Fig. 3.
The average value of A4/A1, I440/I340, I440/I338, I440/I370,
A3/A1, and A3/A2 across soil profiles followed the trend of
CFD > GLD > PFD > SFD. The mean value of A465, S1,
S2, S3, C1, and C3 across soil profiles followed the inversed trend of SFD > PFD > GLD > CFD. These results
indicate that the humification degree of DOM within the
CFD soil profiles was the highest, followed by the PFD,
GLD and SFD.
Previous studies have shown that when soil disturbance intensity is high, initial densities of organisms may be
low [32, 33]. Moreover, soil organic matter can accumulate
almost entirely in soil aggregates, mostly in macroaggregates, following reductions in land use intensity [34]. The
farmlands (SFD and PFD) might be much more disturbed
than the CFD GLD.and grass-forest lands would be minimally disturbed. Hence the residue amount within the

FIGURE 2 - Typical EEM for all soil samples (a) and EEMs of the three PARAFAC components (b, c, and d) identified in DOM extracted
from the soils under the different types of land use.
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FIGURE 3 - Box and whiskers plots represent the distribution of HIXs of DOM in the soil profiles under the different types of land use. Box
plots indicate standard error (SE) values, inbox diamonds represent the median values and whiskers delimit standard deviation (SD) values.

farmlands was lower than the CFD and GLD., followed by
the PFD, GLD and CFD. These behaviors resulted in the
humification process of DOM from the CFD soil attaining
the most advanced stages with the highest concentration of
more recalcitrant organic compounds (e.g., condensed aromatic structures), followed by the GLD, PFD and SFD. The
HIXs exhibited significant alterations within each soil profile, but no distinct trend with depth. The GLD soil profile
had the least SD of HIXs among the four different soil
profiles.
PCA analysis produced two principal components,
which accounted together for 92.8% of the total variance
(70.2% for the PC1 and 17.7% for the PC2). Fig. 4a summarizes the loadings of the HIXs whose absolute value was
more than 0.7 of the total variance was highlighted. PC1
showed strong loadings on the A3/A1, S338-370, S338-440,
S370-440, I440/370, A3/A2, I445/340, C1, I440/338, C3 and A465, and
PC2 was highly influenced by A2/A1. However the absolute values of I370/I338 and C2 were less than 0.7 of the
total variance. The results shown in Fig. 4A show that the
HIXs, except for I370/I338 and C2, are expected to be very

indicative of the humification degree of DOM. Additionally, these results support the use of fluorescence spectroscopy as a tool for the monitoring of the humification processes. The loadings showed negative correlation with A465,
S338-370, S338-440, S370-440, C1 and C3, while positively with
other HIXs. This behavior indirectly proved that the humification degree of DOM inversely related with the first
group of HIXs, but directly related with the second group
of HIXs, which was expected based on the literature.
An expected clustering was observed between the
forest-grass soil samples and the farmland soil samples
with 70% confidence level for each confidence ellipse (See
Fig. 4b dash ellipses), indirectly indicating that humification degree within the former was higher than that within
the latter. Although the farmland fields contained more N
and P nutrients from chemical fertilizer than the artificial
forest-grass fields, the residue content within the former
was less than that within the latter. The scores plot for the
artificial forest-grass field samples can be divided into
two subgroups using 25% confidence level ellipses, as
could the soil farm land soil samples (See Fig. 4b solid
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FIGURE 4 - Loadings plot (a) and scores plot (b) of the fifteen HIXs of DOM extracted from the soils under the different types of land use.
Rectangle: HIX, Oval: soil sample.

FIGURE 5 - Correlations of EC with A4/A1 and A465 (a), I445/I340 and I370/I338 (b), I440/I338 and I440/I370 (c), S338-370 and S338-440 (d), S370-440 and
A2/A1 (e), A3/A1 and A3/A2 (f), C1 and C3 (g) of the DOM from the soils under the different types of land use.
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ellipses). This behavior proved that humification degree
of DOM from the CFD was the highest, followed by the
GLD, PFD and SFD. Notice that the major and minor
axes of the ellipse of the GLD had the lowest values
among the four different soils, validating that the alterations of the HIXs of DOM from the GLD soil were the
least (Fig. 3).
3.4 Humification and salinization
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Electrical conductivity (EC) of soil solution, the most
common method for in situ assessment of soil salinity, is
a reliable indicator of its solute (cation or anion) concentration with 1 dS m-1 approximately equivalent to 10 meq
L-1 [35]. Soil salinity can limit water uptake by plants,
cause specific-ion toxicity or upset the nutritional balance
of plant and suppress microbial and biochemical activities. Moreover it can influence the composition of cations
on the exchange complex of soil particles, which influences soil permeability and tilth [36]. For microbial and
biochemical activity promoted humus formation and
transport [37], EC may suppress the humification processes of soil organic matter. EC was positively correlated
with A465, S338-370, S338-440, S370-440, C1 and C3, while negatively correlated with the other HIXs. This behavior indicated that humification degree of DOM decreased with a
rise in EC (Fig. 5).
Soil EC of the SFD soil was the highest in combination with the lowest pH among the four different soils
(Table 1), which resulted in the lowest humification degree of DOM. For poor irrigation/drainage management
and excessive chemical fertilizer inputs, secondary salinization and acidification was occurring in the SFD soil.
Therefore protective measures and actions were essential
to prevent soil secondary salinization and acidification.
More special attention should be paid to the application of
manure, which is most effective in maintaining soil organic matter and increasing humification degree [38, 39].
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ABSTRACT
In this research, the adsorption and desorption of
cadmium (Cd) in two Chinese typical soils (burozem and
phaeozem) in the presence and the absence of benzo-apyrene (BaP) was studied by batch experiments. The
results showed that the adsorption and desorption isotherms
of Cd on the two soils were well fitted with the Langmuir
model and Freundlich model. Phaeozem had higher adsorption ability of Cd in contrast with burozem because of
the higher cushioning capacity of phaeozem. When Cd
and BaP coexisted, BaP could affect adsorption and desorption of Cd in burozem and phaeozem. The coexistence
of BaP inhibited the adsorption of Cd both in burozem and
phaeozem. The desorption of Cd decreased with an increase in the concentration of BaP. The presence of BaP
inhibited the desorption of Cd from burozem and phaeozem. The quantities of Cd desorption in phaeozem were
lower than those in burozem.

KEYWORDS:
adsorption; desorption; cadmium; benzo-a-pyrene; soil

1. INTRODUCTION
Heavy metals and polycyclic aromatic hydrocarbons
(PAHs) are two kinds of typical pollutants in soil environment. They simultaneously or successively enter the
same environment to form combined pollution, thus may
cause more serious harm [1]. Among some sewage irrigation areas in northeastern China, the accumulation of
heavy metals and PAHs simultaneously exist in topsoil
because of the effluent polluted with heavy metals and
PAHs. The soil investigation of a sewage irrigation area in
northeastern China carried out by Song et al. [2] showed
* Corresponding author

that there existed combined pollution with PAHs and
heavy metals (cadmium, lead, zinc and copper). The
concentrations of total PAHs were 830-3690 µg·kg-1, of
benzo-a-pyrene (BaP) were 80-510 µg·kg-1 and of cadmium (Cd) were 1.4-2.0 mg·kg-1. Moreover, among the
researches of some metal smelting areas, wood preserving
plants and electronic waste stack placed places, the coexistence of heavy metals and PAHs in soil was also observed [3]. The behavior of heavy metals and PAHs in
soil greatly depends on their adsorption-desorption characteristics. The consequent risk of uptake by plants, leaching, pollution of surface or underground waters depends
on the concentration of heavy metals and PAHs in soil
solution, which in turn depends on the adsorption–desorption
equilibria which governs the partition of heavy metals and
PAHs between soil solution and soil solid. The adsorption-desorption process is associated with the transportation, fate, ecotoxicity and bioavailability of many contaminants in soil environment [4]. Since the threat of heavy
metal and PAHs pollution in soil generally includes more
than two pollutants, studies of heavy metals and PAHs
adsorption and desorption in soil should consider the
potential competition between heavy metals and PAHs for
binding sites and the interaction between them. However,
studies which examined the effects of PAHs on the adsorption / desorption of heavy metals in soil are few so far and
little is known as to how they interact with each other.
Cd toxicity especially affects human health rather
than plants and animals because of its longevity and the
accumulation in organs through the consumption of Cd
contaminated foods [5]. BaP is a PAHs pollutant with
strong carcinogenicity and has a potential problem to people’s health and ecological environment. The complexation
between Cd and BaP may affect their environmental behaviors including adsorption, desorption and degradation. Therefore, the primary purposes of this work were to investigate
that 1) the adsorption / desorption process of Cd in two
typical soils of northeastern China, and 2) the influence of
BaP on the adsorption / desorption process of Cd in two
soils of northeastern China.
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2. MATERIALS AND METHODS
2.1 Materials

In this research, burozem and phaeozem were picked
up as the two typical soils in northeastern China. Clean
burozem and phaeozem samples (0–20 cm depth) were
respectively collected from the Shilihe experimental station and Hailun experimental station, Chinese Academy
of Sciences, China, using a five-point quincunx sampling
method [6]. The “five-point quincunx sampling method”
is applicable to flat and uniform fields. The soil samples
were collected from the mixture of the four diagonals and
one centre point. The soil samples were air-dried and
sieved (< 2 mm plastic mesh) before the analysis of their
chemical and physical properties, some of which are listed
in Table 1. The chemical properties of the soils were
measured using the methods recommended by the Chinese Society of Soil Science [7]. Total Cd contents in soil
were determined after a strong acid digestion using the
acids HNO3–HClO4 (3:1) [8]. The BaP concentrations of
the soils were below detection.
2.2 Adsorption and Desorption Experiments

The batch experiments method was used in the adsorption and desorption experiments of Cd in burozem
and phaeozem under different concentrations of BaP [9].
According to the preliminary experiment the adsorptiondesorption experimental period was 24 h. For the adsorption experiment, 1.00 g soil sample was weighed into a
centrifuge tube and then 25 mL of 0.01 mol·L-1 CaCl2
containing a series of Cd2+ and BaP was added. The concentration of Cd2+ in the suspension was 0, 0.5, 1.0, 5.0,
10.0, 25.0, 50.0 and 100.0 mg·L-1, and the concentration
of BaP in the suspension was 0, 0.1, 0.6 and 5.0 mg·L-1,
respectively. The isotherm work was carried out at the
constant pH (6.5) of the suspension. After equilibration
by shaking at 150 rpm for 24 h at 25± 1℃ in a rotary
shaker, the samples were centrifuged at 4000 rpm for 20
min. The suspension was filtered through a 0.45 µm filter
membrane and the concentration of Cd in the filtrate was
analysed by a Spectr AA-200 atomic absorption spectrophotometer (AAS, Australia). The amount of Cd adsorbed
was calculated from the difference in the concentrations
between the control and the equilibrium solution. After
the adsorption experiment, a 25 mL solution containing
0.01 mol·L-1 CaCl2 was filled to each centrifuge tube. The
desorption experiment conditions was the same as the
adsorption experiment. The centrifuge tubes were reshaken in a shaker for 24 h to attain the desorption equilibrium. All chemicals used in the experiment were of

analytical grade, and deionized water was used to prepare
all solutions.
In this study, the Langmuir and Freundlich models
were used to define adsorption and desorption equilibrium
parameters of Cd.
Langmuir: Y=XmC/(C+1/KL)
(1)
In the expression of Langmuir model, Y was the
amount of Cd adsorbed on the soil (mg·kg-1); C was the
equilibrium concentration of Cd in solution (mg·L-1). Xm
was the maximum amount of sorbed material required to
give a complete monolayer on the surface, KL was a
measure of relative sorption affinity and was a constant
related to the energy of sorption. A large value of Langmuir constant, KL, implied strong bonding.
Freundlich: Y=KFC1/n
(2)
In the expression of Freundlich model, Y was the
amount of Cd adsorbed on the soil (mg·kg-1); C was the
equilibrium concentration of Cd in solution (mg·L-1). KF
and 1/n were characteristic constants relating to temperature, pH, sorbate and sorbent. KF was an indication of the
adsorption capacity of the sorbent; 1/n indicated the effect
of concentration on the adsorption capacity and represented the sorption intensity. If sorption was favorable, then
1/n<1 or n>1.
2.3 Statistical Analysis

All experiments were in triplicate and only mean values were presented. The statistical analysis was performed
using SPSS 11.0 software for Windows.

3. RESULTS AND DISCUSSION
3.1 Adsorption of Cd in Two Typical Soils in Northeastern
China as Affected by Benzo-a-pyrene

The Langmuir model and Freundlich model for the
adsorption of Cd in burozem and phaeozem are listed in
Table 2. Cd was strongly adsorbed by the soils and both
the Langmuir model and the Freundlich model described
the adsorption isotherm accurately. The 1/n value in Freundlich model was less than 1.0 (Table 2), which suggested
that the adsorption isotherms of Cd in burozem and
phaeozem were the L shaped. The 1/n values of Cd in
phaeozem were lower than those in burozem in this study,
which was also observed in the research of Li et al. [10].
This phenomenon indicated that there was a more heterogeneous adsorption site energy distribution for phaeozem.
The results from the adsorption experiment indicated
that adsorption of Cd in burozem and phaeozem added with

TABLE 1 - Physical and chemical properties of the tested soilsa
Soil Type

a

pH

Burozem
6.29
Phaeozem
6.97
CEC: cation exchange capacity.

CEC
(cmol·kg-1)
12.26
19.65

Organic Matter
(%)
1.55
3.12
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Total Cd
(mg·kg-1)
0.12
0.11

Clay content
<0.002mm (%)
32.10
40.18
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TABLE 2 - Parameters of Cd2+ adsorption isotherm equations on Burozem and Phaeozem soil as affected by BaP

Soil type

BaP
(mg·L-1)

Burozem

0
0.1
0.6
5
Phaeozem
0
0.1
0.6
5
R2: correlation coefficient , p <0.001

R2
0.9961
0.9811
0.9794
0.9956
0.9987
0.9843
0.9839
0.9885

∗∗∗

∗∗∗

∗∗∗

∗∗∗

∗∗∗

∗∗∗

∗∗∗

∗∗∗

Langmuir
Y=XmC/(C+1/KL)
Xm
2500
2000
1667
1250
3333
2500
2000
1429

R2
0.9936
0.9916
0.9930
0.9958
0.9862
0.9962
0.9926
0.9926

KL
0.0769
0.0362
0.0411
0.0408
0.0833
0.0367
0.0427
0.0530

∗∗∗

∗∗∗

∗∗∗

∗∗∗

∗∗∗

∗∗∗

∗∗∗

∗∗∗

Freundlich
Y=KFC1/n
KF
127
59
55
43
179
74
68
60

1/n
0.8392
0.8624
0.8581
0.8975
0.7885
0.8557
0.8408
0.8449

∗∗∗

BaP (KF =43.35 58.69 for burozem and KF = 59.69 73.65
for phaeozem) was relatively weaker than that without BaP
(KF =126.87 for burozem and KF = 179.40 for phaeozem).
The Langmuir model had higher correlation coefficients
(R2=0.9961 for burozem, R2=0.9987 for phaeozem) without BaP than those (R2=0.9794-0.9956 for burozem, R2=
0.9839- 0.9885 for phaeozem) with the existence of BaP.

In general, the influence of organic pollutants on the
adsorption of heavy metals on soil may involve in several
mechanisms: (1) through the formation of ternary surface
complexes involving in surface groups of soils to enhancing the adsorption of heavy metal; (2) through the competition between the surface ligands and dissolved organic
ligands for the dissolved heavy metal to inhibiting the
adsorption of heavy metal; (3) competition between organic

-1

Cd adsorpted in burozem (mg•kg )

1800
1600
1400
1200
1000
800
600
400
200
0
0

10

20

30

40

50

-1

Cd concentration in equilibrium solution (mg•L )

(a) burozem

Cd adsorpted in phaeozem (mg•kg-1 )

Adsorption isotherms of Cd in burozem and phaeozem
under different BaP concentrations are depicted in Fig. 1.
From the Fig. 1, it was observed that the amount of Cd
adsorbed in burozem and phaeozem increased with an increase in the concentration of Cd in the equilibrium solution. The quantities of Cd adsorbed in phaeozem were higher
than those adsorbed in burozem under the same situation.
The adsorption process of heavy metals in soil was influenced by plenty of factors, such as soil type, soil organic
matter, pH of soil and the acidity of medium, etc. Calcareous soil, rich soil organic matter and higher pH medium
could promote the adsorption quantity of heavy metals in
soil. In this study, soil organic matter and CEC of phaeozem were higher than those of burozem. This may be the
reason that Cd had higher adsorption quantity in phaeozem than that in burozem. Phaeozem had higher adsorption ability of Cd, which suggested more adsorption sites
existed. This phenomenon was also observed in the research of Li et al. [10]. In the existence of BaP, Cd adsorption in burozem and phaeozem was obviously decreased. BaP inhibited the adsorption of Cd, especially at
high BaP concentrations. When the concentration of BaP
was 0.1-5.0 mg·L-1, the adsorption of Cd in burozem was
inhibited under all the tested concentrations of Cd. For
example, when the concentration of Cd was 100 mg·L-1
and the concentrations of BaP were 0.1, 0.6 and 5.0 mg·L-1,
the adsorption amounts of Cd in burozem were reduced
by 22, 25 and 25%, respectively.

Cd+0BaP
Cd+0.1BaP
Cd+0.6BaP
Cd+5BaP

2000

Cd+0BaP
Cd+0.1BaP
Cd+0.6BaP
Cd+5BaP

2500
2000
1500
1000
500
0
0

10

20

30

40

50

-1

Cd concentration in equilibrium solution (mg•L )

(b) phaeozem
FIGURE 1 - Cd adsorption under different BaP concentrations in
burozem and phaeozem.

compounds and metal ions for surface sites; (4) influencing by the changes of soil surface charges or solution pH
[11-14]. Wan et al. [14] studied the influence of tetracycline on the adsorption of Cd on cinnamon soil and the
results showed that the presence of tetracycline increased
Cd adsorption on cinnamon, which could be attributed to
increasing Cd adsorption via the bridge of tetracycline, or
stronger affinity of the tetracycline-Cd complex to soil
minerals than Cd ion itself. In our study the competition
between BaP and Cd for adsorption sites led to the
amount of Cd “directly” adsorbed in soil was decreased.
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TABLE 3 - Parameters of Cd2+ desorption isotherm equations on Burozem and Phaeozem soil as affected by BaP
BaP
(mg/L-1)

Soil type
Burozem

0
0.1
0.6
5
Phaeozem
0
0.1
0.6
5
R2: correlation coefficient , p <0.001

R2
0.9998
0.9939
0.9998
0.9999
0.9996
0.9995
0.9998
0.9999

∗∗∗

∗∗∗

∗∗∗

∗∗∗

∗∗∗

∗∗∗

∗∗∗

∗∗∗

Langmuir
Y=XmC/(C+1/KL)
Xm
526
714
769
833
500
556
667
714

KL
0.0481
0.0379
0.0333
0.0353
0.0513
0.0462
0.0384
0.0356

R2
0.9994
0.9995
0.9999
0.9999
0.9999
0.9999
0.9999
0.9999

∗∗∗

∗∗∗

∗∗∗

∗∗∗

∗∗∗

∗∗∗

∗∗∗

∗∗∗

Freundlich
Y=KFC1/n
KF
24
26
25
25
25
25
25
25

1/n
0.9686
0.9811
0.9969
0.9958
0.9962
0.9962
0.9969
0.9978

∗∗∗
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300
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0
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0
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FIGURE 2 - Cd desorption under different BaP concentrations in burozem and phaeozem

Beyond the competition for adsorption sites, pore blockage was an alternative mechanism which decreased the
“directly” adsorbed amount of Cd. According to the dualmode model theory [10, 15], both solid-phase dissolution
and pore-filling processes contributed to the adsorption of
organic compounds and competition took place only in the
pore-filling domain. Therefore, compounds overlapping
affinitied for the pore-filling domain could presumably
exhibit competitive effects. Both competition of adsorption sites and pore blockage could lead to a lower adsorption amount of Cd in this study
3.2 Desorption of Cd in Two Typical Soils in Northeastern
China as Affected by Benzo-a-pyrene

The desorption process was an important process, because it controlled the release of pollutants adsorbed in
soil. The desorption of Cd in burozem and phaeozem was
complex with the coexistence of Cd and BaP. The Langmuir model and Freundlich model for desorption of Cd in
burozem and phaeozem were listed in Table 3. The Langmuir model and Freundlich model both represented the
desorption progress of Cd. The 1/n value in Freundlich
model was less than 1.0 (Table 3), which suggested that
the desorption isotherms of Cd in burozem and phaeozem
were the L shaped. The low desorption indicated a firm
retention of Cd in burozem and phaeozem.

Cd desorption under different BaP concentrations in
burozem and phaeozem was depicted in Fig. 2. It was
observed from Fig. 2 that the quantities of Cd desorption
from burozem and phaeozem increased with an increase
of Cd absorption quantity. The quantities of Cd desorption in phaeozem were lower than those in burozem. The
reason maybe that the soil organic matter of phaeozem
was higher than that of burozem which could strengthen
the adsorption ability and inhibited the desorption of Cd.
The desorption of Cd decreased with the increasing of
BaP concentration. The presence of BaP inhibited the
desorption of Cd from burozem and phaeozem, and it is
clear that the presence of BaP played a role in retaining
Cd in soil.
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ABSTRACT
Dental unit water lines (DUWLs) provide a favorable
environment for microbial biofilm formation due to the
high surface in the tubing and the character of fluid dynamics in narrow, smooth-walled waterlines. In this study
the level of microbial contamination of municipal water
and DUWLs in 26 dental units including 16 private and
10 governmental dental units were measured in Bushehr.
All steps for heterotrophic bacteria, total coliform and
E.coli tests including sampling, preservation and laboratory examinations were performed according to the standard
methods for water and wastewater examination. All high
speed handpiece (ranged 2100-9600 CFU ml-1) and airwater syringe (ranged 1900-8500 CFU ml-1) samples for
total heterotrophic bacteria exceed American Dental Association (ADA) standard for dental unit water. Total coliform tests were negative in all municipal water samples
while 25% (ranged 2.2-5.1 MPN/100ml) of high speed handpiece and 25.8 percent (ranged 2.2-5.1 MPN/ 100ml) of
air-water syringe samples were positive. Governmental
units contamination was higher than private units and there
were significant correlations between total heterotrophic
bacteria count with working days per week and unit age.

KEYWORDS: Coliform bacteria; Dental unit waterlines; Heterotrophic bacteria count; Microbial contamination; Municipal water. !

1. INTRODUCTION
In recent years, few issues in the subject of dental infection control have been more arguable than the case of
dental unit water line (DUWL) contamination. The quality
of the water in dental unit water lines (DUWLs) is of essential importance because both dental staff and patients are
* Corresponding author

continuously exposed to water and aerosol caused by
dental unit and its accessories [1, 2]. DUWLs comprise a
high number of pipes with narrow diameter manufacture
of nylon polyvinyl chloride or other materials. When the
water flows in these narrow pipes because of surface colonization, laminar flow and surface to volume ratio, DUWLs
can become heavily contaminated although they are supplied by well maintained municipal water systems [3]. When
the water is stagnant in DUWLs for long time, its temperature may rise and a suitable environment for the microbial
biofilms will be formed. Water entering DUWLs usually
has no high microbial contamination but after shedding of
bacteria from biofilm in DUWLs it becomes contaminated
above the acceptable level [4].
The American Dental Association (ADA) set 200 colony-forming units per ml (CFU ml-1) of heterotrophic bacteria
as the highest value for dental water [5]. In 2003, the Center
for Disease Control and Prevention (CDC) suggested <
500 CFU ml-1 of heterotrophic bacteria for non surgical
dental applications [6]. In the European Union (EU), there
are no specific guidelines for DUWLs, but it was suggested in the standards that water should be delivered at <20
CFU ml-1 at 37°C and <100 CFU ml-1 at 22°C [7]. Several
studies indicated that the amount of bacterial contamination in DUWLs was higher than the acceptable level [810]. The measurements of the pathogens including Legionella, Pseudomonas, non tuberculosis Mycobacterium,
Candida and free living amoebae in the DUWLs have
been done by researchers [11-13]. Moreover, high content of endotoxin caused by gram negative bacteria was
also reported [14]. The aim of this study was to investigate
the levels of heterotrophic, total coliform and E.coli contamination of DUWLs (air-water syringes and high-speed
handpieces as well as municipal water system exactly
before entering the DUWL system), the effects of unit age
and working days per week on microbial contamination of
DUWLs and finally microbial contamination comparison
of DUWLs at private dental centers with public dental
centers.
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2. MATERIALS AND METHODS
Water samples were collected from 16 private and
10 government dental offices in the morning before
treatment in Bushehr. The dental clinics examined were
selected by random. Water samples were taken from municipal water distribution system and two parts of DUWLs
including air-water syringe and high speed handpiece.
None of dentists has disinfected their units with disinfectant. In total, 260 water samples were taken from 26 dental
units. Water samples were collected from each selected
site, and 250 ml were placed in sterilized bottles. For
municipal water samples, a 3% solution of sodium thiosulfate was added to inactive remaining disinfectants. Samples
were placed in a box, kept at 4-6°C and delivered to the
laboratory within 2 hours.
In order to determine heterotrophic bacteria, 0.1 ml
water samples were spread onto R2A agra plates and incubated at 35°C for 48 hours. For total coliform determination, Lactose Broth (incubated at 35°C for 48 hours)
and Brilliant Green Bile Lactose (incubated at 35°C for
48 hours) and for E.coli measurements, EC-MUG medium (incubated at 44.5°C for 24 hours) were used. For
total coliform and E.coli test 100ml samples (10 tubes/
10ml) were examined. All steps for heterotrophic bacteria, total coliform and E.coli tests including sampling,
preservation and laboratory examinations were performed
according to the standard methods for the examination of
water and wastewater [15].
Residual chlorine concentration and pH were determined using portable DPD colorimetric test kid and pH
meter, respectively. Statistical analyses were carried out
using Statistical Package for Social Science (SPSS) software (Version 16). Pearson correlation coefficient was used
to examine the relationship between heterotrophic bacterial
counts and working days per week and unit age. T-test was
performed to determine differences in the mean values of
bacterial counts in governmental and private units. Differences in the mean values were accepted as being statistically significant if P < 0.05.
3. RESULTS AND DISCUSSION
Working days per week, age of unit, residual chlorine
and pH value at different sampling points are shown in
Table 1. As seen in Table 1, age of governmental and
private dental units vary widely from 6 months to 7 years
(mean 4.1 years) and 6 months to 6 years (mean 3.5 years)
respectively. Except municipal water, residual chlorine in
all air-water syringe and high speed handpiece samples
were zero. Mean pH values in all samples were in neutral
ranges. In Table 1, working days per week of governmental and private dental units are seen to range between 5 to
7 days (mean 6.2 days) and 1 to 7 days (mean 5.4 days)
respectively. Bacterial density at different sampling points
including municipal water, air-water syringe and high speed

handpiece are presented in Table 2. The mean± SD of
total heterotrophic bacteria count in municipal water, high
speed handpiece and air-water syringe samples were 287±
16.7, 4357± 1642.4 and 4188± 1514.5 CFU ml-1 respectively. Many studies (presented in Table 3), have reported
total heterotrophic bacteria count level with a wide range
of 0-3×108 in water samples from DUWLs [17-31]. Microbial biofilm may include of bacteria, fungi, algae,
protozoa and diatoms. The most studies have shown the
high level of microbial load specially Gram negative
heterotrophic bacteria in DUWLs. Although most of heterotrophic bacteria are harmless, the public health significance of many of the microorganisms found is unknown
[16, 17]. ADA has suggested a standard for DUWLs no
more than 200 CFU ml-1 of heterotrophic bacteria. All airwater syringe and high speed handpiece samples did not
satisfy the standard set by ADA with respect to total heterotrophic bacteria count (see Fig. 1). The main source of
DUWLs contamination can be explained by oral microbial flora of patients which is flowed back to DUWLs
through suction or means of high speed. Another source is
biofilm that can act as the potential source of DUWLs
contamination.
Total coliform samples were negative in all municipal
water samples while 25 percent (ranged 2.2-5.1 MPN/
100ml) of high speed handpiece and 25.8 percent (ranged
2.2-5.1 MPN/100ml) of air-water syringe samples were
positive. Detection of total coliform in high speed handpiece and air-water syringe (25 and 25.8 percent, respectively) showed that disinfection of DUWLs is insufficient.
E.coli tests were negative in all samples including municipal water, air-water syringe and high speed handpiece.
As the municipal water is the source of water in all units
in this study, comparison of bacterial density shows how
much bacterial density increased after passing DUWLs
(Table 2). Though the chemical structure of pipe and the
water source were all the same in all monitored points,
this results may be illustrated by i) different water flow
rates ii) different diameter of tube or iii) frequency of
using.
Statistical analysis showed (T-test analysis) that total
heterotrophic bacteria count in high speed handpiece
samples (with mean 4357 CFU ml-1) was significantly
higher than in air-water syringe samples (with mean 4188
CFU ml-1). There are several reports which support our
results [18-21].
The relationships between bacterial counts with
working days per week and unit age were analyzed. Correlation analysis indicated that there were significant
relationships between total heterotrophic bacteria count
with working days per week and also unit age (P < 0.01).
In our study, T-test analysis shows difference between
bacterial density in governmental units and private units.
This may be explained by more working days per week in
governmental units (mean 6.2 days) in comparison to
private units (mean 5.4 days) as well as higher unit age
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TABLE 1 - General information of units, residual chlorine and pH values at different sampling points

Governmental
Dental units
or private units

Municipal water Air-water syring
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

Governmental
Governmental
Governmental
Governmental
Governmental
Governmental
Governmental
Governmental
Governmental
Governmental
Private
Private
Private
Private
Private
Private
Private
Private
Private
Private
Private
Private
Private
Private
Private
Private

6
7
5
5
5
4
6 month
1.5
6
1
5
5
5
5
5
6 month
2
6
2
2
3
3
1
4
4
4

Mean residual

Mean pH value

Unit age
(year)
7.59
7.65
7.69
7.72
7.74
7.68
7.72
7.68
7.70
7.61
7.70
7.70
7.67
7.70
7.70
7.72
7.64
7.68
7.66
7.66
7.67
7.62
7.65
7.68
7.68
7.66

7.74
7.72
7.78
7.78
7.74
7.84
7.72
7.82
7.72
7.72
7.82
7.82
7.78
7.72
7.78
7.90
7.90
7.84
7.85
7.78
7.86
7.92
7.74
7.86
7.74
7.80

chlorine
High speed
handpiece
7.80
7.84
7.94
7.86
7.72
7.84
7.78
7.78
7.72
7.78
7.84
7.90
7.90
7.78
7.90
7.92
7.72
7.80
7.79
7.84
7.86
7.83
7.82
7.83
7.81
7.86

*

Municipal
water
0.44
0.46
0.46
0.40
0.36
0.36
0.38
0.40
0.36
0.44
0.40
0.38
0.38
0.42
0.34
0.38
0.46
0.38
0.38
0.40
0.38
0.42
0.38
0.38
0.38
0.34

Working
days per
week
6
6
7
7
7
7
5
5
6
6
7
7
7
7
7
7
7
7
2
4
1
6
2
6
4
6

Residual chlorine in all air-water syringe and high speed handpiece samples were zero

TABLE 2 - Bacterial density in the municipal water, air-water syringe and high speed handpiece samples

Mean total heterotrophic, bacteria count
-1

Municipal water
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

*

287
287
290
290
288
288
284
274
280
283
291
291
291
291
291
290
283
288
288
288
288
288
288
288
288
288

Air-water
syringe
6440
6770
6270
6090
6770
6180
6500
4690
5460
5260
3430
3490
3800
3790
3300
3860
3510
3290
2710
2910
2990
2970
3150
3330
3130
3200

Mean total coliform
*

(CFU ml )

Dental units

(MPN/100ml )
High speed
handpiece
6710
6660
5940
5350
6340
6340
5680
4680
5260
4900
2970
3580
3340
3410
3260
3900
3340
3260
2770
2920
2980
2930
2700
3080
3320
3290

Air-water
syringe
2.78
2.92
2.20
3.03
2.20
2.20
2.20
2.78
2.20
2.20
2.20
2.20
2.20
Negative
2.20
2.20
2.20
2.20
Negative
Negative
Negative
Negative
Negative
Negative
Negative
Negative

High speed
handpiece
2.78
2.78
2.68
2.78
3.17
3.36
2.78
2.20
2.92
2.20
2.20
2.20
2.20
Negative
Negative
2.20
2.20
2.20
Negative
Negative
Negative
Negative
Negative
Negative
2.20
2.20

Total coliform in all municipal water samples and E.coli in all samples including
municipal water, air-water syringe and high speed handpiece were negative.
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TABLE 3 - Bacterial density in DUWL according to literature
Number of units

Sampling point

Media condition and culture

20

Air-water syringe
High speed drill
Oral rinsing cup
Air-water syringe
Air rotor
Reservoir
Air-water syringe
Air-water syringe
High speed handpiece
Syringe

R2A, 27°C, 7 days

20
20
20 surgeries
(59 samples)
134
25

Reservoir
High speed handpiece
Reservoir
Air-water syringe
High speed handpiece
High speed handpiece

15
12
60
75
6
6

16 surgeries
(1-9- units each)
55

Air-water syringe
High speed handpiece
Air-water syringe
High speed handpiece
High speed handpiece
Air-water syringe
High speed handpiece
Air-water syringe
High speed handpiece
Air-water syringe
High speed handpiece
Air water syringe
Rotor

R2A, 22°C and 37°C, 72 h
R2A, 22°C , 7 days
TSB, 37°C, 48h
R2A, NA
Selective and non-selective
agar media
Selective and non-selective
agar media
PCA, 32°C, 48h
Glucose-enriched soya
agar, 37°C, 72 h
R2A, 25°C, 5 days
R2A, 25°C, 5 days
R2A, 22°C, 7 days
Agar medium, 22°C, 72 h

R2A, 35°C, 7 days
Selective and non-selective
agar media

Mean bacterial
density CFU ml-1
317-46320
370-52240
183-119117
4.95 log
4.91 log
> 3.9×104

Reference

317-46320
370-52240
0-5.41 log

[19]

2.01×105
1.5 × 105
0-1.52×106
0-3×108
0-3×108
15.32×103

[26, 27]

178100
350130
781
762
3.45 ± 0.35 log
6-2275
0-73
5×102-1×105
0-1×105
4.0×102-3.2×105
1.3×103 - 2.5×105
2.9×103
3.3×103

[20]

[18]
[23]
[24]

[25]

[28]
[22]

[29]
[30]
[21]

[31]
[17]

FIGURE 1 - Comparison of total heterotrophic bacteria density in air-water syringe and high speed handpiece with ADA standard

for governmental units with mean 4.1 years in comparison
to 3.5 years for private units.
Like other countries, there is no state or local regulations in Iran that particularly address the dentist’s obligations to ensure water quality in dental units. With regards

to high level of microbial contamination of DUWLs in
this city, the author’s recommendations are as follows:
1. Improve of dentist’s knowledge about the importance
of issue to have more attention regard DUWLs contamination.
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2. Improve the quality of dental treatment water.
3. DUWLs flushing produce a significant reduction in
bacteria counting at each time interval compared the
baseline [22].
4. Incorporate automated devices for DUWLs disinfection between patients with minimal effort by staff.
5. As conventional dental units cannot be sterilized so it is
not possible reliable provide sterile water for surgical
procedures, even they use chemical agents or filtration.
So sterile water delivery systems are necessary.
6. Introduction of proper chemical treatment into water
system either intermittently or continuously.
4. CONCLUSION
The first monitoring of DUWLs in Bushehr showed the
high levels of microbial contamination especially in governmental dental units. The mean total heterotrophic bacteria count in municipal water, high speed handpiece and airwater syringe samples were 287, 4357 and 4188 CFU ml-1
respectively. Total coliform samples were negative in all
municipal water samples while 25 percent of high speed
handpiece and 25.8 percent of air-water syringe samples
were positive. High levels of heterotrophic bacteria count
and detection of total coliform in high speed handpiece
and air-water syringe showed that disinfection of DUWLs
is insufficient. Although majority of microorganism isolated from DUWLs are harmless but some of them are
opportunistic and the public health significance of many
of them is unknown. With regard to current knowledge, it
is not the mere existence of bacteria that is important in
DUWLs contamination investigation, but their number,
patient’s oral microflora and the existence of potential
pathogens. So, it’s necessary to improve dentists and
public knowledge regards the importance of DUWLs
contamination to have more attention.

[4]

Ryan, M.P. Pembroke, J. and Adley, C.C. (2006) Ralstonia
pickettii: a persistent Gram-negative nosocomial infectious
organisms. J Hosp Infect 62, 278-284.

[5]

Affairs ACoS. (1996) ADA statement on dental unit
waterlines. J Am Dent Assoc 127, 185-189.

[6]

Prevention CfDCa. (2003) Guidelines for Infection Control
in Dental Health-care settings. MMWR Rep 2003, 52(No
RR-17), 1-66.

[7]

Adley, C.C. Ryan, M.P. Pembroke, J.T. and Saieb, F.M.
(2005) Ralstonia pickettii in high purity water. In: Mc Bain
A, Alison D, Pratten J, Spratt D, Upton M, Verran J (Eds):
Biofilms: Persistance and Ubiquit, 261-272.

[8]

Ketabi, M. Zare Jahromi, M. and Abbasi, F. (2010) The
Effect of Chlorini-dioxide on Reduction of Bacterial
contamination of Dental Unit water Systems. Shiraz Univ
Med Scien J of Dent 11, 90-95.

[9]

Türetgen, I. Göksay, D. Cotuk, A. (2009) Comparison of the
microbial load of incoming and distal outlet waters from
dental unit water systems in Istanbul. Environ Monit Assess
158, 9-14.

[10] Dorgruöz, N. Ilhan-Sungur, E. Göksay D.Türetgen I. (2012)
Evaluation of microbial contamination and distribution of
sulphate-reducing bacteria in dental units. Environ Monit
Assess 184, 133-139.
[11] Atlas, R.M. Williams, J.F. and Huntington, M.K. (1995)
Legionella Contamination of Dental-Unit Waters. Appl
Environ Microb 61(4), 1208-1213.
[12] Williams, J.F. Johnston, A.M. Johnson, B. Huntington, M.K.
and Mackenzie, C.D. (1993) Microbial contamination of
dental unit waterlines: prevalence, intensity and
microbiological characteristics. J Am Dent Assoc 124(10),
59-65.
[13] Barbeau, J. Gauthier, C. and Payment, P. (1998) Biofilms,
infectious agents, and dental unit waterlines: a review. Can J
Microbiol 44(11), 1019-1028.
[14] Al shorman, H. Nabaa, L.A. Coulter, W.A. Pankhurst, C.L.
and Lynch, E. (2002) Management of dental unit waterlines.
Dental Update 29, 292-298.
[15] APHA, AWWA, and WEF. (2005) Standard methods for the
examination of water and wastewater.
[16] Szymanska, J. (2003) Biofilm and dental unit waterlines.
Annals of Agricultural and Environmental Medicine 10, 151–
157.

ACKNOWLEDGEMENT
The authors are grateful to the Bushehr University of
Medical Sciences for financial support.
The authors have declared no conflict of interest.

[17] Walker, J.T. Bradshaw, D. J. Bennett, A. M. Fulford, M. R.
Martin, M. V. and Marsh, P. D. (2000) Microbial biofilm
formation and contamination of dental-unit water systems in
general dental practice. Appl Environ Microbiol 66(8), 33633367.
[18] Goksay, D. Cotuk, A. and Zeybek, Z. (2008) Microbial
contamination of dental unit waterlines in Istanbul, Turkey.
Environ Monit Assess 147(1-3), 265-269.

REFERENCES

[19] Göksay, D. Çotuk, A. and Zeybek, Z. (2006) Research of
bacterial contamination in dental unit waterlines. Clin
Microbiol 12(Suppl 4), R 2086.

[1]

Puttaiah, R. and Lin, S. (2006) Evaluation of ozonated water
for controlling dental treatment water contamination. IADR
Abstract, 1371.

[2]

Wirthlin, M.R. Marshall, G.W. Jr. and Rowland, R.W. (2003)
Formation and decontamination of biofilms in dental unit
waterlines. J Periodontol 74(11), 1595-1609.

[20] Kettering, J.D. Munoz-Viveros, C.A. Stephens, J.A. Naylor,
W.P. and Zhang, W. (2002) Reducing bacterial counts in
dental unit waterlines: distilled water vs. antimicrobial
agents. J Calif Dent Assoc 30(10), 735-741.

[3]

Mills, S.E. (2000) The dental unit waterline controversy:
defusing the myths, defining the solutions. J Am Dent Assoc
131(10), 1427-1441.

[21] Smith, A.J. McHugh, S. Aitken, I. and Hood, J. (2002)
Evaluation of the efficacy of Alpron disinfectant for dental
unit water lines. Br Dent J 193(10), 593-596.

1005

© by PSP Volume 23 – No 4. 2014

Fresenius Environmental Bulletin

[22] Cobb, C.M. Martel, C.R. McKnight, S.A. Pasley-Mowry, C.
Ferguson, B.L. and Williams, K. (2002) How does timedependent dental unit waterline flushing affect planktonic
bacteria levels? J Dent Educ 66, 549-555.
[23] Uzel, A. Cogulu, D. and Oncag, O. (2008) Microbiological
evaluation and antibiotic susceptibility of dental unit water
systems in general dental practice. Int J Dent Hyg 6(1), 4347.
[24] Zhang, W. Onyango, O. Lin, Z. Lee, S.S. and Li, Y. (2007)
Evaluation of Sterilox for controlling microbial biofi lm
contamination of dental water. Compend Contin Educ Dent
28, 586-592.
[25] Schel, A.J. et al. (2006) Comparison of the efficacies of
disinfectants to control microbial contamination in dental unit
water systems in general dental practices across the European
Union. Appl Environ Microbiol 72(2), 1380-1387.
[26] Szymanska, J. (2006) Bacterial decontamination of DUWL
biofilm using Oxygenal 6. Annals of Agricultural and
Environmental Medicine 13(1), 163-167.
[27] Szymanska, J. (2007) Bacterial contamination of water in
dental unit reservoirs. Ann Agric Environ Med 14(1), 137140.
[28] Souza-Gugelmin, M.C. Lima, C.D. Lima, S.N. Mian, H. and
Ito, I.Y. (2003) Microbial contamination in dental unit
waterlines. Braz Dent J 14(1), 55-57.
[29] Kettering, J.D. Stephens, J.A. Munoz-Viveros, C.A. and
Naylor, W.P. (2002) Reducing bacterial counts in dental unit
waterlines: tap water versus distilled water. J Contemp Dent
Pract 3(3), 1-9.
[30] Montebugnoli, L. and Dolci, G. (2002) A new chemical
formulation for control of dental unit water line
contamination: an “in vitro” and clinical “study”. BMC Oral
Health 2(1).
[31] Noce, L. Di Giovanni, D. and Putnins, E.E. (2000) An
evaluation of sampling and laboratory procedures for
determination of heterotrophic plate counts in dental unit
waterlines. J Can Dent Assoc 66(5), 262.

Received: July 02, 2013
Revised: November 11, 2013
Accepted: January 03, 2014

CORRESPONDING AUTHOR
Bahman Ramavandi
Department of Environmental Health Engineering
Faculty of Health
Bushehr University of Medical Sciences
Bushehr
IRAN
Phone: + 98-9363311903
Fax: 98-7712541828
E-mail: ramavandi_b@yahoo.com !
FEB/ Vol 23/ No 4/ 2014 – pages 1000 - 1005

1006

© by PSP Volume 23 – No 4. 2014

Fresenius Environmental Bulletin

REMOVAL OF PHOSPHORUS FROM DOMESTIC SEWAGE
BY IRON-CARBON MICRO-ELECTROLYSIS UNDER
DYNAMIC AND CONTINUOUS CONDITIONS
Songfeng Zhu, Jingqing Gao*, Kun Ba, Keqian Bao and Ruiqin Zhang
Department of Chemistry and Molecular Engineering /Research Institute of
Environmental Science, Zhengzhou University, Zhengzhou, Henan 450001, China

ABSTRACT
In order to treat eutrophic wastewater, especially waste
water containing phosphorus, a process of Fe-C microelectrolysis was proposed. Based on the principle of iron-carbon micro-electrolysis reaction, OH radical and iron
ion which were generated during the micro-electrolysis
progress could help to precipitate phosphorus in waste
water. This experiment was conducted under dynamic and
continuous conditions, in which inflow pH, phosphorus
concentration in inflow, hydraulic retention time, contact
time, and the volume ratio of iron to carbon were studied
with orthogonal design by analyzing the removal ratio of
phosphorus during the reaction. The order of the five influence factors was pH, contact time, volume ratio of iron to
carbon, influent concentration, and hydraulic retention time
in turn. The removal ratio was optimal at pH value of 4.0,
influent concentration of 4.0 mg/L, reaction time of 20 min,
and the volume ratio Fe to C of 2:1. Under above conditions, the concentration of phosphorus decreases from 4.0
to 0.48 mg/L.
KEYWORDS: micro-electrolysis; orthogonal design; phosphorus;
dynamic; continuous.

1. INTRODUCTION
Phosphorus is mostly used in the production of fertilizer for agricultural activities; besides, it is also widely
used in explosives, pesticides and detergents [1]. Orthophosphates, polyphosphates, and organic phosphates are
the main forms of phosphorus that are present in
wastewater [2]. Municipal and industrial wastewaters often
have high concentrations of phosphorus containing compounds [3]. If the wastewater is not treated, eutrophication
may occur in both groundwater and surface waters [4, 5].
These problems pose a human health risk, and increase
costs of drinking water purification [6].

The removal of phosphorus from wastewater has been
widely investigated, and various techniques proposed for
phosphorus removal, such as precipitation [4], biological
processes [7, 8], reverse osmosis [9], and adsorption [6, 10,
11]. Of these processes, chemical and biological techniques
have been widely used for the treatment of phosphorus in
wastewater, however, these techniques are expensive and
cause increased volume of sludge, and require complex
and strict control of the operating conditions [12]. On the
contrary, adsorption techniques work well with high efficiency and simple operation, but it is based on the choice
of an adequate adsorbent [13, 14]. So far, not a single adsorbent is found to be used in phosphorus removal perfectly.
Based on the electrochemical redox reaction principle,
Fe-C micro-electrolysis had developed gradually since early
1970s with the application of iron to wastewater treatment
[15]. During this process, there are many reactions that
contribute to the degradation of pollutants, such as electrical enrichment, coagulation, adsorption and filtration
reaction [16, 17], especially electrochemical redox reactions which can form countless weensy galvanic cells [18].
The basic principles of iron-carbon micro-electrolysis is
that when cast iron scrap and carbon particles are immersed
in acidic waste water, because of the electrode potential
difference will be formed between low potential iron and
carbon with high potential, many tinny proto batteries will
be formed in wastewater. In which iron was anode, carbon was the cathode, and the reaction process is as follows [18]:
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Anode: Fe - 2e → Fe2+ E0(Fe2+/Fe) = -0.44 V
Fe2+ - e → Fe3+ E0(Fe3+/Fe2+) = -0.771 V
Cathode: under acidic conditions:
2H+ + 2e→2 [H] → H2
E0 (H+/H2) = 0.00 V
Oxygenation conditions in acidic:
O2 + 4H+ + 4e→2H2O E0(O2) = 1.23 V
Neutral conditions:
O2 + 2H2O + 4e →4OH- E0 (O2/OH-)= 0.40 V

(1)
(2)
(3)

(4)
(5)
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With the reaction going on, H+ was gradually consumed, and the pH of waste water went up. Meanwhile,
Fe2+ and Fe3+ were generated in the process, and a mass of
Fe(OH)3 colloid which can adsorb phosphorus efficiently
was formed due to hydrolysis reactions of Fe3+ such as the
following [4]:
Fe3+ + 3H2O Fe(OH)3 + 3H+
(6)
In addition, the generated Fe2+ and Fe3+ could form
phosphate precipitation with PO43-, which was also very
helpful for phosphorus removal. Thus, phosphorus was
removed efficiently through adsorption effect and precipitation reaction.
The process can keep low processing costs and can be
combined with other ways easily [18, 19]. On the other
hand, the process is also green and friendly to our environment. In present, researches of Fe-C micro-electrolysis
are mostly focused on decolourization of wastewater of
dye [6] and degradation of organic wastewater [18]. Some
papers also reported phosphorus removal with Fe-C micro-electrolysis method [17], but few reactions are conducted under dynamic and continuous conditions.
In this study, the removal ratios of phosphorus using
the iron-carbon micro-electrolysis method were studied
under dynamic and continuous reaction conditions. The
emphasis was laid on five reaction conditions: pH, contact
time (the interval time of sampling), volume ratio of iron
to carbon, influent concentration and hydraulic retention
time (time taken to fill the container up with wastewater).
In order to get the optimal conditions, the removal ratio of
phosphorus was compared by changing the above reaction
conditions.

sewage containing phosphorus with stirring until the adsorption equilibrium.
2.2 Apparatus and Experimental procedures

As is shown in Figure 1, the scrap iron and activated
carbon were mixed in a hermetic bag which was made of
filter screen with the particle size of 0.106 mm, then put
the hermetic bag in the bottom of the organic glass reactor. The simulate phosphorus wastewater was pumped
into the reactor to full and the stirring was set at the speed
of 150 rpm. The temperature of the solution was controlled at 21-22℃, and the pH was adjusted with NaOH
and H2SO4 solutions. After a certain time, the sampling was
carried out. The treated solution was filtered with filtering
membrane of 450 nm sizes and the filtrate was detected of
the concentration of phosphorus. Then, removal ratio of
phosphorus was calculated.

FIGURE 1 - Experimental model (1-wastewater container, 2peristaltic pump, 3-magnetic stirrers , 4-reaction container, 5gathering unit)

2. MATERIALS AND METHODS
2.1 Reagents and pretreatment

All reagents used in this work were of analytic grade.
The stock of phosphorus wastewater was prepared by dissolving solid KH2PO4 in ultrapure water, of which the
concentration of phosphorus was on a range of 4-32mg/L.
Ultrapure water was produced by Milli-deionizer. As the
Fe-C micro-electrolysis process was a chemical battery
reaction, electron exchange happened between scrap iron
and activated carbon. Good electrical conductivity can
help make the reaction faster, which resulted in higher
phosphorus removal efficiency. In order to increase the
conductivity of the solution, 1% NaCl solution was added
in the wastewater. 1 mol/L NaOH and 1 mol/L HCl solutions were used to adjust pH value of the solution. In
advance, the scrap iron was immersed in a mixed solution
of NaOH and Na2CO3 at 80℃ for 60 min to remove the
oil film on the sulfuric, and then washed with dilute sulphuric acid to remove the oxidation film and increase the
surface area and activation. At last, the scrap iron was
washed with ultrapure water until the eluate was neutral.
Before being used, the activated carbon was washed with
ultrapure water and dried at 100℃, and then immersed in

2.3 Detection methods

The pH of the solution during the experiment was
measured by a pH meter (223 HANNA). The phosphorus
concentrations of water samples were detected with Ammonium molybdate spectrophotometer [20] by a 756CRT
ultraviolet and visible spectrophotometer at 700nm. Anywhere that need rabbling, a Stirring hot plate was available.
2.4 Experimental design

Based on orthogonal test, L16 (45) orthogonal array of
five factors and four levels were selected, the selected
factors and levels were listed in Table 1. For exploring
how the five factors impact the removal ratio, five groups
of contrast tests were conducted by changing only one
factor and keeping other factors changeless. Four symbols
were chosen to represent four levels of each factor, as
listed in Table 2.
2.5 Data analysis

Further data analysis was performed by statistical
software (SPSS 12.0).
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TABLE 1 - Factors and levels of the orthogonal test.
Factors
A (mg/L)
B (min)
C (min)
D
1
4
10
30
2
2
8
20
40
4
3
16
30
50
6
4
32
40
60
8
A: influent concentration, B: contact time, C: hydraulic retention time, D: pH of the influent, E: volume ratio of iron to carbon.
Levels

E
1:1
2:1
3:1
4:1

TABLE 2 - Different levels of five factors in contrast tests.
symbol
A(mg/L)
B (min)
C (min)
D
E
a
4
10
30
2
1:1
b
8
20
40
4
2:1
c
16
30
50
6
3:1
d
32
40
60
8
4:1
A: influent concentration, B: contact time, C: hydraulic retention time, D: pH of the influent, E: volume ratio of iron to carbon. a, b, c, and d represent
four levels of each of the five factors, respectively.

TABLE 3 - Results of orthogonal experiments and range analysis.
Experiment number

A
B
C
D
E
Effluent concentration
Phosphorus removal
(mg/L)
(min)
(min)
(mg/L)
ratio (%)
1
4
10
60
2
1:1
2.44
39
2
4
20
50
4
2:1
0.48
88
3
4
30
40
6
3:1
0.96
76
4
4
40
30
8
4:1
1.40
65
5
8
10
50
6
4:1
2.56
68
6
8
20
60
8
3:1
2.40
70
7
8
30
30
2
2:1
3.44
57
8
8
40
40
4
1:1
1.68
79
9
16
10
40
8
2:1
8.96
44
10
16
20
30
6
1:1
6.88
57
11
16
30
60
4
4:1
3.84
76
12
16
40
50
2
3:1
7.68
52
13
32
10
30
4
3:1
8.32
74
14
32
20
40
2
4:1
15.04
53
15
32
30
50
8
1:1
15.68
51
16
32
40
60
6
2:1
8.64
73
X1
268
225
253
200
226
X2
274
268
252
317
262
X3
229
260
259
274
272
X4
251
269
258
230
262
Y1
67.00
59.25
66.25
50.00
56.50
Y2
68.50
67.00
63.00
82.25
65.50
Y3
57.25
65.00
64.75
68.50
71.00
Y4
65.75
67.25
64.50
57.50
65.50
R
11.25
8.00
3.25
32.25
14.50
A: influent concentration; B: contact time; C: hydraulic retention time; D: pH of the influent; E: volume ratio of iron to carbon. Xi is obtained by
adding any number of columns corresponding to i factor. Yi =Xi/4. R is the difference between the maximum value and the minimum value of Yi of
any columns.

3. RESULTS AND DISCUSSIONS
3.1 Results of orthogonal experiments

The results of orthogonal tests and range analysis are
presented in Table 3, and the ANOVA results are listed in
Table 4 and Table 5. The results of the experiments presented in Table 3 indicate that the maximum removal
ratio of phosphorus was 88%, the concentration of phosphorus decreased from 4 mg/L to 0.4 mg/L, and the min-

imum was just 39% with the concentration decreasing
from 4 mg/L to 2.44 mg/L. However, we cannot select the
best reaction conditions only based on these outcomes in
Table 3, so a further orthogonal analysis was conducted.
Thus, the X, Y and R values were calculated and listed in
Table 3, too. As seen from Table 3, it can be found that
the influence on the phosphorus removal ratio decreases
in the order: D>E>A>B>C according to the R values.
And the optimal group is A3B2C4D2E2.
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Table 4 shows that the SS of hydraulic retention time
was minimum, which meant that the hydraulic retention
time had the least influence on the removal ratio. So the
hydraulic retention time was set as error evaluation, and
the results of ANOVA were listed in Table 5. As shown
in Table 5, the Fvalue of pH was greater than F0.001 (3,3),
which meant that pH had a highly significant influence on
phosphorus removal ratio (P<0.001). And the Fvalue of the
other three factors were greater than F0.01 (3,3), which means
that the influent concentration, contact time and volume
ratio of iron to carbon had a significant influence on phosphorus removal ratio (P<0.01). So a conclusion can be
drawn from Table 4 and Table 5 that the influence on the
removal ratio of phosphorus decreased in the order: D>B>
E>A>C. pH was found to be the most important determinant of phosphorus removal ratio.
TABLE 4 - The sum of square (SS) of five factors.
Source of
A
B
C
D
E
variation
(mg/L)
(min)
(min)
SS
302.25
322.25
9.25
1836
100.25
A: influent concentration; B: contact time; C: hydraulic retention time;
D: pH of the influent; E: volume ratio of iron to carbon.
3.2 Results of the five groups of contrast tests
3.2.1 Effect of pH on phosphorus removal ratio

In this work, the influence of pH on phosphorus removal was investigated with pH varying but the other
conditions were given as following: influent concentration
4 mg/L, contact time 20 min, hydraulic retention time 50 min
and volume ratio of iron to carbon 2, and the results were
shown in Table 6.
TABLE 6 - The results of different pH of phosphorus removal.
pH
2
4
6
8

Influent
concentration
(mg/L)
4
4
4
4

Effluent
concentration
(mg/L)
1.4
0.48
0.84
1.08

Phosphorus
removal ratio
(%)
65
88
79
73

As shown in Table 6, phosphorus removal ratio increased with the increase of pH and reached the peak
value (88%) when pH was 4. Then the residual concentrations of phosphorus started to increase from 0.48mg/L to
1.08mg/L with pH increasing after pH exceeded 4. ph of 4

is the best condition for this experiment. The reason for
this phenomenon is that the electrode potential increased
with pH falling according to the electrode reaction:
4H+(aq) + 4e−→2H2↑ [21], thus electrolysis reactions were
promoted. But if pH was too low, the flocculating constituent could be destroyed and the concentration of phosphorus would increase [22].
3.2.2 Effect of influent concentration on phosphorus removal
ratio

In this work, the effect of influent concentration on
phosphorus removal ratio was studied. Firstly, the other
conditions were fixed and the influent concentration was
just changed, and the results were shown in Table 7.
TABLE 7 – The results of different influent concentration of phosphorus removal.
Influent concentration
(mg/L)
4
8
16
32

Effluent concentration
(mg/L)
0.48
1.28
3.20
8.32

Phosphorus
removal ratio (%)
88
84
80
74

As seen from Table 7, the phosphorus removal ratio
continued to reduce with the increase of the influent concentration. Since the amount of iron ions generated in anode was fixed, the reaction rate was restricted. So, with the
increase of the influent concentration, phosphorus removal
ratio dropped. But the lowest removal ratio in this study
was still as high as 74%, indicating that phosphorus could
be removed efficiently even at high concentrations.
3.2.3 Effect of hydraulic retention time on phosphorus removal ratio

Results listed in Table 8 shows that the concentration
of phosphorus decreased from 4mg/L to 0.8mg/L with
hydraulic retention time of 30min, and with the hydraulic
retention time becoming longer, the residual concentrations of phosphorus dropped. But when the hydraulic
retention time exceed 50min, the residual concentrations
of phosphorus would stay about the same value of
0.44mg/L. Iron ions were generated during the hydraulic
retention time, which was helpful for the following reactions [22]. The longer hydraulic retention time, the more
iron ions were generated. But if the concentration of iron
ions reached a value, it would stay the same even the
hydraulic retention time became longer.

TABLE 5 - ANOVA table for reaction conditions.
Source of variation
SS
DF
MS
Fvalue
Critical value
Significance
A(mg/L)
302.25
3
101.75
33.00
*
B (min)
322.25
3
107.42
34.84
F0.01(3,3)=29.46
*
D
1836.00
3
612.00
198.49
F0.005(3,3)=47.47
**
E
306.75
3
102.25
33.16
F0.001(3,3)=141.1
*
Pure error
9.25
3
3.08
Total
2776.5
15
A: influent concentration; B: contact time; D: pH of the influent; E: volume ratio of iron to carbon, SS: sum of squares, DF: degrees
of freedom, MS: mean square. *: significant; **: highly significant
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TABLE 8 – The results of different hydraulic retention time of
phosphorus removal.
Hydraulic
retention time
(min)
30
40
50
60

Influent
concentration
(mg/L)
4
4
4
4

Effluent
concentration
(mg/L)
0.80
0.61
0.48
0.44

Phosphorus
removal
ratio (%)
80
85
88
89

phosphorus began to increase after the volume ratio exceeds 2:1. Too much carbon impeded the contact of iron
ions to wastewater, as well as the formation of micro
battery. With the increase of the proportion of iron, the
amount of micro battery increased along with the increase
of removal ratio. However, the caking of iron would happen if the proportion of iron was too high [23], which
resulted in the decrease of contact area, as well as the
removal ratio.

3.2.4 Effect of contact time on phosphorus removal ratio

The effect of contact time is shown in Table 9. Firstly,
the contact time was set at 10, 20, 30, 40min respectively
and the other conditions were fixed.
TABLE 9 – The results of different contact time of phosphorus
removal.
Contact time
(min)
10
20
30
40

Influent
concentration
(mg/L)
4
4
4
4

Effluent
concentration
(mg/L)
0.88
0.48
0.39
0.42

Phosphorus
removal
ratio (%)
78
88
90
90

Table 9 shows that the phosphorus removal ratio increased with the contact time becoming longer and reached
the peak value (90%) when the contact time was 30 min.
Then the residual concentrations of phosphorus almost
stayed in the same value of 0.42mg/L after the contact time
exceeded 30min. The reason for this phenomenon is that
the redox reactions happened during the contact time, and
the longer contact time, the more redox dose and generated
iron ions, which can form flocculating constituent with
phosphate radical [22]. Since the amount of carbon and
iron was fixed, the removal ratio would stay the same
after the concentration of iron ions reached the top value.

4. CONCLUSIONS
It could be found that in iron-carbon micro-electrolysis
reactions, the influence of the reaction conditions on removal ratio decreased in this order: pH of the influent
>contact time >volume ratio of iron to carbon >influent
concentration >hydraulic retention time. The optimal reaction conditions for phosphorus removal with iron-carbon
micro-electrolysis method was: pH of inflow 4, contact
time 20min, hydraulic retention time 50min, influent concentration 4mg/L and volume ratio of iron to carbon 2:1.
The iron-carbon micro-electrolysis method could effectively
and expediently remove phosphorus from wastewater under dynamic and continuous conditions, and this method
might have a good prospect in the field of effluent treatment.
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3.2.5 Effect of volume ratio of iron to carbon on phosphorus
removal ratio

In this work, the effect of volume ratio of iron to carbon on phosphorus removal ratio was studied by setting
the volume ratio at 1:1, 2:1, 3:1 and 4:1 respectively while
other conditions were fixed, and the results were listed in
Table 10.
TABLE 10 – The results of different volume ratio of iron to carbon
of phosphorus removal
Volume ratio
of iron to
carbon
1:1
2:1
3:1
4:1

Influent
concentration
(mg/L)
4
4
4
4

Effluent
concentration
(mg/L)
0.92
0.48
0.72
0.84

Phosphorus
removal
ratio (%)
77
88
82
79

According to Table 10, it can be seen that the removal ratio improved with the increase of the volume ratio of
iron to carbon and reached the peak value (88%) when the
volume ratio was 2:1. Then the residual concentration of
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COMPETITIVE ADSORPTION OF COPPER, CADMIUM
AND ZINC IONS ON SODIUM DODECYLBENZENE
SULFONATE (SDBS) AT LOW CONCENTRATION BY
MICELLAR-ENHANCED ULTRAFILTRATION (MEUF)
Baowei Zhao*, Ruirui Li, Li Zhang, Fengfeng Ma and Jinkui Zhong
School of Environmental and Municipal Engineering, Lanzhou Jiaotong University, Lanzhou 730070, P. R. China

ABSTRACT
In this paper, removal of three divalent metal ions,
copper, cadmium and zinc ions, from simulated
wastewater was performed by micellar-enhanced ultrafiltration (MEUF) using sodium dodecylbenzene sulfonate (SDBS) with concentrations less than its critical
micellar concentration (CMC), when the metal ions were
present either as a single species or as a ternary mixture.
The retention efficiency of a cation in the mixture was
greatly less than that when it was ultra-filtrated solely.
The competitive adsorption characteristics of Cu, Cd and
Zn ions on SDBS were investigated on the basis of adsorptive gross capacity, adsorption capacity, competitive adsorption coefficient, and concentration ratio of SDBS to
metal ions. The competitive adsorption of metal ions on
SDBS micelles existed and the capability of competitive
adsorption was in the order Cu > Cd ~ Zn. The correlation
analysis of competitive adsorption coefficients indicated
that antagonistic adsorption existed between Cu and Cd,
Cu and Zn, and Cd and Zn ions.
KEYWORDS:
Competitive adsorption, heavy metal, micellar-enhanced ultrafiltration (MEUF), sodium dodecylbenzene sulfonate (SDBS)

1. INTRODUCTION
There has been increasing concern and more stringent
regulation standards pertaining to the discharge of heavy
metals to the aquatic environment. Heavy metals in industrial wastewater represent much threat to the environment
and human health since heavy metal ions are non-biodegradable and tend to be accumulated in the food chain,
which causes varieties of serious health problems [1]. They
have remarkably high toxicity, and some of them even have
* Corresponding author

been confirmed to be carcinogenic [2]. Heavy metals, such
as cadmium, copper and zinc, are included on US EPA list
of priority pollutants, so they must be removed from polluted water [3].
Traditional techniques for the removal of heavy metals are precipitation, electro-deposition, liquid–liquid extraction, evaporation, adsorption, ion exchange and crystallization [4]. However, these methods are time-consuming,
require large amounts of chemicals, need high operational
costs, and are often efficient only at high heavy metal concentration and difficult to recycle heavy metals. Micellarenhanced ultrafiltration (MEUF) is a promising and widely
studied method for the removal of heavy metals [5-10].
MEUF was firstly used in the treatment of heavy metals
in wastewater in 1970s [11]. This technology involves
adding an anionic surfactant to the wastewater. The anionic
surfactant monomers aggregate and form micelles above
the critical micelle concentration (CMC). The heavy metal
cations can be mostly trapped in the outer part of micelles
due to electrostatic interaction, and thus are retained by
the ultrafiltration membrane. The untrapped heavy metals
and the free surfactant monomers readily pass through the
membrane. The major advantages of this technique are its
high removal efficiency, low energy consumption, device
simplicity, and convenience of recycling heavy metal ions.
MEUF is considered as one of the most efficient techniques
in removing heavy metal ions from aqueous streams [7, 9].
In recent studies, many metal ions can be separated
via MEUF method, including Cd2+, Ni2+, Co2+, Cs+, Sr2+,
Cr3+, Mn2+, Pb2+, CrO42-, Zn2+, Cu2+, AuCl4- and Fe(CN)63[7, 9]. However, the previous studies always focused on
surfactant species, surfactant concentration, trans-membrane
pressure, operating time, pH and electrolyte concentration,
etc. [12, 13]. The mechanisms were either ignored or overly
simplified. The force driving MEUF is simply considered
to be adsorption resulting from attraction between the opposite electrical charges on surfactant micelle surface and
heavy metal ions, and the valence of ions is the major factor
for the removal efficiency. The current results show that
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the higher the valence of a metal ion, the stronger the
interaction between metal ions and micelles, and the better the rejection of metal ions [14]. In the actual industrial
wastewater, there are often several heavy metal ions, which
may be different or equal-valent. However, little work has
been done to whether the rejections of heavy metal ions
with the same valence via MEUF are equal, and whether
the competitive adsorption of metal ions on micelles occurs
when a variety of heavy metal ions with the same valence
coexist [15, 16].
Metal removal with ultrafiltration and sodium dodecyl sulfate (SDS) has been extensively studied [3, 8,
16] but sodium dodecylbenzene sulfonate (SDBS) has
been rarely used [17] for metal removal in MEUF processes.
With a lower CMC, SDBS would result in less monomeric sur-factants in the permeate, more micelles in the concentrate and higher removal efficiency for Zn, Cd, Cu or
Pb, even at concentrations less than its CMC [17].
The objectives of this study are i) to investigate and
compare the rejection of Cu2+ (Cu), Cd2+ (Cd) and Zn2+ (Zn)
from single metal ion and ternary metal ion solutions by
SDBS micelles; ii) to discuss the competitive adsorption
properties which contain adsorptive gross capacity, adsorption capacity, competitive adsorption coefficient and correlation of competitive adsorption coefficients of Cu, Cd and
Zn ions on SDBS micelles. The results could make an
implication for MEUF process.

respectively. In the process of mixed ion ultrafiltration,
the total concentrations of Cu, Cd and Zn in feed solution
were made as 60 mg/L, and the mass ratio of Cu, Cd and
Zn was 1:1:1. The concentrations of SDBS in feed solutions were kept from 50 to 300 mg/L. After being fully
mixed and standing for 3 h, the solution was fed into the
hollow fiber membrane for linear continuous ultrafiltration
by a peristaltic pump. All experiments were carried out at
room temperature (around 25 °C). The peristaltic pump
controlled operating pressure and flow-rate. The operating
pressure of membrane was kept at 0.07 MPa at a certain
time, and then, the permeate solution was sampled. Following each run, the membrane was successively washed with
tap water, 0.1 mol/L NaOH, 1% citric acid, 1% NaClO,
and deionized water for 15 min until the pH value of permeate became neutral. The membrane washing process was
conducted at a pressure of 0.03 MPa. Then, deionized water was filtered to determine the permeate flux, in order to
check the permeability of membrane.
2.3 Analysis and calculation

The concentration of SDBS was measured by methylene blue spectrophotometry (Model 752, Shanghai Spectrum Instrumental Company, China). The concentration of
Cu/Cd/Zn was analyzed by atomic absorption spectrometry with a Varian AA110/220 spectrophotometer
(USA).
Removal efficiency (R) of heavy metal ions is defined
as follows:

2. MATERIALS AND METHODS

R=

2.1 Materials

All reagents were of analytical pure grade (99%)
and used as received. SDBS was obtained from Tokyo
Kasei Kogyo, Japan. Its CMC value was determined to
be 400 mg/L by conductivity experiment, and the hydrophilic-lipophilic balance number (HLB) is 10.6. The synthetic wastewater containing Cu, Cd or/and Zn was
prepared with Cu(NO 3)2·5H 2O, Cd(NO 3)2·4H 2O,
or/and Zn(NO3)2·6H2O, respectively, which were purchased
from Tianjin Guangfu Chemical Factory in China. The
deionized water used in all experiments was produced by a
deionized water apparatus (Milli Q-element, USA). The
hollow fiber ultrafiltration membrane was offered by
Tianjin Motian Membrane Engineering Technology
Company in China. The membrane is made from PVDF
with 6000 Dalton of MWCO and 1.5 m2 of area in a glass
column with a size (ФxL) of 50x386 mm.

Cf

× 100%

(1)

where, Cf is the concentration of heavy metal ions in
the feed (mg/L); Cp is the concentration of heavy metal
ions in the permeate (mg/L) .
The molar ratio of SDBS to the initial metal ion (S/M)
is expressed as follows:

S C f , SDBS × N M
=
M C f , M × N SDBS

(2)

where, Cf,SDBS and Cf,M are the concentrations of
SDBS and metal ions in the feed (mg/L), respectively.
NSDBS and NM are the molar weights of SDBS and metal
ions (g/mol), respectively.
The molar ratio of the rejected SDBS to the adsorbed
heavy metal ions (S'/M') is defined as follows:

2.2 Method

The set-up of MEUF is the same as that reported by
Zhao et al. [13]. The feed solution was prepared by adding pre-determined amounts of SDBS and Cu, Cd, or/and
Zn into deionized water. The pH values of feed solutions
were all around 5. In the process of single ion ultrafiltration, the concentration of Cu, Cd or Zn in feed solution
was kept as 20 mg/L, i.e. 0.31, 0.18 and 0.30 mmol/L,

C f − Cp

(C f , SDBS × Q f − C p , SDBS × Q p ) × N M
S'
(3)
=
'
(C f , M × Q f − C p , M × Q p ) × N SDBS
M
where, Cp,SDBS and Cp,M are the concentrations of
SDBS and metal ions in the permeate (mg/L), respectively; and Qf and Qp are the feed flux and permeate flux
(L/h), respectively.
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The adsorptive gross capacity (Γ') is defined as follows [16]:

Γ ' = C f ,M × Q f − C p,M × Q p

(4)

The adsorption capacity (Γ) is defined as follows [16]:

Γ =

C f ,M × Q f − C p,M × Q p

(5)

C f , SDBS × Q f − C p , SDBS × Q p

The competitive adsorption coefficient (Ki) is defined
as follows [18, 19]:

Ki =

aij Γ ij

(6)

n

∑a Γ
ij

ij

j =1

where, Γij is the adsorption capacity of element i, and
i is the jth element; aij is the reciprocal of the initial concentration of i element in mixed system which is used for
eliminating the influence of initial concentration of ions
on the competitive adsorption; j is the number of heavy
metal ions in the system. The sum of Ki is 1 in the system.
3. RESULTS AND DISCUSSION
3.1 Rejection of Cu, Cd and Zn

Figure 1 shows the relationship between the removal
efficiency of a metal ion filtrated in single or mixed cation
solution, and the feed concentration of SDBS.
100
80

R (%)

60

Cu single
Cd single

40

Zn single
Cu mixed

20

Cd mixed
Zn mixed

0
50

100

150

200

250

300

Feed SDBS concentration (mg/L)
FIGURE 1 - Effect of SDBS dosage on removal efficiency of metal ions.

When the metal ion was filtrated solely, the removal
efficiency increased, and then leveled off as the concentration of SDBS increased. At the tested concentrations of
SDBS from 50 to 300 mg/L, the higher removal efficiencies for Cd were observed, which changed from 93.5% to
99.8%. The removal trend of Cu was somewhat similar to
that of Cd. However, the removal efficiency of Cu was
slightly less than that of Cd, given the concentration of

SDBS. As for Zn, obvious reduction in removal efficiency occurred when it was compared with that of Cd or Cu,
especially given lower SDBS concentrations (i.e. 50 and
100 mg/L). The maximum rejection of Zn was up to
95.1%. The results illustrated that the ultrafiltration efficiencies of single metal ions with the same mass concentration (20 mg/L) were in the order of Cd > Cu > Zn when
SDBS was used at concentrations less than CMC.
Theoretically, there are no micelles formed at surfactant concentrations less than the CMC and, therefore,
there is not any metal ion rejection. However, according
to our results, the significant Cu, Cd and Zn rejections
were observed when the SDBS concentrations were less
than the CMC. Similar results were also reported by
Huang et al. [16] and Samper et al. [17]. There are some
possible explanations for this phenomenon. Firstly, this
unanticipated retention is partly due to a concentration
polarization mechanism. As filtration proceeds, the retained solutes can accumulate at the membrane surface
and the solute concentration at the membrane surface can
be larger than that in the bulk solution. When the surfactant concentration reaches the CMC level at the concentration polarization layer, many surfactant monomers
begin to form large numbers of big-size micelles at the
concentration polarization layer [20]. Furthermore, the
surfactant concentration in the layer adjacent to membrane surface was larger than that of the bulk. Secondly,
the presence of heavy metal salts can reduce the CMC of
surfactant because the added metal ions as counter-ions
being close to the charged SDBS micelles shield the surface charge and decrease the surface potential, which
compresses the Stern layer thickness of micelle. Thus, the
actual value of CMC may be less than the theoretical one
[21, 22]. We also tested the effects of heavy metal ions on
the CMC of SDBS by conductivity experiment. The presence of 20 mg/L of Cu ions resulted in CMC reduction of
SDBS from 400 to 250 mg/L. Thirdly, one of the characteristic features of surfactants is their tendency to adsorb
at interfaces in an oriented fashion. It is no doubt that
SDBS ions adsorb onto membrane surface in the filtration
procedure. There are a number of mechanisms by which
surfactant solutes may adsorb onto solid substrates from
aqueous solution [21]. The tested membrane is of PVDF
material with hydrophobic surface structure as -CH2CF2and SDBS with 10.6 HLB is somewhat lipophilic. On this
basis, adsorption occurs via London-van der Waals dispersion forces acting between the membrane surface and
SDBS monomers [21]. The metal ions can be electrostatically attracted by the sorbed SDBS ions, and then be
rejected. In addition, the CMC of surfactant may be a
range instead of a fixed value. Before the micelles form in
bulk solution, there will be the formation of n-mer from
monomers. N-mers (for example, dimers and trimers) of
the surfactant are smaller aggregates of monomers of
surfactant. They can also bind metal cations on their negatively charged heads [15], and the bound cations could be
rejected if the n-mer size would be larger than the pore
size of membrane.
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As for the filtration of metal ions in the mixed cation
solution, with the increment of initial SDBS concentration, the rejection extent of Cu, Cd and Zn increased at
first, and then, kept leveling off (as shown in Figure 1).
As the SDBS concentration increased, the difference
among the removal efficiencies of metal ions in the mixed
system occurred. The rejection efficiency increased from
60.8% to 88.1% for Cu, from 53.3% to 68.4% for Cd, and
from 54.4% to 65.9% for Zn, with the initial concentrations of SDBS from 50 to 300 mg/L. At the tested concentrations, the removal efficiencies of Cu were larger
than those of Cd and Zn while those of Cd were equivalent to those of Zn.

3.2 Discussion on competitive adsorption

Figure 2 shows the effect of SDBS concentration on
the adsorptive gross capacity (Γ') of each cation on SDBS
in the mixed solution. It can be seen that the Γ' for the 3
heavy metal ions was in the order of Cu > Cd ~ Zn. When
the feed SDBS concentrations varied from 50 to 150
mg/L, the Γ' values of metal ions increased from 93.6,
81.7 and 83.4 mg/h to 126, 97.8 and 95.3 mg/h for Cu, Cd
and Zn, respectively. Then, the Γ' of Cu, Cd and Zn
reached their maximum values at 150 mg/L of SDBS
concentration. When the number of micelles in solution
increased, more metal ions could be adsorbed by micelles.
Thus, Γ' increased with the increase of SDBS dosage.
Finally, Γ' dropped with the addition of SDBS. When the
SDBS concentration continued to increase, the free sodium ions increased, occupied some adsorption sites on the
micelles, and reduced Cu, Cd and Zn adsorption on SDBS
micelles [23].
Figure 3 describes the effect of SDBS dosage on the
adsorption capacity (Γ) of metal ions in mixed solution. It
is shown that the Γ of Cu, Cd and Zn followed the sequence of Cu > Cd ~ Zn. Meanwhile, the Γ decreased
sharply with increasing SDBS concentration. The Γ values of Cu, Cd and Zn decreased from 0.31, 0.27, and 0.26
to 0.07, 0.05, and 0.05 mg/mg, respectively. With increase of initial SDBS concentration, the quantity of micelles also increased. Because the concentration of heavy
metal ions in solution remained constant, and a total
amount of heavy metal ions in solution was certain, thus,
the adsorption capacity of heavy metal ions on per unit
mass of SDBS micelles was reduced.

120
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FIGURE 2 - Effect of SDBS dosage on Γ' of metal ions in mixed
solution.
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It is obvious that the removal efficiency of metal ions
in a single cation system was higher than that in a mixture. Visibly, due to the co-existence of Cu, Cd and Zn,
the adsorption of Cu, Cd and Zn onto SDBS changed,
which precisely reflected that there was competitive adsorption in the mixed system. Given the SDBS concentration, the available sites for binding metal ions were limited. In this case, the metal ions with greater affinity to
surfactant micelles would be bound first and strongly.
According to the experimental results, it seemed that the
binding affinity of Cu to SDBS micelles was stronger
than that of Cd and Zn.
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FIGURE 3 - Effect of SDBS dosage on Γ of metal ions in mixed
solution.

The effect of SDBS dosage on the competitive adsorption coefficients (Ki) of metal ions in mixed solution
is shown in Figure 4. With the SDBS concentration increasing, Ki of metal ion changed gradually. The K value
of Cu increased slightly from 0.36 to 0.39 while those of
Cd and Zn decreased slightly from 0.32 and 0.32 to 0.31
and 0.30, respectively. From the above study, it can be
found that when a variety of divalent metal ions existed
together, there was the competitive adsorption among
metal ions onto SDBS micelles. The values of Ki were in
the order of Cu > Cd ~ Zn.
Figure 5 depicts the variation of S'/M' versus S/M.
The slope (k) of S'/M' to S/M can be used to judge the
adsorption capacity of different divalent metal ions to
SDBS micelles [23]. The results showed kCu < kCd ~ kZn
and S'/M' Cu < S'/M' Cd ~ S'/M' Zn, given a certain value of
S/M. If heavy metal ions had little impact on the micelle
formation, then the order of M'Cu > M'Cd > M'Zn was found.
Therefore, the adsorptive affinity of Cu to SDBS was the
strongest among the 3 ions studied, which was in accord-
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ance with the order observed in the competition adsorption coefficient.
0.5
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FIGURE 4 - Effect of SDBS dosage on Ki of metal ions in mixed
solution.

example, micelle surface). It seems reasonable that the
highest removal efficiency is for Cu among the 3 metal
ions because it has the smallest hydrated radius (Cu 0.073
nm, Zn 0.083 nm and Cd 0.097 nm). However, this is not
the reason that almost equal removal efficiency is for both
Zn and Cd. Some factors would also affect the removal
efficiency of metal ions. It has been explained that the
degree of coordination between divalent cations and
counter-anions caused slight difference in the removal
efficiency. For example, the cadmium ion complexes with
chloride ion in solution, and forms CdCl+ or CdCl2. The
binding affinity of CdCl+ or CdCl2 is not as strong as the
free cadmium ion due to their lower valence. Then, the
removal efficiency of cadmium will decrease. In this
study, the possible complexes could be formed by Cu, Cd
and Zn with NO3-, due to the used metal ion salt. Maybe,
there are different amounts of metal ions existing as the
complexed form, MeNO3+ in ultrafiltration process, which
could affect the competitive adsorption and removal efficiency of metal ions [15]. To explain this phenomenon
clearly, additional research will be necessary.

7

4. CONCLUSIONS

6

Cross-flow micellar-enhanced ultrafiltration was used
to remove Cu, Cd and Zn from single and ternary cation
solution. The removal efficiency of Cu, Cd and Zn increased with increasing SDBS concentration in a single
solute and mixed solute systems. When the kinds of
heavy metal ions varied from one to ternary in the feed
and the total concentration of heavy metal ions was kept
constant, the rejection of heavy metal ions decreased,
which reflected precisely that there was competitive adsorption at the condition of co-existence of Cu, Cd and
Zn. The capability of the tested ions to be adsorbed onto
SDBS micelles was in the order of Cu > Cd ~Zn.
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FIGURE 5 - Effect of S/M on S'/M' in mixed solution.

In the separation of heavy metal ions via MEUF,
there existed competitive adsorption effect due to the coexistence of Cu, Cd and Zn. However, a variety of metal
ions may play a strong synergistic effect or adverse effect
on separation, so the correlation coefficient was used for
describing the correlation of competitive adsorption coefficient among metal ions. When the values of K of a metal
ion were fitted with those of another metal ion by a linear
relationship, the slope of the regression equation was the
correlation coefficient [24]. The correlation coefficients
of Cu-Cd, Cu-Zn and Cd-Zn were -0.2121, -0.7879 and 0.6894, respectively, which indicated that obvious antagonistic effect occurred in the adsorption process between
Cu and Cd, Cu and Zn, and, Cd and Zn.
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HEAVY METAL ACCUMULATION RATES IN
DEYEUXIA ANGUSTIFOLIA AND CAREX LASIOCARPA
WETLANDS OF SANJIANG PLAIN, NORTHEAST CHINA
Zhongsheng Zhang, Zhenshan Xue, Xianguo Lu, Xiaolin Song and Shouzheng Tong*
Key Laboratory of Wetland Ecology and Environment, Northeast Institute of
Geography and Agroecology, Chinese Academy of Sciences, Changchun 130012, China

ABSTRACT
Wetlands are typically sedimentary environments and
function as either a “source” or “sink” for heavy metals in
regional or global biogeochemistry circulations. Copper,
manganese and mercury accretion rates were estimated by
dating soil profiles from Deyeuxia angustifolia and Carex
lasiocarpa wetlands of the Sanjiang Plain using Cesium137. Results indicated that soils from the D. angustifolia
wetland were possessed relatively higher Cu and Mn content and lower Hg content than those in the C. lasiocarpa
wetland soils. Annual soil accretion rates in the D. angustifolia wetland and C. lasiocarpa wetland were 2.55 mm yr-1
and 4.26 mm yr-1, respectively, indicating high soil accretion rates in the C. lasiocarpa wetland. Based on soil bulk
density, metal contents and accretion rates, Cu, Mn and
Hg accumulation rates were 46.40±13.56 mg yr-1 m-2,
464.05±96.65 mg yr-1 m-2 and 0.09±0.02 mg yr-1 m-2 in the
D. angustifolia wetland and 49.66±11.18 mg yr-1 m-2,
498.25±86.26 mg yr-1 m-2, and 0.15±0.03 mg yr-1 m-2 in C.
lasiocarpa wetland. Thus, the heavy metal accumulation
rates were higher in the C. lasiocarpa wetland than the D.
angustifolia wetland, possibly as a result of differing hydrologic conditions and biological uptake between these
two wetland types.
KEYWORDS: Heavy Metals; Copper; Manganese; Mercury;
Accretion; Wetland; Sanjiang Plain

1. INTRODUCTION
Wetlands are transitional systems between upland and
open water with unique environmental characteristics, such
as seasonal or persistent surface waters, anaerobic soil
conditions, and hydrophytic vegetation [1]. Due to the
above factors wetlands often include a substantial sedimentary aspect that favors metal accumulation resulting in the
prominent role of wetlands as sources or sinks of trace
metals at regional or global scales [2-4]. Further, wetlands
* Corresponding author

are important locations for metal transformations and can
directly affect metal contents in surrounding environments.
For example, wetlands often function as sources of methyl
mercury to adjacent waterbodies as a result of prevailing
microbial processes, which can lead to elevated mercury
contents in soils, sediments and biota [5]. Though there
are many studies focused on trace metal content, distribution and transformation, in wetlands, the actual accumulation rates of these metals are rarely estimated in wetland,
especially in China [6].
Without anthropogenic input, trace metal in wetlands
generally originate from natural sources, such as release
from parent materials or atmospheric deposition [7]. However, with the increasing influence of humans to natural
ecosystems, heavy metal inputs to wetland ecosystems are
increasing with artificial sources playing a greater role in
many areas [8, 9]. In Xianghai marsh, China, Cu, Zn, Fe,
Mn, Cr and Pb input to wetlands by human activities have
been higher than those from natural sources since the
1980s, resulting in altered metal geochemistry at a regional scale [10]. As both a filter and transformer of trace
metals, wetlands play a key role in trace metal biogeochemistry and cycling. Our objectives in this study are to:
(1) examine heavy metal distribution characteristics in
typical swamp meadows (the D. angustifolia wetland) and
marshes (the C. lasiocarpa wetland) in Sanjiang Plain,
Northeast China; (2) characterize Cu, Mn and Hg distribution patterns in soil profiles; (3) estimate heavy metal
accumulation rates based on dating soil accretion rates
using Cesium-137. Through these objectives we elucidate
factors potentially influencing metal accumulation in
these wetlands, which in turn will further our understanding of biogeochemical processes regulating trace metals
in wetland environments.
2. MATERIALS AND METHODS
2.1 Study Areas

The Sanjiang Plain averages 55 m above sea level and
is located in China’s sub-humid warm temperate continental monsoon climate zone, with mean annual precipitation
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of ~ 558 mm with substantial interannual and seasonal
variations. The Sanjiang Plain contains the largest area of
the most common type of freshwater wetland in China.
The three dominant wetland types: permanently inundated
wetlands, seasonally inundated wetlands and shrub swamp,
comprise 56.9%, 22.6% and 20.5%, respectively of the wetland area in Sanjiang Plain. The Deyeuxia angustifolia
wetland is the typical seasonally inundated swamp meadow
and the Carex lasiocarpa wetland is the typical permanently inundated marsh. D. angustifolia is a perennial, coldtemperate mesophyte that grows in high floodplains, the
first terrace or edges of depressional wetlands, and has a
broad ecological adaptation to water. D. angustifolia is
the dominant plant species in the seasonally inundated
swamp meadow, occupying 90%-95% of total plant cover.
Other species in the swamp meadow include Stachys
baicalensis, Lythrum salicaria and Phragmites australis.
C. lasiocarpa is perennial sedge, and a typical clonal plant
of the rhizomatous Cyperaceae family. C. Lasiocarpa
commonly grows in depressional areas with persistent
surface water within 30-50 cm depth.
2.2 Sample Collection and Chemical Analysis

In July 2011, we collected soil samples from Sanjiang
Experiment Station of Wetland Ecology, the Chinese Academy of Sciences (47°35′17.8″ N, 133°37′48.4″ E) (Fig. 1). In
the D. angustifolia and the C. lasiocarpa wetlands, four
soil cores were collected from each site. The albic soil layer

is found within 30 cm of the soil surface in the D. angustifolia wetland, while the albic soil is generally found in
50 cm depth or deeper layers in the C. lasiocarpa wetland
[11]. Soil cores were sectioned in the field into 2 cm increments. Soil samples were sealed in polythene bags and
brought back to the lab. Increments of three cores were air
dried, ground, and sieved through a 2 mm nylon mesh,
then analyzed for total Cu, total Mn and total Hg. The
fourth core was oven dried to constant weight, and then
soil bulk density was calculated from the dry weight per
unit volume for each depth increment [12].
For Cu and Mn analysis in soil, 0.500 g of soil was
weighed and placed in a Teflon crucible; 5 mL HCl (12 mol
L-1) was added, the sample was then heated slightly for predigestion preliminarily, 5 mL HNO3, 2 mL HF, and 2 mL
HClO4 were then added, and the sample was heated for
approximately 1 h at 130 °C to digest the soil thoroughly.
When contents of the crucibles became sticky, heating
was stopped, and the contents were washed using HNO3
(3 mol L-1), then the fluid was transferred into a 25-mL
volumetric flask, and brought to volume with distilled water
for determination by a Graphite Furnace Atomic Absorption
Spectrometry with the detection limit of 0.01 µg mL-1 [13].
For Hg analysis, soil samples were digested using a
H2SO4-HNO3-V2O5 method and determined by a Tekran
2600 CVAFS (Tekran Inc., Canada) with a detection limit
of 5×10-3µg kg-1 [14].

FIGURE 1 - Study area
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Soil organic carbon (SOC) was measured by the
K2Cr2O7-H2SO4 oxidation method, total soil nitrogen (TN)
was measured using the Kjeldahl digestion procedure.
Total soil phosphorus was measured by the Mo-Sb antispetrophotography method.
Ground and sieved soil was analyzed for 137Cs to determine vertical accretion. The 137Cs was measured by γ
analysis of the 661.62 KeV photopeak using the high purity
Ge coaxial detectors (GMX30P-A, ORTEC, USA). Every
sample was detected for 80000 s to analyze specific activity of 137Cs. Cesium-137 maxima had well-defined peaks,
appearing in soil layers associated with 1964, when deposition of atmospheric 137Cs due to aboveground weapons
testing of thermonuclear weapons began [12]. Accumulation of soil organic C, N, and P was calculated using the
137
Cs vertical accretion rate and bulk density [12]. All determination work of 137Cs was finished in the School of
Urban and Environmental Science, Northeast Normal University.
2.3 Quality Control

Determination results’ differences of replicates were
within 0.5%, 0.1%, and 0.005% for soil organic carbon,
total nitrogen and total phosphorus, respectively. For
heavy metal determination, precision and accuracy of the
analytical methods were evaluated by comparing the expected metal concentrations in certified reference materials
with the measured values. Utilization of analytical blanks,
parallel analysis, and standard reference materials (GBW
07405) confirmed that the accuracy of methods were within
acceptable ranges. The average recovery rates of Cu, Mn
and Hg were 95.65%, 93.52% and 96.09%, respectively.
All samples were analyzed in parallel and blank tests
were performed to assure accuracy and precision. All
glass vessels were soaked overnight in 3 molar HNO3,
rinsed with copious amounts of distilled deionized water,
stored, capped, and filled with deionized water prior to
use. All solutions were prepared with distilled deionized
water in glass bottles and handled with analytical micropipettes. All reagents employed were pure grade.

Variance of analysis (ANOVA) with LSD (Least Square
Difference) was performed by using SPSS 10.0 Software
(SPSS Inc., Chicago). Correlations between heavy metals,
SOC, TN and TP in soil were calculated for each wetland
types using Person’s correlation test at 95% confidence
intervals.

3. RESULTS
3.1 Heavy metal concentrations and distribution patterns in
soil profiles

Both Cu and Mn concentrations in the D. angustifolia
wetland (26.64 mg kg-1 and 279.52 mg kg-1, respectively)
were higher than in the C. lasiocarpa wetland (19.36 mg kg-1
and 180.47 mg kg-1, respectively), but Hg concentrations
in C. lasiocarpa wetland (mean, 0.052 mg kg-1) were higher
than in the D. angustifolia wetland (0.044 mg kg-1). In the
D. angustifolia wetland profile, trace metal concentrations
showed little variation from surface to bottom. The highest Cu, Mn and Hg concentrations were 28.26 mg kg-1,
382.2 mg kg-1 and 0.104 mg kg-1, which appeared at the
depths of 24-26 cm, 24-26 cm and 2-4 cm, respectively.
In the C. lasiocarpa wetland profile, Cu, Mn and Hg
concentrations changed substantially from surface to
bottom. Cu was greatly increased y in the 0-4 cm depth,
but then changed little in 4-28 cm depth, and decreased
rapidly in the 28-30 cm depth. Mn concentrations generally decreased with depth, whereas Hg changed little beyond a abrupt spike in concentration at 8-10 cm depth.
Comparison of metal distribution patterns in the D.
angustifolia wetland with the C. lasiocarpa wetland implied that Cu concentrations in D. angustifolia were higher for all increments with less variations than that in C.
lasiocarpa wetland, Mn concentrations in D. angustifolia
wetland were less than that in C. lasiocarpa wetland when
depths were less than 6 cm. Hg concentrations differed
little in these two wetland types (Fig. 2).

FIGURE 2 - Heavy metal distribution patterns in D. angustifolia and C. lasiocarpa wetland profiles
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FIGURE 3 - Representative 137Cs prifles with depth for D. angustifolia and C. lasiocarpa wetland.

scales, trace metal distribution patterns in soils results from
a combination of zonal and non-district factors. Zonal
factors include latitudinal variations of biological-climatic
conditions and soil-forming process. In the east plain
region of China, most trace metals exhibit north-south
trends in their regional distribution [17, 18]. In the present work, soil samples were all collected from a relatively small geographic area, specifically the experiment
station of Wetland Ecology, the Chinese Academy of
Sciences. Thus, there should be little to no difference in
the climatic conditions and soil parent materials of the D.
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Distribution patterns of specific activity of 137Cs are
shown in Fig. 3. The highest 137Cs specific activity appeared at the 10-12 cm depth in the D. angustifolia wetland and at the 18-20cm depth in the C. lasiocarpa wetland. 137Cs is the artificial radionuclide produced from
aboveground thermonuclear weapons testing, which enables
its use as a marker horizon in soils. The 137Cs maximum in
the soil profile corresponds to the soil surface in approximately 1964, when atmospheric deposition was at its peak
[15]. In the present work, interpretable 137Cs peaks of 6
soil profiles were used to calculate accretion rates (Fig.3).
Results indicate that soil accretion rates were 2.55 mm yr-1 in
the D. angustifolia wetland and 4.26 mm yr-1 in the C.
lasiocarpa wetland.
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3.2 Heavy metal accumulation rates in different wetlands

Similar to soil accretion, heavy metal accumulation
rates in the C. lasiocarpa wetland were greater than that in
the D. angustifolia wetland. Cu, Mn and Hg accumulation
rates in C. lasiocarpa wetland were 49.66±11.18 mg yr-1 m-2,
498.28±86.26 mg yr-1 m-2 and 0.15±0.03 mg yr-1 m-2, respectively. Cu, Mn and Hg accumulation rates in D. angustifolia
wetland were 46.40±13.56 mg yr-1 m-2，464.05±96.65 mg
yr-1 m-2 and 0.09±0.02 mg yr-1 m-2, respectively (Fig.4).
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4. DISCUSSION
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Geographical distribution of trace metals can differ
significantly with landscape [16]. At large geographic

FIGURE 4 - Metal accumulation rates in D. angustifolia and C.
lasiocarpa wetland
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angustifolia and C. lasiocarpa wetlands Therefore, factors
such as surface water and biological activities might the
primary reasons for differences of trace elements accumulation rates between D. angustifolia and C. lasiocarpa
wetlands.
The D. angustifolia wetland is a typical wet meadow
with several dry-wet cycles annually, but in the C. lasiocarpa wetland, persistent surface water is about 30cm
depth throughout the year [11]. Differences in hydrological conditions result in variations in soil redox potential
[19]. In the D. angustifolia wetland, the soil redox potential is comparatively high, resulting in high Mn concentrations with reducible parts as the predominant forms in the
D. angustifolia wetland. Persistent surface water causes
the low soil redox potential [20], so Mn concentrations are
comparatively low in C. lasiocarpa wetland. In the interface of water-soil, there is a thin oxidative layer, resulting
in high Mn concentrations in the surficial soils of the C.
lasiocarpa wetland.
In addition, differences in metal sorption by wetland
plants could be an additional reason for different metal

accumulation rates in the D. angustifolia and C. lasiocarpa wetlands [21]. Mercury storage in aboveground
biomass of plants was 24.9 µg m-2 in D. angustifolia and
35.8 µg m-2 in C. lasiocarpa wetland, respectively. Mercury storage in C. lasiocarpa leaves is higher than that in
D. angustifolia, which might contribute to higher accumulation rates in the C. lasiocarpa wetland [3].
Generally, in undisturbed wetlands, there are not anthropogenic point sources of metal contamination the
metals that do occur in result from the same natural processes and sources. In natural wetlands of Sanjiang Plain,
there is a high correlation between copper and manganese. Importantly, soil organic matter, nutrients and FeMn oxidation play a major role in determining copper
accumulation in soil [22]. Correlation analysis indicated
that SOC and nutrients (N, P) were significantly or positively related to trace metals in wetlands (Table 1). In D.
angustifolia wetland, Mn concentrations were negatively
and significantly related to SOC and TN concentrations;
In C. lascarpa wetland, significantly negative relationships were found between Cu and SOC, Cu and TN, sig-

TABLE 1 - Correlation analysis between trace metals and nutrients in soils of different wetland types
Wetland types
D. angustifolia wetland
C. lascarpa wetland

Elements
Mn-SOC
Mn-TN
Cu-SOC
Cu-TN
Mn-SOC
Mn-TN
Mn-TP
THg-TN
THg-TP

r
-0.323
-0.371
-0.532
-0.475
0.875
0.758
0.386
0.325
0.335

FIGURE 5 - Sketch of annular wetland in Sanjiang Plain
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P
0.035
0.014
<0.001
0.002
<0.001
<0.001
0.014
0.040
0.035
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nificantly positive relationships were found between Mn
and SOC, Mn and TN, Mn and TP, THg and TN, THg
and TP, respectively.
In addition, with variant valences, Cu biogeochemistry circulations in soils are some special and more easily
affected by physical absorption actions [23]. Soil components have different absorption abilities to copper, in the
order of Mn oxidation > soil organic matter > Fe oxidation > clay minerals [24]. In D. angustifolia wetland, wetdry alternation results in more Fe-Mn oxidation in soils
than that in C. lasiocarpa wetland. But in C. lasiocarpa
wetland, sulfates would be converted into S2- due to low
soil redox potential resulting from persistent water, and
S2- is easily combined with metals to form steady compound [25], with subsequence of higher Cu accumulation
rates in C. lasiocarpa wetland than that in D. angustifolia
wetland.

were comparatively high, with rates greater in the C.
lasiocarpa wetland than in the D. angustifolia wetland.
Surface water may play an important role in metal accumulation in wetland, in addition to their source and physical and chemical properties.
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Metal accumulation in natural wetlands is partially
controlled by variations in pH and Eh, which are determined by hydrologic conditions [26]. Additionally, absorption characteristics of metal, uptake abilities of plant,
and dry or wet atmospheric deposition in wetlands play
crucial roles in metal accumulation [27]. After flooding,
the soil environment quickly becomes anoxic, with the
formation of low-valence iron or manganese ions from
deoxidization of Fe-Mn oxidations, resulting in thecorelease of metals sorped to Fe-Mn formations [28]. However, under anoxic soil conditions soil organic matter is
slowly decomposed and sulfides are produced, which
results in the precipitation of metal ions, thereby increasing metal sequestration [29].
At landscape scale, trace elements contents and distribution characteristics in Sanjiang Plain are controlled
by the hydrology conditions and topographical feather. D.
angustifolia and C. lasiocarpa are typical plant communities occurring in different locations of annular wetlands in
Sanjiang. Annular wetlands are the predominant landscapes in Sanjiang Plain. There is water area in its center
and tree island in its edge. From center to edge, terrain is
becoming high and water depth is becoming shallow
(Fig.5). Spatial distribution of water gradients caused by
micro-topographical features play important roles in macro nutrients and trace metals distribution patterns in annular
wetland [30]. From center to edge of annular wetlands,
wetland types were in the succession of C. lascarpa wetland, D. angustifolia wetland and tree island, and SOC, TN
and THg concentrations firstly decreased and then increased, TP and Mn concentrations were increasing, and
Cu concentrations firstly increased and then decreased,
respectively. Hydrological conditions play the predominant
roles in elements distribution patterns in annular wetlands.
5. CONCLUSIONS
As a typical sedimentary environment, overall metal
accumulation rates in the wetlands of the Sanjiang Plain
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ABSTRACT
Eight horizons from four natural soils (Umbric Acrisol (UA), Dystric Fluvisol (DF), Mollic Umbrisol (MU)
and Tionic Fluvisol (TF) were treated with an acidic dissolution of Pb2+ with the aim of determining its sorption
capacity and the distribution of Pb in the different geochemical phases of soil. The amount of Pb sorbed was
determined, and fractioning was carried out by sequential
extraction. XDR and FE-SEM techniques were also used
to determine the mineralogy of the soils and the changes
that occurred after treatment. The Pb content that was sorbed
was found to be greater in the surface horizons rather than
in the subsurface horizons, except in the Mollic Umbrisol.
The majority of the Pb was sorbed in an exchangeable form
(between 56.24 % in DF.A and 85.17 % in TF.G). Organic
matter and amorphous Mn and Fe oxides were the soil components with greatest influence in Pb sorption. The crystalline Fe oxides and the residual fraction sorbed the least Pb
(≤1%). By means of XRD and FE-SEM we verified that
the acid treatment produced alteration in the soil minerals,
leading to an increase in the content of amorphous and the
formation of new crystalline phases such as nitratine. We
also observed the Pb sorption on hydroxy compounds of
Fe, which interacted with albite, muscovite and gibbsite,
and the fixing of this metal in associations between organic material and gibbsite. We identified the presence of
spherical and curved particles of aluminous clays with a
low level of crystallinity with the ability to sorb Pb.

2. MATERIAL AND METHODS
2.1. Selection and analysis of the soils

KEYWORDS:
soil, lead, fractioning, mineral alteration, XRD, FE-SEM.

1. INTRODUCTION
Lead causes many toxicity problems in soils, as it is
easily absorbed by plants and included in the trophic chain
[1]. It is mainly accumulated through the use of fertilisers
and pesticides, emissions from the combustion of petrol
and coal, and the disposal of waste water from industrial
activities [2].
* Corresponding author

Pb total concentration in the soil is not enough to identify their association with the different geochemical phases
of the soil, nor to deduce their mobility and bioavailability
[3,4], therefore it is necessary to use fractioning methods
that allow us to better understand their distribution and
toxicity [5]. There are different sequential extraction methods that depend on different factors, such as the choice and
order of the extraction agents, and the duration of the process, the solid/liquid ratio [6]. Also, different studies have
shown that the use of other techniques together with sequential extractions, such as X-ray diffraction and field emission scanning electron microscopy (FE-SEM), are effective
tools in determining and characterising the solid phases
that may retain heavy metals [7] and to understand their
reactivity in the soil [8].
In this study we examined the surface and subsurface
horizons of four different soils treated with solutions of
Pb2+ in an acid medium, and studied which components are
mainly involved in fixing them. The objectives were to
investigate: the fractionation of added Pb in four different
soils (all of the horizons), the suitability of the sequential
extraction performed to assess the bioavailability of Pb,
and to use the field emission scanning electron microscopy
and X-ray diffraction (XRD) to examine the Pb fractionation in these soils and to compare the results with the
obtained in sequential extraction.

We selected four soils: an Umbric Acrisol (UA), a
Dystric Fluvisol (DF), a Mollic Umbrisol (UM) and a
Thionic Fluvisol (TF) [9] developed, respectively, on
quaternary sediments, amphibolite, slate and two mica
granites. Each of the horizons was sampled (UA.A, UA.Bw,
DF.A, DF.Bw, MU.A, MU.Bw, TF.A, TF.G, respectively),
and they were then analyzed and characterized extensively
to assess the influence of their components and properties
on Pb2+ sorption. Using an Eijkelkamp sampler, six samples were collected from the surface and subsurface horizons of each soil and then stored in polyethylene bags.
The samples were pooled, air dried, passed through a
2-mm sieve, and homogenized in a Fritsch Laborette 27
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rotary sample divider. Of the six samples, into which each
pooled sample was divided, three were used for soil
analyses and three for sorption and sequential extraction experiments, and XRD and FE-SEM analysis.
Soil pH was determined with a pH electrode in 2:1 water/soil extracts [10]. Particle size distribution was determined following oxidation of organic matter with hydrogen
peroxide, separating the upper fraction (down to 50 mm) by
sieving and using the lower fraction for subjection to the
internationally endorsed procedure [11]. Clay mineralogy
was determined by powder X-ray diffractometry in a
SIEMENS D-5000 Bragg–Brentano (θ/2θ) apparatus with
a Cu anode, using 0.05 steps and 10 s per step.
Total organic C and dissolved organic C were determined with a TOC analyzer-V CSH/CSN Shimadzu apparatus, which performs the analysis by applying the principle of catalytic combustion oxidation and detection by
non-dispersive IR.
Exchangeable acidity was determined using 1 M KCl
as extractant and titration to a phenolphthalein endpoint
[12]. Cation exchange capacity (CEC) and exchangeable
cation content were determined by [13] method. Al, Ca,
K, Mg and Na were extracted with 0.1 M BaCl2, and their
concentrations were determined by inductively coupled
plasma optical emission spectrometry (ICP-OES) in a
Perkin Elmer Optima 4300 DV apparatus.
Fe, Mn and Al oxide contents were determined using
the dithionite-citrate method [14]: samples were shaken
with a solution of sodium hydrosulfite (0.5 g per gram of

soil) and sodium citrate (0.27 M), and the Fe, Al and Mn
contents of the extract were determined by ICP-OES as
above.
Amorphous and crystalline Fe oxides were determined
using as extractants 0.25M NH2OH.HCl + 0.25M HCl and
0.2M (NH4)2C2O4 + 0.1 M H2C2O4 + 0.1M citric acid respectively [15] and the Fe content was analyzed by ICPOES.
2.2. Pb spiking experiments

In polyethylene tubes, triplicate suspensions of 12 g
soil samples in 100 mL of a 0.5 mM Pb2+ as nitrate, due to
its high solubility, containing 1mM NaNO3 as background
electrolyte, were shaken in a rotary shaker for 24 h at 25 °C
and then centrifuged (15 min) at 5000 rpm. The Pb2+ concentration in the added solution was selected to guarantee
the interpretation of the results from the following experiments (sequential extraction, X Ray diffraction and field
emission scanning electron microscopy). The supernatant
was filtered through Filter-Lab 1244 paper (pore size 0.45
µm); the resulting filtrate was analyzed by ICP-OES in a
Perkin–Elmer Optima 4300 DV apparatus, and the sorbed
Pb was calculated from the difference between its concentrations in solution before the addition of soil and after
equilibration (shaking) with the soil.
The pellets obtained in the sorption phase of the experiments were used for the Pb fractionation and the study
by XRD and FE-SEM.

TABLE 1 - Operating conditions used in sequential extraction procedure.
Operationally defined
fraction

Reagents

1

Exchangeable

Mg(NO3)2 1M
pH 7

25 mL

2

Bound to organic matter

0.7 M NaClO
pH 8.5

15 mL

3

Bound to Mn oxides

0.1M NH2OH·HCl
pH 2

25 mL

4

Bound to amorphous Fe
oxides

0.25M NH2OH·HCl + 0.25M HCl

25 mL

5

Bound to crystalline Fe
oxides

0.2M (NH4)2C2O4 + 0.1M H2C2O4 +
0.1M citric acid

25 mL

6

Residual

HNO3- HCl (1:3)

9 mL

Stage

Volume Conditions
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1. 6 g soil; 2h agitation; centrifugation 6000 rpm (10 min);
supernatant decantation.
2. Bidistilled water washing (15 mL - 30 min); centrifugation
6000 rpm (10 min).
3- Washed added to supernatant.
Remaining fraction:
1- Bath 100ºC (30 min); centrifugation 6000 rpm (10 min);
supernatant decantation.
2- Bidistilled water washing (15 mL-30 min); centrifugation
6000 rpm (10 min).
3- Washed added to supernatant.
4- 0.5 mm sieving residue.
Remaining fraction:
1- 30 min agitation; centrifugation 6000 rpm (10 min); supernatant decantation.
2- Bidistilled water washing (25 mL - 3 min); centrifugation
6000 rpm (10 min).
3- Washed added to supernatant.
Remaining fraction:
1- Bath 50ºC and agitation (30 min); centrifugation 6000 rpm
(10 min).
2- Bidistilled water washing (25 mL - 3 min); centrifugation
6000 rpm (10 min).
3- Washed added to supernatant.
Remaining fraction:
1- Bath 100ºC (30 min); centrifugation 6000 rpm (10 min).
2- Supernatant decantation.
1- 0.2 g remaining fraction: digestion in microwave oven.

© by PSP Volume 23 – No 4. 2014

Fresenius Environmental Bulletin

2.3. Pb sequential extraction experiments

2.6. Statistical Analysis

After trying different methods [17], the lead fractionation study was carried out by adapting the sequential
method of Shuman [15,16], with the modifications suggested by [17] in the [18] method proposed for the solution of amorphous iron oxides. The Pb content was determined in all of the fractions in order to identify its
distribution amongst the soil components, making it possible to establish the availability of the metal in the short
or medium term, without chemical meteorization processes of the primary minerals having to occur for its release.
Sequential extraction was carried out as shown in Table 1,
using the soils treated with the acidic Pb solution.

All the experiments were done in triplicate. The data
obtained in the analytical determinations were treated statistically using the programme SPSS version 15.0 for Windows. The results obtained in all the determinations were
the average of three analyses and were expressed on a dry
material basis. An analysis of variance (ANOVA) and homogeneity of variance test were performed. In case of homogeneity, a test of least significant difference (LSD) was
made as a post hoc test. If there was not homogeneity, a
T3 Dunett test was performed. The influence of soil properties on the Pb distribution between soil fractions was
determined by correlation analysis.

2.4. X Ray Diffraction (XDR)

The mineralogical composition of all horizons before
and after treatment with Pb was determined. The samples
were measured in a Philips type powder diffractometer
fitted with a Philips PW1710 control unit, Vertical Philips
PW1820/00 goniometer and FR590 Enraf Nonius generator. The instrument was equipped with a graphite diffracted beam monochromator and copper radiation source
[λ (Kα1) = 1,5406Å], operating at 40 kV and 30mA. The
X-Ray powder diffraction pattern (XRPD) was collected
by measuring the scintillation response to Cu Kα radiation versus the 2 θ value over a 2θ range of 2-65, with a
step size of 0.02° and counting time of 4 s per step.
The determination was done by the RIR procedure
(Reference Method intensity / radium) [19] using the corundum as reference material. The identification and quantification of the crystalline phases were performed using
the program "Match! Copyright © 2003-2012 Crystal Impact, Bonn, Germany [20].
2.5. Field Emission Scanning Electron Microscopy (FE-SEM)

The morphology, structural distribution, and particle
chemical composition of samples containing ultrafine particles and minerals (crystalline and/or amorphous) were
investigated using a Zeiss Model ULTRA plus FE-SEM
with charge compensation for all applications in both conductive and non-conductive samples. The FE-SEM was
equipped with an EDS, and the mineral identifications
were made on the basis of morphology and grain composition using both secondary electron and back-scattered
electron modes [21,22]. Samples were dried at 45 °C.
Suspensions were prepared in hexane to prevent possible
mineralogical changes. Samples were set on a of standard
aluminium slide with carbon adhesive, coating them with
layers of gold / palladium for 20-nm thick.
EDS spectra were recorded in FE-SEM images mode.
Electron diffraction patterns of the crystalline phases were
recorded in SAED or MBD mode, and the d spacing was
compared to the International Center for Diffraction Data
[23] inorganic compound powder diffraction file (PDF)
database in order to identify the crystalline phases.

3. RESULTS AND DISCUSSION
3.1. Soil characteristics

The soils characteristics (Table 2) show that there are
important and significant differences, mainly between
those that can affect to heavy metal sorption and consequently to their mobility throughout the soil.
Soils pH ranges from near neutrality 7.56 (TF.G) to
strong acidity 4.74 (UA.A). Organic carbon contents
range from 144.79 g kg-1 in the A horizon of DF soil and
4.34 g kg-1 in the G horizon from TF soil. Organic carbon
is a component with great importance because tends to
form soluble or insoluble complexes with the Pb [24],
reason why they can migrate throughout the profile [25].
Dissolved organic carbon (DOC) content is very low,
ranging between 0.54 g kg-1 (UA.A) and 0.09 g kg-1
(TF.G). As expected, OC contents are much lower in
subsurface horizons than in superficial ones. Therefore
DOC content in all horizons studied represents a small
fraction of total organic carbon content, and it is possible
to estimate that only a small proportion of added Pb will
be in the soluble complexes or organic compounds. The
studied soils present different Mn, Fe and Al oxides contents. Among all the horizons studied, the MU.Bw contains the highest Fe and Mn free oxides proportion. Moreover, the DF.A horizon is the one with highest Al free
oxides and amorphous Fe oxides content.
The ratio amorphous Fe / free Fe [17] is a relative
measure of the crystallinity degree and the age of the iron
oxides. A high ratio indicates a low crystallinity degree
and that the accumulation of iron oxides is recent.
This relationship is highest in the TF, increasing with
depth (Table 2); therefore crystallinity degree of the iron
oxides in this soil is lower than in the MU. This soil is
that the show minor relationship, coinciding with the
typical characteristics of both soils.
The TF was formed, by periodically material inputs,
whereby the oxides accumulation is more recent than in
the MU. Furthermore, the TF soil is periodically, in hydromorphic conditions, which does not favor the crystallization. The other two soils show similar characteristics,
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TABLE 2 - Soil characteristics.
Properties/Horizon

Units

pHH2O
TOC
DOC

g kg-1

O.M.

%

FeOx
Amorphous FeOx
Crystalline FeOx
MnOx
AlOx

Exchangeable

-1

Sand
Silt
Clay
Quartz
Clay fraction:
Mica
mineralogical analysis Chlorite/Vermiculite
(semiquantitative)
Kaolinite
Gibbsite

DF.A

DF.Bw

MU.A

MU.Bw

TF.A

TF.G

4.97cd±0.14

5.38c±0.26

5.21c±0.19

5.19c±0.03

6.81b±0.02

7.56a±0.03

12.76b±0.11

2.52d±0.07

28.96a±2.14

d

c

e

15.51 ±0.85
5.44a±0.19
11.36c±0.66
0.11b±0.01
35.73a±3.08

0.26

0.13

0.35

19.73 ±0.23 20.96 ±0.28
5.21a±0.38 2.70d±0.16
12.10c±0.95 15.61b±1.27
0.03c±0.00 0.02d±0.00
19.47c±0.26 13.06d±0.18

g kg-1

Na+
K+
Ca2+
Mg2+
Al3+
H+

UA.Bw
4.94d±0.09

63.80b±0.55 14.61d±0.42 144.79a±10.70 16.78d±0.73 50.20c±1.34 47.43c±0.54 58.77b±0.31 4.34e±0.39
0.54a±0.12 0.18c±0.04
0.41b±0.01 0.14cd±0.01 0.25c±0.01 0.20c±0.01 0.47b±0.01 0.09d±0.00

Amorphous Fe / Free Fe
CECe
CEC

UA.A
4.74d±0.07

b

cmol(+)kg
5.22 ±0.02
cmol(+)kg-1 12.30b±0.26
0.15de±0.02
0.11bcd±0.02
0.11c±0.02
cmol(+)kg-1
0.24cd±0.03
4.61a±0.11
7.08a±0.24
%

e

c

2.89d±0.13
g

8.65c±0.23

8.18c±0.09 11.75b±0.06 0.75e±0.07

b

11.48f±0.45
3.97bc±0.25
6.26d±0.40
0.05c±0.00
9.34e±0.64

3.58g±0.11
1.14e±0.02
1.13e±0.04
0.04c±0.00
1.25g±0.05

0.63

1.01

4.35 ±0.04 23.05 ±0.49 29.02a±0.64
2.51d±0.11 3.62c±0.20 4.14b±0.34
1.80e±0.19 16.59b±0.80 19.46a±1.03
0.15b±0.01 0.12b±0.00 0.20a±0.00
5.17f±0.15 20.33c±0.54 27.13b±1.12
0.58
f

0.22
d

de

a

2.97 ±0.20 19.25 ±0.22 2.80e±0.29
6.45d±0.32 19.33a±0.23 3.20g±0.32
0.34cd±0.03 7.91a±0.35 1.14b±0.12
0.15bc±0.02 1.32a±0.13 0.20b±0.02
0.13c±0.02 4.19a±0.31 0.12c±0.03
0.21de±0.02 5.82a±0.13 1.34b±0.12
2.14c±0.25 0.01f±0.00 0.00f±0.00
3.48c±0.12 0.08f±0.01 0.40f±0.03

2.94 ±0.09
5.87e±0.17
0.12de±0.03
0.08cd±0.01
0.79b±0.03
0.10ef±0.02
1.85d±0.08
2.93d±0.08

4.45 ±0.04
10.71c±0.61
0.13de±0.01
0.18b±0.03
0.08c±0.04
0.14de±0.02
3.92b±0.12
6.26b±0.57

1.76 ±0.05
3.96f±0.27
0.07e±0.01
0.03d±0.02
0.05c±0.01
0.02f±0.01
1.59e±0.04
2.20e±0.22

49.04g±0.56 48.71h±0.95
24.06f±0.36 24.01g±0.55
26.89b±0.51 27.28a±0.71

50.58f±0.89
31.88a±0.40
17.54c±0.10

60.29c±1.02 57.50e±0.79 60.87b±1.15 59.86d±0.95 90.90a±1.57
28.36c±0.74 30.82b±0.29 28.34d±0.32 27.19e±0.82 5.06h±0.11
11.35f±0.15 11.69e±0.17 10.79g±0.15 12.95d±0.56 4.04h±0.10

XXX
X
XXXX
XX

XX
X
XXXX
XX

XX
XX
XX
XX

Tr
XXX
XXXX

3.25 ±0.16
6.22d±0.30
0.39c±0.03
0.20b±0.06
0.72b±0.09
0.35c±0.06
1.59e±0.04
2.97d±0.14

0.21

XXX
X
X
XXX
X

XXX
X
X
XXX
-

XXX
XX
XXX
X

XXXX
-

TOC: Total organic carbon, DOC: Dissolved organic carbon, O.M.: Organic matter, FeOx: Iron oxides, MnOx: Manganese oxides, AlOx: Aluminum
oxides, CECe: Effective cation exchange capacity, CEC: Cation exchange capacity. tr: <3%, X: 3–10%, XX: 10–30%; XXX: 30–50%, XXXX:
>50%. For each parameter, values followed by different letters differ significantly with P<0.05.

the DF follows the same pattern as the TF while that the
UA is similar to the MU.
The effective CEC (CECe) is low for most soils (<6
cmol(+) kg-1), only the A horizon of TF has an appropriate
value (19.25 cmol(+) kg-1), which is attributable to the near
neutral pH due, among other factors to the high content of
exchangeable Ca and Mg: 4.19 and 5.82 cmol(+) kg-1 and
almost total absence of exchangeable Al, to organic matter content and to the presence of vermiculite in the clay
fraction.
Although the Dystric Fluvisol was developed on amphibolite, it should be noted that the colloidal fraction is
composed by organoferric and organoaluminum complex
and by low degree of order compounds rich in Al and Fe.
Therefore, as demonstrated by [26,27], with these
colloids, the reactive surfaces are essentially those of the
different aluminous compounds present in colloidal fraction, both organic and inorganic, and also primary minerals, on the alteration way, coming from the parent matter.
These minerals already show a certain transformation
with occurrence of secondary phases, mainly gibbsite, more
or less crystalline, Fe hydroxides, and low crystallinity
clays of 1:1 type.
Horizons with higher clay content are UA.A and
UA.Bw, while the smaller proportion of clay is in the
TF.G horizon.

The mineralogical analysis of the clay fraction of all
the soils shows that the most abundant mineral is kaolinite
except in the two horizons from DF dominated by gibbsite.
According to various literature sources [28-31] the
gibbsite has a high sorption capacity. It is therefore remarkable that, in the A horizons, as in the Bw, the kaolinite and gibbsite abundance is variable, being present at all
of them, except in the Bw horizon from the Mollic
Umbrisol.
The A horizon of DF and the two of MU contain the
interstratified chlorite / vermiculite in their clay fraction.
The abundance of vermiculite is decisive in the ability of
Pb sorption on clay fraction. It has been shown that the
vermiculite is one of the principal actors contributing to
the Pb sorption capacity [28-31].
The soil characterization indicates that those selected
for this study show different component and properties
values which regulate the Pb mobility and fixation. Selected soils are suitable to research the Pb fixation, fractionation and, therefore, mobility and potential availability.
3.2. Total amount and fractionation of Pb sorbed

The amount of Pb sorbed in the soil horizons is, in
general, high due to the high concentration used, which
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varied between 276 mg kg-1 in the DF.A horizon and 83 mg
kg-1 in UA.Bw (Table 3). Arranging these horizons according to the higher or lower amount of Pb sorbed, the sequence was:
DF.A > UA.A > MU.Bw > TF.A > MU.A > TF.G >
DF.Bw > UA.Bw
We found that in general, the surface horizons retain
more Pb than the subsurface horizons, except in the case
of the Mollic Umbrisol. These results coincide with several studies that attribute Pb sorption in soil to the content
of organic material, Mn oxides, amorphous and crystalline Fe, the CECe and the mineralogical variety of the
clay [28, 32].
The A horizon of the Dystric Fluvisol sorbs the most
Pb (276 mg kg-1), mainly due to its high content of organic material, amorphous Fe oxides, Al and the mineralogical variety of the clay fraction (Tables 2-4). However, in
the Bw horizon of the Dystric Fluvisol, the amount of Pb
sorbed (109 mg kg-1) is much less, as a result of which
these features have much lower values (Table 2 and 3).
Similar results were obtained in the Umbric Acrisol,
in which the surface horizon fixed much more Pb (182 mg

kg-1) than the subsurface horizon (87 mg kg-1), also a result
of the higher contents of organic matter, amorphous Fe
oxides and the higher CECe of the UA.A (Tables 2 and 3).
The virtually neutral pH and high CECe of the A
horizon, as well as the basic pH in the G horizon of the
Thionic Fluvisol are the properties that have the most
influence on the sorption of Pb (134 and 104 mg kg-1of
sorbed Pb, respectively) in line with the results of several
authors [28-31,33].
As previously mentioned, the Mollic Umbrisol is the
only soil in which the amount of Pb that is sorbed is higher in the B horizon than in the A horizon (Table 3). The
amount of organic material in both is similar, and so the
higher content of Fe, Mn and Al oxides in the B horizon
is the factor that most influences the higher retention of
Pb (Tables 2 and 3) [30,33,34].
Table 3 shows the results obtained in the sequential extraction. The exchangeable fraction of Pb is the fraction that
is immediately available for the plants. All of the soil components contribute to this fraction, mainly organic material,
Fe, Mn and Al oxides, and the clay fraction [30, 31]. This
fraction is comprised of metal ions that are weakly bonded

TABLE 3 - Pb content in each fraction from each soil horizon.
Horizon/Fraction
F1
F2
F3
F4
F5
F6
(mg kg-1)
b, a
b, b
c, b
bc, c
b, d
a, d
UA.A
128.2 ±15.8
21.6 ±1,9
19.7 ±1.1
10.2 ±1.7
0.5 ±0.0
1.6 ±0.8
UA.Bw
70.3e, a±4.2
9.3d, b±0.5
5.0f, c±0.5
2.0d, d±0.2
0.2b, e±0.0
0.2b, e±0.1
a, a
a, c
a, b
a, d
,e
DF.A
155,1 ±11.4
37.8 ±2.6
63.9 ±2.6
17.9 ±1.0
1.1ª ±0.2
ul
DF.Bw
84.1d, a±5.2
10.9c, bc±0.8
6.6e, c±0.2
6.2c, c±0.5
0.6ab, d±0.1
0.2b,d±0.0
MU.A
71.7e,a±1.3
11.0c, c±0.6
19.5c, b±0.6
8.6bc, c±0.9
0.5b, d±0.0
0.4ab, d±0.0
MU.Bw
103.2c, a±2.3
12.8bc, c±0.6
26.7b, b±3.1
11.7b, c±2.7
0.6ab, d±0.1
1.5a, d±0.4
TF.A
103.0c, a ±5.2
10.3c, c ±0.7
19.5c, b±0.1
11.5b, c ±0.1
0.6ab, d±0.1
0.6ab, d±0.1
TF.G
96.1cd, a ±0.9
4.8e, c ±0.1
10.2d, b±0.3
1.6d, d±0.0
0.2b, e±0.0
ul
F1: Exchangeable fraction. F2: Organic matter fraction. F3: Mn oxide fraction. F4: Amorphous Fe oxide fraction. F5: Crystalline Fe oxide fraction
F6: Residual fraction. ul: undetectable level. In each column, values followed by the different bold letter differ significantly (P < 0.05). In each row,
values followed by the different italic letter differ significantly (P < 0.05).

TABLE 4 - Mineralogical analysis before and after Pb sorption.
Mineral (%)
Alb
Mcl
Mus
Ka
Gb
Chl
Nitratine
Pb(NO3)2
UA.A
66.0 b, a ±2.0
5.8g, e±0.4
6.7i, d±0.6
10.1f, b±0.8
7.4c, cd±0.7
4.0c, f±0.4
up
up
up
b, a
i, e
j, c,
e, b
e, c
d, d
e, c
UA.A+Pb
68.0 ±2.0
1.7 ±0.1
4.4 ±0.4
14.4 ±0.9
4.2 ±0.4
2.5 ±0.2
up
4.9 ±0. 5
iup
UA.Bw
59.1 c, a ±1.4
3.5h, e±0.3
up
19.2d, b±1.2
11.9a, c±0.8
6.4b, d±0.7
up
up
up
UA.Bw+Pb
75.4a, a±2.1
4.0gh, d±0.4 6.6 i, b±0. 6
5.4g, c±0.4
3.7e, d±0.6
1.1e, e±0.1
up
3.9f, d±0. 3
iup
f, a
a, b
h, c
f, d
e, f
cd, f
c, e
DF.A
35.6 ±1.2 29.1 ±1.5 11.0 ±0.7
9.8 ±0.7
3.7 ±0.5
3.0 ±0.2
8.0 ±0.8
up
up
DF.A+Pb
31.1g, a ±1.2 14.0 e, c±0.9 19.5c, b ±1.2 8.8f, e±0.79
6.7d, e±0.6
3.0cd, f±0.4
7.0cd, de±0.7 10.0b, d±0.8
iup
DF.Bw
27.8 h, a ±1.09 11.7ef, d±0.8 13.8g, c ±0.9 23.4bc, b±1.1
9.2b, e±0.8
14.2a, c±1.0
up
up
up
DF.Bw+Pb
30.3 g, a ±1.2 13.6 e, b±0, 9 29.7 a, a±1, 4 8.6fg, c±0.7
7.7c, c±0.7
4.2c, e±0.4
up
5.9d, d±0.3
iup
MU.A
43.2 d, a ±1, 5 20.1 c, b ±1.2
up
24.7 b, b±1.3
6.0d, c±0.6
up
6.0d, c±0.6
up
up
MU.A+Pb
50.5 c, a ±1, 7
9.5f, c±0.8
up
16.6de, b±1.0 7.0cd, e±0.7
up
8.4c, cd±0.6
7.9c, cde±0.8
iup
d, a
e, c
a, b
ef, e
b, d
MU.Bw
45.7 ±1.7 13.6 ±0.9
up
27.4 ±1.8
3.5 ±0.3
up
9.8 ±0.9
up
up
MU.Bw+Pb
35.6 f, a ±1.3
5.8g, f±0.4
up
22.3c, b±1.0
9.0b, e±0.8
up
12.3a, d±0.8
15.0a, c±1.0
iup
TF.A
38.7 e, a ±1.4 24.8 b, b ±1.2 17.49 d, c±1.1 15.4 de, d±1
3.6ef, e±0.3
up
up
up
up
TF.A+Pb
38.4 e, a ±1.4 20.9 c, b ±1.2 18.0 d, c ±1.1 13.3e, d±0.8
1.9g, f±0.3
up
up
7.6c, e±0.7
iup
bc, a
c, b
e, c
g, d
f, f
TF.G
54.8
±1.8 20.2 ±1.1 16.0 ±1.0
6.1 ±0.5
3.1 ±0.4
up
up
up
up
TF.G+Pb
55.5 bc, a ±1, 8 16.4 d, c±1.0 20.9 b, b ±1.2 1.3h, e ±0.1
1.0g, e±0.1
up
up
4.8e, d±0.4
iup
Q: Quartz; Alb: Albite; Mcl: Microcline; Mus: Muscovite; Ka: Kaolinite; Gb: Gibbsite; Chl: Chlorite; iup: identified, but unquantified phase; up:
undetected phase. In each column, values followed by the different bold letter differ significantly (P < 0.05). In each row, values followed by the
different italic letter differ significantly (P < 0.05).
Soil

Q
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or sorbed to the solid phase [35], which are easily mobilizable [36] and are therefore available for the biota[37]
and the majority of the added Pb is mainly in exchangeable form (Table 3). Its content varies in the different soils
between 155.1 mg kg-1 in DF.A to 70.3 mg kg-1 in UA.Bw.
We also observed that the surface horizons have the highest Pb content in this fraction, except in the case of the
Mollic Umbrisol, in which it is higher in the subsurface
horizon (Table 3).
We verified that the total organic carbon and amorphous Fe oxide contents, as well as the CECe, are highly
correlated with the exchangeable Pb content (Table 5). This
means that horizons such as DF.A, UA.A and TF.A have a
high exchange capacity, which indicates a large number of
exchange positions, or adsorption sites that are directly
connected to the high contents of organic material and
amorphous Fe oxides, which determine the large amount of
Pb sorbed in exchangeable form.
For this metal, the fraction bound to the organic material is affected by factors such as this soil component’s
high affinity for Pb2+ and that it decisively contributes to
fixation reacting with this ion, which affects its availability [24, 33, 34, 38]. The interaction of the Pb2+ with the
organic material in the soil leads to the formation of soluble and insoluble complexes, mainly with the humic and
fulvic acids [39].
The results obtained in the sequential extraction reveal
that in general, the higher the organic material content in
the soils, the higher the amount of Pb sorbed in this fraction
(Tables 2 and 3). Its content varies from 4.8 mg kg-1 in
TF.G to 37.8 mg kg-1 in DF.A. The A horizon of the Dystric Fluvisol, which has the highest organic material content, also has the highest Pb content associated with this
fraction (Tables 2 and 3). We obtained similar results for
the Thionic Fluvisol and the Umbric Acrisol, in which the
surface horizons also have a high Pb content associated
with this fraction (Tables 2 and 3). Therefore, in these soils
the organic material, especially in the A horizons, particularly contributes fixing Pb [30, 31, 40], reducing its mobility and transferral to other parts of the ecosystem.
A close positive correlation was established not only
between the organic material content and the Pb content
associated with this fraction, as would be expected, but also
between the Pb content and the contents of Mn and Al
oxides, as well as amorphous Fe oxides (Table 5). This
indicates that at least partly, the Pb associated with the
organic fraction is not only retained in it, but also in or-

ganomineral complexes of the soil that are formed by
organic material and oxides, which contributes to increasing the sorption of Pb2+ [41].
The Mn oxides are present in the soil as concretions
and discrete particles with colloidal dimensions, and numerous authors have described their great affinity for metallic ions [28-31]. In line with the results obtained by these
authors, our results show that despite their relatively low
abundance in the soils (Tables 2 and 3), the amount of Pb
associated with this fraction is high.
Also, the amount of Pb that is sorbed is higher in the
surface horizons of the Dystric Fluvisol, Umbric Acrisol
and Thionic Fluvisol. The amount of Pb associated with
these oxides is only higher than in the surface horizon in
the Mollic Umbrisol with a higher content of Mn oxides
in the B horizon (Tables 2 and 3).
We established a high correlation between the amount
of Pb2+ associated with the Mn oxides and the organic
material content (Table 5), which once again indicates that
this ion is sorbed in the organomineral complex formed by
both components, which explains which horizons with high
organic material contents, such as DF.A or UA.A, have
high Pb contents associated with the Mn oxide fraction
(Tables 2 and 3).
In terms of the amount of Pb associated with the amorphous Fe oxides, this is higher in the horizons of soils with
a higher content of them. DF.A is the horizon that retains
most Pb in this fraction (17.9 mg kg-1), while the Pb associated with these oxides in the horizons such as UA.A,
TF.A and MU.Bw, which have a lower content of this
component, is around 11 mg kg-1 (Tables 2 and 3). These
results coincide with those of [42], who demonstrated that
the high heavy metal contents associated with amorphous
Fe oxides depend on their abundance in the soil, as their
high specific surface favours sorption [43].
We established a high correlation between the Pb
content associated with the amorphous Fe oxides, and
between the latter and the organic matter and the CECe.
These oxides and the organic material contribute to the
CECe, explaining the results showing that horizons such
as TF.A, with a high CECe, and DF.A, with a high organic material content, are those that contain a higher
amount of Pb associated with the amorphous Fe oxides
(Table 5).
In turn, the crystalline Fe oxides sorb very little Pb,
mainly due to their low surface area [43]. The small amounts

TABLE 5 - Correlation coefficients.
Operationally defined fraction
Exchangeable Pb
Pb bound to organic matter
Pb bound to Mn oxides
CECe
0.70**
0.80**
0.84**
TOC
0.83**
0.94**
0.96**
Amorphous FeOx
0.70**
0.91**
0.72**
AlOx
nc
0.80**
0.84**
nc: no correlation. **: Significant correlation at 0.01 (bilateral).
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Pb bound to amorphous Fe oxides
0.98**
0.90**
0.90**
0.81**

© by PSP Volume 23 – No 4. 2014

Fresenius Environmental Bulletin

TABLE 6 - Pb fraction percentage in each soil horizon.
Fraction (%)
F1
F2
F3
F4
F5
F6
UA.A
70.5d, a±2.1
11.9b, b±1.2
10.8d, c±1.1
5.6a, c±1.1
0.3c, e±0.1
0.9a, d±0.1
b, a
c, b
e, c
c, c
c, d
c, d
UA.Bw
80.9 ±2.8
10.7 ±1.1
5.7 ±1.1
2.3 ±0.7
0.2 ±0.1
0.2 ±0.0
DF.A
56.2f, a±1.5
13.7a, c±1.2
23.2a, b±1.9
6.5b, c±1.3
0.4 ab, d±0.1
ul
DF.Bw
77.5c, a±2.1
10.0c, b±1.2
6.2f, cb ±1.2
5.8b, c±1.1
0.5a, d±0.1
0.2d, e ±0.0
e, a
c, d
b, b
a, c
ab, d
b, d
MU.A
64.2 ±1.7
9.8 ±1.1
17.5 ±1.4
7.7 ±1.3
0.4 ±0.1
0.4 ±0.1
MU.Bw
65.9e, a±1.7
8.2cd, d±1.1
17.1b, b±1.3
7.5 ab, c±1.3
0.4b, e±0.08
1.0a, d±0.1
TF.A
70.8d, a±1.8
7.1d, d±1.1
13.4c, b±1.4
7.9a, c±1.5
0.4 ab, d±0.1
0.4b, d±0.1
TF.G
85.2a, a±2.4
4.3e, d ±1.1
9.0e, b±1.1
1.4c, c±0.7
0.1d, d±0.0
0.1e, e±0.0
F1: Exchangeable fraction. F2: Organic matter fraction. F3: Mn oxide fraction. F4: Amorphous Fe oxide fraction. F5: Crystalline Fe oxide fraction.
F6: Residual fraction. Ul: undetectable level. In each column, values followed by the different bold letter differ significantly (P < 0.05). In each row,
values followed by the different italic letter differ significantly (P < 0.05).
Horizon

that are fixed are in a non-available form and are the least
mobile, except those associated with the residual fraction.
This means that the amount of Pb fixed by these oxides is
much lower than that associated with the amorphous Fe
oxides (Table 3). The DF.A horizon fixed the largest
amount of Pb in this fraction (1.1 mg kg-1), while horizons
such as TF.G only sorbed 0.2 mg kg-1 (Table 3).
The residual fraction has the lowest mobility in the
soil, and together with the previous fraction, is the one
that retained the least Pb (Table 3).
Using these results, we studied the influence of the
different soil components on the distribution of the Pb
sorbed between the different geochemical phases in each
of the horizons examined. In all of them, the percentage
of exchangeable Pb represents more than half of the total
amount sorbed, varying between 56.2 % in DF.A and 85.2 %
in TF.G. Also, the percentage of exchangeable Pb is higher
in the subsurface horizons, from which we can deduce
that they are less able to fix this metal (Table 6). The Pb
associated with the organic material represents between
4.3 % in TF.G and 13.7 % in DF.A and increases according to the organic material content in the soil horizons
studied (Tables 2 and 6).
As previously mentioned, the manganese oxides have
a high capacity to sorb many heavy metals, with Pb having the highest affinity for these oxides [44]. Also, [30,
33, 34] indicated that the maximum sorption for soil
components decreases in this order: manganese oxides >
organic material > iron oxides > clay minerals, results that
coincide with the majority of the soils examined in this
study, except for the Umbric Acrisol and the B horizon of
the Dystric Fluvisol, in which the percentage of Pb associated with the organic material is higher (Table 6). Also,
the proportion of Pb associated with Mn oxides in the A
horizons varies between 10.80 % (UA.A) and 23.17 %
(DF.A), while in the B horizons, only the Mollic Umbrisol (17.07 %) exceeds 10% (Table 6).
The results show that the percentage of Pb associated
with amorphous iron oxides, which varies between 1.35 %
in TF.G, and 7.91% in TF.A (Table 6), is lower than the
figure for this metal associated with organic material and
Mn oxides. As mentioned above, despite being abundant

(Table 2), the crystalline Fe oxides fix a very low proportion, which is always less than 1% of the total amount
sorbed, of between 0.13 % (TF.G) and 0.51% (DF.Bw).
3.3. Mineralogical analysis

In order to verify if the treatment of soils with a high
Pb concentration in an acid medium affected the mineralogy of the soils, we carried out a mineralogical analysis of
samples from each horizon before and after the treatment.
Diffractograms of crystalline powder were obtained and
the crystalline phases present in all of the samples were
quantified (Table 4).
The mineralogical analysis (Table 4) confirmed that
the main mineral in the original horizons is quartz, and to
a lesser extent albite, muscovite, microcline (except in
MU.A, MU.Bw and UA.Bw) and kaolinite. Only UA.A,
UA.Bw and DF.A contain gibbsite, while chlorite is present in MU.A, MU.Bw and DF.A (Table 4).
The treatment with Pb considerably altered the mineralogy of the horizons that were studied. As previously
mentioned, the Pb was added in an acid medium, and this
acidity directly affected the most labile crystalline phases,
which were altered, leading to changes in the mineralogical composition of the soils (Table 4). In general, we saw
a reduction in the content of less stable minerals such as
albite and muscovite, giving rise to alteration processes
and in increase in the amorphous phases (Table 4) involved in the sorption of Pb, whose presence was verified
by FE-SEM.
The results indicate that quartz is the mineral that is
most resistant to the acid medium, and therefore the one
that is least affected by adding the solution of Pb2+. In general, the proportion of quartz increased due to the reduction
of the other crystalline phases, and the fact that part of them
were transformed to become amorphous (Table 4).
As previously indicated, apart from the alteration of
the minerals present in the soil, in the horizons treated
with Pb we saw the formation of new crystalline phases
such as nitratine (Table 4), which can be attributed to having used NaNO3 as the base electrolyte in the sorption
experiments, to the addition of Pb as a nitrate and the
existence of low stability silicates that contain Na and are
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FIGURE 1 - Umbric Acrisol: Gibbsite and organic matter (EDS) containing Pb in the A horizon (a); Pb fixed to amorphous oxyhydroxides of
Fe associated with albite, muscovite and gibbsite in the B horizon. (b) Microphotograph of a neoformation salt (nitratine): TG.G horizon (c).
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altered in acidic mediums. We also detected the presence
of Pb(NO3)2, a result of the addition of Pb2+ as a nitrate
(Table 4).

a

3.4. Scanning Electron Microscopy

Recent studies have shown that the FE-SEM technique is ideal for identifying a wide range of minerals and
nanocrystals [45,46] and studying the sorption of heavy
metals on the surface of soil components [47].
In this study, we carried out FE-SEM analyses of the
original soils and those that were treated with Pb2+, in
order to analyse the transformation of the original materials and the increase in Pb in the treated horizons. The
images obtained from the contaminated samples were
used to confirm the XRD results and to verify if new
amorphous and crystalline phases were formed.
The results obtained from the FE-SEM images show
that gibbsite plays a very important role in the sorption of
Pb. In soils that contain this mineral, such as the Umbric
Acrisol (horizon B), the added Pb was sorbed on interacting with amorphous hydroxy compounds of Fe, in turn
associated with albite, muscovite and gibbsite (Figure 1).
These results coincide with the findings of other cited
studies in which the Pb portion was verified by gibbsite,
whose presence and abundance in the soil significantly
increases the sorption capacity.
In turn, the EDS (Figure 1) of the A horizon of this
soil (one of those with the highest organic material content, see Table 2) shows that the aggregates formed by the
association of the organic material with the gibbsite influence the sorption of Pb, a metal with a great affinity for
organic material, as demonstrated by different authors
[28,29,48].
The scanning electron microscope analysis also revealed the formation of nitratine as a result of the addition
of Na (Figure 1) and the presence of amorphous aluminium clays of kaolinite in the original and treated soils
(Figure 2) with different, mainly spherical shapes, in the
soils developed over granite (Thionic Fluvisol) and amphibolite (Dystric Fluvisol), which as indicated by [49]
probably constitute a metastable form of kaolinite with a
low degree of order and crystallinity. The images obtained by FE-SEM made it possible to see that the Pb gels
produced were sorbed on the surface of these spheres
(Figure 2), and that they can break down these spheres,
giving rise to partially altered materials, such as amorphous and residual mixtures of kaolinite, on which the
added Pb is also sorbed (Figure 2).
On soils developed over granite or which originate
from this type of rock, such as Thionic Fluvisol, these
spheres may be a result, according to [27], of the alteration of feldspar-type minerals (microcline in the case of
the soils we studied), leading to the formation of kaolinite-type minerals with a low crystallinity. The presence of
spherical kaolinite particles in this soil (Figure 2) constitutes a metastable phase which, according to [49,50], owe
their formation to dissolution/precipitation processes.

b

c
FIGURE 2 - Amorphous sphere of Al-Si-O-Fe with Pb gels on its
surface in TF.A (a). DF.A soil: Pb gels on the surface of amorphous
aluminium clays (b); Pb gels inside pores and on the surface of noncurved packets of aluminium clays (c) Da: diameter, Db: surface of
the sphere).

The Dystric Fluvisol developed over amphibolite also
contains spherical particles of kaolinite. Amphibolites are
hard rocks that are highly resistant to meteorization
agents, whose hydrothermal alteration produces chlorite
and kaolinite with a low and high crystallinity [26]. This
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rock barely contains alterable primary minerals, and
therefore the reactive surfaces are essentially sesquioxides
with a high Fe content, and to a lesser extent the Al-OH
bonds on the edge of the kaolinite and OH groups that are
lost during the alteration process, resulting in amorphous
forms, which coincides with the results obtained (Figure 2).
Also, due to the acid treatment, we detected the formation of pores and thick non-curved packets of amorphous aluminium clays in which the Pb was sorbed, leading to a transitional morphology that may evolve towards
flat packets or sheaves, morphologies that are more typical of kaolinite (Figure 2). Although soil samples were
highly polluted with Pb and experimental conditions are
not always comparable to field conditions, the results can
help on understanding the influence of soil properties and
components on Pb retention. Therefore, the results from
this study will be usefull for next research steps on soil Pb
retention as XRD and FE-SEM are usefull tools for understanding the soil components capability for retaining
pollutants.
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4. CONCLUSIONS
The soil horizons with a high content of organic material, Mn oxides, amorphous Fe oxides, Al, a higher
mineralogical variety in the clay fraction and a high CECe
were those that sorbed the highest amount of Pb.
The Mn oxides and organic material are the soil components that sorbed the most Pb, and the crystalline Fe
oxides and residual fraction are those that sorbed the least.
The majority of the Pb that was added was weakly
fixed in exchangeable form, and due to its high mobility,
it is necessary to reduce or avoid spills that contain it.
The interaction between the organic material and the
Mn and Al oxides, as well as the amorphous Fe oxides,
together with a high CECe, favours the sorption of Pb.
The use of XRD and FE-SEM techniques combined
with sequential extraction was an effective tool for understanding soil sorption.
The addition of Pb, in an acidic medium, produced alteration reactions, as well as the transformation of the
most labile primary minerals. Some crystalline phases
have diminished and others such as nitratine have formed.
There is an increase in the amorphous content.
In the soils developed over granite and amphibolite,
spherical and curved particles of aluminium clays were
detected that had undergone decomposition processes,
with the treatment carried out resulting in in pores and
thick non-curved packets of amorphous aluminium clays
with a high capacity to sorb Pb.
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ABSTRACT
Recently, enhanced urbanization and industrialization
in China have greatly influenced the content of heavy metals in suburban agricultural soils. Concentrations of Pb, Cr,
Cu, Ni, Zn and Cd in the top-soils (0-10 cm) from suburban vegetable soils in Changchun City (CC), Dehui County
(DH) and Nongan County (NN) of Jilin were measured
in the study. The median values of the heavy metals in
all samples were 26.34, 58.26, 19.52, 26.94, 74.46 and
0.11 mg kg−1 for Pb, Cr, Cu, Ni, Zn and Cd, respectively.
Compared with the background value of Jilin soil, the
concentrations of the heavy metals studied in vegetable
plots exceeded their corresponding natural-background
values. The variations of median concentrations for Pb,
Cu and Zn in soils followed the order of CC > DH > NN.
The results of principal component analysis (PCA) indicated that Cr and Ni concentrations were mainly of natural origin, while Cu, Zn and Cd were derived from anthropogenic activities, and Pb tended to be from both sources.
The integrated pollution index (IPI) value of the metals
varied from 0.90 to 2.74 with an average of 1.33, indicating that most of the soils were moderately contaminated
by heavy metals. The findings presented here showed that
the level of industry development is an important factor in
determining the extent of heavy metal accumulation and
the level of pollution in some suburban vegetable fields of
CC, DH and NN was very high.

China, the agriculture has been still the main base for China’s economy. Vegetable production in suburban areas is
now a key sector of the regional agricultural economy [1,
2]. These soils have also been influenced by other pollutant
activities such as the use of manures, sewage sludge disposal or aerial fallout from industrial activities [3].

Soil pollution has become an important environmental issue in China due to changes in the land use pattern
over the last few decades. Although the industrial sector
has contributed much to economic development in

Considering the different kinds of contaminants, heavy
metals are especially dangerous because of their persistence
and toxicity [4]. With the increasing demand for metals
during the course of industrialization and urbanization, more
and more pollutants containing heavy metals were let out
and went into the soil, so the soil contamination by heavy
metals has become widespread in China [4-8]. Suburban
vegetable soils may be contaminated by trace elements as
a result of industrial activities, e.g., mining and smelting of
metalliferous ores, and agricultural practices, e.g., application of metal-contaminated fertilizers, sewage sludges and
other biosolids [9]. Anthropogenic activities, such as agricultural practices, can strongly influence element concentrations in soil environment [10, 11]. Mineral fertilisers,
primarily phosphate fertilisers, and animal manure, can increase the levels of certain elements in soil. Moreover,
addition of sewage sludge and some types of compost may
cause the enrichment of heavy metals in soil [10]. In suburban areas, the use of industrial or municipal wastewater
is common practice in many parts of the world [12-14].
The impact of anthropogenic activities on the accumulation of elements, especially heavy metals in arable soil is of
great concern, because of the potential transfer of heavy
metals through crops to animals and humans. It is known
that serious systemic health problems can develop as a
result of excessive accumulation of dietary heavy metals
such as Cd, Cr, and Pb in the human body [15]. Most of
the pollutants have adverse effects on the health of young
children because they have higher rates of absorption due
to their active digestive systems [16]. Heavy metals may
accumulate in a child’s body and affect the central nervous system, causing heavy metal poisoning and acting as
cofactors in many other diseases [16].

* Corresponding author

The ongoing rapid economic boost in China for the
past three decades has put a great burden on soil. There

KEYWORDS: Vegetable soils; Suburban; Heavy metals; Pollution
index; Comparative assessment; Source identification
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are, of course, different levels of economic development
between countries, and even within countries, regarding the
transportation, commerce, industry and agriculture. The
different economy degrees of cities would bring different
impacts on the pollution of heavy metals in suburban vegetable soils. Liu et al. [17] reported that the average As,
Hg, Cu, Zn, Pb, and Cr contents in vegetable and paddy
fields of an industry-based peri-urban area in Wuxi,
Jiangsu Province, China were much higher than those in
Shandong vegetable soils [18]. The average Hg, Zn, Pb,
Cr, and Cd contents in 119 agricultural top soil samples
around Guangzhou, Guangdong Province, China, were also
much higher compared with Shandong [19]. However, the
comparison between different regions over the China is
difficult owing to the great differences of the parent materials, thus it is very important and necessary to study the
heavy metal pollution of suburban vegetable soils from
different cities or counties in a small region.
Known as the first heavy industrial base since the establishment of the People's Republic of China, Changchun has made great contributions to the economic development of China. However, the rapid economic development in Changchun over the last two decades has led to
significant release of waste into the urban environment
and placed great pressure on the local environment, including heavy metals contamination of urban soils, such
as Cd, Cu, Pb and Zn [20, 21]. The counties of Dehui and
Nongan, around Changchun City, have been traditionally
associated with agricultural activities and they are the
base for commercial grain production. Most of previous
studies of heavy metal contamination in soils have focused on the capital cities, while little attention has been
paid to the counties, and the comparative discussion on
heavy metal pollution in suburban vegetable soils of
Changchun, Dehui and Nongan has not been reported yet.
The purposes of this study were (1) to determine the concentrations of Pb, Cr, Cu, Ni, Zn and Cd in suburban
vegetable soils of Changchun, Dehui and Nongan; (2) to
identify the potential sources of heavy metals; and (3) to
compare and assess the heavy metal contamination in suburban soils.
2. MATERIALS AND METHODS
2.1. Study Site

The study sites are located in suburban areas of
Changchun City (43°17′~44°5′N, 125°3′~125°34′E), Dehui
County (44°02′~44°53′N, 125°14′~126°24′E) and Nongan

Country (43°55′~44°55′N, 124°31′~125°45′E). Changchun City is the capital of Jilin Province and an important
social-economic center of northeastern China located in
the hinterland of the Northeast Plain. The city occupies an
area of 20604 km2, with 4906 km2 classified as urban
area. Dehui and Nongan are attached to the urban area of
Changchun. The climate of study area is dominated by
northerly continental monsoons, characterized by long
and cold winter and generally short and warm summer.
The average annual temperature is 4.8°C with the highest
temperature in summer is 39.5 , the lowest temperature
in winter is -39.8 , and the average annual rainfall is
569.6 mm. The geology of this region consists of Quaternary alluvial–diluvial deposits and the natural soil types in
the study area are mainly black soil, dark brown soil and
meadow soil according to the Classification and codes for
Chinese soil (National standard, GB/T 17296–2009) recommended by General Administration of Quality Supervision, Inspection and Quarantine of the P.R.C. (AQSIQ,
2009). The development levels of agriculture and industry
were different among CC, DH and NN (Table 1).
2.2. Sampling

The whole area was divided into cells of 1×1 km in
size in suburban areas of CC, DH and NN and then
screened out the typical vegetable fields to study. Soil samples were collected at 87 agricultural plots under vegetable
crops (Fig. 1) from 0-10 cm of topsoil. The randomly
collected samples from the surroundings of each site were
mixed thoroughly to obtain a bulk sample. About 1.0 kg
of each soil sample was collected using a stainless steel
spade and stored in polyethylene film bag after mixed for
lab analysis. All of the sample sites were recorded using a
hand-held global positioning system (GPS). The soils were
air dried at ambient temperature and crushed to pass a 2 mm
stainless steel sieve. Portions of soil samples (about 50g)
were ground to pass a 0.149-mm sieve and then stored in
plastic bags prior to chemical analysis.
2.3. Chemical analysis

The soil samples were digested in triplicate with the
mixture of HNO3, HCl and H2O2 using Method 3050B [22].
The concentrations of Pb, Cr, Cu, Ni and Zn were analyzed
with a flame atomic absorption spectrometer and those of
Cd with a graphite furnace atomic absorption spectrometer.
The standard reference material (GBW 07405 (GSS-5))
obtained from the Center of National Standard Reference
Material of China was used in the digestion and determination as part of the quality assurance (QA) protocol. Reagent

TABLE 1 - Economic development and demographic status of CC, DH and NN.
Name
CC
DH
NN

Population
(10000 persons)
364.8
83.72
111.56

Sown Area of Vegetables
(ha)
12547
18460
17191
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Output of Vegetables
(ton)
352946
782960
451862

Gross Industrial Output Value
(billion yuan)
6542
99
219
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FIGURE 1 - Sampling sites of suburban vegetable soils in CC, DH and NN.

blanks and analytical duplicates were included to ensure
the accuracy and precision of analysis. The recoveries for
the 6 observed metals were between 90% and 110%.
2.4. Statistical analysis

Principal component analysis (PCA) was performed
using SPSS 16.0. PCA with correlation coefficient analysis was applied to determine the natural or anthropogenic
source of heavy metals. Varimax rotation was applied
because orthogonal rotation minimizes the number of variables with a high loading on each component and facilitates
the interpretation of results. Spatial analysis by GIS was
also used to graphically and digitally present the distribution of the studied trace metals and the distribution maps
were created using Arc Map 10 software. In order to as-

sess the soil contamination degrees and to estimate their
possible impact on the human health, the pollution index
(PI) and integrated pollution index (IPI) [23] were calculated for each studied station.
PI is defined as the ratio of the metal concentration to
the geometric means of background concentration of the
corresponding metal:

PI

= Ci / Si

(1)

where PI is the evaluation score corresponding to
each sample, Ci is the measured concentration of the examined metals in the soils, and Si is the geochemical
background concentration of the metals. The PI of each
metal was calculated and classified as either low (PI ≤ 1),
middle (1 < PI ≤ 3), or high (PI > 3) [23].
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IPI is defined as the mean values for all the pollution
indexes (PI) of all considered metals:

IPI

=

1
n

n

∑ PI

(2)

i

i=1

where n is the number of metals considered in the
study. The IPI of the six metals for each park and square
was defined as the mean value of the metal’s PI [23], and
was then classified as low (IPI ≤ 1), middle (1 < IPI ≤ 2),
or high (IPI > 2).
3. RESULTS
3.1. Heavy metal contamination

Concentrations of Pb, Cr, Cu, Ni, Zn and Cd in the
suburban vegetable soils of CC, DH and NN, together
with soil background values of Jilin, are presented in
Table 2. The concentrations of all heavy metals had wide
ranges. The concentrations of Pb, Cr, Cu, Ni, Zn and Cd
varied from 17.66 to 46.11, 39.64 to 82.93, 11.66 to
64.72, 18.85 to 43.11, 51.19 to 142.65, and 0.0248 to
0.6263 mg kg−1, respectively. The highest concentrations
of Pb, Cr, Cu, Ni, Zn and Cd were 1.0-, 0.7-, 3.3-, 1.1-,
1.3- and 5.6-fold higher than the BC, respectively. Based
on the mean concentration, the components in soils arranged in the following decreasing order: Zn > Cr > Pb >
Ni > Cu > Cd, and the values of Pb, Cu and Zn in CC
were higher than DH and NN.

3.2. Principal components analysis

The results of PCA for the metal concentrations in the
suburban soils are shown in Table 3. Two principal components could be got accounting for over 73% of the total
variance. The rotated component matrix indicated that Cu,
Zn and Cd were closely associated in the first principal
component (PC1), and Pb, Cr and Ni showed greater
values in the second component (PC2) and Pb was also
partially represented in PC1. The results implied that Pb,
Cu, Zn and Cd can be defined as anthropogenic components and may originate from similar pollution sources
such as the precipitation of aerosol particles released by
traffic and industrial activities [25-27], and the parent
materials of the soils may control the concentrations of Cr
and Ni [28-30] and Pb in part.
3.3. Assessment of the environmental quality for the suburban vegetable soils

The PIs, calculated for six elements (Pb, Cr, Cu, Ni,
Zn and Cd) based on the natural background values of
heavy metals in soils of Jilin, varied considerably from
low to high degree (Table 4). For Pb, Cr, Ni and Zn, the
mean PIs were 1.27, 1.23, 1.39 and 1.29, respectively, and
all of the samples had low or mid-level PIs, indicating
that there was no obvious pollution for these metals in the
suburban vegetable soils of CC, DH and NN. The PIs of
several samples for Cu and Cd were classified as High,
and varied considerably from 0.77 to 4.27 for Cu and
from 0.26 to 6.59 for Cd. The maximal PI for Cd was
6.59 and presented in one vegetable plot of NN. Thus, it

TABLE 2 - Heavy metal concentrations (mg kg−1) in the suburban vegetable soils of CC, DH and NN.
Metal

Minimum

Maximum

Mean

Median

SD

Pb
Cr
Cu
Ni
Zn
Cd

17.66
55.39
11.66
23.54
51.19
0.0248

25.11
74.79
63.20
33.49
128.51
0.6263

20.78
61.35
20.94
28.15
71.41
0.1367

21.07
59.78
17.07
27.76
65.44
0.0933

1.74
5.42
12.09
2.52
17.76
0.1339

Pb
Cr
Cu
Ni
Zn
Cd

20.80
56.31
13.03
29.17
65.18
0.0297

31.21
82.93
30.63
43.11
114.01
0.2945

24.58
72.57
19.95
35.69
76.26
0.0886

24.10
73.63
18.48
35.95
72.94
0.0627

2.76
6.73
5.53
3.52
13.88
0.0749

Pb
18.22
46.11
Cr
39.64
74.20
Cu
14.48
64.72
Ni
18.85
36.77
Zn
61.20
142.65
Cd
0.0521
0.2964
All suburban vegetable soils
Pb
17.66
46.11
Cr
39.64
82.93
Cu
11.66
64.72
Ni
18.85
43.11
Zn
51.19
142.65
Cd
0.0248
0.6263
BC Background concentrations in the soils of Jilin [24].

31.66
55.19
22.66
25.79
83.98
0.1347

31.03
53.90
20.45
25.54
78.43
0.1334

6.55
7.70
8.65
3.72
16.08
0.0536

28.10
59.20
21.86
27.81
79.94
0.1383

26.34
58.26
19.52
26.94
74.46
0.1158

7.10
9.36
9.16
4.86
16.89
0.0995

BC

CC

DH

NN
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22.16
48.29
15.15
20.07
61.79
0.0951
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TABLE 3 - Total variance explained and component matrix for heavy metals in the suburban vegetable soils.
Component

Initial eigenvalues
% of
Cumulative
variance
(%)
1
2.458
40.972
40.972
2
1.925
32.075
73.048
3
0.814
13.562
86.609
4
0.378
6.304
92.913
5
0.256
4.273
97.186
6
0.169
2.814
100.000
Metal
Component matrix
PC1
Pb
0.512
Cr
-0.003
Cu
0.823
Ni
-0.225
Zn
0.904
Cd
0.806
Extraction method: principal component analysis.

Extraction sums of squared loadings
Total
% of
Cumulative
variance
(%)
2.458
40.972
40.972
1.925
32.075
73.048

Total

Rotation sums of squared loadings
Total
% of
Cumulative
variance
(%)
2.436
40.602
40.602
1.947
32.446
73.048

Rotated component matrix
PC1
PC2
0.413
-0.532
0.182
0.891
0.862
0.103
-0.037
0.924
0.912
-0.055
0.810
-0.067

PC2
-0.436
0.909
0.277
0.897
0.132
0.100

TABLE 4 - Statistical results of pollution index (PI) of heavy metals in the suburban vegetable soils.

All suburban soils (n=87)

Number of samples

Mean
Min
Max
SD
CV%
Low
Middle
High

Pb
1.27
0.80
2.08
0.32
25.20

Cr
1.23
0.82
1.72
0.19
15.45

Cu
1.44
0.77
4.27
0.60
41.67

24

11

8

63
0

76
0

76
3

Ni
1.39
0.94
2.15
0.24
17.27

Zn
1.29
0.83
2.31
0.27
20.93

Cd
1.35
0.26
6.59
0.87
64.44

1

8

33

86
0

79
0

49
5

TABLE 5 - Statistical results of integrated pollution index (IPI) of heavy metals in the suburban vegetable soils.

Suburban soils

Number of samples

Mean
Min
Max
SD
CV%
Low
Middle
High

CC
1.35
0.99
2.07
0.22
16.30

DH
1.31
1.12
1.95
0.23
17.56

NN
1.26
0.90
2.74
0.41
32.54

All samples
1.33
0.90
2.74
0.28
21.05

1

0

2

3

51
2

13
0

17
1

81
3

4. DISCUSSION

was likely that many of the vegetable soils in CC, DH and
NN were highly polluted by Cu and Cd.
The IPIs of six elements in study areas varied from
0.90 to 2.74 with an average of 1.33 (Table 5) showing
that most of the studied vegetable plots were moderately
polluted by heavy metals. It was obvious that the high
IPIs were exhibited in CC and NN, and the maximum IPI
value was obtained in NN located in the northeast of the
county. Thus the soil quality of suburban vegetable fields
in CC, DH and NN has clearly been impacted.

4.1. Comparison of heavy metal contamination among CC,
DH and NN

It is a common practice to compare mean concentrations of trace metals in suburban agricultural soils from
different regions. Different regions are associated with
differences in the development of agriculture and industry
(Table 1). The industrial activities are clearly important
factors determining the extent of heavy metal accumulation, particularly Pb, Cu and Zn, in suburban agricultural
soils [9, 10].
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According to the earlier discussion, Cr and Ni seemed
to be controlled by the parent material, so the Cr and Ni in
suburban vegetable soils were less affected by human
activities. Since Cr was similar to Ni in the source and there
was no distribution of high concentrations in most areas
of CC, DH and NN, the accumulation of Cr and Ni in the
soils was minor. It is obvious that the existing level of
contamination in CC with Pb, Cu and Zn is significantly
higher than those in DH and NN (Table 2). The highest
concentration of Cd, 0.6263 mg kg-1, found in one vegetable field of NN, was 5.6-fold higher than the BC, indicated that there was obvious pollution of Cd in this field.
Rapid industrialization has resulted in serious soil
contamination by anthropogenic sources in many areas of

the world [31]. Heavy metals in soils from industrialized
countries, especially in agricultural soils, have increased
due to the expanded use of fertilizers, including chemical
fertilizers, livestock manures or sewage sludge [32, 33],
and elevated atmospheric deposition [34, 35]. How to deal
with the contaminated soils was drawn up in most industrialized countries [36-39]. Changchun is an important
social-economic center in northeastern China. Although
most of the pollutants from industrial emissions were disposed, the emission quantity of wastes is still large. In
2011, the discharges of industrial waste water and industrial (or smoke) dust from Changchun City were 6335 and
116194 tons, respectively [40]. The gross industrial output value of CC was as high as 66 and 30 times the values
of DH and NN, respectively. Taken with our findings, it is

FIGURE 2 - Distribution of IPI values in suburban vegetable soils of CC, DH and NN
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evident that the rapid growth of industry should be animportant factor related to the increase of the heavy metal
concentrations in the suburban vegetable soils.
The agricultural activities also affect the accumulation of heavy metals in agricultural soils [41, 42]. Mineral
fertilisers, primarily phosphate fertilisers, and animal
manure, can increase the levels of certain elements in soil.
Moreover, addition of sewage sludge and some types of
compost may cause the enrichment of heavy metals in soil
[10]. The impact of agricultural activities on the accumulation of elements, especially heavy metals in arable soil
also needs much attention, because of the potential transfer of heavy metals through crops to animals and humans.
4.2. Spatial distribution and source identification of heavy
metals

According to the assessment results of suburban
vegetable soils in CC, DH and NN, the vegetable plots are
to be classified as the first class (IPI ≤ 1), second class (1
< IPI ≤ 2) and third class (IPI > 2). The spatial distribution patterns of vegetable fields with different levels of
heavy mental pollution are shown in Fig. 2. Most of the
vegetable fields are classified as the second class. There
are three fields in the third class, indicating that the vegetable soils were highly polluted. Only three vegetable plots
belong to the first class and all the soils in DH are classified as the second class.
The IPIs of the hotspots with the high pollution of
metals in CC and NN were 2.05, 2.07 and 2.74, respectively, and it was obvious that the high IPIs in the soils
were accounted for mainly by the Cu, Zn and Cd values
(Table 4). Zn and its compounds are also used in different
manufactured goods (e.g., paints, cosmetics, automobile
tyres, batteries, and electrical apparatus) and in agricultural fertilizers [43]. Phosphate fertilizers are an important
source of heavy metals entering agricultural soils, especially Cd, Cu and Zn. Concern about the accumulation of
Cd in the environment has led some fertilizer manufacturers, encouraged by the European Union Commission, to
change the source of raw materials to reduce inputs [42].
Other sources of Cd may include other inorganic fertilizers (e.g., nitrogen or potash), atmospheric deposition or
sewage sludge. High Cu values can come from Cu-based
agrochemicals related to specific agronomic practices,
whereas vehicle, industrial fumes and wastewater used to
irrigate some agricultural areas can also be the source for
the high Cu values found in some soils.

grade distribution of heavy metals with different pollution
levels in agricultural soils for environmental and land use
management.
5. CONCLUSION
It is confirmed that the exact sources of heavy metals
in suburban vegetable soils through principal component
analysis. Cr and Ni were mainly from the indigenous clay
materials, while Cu, Zn and Cd were derived from anthropogenic activities, and Pb tended to be from both sources.
IPI values were formulated to assess the degree of metals
contamination in the soils, and the result showed that the
soil quality of suburban vegetable fields in CC, DH and
NN has clearly been impacted, and there were three fields
classified as the third class with the high pollution of
metals. It is obvious that the existing level of contamination in CC with Pb, Cu and Zn is significantly higher than
those in DH and NN, indicating that the industrial activitiy is clearly an important factor determining the extent of
heavy metal accumulation, particularly of Pb, Cu and Zn.
The results obtained in this work increased the knowledge
of the effect of city's rapid development on the heavy metal
accumulation, and appropriate measures should be taken
according to the pollution levels of agricultural solis and
thus protect human health.
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In recent years, studies focused on heavy metals accumulation in agricultural soils have been reported, mainly including spatial distribution, pollution evaluation and
food security [44-48]. Excessive accumulation of heavy
metals in soil may lead to elevated heavy metal uptake by
crops, which in turn can affect food quality and safety
[49]. Moreover, humans living near contaminated areas
may be directly or indirectly exposed to heavy metals.
This situation is a serious concern because of the potential
human health risks. It is critical to understand the spatial
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PROBABILISTIC ECOLOGICAL RISK ASSESSMENT OF
ORGANOCHLORINE PESTICIDES (OCPS) IN SEDIMENT
POREWATER FROM A SHALLOW FRESHWATER LAKE, CHINA
Wei Guo*, Litai Zhang, Huayong Zhang
Research Center for Ecological Engineering and Nonlinear Science, North China Electric Power University, Beijing, 102206, China

ABSTRACT
The probabilistic ecological risks associated with eight
organochlorine pesticides (OCPs) in Baiyangdian Lake were
assessed based on their concentrations in sediment porewater
and their acute toxicity (LC50 or EC50) to aquatic organisms
using probability overlapping area (POA), joint probability curve (JPC), and Monte Carlo simulation (MCS). The
results of three methods indicate that these OCPs pose
varying degrees of the ecological risks to aquatic organisms. Endrin had the highest overall risk, whereas α-HCH
had the lowest. The POA results indicated only α-HCH
and γ-HCH exhibited ecological risks lower than 10%.
The risks associated with endrin, dieldrin, and p,p'-DDT
were relatively significant (probabilistic risk = 100%) at
concentrations that affect less than 5% of aquatic species,
according to JPC. The MCS results suggested that the ecological risks associated with aldrin, endrin, dieldrin, and
p,p'-DDT all exceed 10%. POA demonstrated the degree of
risk, JPC showed the risk probability associated with damaged species ratio, and MCS was more accurate for analyzing ecological risk because it allows sufficient random
number simulation.

KEYWORDS: Probabilistic risk assessment; OCPs; porewater;
Monte Carlo simulation; Lake

HOC concentrations in sediment porewater [4]. Thus, the
HOC concentrations in sediment porewater can be considered their effective bioavailable HOC concentrations
and is a more relevant parameter for the ecological risk
assessment of sediments than the HOC concentrations in
sediment [5].
Sediment quality guidelines (SQGs) and hazard quotient (HQ) are commonly used to assess the ecological risk
of HOCs in the sediment [6,7]. The two methods can only
preliminary assess the risk of a single species in environment through direct comparison of the measured data with
some quality standard [8,9]. The aquatic ecosystem consists of different trophic levels, biological populations,
and individuals that are affected differently by the bioaccumulation and biomagnification of HOCs. These factors
increase the complexity and uncertainty of the ecological
risk assessment of HOCs in sediment [10,11]. Probabilistic risk assessment (PRA) reduces the uncertainty because
it allows for variability in exposure concentrations and in
the distribution of species sensitivity in the risk assessment
process and it better describes the likelihood of exceeding
effect thresholds and the risk of adverse effects [12-15].
Thus, we investigated the OCPs concentrations in the sediment porewater of a typical shallow freshwater lake in
China, and evaluated the probabilistic ecological risk of
OCPs in lake sediments combined with probability overlapping area (POA), joint probability curve (JPC), and
Monte Carlo simulation (MCS) method.

1. INTRODUCTION

2. MATERIALS AND METHODS

Organochlorine pesticides (OCPs) are ubiquitous contaminants, and are of great concern because of their chronic
toxicity, persistence, and bioaccumulation [1]. Most OCPs
settle in sediments because of their low solubility, stability,
and lipophilicity [2]. Although determining hydrophobic
organic contaminants (HOCs) in sediment can help indirectly assess the contamination risk indirectly [3], HOC
bioavailability is directly related to the freely dissolved
* Corresponding author

2.1. Study area and sample treatment

The study was carried out in Lake Baiyangdian, a
typical shallow freshwater lake in northern China (Fig. 1).
The lake consists of more than 100 small lakes linked
together by thousands of ditches and it covers a mean
total area of 362.8 km2 within a catchment of 31,200 km2.
The lake plays an important role in providing the region’s
drinking water supply, sustaining agriculture, regulating
climate, and controlling flooding. Thirty-one surface sediment samples from the 0 cm to 20 cm layer were collected
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FIGURE 1 - The sampling locations of Lake Baiyangdian

in October 2011 from Lake Baiyangdian using a stainless
steel grab sampler (Fig. 1). The sediment samples were
centrifuged in 250 mL glass centrifuge tubes at 4000 rpm
for 15 min to separate the porewater from the sediment.
The isolated porewater samples (about 50 mL) were extracted using a solid-phase extraction (SPE) system
(Supelco) based on procedures from previous reports with
some modifications [16]. The extracts were then dehydrated
with anhydrous Na2SO4 and concentrated to 0.5 mL using a
gentle stream of highly pure nitrogen gas. A suitable amount
of internal standard (pentachloronitrobenzene, 10 µL; Aldrich Co., USA) was added and the mixture was prepared
for instrumental analysis.
2.2. Determination of OCP concentrations and toxicity

Based on the available OCPs toxicity data, eight OCPs
compounds (New Haven, CT, USA), namely, α-HCH, γHCH, p,p'-DDD, p,p'-DDT, heptachlor, aldrin, dieldrin,
and endrin in porewater samples were analyzed using a
Hewlett–Packard 6890 gas chromatograph with a 63Ni
electron capture detector (GC-ECD) and an HP-5 capillary column (30 m × 0.25 mm × 0.25 µm). Approximately
1 µL of the sample was injected in splitless mode. The
flow rate of the helium carrier gas was 1.0 mL min-1, and
the injection temperature was increased from 100 °C to
190 °C at a rate of 20 °C min-1, increased to 275 °C at a
rate of 4 °C min-1, and then maintained for 10 min. The
concentrations of individual OCP were determined using
the internal standard peak area method and a 6-point calibration curve for individual components. The detection
limit of the method ranged from 0.06 ng L-1 to 0.27 ng L-1.
Spiked samples in each set of 15 to 20 samples had mean

recovery rates ranging from 77.6% to 106.4%. Each extract was analyzed in duplicate. The relative standard
deviations were less than 15%.
All available acute OCPs toxicity data (LC50 or EC50) for
aquatic species were obtained from the U.S. EPA ECOTOX
database (http://cfpub.epa.gov/ecotox/quick_query.htm) and
open literature containing validated toxicological data [17].
The selected species contained local major species types
in the lake. About 19 to 189 typical aquatic species sensitive to each OCP were selected: phytoplankton (e.g., Selenastrum capricornutum and Skeletonema costatum), zooplankton (e.g., Daphnia magna), crustaceans (e.g., Gammarus annulatus and Palaemonetes sp.), mollusks (e.g.,
Mulinia lateralis and Cipangopaludina cathayensis), insects (e.g., Chironomus plumosus), amphibians (e.g., Rana
pipiens), and fish (e.g., Pimephales promelas). The LC50
or EC50 of the OCPs toxicity data were transformed into
chronic toxicity values using the acute/chronic toxicity
ratio (ACR) approach [18] because chronic toxicity values are more direct and relevant to aquatic organisms for
ecological risk assessment.
2.3. Probabilistic risk assessment method

Probabilistic risk assessment (PRA) considers the
probability statistical significance between each pollutant
exposure concentrations in relation to the toxicity data of
different species [10,13]. The probabilistic risk could be
presented through the probability distribution function
(PDF), which can be described as follows:
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where f(x) is the distribution function of variable x,
which represents the exposure concentration and LC50 or
EC50; µ is geometric mean of x; and σ is standard deviation of x.
Three PRA approaches including (a) probability overlapping area (POA), (b) joint probability function (JPC),
and (c) Monte Carlo simulation (MCS) were applied in
this study to assess the ecological toxicity of the OCPs
being studied in porewater. For POA, the area of the overlap between the PDF curve of the exposure concentrations
and that of the toxicity data in the same coordinate system
reflects the probability that a certain level of protection
can be achieved [19]. For the JPC, the reverse cumulative
distribution of exposure and the species sensitivity distribution were used to generate a joint probability curve,
which describes the probability of exceeding an exposure
concentration associated with the specific probability of
effects for a given chemical and compares the relative
risks for the eight pollutants [20].
The MCS is a process for repeating model executions
that consider the entire range of inputs to determine the
distributions of the predictions from the output samples
statistically [21]. In the study, MCS was used to sample
randomly the values from exposure and toxicity distributions (100000 simulations) and to generate a distribution
function that expresses the probability of the exposure
concentrations exceeding the toxic concentrations. The
risk can be expressed as the probability of exceeding
preselected hazard values. The Monte Carlo analysis was
performed using the Matlab software (Math Works, Inc.).
3. RESULTS AND DISCUSSION
3.1. Characteristics of OCPs data

The OCPs concentrations in the porewater samples
from Lake Baiyangdian are listed in Table 1. Heptachlor
had the highest concentrations among the OCPs, followed
by p,p'-DDT, p,p'-DDD, dieldrin, aldrin, endrin, γ-HCH,
and α-HCH. Generally, high levels of heptachlor residues
in the superficial layer of the sediment samples reflect the
frequency of recent pesticide use in an area [22]. The
concentrations of heptachlor, aldrin, and dieldrin in some
sites in the study were higher than the standard limits set
by the World Health Organization (WHO; Table 1) [23].
The WHO guidelines indicate that these OCPs might
adversely affect humans and other organisms. However,
the differences in the effects of the toxic substances among
species and individuals prevent limits the accuracy of the
ecological risk assessment of the lake using direct comparison. For example, small organisms can tolerate lower
toxicity, but bigger organisms can tolerate higher toxicity.
This finding was confirmed by the calculated OCPs
chronic toxicity values (Table 2) based on the LC50 or
EC50 obtained from the U.S. EPA ECOTOX database
(http://www.epa.gov/ecotox/). The ranges of the toxicity
of each OCP were very broad. These complex factors in-

crease the uncertainty of ecological risk assessment. Thus,
traditional approaches cannot quantify the likelihood and
magnitude of the risk, for instance, the probability of exceeding thresholds for long-term and short-term effects [3,6].
TABLE 1 - OCPs concentrations in porewater and their toxicity to
aquatic organisms (µg L-1).
Exposure
Chronic
WHO
concentration
toxicity value
guideline value
Mean ± SD
Range
Range
α-HCH
0.019 ± 0.012 0.007-0.060
0.100–85
2
γ-HCH
0.019 ± 0.013 0.007–0.062 0.014–16400
2
p,p'-DDD
0.029 ± 0.020 0.009–0.096 0.007–102.4
1
p,p'-DDT
0.033 ± 0.022 0.010–0.108 0.005–1250
1
Heptachlor 0.036 ± 0.032 0.008–0.185 0.005–65
0.03
Aldrin
0.026 ± 0.018 0.008–0.084 0.0002–20
0.03
Dieldrin
0.026 ± 0.018 0.008–0.089 0.003–100
0.03
Endrin
0.021 ± 0.016 0.005–0.016 0.0002–972.3
0.6
SD: Standard Deviation; WHO: World Health Organization
Compounds

3.2. Verification of OCPs data

Before performing PRA, the measured and collected
OCPs data need to be tested to characterize their data
distribution. Although the assumption of log normality for
environmental data is fairly universal, El Shaarawi and
Esterby (1992) [24] suggested that such an assumption
should not be automatic and its suitability should always
be checked. A quantile–quantile (Q–Q) plot was applied to
check the normal distribution for both raw and logtransformed data from the OCPs concentration and acute
toxicity data [10]. The results indicate that all log-transformed exposure data and most of the log-transformed
LC50 had log-normal distributions (Fig. 2 and Fig. 3).
Hence, log-transformations for all of the data were tested
further using a t test with the assumption of normality at
95% confidence. The average (µ) and the standard deviation (σ) of the log-transformations are listed in Table 2.
TABLE 2 - Distribution parameters of the log-transformed OCPs
exposure concentrations and toxicity data (µg L-1)
Log-transformedexposure
concentration
Mean
SD
α-HCH
-4.126
0.546
γ-HCH
-4.145
0.613
p,p'-DDD
-3.750
0.687
p,p'-DDT
-3.605
0.636
Heptachlor
-3.530
0.582
Aldrin
-3.873
0.654
Dieldrin
-3.875
0.681
Endrin
-4.161
0.753
SD: Standard Deviation
Compounds

Log-transformed
toxic data
Mean
SD
0.805
1.610
-0.317
2.356
0.043
2.531
-1.814
2.174
-1.182
1.611
-1.478
1.846
-2.237
2.018
-3.420
2.348

3.3. PRA of the OCPs

For POA, the calculated overlapping areas of the 8
OCPs for all typical aquatic species are listed in Table 3.
Some degree of overlap was observed between the PDF
curve of the exposure concentrations and that of the toxicity data of each OCP. The results show that the risk of
α-HCH and γ-HCH are relatively low because the area of
the overlap is overlapping less than 10%. Although hepta-
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α-HCH

γ-HCH

p,p'-DDD

Aldrin

p, p'-DDT

Dieldrin

Heptachlor

Endrin

FIGURE 2 - Quantile–quantile (Q–Q) plots of the log-transformed OCPs data

α-HCH

γ-HCH

p, p'-DDD

Aldrin

p, p'-DDT

Dieldrin

Heptachlor

Endrin

FIGURE 3 - Quantile–quantile (Q–Q) plots of the log-transformed OCPs toxicity data.

1051

© by PSP Volume 23 – No 4. 2014

Fresenius Environmental Bulletin

TABLE 3 - The calculated probabistic risk values of individual OCP
based on probability overlapping area and Monte Carlo simulations
OCPs
α-HCH
γ-HCH
p,p'-DDD
p,p'-DDT
Heptachlor
Aldrin
Dieldrin
Endrin

Risk values
Probability overlapping area
0.0064
0.0976
0.147
0.3392
0.2381
0.2625
0.3828
0.4478

Monte Carlo simulations
0.0019
0.0581
0.0738
0.2142
0.0856
0.1106
0.2207
0.3813

heptachlor had the highest concentration (Table 1), this
did not translate to its ecological risk. The ecological risks
of eight OCPs are in the following order (Table 3): endrin
> dieldrin > p,p'-DDT > aldrin > heptachlor > p,p'-DDD >
γ-HCH > α-HCH.
For the JPC, calculating joint probability functions
would more accurately reflect the risk of each OCP [25].
The closer the JPC is to the axes, the lower the probability
that the OCPs would induce adverse effects [20], and the
JPC better represents the overall risk. In other words, the
x-axis represents the intensity of effects (i.e., “how bad”),
whereas the y-axis represents their probability (“how often”) [10]. The JPC of the 8 OCPs are presented in Fig. 4.
The difference in the exposure risk was relatively significant at relatively low OCPs concentrations or when the
percentage of affected species was low (approximately less
than 5%), with the highest risks associated with endrin,
dieldrin and p,p'-DDT (probabilistic risk = 100%) and the
lowest risk was associated with α-HCH (probabilistic risk
= 0.001). The overall exposure risks of the OCPs were
consistent with the results obtained through POA.

highest overall risk (P = 0.3813), whereas α-HCH has the
lowest overall risk (P = 0.0019) (Table 3). The ecological
risk associated with aldrin, endrin, dieldrin, and p,p'-DDT
all exceeded 10%. The risks associated with the OCPs
were consistent with the results of the POA and JPC.
However, compared with these two methods, MCS might
more easily handle a large variety of data distributions
and data sets even when the data do not fit specific distributions. Hence, it can more accurately reflect the actual
ecological risks.
4. CONCLUSIONS
This study describes the ecological risks of different
OCPs in sediments from a typical shallow freshwater lake
by determining their concentrations in porewater and assessing the associated risk using the probabilistic statistical
methods POA, JPC, and MCS. The rankings of the overall
exposure risks of the individual OCPs were similar under
the three methods. The results indicate that α-HCH and γHCH are the only OCPs with acceptable ecological risks,
only affecting a small fraction of the benthic organisms.
However, aldrin, endrin, dieldrin, and p,p'-DDT have relatively higher ecological risk, exceeding 26% in the POA,
exceeding 83% at concentrations that affect less than 5% of
species in the JPC, and exceeding 10% in the MCS.
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ABSTRACT

1. INTRODUCTION

The aim of this study was to induce somatic embryogenesis from immature zygotic embryos of Rhaponticoides
mykalea (Hub.-Mor.) M. V. Agab. & Greuter and determine antioxidant enzyme activity during the somatic embryogenesis process. Firstly, the effect of various plant
growth regulators on somatic embryogenesis was determined. Immature zygotic embryos isolated from achenes
in different developmental period were used as starting materials. Explants were cultured on Murashige and Skoog (MS)
basal medium supplemented without or with different concentration of 1N6- Benzyladenine (BA) and α-Naphthaleneacetic acid (NAA). The highest rate of embryogenic callus
formation was obtained on MS medium with 0.25 mg/L
NAA and 1 mg/L BA (75 %). Calli produced numerous
somatic embryos on MS medium with 0.1 mg/L BA and
sucrose % 6 (On average 19.25 somatic embryo/callus).
Well-developed somatic embryos on MS medium with
0.1 mg/L BA and high sucrose (12%) were converted into
plantlets on MS basal medium with sucrose 3% (15.75 %).
Secondly, the activities of three antioxidant enzymes
such as superoxide dismutase (SOD), peroxidase (POX)
and catalase (CAT) were determined. The result showed
that the activity of SOD gradually increased in the stage
of embryogenic callus and globular structure formation.
In the later stage, SOD activity began to decline. CAT and
POX activities were high in the first week of culturing.
During the formation of embryogenic callus a significant
decrease in the activity of enzymes was observed. CAT
and POX activities began to increase in globular structure
formation and differentiation process.

KEYWORDS: Rhaponticoides mykalea, endemic, somatic embryogenesis, antioxidant enzymes.

* Corresponding author

Rhaponticoides mykalea (Hub.-Mor.) M. V. Agab. &
Greuter, (Asteraceae), previously known as Centaurea
mykalea is treated as in the CR (Critically Endangered)
category in the Red Data Book of Turkey [1]. It is a well
known narrow endemic of Turkey and very scarcely distributed around Kuşadası town of Western Turkey. Additional population is found in Isparta city of mid-west
transition zone of the country. According to Emek and
Erdağ [2] “R. mykalea in type locality (Kuşadası) has very
heavy antropogenic pressure in that locality with very few
individuals and high risk of total extinction due to wide
variety of tourism investments in the last decades.
Conservation of the endemic or threatened plants is
carried out using different strategies. The in vitro propagation technique is an efficient method for ex situ conservation of endemic or threatened plants [3, 4]. In recent
years, there has been an increasing interest in in vitro
techniques which offer powerful tools for germplasm conservation and the mass multiplication of many threatened
plant species [5].
R. mykalea has been propagated from seed in the past
[6]. However, researchers have explained that the seed is
not a suitable explant for in vitro propagation of R. mykalea
due to strong seed dormancy and low germination frequency even after dormancy period.
Somatic embryogenesis that is a particular cell differentiation process is one of the most important methods in
vitro plant propagation. Explant source, genotype, plant
growth regulators and environmental conditions were evaluated as factors affecting somatic embryogenesis process. In
recent years, the relationship between antioxidant enzyme
activities and process of somatic embryogenesis has been
demonstrated [7, 8]. It has been shown in several reports
that, plants can accumulate excess H2O2 and active oxygen species (AOS) under in vitro conditions, similar to
conditions such as drought, low temperature, high salinity
and high light density [9, 10]. Plant cells have antioxidant
enzymes such as SOD, POX and CAT to regulate the
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excess level of AOS in detoxifying processes [11, 12].
According to Gupta and Datta [13] the changes in antioxidant enzyme activities appeared to the mode of plant
regeneration.
In this study, we established a system for somatic
embryogenesis from immature zygotic embryos for R.
mykalea, a critically endangered endemic species of Turkey. Additionally, we discussed the relationship between
the changes of antioxidant enzyme activities and the process of somatic embryogenesis of R. mykalea.
2. MATERIALS AND METHODS
2.1 Plant material

Capitula of Rhaponticoides mykalea were gently handpicked from its natural habitat (Samsun mountain, Kuşadası-Turkey, localities: N 37 ̊ 47.01 ̋ ; E 027 ̊ 19.16 ̋) during
summer between June and July. Immature zygotic embryos isolated from achene of green capitula were used as
initial explants. Capitula collected from plants in the reproductive period were classified according to their morphologicial apperances and achenes were classified according to their developmental periods.
2.2 Sterilisation, media preparation and culture conditions

The achenes were washed thoroughly under running
tap water for 30 minutes. After this process, seeds were
exposed to 70% (w/v) ethanol for five minutes and then to
4.5% (w/v) sodium hypochlorite containing 2 drops wetting agent (Tween-80) for 8 min. Finally, seeds were
rinsed three times with sterile distilled water (5 min each).
All the experiments were maintained on semi-solid
basal medium supplemented without or with various concentrations of plant growth regulators. Basal medium
contained Murashige and Skoog (MS) mineral salts [14],
100 mg/L myo-inositol, 2 mg/L glycine, 0.5 mg/L nicotinic acid, 0.5 mg/L pyridoxine-HCl, 0.1 mg/L thiamineHCL, 3% (w/v) sucrose and various concentrations of
plant growth regulators. Plant growth regulator combinations tested included 4 combinations of 2,4-D (0.25, 0.5, 1
and 5 mg/L) with 1 mg/L 1N6-benzyladenine (BA); 4 combinations of α-naphthalene acetic acid (NAA) (0.25, 0.5, 1
and 5 mg/L) with 1 mg/L 1N6-benzyladenine (BA) for
embryogenic callus induction. One set was conducted
without plant growth regulators as a control.
Embryogenic calli were transferred to the MS media
supplemented without any plant growth regulator or with
BA (0.1, 0.5, 1 and 2 mg/L) for somatic embryo induction
and development. Sucrose was added to the medium at
3%. In a separate experiment, callus cultures were transferred to the media containing 0.1 mg/L BA in different
combinations of sucrose (6% and 12%) to determine the
effect of sucrose on somatic embryo induction and development. Well-developed somatic embryos (cotyledonary
stage) were transferred to MS media containing 3% sucrose for embryo germination.

In all experiments, the pH of media was adjusted to
5.8 with 1M NaOH or HCl, and 0.8% agar-agar (w/v)
(Sigma) was added before autoclaving at 105 kPa for 15 min
at 121° C. Culture vessels were 190 mL glass jars containing 30 mL of the medium. Cultures were incubated at
24 ± 2 °C under a light regime of 16 h photoperiod. Cultures were subcultured to a fresh medium of the same composition with intervals of 4 weeks.
2.3 Antioxidant enzymes assays

The activities of the three antioxidant enzymes in different stages of somatic embryogenesis (embryogenic
callus, globular embryos and mature embryos) were determined. The samples of cultured tissues (0.5 g) were
frozen in liquid nitrogen and homogenized with a mortar
and pestle. Samples were homogenized in 1 ml 0.05 M
potassium phosphate buffer (pH 7.8) including 2 mM
EDTA and 10 % glycerol, 2 % PVP (Polyclar AT) and
10 µl 0.1 M PMSF (Phenyl methyl sulfonyl fluoride). The
whole homogenization process was carried out in an ice
bath. The homogenate was centrifuged at 12000 g for
30 min at 4°C and supernatants were used for enzyme
assays. The protein content of the crude enzyme extract
was measured according to the method of Bradford [15]
using bovine serum albumin (BSA) as a standard.
Superoxide dismutase (SOD; EC 1.15.1.1) assay was
based on the method of Beauchamp and Fridovich [16]
which measures the inhibition in the photochemical reduction of p-nitroblue tetrazolium chloride (NBT), spectrophotometrically at 560 nm. One unit SOD activity was
defined as the amount of enzyme required 50% inhibition
of NBT. The reaction mixture (3 ml) is consisted of 0.05 M
sodium phosphate buffer (pH 7.8), 33 µM NBT, 10 mM
L-Methionine, 0.66 mM Na 2 EDTA and 0.0033 mM
Riboflavin.
Catalase (CAT; EC 1.11.1.6) activity was assayed
from the rate of H2O2 decomposition as measured by the
decrease of absorbance at 240 nm, following the procedure of Beers and Sizer [17]. CAT activity was detected
in a 3 ml 0.05 M potassium phosphate buffer (pH 7.0)
containing 0.059 M H2O2. One unit was defined as the
decomposition of 1 µmol H2O2 per min per gram fresh
weight.
Peroxidase (POX; EC 1.11.1.7) activity was determined according to the Herzog and Fahimi method [18].
The activity was measured by the increase in absorbance
at 465 nm, by the rate of formation of oxidized diaminobenzidine-tetrahydrochloride dihydrate (DAB). The reaction mixture is (3 ml) contained DAB solution and 0.6 %
H2O2. One enzyme unit was defined as destroyed 1 µmol
H2O2 per minute.
2.4 Statistical analysis

Embryogenic calli experiments and the other experiments were conducted with four replicates consisting of
five explants per jar. Somatic embryogenesis experiments
and enzymes activity measurements were repeated three
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times. Analysis of variance was realized using one-way
ANOVA test using SPSS 9 and means were compared by
Duncan tests at the 0.05 level confidence [19].
3. RESULTS AND DISCUSSIONS
During morphological observations on R. mykalea’s
capitula, capitula of the same plant were observed in different growth periods, and achenes in a capitulum were observed in 2 or 3 different developmental periods. Achenes
were developed centripetally in a capitulum. In classification process, it was concluded that a, b types achenes
contained immature zygotic embryos (Figure 1 and 2). The
other types of achens (c, d and e types) were not used in the
experiments.

FIGURE 1 - Morphologicial changes of capitula of R. mykalea.

At the end of the sterilization procedure, sterile cultures were obtained at 100%. Sterilized explants were transferred to embriyogenic callus induction medium. Immature
zygotic embryos (a, b types) isolated from the early developmental period of achenes responded with embryogenic
callus formation (Table 1). Auxin:cytokinin combination
is needed for embryogenic callus induction. The highest
frequency of callus formation was obtained on MS medium

containing 0.25 mg/L NAA and 1 mg/L BA (%75). In order
to increase biomass of callus, calli were subcultured two
times. In this process, globular structures formed on calli
(Figure 3).
TABLE 1 - Effects of plant growth regulators on callus formation
from immature zygotic embryo explants (a and b type) of R.
mykalea (after 8 weeks from culture initiation)
Plant Growth Regulators (mg/L)

Callus formation (%)
(mean%)

BA
NAA
2,4-D
Control
0f
1
0.25
75 a
1
0.5
55 b
1
1
35 c
1
5
25 d
1
0.25
35 c
1
0.5
25 d
1
1
15 e
1
5
10 f
Means within a column followed by the same letter are not significantly
different at 0.05 level according to Duncan’s multiple range test.

Embryogenic calli were transferred to MS media
supplemented without any plant growth regulator or with
0.1, 0.5, 1 and 2 mg/L BA to obtain somatic embryo differentiation and development. BA was effective in somatic embryo differentiation (Table 2). While differentiation
of embryos was not observed on MS medium without
growth regulators, maximum embryo formation per callus
was obtained on MS medium supplemented with 0.1 mg/L
BA (13.67 somatic embryos/callus). Increasing concentrations of BA reduced number of embryo per callus (respectively 8.00 and 3.83 somatic embryo/callus). Somatic
embryo differentiation was not observed on MS medium
containing 2 mg/L BA.
Somatic embryogenesis was realized at four different
development stages as beginning of the proembryogenic
cultures, somatic embryo formation, maturation of somatic embryos and plant regeneration [20]. In most cases,
auxin was probably inhibitive for somatic embryo development while they are required in somatic embryo induction [21]. For somatic embryo differentiation from imma-

FIGURE 2 - Different developmental periods of achene types.
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FIGURE 3 - Somatic embryogenesis process from immature zygotic embryos of R.mykalea.
a. Embriyogenic callus obtained on MS medium added 0.25 mg/L NAA and 1 mg/L BA; b. Somatic embryos in different periods of development; c. Cotylodenary somatic embryos; d. Germinated
somatic embryo

TABLE 2 - Effect of BA on somatic embryo differentiation of embryogenic calli obtained from immature zygotic embryos
BA (mg/L)

Somatic embryo number /callus
(mean ± SE)

Control
0.00 ± 0.00 d
0.1
13.67 ± 0.50 a
0.5
8.00 ± 0.37 b
1
3.83 ± 0.32 c
2
0.00 ± 0.00 d
Means within a column followed by the same letter are not significantly
different at 0.05 level according to Duncan’s multiple range test.
TABLE 3 - Effect of sucrose on somatic embryo differentiation on
MS medium supplemented with 0.1 mg/L BA.
Concentration of sucrose (%)

Somatic embryo number/callus
(mean± SE)
3%
14.00 ± 0.56 b
19.25 ± 0.58 a
6%
12 %
15.41 ± 0.39 b
Means within a column followed by the same letter are not significantly
different at 0.05 level according to Duncan’s multiple range test.

ture zygotic embryo-derived callus of R. mykalea, and in
the normal development of somatic embryos BA is required as previously reported by Endress [22]. In addition,
BA has been effective on the somatic embryo formation,
development and germination in many studies [23, 24].

In the other experiments, we focused on the effect
of the sucrose amount on differentiation, maturation
and germination of somatic embryos. A higher value
was obtained on MS medium supplemented with 6 %
sucrose (19.25 ± 0.58a somatic embryos/callus) than 3 %
and 6 % sucrose (respectively 13.67 ± 0.50 b, 15.41 ±
039b) (Table 3).
Sucrose is widely used in plant tissue culture, as a
carbohydrate source [25]. It plays a role in regulating the
osmotic concentration of the high sugar [26, 27] and sucrose concentrations are known to be effective in the
formation of somatic embryos [24, 28-31]. Increased
sucrose concentration and induction of somatic embryos
have been previously reported in several studies [24, 32,
33].
Well-developed somatic embryos (cotyledonary stage)
were transferred to MS media containing 3% sucrose for
embryo germination. Sucrose concentration in the embryo
induction medium was also effective in embryo germination. Plantlet conversion rate of differentiated somatic
embryos in media containing 6% and 3% sucrose concentrations was relatively lower (respectively, 10.83 % b and
3.17 % c). The highest germination was obtained from
embryos developed on MS medium containing 12 %
sucrose (15.75 ± 0.81% a) (Table 4). There was a positive
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correlation between germination of somatic embryos and
sucrose concentration of embryo induction media. A
similar correlation has also been reported by Erdag et al.
[24]. The obtained plantlets were transferred to the pots
and 80% of them have survived.

the gradual increase in SOD activity. CAT and POX activities were high in the first week of culture. During the
formation of the embryogenic callus, a significant decrease in the activity of enzymes was observed. CAT and
POX activities began to increase in globular structure
formation and differentiation process (Figure 5 and 6).

TABLE 4 - The germination of maturated and differentiated somatic embryos (on medium with 0.1 mg/L BA and different concentration of sucrose) on MS medium with 3 % sucrose.
Concentration of sucrose
(%)
3%

Germination of somatic embryo (%)
(mean (%) ± SE)
3.17 ± 0.41 c

6%
12 %

10.83 ± 0.47 b

The antioxidant role of CAT and POX was largely
confined to the removal of H2O2 [35]. Although CAT and
POX activity were decreased, SOD activity was increased. Amount of increasing intercellular H2O2 due to
decreased activity of CAT and POX did not cause any
oxidative damage. The amount of H2O2 as a result of
increased SOD activity was probably reduced by a nonenzymatic mechanism.

15.75 ± 0.81 a

Means within a column followed by the same letter are not significantly
different at 0.05 level according to Duncan’s multiple range test.

To date, there is no report on propagation of Rhaponticoides mykalea (Hub.-Mor.) M. V. Agab. & Greuter via
somatic embryogenesis. Our study was the first successful
study on efficient and rapid propagation of critically endangered Rhaponticoides mykalea (Hub.-Mor.) M. V.
Agab. & Greuter. We strongly hope that this outlined
procedure will lead to further studies on conservation and
propagation of this rare and critically endangered endemic
species. In addition, we conclude that activities of antioxidant enzymes affect somatic embryogenesis process and
antioxidant enzymes organize this process in R. mykalea.
However, the relationship between antioxidant enzyme
activities and process of somatic embryogenesis is still
poorly understood and requires further research.

3.1 Changes of activities of antioxidant enzymes during
somatic embryogenesis in R. mykalea

We have observed significant changes in antioxidant
enzymes activity during the process of somatic embryogenesis. The result showed that the activity of SOD gradually increased in the stage of embryogenic callus. SOD
activity had the highest value during the formation globular structures. In the later stage, SOD activity began to
decline (Figure 4). Induction of embryogenic callus and
globular structures are associated with the gradual increase in SOD activity. This present findings are consistent with previous studies by Kairong et al. [8]. According to Kairong et al. [8], induction and differentiation
of somatic embryos in L. barbarum L. are associated with

SOD.(U/mg.protein)
3500
3000

2500
2000
1500
1000
500
0
1

2

3

4

5

6

7

8

9

10

11

Culture'time'(week)

FIGURE 4 - Changes of SOD activity during somatic embryogenesis of R. mykalea.
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ABSTRACT

1. INTRODUCTION

In this research, the dilemmas between protection and
land-usage that are conflicted in legally protected natural
sites in Turkey, and the impact of the legal obstacles together with court orders on environmental components
and the nature have been examined. The original aspect of
the research is integration of the protected natural zones
and the legal decisions that were taken on the sites via
Geographical Information System (GIS) by taking social
structure and legal procedures into the account, and also
determining the impact they have through presentation of
visual and analytical perspectives. The research areas chosen were the villages of Çiçeklikoy and Yaka, which are
classified as first grade natural zones by the protection
laws of Turkey in 1999, and became subject to dispute
through many individual court appeals. During the legal
process, the official complains were examined within the
frame of the current law and legislations, and a variety of
decisions were taken determining the land-use on existing
protection zones. The results obtained were scrutinized
within the frame of technical and legal perspective; both
during the determination of protection grades and afterwards, during structuring sustainable and well-balanced
relation of the protection and the usage, which is also available for development; therefore, suggestions were made
accordingly, both for the afore-mentioned problems and for
the complaints caused by employment loss. The importance of GIS application during planning and conflict
resolution for protected natural sites was emphasized.

KEYWORDS: Nature protection, natural site, geographic information systems, visualization, landscape management, conservation land-use conflict
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Natural life and raw material resources have been under pressure because of improving technology and social
life in the 21st century. Decision-makers have given priority to the sustainability of resources by foreseeing threats
to nature and environment. Nature protection has thus been
subject to various acts, regulations, and international
agreements.
This study displays the pressure of economic demands, increasing population, and urban development on
natural life. Objections and legal disputes occur as a result
of these pressuring factors. These conflicts, in turn, become
a burden on judicial system and might damage nature protection practices. GIS use can reduce problems by introducing quantitative measures and criteria in a site zoning
scheme. With the widespread use of computers and information technologies, GIS has been introduced into the
conservation field, and ideal selection of protection areas
has been realized in GIS environment. All available spatial
and non-spatial data of an area, such as land-use, urbanization trend, protection priorities, etc. are assembled together in a GIS medium, and zoning is carried out based
on predefined and mostly conflicting criteria (Sabatini et
al. 2007 [1]; Geneletti & van Duren 2008 [2]). Although
high resolution satellite images can reveal human influence on a protection area, spatial data alone seem insufficient to explain the causes leading to the so-called human
footprints (Sanderson et al., 2002 [3]; Haines et al. 2008
[4]; Cronan et al. 2010 [5]).
The aim of this study is to display positive impacts of
GIS for solving legal problems encountered in the use and
determination of natural protection areas, for settling
possible conflicts, and for reducing workload in justice
system. The study analysed court decisions and legal
regulations related to natural life protection in Turkey by
GIS. To our knowledge, no previous study has discussed
the impacts of court decisions on protection areas with the
help of GIS.
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2. MATERIALS AND METHODS
Turkey participates actively in the international activities concerning the conservation of natural and cultural
heritage, and it has acceded to almost all existing international treaties. The very first act concerning the protection
of natural assets in Turkey is “Land Hunting Act No. 3167”
that came into effect in 1937. However, Turkey had to wait
until the 1940s to discuss the laws about protection areas in
modern sense. The term “natural park” entered into the
Turkish legislation by the articles 4 and 25 of the “Forest
Act No. 6831”, later in 1956. “Act on the Protection of
Cultural and Natural Assets No. 2863” has been in force
since 1983. According to the Article 3 of this act “sites
are areas which are the product of various civilizations from
prehistoric times to present day, the urban areas or the remains reflecting social, economic, architectural, and similar
features of their period, places where important historical
events happened, and places need to be protected due to
their distinctive natural features”.
2.1 Current legal status of protected natural areas in Turkey

This research adopts the natural site concept which is
a legislative term used for the protection of natural life
and resources in Turkey. Natural site concept introduces a
zoning scheme of a site area in order to preserve the resources within the area and its immediate surroundings.
The Higher Board for the Protection of Cultural and Natural Assets of Ministry of Culture and Tourism in Turkey
defines the natural site in its resolution No. 659 of 1999
as “aboveground, underground or underwater areas dated
to geological, prehistoric, and historical periods which
deserve to be protected due to their aesthetic, characteristic, and unique values”. According to this resolution,
Zone 1 includes areas serving to public interest due to
their universal value, typical aesthetic and unique characteristics. Human intervention to these areas is prohibited,
except for scientific purposes.

Zone 2 includes areas that might be put into service
provided that the nature is protected, cultivated, and public interest is regarded. Construction in these areas is prohibited, except for tourist facilities with tourism investment
and operation license.
Zone 3 allows house construction in these areas provided that the nature is protected, cultivated, and land-use
characteristics of the locality are regarded.
1258 out of total 9722 sites in Turkey are identified
as natural sites (Gül & Kuş Şahin, 2010 [6]) and with the
latest legal arrangements, their responsibility has been
transferred from the Ministry of Culture and Tourism to
the Ministry of Environment and Urbanization. Procedural work on takeover is still in process.
2.2 The study area

The selected study area is a natural site involving two
villages, Ciceklikoy and Yaka, which lie northeast of Izmir
along the highway connecting the city to Istanbul (Fig. 1).
The First Board for the Protection of Cultural and Natural
Assets in Izmir registered the site as a natural site of zone
category 1 with its resolution no. 8048 of June 24, 1999.
It is the second largest natural site with its 3307.8 ha area
of Turkey’s third biggest city Izmir. Ciceklikoy and Yaka
are located at road distances 6 and 8 km from the centre
of Bornova district having high housing and population
density. The natural site has a moderate rolling topography
and is covered by typical Mediterranean red pine (Pinus
brutia) and shrubs (Garig sp.). Supposedly due to time
factor and various natural and cultural reasons, some areas
within the forest have turned into olive groves, vineyards,
and orchards where cherry, peach, pear, apricot trees are
cultivated. Although field cultivation areas exist, orchards
dominate the area. Remaining natural assets have been
conserved at higher parts unsuitable for agriculture. The
forest within and close to the natural site has been introduced to recreational use and this, in turn, has increased
agricultural use by decreasing its natural structure.

FIGURE 1 - Geographic location of the study area. The boundaries of the villages Ciceklikoy and Yaka lie entirely within the protected area.
The borders of Bornova and neighbouring districts are shown in gray lines while the main roads of transportation are shown in black lines.
The main road passing from the west and northwest of the area connects the city to Istanbul.
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Inhabitants of Ciceklikoy and Yaka villages engage
mostly in agriculture and livestock raising as in the
neighbouring villages. The natural site is also a near city
recreation area which attracts people from the city of
Izmir for activities like tracking, picnic, etc. For this reason, the recreational areas are intermingled with agricultural and forest lands.

on the natural assets and their misuse. Exceptionally, the
Board categorized settlement areas (49 ha) of the two villages as less strict zone category 3. Following the Board’s
decision, the whole natural site consisted of 2 different
zone assignments (Fig. 2).
The site is exposed to increasing usage demand due
to its natural attraction and proximity to the city centre.
When landowners want to alter their land-use driven by
economic and commercial interests, they mostly experience
judicial obstacles as a consequence of the resolution declared
by the Cultural and Natural Heritage Conservation Board
of Izmir. Within the natural site area, seventy-five landowners were unsatisfied with the board’s resolution and
went to court in order to alter their zoning scheme. By the
end of 2008, sixty-seven of the cases came to a conclusion
and the remaining eight cases are still in progress.
Protection zone level of several land parcels has been
changed following the conclusions of lawsuits. As a result
of the changes in the protection level, reconstruction
structure has also changed, and some parts of the protected area have been exposed to tourism, recreation, agriculture, and housing. The growing population following
housing has accelerated the deterioration of the natural
protected area. Besides the increasing wear and tear in the
natural site, each lawsuit causes a burden on the legal
system and waste of workforce. However, workload in the
public sphere might be relieved and the number of lawsuits might be reduced by removing the problems in the
decision-making process of protected area determination.
2.3 Data

FIGURE 2 - Overlay of cadastral data showing land parcels (vector
data) in the administrative boundaries (thin black line) of the two
villages and the natural site (raster data) boundary. Settlement
areas of the two villages (gray area limited by bold black line) are at
the same time zone category 3 boundaries. Remaining areas are
assigned as zone category 1. Since the study is restricted to the administrative boundaries of the two villages, areas outside these boundaries
are excluded. Area framed by the box can be seen in Fig. 3.

For recreational purposes, many family restaurants
are run along the Izmir-Istanbul main road which also
connects the city centre to the villages. For nearly 20
years, the natural site area has drawn attention due to its
location, natural attraction, proximity to Izmir city, and as
a result, few people living in the densely populated city
have built villas at locations close to the village borders.
Recently, dense housing within the study area has paved
the way for the construction of apartment buildings, even
in open spaces within the forest. The area subject to this
research was declared by the First Board for the Protection of Cultural and Natural Assets in Izmir as a natural
site of zone category 1, in order to reduce negative effects

In order to analyze conservation land-use conflicts in
our study area, we used GIS to visualize the parcels in dispute, their exact locations relative to the protection zones,
and the alterations caused by court decisions. Data should
be fed to GIS in digital form but only cadastral land parcel boundaries were available digitally. The other data set
exists in paper as map sheets or photographs, and they
had to be digitized to use in GIS software. We combined
and blended different types of data available in raster and
vector format in ArcGIS 9.3. In this research, following
data sets are utilized: (i) Cadastral land parcel data, (ii)
1/25 000 scale map sheet showing the natural site boundaries, (iii) 1/1000 scale cadastral map sheet of Yaka village
on which zone category 3 boundary is drawn, (iv) Aerial
photographs of the area from 1995, (v) Data collected from
public institutions and organizations, and (vi) Data collected in field.
Cadastral land parcel data in CAD format were obtained from Bornova Cadastral Office. The natural site
boundary map was taken from the First Board for the
Protection of Cultural and Natural Assets in Izmir. It was
created and coloured with the help of 1/25000 topographic
map sheets at the time of the Board’s decision in 1999 (as
shown transparently in the background of Fig. 2). There
exists a large scale 1/1000 map showing the settlement area
of Yaka village and the boundary of zone category 3 (Fig. 3),
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FIGURE 3 - Geo-referencing the 1/1000 scale paper map of Yaka village showing the natural site zone 3 boundary enclosing the inner village
area. Common and independent check points are identified in both the reference map (cadastral map) and the scanned paper map. Polynomial coefficients (see text) are estimated by using the control points, and these coefficients are tested for acceptability at independent check
points. The site boundary is drawn manually at the time of the site declaration in 1999 by taking a buffer zone with 100 m from the village
settlement area which is faintly discernible in the figure. In the north, the boundary meets the forest area which was adopted per se.

whereas no large scale site map of Ciceklikoy village is
available. Both paper maps were scanned on a large format scanner in order to convert them into digital format.
Another dataset includes aerial photographs from
1995 to produce 1/25000 topographic maps. The reason
for having selected the aerial photographs from 1995 for
this study is that the natural site decision was taken in
1999, which was the temporally nearest year to aerial
photo acquisition. The aerial photographs were digitized
with 21 µm pixel spacing and provided by Turkey’s General Command of Mapping. We orthorectified the raw
images by using digital elevation model derived from
optical ASTER images (Hayakawa et al. 2008 [7]) in
order to overlay onto available sets of data. Land-use was
identified visually from the photographs taken four years
prior to the natural site decision. We also used satellite
images of the area from 2002 on Google Earth in order to
compare the land-use changes between the aerial and
satellite images visually.
We acquired data set of lawsuits spanning 2002-2005
from a previous study by Zengin [8] (2007), and extended
his data set by adding records covering the period to the
end of 2008 obtained from Bornova Municipality. A time
limit had to be adopted because the parties keep any details on ongoing cases confidential, and it is also hard to
obtain these details from the courts. The study is thus
restricted to fourteen years, a time period between the
acquisition year of the aerial photographs in 1995 and the
end of the year 2008.

2.4 Method

Many researchers have integrated GIS in their studies
in order to analyze environmental data, protected areas,
and natural resources (Karathanassi et al. 2003 [9];
Haigen et al., 2005 [10]; Bolca et al. 2007 [11]; Cai et al.
2007 [12]; Chatterjea 2007 [13]; Sabatini et al. 2007 [1];
Turkyilmaz et al. 2007 [14]; Geneletti & van Duren 2008
[2]; Gulgun et al. 2009 [15]; Xia et al., 2011 [16]). A
considerable number of researchers have benefited from
GIS in their studies on various legal subjects, e.g. crime
prevention (Breetzke, 2006 [17]), implementing court
order (Goldring et al. 2006 [18]), quantifying judicial
guidelines (Forest, 2004 [19]). Different from the above
studies, this study claims that GIS enables to interpret not
only spatial data but also legal and social data for nature
and environment protection, and thus, it can assist problem-solving in social and judicial processes.
Maps and images acquired for this study were overlaid to carry out analyses. Overlaying can be defined as
representing different layers in a unique coordinate system so that any point indicates the same coordinates in
each layer. Due to its high accuracy, digital cadastral data
set was adopted as reference in which coordinates of each
vertex of land parcels was given, and the remaining layers
were overlaid to the cadastral layer. Since the vertex coordinates were determined with maximum ± 5 cm standard deviation by terrestrial measurement methods, cadastral coordinates were assumed to be error-free which a
usual way for statistical comparisons is.
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Common points identifiable in both layers were used
for overlaying the layers with different coordinate systems. Two sets of coordinates were related by first or
second order polynomial transformation (O’Sullivan &
Unwin 2010 [20], p. 323-324):

X i = a0 + a1 xi + a2 yi + a3 xi yi + a4 xi2 + a5 yi2
Yi = b0 + b1 xi + b2 yi + b3 xi yi + b4 xi2 + b5 yi2

After estimating polynomial coefficients, error terms
can be calculated by Eq. (2).
In our study, thirty common points were picked in
each raster image and in the cadastral map, of which fifteen control points were utilized to estimate polynomial
coefficients by Eqs. (2) and (3). The remaining 15 points
served as independent check points to obtain error terms
in Eq. (2) by replacing their image and cadastral coordinates along with estimated polynomial coefficients. Total
root mean square error (RMSE) values were calculated
from error terms, separately for control and independent
check points by the formula:

(1)

where, Xi and Yi denote cadastral coordinates of ith
point in m units, xi, yi image coordinates of the corresponding point i in the raster image (scanned line map or
scanned photo). Eq. (1) calculates the coordinates of a
point in cadastral system given its image coordinates by
using the polynomial coefficients. For the determination
of coefficients, at least six points are needed, which are
homogeneously distributed over the overlapping area of
the two layers, and the coordinates of these points are
given in both systems. However, in practical applications,
more than enough common points are required in order to
increase the transformation accuracy, reliability, and to
obtain quantitative transformation quality. For this purpose Eq. (1) is arranged in matrix form as follows:

Total RMSE = e T e / n
3. RESULTS

Data set used in this study was transferred into GIS
medium, and the locations of the parcels in dispute were
overlaid on the data set. The results were analyzed by considering the technical and legal aspects.

(2)

X = A ⋅b + e
where, X = ( X 1 Y1 X 2 Y2  X n Yn )

T

3.1 Technical analysis of data sets

denotes the

Available spatial data were overlaid in a unique coordinate system in GIS medium in order to determine the
reasons of conservation land-use disputes and legal problems arising from these disputes. Table 1 presents the results concerning the quality of overlay by using two different transformation strategies which are affine and second order polynomial models.

column vector established by coordinate pairs of each
common point.
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TABLE 1 - For overlaying each source onto cadastral map, 15
control points and 15 independent check points are utilized to assess
the overlay quality. Affine transformation is a linear model and
consists of 6 unknowns where second order polynomial transformation augments the affine model by additional 6 unknown parameters.

Two equations for each common point are written as
shown in Eq. (1); thus, in case of n common points, 2n
equations are obtained. If more than six points are used,
then the number of equations is greater than twelve. So
Eq. (2) will have an infinite number of solutions. However, for parameter estimation, least squares are an established method for solving such systems which minimizes
the sum of squared error terms expressed with the condition equation:
2
e T e = ex21 + e y21 + ex22 + e y22 +  + exn2 + e yn
= min

−1
bˆ = A T A A T X

(

)

(3)

RMSE [m]
(w. control
points)

RMSE [m]
(w. check
points)

Affine

1.10

1.21

2.Order

0.82

0.99

Affine

13.29

16.14

2.Order

10.89

16.11

Affine

3.70

2.76

2.Order

3.39

3.39

Affine

1.70

2.53

2.Order

1.43

2.06

Map Source

Method

1/1000

unknown error terms.

and solution of the polynomial coefficients follows from
the matrix operations as follows:

(4)

1/25000

Ortoimage
Google Earth

In Fig. 2, 1/25000 map is overlaid onto digital cadastral map. The whole area aside from gray areas was declared as a natural site of zone category 1 by the First
Board for the Protection of Cultural and Natural Assets in
Izmir. As can be seen from the figure, no criteria were
adopted at the time of natural site declaration in 1999,
except that the zone category 3 borders were drawn by
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roughly considering the possible expansion of the village
area.
In 1999, small scale site map (see Fig. 2) had been
drawn manually by using 1/25000 topographic map of the
area. For comparison, the 1/25000 site map and the large
scale (1/1000) site map of Yaka village were overlaid by
using identical points, each existing in the digital cadastral reference map. A limited number of parcel boundaries
had been drawn on the 1/25000 scale map whose unequivocally identified corners were employed for map
overlay (see the boxes in Fig. 4). Digital cadastral data
and the scanned site map matched each other to a large
extent because the site map boundary had been created
digitally on cadastral data and printed on paper thereafter.
As a result, identical points were picked easily during
overlay. By using independent check points, we obtained
accuracies of approximately ±16 and ±1 m for 1/25000
and 1/1000 scale maps, respectively. These accuracies
differ from expected theoretical values since ±0.15 mm
may well be achieved for measurements on paper maps
which correspond to ±3.75 and ±0.15 m for those scales.
Geo-referencing of paper maps yielded up to 4-7 times
worse positional accuracy.
We experienced difficulties in finding identical points
in ortho- and Google Earth images corresponding to the
points in the reference map. Land parcel boundaries in the
images may not be matched exactly with the ones in the
cadastral map because natural borders do not always
correspond to ownership boundaries, and this results in

imperfect point selection (Fig. 5). Despite the difficulties
in selecting ideal points, we still acquired comparably
better results than the paper maps (Table 1). Scanned
aerial photographs had been acquired originally for generating 1/25000 scale topographic maps, and RMSE values given in Table 1 fulfill the accuracy specifications
expected from them. Geo-referencing with Google Earth
image yielded better RMSE values than with orthoimages
because the Quickbird image from 2002 has a better resolution (0.60 m vs. 0.75 m) and the colour of the image
also contributed to identification and selection of points.
Geo-referencing by using second order model improved the accuracies obtained by the affine model only
slightly, and for the aerial photo case, the accuracies even
worsened. Quality control was carried out visually for the
maps and images. Visual integrity of each data set with
the cadastral data is best achieved by second order polynomial model. For map sheets, geo-referencing was carried out with higher order polynomials because they modelled the map surfaces better. Map surfaces may have
deformed in time due to use practices like rolling, folding,
and exposure to improper storage conditions like heat,
humidity, etc. Thus, the occurring deformation may have
been inhomogeneous throughout the surface, and this
necessitates modelling with higher order terms.
3.2 Legal analysis of the data sets

Fig. 4 shows that the site boundaries drawn on paper
maps differ remarkably. We tested if the discrepancy be-

FIGURE 4 - Overlay of cadastral data showing land parcels (vector data) and of two different site boundaries from small and large scale
paper maps. Delimited gray area denotes the zone category 3 obtained by manually tracing the boundary line plotted in 1/1000 scale paper
map. The zone limited by the thick line represents the zone category 3 depicted in 1/25000 paper map. For its geo-referencing, we utilized
points belonging to land parcels which can be identified clearly on the map. Notice similarities of the parcels in the fore- and background
framed by the boxes A, B, and C. The parcel (vector) in box D is less similar to its raster counterpart, compared to the cases given in boxes A,
B, and C. Geo-referencing of the paper maps shows clearly that site boundary in 1/25000 scale paper map had been depicted approximately
160 m to the south from its true location.
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FIGURE 5 - Overlay of cadastral parcel boundaries on orthoimage (left) and on Google Earth image (right). Vector data enable better identification of boundaries, and thus, corners which are required for geo-referencing.

FIGURE 6 - Spatial distribution of dispute land parcels in Yaka and their new zone assignments as a result of judicial processes. Zone category 3 boundary for village settlement area is shown as extracted from both 1/1000 and 1/25000 (dashed) scale maps.
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tween the two boundaries was significant by taking the
RMSE value for the 1/25000 map scale into consideration.
For this purpose, the worst RMSE from Table 1 was picked
which was nearly 16 m, and this value was multiplied by
the square root of the Chi-square test value 5.991 for the
degrees of freedom value of two at 5% significance level.
This results in approximately 40 m which is far smaller
than average discrepancy of 160 m, so that the site boundaries drawn in small scale map departed from its true location significantly. With this finding, a crucial question may
arise on which map will be based for deciding if a parcel is
inside or outside of the site.
This question may seem irrelevant since the large scale
map shows the exact location with its high precision. But it
should be kept in mind that both maps are legally in force.
Two legally valid site maps may cause problems and disputes on the determination of a natural asset’s status according to its location which is a basic issue in natural
conservation. This may also complicate decision making
by parcel owners, conservation authorities, boards, courts,
etc. (Fig. 6).
In the light of data and assessments, thereof, some
changes in the zone categories were observed. Approximately 24.9 ha area was subject to lawsuits in Yaka village within the 10-years period after 1999 (Fig. 7). The
lawsuits claimed that status of the parcels be down-graded
to less strict zone categories. By the end of 2008, courts at
first instance concluded forty-six of fifty-three cases in
Yaka village. According to the conclusions, 23% of the
total lawsuit area including eleven cases remained the same
as Zone 1. Court orders changed the categories in seven
cases (17%) to Zone 2, and in eleven cases (13%) to Zone
3. By the end of 2008, landowners won in seventeen cases
(37%) but the zone categories of their parcels have not
been assigned already to a category other than Zone 1 by
the relevant board. For the remaining seven cases, the
court process has been continuing.

In Ciceklikoy the number of cases was fewer than in
Yaka village but total area of the parcels subjected to lawsuit for each were close to each other (23.8 vs. 24.9 ha). Of
twenty-two lawsuits the parcel zone category remained the
same for only one parcel (19% of the total area), but courts
down-graded the statuses in two cases (8%) to Zone 2 and
in ten cases (24%) to Zone 3. The zone category of eight
parcels constituting 15% of the total lawsuit area was not
determined as a result of court decisions won by the parcel owners. The court process was incomplete for solely
one parcel with a large area (34%).
Landowners in the nature protection area went to
court in order to change the status of their parcels from a
strict Zone 1 to less strict levels so that they could obtain
building permit. Courts overruled the claims in twelve cases
which corresponded to one fifth of the total lawsuit area for
both villages. But in thirty cases (31% of the total area)
courts sustained the claims and down-graded the category
to either Zone 2 or Zone 3. Although courts approved in
twenty-five cases the status change to either Zone 2 or
Zone 3, the zone assignment was not carried out for these
parcels constituting 27% of the total lawsuit area. Almost
two thirds of 48.7 ha lawsuit area were categorized as
zones with lenient building permit as a result of court decisions concluded in favour of landowners. Taking into account that court process was continuing in eight cases the
ratio may well increase upwards.
4. DISCUSSION
This study has evaluated and presented the actual
status of nature protection practices within the study area.
In Turkey, it has been a common practice to draw natural
site boundaries on paper maps. Map surface may deform
in time due to rolling, folding, and also due to warm and
humid storage conditions. Deformation occurs spatially

FIGURE 7 - Absolute changes in the protection status as a result of court decisions. All parcels were assigned to Zone 1 scheme at the time of
declaration. Relative change values are given in the text.
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non-uniformly in the entire map sheet and changes the
geometry of points, lines, and areas. Over time, it becomes
difficult to extract information from aging paper maps,
and in extreme cases, even becomes impossible. On the
other hand, practitioners experience unnecessary loss of
time in order to manually extract information from different paper maps associated with the interest area. Manual
fusing of information coming from different sources may
also lead to loss of information
It appears difficult and disadvantageous to sustain an
inventory of changes by using paper maps and reflecting
up-to-date data into paper maps. This impractical method
for updating changes hampers conservationists to track the
course of changes efficiently. This causes, in turn, different
conservation land-use decisions for different parcels close
to each other. Contradictory decision making threatens the
integrated approach in nature protection, and in extreme
cases, accumulation of such decisions results in complete
disappearance of the protected area. Especially at locations
where two zones with unequal protection objectives are
interweaved, adverse effects of housing in the less strict
zone spread directly into the higher order protection zone.
Housing carries infrastructure networks (transportation,
electricity, water, wastewater, etc.) with it into the concerned parcel, and initiates the mobility of population
towards attractive locations which results in deterioration
of the protection area.
5. CONCLUSIONS
This paper highlighted the importance of GIS use in
nature protection practices to gain technical and social
advantages. For conservationists, GIS is offered to be a
guide for resolving conservation land-use conflicts. To sum
up, the following conclusions can be drawn:

3. Visual presentation power of GIS can also be used
to illustrate the protection area to the people living in that
area. In this way, landowners and inhabitants may internalize decisions to a greater extent, place reliance on those
decisions, and even support their execution. Motivation of
landowners and inhabitants will secure the protection and
sustainability of natural resources.
4. GIS can be utilized for buffering strategy which will
contribute to preventing the deterioration by relieving the
pressure on protection zones of high priority. Existence of
buffer zones may also provide comfort for the users so that
they can support protection activities indirectly.
5. From the collected field data and their assessment,
it appears that difficulties experienced by the parties depend on their future interests. While landowners request
that their parcels should be downgraded to a less strict
protection status due to economic benefits, decision makers
struggle to prevent or, at least, reduce the deterioration of
protection areas. These contrary motivations cause conflicts
which are finally brought to court. GIS can help alleviate
judicial problems by its early deployment at each stage
from determining protection zones to their management.
GIS will lighten the load of courts as a transparent and
persuasive tool for landowners.
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1. GIS usage offers significant advantages to decide
on locations in favour of efficient nature protection. It
helps integrate different kinds of data with different quality, and also helps assess the quality of geo-referenced data.
GIS provides a medium to integrate all existing spatial data
related to the protection area like topography, vegetation
cover, morphology, climate, etc., and it also enables to select
areas according to predefined criteria. Together with qualitative decision making, the use of quantitative methods in
GIS environment can develop long-lasting, less objectionable and equitable decisions.
2. GIS provides rapid tracking of changes in a site area and, thus, contributes to a social aspect, that is the
solution of conflicts between the parties, such as parcel
owners, decision makers, and implementing actors in short
term. While decision making institutions will justify the
maintenance of protection boundaries based on concrete
predefined criteria, parcel owners will avoid to have an
expectation for acquiring the right of a lesser strict zone
for their parcels. This will, in turn, contribute to the reduction of economic losses for all parties.
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ANALYSIS OF THE FACTORS THAT
AFFECT THE INFORMATION SOURCES FOR
WHEAT FARMERS USING PESTICIDES IN TURKEY
Osman Orkan Özer*
Adnan Menderes Üniversitesi, Ziraat Fakültesi Tarım Ekonomisi Bölümü Cakmar-Aydin 09100, Turkey

ABSTRACT
In the crop production process, farmers are often slow
to adopt new techniques against pests and diseases. There
are various factors that affect the implementation of reforms. In this study, multiple correspondence analyses are
used to investigate the sources of information about pesticide use in the central Anatolian region, where most
wheat in Turkey is produced. According to the results
obtained from this study, most farmers have graduated
from primary school, are over 60 years old, and have
access to no information about the environment or human
health. It was found that the agricultural engineers who
work at provincial and county branches of the Agriculture, Food and Animal Husbandry Ministry play an important role in identifying diseases and pests in order to
instruct farmers on the correct doses of pesticides for their
regions. Moreover, as the level of education increases,
farmers are applying lower, more correct doses of pesticides, in accordance with pesticide retailers’ recommendations.

KEYWORDS: Pesticide, wheat, information sources, multiple
correspondences.

1. INTRODUCTION

creased the sensitivity of pesticide use [1]. In production
costs, the pesticide usage is very important. Akturk et al.
[2] calculated in a study on cultivation systems on wheat
production costs, that 8 % pesticide cost have in the total
variable costs. In particular, developed countries have
begun applying incentives to reduce their use. Implementing and sustaining these measures are strongly influenced
by consumer behaviors and attitudes.
The addition of new techniques to agricultural production for protection against pests and diseases has been
a complex change for farmers. Farmers face personal difficulties, adopting the reforms while adhering to their traditional knowledge and experiences. Therefore, they turn to
those public institutions that create information, the technical personnel of the agricultural province directories or
those who sell new techniques for necessary information.
In this study, a multiple correspondence analysis method
is used to examine the information sources of the central
Anatolia farmers who mostly produce crops with the use
of pesticides.
Correspondence analysis is a method that examines the
differences between qualitative and categorical data sets
[3]. This method is most frequently used in consumer studies, particularly for those studies that examine the behaviours of producer and consumer groups. Marango and
Troniano [4] examined the effects of socioeconomic behaviours and characteristics on the wine preferences of
consumers.

To ensure that economic productivity continues to increase in the agricultural sector, agricultural inputs must
be used at their optimum levels. Because the use of additives has become widespread in agricultural production,
yields have increased. Pesticides, specifically those that
help reduce crop losses, play a large role in this increase
in quality.
Although it is known that pesticides cause environmental problems, pesticide use is unavoidable in the present economic conditions. However, in recent years, environmental conditions and consumer preferences have in-

In the literature, the use of Multiple Correspondence
Analysis in agriculture is widely encountered. Solano et al.
[5] examined the relationships between technology use in
dairy farms and farm and the characteristics of the farmers with this method. Similarly, Bellini and Ramberti [6]
examined the relationships between the socio-economic
structures of organic agriculture farmers and their agricultural environments. The most recent studies in Turkey,
where Multiple Correspondence Analysis in agriculture was
used, were performed by Ilkdogan [7], Terin and Celik [8]
and Koksal et al. [9].

* Corresponding author

In this study, the factors that affect the information
level of farmers on pesticide use are organised by the
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following classifications: factors affecting pesticide use,
the effect of units on the minimum dose used and the
level of training shown by the farmers.
2. MATERIALS AND METHODS
The research materials consist of the data from surveys carried out face to face with farmers in the Central
Anatolia Region. The proportional sampling volume formula is used to determine the number of farmers to be
interviewed [10].

(1)
n : Sampling Volume, P: Ratio as 0.5 in the formula
: Variance of the ratio, N: Population
The population measured by this research included
62589 farms within the boundaries of the Central Anatolian region [11]. The number sampled was 68, with a 10%
margin of error and a 90% confidence interval.
Correspondence Analysis is an explanatory technique
with multiple variables that transforms a data matrix into
a special graphical illustration that shows lines and columns in dots. Correspondence Analysis accounts for
homogeneity, lack of line cross-sections or the dependency (or interaction) between a line and the columns of a
contingency table to a lesser extent [12-15]. Correspondence Analysis help the researcher transform a complete
data matrix into a simple situation without losing any
component data. Variables that report the same frequency
are illustrated in cumulative dots on a plane, and the variables that represent different frequencies are illustrated in
the dots that are farther away from each other [16]. This
new distribution shows that there is a high correlation
between the variables that are close to each other [17]. In
this way, the relationship as a method of illustration is
evaluated in a two-dimensional space.
For the categorical data commonly obtained from
survey studies, the relationship between variables is examined generally by chi-squared analysis. However, in
the analysis of cross tables, chi-squared analysis should
not be used, as the large number of categories in the lines
and columns in particular can render the cell frequencies
insufficient. In such cases, Correspondence Analysis
evaluates the categorical data in a way that is easily understood and supplies a graphical approach to the data
analysis [18].
In this context, Correspondence Analysis can also be
a technique that separates the chi-squared (or chi-a
Λ2= total inertia) value of frequency table
[19]. If the total inertia, which is defined as dividing the
chi-squared statistic into observation numbers, becomes
large, it indicates that the association between the lines

and columns is high; if it is close to zero, it means that
there is no association between them [20,21].
More information is obtained in multiple correspondence analysis compared to basic correspondence analysis,
but it can be difficult to separate in the graphical form
exactly which categories of which variable are related to
which other categories [22]. Multiple correspondence
analysis is defined as applying correspondence analysis to
an indicator matrix or Burt matrix [21, 23].
To use a Burt matrix as the starting matrix is meaningful geometrically. Multiple correspondence analysis is
defined as the combined analysis of all dual cross tabling,
including every variable’s own cross-tabling [21].
Questions such as age, income, education, socioeconomic aspects and pesticide use were asked in survey
form. Age-related questions were separated into four different categories: (18-31), (32-45), (46-59) and over 60.
Education-related questions were also divided into four
different variables, according to literacy: primary school
(PS), secondary school (SS), high school (HS) and University (UN). Average annual producer incomes were
determined by the subjects’ statements of monthly salaries
and evaluated as 4 categories: less than 650$ (g1), 6511000$ (g2), 1001-1350$ (g3) and more than 1350$ (g4)
and this category proportional following the answers categories. Pesticide-related questions included the following:
who determines the pests and diseases? (myself, pesticide
seller, provincial or county technical advisor); how do
you do arrange dose of pesticides? (myself, pesticide
seller, provincial or county technical advisor); do pesticides leave residue on plants? (I do not know, they do not,
they do); and do the farmers comply with the advice of
pesticide sellers and technical advisers? (I do not, I do).
3. RESULTS AND DISCUSSION
According to Rogers [24] hypothesis, the effects of
age, education and income on determining or implementing agricultural activities are important and differ by region. The most important socio-economic factors (age,
education and income), according to Rogers, are evaluated in this study regarding their effect on the use of pesticides.
According to the results of the survey, the majority of
wheat farmers fall within the middle income group. While
43.58% of farmers were in the 46-59 age group, the percentages in the 32-45, over 60, and 18-31 groups were
34.32%, 14.67% and 7.43%, respectively. In terms of
education, half of the farmers have graduated from primary school (56.7%), 27.9% of them from high school, 8.0%
of them from middle school and 7.4% of them from university. Regarding income, 41.2% of farmers earned
1350$ and over annually, 14.7% earned 1001-1350$, 27.9%
earned 651-1000$ and 16.2% earned less than 650$ .
Because the increase in the number of variables in
multiple correspondence analysis decreases the ease of re-
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presenting graphical illustrations in a way that is easily
comprehensible, the analysis is carried out by two separate
variable groups. The variables in the first group are analysed by multiple correspondence analysis to obtain results
that mainly address the socio-economic characteristics and
the behaviours of farmers regarding pesticide use.
The size of own values in multiple correspondence
analysis shows that all the variables have a powerful relationship with the relevant dimension. Own values are the
arithmetic averages of separate values of variables which
are related to relevant dimensions [12]. In Tables 1 and 2,
the own values of the first and second dimensions in both
multiple correspondence analyses were excessive for all
questions except the pesticide use question.
TABLE 1 - Own values distribution of the dimensions (1.Multiple
correspondence analysis)
Dimensions
1
2
.613
.373
.534
.496

Age
Education
Income
Do pesticides leave residue on plants?
Total Eigenvalue
Dimension ratio (%)
* own calculations

Mean
.493
.515

.659
.166

.382
.425

.521
.295

1.972
49.311

1.676
41.904

1.824
45.607

The own values of relevant variables in each dimension used in the study are given in Tables 1 and 2. These
values show how relevant each variable is to its related
dimensions. In short, the quantity of change per dimension is shown as inertia, which is the total change as an
average measure of variation. Both the first and second
dimension can explain this change regarding the age variable in table 1. The first dimension (0.613) explains more
than the second dimension (0.373). The variables of education level and income are more relevant in the first
dimension and less relevant in the second dimension. The
variable of “do pesticides leave residue?” is less relevant
in the first dimension and more relevant in the second
dimension. In table 2, the variables of arranging doses and
complying with those doses that are advised are relevant
in the first dimension; the variables of identifying the

pests and disease and “do pesticides leave residue?” are
relevant in the second dimension.
TABLE 2 - Own values distribution of the dimensions (Multiple
correspondence analysis)
2. Multiple correspondence analysis
Education
How do you do arrange dose of
pesticides?
Who determines the pests and
diseases?
Do pesticides leave residue on
plants?
Do you comply with the advice of
pesticide sellers and technical
advisers?
Total Eigenvalue
Dimension ratio (%)
* own calculations

Dimensions
1
2
.355
.620

Mean
.488

.277

.211

.244

.521

.015

.268

.145

.616

.381

.353

.011

.182

1.651
33.014

1.474
29.471

1.562
31.242

The own values of relevant variables in each dimension used in the study are given in Tables 1 and 2. These
values show how relevant each variable is to its related
dimensions. In short, the quantity of change per dimension is shown as inertia, which is the total change as an
average measure of variation. Both the first and second
dimension can explain this change regarding the age variable in Table 1. The first dimension (0.613) explains more
than the second dimension (0.373). The variables of education level and income are more relevant in the first dimension and less relevant in the second dimension. The
variable of “do pesticides leave residue?” is less relevant
in the first dimension and more relevant in the second
dimension. In Table 2, the variables of arranging doses
and complying with those doses that are advised are relevant in the first dimension; the variables of identifying the
pests and disease and “do pesticides leave residue?” are
relevant in the second dimension.
As it is explained in the Methods, the use of a Burt
matrix as the starting data is appropriate for geometric
situations. The Burt matrix relevant to pesticide use appears in Table 3. The diagonal elements of this matrix
give the total levels of the five handled variables. The
farmers who graduated from primary school buy pesticides

TABLE 3 - Burt matrix related to pesticide use
Questions

Education

Literate
P
SS
HS
UN

Education
Literate
4
0
0
0
0
4

P
0
34
0
0
0
34

SS
0
0
6
0
0
6

HS
0
0
0
19
0
19

UN
0
0
0
0
5
5

PS1
G
2
27
4
13
4
50

M
1
5
1
3
0
10

S
1
2
1
3
1
8

PS2
G
1
9
1
3
0
14

M
0
0
0
3
1
4

S
3
25
5
13
4
50

PS3
NK
2
28
4
16
4
54

NL
2
2
2
3
1
10

ID
0
4
0
0
0
4

PS4
DO
3
30
5
18
3
59

DN
1
4
1
1
2
9

Total
* own calculations
PS = Primary school, SS = Secondary school, HS = High school (HS) and UN = University
PS1: How do you do arrange dose of pesticides; PS2: Who determines the pests and diseases; PS3: Do pesticides leave residue; PS4: Do the farmers
comply with the advice of pesticide sellers and technical advisers; G: Provincial or county technical advisor, M: Myself, S: pesticide seller, NK: I do
not know, NL: it does’t residue, ID: it does, DO: I do, DN: I do not
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according to the agricultural provincial and county technical personnel advice 25 and have no information about
the pesticides leaving residues on plants. Fourteen of the
farmers stated that they select the doses of pesticides
according to their experience. As a result of these beliefs,
undesirable situations arise, such as insufficient or excessive use of pesticides (P).
The own value of the dimension was calculated as
1.972, regarding the results of multiple correspondence
analysis related to the farmers’ socio-economic situations
and whether pesticides leave residue. The first dimension
explains 49.311% of the inertia. The basic stagnation
value of second dimension is 1.474, and it explains
41.904% of the total inertia (Table 1). That the explanations ratio of both two dimensions is over 60% ensures
that the analysis is meaningful.
According to the coordination values (+,+), the salaries of those who graduate from primary school and are
over 60 years of age are between 1001-1350 $. Additionally, this population does not know any information about
whether pesticides leave residues on plants, as shown by
the highest value of the first and second dimensions. The
farmers who state that pesticides leave residue on plants
are below 45 years old and over 18, and most of them
have graduated from high school. Their salaries are over
1350$ (Figure 1). The lowest salaries belong to those

farmers who state that pesticides do not leave residues on
plants, are illiterate and only graduated from middle
school. Similar results were obtained from a study [25]
carried out on apple production about pesticide application. According to these results, we conclude that income
and age are both important factors regarding the information levels about pesticides.
The own value of the first dimension was calculated
as total Eigenvalue 1.651 in the results of the multiple
correspondence analysis, as related to four different variables directed to assess farmers’ pesticides use and educational levels. The first dimension explains 33.014% of the
total inertia. The basic inertia value of second dimension
is 1.474, and this value explains 29.471% of total inertia
(Table 2).
According to the coordination values (+,+), the pesticide use of those who graduate from high school and
university is affected mostly by pesticide sellers. This
population uses fewer doses of pesticides than the doses
prescribed, as shown by the highest values of the first and
second dimension. Those farmers who comply with the
correct doses are those who are follow what is prescribed
by agricultural provincial personnel (Figure 2). Those
farmers who use pesticides according to their experience
mostly have only graduated from primary school. According to the coordination values (+,+), less-educated farmers

FIGURE 1 - Multiple Correspondence Analysis diagram (1.Multiple correspondence analysis)
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FIGURE 2 - Multiple Correspondence Analysis diagram

use pesticides according to their own experience, and they
believe that pesticides do not leave residues on plants.
There is no such relationship observed among farmers
who state that pesticides leave residue on plants.
Thus, the educational levels of farmers are clearly
important factors in the assessment of how effective agricultural provincial personnel and pesticide sellers can be
regarding behaviours of pesticide use.
4. CONCLUSIONS

emphasised. High school and middle school graduates
stated that pesticide sellers affect their pesticide use more
and that they use pesticide doses that are under the prescribed doses. Agricultural provincial and county technical personnel play an important role in identifying pests
and diseases in their region. In Turkey, as in the USA and
the EU countries, the use of pesticides must be as safe for
human and environmental health as possible. To achieve
this goal, farmers should be directed to apply pesticides
correctly after being trained by both pesticide sellers and
technical personnel.

Although it is known that pesticides cause environmental problems, pesticide use is unavoidable in the current economic conditions. Therefore, it is clear that farmers should be directed to use lower doses of pesticides.
According to the results obtained from wheat farmers with
the help of Multiple Correspondence Analysis, farmers who
only graduated from primary school and are over 60 years of
age are unaware that pesticides leave residue on plants.
Farmers must be informed about pesticides, as they
are a danger to human health. However, often farmers
believe their economic income, as determined by consumer
demand, is diminishing, while the importance of human
health and environmental concerns are also being under-
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ABSTRACT
The peanut husk was introduced as a low-cost adsorbent for the efficient removal of Sunset Yellow (SY) dye
from aqueous solution in this paper.To make a clear account of the influence of factors, such as adsorption time,
adsorbent dosage and initial SY concentration as well as
temperature on SY adsorption, we have tested and analyzed the maximal adsorption capacity,which is up to
25.89mg·g-1 under the conditions of peanut husk dosage
of 2 g·L-1,the pH of 2.00 and the adsorption time of 24 h
at the temperature of 293K with an initial concentration of
95 mg·L-1.The results also indicate that adsorption equilibrium could be more effectively described by Langmuir
isotherm equation when compared to the Freundlich isotherm model.The thermodynamic constants of the adsorption process were also evaluated by using constants derived from Langmuir isotherms, which suggest an exothermic physical adsorption process which runs spontaneously.In addition, we have examined the controlling
mechanisms of the adsorption process, and found that the
pseudo second-order model can provide a better fit to
experimental data. The results of our study reveal that the
peanut husk proves to be an efficient adsorbent for the
removal of SY from aqueous solution.
KEYWORDS: Peanut husk, adsorption, sunset yellow (sy), isothermal, kinetics, thermodynamics process, environment

1. INTRODUCTION
Extensive use of synthetic dyes in many industries
has produced a great deal of dye-containing wastewater.
Most of them are considered hazardous and have to be
treated before being discharged into the environment due
to their impacts on water bodies and particularly growing
public concern over their toxicity and carcinogenicity [13]. The removal of synthetic dyes has become an important aspect of dye-containing wastewater treatment.
Adsorption processes are being employed widely for
large

* Corresponding author

scale biochemical, chemical environmental recovery and
purification application. Also most commercial systems
use activated carbon as adsorbent to remove dyes in
wastewater because of its high adsorption ability, although its running costs are expensive. Recently, numerous approaches have been done to develop cheaper and
effective adsorbents to remove dyes to find an alternative
method from different starting materials. Agriculture
wastes are the chief raw materials being studied for this
purpose, for they are renewable, usually available in large
amounts and potentially less expensive [4-10]. In the
countries planting peanut for the related industry, the
peanut husk is one of the by-products which create no
economic value and cause a significant disposal problem.
Efforts have been made to use the cheapest and unconventional adsorbent to remove hazardous materials such
as heavy metals [11, 12], phenol [13] and dyes[14-16]
from aqueous solution.
In this research, peanut husk has been used as an efficient adsorbent to remove SY, a typical anionic dye from
aqueous solution. Batch experiments were performed to
study effects of parameters such as initial SY concentration, adsorbent dosage, particle size and temperature on
the adsorption process. The equilibrium of adsorption was
compared with Langmuir and Freundlich isotherms. The
kinetic parameters and intraparticle diffusion were also
determined for this process. Thermodynamic parameters
such as Gibbs free energy change, enthalpy change and
entropy change have also been calculated.These information will be useful for further application of the treatment system.
2. MATERIALS AND METHODS
2.1. Materials

All reagents used in this study were of analytical reagent grade and used without further purification. All experiments were carried out in aqueous solution prepared
with distilled water. The peanut husk samples obtained
from a farmers’ market in Chongqing (Rep. of China)
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2.2. Batch adsorption studies

Batch adsorption experiments were conducted in
150mL conical flasks containing different amounts of peanut husk (0.2 - 1.0 g) and 50 mL of SY solutions (pH 2.00)
at the desired concentration and the constant temperature.
A preliminary investigation on the effect of pH on effective adsorption showed that pH of 2.00 is the optimum pH
value in adsorption between pH ranges of 2-12 (results
not shown). The flasks were agitated on a shaker at 150 rpm
constant shaking rate. Samples were taken from mixture
during stirring at pre-determined time intervals to determine
the residual color concentration in the system. The samples were centrifuged and the supernatant liquids were
analyzed spectrophotometrically at 482 nm for the remaining color.
All experiments were carried out in duplicates and average values were used for further calculations. For isotherms studies, a series of flasks containing 100mL SY
solution in the range of 50 - 100 mg·L-1 were prepared. The
weighed amount of 0.1 g peanut husk was added to each
flask and then the mixtures were agitated at temperature of
293, 303 and 313 K. These experiments were carried out at
a constant pH of 2.00 ± 0.10 for duration of 24 h.
The adsorption capacity q (mg·g-1) and the percent
removal efficiency %R were calculated respectively as
follows:
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FIGURE 1 - Effect of contact time (T = 293 K, pH = 2.0, c0 =
50 mg·L-1, peanut husk dosage = 2 g·L-1, rpm = 150)
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where c0 and ce are the initial and the equilibrium
concentrations (mg·L-1); v is the volume of SY solution
used (L); and m is the mass of the dry peanut husk used (g).
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3. RESULT AND DISCUSSION
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FIGURE 2 - Effect of absorbent dosage (T = 293 K, pH = 2.0, c0 =
50 mg·L-1, rpm = 150)

3.1. Effect of contact time

Experiments were performed to investigate the effect
of contact time (0.25 to 24 h) for SY (c0 = 50 mg·L-1)
removal from aqueous solution at 293 K. In Fig. 1, SY
adsorption represents a two-step kinetic process. The rate
of SY adsorption on peanut husk was rapid at the very
beginning, but gradually reduced with time until the system reached equilibrium. It is evident that the amount of
SY adsorbed on per unit mass of peanut husk increased
quickly in the first stage because of the large amount of
surface area available for adsorption. The second stage
was a much slower process after 2 h.
3.2. Effect of the adsorbent dosage

15

R/%

v (c0 − ct )
m
(c − c )
% R = 0 t ×100
c0
q=

Fig. 2 shows the effect of adsorbent dosage on the
percent removal efficiency. The percent removal efficiency increased from 25.5% to 91.9% as the adsorbent dosage increased from 0.5 to 4 g·L-1, which can be attributed
to the increased surface area available of more adsorption
sites. Since the particle size remains constant, the surface
area will be right proportional to the mass of peanut husk
used. But when the amount of peanut husk further increased, the dye removal did not improve any more, which
implied that a complete dye removal could not be achieved
even using a large amount of peanut husk.

-1

were sieved into 40 - 60 meshes before use. Stock solution of SY was prepared by dissolving 0.1 g SY in 1000
mL of distilled water.

qt / mg.g
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3.3. Effect of temperature and Initial SY concentration

Removal of SY by peanut husk was performed by
varying dye concentration between 50-100 mg·L-1 at
temperature 293, 303 and 313 K, respectively. Fig. 3
shows that adsorption capacity increased from 20.13 to
25.89 mg·g-1 at 293 K, from 19.8 to 25.07 mg·g-1 at 303
K, and from 19.36 to 24.4 mg·g-1 at 313 K by increasing
SY concentration. It can be concluded that the adsorption
capacity is highly dependent on the initial concentration
of dye in solution. This is due to an increasing driving
force to overcome all mass transfer resistance. The increase of loading capacity of peanut husk with increasing
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SY concentration may also be due to the higher interaction between SY and peanut husk.
Adsorption of SY on peanut husk was weakened by
increasing the temperature from 293 K to 313 K at different initial dye concentrations. According to Fig. 3, there
was a decrease in equilibrium adsorption capacity at the
same concentration when the temperature was higher,
which was attributed to an exothermic process.

Table 1.The obtained R2 values confirm that the adsorption equilibrium data fitted well with the Langmuir model
under the studied conditions. This indicates uniform adsorption and strong dye-adsorbent interactions over the
surface of the adsorbent.It can be found that the maximum
monolayer capacity of peanut husk is determined as 28.9,
28.01, 27.17 mg·g-1 for 293, 303 and 313 K. Both the qmax
and equilibrium constant KL decreased as temperature
increased.
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FIGURE 3 - Effect of initial dye concentration by peanut husk (contact time = 24 h, pH = 2.0, adsorbent dosage = 2 g·L-1, rpm = 150)
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FIGURE 4 - Fit linear of the Langmuir isotherm (contact time = 24 h,
pH = 2.0, adsorbent dosage = 2 g·L-1, rpm =150)

3.4. Adsorption Isotherms

The adsorption isotherm studies give information
about the capacity of adsorbent to remove dyes. Langmuir
and Freundlich isotherms are the most widely uesd equations since they can be applied to a wide range of adsorbate
concentrations. The linear form of the Langmuir equation
is generally expressed in the following form:

ce
1
c
=
+ e
qe K L qmax qmax

The values of Freundlich constant kF, obtained from
intercepts of straight lines in Fig.5, increased with increasing temperature. All n values were found high
enough for adsorption (>1.0). Based on the comparison of
R2, the adsorption isotherms could be better described by
Langmuir equation.
3.5

where ce is the equilibrium concentration of dye solution (mg·L-1), qe is the equilibrium capacity of dye on the
adsorbent (mg·g-1), qmax is the monolayer adsorption capacity of the adsorbent (mg·g-1), and KL is the Langmuir
adsorption constant (L·mg-1).
The Freundlich isotherm equation is a semi-empirical
one employed to describe heterogeneous system:

3.0

1
ln qe = ln k F + ln Ce
n

ln qe

(3)

□ 293K ■ 303K ○ 313K

(4)

2.5
2.0

-1

where kF (L·mg ) and n (dimensionless) are the
Freundlich adsorption isotherm constants, indicated the
capacity and intensity of the adsorption, respectively.
Experimental adsorption equilibrium data in Fig. 3
obtained at 293,303 and 313 K were fitted with Langmuir
model. The plot between ce / qe and ce yield straight lines

2.5

3.0
ln ce

3.5

4.0

FIGURE 5 - The linear Freundlich isotherm of SY on peanut husk
(contact time = 24 h, pH = 2.0, adsorbent dosage = 2 g·L-1, rpm = 150)

(Fig. 4). The values of the Langmuir constants KL, the
monolayer capacity of adsorbent qmax,and R2 are listed in
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TABLE 1 - Isotherms constants for the adsorption of SY on peanut husk
Langmuir constants
Freundlich constants
qmax / mg·g-1
KL / L·mg-1
R2
kF
n
28.9
0.1689
0.9909
12.669
5.379
28.01
0.1671
0.9949
12.405
5.482
27.17
0.1504
0.9892
11.934
5.58
TABLE 2 - Thermodynamic properties of the systems tested

T/K
293
303
313

ΔG / kJ·mol

ΔH /
kJ·mol-1
-4.38

293K
-29.32

-1

303K
-30.29

313K
-31.02

R2
0.9403
0.9745
0.9209

ΔS / J·mol-1·K-1
85.25

3.5. Thermodynamic parameters

3.6. Kinetic parameters of adsorption

Thermodynamic parameters indicate energy transformation in the adsorption process, which can estimate
the effect of temperature for SY removal. Thermodynamic
parameters, Gibbs free energy values ΔG (J·mol-1), enthalpy change ΔH (J·mol-1) and entropy change ΔS
(J·mol-1·K-1) at different temperature were calculated by
the following equation [17,18]:

In order to examine the controlling mechanism of adsorption processes such as mass transfer and chemical
reaction, pseudo first-order, pseudo second-order and
intraparticle diffusion kinetic equations were used to
correlate the experimental data. The pseudo first-order
kinetic model was suggested by Lagergren [20] for the
adsorption of solid/liquid systems and its integrated form
is given as:

ΔG = − RT ln K = ΔH − TΔS
ΔH ΔS
ln K = −
+
RT
R

(5)
(6)

where R is the universal constant (8.314 J·mol-1·K-1 ),
T is the temperature (K), and K is the equilibrium constant
derive from the Langmuir isotherm.
It is well known the unit for ΔG is J·mol . Since the
unit for the term RT is also J·mol-1, the K in Eq.(5) must
be dimensionless. The present study was investigated in
aqueous solution and KL (the Langmuir constant) is given
in L·mg-1, the K can be recalculated to become dimensionless by multiplying by 106 (number of mgs of water
per liter of solution, since the solution density is about
1 g·mL-1). Accordingly, the ΔG value should be obtained from [19]:
-1

ΔG = − RT ln(10 6 K L )
6

(7)
-1

-1

Then the term 10 KL (L·mg mg·L ) is dimensionless.
Thermodynamic parameters values calculated using
Eq.(5), Eq.(6) and Eq.(7) for SY on peanut husk are reported in Table 2. The negative values of ΔG revealed
that the adsorption of SY was thermodynamically feasible
and spontaneous. Negative value of ΔH confirms the
exothermic nature of the adsorption process. Hence, the
lower temperature was more favorable. The numerical
value of ΔH (< 40 kJ·mol-1) also predicts the physisorption behaviour which is in agreement with the adsorption
theory of Langmuir model. The positive value of ΔS reflects the affinity of peanut husk to SY and also indicates
the increased randomness at the solid/solution interface
during the adsorption process.

ln(qe - q t ) = lnqe - k1t

(8)

where qt (mg·g-1) is the adsorption capacity at time t
(min-1) and k1 (min-1) is the rate constant of the pseudo
first- adsorption.
The kinetic data were further analyzed using Ho’s
pseudo second-order kinetics model[21]. Its integrated
linear form can be expressed as:

t
t
1
= +
qt qe k 2 qe2

(9)

where k2 (g·mg-1·min-1) is the rate constant of the
pseudo second-order adsorption.
The adsorption of SY onto peanut husk follows generally three consecutive steps of external diffusion, intraparticle diffusion and actual adsorption. One or more of
these steps control the adsorption kinetics altogether or
individually. In a well agitated batch system, the external
diffusion resistance is much reduced, and the intraparticle
diffusion is more likely to be the rate controlling step
[22]. The kinetic data can also be analyzed by intraparticle diffusion kinetics model [23], formulated as:

qt = k p t 1 / 2 + C

(10)

where kp (mg·min-1/2·g-1) is the intraparticle diffusion
rate constant and C (mg·g-1) is a constant.
The linearised form of pseudo first- and second-order
model were presented in Fig. 6 and Fig. 7. The rate constant, the qe value and the corresponding linear regression
correlation coefficients R2 calculated from the linear plots
were given in Table 3. The pseudo second-order kinetic
model gave a better description due to extremely high
correlation coefficients. In addition, the calculated qe
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values obtained from pseudo second-order kinetic model
was more close to the experimental data. These suggest
that the adsorption data are well represented by pseudo
second-order kinetics.
The possibility of intraparticle diffusion cannot be
overlooked since the long adsorption equilibrium time in
our experiments. To see this point more clearly, intra-

particle diffusion model was used to describe the adsorption process (Fig. 8). The time dependence of qt in Fig.8
could be presented in two straight lines which could be
well fitted linearly. The multi-linearity suggested that the
intraparticle diffusion was dominant in SY adsorption.
The
75
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FIGURE 6 - Pseudo first-order adsorption kinetics. (T = 293 K,
pH =2.0, c0 = 50 mg·L-1,adsorbent dosage = 2 g·L-1, rpm = 150)

FIGURE 7 - Pseudo second-order adsorption kinetics. (T = 293 K,
pH = 2.0, c0 = 50 mg·L-1, adsorbent dosage = 2 g·L-1, rpm = 150)
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FIGURE 8 - Intraparticle diffusion. (T = 293 K, pH = 2.0, c0 = 50 mg·L-1, peanut husk dosage = 2 g·L-1, rpm = 150)

TABLE 3 - Statistical results of the application of kinetic models.
qe,exp
mg·g-1
19.41

/

First order kinetic model
qe,cal
/
k1 / min-1
R2
mg·g-1
0.0032
2.988
0.9768

Second order kinetic model
qe,cal
k2 / g·mg-1·min-1
mg·g-1
0.0042
19.46

qt in the first portion showed a rapid increase with time,
which is attributed to the rapid external diffusion of dyes
to the surface of peanut husk. The second portion corresponded to the intraparticle diffusion effect. The kp value
was directly evaluated from the slope of the second regression line and the values of kp, C and correlation coefficient are also shown in Table 3. It is found that the correlation coefficient for the intraparticle diffusion model is

/

R

2

0.9998

Intraparticle diffusion model
Kp /
C
mg·min-1/2·g-1
0.0668
17.08

R2
0.9557

above 0.95. However, the linear plot did not pass through
the origin, which indicates that the intraparticle diffusion
was not the sole rate-controlling step. Same phenomenons
were also found in literature [7, 24-26].
3.7. Desorption study

To make the adsorption process more economical, it is
necessary to regenerate the spent adsorbent. For the desorp-
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tion study, the SY uploaded peanut husks were treated with
different chemicals (0.1 mol·L-1 NaCl, 0.1 mol·L-1
NH4Cl, 0.1 mol·L-1 HCl, 0.1mol·L-1 NaOH and pure water). Maximum desorption was observed when 0.1 mol·L-1
NaCl solution was employed as washing solution (% desorption > 95).

sour. Technol. 98, 1208-1217.
[9]

Ahmad, A.A. and Hameed, B.H. (2010) Fixed-bed adsorption of
reactive azo dye onto granular activated carbon prepared from
waste. J. Hazard Mater. 175, 298-303.

[10] Mitter, E.K., Santos, G.C., Almeida, E.J.R., Morao, L.G., Rodrigues, H.D.R. and Corso, C.R. (2012) Analysis of acid alizarin
violet N dye removal using sugarcane bagasse as adsorbent. Water Air Soil Pollut. 223, 765-770.
[11] Wilson, K., Yang, H.,Seo, C. W. and Marshall,W.E.(2006) Select
metal adsorption by activated carbon made from peanutshells.
Bioresour. Technol. 97, 2266-2270.

4. CONCLUSIONS
Peanut husk, an agricultural by-product, can be effectively used as an adsorbent for the removal of sunset
yellow from aqueous solution. The adsorption equilibrium
fitted better with Langmuir isotherm equation when compared to Freundlich isotherm model and the maximum
Langmuir adsorption capacity was 28.9 mg·g-1 at 293K. The
thermodynamic constants suggest an exothermic physical
adsorption process which runs spontaneously.Controlling
mechanisms of the adsorption process revealed that the
pseudo second-order model can provide a better fit to experimental data.

[12] Ricordel, S., Taha, S., Cisse, I. and Dorange, G. (2004) Heavy
metal removal by adsorption onto peanut husks carbon:characterization, kinetic study and modeling. Sep. Purif.
Technol. 24, 389-401.
[13] Gonzo, E.E. and Gonzo, L.F. (2005) Kinetics of phenol removal
from aqueous solution by adsorption onto peanut shell acid activated carbon. Adsorp. Sci. Technol. 23, 289-302.
[14] Gong, R., Ding, Y., Li, M.,Yang C.,Liu H. and Sun,Y.(2005) Utilization of powdered peanut hull as biosorbent for removal of anionic dyes from aqueous solution. Dyes Pigments. 64, 187-192.
[15] Ozer, D., Dursun, G. and Ozer, A. (2007) Methylene blue adsorption from aqueous solution by dehydrated peanut hull. J. Hazard
Mater. 144, 171-179.
[16] Allen, S.J., Gan, Q., Matthews. R. and Johnson, P.A. (2005)
Mass transfer processes in the adsorption of basic dye by peanut
hulls. Ind. Eng. Chem. Res. 44, 1942-1949.
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ABSTRACT
The aim of this study is to investigate the heavy metal
accumulation and to determine the heavy metal pollution
levels of the species Aesculus hippocastanum L., Platanus
orientalis L. and Populus alba L. growing along the streets
in Amasya’s city center. The leaf samples were collected
and dried in an incubator at 70 °C; when they were
ground, they were burned wet with HNO3 and HCl. The
concentrations of elements were measured with atomic
absorption spectrophotometry. The concentrations of Cu,
Pb, Ni, Cr and Co in the leaves of the species were measured
at more than the normal level, or at the limit; Fe concentration at normal level; Mn concentration lower than the normal level. It was determined that there were significant
relationships between the element concentrations. Related
to the obtained results, it can be said that there is Cu, Pb,
Ni, Cr and Co pollution in the city center of Amasya.
Exhaust gases and smoke coming out of chimneys are
thought to be the main factors leading to pollution in
Amasya. A. hippocastanum, P. orientalis and P. alba
species that accumulated high levels of Cu, Pb, Ni, Cr and
Co, can be used as a biomonitor in determining the pollution level of the heavy metals.

their leaves are exposed to polluted air [1, 2]. Some of the
plants absorb the heavy metals in their bodies, and can
also be used as a biomonitor in determining the pollution
level.
In this study, it is aimed to determine the heavy metal
pollution level in Amasya’s city center by measuring Co,
Cr, Cu, Fe, Mn, Ni and Pb accumulation in A. hippocastanum, P. orientalis and P. alba growing along the streets,
and to display that these species can be used as a biomonitor. The elements Co, Cr, Cu, Fe, Mn and Ni are known as
essential micro-nutrient for the plants. On the other hand,
when they are at a high concentration, they have a toxic
effect on the plants. Pb is a toxic element which the plants
do not need. As Amasya is situated in the central Black
Sea Region, it is surrounded by high mountains and intercity transportation flows through the city center. Because
of this, the city center’s air is heavily polluted.
In the past, some studies were carried out in various
cities to determine that these species could be used as a
biomonitor in air pollution [3-9]. Nevertheless, all of the
heavy metals measured herein were not measured in previous studies. Furthermore, such a study had not been
carried out beforehand in Amasya’s city center where the
pollution was known as an important problem.

KEYWORDS: Aesculus hippocastanum, heavy metal, Platanus
orientalis, Populus alba.

1. INTRODUCTION
The increase of heavy metal concentrations in the atmosphere and in the soil affects the life of organisms. Since
the plants, which form the first part of the food chain, cannot move, they are highly affected by the pollution in their
environment. Plants absorb heavy metals through soil and
* Corresponding author

2. MATERIALS AND METHODS
Amasya is located in the inner parts of the Middle
Blacksea Region between 34° 57’ 06” - 36° 31’ 53” east
longitudes and 41° 04’ 54” - 40° 16’ 16” north latitudes.
Its altitude from the sea level is 411.69 m. Since the city
is surrounded by high mountains and there is a lack of air
circulation, it has a dense atmospheric pollution.
The study investigates the heavy metal accumulation
on A. hippocastanum, P. orientalis and P. alba species
growing along the streets in Amasya’s city center. Moreover, the heavy metal pollution level in the center was
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determined by using these species as a biomonitor. The
samples of leaves of the five species growing along the
streets in the city center were collected, dried in an incubator at 70 °C, and then ground. The ground leaf samples
were burned wet with HNO3 and HCl acid mixtures. The
obtained solution was filtered and pure water was added
to it. Pb, Cu, Ni, Co, Cr, Fe and Mn concentrations in the
solution were measured by atomic absoption spectrophotometry (AAS). The statistical analyses obtained from the
study were done by using the SPSS (version 15) packet
program. The differences between the heavy metal concentrations of the species were determined by one-way
variance analyses (ANOVA). Pearson correlation analyses were used to determine the relationships between the
measured heavy metals at P 0.001 meaningful level.

centrations of these three species are far above the average values (4-15 ppm), but in acceptable toxic values (20100 µg g-1) [10, 15]. In such a case, A. hippocastanum, P.
orientalis and P. alba species can be considered as species that have Cu accumulation features, and they are used
as biomonitors to determine the Cu pollution. As Cu conAesculus hippocastanum
80
70
60
50
40
30
20
10
0

3. RESULTS AND DISCUSSION

57.68
c

18.24
ab

Pb

The heavy metal concentrations in the species A. hippocastanum, P. orientalis and P. alba, similarities and
differences between the concentrations are given in Fig. 1.
One-way ANOVA table, that displays whether there are
differences between Pb, Cu, Fe, Ni, Co, Cr and Mn
amounts, is given in Table 1. Related to Table, it was
pointed out that there were differences between the concentrations of the heavy metals in all species. According
to the correlation analysis results, there is a positive concentration relation between Ni and Mn and Fe and Pb on
A. hippocastanum, but a negative one between Cu and Mn
and Mn and Pb on P. orientalis, and a positive one between Cu and Pb, Ni and Fe, Ni and Pb, Pb and Fe, Pb
and Co, Co and Cr on P. alba (Table 2).
It is seen that Fe is the metal that has the highest concentration in A. hippocastanum and P. orientalis, but Cu
in P. alba. The average value of the Fe concentration in
the plants is 2-250 µg g-1 [10, 11]. Related to this value,
the Fe concentration contains an average value in all species. The values obtained from the previous studies carried out at the places where Fe pollution was dense were
higher than those obtained from this study. As an example, it was reported that Fe accumulation on Robinia
pseudoacacia L. was 100.2-3087 µg g-1 in the study carried out by Çelik et al. [12], in Denizli. Moreover, the
amount of accumulated Fe on Pinus sylvestris L. and R.
pseudoacacia were, respectively, 3800 and 6300 µg g-1 in
the study carried out by Elik and Akçay [13], in Sivas. In
another study carried out by Akgüç [11] in Muğla, the
amount of accumulated Fe on Pyracantha coccinea was
reported to be 9.532 µg g-1. Some of these Fe concentration values are very similar to those obtained herein, but
some are higher. When the studies are taken into consideration, it is clearly seen that Fe pollution has a close
relation with industrial activities. In this study, Fe concentration was lower on both species when compared with
the other regions. It means that industry is not well developed in Amasya city. It is reported that the average value
on the plants for Cu is 4-15 µg g-1 [11, 14, 15]. Cu con-
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FIGURE 1 - Average heavy metal concentrations ± standard deviation belonging to Aesculus hippocastanum, Platanus orientalis and
Populus alba species (The small letters beside the values describe
whether there are differences between the accumulated heavy metal
amounts. The differnces between the values are significant at P<0.05
level).
TABLE 1 - ANOVA table that displays Pb, Cu, Fe, Ni, Co, Cr and
Mn accumulation of the species related to the significant difference
at P<0.05 level.
Aesculus hippocastanum
Platanus orientalis
Populus alba
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df
6
6
6

Mean square
1885.41
5031.51
471.44

F
21.23
88.10
12.38

P
0.00
0.00
0.00
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TABLE 2 - Pearson correlation analysis results that reveal Pb, Cu, Fe, Ni, Co, Cr and Mn relations.

Cu
Mn
Ni
Pb
Co

Cu
Mn
Ni
Pb
Co

Cu
Mn
Ni
Pb
Co

Aesculus hippocastanum
Pearson Correlation
Importance
Pearson Correlation
Importance
Pearson Correlation
Importance
Pearson Correlation
Importance
Pearson Correlation
Importance
Platanus orientalis
Pearson Correlation
Importance
Pearson Correlation
Importance
Pearson Correlation
Importance
Pearson Correlation
Importance
Pearson Correlation
Importance
Populus alba
Pearson Correlation
Importance
Pearson Correlation
Importance
Pearson Correlation
Importance
Pearson Correlation
Importance
Pearson Correlation
Importance

Fe
0.279
0.650
0.663
0.222
0.872
0.054
0.925*
0.024
0.703
0.186
0.229
0.710
-0.280
0.648
0.296
0.629
0.256
0.678
-0.552
0.335
-0.443
0.455
0.784
0.116
0.929*
0.022
0.984*
0.002
0.865
0.058

Cu
1

Mn
-0.373
0.536
1

-0.373
0.536
0.047
0.941
0.594
0.291
0.327
0.591

0.882*
0.048
0.357
0.555
0.523
0.366

1

-0.998*
0.000
1

-0.998*
0.000
-0.474
0.420
0.999*
0.000
0.072
0.909

0.466
0.429
-0.996*
0.000
-0.069
0.912

1

-0.635
0.249
1

-0.635
0.249
-0.566
0.320
-0.395
0.510
-0.054
0.932

0.735
0.157
0.710
0.179
0.589
0.296

Ni
0.047
0.941
0.882*
0.048
1
0.710
0.179
0.831
0.081
-0.474
0.420
0.466
0.429
1
-0.452
0.444
-0.123
0.843
-0.566
0.320
0.735
0.157
1
0.961*
0.009
0.841
0.074

Pb
0.594
0.291
0.357
0.555
0.710
0.179
1
0.724
0.167
0.999*
0.000
-0.996*
0.000
-0.452
0.444
1
0.025
0.969
-0.395
0.510
0.710
0.179
0.961*
0.009
1
0.912*
0.031

Co
0.327
0.591
0.523
0.366
0.831
0.081
0.724
0.167
1

Cr
0.567
0.319
0.316
0.605
0.644
0.240
0.575
0.310
0.874
0.053

0.072
0.909
-0.069
0.912
-0.123
0.843
0.025
0.969
1

-0.110
0.861
0.062
0.921
-0.265
0.667
-0.151
0.808
0.568
0.318

-0.054
0.932
0.589
0.296
0.841
0.074
0.912*
0.031
1

-0.112
0.857
0.549
0.338
0.820
0.089
0.801
0.103
0.930*
0.022

* Correlation is important at P< 0.05 level.

centration is high in the city center of Amasya, it proves
that Cu pollution is at the toxic level. Cu pollution originated from atmospheric deposits and activities of human
beings, usage of pesticides, using of sewage wastes as
fertilizers, and coal and metal mines [16]. The coal and
metal mines located in Amasya and its surroundings are
thought to play an important part in Cu pollution. Furthermore, the region is mountainous and the smoke coming out of the chimneys of the houses and cars cannot be
cleared up easily. Such reasons cause pollution in the city
center. In the previous studies carried out to determine the
Cu concentrations on P. orientalis, Demirayak et al. [17]
measured values lower than 6 ppm, and Doğanlar and
Atmaca [18] those of 0.92-5.92 µg g-1. Using A. hippocastanum as a biomonitor, Tomašević et al. [19] found 4.713.2 µg g-1. This value is lower than those obtained from
the leaves of A. hippocastanum in Amasya. In previous
studies, Cu concentration levels in the leaves of P. alba
were measured to be 7.63 µg g-1 by Madejon et al. [20],
and 8.16 µg g-1 by Dominguez et al. [21]. Cu concentrations measured on these species in Amasya are higher
than the values obtained from the previous studies. Such a
case proves how high the Cu concentration in the city is.

It has been reported that the average value of Mn for
plants is 15-100 µg g-1 [11, 14, 15]. Madejon et al. [20]
reported that Mn concentration in the leaves of P. alba is
93.6 µg g-1. In this study, Mn concentration in all 3 species is lower than the known average values. Mn is an
element that is used in agricultural and industrial activities, especially in steel producing factories, and is, therefore, spread into the environment through these activities.
It is possible that the high Mn concentrations were not
seen in the investigated species because of the lack of iron
and steel activities in Amasya. It can also be thought that
the competition of plants in absorbing elements can cause
the presence of a low amount of Mn on them.
The average values of Pb on plants are known to be
between 0.1-10 µg g-1 [10, 11]. According to these values,
Pb concentration in these 3 species are above the average
values. In other words, A. hippocastanum, P. orientalis
and P. alba species have Pb accumulation features. Baycu
et al. [6] stated in their study carried out in İstanbul that
Pb concentration in A. hippocastanum is 17.06 µg g-1,
12.82 µg g-1 in P. orientalis and 8.34 µg g-1 in P. nigra.
Doğanlar and Atmaca [18] measured Pb levels as 2.27-
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15.70 µg g-1 in P. orientalis whereas Madejon et al. [20]
found 5.00 µg g-1 in P. alba. Herein, the measured Pb concentrations in A. hippocastanum, P. orientalis and P. alba
are higher than the values stated in the above studies. The
most important factor for lead pollution is the traffic. Pb
pollution in the city center can be explained by the construction of the ring road that has not been finished yet,
and the traffic flowing through the city.
Ni concentrations in plants are normally between 0.55 µg g-1 [10, 11]. Baycu et al. [6] stated that Ni is 1.43 µg g-1
in A. hippocastanum, 2.26 µg g-1 in P. orientalis and 1.35
µg g-1 in P. nigra. Madejon et al. [20] observed Ni concentrations of 1.33 µg g-1 in P. alba, and Pourkhabbaz et
al. [9] measured 4.2 µg g-1 in P. orientalis. In the present
study, the measured value is at the top level in A. hippocastanum and P. alba, and it is higher than the average
level on P. orientalis. Since Ni concentration in Amasya
is higher than the values stated in the literature, it can be
said that there is Ni pollution in the district. The fuels and
oil with Ni is the most important factor in spreading Ni into
the atmosphere through the exhausts of cars. Besides this,
industry, fertilizing activities, pesticides and chimney gases
also cause Ni pollution [11]. As in lead pollution, the main
reason of Ni pollution in Amasya is the busy highway
passing through the city center.
The average Cr concentration in plants is between
0.006–18 µg g-1 [22]. The Cr concentration in P. orientalis
reported by Pourkhabbaz et al. [9] was 2.4 µg g-1. In this
study, Cr concentration in A. hippocastanum is very close
to the high level and above the average values on P. orientalis and P. alba. It is clearly above the values mentioned before in P. orientalis. Burning of coal and metal
production are the main factors that cause Cr pollution
[23]. In the city center, people often use coal for heating
instead of natural gas. It is thought that this can cause Cr
pollution. Although the leaf samples were collected in
autumn, there was Cr pollution in the city, and such pollution possibly increases in winter months.
The average Co concentration in plants is between 0.110 µg g-1 [24]. Pourkhabbaz et al. [9] measured Co concentration in P. orientalis as 0.3 µg g-1. In this study, Cr concentrations in A. hippocastanum and P. alba are close to
the high level and over the mentioned average level in P.
orientalis. Such a case indicates that Co pollution started in
Amasya. The cobalt pollution is especially caused by fertilizing, using pesticides, water coming out from the mines,
metallurgy activities, and burning of coal [23].

and the competition among the elements. In other words, the
micro-habitats of the plants, on which the samples were
taken, have a great effect on accumulation of heavy metals. As a result, it is possible to compare the heavy metal
accumulation levels of the species when the factors are
taken into consideration under controlled conditions.
Related to the correlation analyses, it is stated that
there is a positive relation about Ni and Mn as well as Fe
and Pb concentrations in A. hippocastanum; a negative
relation about Cu and Mn as well as Mn and Pb correlations
in P. orientalis, a positive relation about Cu and Pb concentrations; a positive relation about Ni and Fe, Ni and Pb,
Pb and Fe, Pb and Co, Co and Cr concentrations in P. alba.
Baycu et al. [6] stated that there was no important relation
between Pb and Ni in Aesculus, Platanus and Populus. It is
clearly known that there is competition between some
elements during their uptake by plants. Because of the
competition among the elements, they fight with each
other.
4. CONCLUSIONS
As a result, it is found that Cu, Pb, Ni, Cr and Co
concentrations accumulated on the leaves were over the
average or at the limit levels; Fe concentrations at average
level; Mn concentration was lower than the average level
in A. hippocastanum, P. orientalis and P. alba species. It
is known that there are some relations between the elements. So, it can be said that the high concentration levels
of the elements can affect the uptake of the others. When
compared with the average values, it can be claimed that
there is heavy metal pollution in Amasya’s city center,
caused by the gases originating from chimneys and car
exhausts. A. hippocastanum, P. orientalis and P. alba species
can be used as suitable biomonitors to determine the pollution as they accumulated Cu, Pb, Ni, Cr and Co at a high
rate.
The falling parts (leaves and branches) accumulated
heavy metals can cause pollution again by spreadi ng out in
the environment. It is important to determine the plant
species that accumulate heavy metals and to collect their
falling parts for the sustainability of the ecosystems. The
heavy metal accumulation features of the plants should be
taken into consideration for the landscape, and these plants
should also be used for biomonitoring in the city centers.
This subject is important because heavy metal contamination causes health risks for all organisms [25].

When the species are compared to their heavy metal
accumulation amounts, it is seen that Co, Cu, Fe, Ni and
Pb accumulate most in P. orientalis, but Cr and Mn accumulate most in P. alba. Therefore, it can be said that P.
orientalis for Co, Cu, Fe and Pb as well as P. alba for Cr
and Mn are suitable plants to be used as biomonitors for
determining the pollution levels. However, it is important
to take some factors into consideration, such as the element concentration in plant tissues, pH, the amount of
elements in the soil, the cation changing capacity of the soil,
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ABSTRACT

structure of the crown and crown height, thickness of bark
and leaf shape [5-8].

The goals of present study were to quantify rainfall
partitioning and related base cations in three successional
stages of evergreen broad-leaved forests across wet and
dry seasons in the Tiantong National Forest Park, eastern
China. Of incident precipitation, 78% became throughfall
in primary forest while 55 and 66% of gross precipitation
became throughfall in secondary forest and secondary
shrubs, respectively. Stemflow amounts represented 6 - 14 %
of the incident rainfall. Based on canopy budget model,
canopy exchange of K and Mg was often more dominant
than dry deposition. K was the most enriched with enrichment factors of up to 5 and 11 for throughfall and
stemflow, respectively. By contrast, Ca was always taken
up by the canopy and the stem. Values of nutrient deposition were high with value of 9.4, 5.0, 1.0 and 2.4 kg ha-1
month-1 in stand deposition of Ca, K, Mg and Na, respectively in secondary shrubs, possibly due to high tree density and richness. This research discussed the impacts of
sere stages on precipitation partitioning and related base
cations.
KEYWORDS: Canopy budget model; Evergreen broad-leaved
forest; Nutrient inputs; Successional stages

1. INTRODUCTION
Gross rainfall on a canopy is partitioned into rainfall
interception loss, throughfall and stemflow, and this partitioning is a very important part of forest hydrology [1, 2].
Water balance studies in different successional stages provide information on partitioning of rainwater in forested
catchments with different vegetation cover [3, 4]. Forest
factors which influence the proportion of rainfall partitioning
include stem density, canopy density, branch angle, the

* Corresponding author

In addition to influencing volume of rainfall partitioning, forest structure and function also modify the quality
of throughfall and stemflow by influencing nutrient concentrations reaching soils via rainwater [9, 10]. It is easy
to measure element fluxes in throughfall and stemflow but
difficult to separate into its contributions. Nutrients in
throughfall may result from (1) incident precipitation, passing through the canopy [11], (2) washing, by precipitation,
of deposits accumulated on the canopy between events
[12], (3) canopy exchange process, including leaching or
uptake of material from internal plant tissues [13, 14].
Identifying and quantifying the source of nutrients in precipitation partitioning as dry deposition (DD) or canopy
exchange (CE) is difficult because micrometeorological methods are expensive [4]. An alternate approach is to
use a canopy budget model based on the assumption that
leaching and uptake of Na and Cl are minimal and either of
these can be used as tracer ion to estimate the contribution
of DD and CE to net throughfall deposition (NTD) [10].
There are several studies reporting rainfall partitioning and related nutrient fluxes of evergreen broad-leaved
forests (EBLF) [15, 16], but few studies have compared
the influence of different successional stages on nutrient
cycling in subtropical regions. Empirical studies had shown
that differences in structure and floristic composition along
succession do not play an important role in the nutrient
dynamic at the canopy level in the tropics [3, 4]. Studies on
rainfall redistribution together with nutrient deposition underneath different trees species within a forest [3, 4] or the
same species in different forests [17, 18] along a successional gradient in a region can further improve our understanding on how forest succession affects this hydrological process.
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In this study, we chose three forests along a successional
gradient at the Tiantong National Forest Park (TNFP), eastern China. These three forests are secondary EBLF shrubs
(SS), sub-climax EBLF (SE) and primary EBLF (PE),
which belong to early, middle and late succession stages,
respectively. The mature forests around a Buddhist temple
in the center of the TNFP are considered as climax monsoon EBLFs because this area has been protected from
clear cutting [19]. Outside of this area, virtually all vegetation is SE and SS occur widely. Generally, the SS are
mostly derived from the cessation of repeat cutting, and
thus represent early successional stage. As the succession
proceeds, shrubs will proceed to sub-climax of EBLF, and
finally to the mature-climax of EBLF [19]. The effect of
changes in vegetation along succession on the water cycling and water quality remains poorly understood but such
information is vital for an adequate understanding of the
effect of changing vegetation on regional water resources.
In the present study, precipitation partitioning (throughfall, stemflow and interception loss) was measured along
three successional stages of EBLFs during wet and dry seasons. In addition to rainfall partitioning, concentrations of
base cations in the various rainfall compartments were
measured to compare the dry deposition contribution obtained by applying the canopy exchange model to bulk and
wet data. The hypotheses tested were that constituent inputs
of precipitation partitioning and related base cations may
have clear trends from early to late succession stages.
2. MATERIALS AND METHODS
2.1 Study sites

All study sites were located in TNFP (29°52′ N,
121°39′ E, 200 m a.s.l) in the eastern part of Zhejiang
Province of China. The national park was established in
1981 to conserve the rich biodiversity of native evergreen
broad-leaved forests [20]. The climate at this area is warmtemperate with a short dry season in November and December and with warm summers. The climate conditions
are characteristic of the subtropics with an annual average
temperature of 16.2°C. The warmest month is July with a
mean temperature of 28.1°C, and the coldest is January
with a mean temperature of 4.2°C. Average annual precipitation is 1374 mm concentrated from April-October [21].
The soil of this area is mainly Acrisols with a pH range of
4.4-5.1 [20].
The sites chosen for the present study are representative of the EBLF types covering a large area of China.
Due to different human disturbance, the forests comprise
a large portion of different successional stages [19]. Generally, the secondary shrubs are derived from the cessation of repeat cutting, and thus, represent early successional stage [21]. As succession proceeds, the shrubs are
gradually replaced by evergreen broad-leaved trees such
as Schima superba Gardn. et Champ in SE, and Castanopsis fargesii Franch. in PE [22].

2.2 Plot delimitation

The three mentioned vegetation types were selected
as transitional stages to characterize a vegetation gradient.
The three vegetation types used for the present study had
the same historical vegetation and similar soils, which were
developed from the same quartzitic parent material [22].
Overstorey LAI was measured using an LAI-2000 Plant
Canopy Analyzer (LI-COR, Inc. Lincoln, Nebraska).
At each forest type one experimental plot of 25 m ×
25 m was established to sample throughfall and stemflow.
Unreplicated forest sampling was used because it was not
possible to find replicate stands of each forest type presenting exactly the same characteristics [3]. Unreplicated
plots may be a limitation of the present study, as in many
other publications related to rainfall partitioning into
throughfall and stemflow [23, 24]. However, lack of replication should have little influence here, as the purpose of this
study is to understand rainfall partitioning and associated
nutrient fluxes of major vegetation types in EBLFs of eastern
China. Furthermore, we have spatial and temporal replications within each plot for the measuring and sampling.
2.3 Samples and measurements of precipitation, throughfall
and stemflow

Incident precipitation (P) was collected with two collectors (10 L) in a nearby clearing (no trees were within a
20 m radius of the two collectors) approximately 0.3-1.5 km
from the three study plots. The collector had an open area of
415 cm2, and the collector’s funnel had a vertical rim 2 cm
deep. A polyethylene net with 0.5 mm mesh was installed
on the bottom of the funnel to prevent litter and debris
entering the collectors [23].
Throughfall (TF) was measured with the same type of
gauge used to measure gross precipitation. A 25 m × 25 m
square was established per plot within twenty-five 5 m ×5 m
grids and then at the center of each small 5 m ×5 m grid, a
throughfall collector was placed to assess the spatial variability of throughfall (see details in Shen et al. [21]). The
funnel openings were 30 - 50 cm above the forest floor.
Understorey vegetation directly above the samplers was
removed so throughfall of the tree canopy was collected.
The funnels and collectors were cleaned regularly to avoid
blockages.
In each forest stand, eight trees were selected in each
plot for measuring stemflow. Stemflow was collected by
attaching spiral plastic cords (DBH ≥ 20 cm) or collars
(5 cm ≤ DBH < 20 cm) around tree trunks to drain into
closed containers of plastic on the forest floor. Stemflow
was converted to mm of precipitation based on the following formula [25]:
n

SF = ∑
i =1

Sn ⋅ m
A ⋅ 10 4

(1)

where SF is the estimated stemflow depth in millimeters for the plot with an area of A (m2); n is the number of
DBH classes in each plot; S n is the average stemflow
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volume (ml) from sampled trees in a certain DBH class,
and m is the number of trees which belong to a certain
DBH class in the plot.
Rainfall, throughfall and stemflow samples were continuously collected on an event basis in the wet season
from April to October 2009 (n = 22 events) and during the
dry season from November to December 2010 (n = 3
events). The rainfall events were classified as separate
events if the time between events exceeded 12 h, i.e. there
was at least a 12-h interval between the measured events
[2]. Subsamples for chemical analysis were taken in clean
250 ml polyethylene bottles. Collectors of rainfall, throughfall and stemflow were cleaned after each rainfall event
with deionized water.
Gross precipitation, throughfall and stemflow samples were brought to the laboratory for nutrient analysis.
Samples were filtered and preserved at 4 °C. Concentrations of Ca, K, Mg and Na were determined by ICP-AES
using a ThermoElemental IRIS Intrepid II XSP [24].
2.4 Canopy budget model

To separate the contribution of CE from DD in the
net throughfall of base cations, canopy exchange model
[4, 26] was used in the present study. The amount of nutrients entering the ecosystem by stand deposition [SD;
defined as the sum of throughfall deposition (TFD) and
stemflow deposition (SFD)] result from total atmospheric
depositions and CE processes [4, 10] and can be written
as (Eq. 3):

TFD + SFD = PD + DD + CE

(3)

where PD is open-field precipitation deposition.
The canopy budget model was used to determine net
throughfall deposition (NTD), DD and CE. The NTD is
defined as (Eq. 4):

NTD = TFD + SFD − PD = DD + CE

(4)

In the model, Na is assumed not to be influenced by
canopy exchange processes and it is used as a tracer of
dry deposition of particles such as Ca, Mg and K [26].
The DD of an element X (Ca, Mg, K) was calculated as
follows (Eq. 5):

DD =

NTD Na
× PD X
PD Na

(5)

by multiplying water fluxes (precipitation, throughfall or
stemflow) with the respective concentrations. Total rainfall for the Tiantong area in 2009 was obtained from Meteorological Station of Tiantong Forest Station. Annual
deposition was calculated as

D = (C)(V)

(6)

where D is deposition, C is the VWM concentration
of a solute and V is the total volume of rainfall or
throughfall or stemflow for the 2009 water year.
3. RESULTS
3.1 Precipitation partitioning during the study period

We are aware that a 9-month study period is not long
enough for ecosystem ecology especially if it is a seasonal
forest. However, the goal of this study is to point out
effects of successional stages on the rainfall partitioning.
Furthermore, the species of EBLFs have year-round growing seasons [27, 28]. The total amount of rainfall was
1405 mm during the study period. Seasonal values of
throughfalll and stemflow for each forest type are reported
in Table 2. In wet season, throughfall ranged between 56
and 77% of gross precipitation while dry season values
ranged between 56 and 81%. Dry season throughfall values (% of precipitation) of PE and SS were slightly higher
than wet season values. SF values were 6-14% in both
wet and dry seasons for the three forest types.
During the whole study period, relative throughfall
fractions obtained were 66, 56 and 78 % for SS, SE and
PE, respectively. Throughfall volume was slightly higher
TABLE 1 - Characteristics of SS, SE and PE in Tiantong National
Forest Park, Eastern China
Stand characteristics
SS
SE
PE
Tree density (ha-1) a
2016
1376
752
Richness (total number of species) a
28
4
3
Mean height (m)
5
19
25
Basal area (m2 ha-1)
17.1
32.4
31.9
Canopy cover
0.93
0.94
0.89
Leaf area Index (LAI)
3.4
3.6
2.8
SS, Secondary shrub; SE, Secondary evergreen broad-leaved forest;
PE, primary evergreen broad-leaved forest.
a
Trees are considered to have a diameter at breast height (DBH) ≥ 5 cm.

The CE of Ca, Mg and K was then estimated by subtracting DD from NTD [4].
2.5 Data analysis

Values presented are volume-weighted mean (VWM)
concentrations of solutes. Element fluxes were calculated
TABLE 2 - Amounts of precipitation (P), throughfall (TF), stemflow (SF) and
interception loss (I) for different seasons at different successional stages of EBLFs
Vegetation type

Season

P

TF
mm

SF
%
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mm

I
%

mm

%
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SS
SE
PE

Wet 2009
Dry 2010
Total
Wet 2009
Dry 2010
Total
Wet 2009
Dry 2010
Total
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1252
153
1405
1252
153
1405
1252
153
1405

821
109
930
694
88
782
965
126
1091

66
70
66
56
56
56
77
81
78

115
15
130
171
22
193
75
10
85

9
10
9
14
14
14
6
6
6

316
29
345
387
43
430
212
17
229

25
20
25
30
30
30
17
13
16

SS, Secondary shrub; SE, Secondary evergreen broad-leaved forest; PE, primary evergreen broad-leaved forest.

in the PE stand compared to the other two secondary
forest stands under investigation. Estimations of the
stemflow volumes for the mentioned period varied from
85 to 130 mm, constituting from 6 to 14 % of the incident
rainfall. Total amount of stemflow decreased from SE to
SS and PE forests in 33 % and 56 %, respectively. The
interception (P – (TF + SF) ) amounts of 345, 430 and
229 mm for the SS, SE and PE, respectively, indicate
increasing interception loss with increasing leaf area index (LAI) (Table 1) not with sere stages in present study.
3.2 Seasonal patterns of concentrations through succession

Concentrations and the distributions of nutrients for
precipitation, throughfall and stemflow are presented in
Table 3 and Fig. 1, 2. VWM concentration of Ca in inci-

dent rainfall was 7.82 mg l-1, while in throughfall and
stemflow the concentration of this element decreased
(Table 3). However, the VWM concentrations of K, Mg
and Na in throughfall and stemflow of the three forests
were consistently higher than in incident rainfall. The
concentrations of K, Mg and Na in rainfall were consistent throughout the year, except in November 2010
when these nutrient concentrations increased as the dry
season began (Fig. 1). Nutrients concentrations of
throughfall and stemflow were generally similar to those
in the incident precipitation (Fig. 1, 2). Concentrations of
Ca were larger than all other solutes and elevated in
throughfall in May 2009 and November 2010 (Fig. 1).
However, K concentrations were slightly higher than the
other measured solutes in stemflow (Fig. 2).

TABLE 3 - Concentrations of base cations (mg l-1) in incident precipitation and nutrient enrichment factors for throughfall and stemflow at
each site. Values of enrichment factors are calculated as nutrient concentrations of throughfall and stemflow divided by that of precipitation
and are therefore unitless.
Element

Incident rainfall
Throughfall
Stemflow
(mg l-1)
SS
SE
PE
SS
Ca
7.82
0.91
0.87
0.91
0.93
K
0.75
3.2
5.2
3.4
8.1
Mg
0.30
1.7
1.5
1.8
1.5
Na
1.13
1.3
1.5
1.3
1.5
SS, Secondary shrub; SE, Secondary evergreen broad-leaved forest; PE, primary evergreen broad-leaved forest.
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SE
0.93
4.6
2.6
1.6

PE
0.91
11.5
2.4
2.0
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FIGURE 1 - Monthly variations in concentrations of Ca, K, Mg and Na in throughfall for precipitation and three successional stages of
EBLFs. Values shown are volume-weighted means. SS, Secondary shrub; SE, Secondary evergreen broad-leaved forest; PE, primary
evergreen broad-leaved forest.

FIGURE 2 - Monthly variations in concentrations of Ca, K, Mg and Na in stemflow for three successional stages of EBLFs. Values shown are
volume-weighted means. SS, Secondary shrub; SE, Secondary evergreen broad-leaved forest; PE, primary evergreen broad-leaved forest.
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TABLE 4 - Bulk precipitation deposition shown as precipitation deposition (PD), stand deposition [SD, including throughfall deposition
(TFD) and stemflow deposition (SFD)] and net throughfall deposition (NTD), dry deposition (DD) factor, DD and canopy exchange (CE)
PD, SD (kg ha-1 month-1)
NTD (kg ha-1 month-1)
DD factor
DD (kg ha-1 month-1)
CE (kg ha-1 month-1)
Unitless
Ca
K
Mg
Na
Ca
K
Mg
Na
Ca
K
Mg
Ca
K
Mg
PD Wet 09
13.2
1
0.4
1.3
Dry 10
8.3
1.8
0.8
3.2
SS
Wet 09
10.4
5.5
1
1.8
-2.8
4.5 0.6
0.5
0.4
5.3
0.4
0.2
-8.1
4.1
0.4
Dry 10
6.1
3.2
1.2
4.5
-2.2
1.4 0.4
1.3
0.4
3.3
0.7
0.3
-5.5
0.7
0.1
SE
Wet 09
8.7
3.8
0.5
1.3
-4.5
2.8 0.1
0
0
0
0
0
-4.5
2.8
0.1
Dry 10
4.4
2.3
0.7
3
-3.9
0.5 -0.1
-0.2
0
0
0
0
-3.9
0.5
-0.1
PE
Wet 09
9.1
3.1
0.5
1.3
-4.1
2.1 0.1
0
0
0
0
0
-4.1
2.1
0.1
Dry 10
5.6
2.7
0.8
3.2
-2.7
0.9 0
0
0
0
0
0
-2.7
0.9
0
NTD is calculated as SD – PD. DD factor indicates the proportionality of Na in NTD and PD. DD = DD factor * PD and CE = SD – DD. Negative CE
indicates canopy uptake and positive CE indicates leaching of that ion. SS, Secondary shrub; SE, Secondary evergreen broad-leaved forest; PE,
primary evergreen broad-leaved forest.
Season

3.3 Dry deposition and canopy exchange of nutrients

The product of total rainfall in January-December
2009 (2060 mm) and the ratio of throuhgfall to rainfall
volume (0.66, 0.56 and 0.78 for SS, SE and PE, respectively) and stemflow to rainfall volume (0.09, 0.14 and
0.06 for SS, SE and PE, respectively) from our sampled
events were used as an estimate of total throughfall and
stemflow volume for the 2009 water year. Deposition of
nutrient varied between successional stages and seasons
(Table 4). Total annual precipitation deposition based on
the 9-month estimates, in kg ha-1 year-1 for Tiantong area
was Ca (161) > Na (23.4) > K (15.4) > Mg (6.2). Dry
season delivery of nutrients via PD was larger than wet
season fluxes for all nutrients with the exception of Ca
(Table 4). Wet season inputs of Ca and K are often (but
not always) larger than dry season values and SD often
delivered more K and Mg than PD. SD is consistently
smaller than PD for Ca at all three forest types (Table 4).
NTD is largest for K of the three successional stages
of EBLFs. Proportioning NTD into DD and CE indicates
that the contribution of CE was generally higher than DD
inputs except Ca. The negative CE values of Ca indicate
there are cases of uptake of Ca in the three forest types.
However, CE values of K and Mg are most often positive,
indicating leaching of ions.
The estimation of annual total Ca flux in gross precipitation was 161kg ha-1. Whereas the total Ca transferred to the forests floor in throughfall plus stemflow
ranged from 102 to 124 kg ha-1 y-1, suggesting considerable retention by the forest canopy (data not shown). The
annual inputs of K and Mg in throughfall plus stemflow
of the studied forests were greater than those in incident
rainfall by factors ranging from 2.6 to 4.2 for K, and 1.2
to 2.1 for Mg, respectively. Enrichment factors were consistently close to 1 for Na (data not shown).
4. DISCUSSION
4.1 Precipitation partitioning

In present study, the studies on the three forest types
had the same climate characteristics during monitoring
period. So it was concluded the rainfall partitioning into
throughfall and stemflow was strongly influenced by different sere stages of EBLFs. The higher throughfall/ precipitation value was to be expected for the PE because of its lower
LAI compared to the other two forests (Table 1). The values of throughfall in present study, expressed as percentage
of incident rainfall, was within the range of values reported
for other evergreen forests (47-77 %) [15, 29, 30].
Stemflow ranged between 6 and 14 % of gross precipitation for the three forest types, slightly higher than
many values reported for other evergreen broad-leaved
forests in China (1.8-5 %) [29, 31] but well below the value
for evergreen broad-leaved forest in Japan [15]. Stemflow
decreased from SE to the other forests, which seem to have
a relation with the decrease in the total basal area (DBH ≥
5 cm) (Table 1). In addition, leaf shape and orientation, as
well as in branch angles and bark type, many of which may
have contributed here but are difficult to evaluate [5, 15].
4.2 Dry deposition and canopy exchange of nutrients

Concentrations of base cations were high in present
study and such values have been attributed to marine influences. Seasonally, nutrients were more concentrated in
throughfall and stemflow samples collected during the dry
season (Fig. 1), consistent with many previous studies [4,
9, 32]. Ion concentrations were higher in small rain events
than larger rain events due to leaching and washing of
leaves proportionally larger at the beginning of a storm or
dilution of solutes in the wet season [32, 33]. Depositions
of Ca and K are larger in the wet season (Table 4) due to
the much larger amount of water. However, element fluxes of Mg and Na were higher in the dry season than in the
wet season (Table 4) because the concentrations of the
two nutrients are the overriding factor in deposition rates.
In the present study, DD of the tracer ion (Na) is zero
or close to zero, indicating limited CE for the tracer ion.
Despite this approach does have limitations, the simplicity
and low cost of these calculations provide a convenient
alternative to micrometeorological techniques and it is most
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effective for the ions investigated in similar researches [4,
33]. The sign of CE indicate processes of leaching (positive CE, when the canopy is a source) and uptake (negative CE, when the canopy is a sink) of ions [4]. In the case
of Ca, the canopy of the three successional stages was a
sink of ions during the study period (Table 4). These
findings contradict the results of Balestrini et al. [26] and
Scheer [33], who reported increased leaching of Ca in the
forest stands. K is the most enriched as rainfall passes
through the canopy, which is consistent with previously
reported patterns in a tropical montane rain forest [14]
and a lowland Atlantic rainforest [33]. The higher susceptibility of K to canopy leaching, as widely accepted [3, 4],
is due to its greater mobility in plant tissues when compared to other base cations [33].
Concentrations of nutrients (except Ca) in stemflow
were often more highly concentrated than that in throughfall, possibly indicating leaching of these nutrients by
epiphytes and lichens on the bark [4]. Given the small
amount of stemflow, the nutrient fluxes of stemflow were
much lower than throughfall inputs. It is known, however,
that stemflow plays an important role in the nutrient inputs to localized point of the plant stem [3, 34].

5. CONCLUSIONS
The PE in Tiantong area had high throughfall (77 %)
and low stemflow (6%) due to small number of tree density, low LAI and canopy cover (Table 1). Mean monthly
concentrations of nutrients in throughfall and stemflow
were similar in PE and two secondary forest types (SS
and SE), indicating that differences in structure and floristic composition did not influence the nutrient dynamics at
the canopy level. Both throughfall and stemflow were
generally enriched with nutrients of K, Mg and Na, while
Ca was recorded at lower concentrations in throughfall
and stemflow than in precipitation. Based on the tracer
ion of Na, CE processes of K and Mg were larger than
DD. Negative CE of Ca indicated retention by forest
canopy and stems. The understanding of differences in
nutrient cycling through rainfall partitioning is necessary
for understanding the ecology of different successional
stages of EBLFs and their ecosystem functions.
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ABSTRACT
The aim of this study is to investigate the relationship
between the drought tolerance capacity and antioxidant enzyme activity of 38 genotypes of different pumpkin species
from different regions of Turkey. The seedlings from
38 different genotypes were put into pots containing Hoagland’s solution to be stored in cultivation rooms under
controlled climatic conditions. A 15% polyethylene glycol 6000 (PEG 6000) solution was added to the Hoagland’s solution to create an osmotic potential equivalent to
–0.60 MPa for the drought test application. The leaf weights
were determined following the test under drought and
control conditions. The relative water content, chlorophyll
content, and antioxidative enzyme activities (superoxide
dismutase, catalase, and ascorbate peroxidase) were investigated. As a result, it was observed that the enzyme activities are extremely vital in the drought tolerance of the pumpkin genotypes; such as under dry conditions, the drought
tolerant pumpkin genotypes use antioxidative enzymes more
actively compared to the drought susceptible genotypes.

KEYWORDS: Pumpkin, Cucurbitaceae, drought, oxidative stress,
relative water content, polyethylene glycol

1. INTRODUCTION
Drought is considered to be one of the most important
environmental stresses limiting plant growth and crop
productivity, and it emerges from changes in the world’s
climate. Under such conditions, stomatal closing is a common response of plants, which causes decline in CO2 uptake and increase in the accumulation of NADPH [1]. In
that case, oxygen is final electron acceptor instead of limited NADP, which results in formation of superoxide [2].
Through a variety of reactions, superoxide leads to the
formation of hydrogen peroxide, hydroxyl radicals, and
* Corresponding author

other reactive oxygen species (ROS), all of which can
cause damage in various ways [3]. Generation of ROS results in lipid peroxidation, protein degradation, and nucleic
acid damages. Plants have developed defense mechanisms
against free oxygen radicals under stress conditions [4]. A
number of these mechanisms are dependent on enzymatic
cascades and include reactions for the neutralization of
harmful effects of these radicals; a number of these mechanisms are related to nonenzymatic ways and substances. In
other words, plants do have varying amounts of antioxidants and antioxidative enzymes that protect them against
the effects of toxic oxygen radicals. Plants have antioxidant
defence mechanism including enzymes, such as superoxide
dismutase (SOD) (EC 1.15.1.1), ascorbate peroxidase (APX)
(EC 1.11.1.11), glutathione reductase (GR) (EC 1.6.4.2),
and catalase (CAT) (EC 1.11.1.6) but also non-enzyme
compounds (ascorbate, glutathione, tocopherol) to decrease
or alleviate the deleterious effects of ROS [5-7]. Among
the different ROS produced in response to environmental
stresses, H 2O 2 acts as a major signaling molecule and
serves as an effective mode of defense. H2O2 is further
reduced to H2O by CAT in the peroxisomes, by APX in
the chloroplasts and cytosol, and by glutathione reductase
(GR) in the cell wall [8]. Plants with high levels of antioxidants, either constitutive or induced, have been reported to
have greater resistance to this oxidative damage, and the
extent of the oxidative cellular damage in plants exposed to
abiotic stress is controlled by the capacity of their antioxidant systems [9-11]. High activities of the enzymes during
drought are related to lowered lipid peroxidation [12]. Many
of researchers reported in their studies that the antioxidant
enzyme activities increased in the stress-tolerant plant genotypes when compared to the susceptible genotypes [13- 15].
Pumpkin is capable of growing in extremely different
ecologies around the world, and it has a vast population,
which shows a high variation in Turkey. The aim of this
study is to investigate the response patterns of different
pumpkin genotypes against drought stress, and to clarify
this response using different biochemical methods. One of
our goals in doing this work is to observe the activities of
enzymes in pumpkin genotypes. The drought-tolerant pumpkin genotypes will be defined by investigating their anti-
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oxidant defense mechanisms via enzymes, such as SOD,
CAT, and APX, and the relative water content (RWC) of
the plants.
2. MATERIALS AND METHODS
A total of 38 pumpkin genotypes (Cucurbita pepo, C.
maxima Duch., C. moschata Poir, Lagenaria sciceraria
(Mol.) Standl), which have been harvested from different
regions of Anatolia, are used in this study. A list of pumpkin
genotypes is given in Table 1.
Growing the plants: The pumpkin seeds were planted
in pumice-filled foam pots with holes in the bottom for
drainage. They were placed in a climatic room at 25 ± 2 °C,
and with a relative humidity of 50% under a light density
of 500 µmol m–1 s–1. They were maintained at a light/dark
photoperiod of 16/8 h. After their first true leaves were
observed, the saplings were watered with Hoagland’s nutrient solution [16]. After the saplings had produced their next
true leaves in perlite medium, they were transplanted into
water culture. Plastic dishes measuring 25×25×18 cm were
filled with Hoagland’s nutrient solution and used as the
water medium. The nutrient solutions were refreshed every
week, and the dishes were repositioned to ensure that all of
the plants benefited equally from the lightning conditions.
Implementing the drought application: The saplings
were grown in the water medium for 1 week, and then, the
drought application was initiated. It was observed that the
saplings had 3–4 true leaves at this stage. Fifteen plants
from each genotype were used for the test with 3 repetitions. Polyethylene glycol (PEG 6000) at a concentration of
10% was added to the Hoagland’s nutrient solution [17].
On day 7 of the stress, the green parts of the plants were
measured, and 6 plants from each class were selected
randomly. Their roots, shoots and leaves were separated,

and their fresh weights measured with the help of a digital
balance sensitive to 1/10000.
Chlorophyll determination: Oxidative damage was
evaluated by the chlorophyll retention. Leaf segments
(200 mg), fresh or frozen at –40 °C, were placed in 5 ml
80% ethanol and heated in a water-bath at 80 °C for 20 min.
Chlorophyll was evaluated in the alcohol extracts from
the absorbance readings, taking into account the extinction coefficient for each one. The chlorophyll content was
calculated as 1000 × A654 / (39.8 × sample fresh weight),
according to the method of Tetley and Thimann [18].
Determination of the leaf RWC: Percent leaf RWC
was determined on 3 replicates of leaf tissues from each
tray using the standard formula: RWC = {(fresh weighdry weight) / (weight at full turgor-dry weight)} × 100.
The water contents were gravimetrically determined by
oven-drying at 70 °C for 48 h, and full turgor was determined from plants that had been watered and kept overnight in plastic bags, as described by Farrant [19].
Enzyme Extraction and Assay: Fresh callus samples
were rinsed for 5 min in liquid nitrogen. The frozen calluses were kept at -80 °C for further analyses. Enzymes
were extracted from 1 g callus using a mortar and pestle
with 5 ml extraction buffer containing 50 mM potassiumphosphate buffer (pH 7.6) and 0.1 mM Na-EDTA. The
homogenate was centrifuged at 15000 rpm for 15 min. The
supernatant fraction was used for assay of enzymes. All
operations for the preparation of enzyme extracts were
performed at 4 °C.
SOD was assayed according to Cakmak and
Marschner [20], by monitoring the superoxide radicalinduced nitro blue tetrazolium (NBT) reduction at 560 nm.
One unit of SOD activity was defined as the amount of enzyme which causes 50% inhibition of the photochemical
reduction of NBT. Catalase activity was determined by
monitoring the disappearance of H2O2 according to the
method of Cakmak

TABLE 1 - List of pumpkin genotypes used in the study: code, variety name, source and their growth type.
Code
A1
A3
A8
A9
A10
A12
A13
A18
A19
A20
A24
A26
A31
A32
AB2
AB5
AB6

Systematic Name
C. maxima Duch.
C. pepo L.
C. maxima Duch.
C. pepo L.
C. maxima Duch.
C. pepo L.
C. pepo L.
C. pepo L.
C. moschata Poir
C. maxima Duch.
C. moschata Poir
C. pepo L.
C. maxima Duch.
C. moschata Poir
C. pepo L.
C. maxima Duch.
C. maxima Duch.

Location/Name
Kundur/Adana
Bal Kabağı
Keskin-Kırıkkale
Elazığ
Kovanlık-Antalya
Hakkari
Sarı kabak
Adana
Bingöl
Rize
Rize
Kadirli-Osmaniye
Mersin
Van
Van
Elazığ
Adana

Code
AB32
AB44
AB49
AB51
AB54
AB57
AB58
AB63
AB68
AB69
C3
C5
C6
C8
C10
C11
C13

Systematic Name
C. pepo L.
C. moschata Poir
C. pepo L.
C. maxima Duch.
C. maxima Duch.
C. maxima Duch.
C. pepo L.
C. maxima Duch.
L. sceraria(Mol.) Standl
L. sceraria (Mol.) Standl
C. maxima Duch.
C. moschata Poir
C. moschata Poir
C. maxima Duch.
C. moschata Poir
C. maxima Duch.
C. moschata Poir

Location/Name
Bingöl
Tokat
Bursa
Kadirli-Osmaniye
Yenice-Adana
Bingöl
Mersin
Rize
Mersin
Hatay
Çukurca-Hakkari 3
Çukurca-Hakkari 5
Çukurca-Hakkari 6
Çukurca-Hakkari 8
Çukurca-Hakkari 10
Çukurca-Hakkari 11
Çukurca-Hakkari 13

AB18

L.siceraria(Mol.) Standl

Türkoğlu-K.maraş

C18

C. maxima Duch.

Çukurca-Hakkari 18
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Bursa

C20

and Marschner [20]. APX activity was determined as described by Cakmak and Marschner [20], measuring ascorbate consumption at 290 nm. One unit of APX was defined
as the amount of enzyme required to consume 1 µmol of
ascorbate per min.
All results reported were the means of three replicates. Data were analyzed by analyses of variance, and
the means were compared by Duncan’s multiple range
test (P<0.01) using SAS [21] software.
3. RESULTS AND DISCUSSION
In the control group plants, when the leaf weights
were assessed, the highest weights were recorded in the
AB6, AB44, AB5, C3, C6, and AB18 genotypes, and the
lowest weights were recorded in the A18, C20, AB32, and
AB2 genotypes. In the application group, the highest leaf

C. moschata Poir

Çukurca-Hakkari 20

weights were recorded in the A8, AB6, AB68, and AB51
genotypes, and the lowest ones in the A18, A19, A10,
AB20, and AB49 genotypes. The difference between the
weights of the leaves for the drought-stressed and control
groups was recorded to be increased in the A8, A1, and
C20 genotypes. On the other hand, a decrease was observed in the difference between the weights of the leaves
in all of the remaining genotypes; however, the most
noticeable decrease was recorded in the AB44, AB6,
AB5, C6, and AB18 genotypes (Table 2).
A statistically significant decrease in the weights of
the leaves in the control group plants was observed when
compared to the plants of the drought-stressed group. This
process could be explained by the shrinkage of the total
leaf surface of the plant, reducing the water loss; thus, less
water and organic substance would accumulate in the
shrunken leaves, resulting in a decrease in the weight of
the leaves. In Yasar’s [22] study of salt-stress applied to

TABLE 2 - Fresh weight (g) and the leaf relative water content (%) of the 38 pumpkin genotypes under drought stress, and control treatments and increase compared to control.
Genotype
Code
A1
A3
A8
A9
A10
A12
A13
A18
A19
A20
A24
A26
A31
A32
AB2
AB5
AB6
AB18
AB20
AB32
AB44
AB49
AB51
AB54
AB57
AB58
AB63
AB68
AB69
C3
C5
C6
C8
C10
C11
C13
C18
C20
Average

Fresh Plant Weight(g)
control
drought
3.28 l-n
3.71 d-h
6.96 g-n
1.87 d-h
7.21 g-n
8.05 a
11.81 d-g
1.96 d-h
4.51 j-n
1.09 gh
8.90 f-l
2.25 d-h
4.62 j-n
1.74 d-h
1.95 n
0.54 h
7.46 g-n
1.05 gh
10.80 d-ı
3.82 d-h
4.41 j-n
3.46 d-h
6.85 g-n
2.16 d-h
11.40 d-h
4.51 c-f
5.74 h-n
1.88 d-h
2.58 m-n
1.83 d-h
17.93 b-c
4.70 c-e
23.51 a
7.88 ab
13.61 c-f
3.13 d-h
3.69 k-n
1.24 f-h
2.54 mn
2.07 d-h
18.96 ab
2.24 d-h
4.12 k-n
1.66 e-h
7.06 g-n
5.08 b-d
11.84 d-g
4.38 c-g
3.87 k-n
3.10 d-h
9.15 e-k
2.71 d-h
4.81 j-n
3.24 d-h
10.15 d-j
7.11 a-c
5.02 j-n
2.07 d-h
15.15 b-d
4.71 c-e
5.13 ı-n
3.23 d-h
14.51 b-e
3.28 d-h
8.49 f-l
2.84 d-h
4.50 j-n
2.01 d-h
8.33 f-m
3.71 d-h
10.98 d-h
2.77 d-h
7.21 g-n
2.14 d-h
2.21 n
2.45 d-h
8.19 A
3.09 B

Increase (%)
0.43
-5.09
0.84
-9.85
-3.42
-6.65
-2.88
-1.41
-6.41
-6.98
-0.95
-4.69
-6.89
-3.86
-0.75
-13.23
-15.63
-10.48
-2.45
-0.47
-16.72
-2.46
-1.98
-7.46
-0.77
-6.44
-1.57
-3.04
-2.95
-10.44
-1.9
-11.23
-5.65
-2.49
-4.62
-8.21
-5.07
0.24
-5.09

1102

Relative Water Content (%)
control
drought
37.65 bc
25.03 c-e
6.73 kl
3.29 n-q
9.21 g-l
6.38 k-q
42.75 b
20.01 d-g
27.13 e
11.69 h-m
9.19 g-l
4.75 m-q
27.90 e
8.78 ı-p
7.40 ı-l
3.55 n-q
11.27 f-k
6.57 k-q
14.72 f-ı
10.75 h-n
16.12 f-g
10.32 ı-n
7.76 ı-l
1.58 o-q
16.45 fg
12.74 g-l
35.42 cd
16.07 f-ı
12.26 f-k
5.36 l-q
7.38 ı-l
3.89 m-q
11.62 f-k
11.51 h-m
11.32 f-k
7.10 j-p
2.95 l
1.14 q
33.96 c-e
18.32 e-h
17.17 f
7.99 j-p
6.71 kl
1.30 p-q
32.48 c-e
31.71 c
8.03 ı-l
11.00 h-n
50.76 a
43.36 b
8.17 h-l
2.34 o-q
13.66 f-k
8.57 ı-p
9.39 g-l
9.41 ı-o
6.90 j-l
1.97 o-q
15.09 f-ı
3.49 n-q
42.99 b
25.85 c-d
29.20 de
21.56 d-f
17.51 f
13.54 g-k
14.59 f-j
7.15 j-p
15.75 f-h
8.86 ı-p
36.84 bc
14.94 f-j
15.06 f-ı
5.80 k-q
43.55 b
58.14 a
19.29 A
12.25 B

Increase (%)
-12.62
-3.44
-2.83
-22.74
-15.44
-4.44
-19.12
-3.85
-4.7
-3.97
-5.8
-6.18
-3.71
-19.35
-6.9
-3.49
-0.11
-4.22
-1.81
-15.64
-9.18
-5.41
-0.77
2.97
-7.4
-5.83
-5.09
0.02
-4.93
-11.6
-17.14
-7.64
-3.97
-7.44
-6.89
-21.9
-9.26
14.59
-7.24
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Different small letters in each column indicate significant differences among groups at P ≤ 0.05; different capital letters in each row indicate the
significant differences between means at P ≤ 0.05.
TABLE 3 - The leaf antioxidant enzymes (CAT, SOD, APX) activity of the 38 pumpkin genotypes tested under drought stress and nondrought stress treatments, and increase compared to control.
Genotype
CAT(mmol/min/mg FW)
SOD (U/min/mg FW)
APX(mmol/min/mg FW)
Code
control
drought
increase
control
drought
increase
control
drought
increase
A1
7.33 k-o
6.22 n
-1.11
81.00 f-j
107.00 d-g
26
0.55 f
0.49 ı-j
-0.06
A3
17.81 d-h
10.01 l-n
-7.8
90.66 a-h
117.66 ab
27
0.19 r-u
0.46 ı-l
0.27
A8
13.69 h-j
27.71 f-g
14.02
81.00 f-j
108.33 c-g
27.33
0.45 g-ı
0.52 ı
0.07
A9
12.50 h-k
17.01 j-k
4.51
85.33 b-j
116.00 b
30.67
0.20 r-u
0.42 j-m
0.22
A10
16.96 e-ı
33.24 ef
16.28
93.66 a-c
105.33 e-h
11.67
0.29 m-p
0.47 ı-k
0.18
A12
17.70 d-h
37.00 c-e
19.3
87.00 a-ı
105.33 e-h
18.33
0.10 v
0.17 p
0.07
A13
12.29 ı-l
28.20 f-g
15.91
64.00 l
103.66 g-h
39.66
0.15 s-v
0.90 de
0.75
A18
17.84 d-h
47.10 a
29.26
85.33 b-j
81.33 n
-4
0.35 j-m
0.90 de
0.55
A19
16.72 f-ı
36.72 de
20
86.00 a-j
95.66 ı-k
9.66
0.14 uv
1.17 b
1.03
A20
15.12 g-ı
9.93 mn
-5.19
88.00 a-ı
107.00 d-g
19
0.34 j-n
0.87 d-f
0.53
A24
12.16 ı-l
10.89 k-n
-1.27
92.66 a-d
98.33 h-j
5.67
0.30 l-p
0.41 j-m
0.11
A26
22.47 b-d
13.24 k-m
-9.23
95.33 a-b
111.66 b-f
16.33
0.34 j-n
0.39 l-n
0.05
A31
6.48 m-o
44.37 ab
37.89
86.00 a-j
114.00 b-d
28
0.48 gh
0.89 de
0.41
A32
12.32 ı-l
9.45 mn
-2.87
75.00 j-k
84.00 mn
9
0.57 f
0.44 j-l
-0.13
AB2
9.14 j-n
46.55 a
37.41
92.33 a-e
81.66 n
-10.67
0.33 k-o
0.79 g
0.46
AB5
6.86 l-o
11.67 k-n
4.81
87.66 a-ı
91.66 j-m
4
0.27 n-q
0.45 ı-l
0.18
AB6
19.09 c-g
37.40 c-e
18.31
87.66 a-ı
98.00 ı-k
10.34
0.48 gh
0.87 d-f
0.39
AB18
4.16 no
22.72 g-ı
18.56
92.00 a-f
90.00 k-m
-2
0.22 q-s
0.44 j-m
0.22
AB20
9.19 j-n
13.13 k-m
3.94
93.33 a-c
102.66 g-ı
9.33
0.40 ı-k
0.18 p
-0.22
AB32
23.15 bc
27.41 f-h
4.26
90.00 a-ı
103.00 g-ı
13
0.56 f
0.32 no
-0.24
AB44
12.67 h-k
22.51 g-ı
9.84
86.66 a-ı
104.66 e-h
18
0.28 n-q
0.26 o
-0.02
AB49
22.16 b-e
40.90 a-d
18.74
91.00 a-g
90.00 k-m
-1
0.46 g-ı
0.77 g-h
0.31
AB51
9.08 j-n
26.58 gh
17.5
92.66 a-d
105.00 e-h
12.34
0.87 b
0.78 g
-0.09
AB54
4.38 no
39.57 b-e
35.19
96.66 a
91.33 j-m
-5.33
0.37 j-l
1.62 a
1.25
AB57
11.87 ı-m
39.62 b-e
27.75
81.00 f-j
93.00 j-l
12
0.52 f-g
0.90 de
0.38
AB58
4.37 n-o
23.96 gh
19.59
95.33 ab
102.66 g-ı
7.33
0.44 hı
0.89 de
0.45
AB63
3.42 o
43.44 a-c
40.02
80.66 g-j
89.66 k-m
9
0.21 q-t
0.97 de
0.76
AB68
3.48 o
14.86 j-m
11.38
81.66 d-j
115.00 bc
33.34
0.23 p-r
0.40 k-m
0.17
AB69
3.19 o
14.11 k-m
10.92
80.66 g-j
106.66 d-g
26
0.14 t-v
0.10 q
-0.04
C3
7.51 k-o
42.32 a-d
34.81
79.66 h-k
86.66 l-n
7
0.27 o-q
0.71 h
0.44
C5
7.34 k-o
25.97 gh
18.63
79.33 ı-k
106.00 e-h
26.67
0.72 cd
0.90 de
0.18
C6
38.25 a
38.14 b-e
-0.11
70.00 k-l
81.00 n
11
0.40 ı-j
0.94 d
0.54
C8
11.67 ı-m
39.17 b-e
27.5
81.33 e-j
90.33 k-m
9
0.65 e
1.09 c
0.44
C10
20.95 b-f
16.59 j-l
-4.36
85.00 b-j
103.33 g-ı
18.33
0.33 k-o
0.41 j-m
0.08
C11
25.35 b
25.38 gh
0.03
83.33 e-j
104.00 gh
20.67
0.85 b
0.70 h
-0.15
C13
23.64 bc
20.92 h-j
-2.72
79.66 h-k
123.33 a
43.67
0.99 a
0.36 mn
-0.63
C18
13.77 h-j
14.67 j-m
0.9
88.00 a-ı
107.33 d-g
19.33
0.70 de
0.81 fg
0.11
C20
11.86 ı-m
11.34 k-n
-0.52
83.66 c-j
112.66 b-e
29
0.78 c
0.84 e-g
0.06
Average
13.36 B
26.05 A
12.68
85.53 B
100.91 A
15.38
0.41 B
0.65 A
0.24
Different small letters in each column indicate significant differences among groups at P ≤ 0.05; different capital letters in each row indicate the
significant differences between means at P ≤ 0.05

eggplants, it was reported that the shrinkage in the leaf
surface was observed in all of the genotypes. Moreover, in
plants that were affected more from drought stress, spinous
structures were observed. These structures are defined as
physical changes in the body of the plant due to the reduced water loss, similar to those in desert areas [23].
In the control group, the highest RWCs were recorded
in the AB57, C20, A9, A1, and C13 genotypes, and the
lowest RWCs in the AB20, AB49, A3, and AB49 genotypes. In the drought-stressed group, the highest RWCs were
observed in the C20, AB57, AB51, C5, and A1 genotypes,
and the lowest in the AB20, AB49, A26, AB69, and AB58
genotypes (Table 2).
The difference in the RWC between the control and
drought-stressed groups was recorded to be high in the

C20 and AB54 genotypes, but low in the A9, C13, A32,
A13, and C5 genotypes; however, there was no difference
in the AB68 genotype (Table 2). A decrease in the photosynthesis capacity of the plants leads to a 30% decrease in
their RWC, and this results in fatal damage, where in the
chloroplast membranes, the cells eventually die. In the
study by Larbi and Mekliche [24] of drought-sensitive and
drought-tolerant wheat, it was reported that the %RWC of
the stress-tolerant genotypes were immune to change, but
the %RWC of the stress-sensitive genotypes were subject
to change. In Ozpay’s [23] study on the bean genotypes,
the RWC of the plants under drought stress were reported
to show a decrease when compared to the plants in the
control group. However, the genotypes were reported to
appear in the same statistical range of values; for genotypes S95 and SB, which are considered as drought-
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sensitive according to their antioxidant enzyme activities,
the lipid peroxidation, and chlorophyll contents were
found to have less %RWC when compared to the other
genotypes. Similarly, in the presented pumpkin study, the
RWC of the leaves was found to be decreased. However,
we detected less of a decrease in the RCW (%) of the socalled tolerant genotypes.
The highest SOD activities in the control group were
reported in the AB54, AB58, A26, A10, and AB20 genotypes, and the lowest in the A13, C6, A31, C5, C3, and
C13 genotypes. In the drought-stressed group, the highest
SOD activites were reported in the C13, A3, A9, AB68,
A31, C20, and A26 genotypes and the lowest SOD activities in the C6, A18, AB2, A32, and C3 genotypes (Table 3).
The SOD enzyme activities of the plants in the droughtstressed group were found to be increased compared to the
plants in the control group. With the drought stress application, increases in the enzyme activities of the genotypes
were as follows: C13, A13, AB68, A9, and C20, respectively. A decrease was observed in the AB2, AB54, A18,
AB18, and AB49 genotypes, respectively (Table 3).
In concordance with some other plant types [25-27],
protection from the harmful effects of stress could be a
result of the highly yielding antioxidative enzyme systems
of SOD, CAT, GR, and APX through genetics and salt
stress. Activation of the SOD enzyme, which eliminates
the superoxide radical - an active oxygen derivative resulted in different SOD activities in the drought stress
applied to pumpkin genotypes. Under drought stress, the
SOD enzyme activities of the A18, AB2, AB18, AB49,
and AB54 genotypes were decreased when compared to
their controls; however, the SOD activities of the other
genotypes were increased. The highest increases were
recorded in the AC13, A3, A9, AB68, A31, C20, and A26
genotypes. At this point, it is remarkably clear that theactivation of the antioxidative enzyme systems is extremely
vital for drought tolerance. Plants do produce superoxide
radicals under drought stress, and genotypes with a high
capacity of eliminating this radical showed better tolerance to drought. It has been also recorded by other investigators [28, 29] that drought increases the SOD activity.
Yasar et al. [27] applied salt stress to watermelon genotypes. In their study, the most tolerant genotypes were
those mostly activating their enzyme systems. In the sensitive genotypes, it was observed that the SOD enzyme
did not work as well.
Ozpay [23] demonstrated that extremely droughttolerant native bean genotypes showed a sharp increase in
their SOD activities under stress conditions; however, in
the drought-sensitive genotypes, the SOD activities were
either remarkably little, or even lower than their control
SOD enzyme activity. These findings confirm the importance of the SOD enzyme activity in the context of
drought tolerance.
In the CAT enzyme activity, the difference between
the application group and the control group was 2-fold.

The genotypes that showed the highest variance of the
CAT enzyme activity between the 2 groups were the
AB63, A31, AB2, AB54, and C3 genotypes, respectively. There was a decrease in the difference between the 2
groups in the following genotypes: A26, A3, A20, C10,
and A32, respectively. There was no difference in the SOD
activity between the application and control groups (Table
3).
The genotypes with the highest CAT activity in the
control group were C6, C11, C13, AB32, A26, AB49, and
C10, whereas the genotypes with lowest CAT activity
were AB69, AB63, AB68, AB58, and AB54. The genotypes with the highest CAT activity in the drought-stressed
group were A18, AB2, A31, AB63, C3, and AB49, respectively. On the other hand, the genotypes with lowest CAT
enzyme activity were A1, A32, A20, A3, A24, C20, and
AB5 (Table 3).
The SOD enzyme catalyzes the reaction, in which the
superoxide radical diminishes, but another substance, also
with a high toxicity, called hydrogen peroxide, emerges as
a daughter substance. One of the effective enzymes in the
detoxification of hydrogen peroxide is CAT, while other
essential enzymes are glutathione peroxidase and APX,
both of which participate in the glutathione-ascorbate cycle.
In Ozpay’s [23] study, in which beans were exposed to
drought stress, the CAT enzyme activity was reported to
be significantly higher in all of the genotypes in the study
group when compared to their controls. Hence, it has been
hypothesized that genotypes which are talented in increasing their CAT enzyme activity, are extremely droughttolerant. In fact, Acar et al. [28] with barley, Fu and
Huang [29] with turf grass, Yasar [22] with salt stress in
eggplant, Turkan et al. [30] with drought stress in green
beans, Kuşvuran et al. [31] with drought stress in melon,
and Yasar et al. [27] with salt stress in beans, all showed
that high salt- and drought-stress tolerance is related to
high CAT enzyme activities when compared to the sensitive genotypes. In our drought stress study with pumpkin
genotypes, we demonstrated, in concordance with the other
studies described above, that the CAT enzyme activities were significantly increased in some genotypes, were
slightly increased in some genotypes, and were even lower
than their controls in some genotypes.
There was a positive difference between the control
and drought-stressed group in the AB54, A19, AB63,
A13, and A18 genotypes for APX enzyme activities, but
there was a decrease in the difference between the 2 groups
in the C13, AB32, AB20, C11, and A32 genotypes. Finally, the difference was not statistically significant between
the 2 groups in the A26, AB69, AB44 genotypes (Table
3).
In the control group, the highest APX activities were
obtained in the C13, AB51, C11, C20, and C5 genotypes,
whereas the lowest enzyme activities were obtained in the
A12, A19, AB69, and A13 genotypes. The highest APX
enzyme activities in the drought-stressed group were found
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in the AB54, A19, and C8 genotypes, and the lowest
enzyme activities were found in the AB69, A12, AB20,
AB44, AB32, and A26 genotypes (Table 3). Sairam et al.
[32] reported in their study of drought stress in barley
genotypes that the APX activity was increased in the
drought-tolerant genotypes, but that there was no increase
in the enzyme activity in the sensitive genotypes. In his
drought study of green beans, Ozpay [20] confirmed higher
enzyme activity in the tolerant genotypes and lower activity in the sensitive genotypes. The present study reports
similar results with pumpkin genotypes. Some of the
pumpkin genotypes increased their APX activity when
exposed to drought stress, while some other genotypes
decreased their so-called enzyme activity.

[4]

Asada, K. and Takahashi, M. (1987) Production and scavenging of active oxygen radicals in photosynthesis. In: D.J.Kyle
et al. (Eds.) Photoinhibition. Elsevier, Amsterdam, 227-297.

[5]

Fazeli, F., Ghorbanli, M. and Niknam, V. (2007) Effect of
drought on biomass, protein content, lipid peroxidation and
antioxidant enzymes in two sesame cultivars. Biol. Plant. 51:
98-103.

[6]

Yasar, F., Ellialtioglu, S., Ozpay, T. and Uzal, O. (2008) The
effect of salt stress on antioxidative enzyme (SOD, CAT,
APX and GR) activity in watermelon (Citrullus lanatus
(Thunb.) Mansf.) J. of Agric. Sci. YuzuncuYil University 18
(1): 61–65.

[7]

Amirjani, M.R. (2010) Effect of salinity stress on growth,
mineral composition, proline content, antioxidant enzymes of
soybean. Am. J. Plant Physiol. 5: 350-360.

[8]

Kachout, S.S., Bouraoui, N.K., Jaffel, K., Rejeb, M.N.,
Leclerc, J.C. and Ouerghi, Z. (2012) Water deficit-induced
oxidative stress in leaves of garden orach (Atriplex hortensis). Res. J. Biotechnol. 7(4): 46-52.

[9]

Gossett, D.R., Millhollon, E.P., Lucas, C., Banks, S.W. and
Marney, M.M. (1994) The effects of NaCl on antioxidant enzyme activities in callus tissue of salt-tolerant and saltsensitive cotton cultivars (Gossypium hirsutum L.). Plant Cell
Rep. 13: 498-503.

4. CONCLUSION
In the presented study, 38 genotypes belonging to different pumpkin species were exposed to drought stress,
and their mean leaf weights and RWCs were found to be
diminished when compared to their controls. When their
antioxidative enzyme activities were assessed, the mean
enzyme activities in the drought-stressed group were
found to be increased when compared to their controls. A
test for the 3 different enzymes was examined for each
pumpkin genotype. The genotypes exposed to drought
stress had relatively inferior SOD enzyme activity compared to their controls. However, the CAT enzyme activities of these genotypes were found to be increased. Alternatively, the opposite situation was also observed; if the
CAT enzyme activities were decreased compared to the
controls, the SOD enzyme activities were observed to be
increased compared to the genotypes in control group.
However, such a relationship was not established for the
APX enzyme activities.

[11] Yasar, F., Kusvuran, S. and Ellialtioglu, S. (2006) Determination of anti-oxidant activities in some melon (Cucumis melo L.) varieties and cultivars under salt stress. J. Hort. Sci.
Biotechnol. 81(4): 627-630.
[12] Gossett, D.R., Millhollon, E.P. and Lucas, M.C. (1994) Antioxidant response to NaCl stress in salt-tolerant and saltsensitive cultivars of cotton. Crop Sci. 34: 706-714.
[13] Fu, J and Huang, B. (2001) Involvement of antioxidants and
lipid peroxidation in the adaptation of two cool-season grasses to localized drought stress. Environ Exp Bot. 45 (2):105114.
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ABSTRACT
The DNA content was employed as an indicator of algae biomass to improve the cellular RNA content method
to estimate the in situ growth rate of Microcystis in a
hypertrophic lake (Lake Taihu, China). Microcystis aeruginosa was cultured in BG-11 and M-11 mediums, respectively, and a significant relationship between cell density
and DNA concentration of Microcystis was found. Then a
significant logarithmic relationship between Microcystis
growth rate and RNA/DNA ratio was established to measure growth rate of Microcystis by analysis of RNA and
DNA content. The growth rates calculated by RNA/DNA
method were in good agreement with that calculated by
the changes of cell density in the whole water column
respected with time. The RNA/DNA method was applied
in Lake Taihu in summer (1st July) and autumn (1st October), respectively. In summer, the maximum growth rate
was 0.361 day-1 and others were from 0.04 to 0.34 day-1
with an average value of 0.12, four values were below
zero; In autumn, the maximum growth rate was 0.111 day-1
and most values were below zero. Our results also demonstrated that the growth rate of Microcystis was higher inshore than offshore.
KEYWORDS:
Microcystis; growth rate; in situ, Lake Taihu

1. INTRODUCTION
Microcystis bloom is one of the most serious worldwide problems in freshwater lakes and reservoirs [1, 2]. The
growth of Microcystis is considered as important essential
data to clarify the mechanism of bloom formation. Many
researchers [3-5] have illustrated the relationship between
Microcystis growth rate and individual environmental
factors under culture conditions. However, the knowledge
of the in situ growth rate of Microcystis in natural conditions is still inadequate because of the difficulty in measuring of in situ growth rate of Microcystis in field.
* Corresponding author

Generally, the changes of Microcystis cell density
within a certain period of time are used to estimate the
growth rate. This method is widely used under culture
conditions [6, 7] but not suitable under natural conditions.
This is due to that the cell density under natural conditions
could be affected by the spatial transference [8] and predation of zooplankton [9]. The bottle incubation method
could overcome these shortcomings but the physical conditions, such as hydrodynamics and water column stability
would be altered inevitably. As the growth of Microcystis
could be influenced significantly by these physical conditions [10], the bottle incubation method is not an accurate
approach to measure in situ growth rate of Microcystis.
The frequency of dividing cells (FDC) method, which
was originally developed to measure growth rate of heterotrophic bacteria in aquatic systems, was used and improved progressively to evaluate the growth rate of Microcystis. Tsujimura et al. [11] observed the diel patterns
of FDC in both Microcystis aeruginosa and Microcystis
wesenbergii. The relationship between these patterns and
growth rates was established and used to measure the in
situ growth rate of Microcystis in Lake Biwa (Japan).
Yamamoto and his co-workers [12, 13] improved this
method and applied it in Hirosawa-no-ike Pond (Japan). This
method has also been used in the Three Gorge Reservoir
(China) [14]; Lake Taihu (China) [15] and the reservoir of
Grangent (France) [16]. However, the FDC method required
frequent sampling all day (intervals of 2 or 4 h), which gave
rise to substantial labor. The samples collected at the
same site at different time may seem to be from different
locations because of the spatial transference. These disadvantages hindered the application of FDC method.
The carbon isotope method [17-19], an accurate approach to measure algae growth rate, does not need sampling all day. Nevertheless, the analysis of carbon isotope
is expensive and difficult, which resulted in the stagnation
of its application.
Some biochemical indexes have been reported significantly related to algae growth rate [20, 21]. Recently,
Nagai et al. [22] used cellular RNA content as an index to
measure growth rate of Microcystis in Lake Kasumigaura
(Japan). This method is simple and no substantial labor or
adept skill is required. However, counting cells number in
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irregular colonies of Microcystis was a challenge. Furthermore, the values of growth rate used to establish the
relationship between cellular RNA content and growth
rate was based on calculation by limiting factors. Both of
these flaws make this method be imprecise. Thus, a new
indicator of algae biomass should be employed instead of
cells number; and culture experiments were necessary to
establish a more authentic relationship between growth
rate and RNA content with respect to biomass.
The DNA content was considered as an indicator of
algae biomass [20]. Thus, the RNA/DNA ratio could take
the place of cellular RNA content to estimate the growth
rate of Microcystis. We made a hypothesis that the growth
rate of Microcystis was significantly related to RNA/DNA
ratio. The aim of this study is to test this hypothesis and to
establish an improved RNA/DNA method to estimate in
situ growth rate of Microcystis.
2. MATERIALS AND METHODS
2.1 Organisms and culture experiment

Organisms: M. aeruginosa (Kützing) Kützing 1846
strain (FACHB 469) was provided by the Freshwater
Algae Culture Collection of the Institute of Hydrobiology,
Chinese Academy of Sciences. This unicellular strain was
subjected to long-term axenic cultivation in BG-11 medium.

15 min, and then centrifuged at 11,550 g for 15 min. Supernatants were then separated from pellets. Two repeats
of these procedures were carried out. Supernatants were
combined and used to RNA and DNA content analysis.
The content of RNA and DNA was analyzed following
the methods described by Rhee et al. [23].
2.2 Field studies

Lake Taihu, the third largest freshwater lake in China
(2338 km2, 1.9 m depth), was selected as a representative
hypertrophic lake in which sampling was carried out for
this study. Massive Microcystis blooms occurred frequently
in Lake Taihu in summer and fall in recent years, which
covered hundreds of square kilometers.
Natural sample collection: Sampling was carried out
in Meiliang Bay and Gonghu Bay of Lake Taihu on 1st July
and 1st October, respectively. A total of 12 sampling sites
were selected covering the pelagic areas and litoral areas
of these two bays; and in each of the areas, the sites distributed uniformly (Fig. 1). A sampling ship was employed
for sampling. Water samples, rich in Microcystis scums at a
depth of 30 cm below lake surface, were collected into
500 mL plastic bottles, and then fixed with formalin [2%
(v/v)] immediately for the laboratory analysis.

Culture experiment: This strain was batch cultured
axenically under a 12:12 hour light-dark cycle in 1500 mL
of sterilized liquid BG-11 and M-11 medium, respectively.
The light intensity was 60 µmol photons m-2 s-1 and the
temperature was 25°C. The initial cell density of M. aeruginosa was 5×104 cells mL-1. The flasks were shaken by
hand three times daily to prevent the cells from adhering
to the inner walls of the flasks.
Calculation of growth rate: The growth rate of M.
aeruginosa was calculated by cell counting daily. The
cells number were counted three times in a blood cell
counting chamber under an optical microscope (Olympus
CX31, Olympus Corporation) at 400× magnification. When
the three counts differed by less than 10%, the average
count was designated the final cell density. Otherwise,
additional counting was carried out.
The growth rate (µ) was calculated from the following Equation (1):
µ= ln(Dt/Dt-1)

(1)

Where Dt is the cell density at day t, Dt-1 is the cell
density at day t-1.
RNA and DNA content analysis: Culture samples
(20-50 mL) were filtered through GF/C (Whatman, UK)
filters in triple. The filters were re-suspended in 50 mL
centrifuge tubes containing 5 mL of 1 mol L-1 HClO3, placed
in a 90°C water-bath oscillator, shaken at 120 rpm for

FIGURE 1 - Sampling sites in Meiliang Bay and Gonghu Bay in
Lake Taihu, China

Sample analysis: Three repeats of 10 to 20 mL sample were filtered through GF/C (Whatman, UK) filters.
Triplicate filters were used for RNA and DNA content
analysis following the method described above.
Method assessment: Twelve enclosures named A to
L (Fig. 2) were settled in site 9 and water samples of
whole water column were collected by a 2.5 m length
pipe at 8:00, 12:00 AM from 5th September to 7th September. Both ends of the pipe had valves and the diameter
was 10 cm. The collected sample was used for cell density analysis. The RNA and DNA content of the sample
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FIGURE 2 - The photos of twelve enclosures named A to L

collected at 12:00 AM was analyzed by the method described above. The growth rate was calculated by Equation (1) using the cell density at 8:00 AM every day.

DNA concentration of Microcystis under culture conditions and a significant positive relationship was found. It
was also obvious that the average cellular DNA content
was 0.3 pg cell-1.

3. RESULTS
3.1 Growth and cellular RNA and DNA content of Microcystis

The growth curves of Microcystis cultured in both M11 and BG-11 medium are shown in Fig. 3. The cell density of Microcystis in BG-11 medium increased consistently until the end of the culture experiment. The cell
density reached 3000×104 cells mL-1 on day 12. Microcystis cell density in M-11 medium reached the maximum
value (1700×104 cells mL-1) on day 10 and then decreased.
Cellular RNA and DNA content of Microcystis at different time is shown in Fig. 4. The cellular RNA content
decreased rapidly till day 3 and then its value remained at
about 3 pg cell-1. The cellular DNA content kept growing
and the maximum value was 0.40 pg cell-1 (in day 12).
Fig. 5 shows the relationship between cell density and

FIGURE 3 - Growth curves of M. aeruginosa grown in BG-11 medium and M-11 medium.

FIGURE 4 - Cellular RNA and DNA content of Microcystis at different time
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Figure 7 shows a significant logarithmic relationship
between Microcystis growth rate and RNA/DNA for both
cultures. This relationship could be described by:
µ = 0.720 × ln(RNA/DNA) - 1.540
Where: µ is growth rate of Microcystis (day-1); RNA/
DNA is the ratio of RNA to DNA by weight.
3.3 Assessment of the RAN/DNA method

FIGURE 5 - The relationship between cell density and DNA concentration of Microcystis under culture condition
3.2 Relationship between growth rate and biochemical index
of Microcystis

Figure 6 shows the relationship between growth rate
and cellular RNA content of Microcystis. The growth rate
increased with increasing of cellular RNA content when
the value of growth rate was larger than 0.4 day-1. However, no significant relationship could be obtained when
growth rate was below 0.4 day-1.

The daily variation of Microcystis cell density in the
water column is shown in Fig. 8. The values of Microcystis cell density in the water column at most of the sites
increased during the observation. But some of that decreased as well. The maximum value of RNA/DNA ratio
was about 17 and the minimum value was about 6. The
comparison of Microcystis growth rates calculated by cell
density in the whole water column and RAN/DNA method
is shown in Fig. 9. A positive correlation existed between
the growth rates given by these two methods (Pearson’s
product moment correlation coefficient R2=0.346, n=24,
P<0.05).
3.4 In situ growth rate of Microcystis in Lake Taihu

The in situ growth rates of Microcystis calculated by
the RNA/DNA method in summer (1st July) and autumn
(1st October) are shown in Fig. 10. In summer, the maximum growth rate was 0.361 day-1 occurred at site 11.

FIGURE 6 - The relationship between growth rate and cellular
RNA content of Microcystis

FIGURE 7 - The relationship between growth rate and RNA/DNA
ratio of Microcystis

FIGURE 8 - Cellular RNA and DNA content of Microcystis at different time
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4. DISCUSSION AND CONCLUSIONS
Our RNA/DNA method improved the cellular RNA
content method [22] thoroughly in two ways: (i) DNA
concentration was employed instead of cells number; (ii)
culture experiments were carried out to establish a more
authentic relationship between growth rate and RNA
content with respect to biomass.

FIGURE 9 - Comparison of Microcystis growth rates calculated by
cell density in the whole water column and RAN/DNA method

The significant relationship between DNA concentration and cell density of Microcystis obtained in this study
has proved that DNA was an appropriate indicator of
Microcystis biomass (Fig. 5). The analysis of DNA concentration is much easier; to the contrary that counting
cells number in the irregular colonies of Microcystis was
difficult. Moreover, the size of cells and cellular dry
weight of Microcystis was different at varying growth rate
[6]. These differences in cell size and cellular dry weight
made the growth rate calculated by the cellular RNA
content inaccurate. The cellular DNA content could eliminate the influence of the variation in cell size and dry
weight of Microcystis because the DNA replication coordinated to cell division of Microcystis [24]. Our results
also showed that the relationship between growth rate and
RNA/DNA of Microcystis obtained from the culture experiment is significant, which could be used to estimate
growth rate in fields. This relationship should be more
believable than that established with the growth rate calculated by limiting factors.
The RNA/DNA method has already been used in
aquatic animals [25, 26], marine algae [20] and bacterium
[27]. This is the first report of its application in Microcystis, a freshwater alga. Our results showed that the
growth rate calculated by RNA/DNA was significantly
close to that calculated by cell density in the water column. Thus, it was suggested that the RNA/DNA method
is an accurate method to measure growth rate of Microcystis. This method also has following advantages: (i)
simple and no incubation is required; (ii) low labor
strength and no frequent sampling is required.

FIGURE 10 - The in situ growth rates of Microcystis calculated by
the RNA/DNA method in summer (1st July) and autumn (1st October)

Four values were below zero; others were from 0.04 to
0.34 with an average value of 0.12. In autumn, the maximum growth rate was 0.111 day-1 and most values were
below zero.

Bacteria in mucilage of Microcystis cannot be removed easily and it would influence the RNA/DNA ratio
measured by this method. This disadvantage would make
the RNA/DNA method be inaccurate. Brunberg [28] counted
bacteria attached to Microcystis cells and reported the value
was 15-50 bacteria per Microcystis cell. The percentage of
the dry weight of bacteria in a single Microcystis cell is
1.7-5.6% on the basis that cellular dry weight of bacteria
and Microcystis is 36 fg cell-1 [29] and 32 pg cell-1 [6]
respectively. Therefore, the influences of bacteria attached
to the Microcystis cells on the veracity of the RNA/DNA
method would not exceed 6% in any case.
The growth rates calculated by the RNA/DNA method
are less than zero for many times. The negative value expressed the declined of Microcystis which resulted in the
degradation of RNA and DNA. The reflection of Microcystis decline, which could be obtained frequently by the
changes of cell density with respect to time, is also a
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assumption iii upside down.

We would like to thank the Taihu Laboratory for
Lake Ecosystem Research (TLLER) for their assistance
during field sampling. This study was sponsored by the
National Program on Key Basic Research Project of China (2012CB719804), the Natural Science Foundation of
Jiangsu Province (BK2011025), and the Hydraulic Science
& Technology Project of Jiangsu Province (2012012).

Latour et al. [16] observed the FDC of Microcystis in
dark at 4 and 8 oC. They illustrated that the FDC value
was 10-20% at 4 oC but could reached to 27.8% at 8oC.
These values were similar to 10-30% observed in Hirosawa-no-ike Pond from July to October 2005 by Yamamoto
and Tsukada [12] and 5-25% observed in Lake Biwa on
18th September by Tsujimura [11]. Misson and Latour [30]
reported that the recruitment rate was about 100 cells day-1
mm-2 at 4 and 7oC. This result demonstrated that the growth
rate under this condition was smaller than that during
summer in any case. The above discussion suggested that
Microcystis cell under different growth rate may have similar FDC value. Thus, the assumption ii and iii would be
unauthentic under these conditions. It could be concluded
that the FDC method would overrate the in situ growth rate
of Microcystis in lakes and reservoirs.
Tsujimura [11] suggested that the growth of Microcystis was faster inshore than offshore and the main growing field of Microcystis was the inshore area. However,
the information on the differences between littoral zone
and pelagic zone (especially for shallow lakes) was insufficient. Our result of the measurement in July showed that
the average growth rate of Microcystis was 0.09 day-1 in
the pelagic zone but was 0.19 day-1 in the littoral zone in
Lake Taihu. This result also illustrated that the growth
rate of Microcystis was higher inshore than offshore.
The maximum growth rate of Microcystis in Lake
Taihu calculated by the RNA/DNA method is 0.36 day-1
in this study. Most values in October are less than zero,
expressing the decline of Microcystis in Lake Taihu during this time. Removing the negative values, the average
growth rate of Microcystis in Lake Taihu in on 1st July is
0.15 day-1. This value was similar to that measured by the
water column method reported by Cao et al. [31], suggesting the validity of our method. The values of growth rate
calculated by the cells number of Microcystis in the whole
water column were from -0.22 to 0.37 day-1 and the average value was 0.20 day-1 removing the negative values.
Thus it could be considered that the average value of the
in situ growth rate of Microcystis in Lake Taihu was 0.15
to 0.20 day-1.
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ABSTRACT
g-C3N4/α-Fe2O3 composite photocatalysts have been
prepared through a one-pot solvothermal process in the presence of reactable ionic liquid 1-octyl-3-methylimidazolium
tetrachlorideferrate(III) ([Omim]FeCl4). The structure and
morphology of the as-prepared g-C3N4/α-Fe2O3 composites photocatalyst were investigated by X-ray diffraction
(XRD), Fourier transformer infra-red (FT-IR), X-ray energy
dispersive spectroscopy (EDS), scanning electron microscopy (SEM), high-resolution transmission electron microscope (HRTEM) and UV–vis diffuse reﬂectance spectroscopy (DRS). During the reactive process, it was found
that [Omim]FeCl4 acted not only as Fe source but also as
solvents and templates for the fabrication of α-Fe2O3 microspheres. The photocatalytic activity of the g-C3N4/αFe2O3 composite photocatalyst was investigated by photodegradation of methylene blue (MB) in the presence of
H2O2. The g-C3N4/α-Fe2O3 composite photocatalysts showed
much higher photocatalytic activity than that of the pure
α-Fe2O3. In addition, the 5 wt. % g-C3N4/α-Fe2O3 showed
the highest photocatalytic activity and the photocatalytic
degradation efficiency was 99.38 %, which is higher than
that of the pure α-Fe2O3 photocatalyst (77.88 %). A possible mechanism for the enhanced photocatalytic activity
of the g-C3N4/α-Fe2O3 composite photocatalyst was also
discussed.
KEYWORDS: g-C3N4/α-Fe2O3 composites; ionic liquids; photocatalytic activity; visible light irradiation.

1. INTRODUCTION
Hematite (α-Fe2O3) as a convention n-type semiconductor is the most thermodynamically stable phase of iron
oxide under ambient condition [1]. Due to its low cost,
environmental friendliness and excellent sensing properties,
* Corresponding author

α-Fe2O3 has been widely used in catalysts, water treatment,
magnetic materials, gas sensors, and lithium ion batteries
[2-7]. With an indirect band gap of 2.1 eV (40 % of solar
spectrum can be absorbed), α-Fe2O3 is regarded as a visible-light-driven photocatalyst [2, 8]. However, α-Fe2O3 as
a photocatalyst material shows relatively poor efficiency
to degradation organic pollutants under visible light irradiation, because of its relatively slow charge transfer and the
high recombination rates of photogenerated electron-hole
pairs inside the semiconductor [9, 10]. Recently, many αFe2O3 studies have been focusing on modifying the morphology and doping metal or nonmetal to improve the
photocatalyst performance [11-13]. For example, dopants
including Ni [10], Si [11, 14, 15], Ag [16] and Ti [17]
have been used to signiﬁcantly enhance the photocatalytic
activity through changing carrier concentration and mobility. In recent years, visible-light-driven α-Fe2O3-based
composite photocatalysts with high activity and satability
has attracted a great deal of attention due to their higher
photocatalytic activity in degradation organic contaminant
compared with single photocatalysts [18-23].
The graphite-like carbon nitride (g-C3N4), which was
reported that have the photocatalytic performance of hydrogen or oxygen production from water splitting under
visible light irradiation, had attracted many researchers’
attentions [24-26]. As a soft polymer and highly stable
photocatalytic material, the g-C3N4 can facility doped on the
surface of other compounds. Moreover, the special lamellar structure of g-C3N4, facilitating the charge transfer,
can make g-C3N4 as a transport carrier of the photogenerated charges [27]. Recently, BiOBr-C3N4 heterojunctions
have been prepared, and the results indicated that photocatalytic activity of BiOBr-C 3N 4 was enhanced under
visible light irradiation [28]. Other photocatalysts doped
with g-C 3N 4, such as ZnWO4 [29], Bi2WO6 [30], ZnO
[31], TiO2 [32] and Ag3PO4 [33], also exhibited an enhanced photocatalytic activity. All these results had
proved that g-C3N4 played an important role in promoting
the separate efficiency of the photogenerated electronhole pairs, which could be good for enhancing the
photocatalytic activity.
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Based on the above analysis, it was supposed that using g-C3N4 to modify the α-Fe2O3 may improve the electron-hole separation ability of the α-Fe2O3, and enhance
the photocatalytic activity of the α-Fe2O3 as well. Therefore, in this work, we report a facile route to prepare composite photocatalyst g-C 3N 4/α-Fe2O 3 by a solvothermal
method with a reactable ionic liquid, in an effort to prove
that g-C3N4 can indeed dope and enhance the photocatalytic activity of α-Fe2O3. Methylene blue (MB) was used
as a target pollutant to investigate the photoactivity of the
g-C 3N 4/α-Fe2O 3 samples. The relationship between the
photocatalytic activity and the structure of g-C 3N 4/αFe2O 3 hybrid materials was discussed.
2. MATERIALS AND METHODS
2.1 Reagents

All reagents were analytically pure and used without
further purification. The synthesize method of g-C 3N 4
is described in of our previous works [34]. Metal ioncontaining ionic liquids were synthesized according to
Sherif et al. [35].
2.2 Synthesis of g-C3N4/α-Fe2O3

In a typical procedure, 0.4g [Omim]FeCl4 was put into
10 ml absolute ethanol under vigorous stirring. 4.1 mg
g-C3N4 was dissolved or dispersed by 5 ml absolute ethanol,
and then ultrasonicated for 30 min. Then dispersant was
added into the above suspension dropwise and stirred
magnetically for 30 min (solution B). Subsequently, 61.1
mg NaOH was added into 5 ml absolute ethanol by ultrasonicating until it was dissolved, and then it was added
dropwise into the above suspension and stirred magnetically for 30 min. Afterwards, the mixture was maintained
at 140℃ for 24 h. The products were collected by centrifugation, followed by washing thoroughly with deionized
water and absolute ethanol in order. The final products were
dried at 50℃ for 8h. The precursor of g-C 3N 4/α-Fe2O 3
photocatalyst in g-C3N4 ratio of 5.0 wt. % was obtained.
Following the same procedure, several precursors were
prepared with different g-C3N4 weight ratios, namely αFe2O 3, g-C 3N 4/α-Fe2O 3 (3 wt. %), g-C 3N 4/α-Fe2O 3 (10
wt. %) and g-C3N4/α-Fe2O3 (20 wt. %).
2.3 Characterization

The crystal phase of α-Fe2O3 and g-C3N4/α-Fe2O3 powders were analyzed by X-ray diffraction (XRD) analysis
using a Bruker D8 diffractometer with Cu-Kα radiation
(λ=1.5418 Å) in the 2θ range of 20º-80º. Scanning electron microscopy (SEM) of the samples was characterized
by JEOL JSM-7001F field emission microscope. Transmission electron microscopy (TEM) micrographs were taken
with a JEOL-JEM-2010 (JEOL, Japan) operating at 200 kV.
The DRS of the samples were obtained on a UV-vis spectrophotometer (UV-2450, Shimadzu Corporation, Japan).
Fourier transformer infra-red (FT-IR) spectra of all the
catalysts (KBr pellets) were recorded on Nicolet Model

Nexus 470 FT-IR equipment. The photocurrents were
measured with an electrochemical analyzer (CHI660B).
2.4 Photocatalytic properties

The photocatalytic activity of g-C3N4/α-Fe2O3 was
carried out in a magnetic stirrer reactor equipped with a
visible light lamp (300 W Xe arc lamp equipped with an
ultraviolet filter to provide visible light with λ > 400 nm)
at 30 . In a typical run of measurement, as-obtained
catalyst (40 mg) was suspended in 100 ml MB solution
(10 mg/l). Before to irradiation, the solution was stirred
for 0.5 h in the dark to ensure the adsorption/desorption
equilibrium between the photocatalysts and the dyes. Then
0.5 ml of H2O2 was added into the mixed liquid. Subsequently, analytical samples (4 ml) were taken from the suspension every 0.5 h and the photocatalyst powders were
separated by centrifugation, and then the above liquid was
analyzed at its maximum absorption wavelength of 664 nm
to measure its absorbance using a UV-vis spectrophotometer. The MB degradation was calculated by LambertBeer equation.
2.5 Photoelectrochemical measurements

Photocurrent measurements were performed on an
electrochemical analyzer (CHI660B) in a standard threeelectrode configuration with a Pt wire as the counter electrode, and Ag/AgCl (in saturated KCl) as a reference electrode. Irradiation proceeded by a Xe arc lamp. A 0.1 M
PBS solution (pH = 7.0) was used as the electrolyte. The
working electrodes were prepared as follows: 10 mg ground
sample was mixed with 0.5 mL absolute ethanol and 0.5 mL
ethylene glycol to make slurry, which was then dispersed
onto a 0.5 cm × 1 cm ITO glass electrode.

3. RESULTS AND DISCUSSION

(
B)(B
3.1 XRD analysis
)
The XRD patterns of the as-prepared g-C3N4/α-Fe2O3
with different amount of g-C3N4 were shown in Fig.1. For
the pure α-Fe2O3 (Fig.1a), the diffraction peaks at 24.1◦,
33.2◦, 35.6◦, 40.9◦, 49.5◦, 54.1◦, 62.4◦ and 64.0◦ were attributed to the (012), (104), (110), (113), (024), (116),
(214) and (300) phase of α-Fe2O3 (JCPDS No. 33-0664),
respectively. For the g-C3N4/α-Fe2O3 composites, only αFe2O3 diffraction peaks were found when the g-C3N4
content was below 10 wt. %. This could be explained by
the small amounts of g-C3N4 introduced and its high dispersion in the samples. The same results were obtained in
previous reports [36, 37]. Nevertheless, the weak diffraction peaks at 27.5◦ [indexed as the (002) diffraction plane
of g-C3N4 (JCPDS 87-1526)] [38, 39] were appeared in
Fig.1d and Fig.1e when the g-C3N4 content increased
from 10 wt. % to 20 wt. %. And there was no signiﬁcant
diffraction peaks of any other phases or impurities could be
detected in the composite, which indicated the introducing
of g-C3N4 species did not affect the crystal structure of α-
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Fe2O3 photocatalysts and demonstrated that the asprepared g-C3N4/α-Fe2O3 sample presented a two-phase
composition (g-C3N4 and α-Fe2O3).

FIGURE 1 - XRD patterns of (a) α-Fe2O3, (b) g-C3N4/α-Fe2O3 (3 wt. %),
(c) g-C3N4/α-Fe2O3 (5 wt. %), (d) g-C3N4/α-Fe2O3 (10 wt. %), (e) gC3N4/α-Fe2O3 (20 wt. %).

3.3 SEM, HRTEM and EDS analysis

The morphology of the g-C3N4/α-Fe2O3 (5 wt. %)
samples were investigated by SEM. Fig. 3A showed that
the as-prepared g-C3N4/α-Fe2O3 composite was composed
of many uniform, sphere-like architectures approximately
3 µm in diameter, and the sphere-like g-C3N4/α-Fe2O3 nanostructures were built from hundreds of small nanoplates.
Fig. 3B clearly displayed that these nanoplates were connected with each other to form 3D sphere like structures.
However, it was difficult to detect the existence of g-C3N4
due to its low content. To obtain more detailed information
for the as-prepared g-C3N4/α-Fe2O3 hierarchical nanostructure, a high-resolution TEM (HRTEM) image (Fig. 3C) was
recorded. Fig. 3C depicted clear lattice fringes with the
interplanar distance of 0.252 nm and 0.269 nm, corresponding to the spacing of the (110) and (104) planes of
α-Fe2O3 crystal. This observation was consistent with the
XRD result. The corresponding fast Fourier transform
pattern (inset, Fig. 3C) reveals a perfect spot pattern, which
indicated that the composite was a single crystal. The outer
boundary of the g-C3N4/α-Fe2O3 was g-C3N4 layer which
was distinctly different from the α-Fe2O3 phase. The same
results were obtained in previous reports [46, 47]. As a
result, the charge transfer between the two semiconductors
would be spatially smooth, which was fundamental for the
improvement of photocatalytic activity.
The chemical composition of the products was further
conﬁrmed by EDS analysis. As shown in Fig. 3D, it can
be seen that the as-prepared photocatalyst consists of C,
N, Fe and O, corresponding to the former assumption. No
other impurities have been identiﬁed, which agree with
the XRD, HRTEM and FT-IR pattern.
3.4 Optical properties

FIGURE 2 - FT-IR spectra of (a) g-C3N4, (b) α-Fe2O3, (c) g-C3N4/αFe2O3 (3 wt. %), (d) g-C3N4/α-Fe2O3 (5 wt. %), (e) g-C3N4/α-Fe2O3
(10 wt. %), (f) g-C3N4/α-Fe2O3 (20 wt. %).
3.2 FT-IR spectra analysis

The FT-IR spectra of pure a-Fe2O3, g-C3N4 and gC3N4/α-Fe2O3 composites were shown in Fig. 2. The absorption bands centered at 475 cm-1 and 550 cm-1 in the
spectrum of pure α-Fe2O3 correspond to the stretching and
bending vibrations of Fe-O, which was in line with the
reports of a-Fe2O3 in relevant literature [40, 41]. These peaks
were fully present in these g-C3N4/α-Fe2O3 composites,
suggesting that no structure change of α-Fe2O3 appears
during the hybridization process. Absorption bands at
1240 cm-1, 1319 cm-1, 1410 cm-1, 1456 cm-1, 1566 cm-1,
1639 cm-1 and 808 cm-1 observed at the pure g-C3N4 sample belonged to the typical stretching modes of CN heterocycles and s-triazine ring modes [42-45]. It could also be
clearly seen that the main absorption peaks of g-C3N4
appeared in all g-C3N4/α-Fe2O3 composite photocatalysts.
Apparently, the results from XRD and FT-IR reveal that
these obtained composites contain two fundamental components of g-C3N4 and α-Fe2O3.

The DRS spectra were used to investigate the optical
properties of the g-C3N4/α-Fe2O3 composites. Fig. 4A
showed the UV-vis diffuse reﬂectance spectra of pure gC3N4, pure α-Fe2O3, and 3 wt%, 5 wt%, 10 wt%, 20 wt%
g-C3N4-doped samples. The pure α-Fe2O3 was a representative transition-metal oxide with strong electronphonon coupling and electron-electron correlation,
resulting in complex electronic structures and rich optical
properties. Obviously, the pure α-Fe2O3 and g-C3N4/αFe2O3 composites showed much higher absorption in
visible light than pure g-C3N4, and there was a little blue
shift with the increase amount of g-C3N4 comparing with
the pure α-Fe2O3. This phenomenon could be attributed to
the charge-transfer transition between g-C3N4 and α-Fe2O3
conduction or valence band [45]. Fig.4B showed that the
band gap of g-C3N4/α-Fe2O3 composites (from 1.99 eV to
2.02 eV) were a little larger than the pure α-Fe2O3 (1.92
eV). This suggested that the doped g-C3N4 have affected
the band gap of the samples.
3.5 Photocurrent

The transient photocurrent responses of g-C3N4, αFe2O3 and g-C3N4/α-Fe2O3 (5 wt. %) were investigated
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FIGURE 3 - (A) low-magniﬁcation FESEM images, (B) high-magniﬁcation FESEM mages, (C) HRTEM image, and (D) EDS spectra of the
as-prepared g-C3N4/α-Fe2O3 (5 wt. %) nanostructures

FIGURE 4 - (A) UV-vis diffuse reflectance spectra (DRS) of (a) α-Fe2O3, (b) g-C3N4/α-Fe2O3 (3 wt. %), (c) g-C3N4/α-Fe2O3 (5 wt. %), (d) gC3N4/α-Fe2O3 (10 wt. %), (e) g-C3N4/α-Fe2O3 (20 wt. %). and (f) g-C3N4； (B) direct band gap of g-C3N4/α-Fe2O3 composites.

for several on-off cycles of intermittent irradiation, in
order to provide further evidence to prove the assumption
that the composited g-C3N4 may play an important role in
the photocatalytic reaction. Fig. 5 showed that fast and
uniform photocurrent responses were observed in three

electrodes and the photoresponsive phenomenon was entirely reversible. It is known to all that spike-like transient
response is caused by a so-called “back-reaction” mechanism [48]. The whole process of the back-reaction is regarded as the recombination of the photogenerated elec-
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tron-hole pairs. Obviously, under visible light irradiation,
the photocurrent of the g-C3N4/α-Fe2O3 (5 wt. %) electrode was about six times as high as that of the pure gC3N4 and pure α-Fe2O3. A possible explanation for the
enhanced photoelectrochemical response could be related
to the fact that the doped g-C3N4 acts as an electron acceptor and offer more pathways to facilitate charge
transport. In addition, the doped g-C3N4 played an important role in leading to the effective separation and
transport of photogenerated electrons and holes, and in
preventing them from recombination, which may enhance
the photocatalytic activity of α-Fe2O3.

3h. In contrast, it was 43.50 % (Fig. 6B (d)) in 3h with the
existence of H2O2. However, Fig. 6 B (a, b) revealed that
the photocatalytic activity was extremely poor when the
g-C3N4/α-Fe2O3 (5 wt. %) without light or H2O2, which
compared with Fig. 6 B (f). Fig. 6 B (e) showed the photocatalytic activity of the mixture of 5 wt. % g-C3N4 and αFe2O3, which was also worse than Fig. 6 B (f). Therefore, it
was considered that the enhancement of photocatalytic
activity was due to the cooperative effects of obtained gC3N4/α-Fe2O3 and H2O2.
3.7 Stability of the the as-prepared 5 wt% g-C3N4/α-Fe2O3

For practical applications, a photocatalyst should also
be stable after repeated use. In order to demonstrate the
stability of the cataysts, the catalytic activity of the 5 wt% gC3N4/α-Fe2O3 composite photocatalyst was further performed four times under the same conditions. After one
reaction was completed, the catalysts were collected by
centrifuging the solution in order to catalyze a new one.
The results shown in Fig. 7 illustrates that the MB degradation efficiency was well maintained at about 97% after
4 cycles, which indicates the sufficient stability of the composite photocatalyst for MB degradation.
3.8 Possible mechanism for the enhancement of photocatalytic activity

FIGURE 5 - Transient photocurrent response for the (a) pure gC3N4, (b) α-Fe2O3 and (c) g-C3N4/α-Fe2O3 (5 wt. %).
3.6 Photocatalytic properties of the samples

The photocatalytic activity of the samples was investigated by the photodegradation of MB under visible light
irradiation. Fig. 6A showed the photodegradation efficiency
of MB by the pure α-Fe2O3, g-C3N4/α-Fe2O3 (3 wt. %), gC3N4/α-Fe2O3 (5 wt. %), g-C3N4/α-Fe2O3 (10 wt. %) and
g-C 3N 4/α-Fe2O 3 (20 wt. %) under visible light irradiation in the presence of H 2O 2, respectively. Obviously,
g-C3N4/α-Fe2O3 composites exhibited higher photocatalytic activity than the pure α-Fe2O3 catalyst. With the ratio
of g-C3N4 increased, the photocatalytic activity of the
catalyst ﬁrst increased and then decreased. It was clear
that the g-C3N4/α-Fe2O3 (5 wt. %) exhibited the highest
photocatalytic activity (photocatalytic degradation efficiency was 99.38 % in 3h), indicating that 5 wt. % was
the optimal ratio of g-C3N4 doped to generate the best
photocatalytic activity. The excess g-C3N4 cover on the
surface of a-Fe2O3 will hinder the a-Fe2O3 absorb visible
light. This could lead to the decrease of light absorption
with the too much increasing content of g-C3N4 [49]. The
inset in Fig. 6A presented the absorption spectra of a solution of MB in the presence of the g-C3N4/α-Fe2O3 (5 wt.
%) under visible light irradiation.
Photocatalytic performances of g-C3N4/α-Fe2O3 (5 wt.
%) under different conditions were showed in Fig. 6B.
The self-photolysis of MB was 19.28 % (Fig. 6 B (c)) in

The poor photocatalytic activity observed in α-Fe2O3
sample was ascribed to the high recombination rate of photogenerated electron-hole pairs. The photocatalytic activity was significantly enhanced with the added of g-C3N4,
which could be attributed to the high separation and transfer of photogenerated electron-hole pairs at the heterojunction interfaces.
Fig. 8 illustrated a schematic diagram of the visible-lightdriven electron-hole separation and transport process in the
g-C3N4/α-Fe2O3 hybrid structures. Firstly, the photogenerated electrons were excited from the valence band (VB) of
g-C3N4 to the conduction band (CB). Then, due to the conduction band edge potential of g-C3N4 (-1.12 eV) [50] is
lower than that of α-Fe2O3 (0.3 eV)[51] and the heterojunction formed between them, the photogenerated electrons in g-C3N4 could transfer to the CB of α-Fe2O3, while
the holes in the valence band of α-Fe2O3 could transfer to
the VB of g-C3N4. Meanwhile, the transferred electrons on
α-Fe2O3 will be scavenged by H2O2 to produce a highly
reactive species of hydroxyl radicals (•OH)[52]. Therefore, the recombination rate of photogenerated electronhole was decreased. In this case, the other effect of H2O2
in enhancing the photocatalytic performance of catalysts
was ascribed to the Fenton-like reaction between Fe2+ and
H2O2, which was one of the most effective advanced
oxidation processes for wastewater treatment owing to the
production of •OH radicals [53]. Otherwise, after compared with those catalysts reported in the literature [5456], we found that our as-prepared 5 wt% g-C3N4/αFe2O3 sample also indicated better photocatalytic activity
for the degradation of MB under visible light irradiation.
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FIGURE 6 (A) Photodegradation of MB with different photocatalyst under visible-light irradiation, (B) Photocatalytic performances of gC3N4/α-Fe2O3 (5 wt. %) under different conditions.

FIGURE 7 - Recycling in the repeated MB degradation experiments
with 5 wt% g-C3N4/α-Fe2O3 under visible light irradiation.

FIGURE 8 - A schematic illustration of MB degradation over
g-C3N4/α-Fe2O3 composite photocatalysts under visible light irradiation.
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4. CONCLUSIONS
A series of novel visible light responsive g-C3N4/αFe2O3 composites photocatalysts containing various g-C3N4
contents (3-20 wt. %) were successfully synthesized via a
template-free ethanol-assisted solvothermal method. Compared with the pure α-Fe2O3, the photocatalytic activity of
the resulting composites were enhanced signiﬁcantly for
the photodegradation of MB under visible light irradiation.
The enhanced photocatalytic performance could be attributed to synergistic effects between α-Fe2O3 and gC3N4 which promoted the separation efficiency of photogenerated electron-hole pairs. This was the main reason of
the enhancement of photocatalytic activity of the obtained
samples. We promise this mechanism could be extended to
other g-C3N4 loaded materials.
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