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EROSION RISK MAPPING OF CAPAKCUR
STREAM WATERSHED USING GEOGRAPHICAL
INFORMATION SYSTEM AND REMOTE SENSING
Alaaddin Yüksel1,* and Vedat Avci2
1

Bingol University, Department of Soil Science and Plant Nutrition, Bingol, Turkey
2
Bingol University, Department of Geography, Bingol, Turkey

ABSTRACT

1. INTRODUCTION

Capakcur stream watershed located in the southwest of
Bingol city, in Turkey, covers a 106 km2 area. The watershed
with higher slope degrees faces severe soil erosion due to
vegetation destruction, lithological and climate properties,
except for a limited area located in the west of the watershed.
Settlements in the watershed are usually take place near the
valley base due to the rugged surface, which may generate
costly land-slide events. To describe the basin with high
risks and to create sufficient preventative steps, erosion sensitivity maps were obtained using a statistical analysis by the
superposition principle. Digital Elevation Model (DEM)
was acquired from the digitization of topographic map of the
watershed, then the used for calculations of slope degrees.
The erosion risk maps were attained by using the parameters of the slope degree, precipitation, Normalized Difference Vegetation Index (NDVI), stream density and soil
texture calculated from soil brightness index (SBI) by applying Tasseled Cap transformation to satellite images.
During the calculation of the map risks, each parameter
was initially divided into subclasses and given a weight
point according to the degree of influence upon the erosion,
the sensitivity map was then created by adding each parameter map. Results from the sensitivity map indicate that
50% of the watershed is under high and 15% is under severe erosion risk while only 11% of the watershed is under
low or very low erosion risk. The rugged structure of the
watershed has necessitated the establishment of the settlement to the valley bed. Materials transported by rivers in
the watershed where the erosion is severe, are deposited in
the stream bed. The reduction in carrying capacity of
streams causes floods affecting settlements. The sensitivity
maps clearly indicate that the precautionary steps such as
protection of the vegetation cover, plantation or relocating
settlements away from the valley base will be immediately
undertaken for further soil erosion in the watershed.

Erosion is removal of topsoil by water and wind after
wearing by natural or manmade agents [1]. This removal is
created by wind in arid and semi-arid zones, by glaciers in
glacial zones and by streams in fluvial zones [1,2]. Bedrock
erosion triggered by external factors is a usual geomorphological process, and the eroded topsoil can be compensated
during the course of this process [2]. Soil in areas subject
to degrading and erosion can be replaced with natural soil
formation processes, and rejuvenate by the help of wind or
runoff. Human interference in the natural erosion areas
progressing with its own specific rules in the natural balance may cause natural destructions which cannot be reversed or corrected. Accelerated water erosion created by
human interference may time to time result in costly floods
associated with losses of lives and property [3].
The amount and severity of erosion are chiefly related
to topographic features, drainage areas, vegetation type and
cover, surface drainage development and geological layers
[1]. The amount of eroded soil is also affected by these factors at different degrees. Thus, setting off the problem is
possible only after effective factors which involve in erosion must be well surveyed and assessed [2].
Soil erosion may cause not only adverse social but economical outcomes as well [4, 5]. Erosion has a very strong
effect upon water sources and protections [5, 6]. Therefore,
the interest in producing erosion sensitivity maps of basins/watersheds have been recently increased [7]. Detecting high-erosion-sensitive areas with erosion sensitive
maps is one of the preliminary steps taken towards to conservation [4].

KEYWORDS:
Bingol, Capakcur Stream Watershed, Erosion

Previous studies have indicated that erosion sensitivity
may be generated by a variety of empirical or physical
methods [7-12]. Empirical methods help to predict erosion
by collecting physical parameters while physical methods
with a mathematical base is used for determining the amount
of eroded and deposited soil [4].

* Corresponding author

Recent literatures have also shown that there were some
studies using geographical information technology and ero-
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sion sensitivity maps for complicated empirical methods.
These methods used for producing erosion sensitivity
maps in basin or watershed scales are logistic linear models, statistical and weighted superposition procedures [4,
7, 12-14].
The aim of the research was to generate an erosion sensitivity map of Capakcur Stream Watershed with a
1/25.000 scale by employing the weighted superposition
procedure.

2. MATERIALS AND METHODS
2.1 Study Area

Capakcur Stream Watershed located in the southwest
of Bingol city, in Turkey, covers a 106 km2 area. Bordered
by Karaomer mountains’ spurs in the southwest, Capakcur
watershed’s running water and runoff are collected by Capakcur Stream (Figure 1.). Capakcur stream after merging
with Goynuk stream in Bingol joins to the Murat River.
Capakcur Stream Watershed is vulnerable to severe erosion. Cutting the watershed with dip-slip faults and faulty
topographic structure cause an increase in slope and slope
variability's. Water density is very high in the watershed
where the lithology is made up of resistless marls and volcanoes. Deforestation and degradation of vegetation are

also very high in the watershed where the natural vegetation is mainly composed of steppe species.
The elevation in the watershed decreasing in the direction of the northwest to southwest ranges from 1140 m to
2505 m with an average of 1776 m. The watershed is cut
with dip-slip faults in the southwest which contributes to
increase in the elevation and causes Capakcur stream settles more into its stream bed. This settlement can reach up
to 500 m in some sections. Young tectonic movements and
fluvial erosion have created a faulty topographic structure
in the watershed. The slope ranges from 25% to 45% in
38% of the watershed and the average slope is 22% with a
maximum value of 61%.
Lithology of the watershed is made up of ophiolite of
Yuksekova melange, marble and schist of Bitlis matamorphite, marl, pebble and sandstone of Gevla Stream formation as well as basalt, tuff and agglomerate of Solhan
formation [15] (Fig. 2). Surface water flow increases due
to especially impermeable futures of the marls in the watershed. Thus, the area with marl structures are susceptible
to ravine erosion.
Meteorological data were obtained from Bingol Meteorological Station located in the watershed. The average
annual temperature is 12°C and precipitation is 891 mm
which increases in winter and spring while summer is comparatively dry. Erosion can be severe on stepper slopes due

FIGURE 1 - Location map of Capakcur Stream Watershed
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FIGURE 2 - Geological map of Capakcur Stream Watershed.

to the increased precipitation and downpour during spring.
Although the watershed has a higher precipitation rate,
vegetation is sparse and composed of steeper species. Oak
tree formation has emerged due to high precipitation in the
south west of the watershed, however, forest vegetation is
sparse due to deforestation.
2.2 Generating Erosion Sensitivity Map

Major factors affecting soil erosion are slope, aspect,
precipitation, vegetation, soil type and land use [16-20].
Therefore, slope degree, precipitation, vegetation, stream
density and soil brightness index were used to create erosion sensitivity map in the present study.
Slope degree characteristics of watershed were obtained from Digital Elevation Model (DEM) generated
from the Digitization of topographic maps. The distribution of precipitation in watershed was obtained through interpolation technique. Normalized Difference Vegetation Index (NDVI) was obtain from satellite images of Landsat
ETM [(May 2013) acquired from the study area and perimeter was used to estimate vegetation. NDVI was calculated
through proportioning of subtraction and addition of near infrared and red bands [21]. The formula used to calculate is;
.

0,3561 ∗
1 0,3972 ∗
2
0,3904 ∗
3 0,6966 ∗
4 0,2286 ∗
5 0,1596 ∗
7
Stream density expressed as km2 km-1 was attained after digitizing streams on a 1/25.000 scale map. Erosion
sensitivity map of Capakcur Stream Watershed was generated by using weighted superposition assessment method
which assumes different input values in the same cell size.
Superposition were acquired from reclassified data from
many raster analyses or from data containing integers.
Therefore, the raster's intended to use in the analysis had to
be reclassified or should contain directly integers (Arcgis
Desktop). Raster's with decimal values were reclassified to
convert integers. [24].
A value was assigned to every level according to erosion effectiveness rate, each factor was labeled with a risk
score based on erosion effectiveness rate, and these levels
were transformed a 10-grid map and super positioned.
Higher values indicates the areas with high erosion sensitivity while low values indicate the areas with low erosion
sensitivity.
3. RESULTS AND DISCUSSION
3.1 Effects of Slope on Erosion

Soil brightness index (TPI) was used to calculate soil
texture [22]. TPI was subjected to Tasseled Cap transformation before the calculation. The formula [23] is:

Slope can help to generate runoff such as stream or rain
wash, resulting in an increase in fluvial erosion. The increase in severity of erosion with higher slope degrees indi-
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cates a positive correlation between slope degree and erosion. Soil wearing and carrying effects of runoff or stream
will occur only after the runoff/stream speed reaches to a
critical flow rate [2]. Moreover, the amount of water to carry
soil depends upon the slope degree [2], which is often used
in erosion sensitivity studies since surface erosion is directly
associated with the slope morphology [25].

to 45% corresponded to a 38% of the total area, indicating
a high risk of erosion severity (Figure 3, 4; Table 1).
TABLE 1 - Slope degree groups and sensitivities of Capakcur Stream
Watershed.

The slope degrees acquired from DEM were divided
into 5 subclasses: 0-2, 2-15, 15-25, 25-45 and over 450%.
The slope in watershed ranges from 0 to 61% with an average of 22% (Figure 4). The areas with slope between 25

Slope degree
%
0-2
2-15
15-45
25-34
> 45

Total coverage area
km2
%
2.8
3
23.8
22
39.1
37
40.3
38
0.3
0

FIGURE 3 - Slope degree map of the Capakcur Stream Watershed.

FIGURE 4 - Severe erosion is visible in Capakcur Stream Watershed (Photo: A. Yüksel)

3071

Sensitivity
values
1
2
3
4
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Tectonic activities and drainage densities have contributed to the variation of slope degrees. Thus, the south of
the watershed has higher slope degrees owing to tectonic
activities and drainage densities.
3.2 The Effects of Precipitation on Erosion

Precipitation is the solely and main factor for water
erosion [26]. Rain water can cause surface flow by carrying
soil particles [27]. An irregular pattern of precipitation as
well as dry summer season in terms of physical conditions
may also contribute to an increase in erosion [28]. The average long term annual temperature of watershed is 12 °C
and total precipitation is 891 mm. The Taurus mountain
range called The Southeast Taurus lies in the southeast of
watershed. The Southeast Taurus blocks most of the humidified air mass from entering the southwest direction.
The humidified air mass having able to pass the blockage
confronts with the second blockage Bingol city perimeter.
After confronting, air mass rises and causes a turbulence in
the atmosphere over the watershed, which leads to heavy
rainfall in the area [29]. Heavy precipitation mostly occurs
as snow in the winter time (Figure 5). Erinç (30) and
Tonbul [29] attributed the heavy precipitation in winter to
Bingol lowland and perimeter located near on the border of
“Mediterranean Secondary Air Current”. The variability of
elevation in the watershed is quite high. Thus, a variation
in climate factors over the watershed is very common.
Precipitation map was created for the watershed to exert precipitation effects on erosion. The formula suggested
by Schreiber was used to create the map [31]. The formula
is; Ph = Po + 54xh where pH indicates precipitation for

apre determined elevation point, Po indicates the total precipitation of a meteorological station whose elevation is
predetermined, 54 is the coefficient number for each of
100-m elevation, and h is the elevation difference between
the meteorological station and the predetermined elevation
point as hectometer. The precipitation ranges from 1033 to
1830 mm and increases in the southwest area owing to the
higher elevation (Figure 6, Table 2).
The precipitation ranges from 1100-1300 mm in most
of the watershed area (48%) with a sparse vegetation cover.
TABLE 2 - Precipitation and sensitivity values of Bingol Stream Watershed.
Precipitation
mm
1033-1100
1100-1300
1300-1500
1500-1700
1700>

Total covered area
km2
%
6.50
6
50.40
48
32.01
30
16.10
15
1.40
1

Sensitivity values
1
2
3
4
5

3.3 Effects of Vegetation Cover on Erosion

Vegetation cover is a very crucial element for the protection of fluvial erosion [32]. Land cover determining the
relation between the precipitation with water infiltration
and blats effects of rain drops is a very important factor [2].
Resistance to erosion increases with the increased vegetation cover of a land. Therefore, the slopes with sparse vegetation cover tend to have higher erosion rates [32]. In order to evaluate vegetation cover in the watershed and its
perimeter, NDVI was calculated from satellite images of
Landsat 7 ETM in May 2013. The vegetation was not ob-
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FIGURE 5 - Monthly average temperate and precipitation from 1975 to 2013 (DMI).
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FIGURE 6 - Precipitation map of Bingol Stream Watershed.

FIGURE 7 - NDVI map of the Capakcur Stream Watershed.
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TABLE 3 -NDVI ranges and sensitivity values of Capakcur Stream Watershed.
NDVI

Total covered area
km2
65.08
24.14
13.62
3.88

-0.38 – 0.00
0.00 - 0.20
0.20 - 0.40
0.40 - 0.61

served on 61% area of the watershed based on the NDVI.
High vegetation cover of the watershed covered only 4%
of the whole area (Figure 7, Table 3). Sparse or no vegetation cover in the watershed contributes the erosion severity.
There is a direct relation between erosion severity and
vegetation cover in the watershed. The bedrock surface is
visible due to the vegetation in the north of watershed.
3.4 Effect of Stream/Runoff Density on Erosion

High relief properties, sparse vegetation cover and low
soil infiltration rate are associated with higher stream/runoff density while low relief properties, high vegetation
cover and soil infiltration rate are related to the low stream/
runoff density. Thus, as the drainage becomes denser, the
erosion possibility increases or vice versa [33].

Sensitivity values
%
61
22
13
4

5
4
3
2

After seasonal and continuous streams having been
digitized on topographic maps, a risk point was assigned
according to water density (km2 km-1) and effectiveness
scales. Water density was 2.4 km2 km-1 calculated from

Dd 

YL
A

where total drainage length (YL) was 363.2 m and area
of the watershed (A) was 106.2 km2 for throughout the watershed [1]. Reddy et al., [35]. stated that if drainage density is over 1.75, it is expressed as high, if over 2.5, it is
expressed as very high. The number 3.4 calculated for the
watershed indicated very high water density that was due
to the lithological properties, high slope degrees and sparse
vegetation covers (Figure 8, Table 4).

FIGURE 8 - Water density map for Capakcur Stream Watershed.
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TABLE 4 - Distribution of water density and sensitivity of Capakcur Stream Watershed.
Water density
Very low (0-5)
Low (5-10)
Fair (10-20)
High (20-30)
Very high (30-40)

Total covered area
km2
75.1
19.7
6.2
4.6
0.9

Sensitivity values
%
71
18
6
4
1

1
2
3
4
5

FIGURE 9 - Soil Brightness Index of Capakcur Stream Watershed

TABLE 5 - Distribution of Soil brightness and sensitivity of Capakcur Stream Watershed
Soil brightness
30-65
65-95
95-125
125-155
155-172

Total coverage area
km2
1.70
81.40
22.60
0.80
0,02

Sensitivity values
%
2
76
21
1
-

3.5 Effects of Soil Brightness on Erosion

As soil particles become finer, soil brightness usually
increases [36]. Further detachment of soil into fine granules causes a very distinctive color changes, statistically increases the soil brightness [7]. Each individual components
such as and, silt or clay are attached together by organic
materials, clay or lime to form stable soil aggregates which

1
2
3
4
5

increase light absorption by the soil. Consequently, with
lower reflection rates, brightness of soil aggregates becomes weaker, which leads to lower reflection values compared to disturbed soil samples [39]. Soil brightness index
(SBI) was used to estimate the soil texture of watershed [22].
Tasseled Cap Transformation was applied to satellite images
of Landsat ETM for the soil brightness index (Figure 9).
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Texture of soils was categorized from fine to coarse textured with the help of satellite images and coarse textured
soils covered wider areas compared to fine textured soils in
the watershed (Table 5).

4. CONCLUSIONS
The erosion sensitivity map acquired by slope degrees,
precipitation, vegetation covers, water density and soil
brightness revealed that erosion sensitivity is high (48 %)

and very high (12%) in majority of the watershed. Areas
labeled with high and very high erosion sensitivity lie in
the north, west and southwest of the watershed. These areas
not only have high slope degrees but sparse vegetation as
well. Because of the steep slopes and high water wearing
power, erosion sensitivity increases throughout the watershed. Areas labeled with low and very low erosion sensitivity cover a very limited area (% 11 of total) where vegetation density are high as well as slope degrees are rather
low (Figures 10-12).

FIGURE 10 - Erosion Sensitivity Map of Capakcur Stream Watershed

Coverage Arae (km2 )

60
50
40
30
20
10
0
Very Low

Low

Medium
High
Erosion Sensivity

FIGURE 11 - Distribution of areas based on erosion sensitivity

3076

Very High

© by PSP Volume 24 – No 10. 2015

Fresenius Environmental Bulletin

Very Low
1%
Very High
12%

Low
10%

Medium
30%
High
47%

FIGURE 12 - Proportional distribution of erosion sensitivity for Capakcur Stream Watershed

The results concluded that high slope degrees, sparse
vegetation cover along with degraded vegetation, high precipitation and favorable lithological wearing caused severe
erosion in the Capakcur Stream Watershed. The severity of
erosion has been further accelerated by human interference
particularly by over grazing. Severe erosion has caused
slopes being cleft and vegetation degraded. Fluvial erosion
has increased extrinsic substances in streams and decreased
the water holding capacity, increased the potential of flood
risk nearby settlements throughout the watershed.
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erosion susceptibility assessment and validation using a geostatistical multivariate approach: a test in Southern Sicily. Natural Hazards 46(3), 287–305.
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ABSTRACT
A novel AgCl/Ag3PO4 composite was synthesized by
a simple anion-exchange precipitation method. The as-prepared samples were characterized by X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), scanning
electron microscope (SEM), energy dispersive spectrometer (EDS), transmission electron microscope (TEM) and
diffuse-reflection spectra (DRS). The analyses indicated
that the heterojunction structure had formed in the composite. AgCl nanoparticles were uniformly distributed on the
surface of Ag3PO4. UV-vis diffuse reflectance spectroscopy (DRS) of the AgCl/Ag3PO4 composites showed that
the addition of AgCl had promoted the optical absorption
of Ag3PO4 in the visible region. The results showed that the
photocatalytic activity of the AgCl/Ag3PO4 composites for
photodegradation of 4-chlorophenol (4-CP) were efficient
and exhibited the highest photocatalytic degradation efficiency which was much higher than the pure Ag3PO4 crystals and AgCl/Ag3PO4 (20 at%). A photocatalytic mechanism of the AgCl/Ag3PO4 was also discussed.
KEYWORDS:
AgCl; Ag3PO4; 4-chlorophenol; photocatalysis; visible light

1. INTRODUCTION
Nowadays, most of the advanced industrialized nations were paying great attention to the environmental pollution which resulted from the progress of global industrialization [1, 2]. The photocatalytic techniques have been
developed to solve those environmental pollution problems
[3]. In the past few decades, significant efforts have been
devoted to the development of highly active photocatalysts. TiO2 has been extensively investigated as a conventional photocatalyst in the photodegradation of various pollutants due to its great photoactivity, stability, nontoxicity
* Corresponding author

and low cost. However, the disadvantages of TiO2 was also
existing such as low activity and low efficiency under visible light irradiation, which resulted from its large band gap
(3.2 eV) and low quantum yield [4-8]. Therefore, it was
necessary to pay more attention on searching for new photocatalysts which should be more active and efficient under
visible-light irradiation. In recent years, various efficient
visible-light-driven photocatalysts had been developed, such
as AgX(X = Br, I) [9, 10], Bi2WO6 [11], BiOX (X = Cl, Br,
I) [12-14] and BiVO4 [15], etc.
Among these photocatalysts, silver orthophosphate
(Ag3PO4) as a high efficient visible-light photocatalyst
have been reported [16]. Moreover, it exhibited extremely
high photooxidative capabilities for the oxidation of water
and decomposition of organic contaminants under visiblelight irradiation [17]. More specifically, this novel photocatalyst could achieve quantum efficiency up to 90% under
visible light, which was significantly higher than that of
most photocatalysts [18]. However, the Ag3PO4 photocatalyst was slightly soluble in aqueous solution, which was
decomposed to Ag and PO43- during the photocatalytic process [19].The photodecomposition and the low structural
stability of Ag3PO4 inevitably became a main obstacle in
practical application, which inhibited the photocatalytic activity during the photocatalytic reaction. Therefore, it was
very important to develop a simple and effective method to
improve the photocatalytic activity and stability of the
Ag3PO4 photocatalyst. Recently, many efforts had been devoted to improve the stability and activity by combining
Ag3PO4 with different materials, such as AgX(X =Cl, Br,
I) [19-21], BiOCl [22], TiO2 [23], Fe2O3 [24], SnO2 [25],
Graphene oxide (GO) [26], C3N4 [27], etc. Such Ag3PO4
based composite materials could display high photocatalytic activity and stability. This was because of the heterojunction structure formed between Ag3PO4 and the other
material, which could significantly increase the photocatalytic activity [28, 29]. Therefore, for Ag3PO4 based composite photocatalysts, construction of composites with heterojunction structure and appropriate energy band may
possess the high photocatalytic activity and stability.
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Silver chloride (AgCl) was an important photosensitive material which had been intensively used in the photography industry. [30] AgCl had been used as a remarkable small bandgap semiconductor because of its ionic
transport properties, unique light-sensitive, and suitable
band potentials to produce hydroxyl radicals. [31] Therefore, AgCl as one of the most useful materials had received
much attention to composite with Ag3PO4 [19]. The AgCl
on the surface of Ag3PO4 could effectively protect the
Ag3PO4 from dissolving in aqueous solutions and improve
their stabilities during the photocatalytic process.[28]
Moreover, the AgCl was beneficial to the separation of
electron-hole pairs in the hybrid material, which resulted in
the enhancement of photocatalytic activity.[20] Thus, the
coupling of Ag3PO4 and AgCl was highly desirable for improving the stability and photocatalytic activity of Ag3PO4
photocatalysts, which would construct a very fascinating and promising visible-light-driven photocatalyst.
In this study, the novel visible-light-driven AgCl/Ag3PO4
photocatalysts were synthesized by a simple anion-exchange
precipitation method. The X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), energy dispersive spectrometer (EDS), transmission electron microscope (TEM),
and UV–vis diffuse reflectance spectroscopy (DRS) had
been used to characterize the structure of photocatalyst. 4chlorophenol (4-CP) was used as a target pollutant to evaluate the photocatalytic activity of AgCl/Ag3PO4 hybrid materials. The results showed that the AgCl/Ag3PO4 exhibited
much higher photocatalytic activity than the pure Ag3PO4.
The role of AgCl in the sample had been discussed. The
possible photocatalytic mechanism of the AgCl/Ag3PO4
composite was also studied.

2. MATERIALS AND METHODS
2.1 Materials

4-CP, AgNO3, Na3PO4·12H2O and [C16min] Cl were
purchased from the Sinopharm Group Chemical Reagent
Company. All chemicals used in this study were of commercially available analytical grade.
2.2 Preparation of Ag3PO4

The synthesis of Ag3PO4 precursor was prepared by a
simple stirring process in a dark condition at room temperature. In a typical procedure, 0.3400 g AgNO3 was well
dissolved in 20 ml deionized water at 60 ºC under magnetic
stirring. Na3PO4·12H2O aqueous solution was prepared by
dissolving 0.2530 g Na3PO4·12H2O in 30 ml deionized waters and added in drops to the above solution. After vigorously stirring for 30 min, the yellow precipitate was collected, washed with distilled water and absolute ethanol for
several times, and dried under vacuum at 50 ºC for 6 h.
2.3 Preparation of AgCl/ Ag3PO4 photocatalyst

The AgCl/Ag3PO4 sample was prepared by a simple
stirring process. Ag3PO4 aqueous solution was prepared by

dissolving 0.2078 g Ag3PO4 in 30 ml deionized water by ultrasound for 30 min. Then [C16min] Cl (0.0361 g) was added
to 20 mL of distilled water and dissolved. [C16min]Cl aqueous solution was added in drops to the above solution and
stirred vigorously for 3 h in the dark. The precipitate was
collected, rinsed with distilled water and absolute ethanol for
several times, and dried at 50℃ for 6 h. Finally, the molar
percentage of Br/P in the obtained products was 20 at%. Different AgCl/ Ag3PO4 samples were prepared in different molar ratio (40 at%, 50 at%) with the similar procedure.
2.4 Characterization of photocatalysts

X-ray powder diffraction (XRD) for AgCl/Ag3PO4
samples were carried out on a Bruker D8 diffractometer
with Cu Kα radiation (λ=1.5418 Å) in the 2θ range from10°
to 80°. X-ray photoelectron spectroscopy (XPS) analysis
was observed by using an ESCALab MKII X-ray photoelectron spectrometer with the Mg Kα radiation. The morphologies of the samples were investigated with scanning electron microscope (SEM,) and transmission electron microscopy (TEM). The SEM images were obtained using a
JEOL JSM-7001F. The transmission electron microscopy
(TEM) images were conducted using a JEOL-JEM-2010
(JEOL, Japan) operated at 200 kV. The chemical composition of the samples was determined by an energy-dispersive X-ray spectroscope (EDS) operated at an acceleration
voltage of 10 kV. Ultraviolet visible (UV-vis) diffuse reflectance spectrums (DRS) of the samples were carried out
using a UV-vis spectrophotometer (Shimadzu UV-2450,
Japan). The analysis ranged from 200 to 800 nm. BaSO4
was used as a reflectance standard material.
2.5 Photocatalytic activity

The photocatalytic activity of the as-prepared samples
was evaluated by the photocatalytic degradation of 4-chlorophenol (4-CP) solution under visible light irradiation. A
300W Xe lamp with a maximum emission at 400 nm with
a cutoff filter was used as the radiation source. In each experiment, 0.05 g photocatalyst (Ag3PO4, 20 at% AgCl/Ag3PO4,
40 at% AgCl/Ag3PO4 and 50 at% AgCl/Ag3PO4) was dispersed in 50 mL aqueous solution of 4-CP (10 mg/mL). The
solution was stirred for 0.5 h without light to reach the adsorption-desorption equilibrium of 4-CP on the catalyst
surfaces. During every 30 min intervals irradiation time,
5 ml solution suspension was collected and centrifuged
(13000 rpm, 3 min) to remove the photocatalyst particles.
The degradation of 4-CP solution was analyzed by UV/Vis
spectroscopy (UV-2450, Shimadzu) at the maximal absorption of 4-CP at a wavelength of 220 nm. The photocatalytic
degradation efficiency (E) of 4-CP was obtained by the following formula:

E  (1 

C
A
)  100%  (1  )  100%
C0
A0

Where C is the concentration of the 4-CP solution at
reaction time t, C0 is the adsorption/desorption equilibrium
concentration of 4-CP (at reaction time 0), A and A0 are the
corresponding values.
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3. RESULTS AND DISCUSSION
3.1 XRD analysis
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FIGURE 1 - X-ray diffraction patterns of AgCl/Ag3PO4 composites.
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The typical XRD patterns of the as-prepared
AgCl/Ag3PO4 composites were shown in Fig. 1. All diffraction peaks of the samples could be clearly identified to the
cubic phase of Ag3PO4 (JCPDS card No.06-0505). These
phases could be characterized by the appearance of Bragg
diffraction peaks at 2θ = 20.88°, 29.70°, 33.29°, 36.59°,
42.49°, 47.79°, 52.70°, 55.02°, 57.28°, 61.64°, 65.84°,
69.91°, 71.90° and 73.87° for Ag3PO4 .Compared to the
pure Ag3PO4 crystals, except for the peaks of Ag3PO4, the
diffraction peaks marked by ‘‘▽’’ in Fig. 1 could be
readily indexed as the diffraction peaks of AgCl (JCPDS
No. 31-1238), respectively, confirming the formation of
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FIGURE 3 - SEM image of pure Ag3PO4 (A), 20 at% AgCl/Ag3PO4 hybrid material (B,C), EDS of AgCl/Ag3PO4 (20 at%) hybrid material(D),
TEM image of AgCl/Ag3PO4 (30 at%) hybrid material (E).

AgCl/Ag3PO4. Therefore, no characteristic peaks for impurities were observed, which confirmed the high purity of the
AgCl and Ag3PO4 products.
3.2 XPS analysis

The surface components and chemical states of
AgCl/Ag3PO4 had been investigated by XPS analysis, and the
typical high resolution XPS spectra were shown in Fig. 2. As
shown in Fig. 2A, all of the peaks could be ascribed to Ag,
Cl, O, P and C elements and no peaks of other elements
were observed. The appearance of C peak was mainly due
to the adventitious hydrocarbon from the XPS instrument
itself. Fig. 2B showed Ag 3d spectrum of the samples. The
Ag 3d3/2 and Ag 3d5/2 peaks were identified at 372.86 eV
and 367.67 eV, which corresponded to the binding energies
of Ag 3d3/2 and Ag 3d5/2 of Ag+ [32]. Fig. 2C showed the

spectrum of Cl 2p. The binding energy of Cl 2p was at about
198.83 eV, which confirmed the Cl element existed mainly
in the form of Cl−. Fig. 2D showed the P 2p XPS spectra of
the samples. The main P 2p peak was at a binding energy of
132.56 eV which due to the crystal lattice of P5+ [33]. The O
1s spectrum in AgCl/Ag3PO4 (20%) sample was shown in
Fig. 2E. It was found that the peak at about 531.48 eV was
attributed to O2-. The XRD and XPS analyses verified the
coexistence of AgCl and Ag3PO4 in the as-prepared samples.
3.3 SEM and TEM analysis

Fig. 3 showed typical SEM and TEM images of the asprepared AgCl/Ag3PO4 samples. Fig. 3A showed the SEM
image of the pure Ag3PO4. The images clearly revealed
that the Ag3PO4 particles were uniformly size in particles
with the estimated average diameter between 120-200 nm.
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From Fig. 3B to C, the tiny particles of AgCl nanoparticles
were clearly covered on the surface of the Ag3PO4 particles. The EDS analysis had been done for identify the AgCl
and Ag3PO4 nanoparticles clearly. The images had been
given in Fig. 3D and it presented that AgCl/Ag3PO4 were
consisted of Ag, P, I and O elements. Meanwhile, the surface of the AgCl/Ag3PO4 was slipperier than that of the
pure Ag3PO4 which further proved that AgCl existed in all
the AgCl/Ag3PO4 hybrids. In addition, no other impurity
appeared in the system. The change tendency of AgCl contents obtained from EDS results were agreed with the XRD
data. According to these results, it could be deduced that
AgCl was deposited on the surface of Ag3PO4 evenly by
ion exchange and it could be formed into the heterojunction. At a certain reaction condition, the core-shell structures of the AgCl/Ag3PO4 might be formed.
The detailed structure information concerning the
AgCl/Ag3PO4 hybrid materials were further investigated
by TEM. Form the TEM images of the representative
AgCl/Ag3PO4 composites in Fig. 3E, it showed that the
AgCl nanocrystals were anchoring on the surface of the
Ag3PO4 and a heterojunction structure could be formed.
Therefore, the successful hybridization of AgCl and Ag3PO4
nanopaticles were testified by the evidences of XRD, SEMEDS and TEM.

Ag3PO4, AgCl/Ag3PO4 hybrid materials enhanced the light
absorption due to the production of more electron-hole pairs.
This property might be more propitious to photocatalytic reactions.
3.5 Photocatalytic activity

Fig. 5A showed the visble-light photocatalytic activities of as-prepared samples which were evaluated by the
degradation of 4-CP in the aqueous solution. As shown in
Fig. 5A, all the AgCl/Ag3PO4 with different content of
AgCl photocatalysts exhibited higher photocatalytic activity than the pure Ag3PO4 catalyst. It was found that with
the content of AgCl increased, the photocatalytic activity
decreased. Compared with the pure Ag3PO4, the photocatalytic degradation of 4-CP by AgCl/Ag3PO4 (20 at%) was
25% enhanced. The AgCl/Ag3PO4 (20 at%) exhibited the
highest photocatalytic degradation efficiency. However,
the results suggested that the optimal AgCl content in
AgCl/Ag3PO4 existed when the Cl/P molar ratio was 0.2.
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Fig. 4 showed the UV–vis diffuse reflectance spectroscopy of pure Ag3PO4, as compared with that of AgCl/Ag3PO4
hybrid materials with different content of AgCl. Both samples
showed great increase in absorption with wavelengths
lower than about 500 nm due to the band gap transition.
The AgCl/Ag3PO4 samples displayed stronger absorption
than the pure Ag3PO4 in the range of 400-500 nm, which
implied that these photocatalysts might have higher photocatalytic activity for reactions. Moreover, with increasing AgCl content, the visible absorption intensity of the
AgCl/Ag3PO 4 samples were strengthened after hybridization with AgCl contented. It was noted that AgCl might play
important roles in utilizing sunlight. Compared with pure

0.2

0.0
0

30

60

90

120

150

180

Irradiation Time(min)

FIGURE 5 - (A) Photocatalytic activity of AgCl/Ag3PO4 composites for
the degradation of 4-CP under visible light irradiation, (B) Comparison
of photocatalytic activity of different photocatalysts with the same
weight of each visible-light-active component: 3.3mg AgCl, 46.7 mg
Ag3PO4, mathematical sum of 3.3mg AgCl and 46.7 mg Ag3PO4 and
50 mg AgCl/Ag3PO4 (20 at%) on the degradation of 4-CP under visible
light.
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In Fig. 5B, it was shown that the photocatalytic activity of
mathematical mixture of AgCl (3.3 mg) and pure Ag3PO4
(46.7 mg) was much lower than AgCl/Ag3PO4 (20 at%, 50
mg). The mixture of AgCl and Ag3PO4 contained the same
weight with AgCl/Ag3PO4 (20 at%) sample. It was caused
by the decrease of recombination rate of electron-hole pairs.
Therefore, the result indicated that the AgCl/Ag3PO4 hybrids were efficient visible-light photocatalysts.
The temporal evolution of the absorption spectral
changes during the photocatalytic degradation of 4-CP by
the pure Ag3PO4 and AgCl/Ag3PO4 (20 at%) materials
were shown in Fig. 6. From Fig. 6A, it could be found that
the variation of absorption spectra of 4-CP degrading by
using Ag3PO4 as photocatalyst slightly changed. With the
increase of the illumination time, the maximum absorption
wavelength was slightly reduced. By contrast, in Fig. 6B,
in the presence of AgCl/ Ag3PO4 (20 at%) materials, the
peak intensity of the UV-visible absorption of 4-CP located
at 225 nm decreased sharply with the increase of degradation time, and after irradiated for 180 min, it completely
disappeared which indicated that the 4-CP molecular was
indeed decomposed during the reaction process.

3.6 The possible photocatalytic mechanism

The photocatalytic mechanism was shown in Fig. 7. It
could be seen that under the visible light irradiation,
Ag3PO4 was excited to produce electron-hole pairs. AgCl
could not be excited under visible light irradiation due to
its large band gap. The AgCl in the heterostructure could
be propitious to prevent the photocorrosion of Ag3PO4 particles and keep their original morphology [34]. On the other
hand, the photoinduced holes on the surface of Ag3PO4
could also migrate to AgCl, which promoted the effective
separation of electron-hole pairs. Therefore, effective separation of electrons and holes was propitious to improve
photocatalytic performance of the catalyst. In addition, the
tiny particles of AgCl nanoparticles clearly covered the
surface of the Ag3PO4 which could lead to the heterojunction structure formed. It was also beneficial to the migration of the electron and hole pairs which result in the higher
photocatalytic performance of AgCl/ Ag3PO4 composite.
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FIGURE 7 - Photocatalytic mechanism diagrams of the AgCl/Ag3PO4
samples.
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The AgCl/Ag3PO4 composite was synthesized successfully by a simple anion-exchange precipitation method. The
AgCl/Ag3PO4 heterojunction exhibited higher photocatalytic activity than that of the pure Ag3PO4 for the degradation of 4-chlorophenol (4-CP) under visible light irradiation. The AgCl/Ag3PO4 (20 at%) exhibited the highest photocatalytic degradation efficiency. The loaded AgCl was
beneficial to the separation of electron-hole pairs in the hybrid material, which was the main reason for the enhancement of photocatalytic activity. The results and discussions
indicated that AgCl/Ag3PO4 could be promising efficient
composite photocatalyst for environmental purification.
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ABSTRACT
Acute aquatic toxicity test of Caenorhabditis elegans
was performed estimating 24-h median lethal concentration (LC50) and daf-21/Hsp90 induction at different temperatures (15 °C, 20 °C, 25 °C, and 30 °C) and manganese
(Mn) concentrations (0, 1.32, 13.2, and 132 mM). Hsp90
expression was detected by western blot. Upon 24-h of Mn
exposure under higher temperatures, Adult and L2 larvae
of C.elegans wild type (N2) exhibited severe lethal toxicity
at elevated temperatures compared to those at 20 °C. Also
the expression level of Hsp90 was highly inhibited in adult
N2 worms during Mn stress. daf-21 (-) adults and dauer
larvae had high resistance to Mn exposure while Hsp90 expression was not affected by sublethal acute stressors in
adults wild type. Expressions of Hsp90 could be characterized as a sensitive biomarker for the diagnosis of Mn. Such
a 24-h toxicity assay at different temperatures provided insight into effects of temperature and stress response to toxicity of Mn in the nematode C. elegans and the ecologically
relevant endpoint will be more convenient for the assessment of metal exposure. Moreover, our study suggests that
nematodes could enter dormant stage to improve Mn resistance.

KEYWORDS: Manganese; heat shock or stress proteins (Hsps);
dauer stage; toxicology; heat; biomarkers

1. INTRODUCTION
Manganese (Mn) is one of the most abundant natural
elements in the Earth’s crust and is one of 7 essential metals for animals, acting as a cofactor for multiple proteins
with biological activities and physiological processes [1].
Mn deficiency has been associated with defective bone formation and increased susceptibility to seizures, and high
* Corresponding author

concentrations of Mn can be toxic. Mn toxicity could occur
from dietary intake is rare, pulmonary uptake and particulate transport via the olfactory bulb. Due to the delicate relationship between essentiality and toxicity, Mn homeostasis is crucial for organisms [2]. Exposure to excessive Mn
levels may cause an extrapyramidal syndrome, referred to
as manganism and neurodegenerative diseases, closely resembling idiopathic Parkinson’s disease [3, 4]. Mn exposure represents a significant public health matter due to the
use of Mn as a catalyser in countless industrial processes,
its presence in gasoline additive to particulate matter especially in PM2.5, and fungicides [5, 6].
Heavy metal pollution is a far-reaching environmental
problem, and possible influences have been ignored likewise the potential harm of other environmental stressors
such as temperatures. Many organisms have evolved a
number of behavioral, biochemical and molecular mechanisms to assist in their continuous adjustment to naturally
occurring temperature variation [7]. Heat shock or stress
proteins (Hsps) as molecular chaperones are a super-family
of highly conserved intracellular proteins in response to
various stressors including heat shock and heavy metal exposure [8]. The free-living soil nematode Caenorhabditis
elegans is frequently used for toxicological studies in various exposures, and becomes a useful animal model for the
study of the ecotoxicological relevance of chemical-induced and biochemical level responses [9]. Classical heat
shock responses in C. elegans were described more than
three decade ago. The hsp16 gene is optimally induced at
temperature between 28-29°C, while hsp70 and hsp90
genes are maximal activated at 32-34 °C [10]. However,
levels of Hsp90 do not appear to be significantly affected
by temperature in C. elegans [11]. C. elegans could enter a
diapausing larval stage known as the dauer stage usually at
the end of the L2 larva stage, and many daf genes are involved in dauer formation of C. elegans [12]. The gene encoding Hsp90 was identified as daf-21. Previous studies
have also demonstrated that hsp-90 is essential in parasitic
and free-living nematodes [13, 14].
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In this study, in order to investigate the combined effects of manganese and temperature on the nematode C.
elegans, an acute toxicity test was performed estimating
24-h median lethal concentration (LC50) and lethality endpoint in different exposed temperatures. Manganese (II)
chloride was chosen as test chemical, because of both its
abundance in the environment and availability of toxicological data in the literature regarding nematodes and other
organisms. daf-21/Hsp90 responses in C. elegans were
subsequently investigated at different temperatures and
manganese exposures.

for 90 minutes. Membranes were blocked overnight at 4 °C
and were incubated for 1 h at room temperature with Hsp90
antibody (rabbit anti- Brugia. pahangi hsp-90 made to a
recombinant protein representing the 3' end of the molecule, presented by Prof. Devaney,), and secondary antibody horse anti-mouse IgG (H+L) conjugated with alkaline
phosphatase (1:5000 dilution) gradually. Bands were revealed and determined with the ImageTool software (TX,
USA). The relative densities of bands were calculated as
the percentage of the control at 20 °C.
2.4 Statistics

2. MATERIALS AND METHODSs
2.1 Nematodes culture and maintenance

All tests were performed using C. elegans strains N2
(wild type) and JT6130 (daf-21) obtained from the Caenorhabditis Genetics Center (Minneapolis, MN, USA). A
synchronized young adults (3 days after hatching) and larvae in L2 stage from an age-synchronized culture were
used in all experiments. Dauer larva is a progeny of a maternally rescued daf-21 animal. Nematodes were incubated
at 20°C for 24-h and the experiments were conducted for
mortality, and protein expression. Manganese chloride
(MnCl2·4H2O) (pure analytical-grade) was prepared in a
K-medium and the metal concentrations were all nominal
values. Three replicates for each Manganese concentration
and control were conducted for all test types.
2.2 Determination of lethal concentrations

Each test consisted of five metal concentrations and a
control exposed at 15, 20, 25, and 30°C. Nine to eleven
(average ten) adults (WT), L2 larvae, daf-21 adults and
daf-21 dauer larvae were transferred onto 24-well tissue
culture plates containing 0.5ml of the test solution per
wells. After 24-hours, the numbers of live and dead worms
were determined by visual inspection and prodding the
worms with a platinum wire under a dissecting microscope.
2.3 Hsp90 expression

Hsp90 induction was assessed in wild type adult
worms after exposure to heat shock and to manganese chloride in water. 110 worms were exposed for 24-h at 15, 20,
25 and 30 °C following range of manganese concentrations: 1.32, 13.2, and 13.2mM. The highest Mn concentration was the LC50 (24-h) in water determined in the lethal
toxicity tests. Worms exposed were homogenized using a
chilled mortar and pestle in phosphate buffer (50 mM, pH
7.2) containing 0.1 mM dithiothreitol and 0.1 mM phenylmethylsulfonylfluoride (PMSF) at 4 °C and centrifuged at
13,000 rpm for 10 min. Total protein concentration was determined with a bicinchoninic acid kit (BCA protein assay
kit, Pierce, USA), using bovine serum albumin (BSA) as
standards. Western blot analysis was performed according
to established protocols [7, 9]. Separated proteins by SDSPAGE were transferred to polyvinylidene difluoride (PVDF)
membranes in a SemiDry Transfer Unit (Biorad) at 100 V

Lethal concentrations to 50% (LC50s) from each replicate were generated using log-transformed data and are
reported as the mean value of three replicates. All data
tested were found to conform to assumptions of equal variance and normality, and expressed as mean±SEM. Student
t test was applied to study the relationship between the different temperatures exposures. A P< 0.05 was considered
to be significant. All statistical analyses were conducted
using SPSS 12 (SPSS, Chicago, IL, USA).

3. RESULTS AND DISCUSSIONS
3.1 24-h LC50 values in effect of temperature on Mn

The combination of temperature and Mn exposure exerted the highest toxicity to C. elegans after 24-h (Figure
1). An 24-h LC50 of Mn on wild type adults at 20 °C under
131.75 mM concentration with a 95% confidence interval
(CI) of 93.08 - 211.60 mM was obtained from lethality tests
using LC50 derived through Probit analysis. Significant
differences were detected in the levels of LC50 on wild
type adults, daf-21 adults, daf-21 dauer larvae and wild
type L2 larvae exposed at each temperature.
3.2 Lethality

Based on the results of the acute toxicity test, three
concentrations -corresponding to 1/100, 1/10, and equal to
the 24-h LC50 at 20 °C - were selected for the sublethal
exposure conditions, which were 1.32, 13.2, and 132mM.
In wild type adults, exposure to 30°C at all concentrations
examined induces the formation of higher lethality toxicity
when compared to other three (25, 20 and 15°C) temperatures (Figure 2). In contrast to this, lethality toxicities of
N2 adults exposed to 15 °C and 25 °C at different concentrations for 24-h both were not significant differences (P >
0.05) compared to 20 °C toxicity control test. In addition,
the lethality toxicity manner of Mn for examined temperatures is 30 °C > 25 °C > 15 °C =20°C based on 24-h assay
under our experimental conditions.
Heavy metal toxicity tests using C. elegans have been
performed by many investigators [9], and the LC50 of
manganese obtained in the present study is in accordance
with the previous C. elegans aquatic toxicity data [15]. The
preferred temperatures of C. elegans are from 15°C to
25°C, and 20°C (optimum temperature) is taken as control
[12]. Mean LC50 values obtained at higher temperature
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FIGURE 1 - LC50 values of manganese in a wild type adults, daf-21 adults, daf-21 dauer larvae and wild type L2 larvae, exposed to different
temperatures levels for 24 hours. Expressed are lethal concentration doses (mM) for 50% of the population (LC50) for a range of five concentrations in C. elegans at each temperature. Bars represent mean ± SE (N = 3). Significant differences from wild type adult as control (P < 0.05)
are denoted by ‘*’ and P < 0.001 is denoted by ‘#’.
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FIGURE 2 - Lethality toxicities induced by Mn exposure at different temperatures for 24-h in wild-type N2 C. elegans. Bars represent mean ±
SE. Significant differences from 20°C as control (P < 0.05) are denoted by asterisk.

were significantly lower compared with those obtained at
15 °C temperature both in wild type adults. LC50 values of
Mn in daf-21 adults, daf-21 dauer larvae and wild type larvae decreased following 15°C compared that in 20°C,
which means that cold shock would increase the toxicity of

Mn in wild type larvae. Wild type adults grown at 15 °C
showed a high level of resistance to Mn exposure which may
imply that C. elegans living in lower temperatures possess
efficient defense mechanisms of preventing damage from Mn
stress. We examined the significant differences of lethality
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toxicities induced by Mn exposure in larvae of dauer stage
and L2 stage. The dauer larval had high resistance but were
convergence to adults under high temperature.
3.3 The stress response of Hsp90

Figure 3 shows the Hsp90 expression in the N2 adult
worms exposed to Mn for 24-h at different temperatures.
There were decreased expression level of Hsp90 with exposure from 20 °C acclimatization to 25 °C and 30 °C for
24-h, and Mn exposure led to decreases in the expression
of Hsp90 of nematodes under heat stress (both 25 °C and
30 °C). However, Hsp90 level increased at mild Mn stress
in single cold shock (from 20 °C acclimatization to 15 °C
for 24-h). The most significant decrease was observed at
the highest concentrations of manganese (132 mM) at all
four examined temperatures.
hsp-90 is an essential gene in C. elegans, and the gene
encoding Hsp90 was identified as daf-21, involved in dauer
formation of C. elegans [12]. Since its discovery, the induction of Hsp90 has been regarded as a suitable biomarker
in assessing reactions of biota to environmental and physiological stressors. In the heat shock toxic experiments, elevated temperature alone had a little effect on Hsp90 expression levels. Worms at 25 and 30 °C also had lower level
of Hsp90 in comparison to worms acclimated to 20 °C. The
decrease C. elegans Hsp90 levels in high concentrations of
Mn probably relates to worm death under these conditions.
The stress-related protein (Hsp90) expression profile could
be made to validate ecotoxicological relevance of Mn stress.
The study shows decreased Hsp90 accumulation following exposure of C. elegans to either single manganese
or Mn and high temperature combined together, but com-

bined effects of cold shock and mild Mn stress led to increases in the expression of Hsp90, suggesting that the induction of Hsp90 expression was concentration-dependent
in certain level under right environmental conditions. A
sensitive response at the molecular level may contribute to
organism-level resistance, which may be translated into
high LC50s in daf-21 adults exposed at high temperatures.
The decreases of Hsp90 expressions observed after 24-h
Mn exposure may occur concomitantly with this deterioration on the physiological level. Some hsps genes were not
reported to be induced by metals except cadmium [15].
Previous studies also failed to observe any changes in
hsc70 mRNA accumulation upon exposure of CHSE cells
to cadmium or Mn, or exposure of rainbow trout red blood
cells to azide, hypoxia or Mn [16]. The significant decreases in Hsp90 levels observed in wild type adults exposed to Mn at higher temperatures support the previous
suggestion that Hsp90 belongs to a common group of heat
shock or general stress proteins [11, 17].
Overall, the relatively low levels of Hsp90 expressions
at high Mn stress provided worms with greater client proteins functioning on resistance or recovery from heat stress
or protection from Mn. On the other hand, the relatively
low levels of Hsp90 in wild type C. elegans kept at 30 °C
could provide yet another explanation for the high mortality. Moreover, since nematodes are not native to high temperature habitats they will be able to synthesize Hsps at
lower temperatures compared with worms adapted to cold
habitats especially under harsh conditions [18]. Our study
suggests that nematodes could enter dormant stage to improve Mn resistance, and daf-21/ Hsp90 plays a role in the
pathway of Mn toxicological response.

0
Mn 1.32mM
Mn 13.2mM
Mn 132mM

Hsp90 protein (%)

160
120
80
40
0
20 ℃

25 ℃

30 ℃

15 ℃

Temperatures
FIGURE 3 - Expression level of Hsp90 in wild type exposed to Mn at different temperatures for 24-h. The aquatic acute toxicity test was
utilized to combinations of four temperature levels (15 °C, 20 °C, 25 °C, and 30 °C) and four Mn concentrations (0, 1.32, 13.2, and 132 mM).
The graphs are levels of Hsp90 based on band intensities standardized by densitometric analysis. The results are expressed as percent of control
at 20_°C and all values are means ± SEM (N = 3).

3090

© by PSP Volume 24 – No 10. 2015

Fresenius Environmental Bulletin

ACKNOWLEDGEMENTS
Strains used in this study were provided by the Caenorhabdits Genetics Center (funded by the NIH National Center for Research Resource, USA). We thank Prof. Eileen
Devaney for her kind gift of Hsp90 antibody for our work.
This work was supported by grants form National Natural
Science Foundation of China (nos. 41271485, 41001339).

[18] Kammenga, J. E., Arts, M. S. J., Oude-Breuil, W. J. M.
(1998)HSP60 as a potential biomarker of toxic stress in the nematode plectus acuminatus. Arch. Environ. Contam. Toxicol. 34,
253-258.

The authors have declared no conflict of interest.

REFERENCES
[1]

Post, J. E. (1999) Manganese oxide minerals: crystal structures and
economic and environmental significance. Proc. Natl. Acad. Sci.
USA 96, 3447-3454.

[2]

Au, C., Benedetto, A., Anderson J. (2009) SMF-1, SMF-2 and
SMF-3 DMT1 orthologues regulate and are regulated differentially
by manganese levels in C. elegans,” PLoS One 4, e7792.

[3]

Calne, D. B, Chu, N. S., Huang, C. C., Lu, C. S., Olanow, W.
(1994) Manganism and idiopathic Parkinsonism: similarities and
differences. Neurology 44, 1583-1586.

[4]

Cersosimo, M. G., Koller, W. C. (2006) The diagnosis of manganese-induced parkinsonism. Neurotoxicology 27, 340-346.

[5]

Ressler, T., Wong, J., Roos, J. (1999) Manganese speciation in exhaust particulates of automobiles using MMT-containing gasoline.
J. Synchrotron Radiat. 6, 656-658.

[6]

Pfeifer, G. D., Roper, J. M., Dorman, D., Lynam, D. R. (2004)
Health and environmental testing of manganese exhaust products
from use of methylcyclopentadienyl manganese tricarbonyl in gasoline. Sci. Total. Environ. 334-335, 397-408.

[7]

Wang, Y., Xu, J., Sheng, L., Zheng, Y. (2007) Field and laboratory
investigations of the thermal influence on tissue-specific Hsp70
levels in common carp (Cyprinus carpio), Comp. Bioch. Phys.
148A, 821-827.

[8]

Hightower, L.E. (1991) Heat shock, stress proteins, chaperones
and proteotoxicity, Cell 66, 191-197.

[9]

Wang, Y., Gao, J., Wu, D. (2013) Effects of temperature on copper
resistance in daf-21 mutant and Hsp90 expression of Caenorhabditis elegans. Paddy and Water Environ. 11, 249-254.

[10] Snutch, T.P., Baillie, A.D.L. (1983) lterations in the pattern of
gene expression following heat shock in the nematode Caenorhabditis elegans, Canad. J. Biochem. Cell. Biol. 61 480-487.
[11] Devaney, E., O’Neill, K.M., Whitesell, L., Kinnaird, J. (2005)
Hsp90 is essential in the filarial nematode Brugia. Int. J. Parasitol.
35, 627-636.
[12] Wang, Y., Ezemaduka, N. A., Tang, Y., Chang, Z. (2009) Understanding the mechanism of the dormant dauer formation of C. elegans: from genetics to biochemistry. IUBMB Life 61, 607-612.
[13] Him, N. A., Gillan, V., Maitland, K., Devaney E. (2009) Hsp-90
and the biology of nematodes. BMC Evol. Bio. 9, 254.
[14] Gillan, V., Maitland, K., McCormack, G., Him, N. N., Devaney,
E. (2009) Functional genomics of hsp-90 in parasitic and free-living nematodes. Int. J. Parasitol. 39, 1071-1081.
[15] Roh, J. Y., Lee, J., Choi, J. (2006) Assessment of stress-related
gene expression in the heavy metal-exposed nematode Caenorhabditis elegans: a potential biomarker for metal-induced toxicity
monitoring and environmental risk assessment. Environ. Toxicol.
Chem. 25, 2946-2956.
[16] Currie, S., Tufts, B. L., Moyes, C. D. (1999) Influence of bioenergetic stress on heat shock protein gene expression in nucleated red
blood cells of fish. Am. J. Physiol. 276(4 Pt 2), R990-R996.
[17] Devaney, E. (2006) Thermoregulation in the life cycle of nematodes. Int. J. Parasitol. 36, 641-649.

3091

Received: May 12, 2014
Accepted: March 25, 2015

CORRESPONDING AUTHOR
Yunbiao Wang
Northeast Institute of Geography and Agroecology,
Chinese Academy of Sciences
Changchun 130102
P.R. CHINA
Phone: +86 431 85542292
Fax: +86 431 85542298
E-mail: wangyb@iga.ac.cn
Fengjun Zhang
College of Environmental and Resources
Jilin University
Changchun 130026
P.R. CHINA
Phone: +86 431 88498717
Email: zhangfengjun@jlu.edu.cn
FEB/ Vol 24/ No 10/ 2015 – pages 3087 – 3091

© by PSP Volume 24 – No 10. 2015

Fresenius Environmental Bulletin

INFLUENCE OF INORGANIC IONS AND pH ON THE
PHOTODEGRADATION OF CIPROFLOXACIN WITH ZnO
PHOTOCATALYST BASED ON THE MAGNETIC ZnFe2O4
Xiaoxu Zhao1, Ziyang Lu2, Xuliang Bai1, Yongsheng Yan1,*,
Lili Yang , Zhoufa Hua1, Yang Liu1, Dandan Wang1, Xulan Xie1 and Pengyi Yang1
1

2

1
School of Chemistry & Chemical Engineering, Jiangsu University, Jiangsu, Zhenjiang 212013, P.R. China
School of the Environment and Safety Engineering, Jiangsu University, Jiangsu, Zhenjiang 212013, P.R. China

ABSTRACT
CIP (ciprofloxacin), as one kind of quinolones, has a
potential hazard to the ecosystem and human health. In this
study, zinc oxide (ZnO) photocatalyst based on magnetic
ZnFe2O4 was synthesized via hydrothermal and sol-gel
methods. The as-prepared photocatalyst was extensively
characterized by scanning electron microscope (SEM), Xray diffraction (XRD), X-ray energy diffraction spectrum,
transmission electron microscope (TEM), vibrating sample
magnetometer (VSM), UV–vis diffuse reflectance spectra
(UV–vis DRS), X-ray photoelectron spectroscopy (XPS),
Brunauer, Emmett and Teller (BET) surface area analysis.
This photocatalyst of ZnO/ZnFe2O4 was proved to exhibit
high photocatalytic efficiency and the photodegradation
rate could reach 70.86% for the degradation of CIP under
ultraviolet irradiation. In addition, the influence of pH and
inorganic salts on photocatalytic activity was also investigated. The results showed that different pH and the presence of inorganic salts both had a great impact on the photodegradation of CIP.

KEYWORDS: CIP; Inorganic ions; ZnFe2O4 nanoparticles; Photocatalytic activity; ZnO

1. INTRODUCTION
CIP (ciprofloxacin), as one kind of quinolones, has
been widely used in daily life. Studies have found that
quinolone in the aquatic environment has serious harm. As
a consequence, it is important to obtain more effective
methods to eliminate or convert CIP to milder compounds.
Currently, various techniques such as adsorption, have
biodegradation and electrochemical degradation been suggested to treat CIP [1-4]. Among them, photocatalytic technology has played an important part in the field of environment for its non-toxicity, stability, quick effect and low en* Corresponding author

ergy consumption [5, 6]. Photocatalysis is one of the widely
researched and topics because of its importance in water
and environmental purification in the background of unavoidable and ever increasing industrialization [7-12]. Photocatalysts are generally nanostructured semiconductors
which are employed either directly and doped format defect-induced or combined with another material to yield a
synergy effect [13, 14]. Of the semiconductors being developed as photocatalysts, TiO2 is currently the most promising because of its special features, such as its low cost,
non-toxicity and photochemical stability. However, the
band-gap of TiO2 is too large (3.0–3.2 eV) so that it can
only utilize solar energy of less than 5% [15, 16]. Therefore, the development of novel photocatalysts with high activity is currently an intensive and hot research topic. Among
the inorganic antimicrobial agents, ZnO is one of the most
promising compound which is currently listed as generally
recognized as safe (GRAS) material for human beings [17,
18]. Among a list of semiconductors employed in wastewater treatment, ZnO nanostructures have attracted a lot of
attention due to their easy processability via a variety of
methods, versatility in nanostructuring, good photocatalytic activity, high stability, low cost and low toxicity.
However, the photocatalytic activity of pure zinc oxide and
the recovery rate of ZnO is not high enough for practical
use [19]. In order to solve these problems, the development
of new materials is indispensable for the modification of
ZnO in the field of photocatalysis.
In this paper, the ZnO/ZnFe2O4 photocatalyst was
achieved via a mild sol–gel method. Afterwards, the photocatalyst was characterized by XRD, XPS, TEM, SEM,
VSM, UV–Vis, DRS, and BET. It has been demonstrated
that the photocatalytic reactions strongly depends on the
photogenerated electron-hole recombination rate, light intensity, catalyst concentration, temperature and pH. Given
that natural water and industrial wastewater usually contains a vast variety of inorganic ions (such as Na+, K+,
SO42− and Cl−) which are very likely to affect the photodegradation activity of the catalyst [20], the influence of
various parameters such as cations, anions and pH were investigated during the photocatalytic process under the ultraviolet irradiation.
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2. MATERIALS AND METHODS
2.1 Materials

Chemicals including ferric chloride hydrate
(FeCl 3 ·6H 2 O), zinc chloride (ZnCl 2 ), ammonium acetate (CH 3 COONH 4 ), ethylene glycol (EG), lithium hydroxide (LiOH·2H2O) and alcohol (AR) were all purchased
from Sinopharm Chemical Reagent Co., Ltd.. Zinc acetate,
Dihydrate (Zn(CH3COO)2·2H2O) and CIP were purchased
from Aladdin Chemistry Co. Ltd..
2.2 Characterization

The SEM images were examined with XL30-ESEM
scanning electron microscopy (Philips-FEI Co., Netherlands).
Ultraviolet-visible spectrophotometer (UV-2450, Shimadzu,
Japan) was used for spectrophotometric determination of CIP.
The pH value of solution was adjusted by using buffer solution with the PHS-3C precision pH meter. X-ray diffraction
(XRD) patterns were obtained with a D/max-RA X-ray diffractometer (Rigaku, Japan) equipped with Ni-filtrated Cu Kα
radiation (40 kV, 200 mA) to characterize the crystal structure. The 2θ scanning angle range was 20°-80° with a step of
0.02°/0.2 s. The transmission electron microscope (TEM) images were examined with JEM-2100 transmission electron
microscopy (JEOL, Japan). X-ray photoelectron spectroscopy
(XPS) data were recorded with a PHI5300 spectrometer using
Al Kα (12.5 kV) X-ray source. UV–Vis diffuse reflectance
spectra (UV–Vis DRS) of photocatalyst powder was obtained
for the dry-pressed disk samples using Specord 2450 spectrometer (Shimazu, Japan) equipped with the integrated
sphere accessory for diffuse reflectance spectra, using BaSO4
as the reflectance sample. The specific surface area (BET) was
estimated from the N2 adsorption–desorption isotherms,
measured by a Quantachrome NOVA4000 surface area apparatus. Magnetic measurement was carried out using a VSM
(7300, Lakeshore) under a magnetic field up to 10 kOe.
2.3 Synthesis of magnetic ZnFe2O4 nanospheres

The preparation process of hollow ZnFe2O4 nanospheres
was similarly performed via a facile solvothermal synthetic
route [21] with a few small changes. In a typical experiment,
1.092 g of FeCl3 ·6H2O and 0.272 g of ZnCl2 were added into
ethylene glycol (70 mL) to form a clear solution. Then 2.312 g
of a protective agent such as CH3COONH4 was added into the
solution to form a yellow-dark mixture under ultrasonic waves
for 30 min and vigorous stirring at 600 rpm in room temperature conditions. Subsequently, the mixture was put into a Teflon-lined stainless steel autoclave of 100 mL capacity and
sealed and maintained at 210 °C for 72 h. Finally, the system
was allowed to cool to room temperature. The resulting black
precipitate was collected by the magnet and washed by ethanol and distilled water in sequence for several times. The final
products were dried in a vacuum system at 60 °C for 12 h.
2.4 Synthesis of the ZnO photocatalyst based on the magnetic
ZnFe2O4

ZnO nanoparticles based on the magnetic ZnFe2O4 are
synthesized by a sol–gel technique [22]. The specific process was as follows: 0.35 g magnetic ZnFe2O4 would dis-

solve in 50 ml of ethanol, afterwards 0.33 g zinc acetate dissolved in the ethanol solution, converts the above solution to
the distillation unit and violent boiling stir under 80 (Sol.
A). 7 mM of LiOH·2H2O powder was mixed in 50 ml of
ethanol. The suspension kept in an ultrasonic bath at room
temperature for 20 minutes to obtain a homogeneous solution (Sol. B). Will chase Sol. B drop join in Sol. A. A 80
in the violent mixing 5.5 h, with ethanol to wash again, and
repeat 3-5 times, after the gel was dried under vacuum at
room temperature, the ZnO photocatalyst based on the
magnetic ZnFe2O4 (ZnO/ZnFe2O4) was obtained.
2.5 Evaluation of photocatalysis

The photocatalytic activity was evaluated by the degradation of CIP under UV irradiation. 100 mL 10 mg/L CIP
was mixed with 0.1 g ZnO/ZnFe2O4 or additional inorganic
ions and kept in the chamber of GHX-2 photocatalytic reactor under UV light irradiation. After the desired adsorption time, the sampling for photo-treatment was taken with
an injector in 20 min interval in two hours. The concentration of treated solution was decanted with a magnet and
measured by UV-vis spectrophotometer in the wavelength
of 278 nm. The degradation rate (Dr) of catalyst is calculated by the following formula:

Dr 

C0  C
 100%
C0

(1)

Where C0 is the initial concentration of CIP (mg/L), C
represents the residual concentration (mg/L) at time t
(min). The ratio of reduced concentration (C0−C) to initial
concentration (C0) of CIP calculated by (C0−C)/C0 is plotted against irradiation time in order to observe the photocatalytic degradation rate.
In order to find out the factors of photodegradation, the
influence of cations, anions pH was investigated in ultraviolet photodegradation process. After the experiment, recycled sample was collected by an external magnet to ascertain the reproducibility of ZnO/ZnFe2O4 photocatalyst.

3. RESULTS AND DISCUSSION
3.1 XRD analysis

Figure 1 shows the XRD pattern of ZnO/ZnFe2O4. The
position of all diffraction peaks match well with those of
ZnFe2O4 peaks at 2θ=29.86°, 35.21°, 56.68°, 62.25°. The lattice system of ZnFe2O4 is cubic, which is in good agreement
with standard card PDF#22-1012. The device used was
λ=1.54 and β for ZnFe2O4 nanoparticles was 0.32° which is
the equivalent of 0.0056 Radian. The average crystallite sizes
of particles were estimated by the Scherer's formula:
D = 0.89λ/ βCosθ
(2)
Where D was the crystallite size, λ was the X-ray wave
length, β was the broadening of the diffraction peak and θ
was the diffraction angle for maximum peak. The calculated mean crystallite size of the ZnFe2O4 nanoparticles
was 25.75 nm. The peaks shown in the XRD pattern of
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ZnFe2O4 were intense and sharp, indicating good crystallinity of the prepared sample. At the same time, the literature [23] showed that ZnO peak and ZnFe2O4 peak overlap.

Intensity (a.u.)

311

220
511

400

440

for Fe, O, and Zn respectively. The low resolution XPS scan
(Figure 2 (a)) was collected the major peaks from Zn 3p,
Zn 2p, Fe 2p, Fe 3p, O 1s, and Cl 1s. The Fe 2p3/2 and
2p1/2 photoelectron peaks with multiplet splitting phenomenon were observed at 711.7 eV and 723.35 eV (Figure 2(b)) respectively, corresponding to Fe2+ (FeO) and
Fe3+ (α-Fe2O3) [24,25], which was confirmed by the Fe3p
photoelectron peaks at ca. 54∼56 eV [26]. As shown in
Figure 2 (c), The O1s spectrum was at c.a. 531.24 eV. And
the peak at 531.24 eV could ascribable to O2− in Fe2O3 system. As shown in Figure 2 (d), the two peaks located at
1021.15 and 1043.79 eV were assigned to Zn 2p, which
inference was consistent with the XRD analysis.
3.3 SEM TEM and EDS analysis
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FIGURE 1 - X-ray diffraction pattern of hollow ZnO/ZnFe2O4 photocatalyst.

3.2 XPS analysis

Figure 2 shows the XPS spectra of ZnO/ZnFe2O4, (a)
low resolution for all atoms; (b), (c), and (d) high resolution

The morphology of ZnFe2O4 and ZnO/ZnFe2O4 photocatalyst were observed by the SEM and TEM. As can be
observed in Figure 3a, the Zn Fe2O4 was spherical morphology approximately 4300 nm, Figure 3b showed the
surface of the ZnO/ZnFe2O4 with solid particles, in Figure
3c it can clearly be seen that the ZnFe2O4 was hollow ball
and Figure 3d shows a lot of additional tiny nanoparticles
decorated on the surface of the ZnO/ZnFe2O4 photocatalyst.

FIGURE 2 - (a) The XPS spectra of ZnO/ZnFe2O4. (b) High resolution XPS spectra Fe 2p3 and Fe 3p of ZnO/ZnFe2O4. (c) High resolution
XPS spectra O 1s of ZnO/ZnFe2O4. (d) High resolution XPS spectra Zn 2p3 and Zn 3p of ZnO/ZnFe2O4.
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FIGURE 3 - The SEM and EDS images of different samples (a, e. ZnFe2O4; b, f. ZnO/ZnFe2O4). The TEM images of different samples (c.
ZnFe2O4; d. ZnO/ZnFe2O4 and amplify of ZnO/ZnFe2O4 (inset)).

FIGURE 4 - Magnetization curve of ZnO/ZnFe2O4 photocatalyst at room temperature and the inset in it: ZnO/ZnFe2O4 photocatalyst in water
(left) and separated from solution under an external magnetic field (right).
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Figure 3d amplify of ZnO/ZnFe2O4 (inset) shows that the
ZnFe2O4 surface with a layer of ZnO was about 50 nm. Furthermore, the EDS image in Figure 3e and Figure 3f found
that the major constituents for the photocatalysts were Zn, O
and Fe. This result was consistent with the XRD data and
further confirmed the existence of ZnO.

lyst. It implies that the ZnO/ZnFe2O4 photocatalysts can be
easily may have better photocatalyst activity.
TABLE 1 – BET and pore analysis

3.4 VSM analysis

The magnetic property of ZnO/ZnFe2O4 photocatalyst
was measured using VSM system. Figure 4 shows the magnetic hysteresis loop of ZnO/ZnFe2O4 photocatalyst, and the
magnetic separation ability was tested in aqueous solution
by placing a magnet (inset). The magnetization saturation
(Ms) value was very big (72 emu/g). It can be clearly observed from the photograph (inset) that the asprepared
ZnO/ZnFe2O4 photocatalyst could still be easily separated
by a magnet. The result indicated that ZnO/ZnFe2O4 photocatalyst possessed good magnetic separation performance.
Moreover, the ZnO/ZnFe2O4 photocatalyst could be clearly
found from the sample photograph in Figure 4 (inset).

3.7 Effect of cations on photocatalytic activity

There are dissenting views about the effect of metal
cations on photocatalytic degradation of organic compounds in literature [27]. In order to highlight the effect
of different cations on the photodegradation of CIP, the
effects of Na+, K+, Ca2+, Mg2+, Zn2+ and Cd2+ were studied
by adding 0.5g NaCl, KCl, CaCl2, MgCl2, ZnCl2 and CdCl2
to the solution of CIP, respectively. The different cations
on the photocatalytic activity were shown in Figure 6.
100

3.5 UV–vis DRS analysis

The UV–Vis diffuse reflectance spectra (DRS) of photocatalysts are presented in Figure 5. The UV–Vis DRS
spectrum is usually used to illustrate the absorption light
extension into the visible range.
As shown in Figure 5, it can be clearly found that the
photocatalyst of ZnO and ZnO/ZnFe2O4 have obvious absorption in the whole spectrum region. The wavelength fo
ZnO and ZnO/ZnFe2O4 were about 300 nm. It indicates
that ZnO/ZnFe2O4 has better photocatalytic activity only
during the range of 400–200 nm.

80
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FIGURE 6 - Effect of different cations on the photocatalytic activity.
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The ZnO/ZnFe2O4 exhibited the highest photocatalytic activity which could reach 70.86% in two hours.
However, the photocatalytic efficiency with exogenous
cations was promoted and varied in the following order.

1.1

1.0

Mg2+ > Cd2+ > Ca2+ > Na+> K+ >Zn2+ > None

0.9

ZnO/ZnFe2O4
ZnFe2O4

0.8
200
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FIGURE 5 - UV–vis diffuse reflectance spectra (DRS) of (a) ZnFe2O4
and (b) ZnO/ZnFe2O4,.

3.6 BET analysis

The specific surface area values were calculated using
data of liquid nitrogen physisorption experiments BET
method. The BET analysis of the surface area, pore volume
and pore size of photocatalyst were shown in Table 1. From
the table, we can see clearly that the surface areas of the
ZnO/ZnFe2O4 photocatalyst is bigger than ZnO photocata-

(3)

Chen et al [28] reported that the photocatalytic activity
was inhibited by Cl− anion. Therefore, the enhancement of
photocatalytic activity is due to the metal cations. The difference between the metal cations (Cd2+, Ca2+, Mg2+, K+, Na+,
Zn2+, Na+ ) were due to the larger charge density δ of metal
cations that are calculated using the ionic radii. The charge
density follows the following order Mg2+ > Cd2+ > Ca2+ > Na+
> K+ > Zn2+ [29]. It might be suggested that the greater the
charge density of the metal cation the higher the catalytic activity. As a consequence, the addition of exogenous cations
slightly led to the inhibition of photodegradation.
3.8 Effect of anions on photocatalytic activity

The influence of different sodium salts on photocatalytic activity is shown in Figure 7. In this work, the effects
of Cl−, SO42−, NO3−, F−, Br− and I− were studied by adding
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F− > Cl− > None > Br− > I−. As a consequence, the photocatalytic efficiency of the pollutants in the UV process increased.

100

In order to investigate the kinetic behavior of photo-degradation different anions with the photocatalysts, Langmuir–
Hinshelwood kinetic equation is usually used to describe the
heterogeneous photo-degradation kinetic behavior. According to the Langmuir–Hinshelwood kinetic equation (14),

80
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-
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40
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Rate  
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SO4 90.07%
None 70.86%
-

20

NO3 68.32%
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Br 63.20%
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I 60.27%
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FIGURE 7 - Effect of different anions on the photocatalytic activity.

(4)

This was because the competitive adsorption had happened between the anions and the surface of photocatalyst.
Moreover, the new radicals had been generated in the photocatalytic reaction.
Given that nitrate could form ·OH when irradiated, it
might be able to increase the photodegradation rate of the
catalytic processes.
NO3− + hν → NO2− + O
−

(5)
−

NO3 + H2O + hν → NO2· + OH + ·OH

(6)

O + H2O → 2 ·OH

(7)

Ka
dC
C
 k obs C  k c
dt
1  K a C0

(15)

ln

C
  k obs t
C0

(16)

where kobs is pseudo first order dynamic rate constant.
According to Eq. (16), the linear relation of ln(C/C0) and t
were fitted by Figure 8.
From Figure 8, it can be seen that the first kinetic linear
regression coefficients kF- (0.396) is the highest. It is suggested that the highest activity of photocatalyst adding exogenous F- was consistent with the conclusions in Figure 7.
4.0

Likewise, for SO42− :

85
=0.97
2
R None
8
9
1
=0.0

SO4− + h+ → SO·4−

(9)

2.5

(10)

X− + h+ → X·

(12)

X· + X· → X2

(13)

The oxidation potentials of Cl2, Br2, I2 and F2 were
1.36 V, 1.06 V, 0.53 V and 2.87 V, respectively, while
the oxidation potential of ·OH was 2.85 V [31]. Therefore,
the photocatalytic efficiency varied with the following order:

2.0
52
.03

0
2- =
k SO 4

1.0

264
2
- =0.9
R Cl
8
25
30
-=0.86
2
-=0.0
k Cl
0 R NO3
7
1
.0
0
-=
k NO 3
66
2
-=0.686
.0161 R Br
k -=0
Br

0.5

In addition, in the photocatalytic process, the hydroxyl radical was changed into other radicals by the halogen ions [30]:
(11)

06
.91

0
2- =
R SO 4
2

1.5

Therefore SO42− showed the highest activity for the
additional ions, the process of photodegradation was promoted.

X− + OH· →X· + OH−

433
2
=0.9
R F6
9
0.3
k F-=

k None

3.0

lnC/C0

(8)

SO4− + H2O → OH·+ SO42− + H+



3.5

SO4− + OH·→ SO4· + OH−

(14)

where C0 and C are the concentration of initial and
t time, kc is the first kinetic constant, Ka is adsorption equilibrium constant of catalyst. According to equation (14)
and the conduction of existing photocatalysts, the first kinetic equation of photodegradation formula is written as
follows:

0.5g NaCl, Na2SO4, NaNO3, NaF, NaBr and NaI to the solution of CIP, respectively. The photocatalytic efficiency
varied in the following order.
F− > SO42− > Cl− > None > NO3− > Br− > I−

K aC
dC
 kc
dt
1  K a C0

0.0

2
kI-=0.0149 R I-=0.95016

0

10

20

30

40

50

60

T(min)
FIGURE 8 - The first-kinetic of photocatalytic degradation different
anions.

3.9 Effect of pH on photocatalytic activity

The effect of pH on the photodegradation of CIP is
shown in Figure 9. The photocatalytic ability varied in the
following order:
pH = 7 > pH = 5 > pH =9 > pH = 11 > pH = 3 > pH =
2 (natural pH)
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formation of salt and [Zn(OH)4]2−. It is well known that the
photodecomposition of ZnO to Zn2+ takes place in acidic and
neutral solutions and that efficient formation of hydroxyl
radicals occur in alkaline solution [33].
In order to investigate the kinetic behavior of photodegradation at different pHs, Langmuir–Hinshelwood kinetic equation is usually used to describe the heterogeneous photo-degradation kinetic behavior. The same as (14)
(15) (16), the linear relation of ln(C/C0) and t were fitted
by Figure 10.
From Figure 10, it can be seen that the first kinetic linear regression coefficients kPH=2 (0.056) are the highest. It
is suggested that the highest activity of photocatalyst
(pH=2) was consistent with the conclusions in Figure 9.
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40
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PH=5 89.92%
PH=7 95.73%
PH=9 91.84%
PH=11 92.09%
PH=2 70.86%
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3.10 Stability of ZnO/ZnFe2O4 photocatalyst

FIGURE 9 - Effect of different PH on the photocatalytic activity.

Generally, reusability and stability are the most important factors for the practical utility of the photocatalyst.
As shown in Figure 10, the catalysts retained a high photocatalytic activity with a little loss during the photodegradation of CIP, even after 5 cycles, indicating that ZnO/ZnFe2O4
photocatalyst was relatively stable.
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In this paper, a new magnetic photocatalyst of
ZnO/ZnFe2O4 was synthesized through combination of
hydrothermal and sol-gel methods. Afterwards, the as-prepared photocatalyst was used for the degradation of CIP
under ultraviolet irradiation. The photocatalyst was proved
to exhibit a high catalytic efficiency which could reach
70.86% in two hours. The effects of various parameters
such as cations, anions and pH were investigated during the
photodegradation process. The results showed that the cation had a huge effect on the whole system. The addition of
Mg2+ contributed greatly to the improvement of the photocatalytic activity, the degradation rate can reach 93.34%.
At a pH of 7, the degradation efficiency of the photocatalyst was the highest (95.73%).
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When the pH was 7, the degradation efficiency of the
photocatalyst was the highest. Evgenidou et al [32].reported
an enhanced photodegradation of pesticide (Dichlorvos ) at
acidic and basic pH in the presence of ZnO, attributed to the
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AN OPTIMIZATION MODEL FOR THE
MANAGEMENT OF MULTI-OBJECTIVE WATER
RESOURCES SYSTEMS WITH MULTIPLE DAMS IN SERIES
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Nigde University,Engineering Faculty, Civil Engineering Department, Nigde, Turkey

ABSTRACT
Environmental flow is defined as the flow that is necessary to protect and maintain ecosystems and determination of the quantity of environmental flow is important for
the management of multi-objective water resources systems with multiple dams. In this study, an optimization
model, taken into account different working times of hydropower plants (12, 15 and 18 hours a day), is developed
to determine the releases from dams for electricity production and environmental flow. The developed model consists of an objective function that maximizes the releases
from dams for electricity production and environ-mental
flow and satisfies all operational conditions such as range
of water releases, range of dam storages, irrigation releases
and also mass conservation between inflows and outflows.
A water resources system in the Aksu River Basin including Karacaören I and II Dams located in the Mediterranean
Region, Turkey is selected for application and the model is
applied for the year 2010. MINOS, a sol-ver employing the
Lagrangian algorithm and the reduced gradient method in
General Algebraic Modeling System (GAMS) program, is
used for solving the optimization problem. It is determined
that the ratio of total electricity production to total firm energy ranges between 77.7% and 90.5% while the ratio of
total environmental flow quantity to annual natural flow
quantity ranges between 56.1% and 48.9%. These results
show that the developed model can be useful for the management of multi-objective water resources systems with
multiple dams in series.

constructed and in operation. So, approximately 70% of the
world’s rivers is intercepted by large dams [1]. However,
the constructions and operations of dams result in changes
of the downstream ecology, hydrology and geomorphology
[2-8]. Dams reduce the flows of the downstream river [911] and effect the original physical and ecological features
of natural systems [12-16]. Therefore, scientists and river
managers try to protect ecological system and maintain the
ecological conditions of river by managing water releases
from dams [17, 18]. As a result of these studies, the concept
of environmental flow was developed. Environmental flow
is defined as the flow that is necessary to protect and maintain ecosystems.
A number of studies considering environmental flow
have been performed for the management of multi-objective water resources systems and optimal dam ope-rating
schemes have been developed with the aim of balancing
human needs and environmental flow requirements [1929]. However, most of these studies consider the minimum
environmental flow [30, 31] and a number of scientists
have stated that environmental flow requirements are more
complex than the minimum flow [32-34].
In this study, an optimization model is developed for
the management of multi-objective water resources systems with multiple dams. The developed model takes into
account different working times of hydropower plants (12,
15 and 18 hours a day) and maximizes the releases from
dams for electricity production and environmental flow
while satisfying all operational conditions.

2. MATERIAL AND METHODS
KEYWORDS: Environmental Flow, Dam, Optimization, Water Resources Management, Nonlinear Programming, GAMS.

1. INTRODUCTION
Dams are important structures meeting the needs of
drinking water, irrigation water and energy. They also mitigate or prevent floods causing loss of life and damage
property. Due to these important roles, dams have been

2.1 Study Area

The developed model is applied to a water resources system in the Aksu River Basin located in the Mediterranean
Region in Turkey. The Aksu River is about 112 km in
length and flows into the Mediterranean Sea [35]. The system consists of two dams. Karacaören I Dam has been in
operation since 1990 and the Karacaören II since 1993. Karacaören II Dam supplies irrigation water to the fields in
the Aksu Irrigation system.
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2.2 Data

2.3 Objective Function

Properties of Karacaören I and II Dams (Table 1), the
irrigation water values of Aksu Irrigation System for the
year 2010 (Figure 1) and the inflows of the dams for the
year 2010 (Figure 2) were obtained from the State Hydraulic Works (DSI).

Objective function maximizes the releases from dams
for electricity production and environmental flow.

Purpose
Installed Power (MW)
Height from the Foundation (m)
Maximum Storage (106 m3)
Minimum Storage (106 m3)
Maximum Operation Elevation (m)
Minimum Operation Elevation (m)
Firm Energy (GWh)
Annual Generation (GWh)
Discharge Capacity of Power Tunnel (m3/s)
Tail Water Elevation (m)
Diameter of Power Tunnel (m)
Length of Power Tunnel (m)

n

i

t





where f is the objective function (m6),

TABLE 1 - Properties of Karacaören I and II Dams

Drainage Area (km2)

m

f  Max Q iEl,t * Q iEn,t

(1)

Q iEl,t is the re-

leased water for electricity production of the ith dam for

Karacaören I
Dam

Karacaören II
Dam

5446
Energy and
Flood Control
31.9
93
1340
347
272.5
242
84
142

119
Irrigation
and Energy
47.2
52
32.77
27.77
187.5
185
118
206

52

53.6

Si ,t 1  Si , t  Q iIn, t  Q iEl, t  Q iEn, t  Q Sp
i,t

203
3
500

81.42
4.4
3912

where

En

the tth time period (m3), Q i , t is the released water for environmental flow of the ith dam for the tth time period (m3),
m is the total time period and n is the number of dams in
the system. The time unit t is months.
2.4 Constraints

For maximization of the releases from dams for electricity production and environmental flow, the following
constraints must be satisfied.
The Continuity Equation:
(2)

Si ,t 1 and Si,t are the storages of the ith dam at

the time periods of t+1 and t, respectively (m3),

Q iIn, t is the
Sp

inflow of the ith dam for the tth time period (m3) and Q i , t is
the spilled water of the ith dam for the tth time period (m3).
The Storage Constraint

SiMin  Si ,t  SiMax
Min

(3)

Max

and Si
are the minimum and maxiwhere Si
mum storages of the ith dam, respectively(m3). Initial and
final storages of dams for the year 2010 for which the
model is applied are given in Table 2.
FIGURE 1 - Irrigation water values of Aksu Irrigation System for the
year 2010

TABLE 2 - Initial and final storages of Karacaören I and II Dams for
the year 2010
Initial Storage
(106 m3)

Final Storage
(106 m3)

Karacaören I

724.523

634.317

Karacaören II

29.200

29.047

Dams

The Power Tunnel Constraint

Q iEl

Min

 Q iEl, t  Q iEl
El Min

FIGURE 2 - According to drainage areas, inflows of the dams for the
year 2010

Max

El Max

(4)

and Q i
are the minimum and maxwhere Q i
imum released waters for electricity production of the ith
dam for the tth time period, respectively (m3). In this study,
irrigation water values are used as minimum constraints
and maximum capacities of the power tunnels as maximum
constraints.
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The power constraint

Pmin  Pi ,t  Pk i
where

(5)

TABLE 3 - Fit Coefficients.

Pi,t is the power of the ith dam for the tth time

period (MW). Pmin is the minimum power of the ith dam
(MW) and 10% of the installed powers of dams is used as minimum
constraint.

Pki

Min

b
0.0872
0.0811

The total head loss term in Equation (9) is computed

 Q iEn, t  Q iEn
Min

Max

(7)

where Ei,t is the electricity production of the ith dam
for the tth time period (kWh) and tp is the working time of
hydropower plants (hours). In this study, the values of 12,
15 and 18 hours a day are used as the working time of hydropower plants.

Pi ,t  9.81 *  * q i ,t * h inet
,t

(8)

where  is the total efficiency of hydropower plant
and according to the assumptions of the DSI, the value of
0.87 is used as total efficiency. qi,t is the discharge of released water for electricity production of the ith dam for
the tth time period (m3/s) and

w
tw
tl
h inet
,t  h i ,t  h i ,t  h i ,t

(9)

h iw, t is the water elevation of the ith dam for the
h itw, t is the tail water elevation of the ith

dam for the tth time period (m) and

h itl, t is the total head loss

of the ith dam for the tth time period (m). The water elevation
of the ith dam for the tth time period is computed by:

 S  Si ,t 1 

h  a *  i ,t
2



b

(10)

where a and b, given in Table 3, are obtained by regression analyses applied to the numerical data of water

 hm

(11)

2.5 Method

Developed optimization model is solved by using MINOS, a solver employing the Lagrangian algorithm and the
reduced gradient method, which is a routine in the package
program of GAMS. If the model contains nonlinear constraints, MINOS linearizes nonlinear constraints and transforms the problem to linearly constrained sub problems by
employing the Lagrangian algorithm. Each sub problem
which has an objective function called an augmented Lagrangian is solved by using the reduced gra-dient method
[36]. A detailed description of the Lagrangian algorithm
and the reduced gradient method can be found in relevant
literature [37-39].

3. RESULTS

Pi,t is the power

generated at the ith dam during the tth time period in KW.

16
3
i

where Li and Di are the length and diameter of the
power tunnel of the ith dam (m). hm is the minor loss for
the dams and it is assumed as 2 m in this study. According
to DSI, Manning’s equation is used for the head loss calculation. Due to this standard, Equation 11 is formed by using
Manning’s equation. In this study, the value of 0.014 is
used as manning’s roughness coefficient.

h inet
, t is the net head of the

ith dam for the tth time period (m) and

q i2,t * L i
D

Max

E i,t  Pi ,t * t p

tth time period (m),

h itl,t  0.00202

(6)

Electricity Production Equation

w
i ,t

a
43.581
46.052

by:

and Q iEn
are the minimum and maxwhere Q iEn
imum environmental flows of the ith dam, respectively
(m3). In this study, the average of the inflows of dams for
the year 2010 is used as maximum environmental flow and
10% of the averages of the inflows of dams for the year
2010 as minimum environmental flow.

where

Dams
Karacaören I
Karacaören II

is the installed power of the ith dam (MW).

Environmental Flow Constraint

Q iEn

storage versus water surface elevation relationship for each
dam acquired from DSI.

Three models are developed according to working
time of hydropower plants (12, 15 and 18 hours a day) and
the results produced by these models and the real time operation values are given in Table 4. The best result is obtained from Model 3 with the objective function value of
54087.14 1012 m6. The released water for electricity production from Karacaören I Dam ranges between 432.88 106 m3
and 487.91 106 m3 while the released water for electricity
production from Karacaören II Dam ranges between
458.73 106 m3 and 521.11 106 m3. The total energy production ranges between 157 GWh and 183 GWh and the best
result for electricity production is obtained from Model 3
with the electricity production value of 183 GWh. The released water for environmental flow from Karacaören I Dam
ranges between 437.03 106 m3 and 381.99 106 m3 while the
released water for environmental flow from Karacaören II
Dam ranges between 471.88 106 m3 and 409.49 106 m3.
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Ratio of total electricity production to total firm energy
ranges between 77.7% and 90.5% and the best result is obtained from Model 3 with the value of 90.5%. Ratio of total
environmental flow quantity to annual natural flow quantity ranges between 56.1% and 48.9% and the best result is
obtained from Model 1 with the value of 56.1%.
The real and the model operation storages of the dams
are given in Figure 4. When comparing the storages, it is
determined that the optimization models manage the dams
in higher storages than the real storages and working time

of hydropower plants affects the operation storages. The
real and the model releases for electricity production from
the dams are given in Figure 5. Due to the releases for environmental flow, model releases for electricity production
are less than the real releases. The model releases for environmental flow from the dams and the natural flows of
Aksu River are given in Figure 6. According to the results,
the model releases for environmental flow are decreased
while the working time of hydropower plants is increased.
It is also determined that there is no spilled water for the
models.

TABLE 4 - Model results and Real time operation values
Model

WTHP
(Hours)

RWEP
KAR I
(106 m3)

RWEP
KAR II
(106 m3)

TEP
(GWh)

RWEF
KAR I
(106 m3)

RWEF
KAR II
(106 m3)

VOF
(1012 m6)

TEP/TFE
(%)

TEF/TNF
(%)

Model 1
Model 2
Model 3
RTOV

12
15
18
Unknown

432.88
469.40
487.91
800.90

458.73
504.59
521.11
869.10

157
175
183
366

437.03
400.50
381.99
-

471.88
426.01
409.49
-

50419.37
51535.09
54087.14
-

77.7
86.6
90.5
181.2

56.1
51.0
48.9
-

WTHP: Working time of hydropower plants
RWEP KAR I: Released water for electricity production from Karacaören I Dam
RWEP KAR II: Released water for electricity production from Karacaören II Dam
TEP: Total electricity production
RWEF KAR I: Released water for environmental flow from Karacaören I Dam
RWEF KAR II: Released water for environmental flow from Karacaören II Dam
VOF: Value of objective function
TEP/TFE: Ratio of total electricity production to total firm energy
TEF/TNF: Ratio of total environmental flow quantity to annual natural flow quantity
RTOV: Real time operation values

FIGURE 4 - The real and model operation storages from the dams

FIGURE 5 - The real and the model releases for electricity production from the dams
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ABSTRACT
This study was aimed at reducing the emissions of
toxic and harmful gases such as ammonia and hydrogen
sulfide during the composting of sludge. Based on the research of recycled granulation conditioners, the purpose of
this work was to examine a carboxymethylated modification of recyclable granulation conditioners. This modification would add highly hydrophilic -COOH groups to the
cellulose surface of the conditioner. A second purpose was
to research the application of these modified conditioners
to sludge composting in the hope of reducing the concentration of gases. The results showed that the ammonia absorption efficiency and water absorption of the conditioner
were significantly enhanced after being modified. This study
used the addition of modified conditioner as the experimental group, in contrast with the control group of no added
modified conditioner during composting. The highest concentration of ammonia released in the control group was
883 ppm, whereas that of the experimental group was never
higher than 10 ppm during the entire composting process.
The organic matter degradation rate of the experimental
group was 3.32% higher than that of the control group.
Modifying the conditioner can clearly reduce ammonia
emissions and also increase the degradation of organic matter and accelerate the loss of moisture of the windrow, but
it had no obvious difference on the hydrogen sulfide concentration during composting.

KEYWORDS: sewage sludge; composting; conditioner; carboxymethylation modification.

which involves the decomposition of manure or other organic materials in the presence of oxygen, is a waste activated-sludge treatment process [3,4]. Sewage sludge, both
liquid and dewatered, was added to dry composting materials such as municipal refuse, agricultural residues and
forest wastes for the purpose of adjusting conditions for
both proper sludge and amendment composting [1].
In a previous study, Pagans et al. [5] indicated that the
ammoniaconcentration was higher in the thermophilic
stage during the composting process. Ubeyde et al. [6] show
that the ammonia content was above 235 ppm during composting. Ammonia emissions are responsible for acid rain
and eutrophication [7]. Ammonia, hydrogen sulfide and
some volatile organic compounds may also affect the
health of the composting plant workers. Finally, composting emissions produce odors, which are a nuisance to the
surrounding neighborhoods [8]. Due to the advantages of
inexpensive chemicals and the lack of toxicity of the products, carboxymethylation reactions are applied to natural
polymers to obtain biomaterials in a wide variety of fields
[9]. Additionally, some investigators showed that carboxymethylation of wooden substances improves their properties for further application [10,11].
With a focus on the emissions of toxic and harmful
gases such as ammonia and hydrogen sulfide during sludge
composting and based on the research of recycled granulation conditioners, this study aimed to find a meliorative
composting measure to reduce ammonia and hydrogen sulfide emissions. A second aim was to observe whether such
a measure might be helpful to the composting process, such
as the degradation of organic matter and moisture content
of the windrow.

1. INTRODUCTION

2. MATERIALS AND METHODS

Sewage sludge is an urgent environmental problem
that can easily cause secondary pollution [1]. Aerobic composting is one of the most commonly used methods to treat
sludge because it is an inexpensive, simple and environmentally sound process for waste disposal [2]. This method,
* Corresponding author

2.1 Materials and modification methods

The main experimental materials of this study were
wooden conditioners and dewatered sewage sludge. The
conditioners were white pine sourced from building materials north of Zhengzhou. These were cubes of size 15 mm x
15 mm x 15 mm containing 10~12% moisture. The main
characteristics of the sludge are presented in Table 1.
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TABLE 1 - Main characteristics of dewatered sewage sludge used in
the study.
Moisture content(%)
79.0

organic matter(%)
52.2

pH
8.23

C/N ratio
7.56

This study selected granular wooden conditioners that
are mainly composed of cellulose. The surface of cellulose
contains many -OH groups. This is a hydrophilic group, but
because of the highly crystalline structure, there are many
-OH hydrogen bonds, which reduces the water absorption
properties of natural cellulose. The modification by carboxymethylation adds many highly hydrophilic -COOH groups
to the cellulose surface of the conditioners. This study investigated the influence of this modification on the water
and ammonia absorption performance of the conditioner.
The modified conditioner was then applied to composting,
and the effect of the modified conditioner on the index of
the composting process in contrast with that on a control
group was observed.
The specific reactions for cellulose carboxymethylation are as follows:
[C6H7O2(OH)3]n+nNaOH
[C6H7O2(OH)2ONa]n+nH2O
ClCH2COOH+NaOH
ClCH2COONa+H2O
[C6H7O2(OH)2ONa]n+nClCH2COONa
[C6H7O2(OH)2OCH2COONa]n+nNaCl
The specific modification process is as follows: the
natural air-dried conditioner is soaked in NaOH solution
(20% by mass), followed by alkalizing for 2 h at a temperature of 10-15°C. After alkalization, chloroacetic acid is
added to the conditioners and mixed homogeneously by
stirring constantly at 45-50°Cfor 3 h for etherification.
Next, the conditioners are allowed to ripen at 40°C for 4 h,
after which they are rinsed with water 3-4 times. The container of conditioners is then refilled with dilute hydrochloric acid (1:20) to pickle the conditioners [12,13]. During
this time, the [C6H7O2(OH)2OCH2COONa]n is acidified to
[C6H7O2(OH)2OCH2COOH]n. Finally, the conditioners
are stored in a cool ventilated place to naturally air dry, allowing the excess hydrochloric acid to evaporate.

2.2 Analytical methods of the conditioner
2.2.1 Fourier transform infrared spectroscopy analysis

The modified conditioner was dried to constant weight
at 60 . It was ground into powder and compared to commercially available carboxymethyl cellulose as a control
using a Fourier transform infrared spectrometer (WQF510) to measure the infrared spectrum.
2.2.2 Scanning electron microscope observation

A scanning electron microscope (SEM) (JSW-6490
LV) was used to observe the surface of both the modified
and unmodified conditioners.
2.2.3 Water absorption performance

The modified conditioners were placed in a beaker with
water. The mass of the conditioner and any absorbed water
was measured at 0, 5, 10, 20, 30 and 60 min.
2.2.4 Ammonia absorption performance

An ammonia absorption simulation device was used as
shown in Fig. 1. Ammonia was produced from an ammonia
generator. The initial concentration U1 was measured using
an ammonia meter. Then, the ammonia was fed into a splitter
by a blower. Next, the ammonia was divided equally into the
bottom of the reaction containers of both the control and experimental group. After the reaction of the ammonia and
conditioner, gas was pumped into the ammonia test instrument by an aspirator pump for measurement of the ammonia
concentration U2 after the reaction. The ammonia adsorption
rate for the conditioner was (% ) = (U1-U2)/U1×100%.
2.3 Analytical methods of composting with conditioners

The analysis of the compost with conditioner includes
measurements of pH, which was detected by the electrode
method; the moisture content and organic matter were detected by the gravimetric method; ammonia was detected using an ammonia meter (PG210); oxygen and hydrogen sulfide were detected by a mixed gas meter (PG-M4); and temperature was measured using a thermometer (TES 1303).

FIGURE 1- Ammonia absorption simulation device
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3. RESULTS AND DISCUSSION
3.1 Infrared spectrogram of the modified conditioner

A comparison was made between the powder of the
carboxymethylated conditioner and a commercially available carboxymethyl cellulose (commonly used for tablets).

Their infrared spectra were detected, and the results of the
comparative analysis are shown in Fig. 2a. The infrared
spectrograms of the conditioner after carboxymethylation
and carboxymethyl cellulose are almost identical in that
they both contain the characteristic peak of carboxylic acid
at 1600 cm-1-1800 cm-1, indicating that the modified conditioner connected the -COOH groups successfully.

a
response(T%)

modified conditioner

commercially available carboxymethyl cellulose

4000

3200

2400
1600
-1
wavenumber(cm )

b

800

c

80

d

water absorption rate (%)
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60
50
40
30
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20
10
0
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30
time (min)
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FIGURE 2 - The infrared spectrogram (a), SEM images of unmodified conditioner (b), modified conditioner (c) and water absorption performance of the modified conditioner and its control group (d)
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TABLE 2 - Simulated ammonia absorption efficiency of the conditioner
Inlet ammonia
concentration /ppm
test 1
test 2
test 3

846
837
978

control group
739
723
798

After the adsorption of ammonia concentration /ppm
adsorption
experimental group
efficiency/%
12.65
9
13.62
2
18.40
12

adsorption
efficiency /%
98.94
99.76
98.77

After applying modified conditioners as the experimental group to the composting of dewatered sewage sludge
and with an unmodified conditioner as the control group, the
following results were obtained.

conditioner. This result may be due to the neutralization of
the released ammonia by the -COOH connected to the surface of the modified conditioner. It can be concluded that the
modified conditioner can clearly decrease the quantity of
ammonia released in the composting process and thus can
create a deodorant effect while inhibiting nitrogen losses.
In Fig. 3a, the manner in which the pH changes in the
control group and the experimental group is different. In
the control group, the change in pH is similar to that of
conventional composting, with the pH initially falling rapidly and then rising. The experimental group reached its
lowest pH after three days and then rose slowly. The decrease in pH value might be due to the formation of organic
acids during the decomposition of OM [14,15]. The increase in pH from 7.17 to 9.41 and from 6.66 to 8.36 for
the control group and the experimental group, respectively,
can be explained by the production of ammonia from the
degradation of amines, which can release bases that already
exist in the organic waste [16]. The two different ways in
which the pH changes may be due to the surface-grafted COOH in the modified conditioner, which enhances the conditioner’s acidity. The modified conditioner was applied to
the composting process, which also increased the acidity of
the mixture. In addition, the released ammonia may have
been mostly neutralized by the modified conditioner during
the composting process, the windrow pH rose slowly, and
the highest values were not as high as those of the control
group.
As can be seen in Fig. 3b, the hydrogen sulfide concentration increased at the beginning of the composting and
peaked at the fourth day in the thermophilic stage. The figure also shows that the experimental group was not superior to the control group in this regard; the graphs almost
coincided. These results may be due to the similar acidity
values of the modified conditioner and hydrogen sulfide,
indicating that the carboxymethylated modification conditioner does not work for emission of hydrogen sulfide gas.

3.5.1 The changes in windrow ammonia, hydrogen sulfide concentration and pH

3.5.2 The changes in windrow temperature, oxygen concentration and organic matter

In Fig. 3a, the ammonia emission increased at the beginning of the composting and was at its peak at the thermophilic
stage in the control group. During the whole composting process, the ammonia concentration was less than 10 ppm in the
experimental group, whereas that of the control group was
as high as 883 ppm. Carboxymethylation of the conditioner
places a large number of carboxyl groups on the surface cellulose of the conditioner, thus enhancing the acidity of the

In Fig. 4a, the temperature shows a typical composting pattern, characterized by two major phases: one phase is characterized by a rise in temperature, which is the result of
intense microbial activity resulting from the degradation of
the simple molecules present in the substrate [18-23]. This
increase in temperature also leads to the sanitization of the
compost in terms of pathogens. During the next phase, the
temperature of the windrow drops at a constantrate [24].

3.2 Scanning electron microscope results

The SEM images of unmodified and modified conditioner in Fig. 2b and Fig. 2c show that the wooden conditioner cell wall and the fiber bundle burst, the tube bundle
became more penetrable, and the edge heaved as a result of
the modification, indicating that the crystallized area had
been destroyed and the density had decreased.
3.3 The water absorption performance of the conditioner

Fig. 2d shows that the water absorption of the conditioner had increased after the modification. At 60 min, the
water absorption rate for the conditioner was 78.11% and
54.08% for the experimental group and the control group,
respectively. The conditioner water absorption rate was increased by 24.03% via the modification. The carboxymethylation modification connects the highly hydrophilic carboxyl groups to the surface cellulose of the conditioner and
enhances its water absorption.
3.4 Simulated ammonia absorption efficiency of the modified
conditioner

Table 2 shows that the ammonia absorption effect is
quite obvious after carboxymethylation modification of conditioner; the absorption rate is as high as 99.76%, whereas
the highest value in the control group without modification
was 18.40%. The carboxymethylation modification of the
surface cellulose of the conditioner transformed -OH into COOH. Thus, the conditioner surface can cause a neutralization reaction between NH3 and -COOH and play a role
in both deodorization and conservation of nitrogen.
3.5 Results of and discussion on the application of conditioner
during composting
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The second phase is due to the exhaustion of easily metabolized organic compounds from the medium with only
compounds resistant to degradation remaining. Similar results were reported by Barje et al. [23]. Fig. 4a shows that
the experimental group and the control group at day 4 and
day 3 are up to their highest respectivetemperatures. After
2 days of composting, the composting temperature of the
experimental group was higher than that of the control
group, indicating that the carboxymethylated conditioner is
advantageous for maintaining a higher composting temperature because reducing ammonia would reduce the inhibition of microorganisms and lead to a rise in temperature.
Fig. 4a also shows that from the second day to the fifth
day of composting, the oxygen concentration in the experimental group was the lowest at 10.8% on the fourth day,
lower overall than that of the control group, which was its
lowest at 14.3% on the third day. Moreover, the oxygen
concentration is negatively correlated with the windrow
temperature. This result may due to the high temperature,
leading to exuberant microbial metabolism and a high rate
of oxygen consumption[2,25], indicating that the chemical
modification of the conditioner was conducive to microbial

1200

ammonia concentration(ppm)

3.5.3 The changes in moisture content of windrow and conditioner

The moisture content of the composting pile is an important environmental variable and is necessary for the
metabolic and physiological activities of microorganisms
[26]. Fig. 5 shows that at the end of composting, the windrow
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In Fig. 4b, the experimental group showed a change in
organic matter content from 52.63% to 28.91%, with a degradation of 23.72%. In contrast, the control group value
changed from 52.81% to 32.31%, with a degradation of
20.50% at the end of the composting. The experimental
group degraded 3.32% more than the control group. The
changes in temperature and oxygen concentration in Fig. 4a
indicated accelerating microbial activity, which led to the increase in consumption of organic matter. The modified conditioner applied to composting can accelerate the degradation of organic matter. It will remain longer in the soil, acting
as a gradual-effect fertilizer, and will make a greater contribution to the pool of humic substances in the soil.
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moisture content in the experimental group decreased to
47.48% from the original 78.42% with a reduction of 30.94%,
while the control group value decreased from 75.16% to
50.44%, with a reduction of 24.72%. The moisture content
of the experimental group was reduced more than that of
the control group, by 6.22%. The modified conditioner applied to composting can accelerate the loss of the windrow
moisture content. This is because the chemical modification enhanced the water absorption by the conditioner and
thus had a greater capability to accelerate the loss of water
in the windrow.
Fig. 5 shows that eliminating the two points of day 0
and day 7, the moisture content of the conditioner in the
experimental group is higher than that of the control group
during the whole composting process. After chemical modification, the conditioner can better absorb the moisture of
the windrow. Early in composting, the windrow moisture
content is high, and thus, the conditioner can absorb the
moisture during rapid stacking such that the windrow moisture content is not too high. However, during the middle
and later stages, the moisture of the conditioner can be released quickly to return the moisture content to the mixed
material at the end of the composting.
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4. CONCLUSIONS
The water absorption and ammonia absorption efficiency of conditioners were clearly enhanced when modified by carboxymethylation. When applied to sludge composting, the results clearly demonstrated that the modified
conditioner clearly decreased the quantity of ammonia released with a level of control such that not more than 10
ppm was released during the whole composting process,
thus greatly reducing the pollution emission to the environment. In addition, it allowed the degradation of organic
matter to be completed by the end of composting. Furthermore, it accelerated the loss of water from the windrow to
provide a foundation for the reuse of the sludge composting
product. In contrast, the modified conditioner had no effect
on emissions of hydrogen sulfide.

[10] Cheprasova, M.Yu., Markin, V.I., Bazarnova, N.G. and Kotalevskii, I.V. (2012) Carboxymethylation of wood in different
solvents by the action of microwave radiation. Russ J Bioorg
Chem 38(7), 726-729.
[11] Markin, V.I., Bazarnova, N.G., Kolosov, P.V., Cheprasova,
M.Yu. and Moskova, Yu.S. (2013) Carboxymethylation of
pine wood subjected to microwave irradiation after pretreatment in an “acetic acid-hydrogen peroxide-water-catalyst”
system. Russ J Bioorg Chem 39(7), 699-703.
[12] Heinze, T., Liebert, T., Klüfers, P. and Meister, F. (1999) Carboxymethylation of cellulose in unconventional media. Cellulose 6,153-165.

ACKNOWLEDGEMENTS
Financial support is gratefully acknowledged from the
project of the key technology and equipment research of
aerobic sludge fermentation recycling and conditioner separation and recycling and industrialization (Project reference no. 141PZDZX045).

[13] Qi, H., Liebert, T., Meister, F. and Heinze, T. (2009) Homogenous carboxymethylation of cellulose in the NaOH/urea
aqueous solution. React Funct Polym 69(10), 779-784.

The authors have declared no conflict of interest.

[15] Zorpas, A.A. and Loizidou, M. (2008) Sawdust and Natural
Zeolite as a Bulking Agent for Improving Quality of a Composting Product from Anaerobically Stabilized Sewage
Sludge. Bioresource Technol 99(16), 7545-7552.

[14] Hargreaves, J., Adl, C.M.S., Warman, P.R. (2007) A Review
of the Use of Composted Municipal Solid Waste in Agriculture. Agr Ecosyst Environ 123 (1), 1-14.

[16] Ouatmane, A., Provenzano, M.R., Hafidi, M. and Sensi, N.
(2000) Compost maturity assessment using calorimetry, spectroscopy and chemical analysis. Compost Sci Util 8(2), 124134.

3112

© by PSP Volume 24 – No 10. 2015

Fresenius Environmental Bulletin

[17] Hernańdez, T., Masciandaro, G., Moreno, J.I. and Garcia, C.
(2006) Changes in organic matter composition during composting of two digested sewage sludges. Waste Manage
26(12), 1370-1376.
[18] Khalil, A.I., Beheary, M.S. and Salem, E.M. (2001) Monitory
of microbial population and their cellulolytic activities during
the composting of municipal solid wastes. World J Microb
Biot 17(2), 155-161.
[19] Paredes, C., Bernal, M.P., Cegarra, J. and Roig, A. (2002) Biodegradation of olive mill wastewater sludge by its co-composting with agricultural waste. Bioresource Technol 85, 1-8.
[20] Knicker, H. (2004) Stabilization of N-compounds in soil and
organic-matter-rich Sediments--what is the difference? Mar
Chem 92(1), 167-195.
[21] Sophonsiri, C. and Morgenroth, E. (2004) Chemical composition associated with different particle size fractions in municipal industrial and agricultural wastewaters. Chemosphere 55,
691-703.
[22] Lhadi, E.K., Tazi, H., Aylaj, M., Genevini, P.L. and Adani, F.
(2006) Organic matter evolution during co-composting of the
organic fraction of municipal waste and poultry manure. Bioresource Technol 97, 2117-2123.
[23] Barje, F., El Fels, L., El Hajjouji, H., Amir, S., Winterton, P.
and Hafidi, M. (2012) Molecular behaviour of humic acid-like
substances during co-composting of olive mill waste and the
organic part of municipal solid waste. Int Biodeter Biodegr 74,
17-23.
[24] El Fels, L., Zamama, M., El Asli, A. and Hafidi, M. (2014)
Assessment of biotransformation of organic matter during cocomposting of sewage sludge-lignocelullosic waste by chemical, FTIR analyses, and phytotoxicity tests. Int Biodeter Biodegr 87,128-137.
[25] Shaw, K., Day, M., Krzymien, M., Mohmad, R. and Sheehan,
S. (1999) The role of feed composition on the composting process. I. Effect on composting activity. J Environ Sci Heal A
34, 1341-1367.
[26] Liang, C., Das, K.C. and McClendon, R.W. (2003) The Influence of Temperature and Moisture Contents Regimes on the
Aerobic Microbial Activity of a Biosolids Composting Blend.
Bioresource Technol 86(2), 131–137.

Received: January 21, 2015
Revised: March 23, 2015
Accepted: May 19, 2015

CORRESPONDING AUTHOR
Jihong Zhao
Department of Material and Chemical Engineering
Zhengzhou University of Light Industry
Science Avenue 166
Zhengzhou, 450002
P.R. CHINA
Phone: (+86) 371 67756718
Fax: (+86) 371 67756718
E-mail: zhaojih2013@163.com
FEB/ Vol 24/ No 10/ 2015 – pages 3106 - 3113

3113

© by PSP Volume 24 – No 10. 2015

Fresenius Environmental Bulletin

EFFECT OF SEASONAL TEMPERATURE FLUCTUATION
ON LOW-CONCENTRATION POLLUTED RIVER WATER
TREATMENT BY BIO-RACK WETLAND
Ji Wang1, Su Jing1,*, Beidou Xi1,*, Yonghai Jiang1 and Xin Zhao2
1
Innovation Base of Ground Water & Environmental System Engineering,
Chinese Research Academy of Environmental Sciences, Beijing 100012, China
2
Research Institution of Environmental Standards, Chinese Research Academy of Environmental Sciences, Beijing 100012, China

ABSTRACT
In this paper, a study on the efficiency of contaminant
removal by bio-rack wetland (BRW) for the low-concentration polluted river water with 19 months was conducted to
evaluate the effect of the seasonal variation. The results indicated that the mean removal rates of total nitrogen (TN),
total phosphorus (TP), permanganate index (CODMn), and
suspended solid (SS) were 49.11%, 72.62%, 17.74% and
71.41% during the operational period, respectively. The seasonal variation would influence the removal efficiency of
TN, TP and CODMn. And meanwhile, the nutrient removal
rate was significant higher (p<0.01) in summer and autumn
than that in winter. However, there was no significant difference for SS removal with seasonal variation. During the
whole operational period, the TN and TP removal rates in
the BRW were determined as 385.89 g/m2 and 24.35 g/m2
respectively. N uptake by plants accounted for 16.77% of
the total N removal and P uptake by plants accounted for
31.97% until harvesting in the BRW. The results suggest
that the BRW is an effective approach for contaminant removal, and plant could grow again at suitable temperature
without special protection after harvesting. And plant uptake is an effective way for nutrient removal in the BRW.
KEYWORDS: bio-rack; constructed wetland; low-concentration
polluted river water; nutrient; uptake; seasonal variation

1. INTRODUCTION
Constructed wetlands (CWs) are frequently used as an
alternative efficient means for river water treatment because of its low investment and cost, high efficiency and
good ecological services advantages [1-6]. Wetland plants,
as an important component of the CWs system, have plenty
of functions, such as stabilizing the substrate-surface structure of the wetland, providing a good situation for physical
* Corresponding author

adsorption, improving the hydraulic performance of the
system, preventing the substrate surface from freezing in
winter and providing more surface areas for microbes to
inhabit [7-11]. However, low planting density limits the
functions of these plants.
Bio-rack is a new approach in wetland systems for
wastewater treatment. In this system, numbers of vertical
pipes assembled together as a rack for holding vegetation
growth, which could improve the plant density for per
square meter obviously, and thus, enhance the contamination removal capacity of the wetland system. And plants
root zones are obviously increased, where physicochemical
and biological processes of the interaction of plants, microorganisms, and contaminations took place [12]. The feasibility for bio-rack wetlands treating low-concentration polluted river water under the low hydraulic loading conditions is reported by Wang et al [13]. The species of plant
can affect the nutrient removal rates. In addition, plant uptake is an effective way for nutrient removal. However, little is known about the effect of seasonal temperature fluctuation on low-concentration polluted river water treatment
by bio-rack wetland, and reports on the performance of biorack wetland for the long-term running are rare. In this
study, three parallel bio-rack wetlands planted with Thalia
dealbata was used. The main objectives of this study are:
(1) to investigate the influence of seasonal variations on the
removal efficiency of bio-rack wetland; (2) to investigate
the feasibility of the bio-rack wetland for treating low-concentration polluted river water under the high hydraulic
loading conditions.

2. MATERIALS AND METHODS
2.1 Experiment system

The experiment was conducted in the research station
at the Chinese Research Academy of Environment Sciences (31◦24′ 18.54′′ N, 119◦58′ 50.84′′ E) in Yixing, near
Taihu Lake. The experimental system consisted of three
parallel bio-rack wetland (500 mm length × 400 mm width
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× 400 mm height) with a working depth of 400 mm. Every
twenty PVC pipes (400 mm height × 90 mm outer diameter) were assembled together as a rack and were put in each
of the three containers. Each pipe contained numerous perforations (20mm diameter) to enable liquid in the system
to pass through. 20 plants Thalia dealbata about 0.8–1.0 m
in height were carefully collected and transported to the
rack after flushing with tap water. The three bio-rack systems were completely constructed with the same plant biomass and the plant density was 100 plants/m2. An inlet and
outlet arrangement was constructed as per standard practice. The other experimental condition is presented by
Wang et al. [13]. River water was collected from the Hengtang River on a daily basis for experiments and performance evaluation. River water was pumped into a water
tank first, and then, loaded into the three containers through
the units using a constant flow pump with an equal flow.
Hydraulic loading was controlled at 0.54 m3/ (m2·day). The
pH of the water ranged from 6.81 to 7.57, and the dissolved
oxygen (DO) concentration ranged from 5.55 to 12.17 mg/L
in the Hengtang River. The experiment was carried out
from September 1st, 2010 to March 30th, 2012. Within the
total 19 months, 7 months were spent for plant acclimation
to the test conditions and 12 months were spent for system
operations. Low ambient temperature on December, 2010
and 2011 lead to the plants being harvested. The average
temperature during the sampling is shown in Fig.6.
2.2 Samples and analysis

Water samples were collected from the inlet and outlet
of each wetland three times at 10:00 a.m. per month (i.e.,
day 5, day 15 and day 25). All of the samples were transported to the laboratory and analyzed immediately with
standard methods for total nitrogen (TN), dissolved total
phosphorus nitrogen(DTN), ammonia nitrogen(NH3-N),
total phosphorus (TP), dissolved total phosphorus (DTP),
permanganate index (CODMn), and suspended solid (SS)
[14]. The temperature, pH and dissolved oxygen (DO) con-

centrations were recorded during sampling. A Piccolo pH
meter (sensionTM378, HACH Company, USA) was used to
measure the pH. DO concentrations and temperature were
determined by using a Sension DO electrode (sensionTM156,
HACH Company, USA). The plant height was measured
in the middle of each month. Three representative plants in
each bio-rack systems were removed and dried in an oven
at 70°C until constant weight at the beginning and end of
system harvesting to calculate total plant biomass. Analysis of variance (ANOVA) and multiple comparisons tests
were used to analyze the data by SPSS version 13.0.
2.3 Removal efficiency and mass removal rate

Removal efficiency (E, %) and mass removal rate (R,
g/(m2·day)) for N and P were calculated according to Eqs.
(1) and (2):
Removal efficiency (%) = (CiVi – CeVe)/CiVi×100

(1)

Mass removal rate (g/m2/d) = (CiVi − CeVe)/ A /HRT (2)
where, Ci (mg/L) and Ce (mg/L) are the influent and
effluent concentrations; Vi (L) and Ve (L) are the volume
of the influent and effluent water collected from the constructed wetlands; A (m2) is the container area; HRT (hr) is
the hydraulic retention time.
Total nutrient storage (S, g/m2) in plants was estimated
by Eq. (3):
S = (B×C) × 1000 /A

(3)

where, B (g) is the average dry biomass, and C (mg/g)
is the average nutrient percentage in dry weight. Total
change in storage was calculated by subtracting the storage
in April 2011 from the storage at the harvesting in December 2011. The total mass removal of nutrients in the vegetated container was compared with the nutrient storage in
the plants to determine the proportion of nutrient removal
attributable to plant nutrient uptake.

Plants
Influent
effluent
effluent

Influent

FIGURE 1 - Schematic of the constructed bio-rack wetland system
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3. RESULTS
3.1 Removal of N, P, CODMn and SS

Influent TN concentrations, which decreased in the first
5 months and then increased, ranged from 1.67 to 7.35 mg/L
with an average of 4.30 mg/L (Fig. 2). The average influent
DTN concentrations were 3.46mg/L and over 80% of TN
was in the form of DTN (Table 1). The variation tendency
of the effluent TN concentration was similar as the influent
at different months. Average removal rates of TN ranged
from 23.51% to 59.10%, with an average of 49.11%. And
bio-rack wetland system showed better TN removal rate in
summer and autumn, with the average removal rate up to
60%. While it was declined during the spring and winter,
average TN removal rate reduced to nearby 50% in spring
and below 35% in winter. The bio-rack wetlands had significantly (p<0.01) higher TN removal rate in summer and
autumn than that in the other season, especially in winter.
Influent TP concentrations ranged from 0.089 to 0.24 mg/
L, with an average of 0.172 mg/L, which had no significantly difference with seasonal variation (Fig.3). The average influent particulate phosphorus (PP) concentrations
were 0.124 mg/L, and more than 70% of TP was in the form
of PP (Table.1). Average removal rates of TP ranged from
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62.89% to 88.69%, with an average of 72.62%. And the average TP removal rate in spring, summer, autumn and winter
was 71.47%, 75.55%, 74.32% and 69.15%, respectively.
Like TN removal, the bio-rack wetlands had significantly
(p<0.05) higher TP removal rates in summer and autumn
than that in winter, while no significantly (p>0.05) difference compared with that in spring.
Influent CODMn concentrations ranged from 5.25 to
13.78 mg/L, with an average of 8.64 mg/L, which were significantly (p<0.05) higher in summer and autumn than that
in winter and spring (Fig.4). The CODMn removal rates
ranged from 6.64% to 26.99%, with an average of 17.74%,
which were relatively lower than other parameters. There
were significant (p<0.01) higher CODMn removal rates in
summer and autumn than that in spring and winter.
The influent SS concentrations ranged from 13 to 46 mg/
L, with an average of 25.02 mg/L, which had an increasing
tendency with seasonal variation (Fig.5). But the effluent
SS concentrations did not change very much, which is
about 7 mg/L. Wetland system had better SS removal rate
(ranged from 52.94% to 86.48%, with an average of
71.41%) and it was not significantly affected by seasonal
variation.

0

2012

2011

FIGURE 2 - The influent and effluent TN concentration of the bio-rack wetland and the average TN removal rate

TABLE 1 - Monitored parameters in influent for the bio-rack wetland
Parameter
Influent
Mean

TN
(mg/L)
1.67-7.35
4.30

DTN
(mg/L)
0.71-6.69
3.46

NH4+-N
(mg/L)
0.2-4.51
2.14
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TP
(mg/L)
0.089-0.24
0.172

PP
(mg/L)
0.035-0.184
0.124

CODMn
(mg/L)
5.25-13.78
8.64

SS
(mg/L)
13-46
25
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FIGURE 3 - The influent and effluent TP concentration of the bio-rack wetland and the average TP removal rate
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FIGURE 4 - The influent and effluent CODMn concentration of the bio-rack wetland and the average CODMn removal rate
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FIGURE 5 - The influent and effluent SS concentration of the bio-rack wetland and the average SS removal rate
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FIGURE 6 - Plant height and variation of water temperature for influent and effluent during the operational period

3.2 Plant growth and water temperature

During the acclimation period, T. dealbata were established and started to grow. The results for plant establishment before the experimental operational were measured.
Desired results were obtained for the bio-rack systems.
Twenty, nineteen and twenty plants were relatively grown
in three bio-rack wetlands. Measurements of the plant
height, which could provide insights on the growth pattern
of wetland plants, were used in the study (Fig.6). During
the experiment, all plants had a height increasing trend, but
the growth was poor from November to December. The
case-study area is located in the subtropical monsoon cli-

mate zone with a mean annual temperature of 20.3°C during the monitoring period. The difference in water temperature changes was significant with the seasonal variation.
The mean influent temperature in spring (from March to
May), summer (from June to August), autumn (from September to November) and winter (from December to February) was 21.1±6.7°C, 29.2±4.7°C, 23.5±4.1°C, 7.0±3.0°C,
respectively. It was found that water temperature declined
slightly from influent to effluent of the bio-rack wetland in
higher temperature seasons, but the effluent temperature
would be higher than the influent in lower temperature season, especially in winter (Fig.6).
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TABLE 2 - Nitrogen and phosphate mass balance between studies wetland systems and reference
Influent loadings (g/m2)
TN
TP
835.13
33.39
118.84
6.39

Total removal(g/m2)
TN
TP
385.89
24.35
73.27
5.2

3.3 Nutrient mass balance in the bio-rack wetland

Analysis of total N and P mass balance was conducted
for bio-rack wetlands during the operational period. TN
and TP removal were 385.89 and 24.35 g/m2, respectively
(Table 2). According to multiplying N concentrations and
the net increasing biomass at the end of the harvesting, the
TN and TP accumulation was 45.89 and 5.93 g/m2. Hence,
by comparing the plant uptake of N and P with the mass
removal, the uptake of N and P by plants account for
11.92% of the mass N removal and 24.35% of the mass P
removal in the bio-rack systems.

4. DISCUSSION
The fact that all the plants grew well in bio-rack wetlands under the same culture conditions when loaded with
simulated polluted river water demonstrates that the plants
can be adaptable to the environment without the soil, and
grow again after harvesting without special protection under suitable temperature. All of the plants grew steadily from
April to October 2011 and started to decay and died off during the November and December 2011. There was no significant difference of the plant height compared with the reported result of the bio-rack wetland treating the same river
water under densities of 150 plants/m2 [13], which could be
affected by the climate conditions. The growth of plants is
closely related to the climate condition at the location the
project [15]. The result that low temperature could induce
the effluent temperature higher than the influent in the biorack indicates that the plant could stay warm in the cold season, which agrees with the report by Wood [16].
The present study shows that over 40% of the TN and
70% of the TP from the influent in bio-rack wetlands were
removed under the high hydraulic loading conditions during the long-term operational period, which demonstrates
the feasibility of bio-rack wetland for low-concentration
polluted river water treatment. Effect of seasonal temperature fluctuation on low-concentration polluted river water
treatment by bio-rack wetland was investigated in this
study, as shown in Fig. 2, 3, and 4. The average removal
rates of TN, TP and CODMn were obvious pronounced in
summer and autumn compared with spring and winter.
However, there was no significant (p>0.05) seasonal variance in SS removal effect. The average removal rate on SS
was over 70%.
Wetland treatment effect was affected by temperature,
pH, Do, etc [17-19]. However, temperature has the most
important impact on the growth, reproduction, and activity
of plants and microbes [20]. Biological removal of N is

Plant uptake(g/m2)
TN
TP
45.89
5.93
32.10
3.89

references
This study
Wang et al[13]

most efficient at 20-25°C [21], and ambient temperatures
in wetlands treatment influence both microbial activities
[22]. When water temperatures is lower than 15°C or
greater than 30°C, the growth rate of denitrification would
drastically reduce [23]. For the bio-rack wetland, nitrification/denitrification and plant uptake are considered to be
responsible for the removal of TN [13]. Compared with the
summer, a higher TN removal rate was obtained in autumn,
because the average temperature in autumn was more beneficial to the function of microorganism and plant uptake.
The temperature was 21.1°C in spring, but the TN removal
rate was significant lower (p<0.01) than that in summer and
autumn, which would be caused by the plant decomposition. Zhang et al. [24] reported that two stages were conducted for plant decomposition. The first stage happened
at low temperature, especially in winter. During this stage,
few nutrients were released to the water and most nutrients
were kept in the remains of the plant. The second stage was
from March to April when the weather was warm, the decaying of plants became faster and a lot of nutrients were
released to water. In this study, the temperature was beneficial to the function of organism, but the plant also released much nutrient so that the TN removal rate was limited in spring.
In winter (from December of 2011 to February of
2012), the removal rates for TN were lower than those in
other season for the bio-rack systems (Fig. 2). Many reasons lead to the lower TN removal rates. Microorganisms
were the main undertaker for nitrification/denitrification;
however, the growth or action of microorganisms was inhibited by the lower temperature. Volokita et al. [25] reported that the action of denitrifying bacteria dropped by
60%, when the temperature changed from 19–24°C to 14–
19°C. In addition, when plants entered the mature phase in
winter, the plant metabolism, especially enzyme activity,
slowed down, and the plants started to decay and die off,
no longer assimilating nitrogen.
The proportion of N removal by plant uptake was
lower than that reported by the bio-rack wetland treating
the low-polluted river water under densities of 150
plants/m2 and hydraulic loading being 0.24 m3/ (m2·day)
[13], which can be explained by the following reasons.
First, the efficiency of plant uptake is reduced during the
operational period compared with the period until harvesting. Proportion of plant uptake is increased to 16.77% in
the bio-rack wetlands until the harvesting. Second, the low
plant density and high hydraulic loading are not beneficial
to enhancing the proportion of plant uptake. The plant density, about 100 plants/m2 in the present study, is reduced
the 50 plants/m2 compare to that reported by Wang et al.
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[13]. If the plant density is increased, the proportion of the
plant uptake increases. In addition, there was a good relationship between hydraulic loading and the removal rate
for treating low-polluted river water. When the hydraulic
loading was increased from 0.24 m3/(m2·day) to 0.54 m3/
(m2·day), the removal rate would improve from nearly
146.54 g/m2 to 384.89 g/m2 per year[13], which demonstrates the removal rate increases with the hydraulic loading. However, the variation of nutrient concentration in
plant was not influenced by the hydraulic loading [26]. So
the proportion of plant uptake decreased with hydraulic
loading increasing.
The bio-rack wetland can take advantage of the triple
coordination of physics, chemistry, and biology in this
complex ecosystem with microorganisms and plants, and
realize the highly efficient removal of effluent phosphorus
through filtration, adsorption, co-precipitation, ion exchange, plant uptake and microbial decomposition [27,
28]. And the plant uptake was the main approach for TP
removal on treating the low-concentration polluted river
water [13]. However, the proportion of the TP removal by
plant uptake was 24.35%, lower than that reported by
Wang et al. [13], which would be attributed to the same
reason for TN. The proportion of TP removal by plant uptake was increased to 31.97% until harvesting. In this
study, the TP removal effect was stable compared with TN,
and the removal rate maintained at around 70%, which
could be attributed to the following reason: in the warmer
season, phosphorus as nutrient was taken up rapidly by the
high-density plants, and in the colder season, particulate-P
was intercepted effectively by the flourishing roots of the
plants. And feasibility of SS removal by bio-rack was also
proved in this study (Figure 5), which indicated the particulate-P was removed effectively from the influent. Though
the TP removal rate was stable compared with TN, it is
limited by the seasonal variation. Lower TP removal rate
in winter than that in other months would be caused by the
little plant uptake and plant releasing.
A major part of the degradation of pollutants (COD) in
the wastewater is attributed to the microorganisms that may
establish a symbiotic relationship with the plants. The oxygen supply from the macrophyte root zone can enhance organic removal by microorganisms in the sediment or on the
surface of stems and roots of the macrophytes [29]. The present study showed that the overall removal rates of CODMn
were low in the bio-rack wetlands, which could be explained
by the organic compounds released from these systems.
Plant roots can release a wide range of organic compounds
[30]. The magnitude of this release is still unclear, but reported values are generally in the range of 5%--25% of the
photosynthetically fixed carbon [31]. In the colder season,
the CODMn removal rates were lower than that in summer
and autumn. This may be due to the lower activity of microorganism and plant composition, especially in winter.
And in spring, the plant root was in the process of upgrading after harvesting. The dead tissue acting as CODMn consumes oxygen, and thus a low CODMn removal rate was got.

The SS was removed mainly by the physical sedimentation and filtration in the wetland system, and a few SS
was removed by the microorganisms [32]. The small flow
and shallow depth of the wetland and the blocking effect of
packing and plant stem result in the sufficient time and environmental condition, which is beneficial to SS removal.
In the bio-rack wetland, plant roots replacing the conventional matrix became the main carrier of microbial species
and more root biomass of Thalia dealbata was obtained
compared with other plants [13], which could provide more
surface area for microorganism growth, and more chance
of attachment and intercept by the plant root. It is good for
the process of SS removal. The bio-rack wetland was filled
with flourish plant roots which were fully attached with
biofilm. It helps the degradation of microorganisms, sedimentation, and filtration of biofilm. Thus, SS could effectively be removed [33].
Wetland treatment systems are typically loaded with 760 mm of wastewater per day and have a retention time of
5-14 days [34], and the treatment efficiency of representative constructed wetlands ranges from very poor to highly
successful in removal percent of total Kjeldahl nitrogen
(3%-98%), TP (-31%–99%), as reviewed by Kadlec [35].
So the reliability and long-term performance of the wetland
systems with regard to these potential pollutants are still in
question. Compared with the low-concentration polluted
river water using the conventional constructed wetland
(CCW) [5-6], higher removal efficiency was obtained by
using the bio-rack wetlands under the same conditions.
This could be attributed to the following two reasons:
Firstly, the main nitrogen removal mechanism for the
bio-rack wetland systems and CCWs was nitrification/denitrification [13]. But the carbon-nitrogen ratio was low in
the low-concentration polluted river water, which was not
favorable for the denitrification process, resulting in the
low TN removal rates in the CCW. The previous study
showed that the TN removal rates could be improved from
55% to 94% by increasing carbon source to obtain the high
carbon-nitrogen ratio [36], which was in agreement with
the findings reported by Wei et al. [37]. Besides, Gersberg
et al. also demonstrated the importance of a usable carbon
source from plant releasing in the nitrogen removal capacity of both small and large scale wetland [38]. In the BRW,
besides the small amount of carbon source provided by
river itself, carbon source could be obtained by the plant
root releasing and old root decomposition [10-11, 39],
which would contribute to denitrification process. Secondly, the higher density of plants was obtained in the
BRW, more N and P were required for plant growth. And
particulate-N and particulate-P were intercepted effectively by the flourishing plant roots.

5. CONCLUSIONS
This paper indicated that the treatment effects of the
bio-rack wetland were influenced by seasonal temperature
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changes. The removal on TN, TP and CODMn was significantly affected, while SS was not. The treatment effect was
good in summer and autumn but bad in winter. Nutrient
removal by plant uptake was an efficient approach under
high hydraulic loading conditions in bio-rack systems. Besides, it was also found that the plants can be adaptable to
the environment without the soil, and grow again at suitable temperature without special protection after harvesting.

[14] SEPA (State Environmental Protection Administration) of
China. (2002). Monitor and Analysis Method of Water and
Wastewater. China Environmental Science Press, Beijing.
[15] Woodward, F.I. (1987). Climate and Plant Distribution. Cambridge University Press, New York, USA.
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and Technology (3), 21–29.
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METALLOTHIONEINS, OXIDATIVE STRESS RESPONSES AND
HISTOPATHOLOGICAL CHANGES IN THE EARTHWORM
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1. INTRODUCTION

ABSTRACT
Metal accumulation in agricultural soils threaten human and environmental health in the first place but also
constitute a risk for animals living in their natural habitat.
Chemical analysis alone does not provide adequate information concerning the biotoxicity of these metals. Hence,
the present study assessed a suite of biomarkers in Aporrectodea caliginosa collected from ten sampling sites along Sakarya River Basin (Turkey) to better understand the early organismal responses of this worm against metal contamination in agricultural soils. Soil and earthworm concentration
of metals (Cd, Cr, Cu, Ni, Pb and Zn) were determined.
Significant accumulation of Cd, Cr, Cu and Ni were detected in soil samples. Metal binding protein, metallothionein (MT), increased in four sites with the highest body
burden of Zn. Total glutathione (GSH) and glutathione peroxidase (GPx) activity elevated but catalase (CAT) was
inhibited in animals from six sites with significant body
burden of Cu. Glutathione S-transferase (GST) and superoxide dismutase (SOD) activities were induced in most
sites along with peroxidation of tissue lipids. Necrosis was
observed in alimentary canal of the worms. These results
constitute useful endpoints for the evaluation of biotoxicity
of metals in agricultural soils while emphasizing A. caliginosa as a sensitive indicator of metal contamination.
KEYWORDS: metal, metallothionein, oxidative stress, antioxidant,
histopathology, earthworm

ABBREVIATIONS
CAT, catalase; GSH, glutathione; GPx(H2O2), glutathione peroxidase against hydrogen peroxide; GST, glutathione S-transferase; LP, lipid peroxidation; MT, metallothionein; SOD, superoxide dismutase; thiobarbituric acid
reactive substances (TBARS)
* Corresponding author

As a result of rapid industrialization and urbanization
that have occurred in most parts of the world, metal contamination of agricultural soils is a matter of serious concern today. Anthropogenic inputs such as sewage irrigation, petrochemical activities and the excessive use of agrochemicals contribute to an increase of the content of
some toxic metals [1]. These metals get fixed to the soil
components and tends to accumulate in substantial quantities with continuous applications. Beside deteriorating crop
quality and constituting a potential hazard for human, the
effects of metal contamination on soil organisms and decomposition processes persist for many years [2].
Earthworms represent 60-80 % of the total soil biomass and are essential in maintaining soil fertility through
their burrowing, ingestion, and excretion. They are continuously exposured to soil chemicals through their alimentary surfaces and skins and have the capacity to accumulate
contaminants, including metals in large quantities. For
these reasons earthworms are commonly employed as an
ecosystem indicator-species in ecotoxicological studies on
soil contaminants [3-5]
Studies on metal toxicity of earthworms carried out under high doses does not accurately reflect the actual exposure or the potential biological toxicity of metals in contaminated soil [4]. Field studies based on toxicant-induced
changes in biological systems, can serve as links between
an environmental contamination (cause) and its effects,
providing therefore unique information on the ecosystem
health [5]. Biomarkers have been shown to be successful
and easy tools, sometimes giving quick indications of exposure or effect of pollution and have the advantage of enabling an interpretation of the early effects caused by the
bioavailable fraction of pollutants [6].
One of the major mechanisms behind metal toxicity
has been attributed to oxidative stress (OS) which in turn
constitute an important risk factor for tissue damage and
organ dysfunction [7]. Modulation of detoxification with
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protective antioxidant enzymes (i.e. glutathione s-transferases, superoxide dismutase, catalase, glutathione peroxidases) as well as non-enzymatic free radical scavengers
(i.e. reduced glutathione and metallothioneins) are particularly important as potential suitable biomarkers of heavy
metal exposure in a wide variety of organisms including
earthworms [8, 9]. Among these biomarkers, metallothioneins (MTs) are recently characterized and become attractive in annelids since their function have been linked to
both regulation-detoxification of trace metals and protection against stress by chemical radicals [10-12]. Histopathological responses on the other hand have previously
been reported as valuable markers of metal toxicity [13].
As one of the most important agricultural area of the
country, Sakarya River Basin covers about 3.4 % of Turkey’s stream waters. Sakarya River is significantly affected
by a great number of effluents particularly carrying off industrial and commercial waste waters. Soils along the basin
are also contaminated depending on the usage of river water for irrigation and permanent application of agrochemicals over the years. Heavy metal accumulations consist the
majority of these contaminants [14]. The endogeic earthworm Aporrectodea caliginosa which is commonly found
in soils of Sakarya River Basin is known to be more sensitive to metals than other species [15]. It is used in some

previous studies to characterize metal bioaccumulation
[16] or biomarker responses in this organism were investigated to determine the signs of adaptation of soil fauna to
a gradient of heavy metal contamination [17]. However
there is still need for studies assessing biomarkers of metal
toxicity in A. caliginosa, to better understand the biological
effects of metal pollution and to determine early organismal responses of this organism in compromised environments. Therefore, the present study investigated a suite of
biomarkers including MTs, oxidative stress responses and
histopathological changes in A. caliginosa sampled in
metal contaminated agricultural soils of Sakarya River Basin.

2. MATERIALS AND METHODS
2.1. Animals and sampling sites

This work was conducted in accordance with the laboratory animal care guidelines provided by Anadolu University. Earthworms (Aporrectodea caliginosa) and surface soil samples were collected by a spade from 10 cm3
depth in September 2013 from ten sampling sites along Sakarya River Basin. Earthworms (n=10) and soil samples
(n=10) from each site were collected from different loca-

FIGURE 1 – Sampling sites in the study area of Sakarya River Basin
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tions of the each sampling site with 15 m intervals. Control
worms were the animals from an uncontaminated, forested
site out of urbanized and industrialized areas in Eskişehir
Alpagut. The animals were adults weighed between 300 ±
27.4 and 400 ± 51.6 mg each. Healthy (motile) worms were
chosen and used in the experiments. Ten sampling sites
were located around; the site where the river originate near
the settlement of Çifteler under the effect of ceramic and
granite manufacturing plants (Site I); junction point of Sakarya River and Porsuk Stream carrying the municipal and
industrial effluents of Eskişehir City (Site II); junction
point of Sakarya River and Ankara Stream carrying the
municipal and industrial effluents of Ankara City (Site III);
intensely industrialized area of the region under the effect
of automative, chemistry and textile manufacturing plants
(Sites IV, V, VI, VII and VIII); the center and upstate of
Adapazarı City under the influence of municipal and industrial effluents Adapazarı City (Sites IX and X respectively).
2.2. Total metal concentration of soil samples.

Soil samples (n=10) were airdried, then sieved to
< 2 mm for the analysis of exchangeable metals. Subsamples were pestled in a porcelain mortar and oven-dried at
85 °C prior to analysis for total metals. For the ICP analysis, 1g of soil samples were sieved and subsamples were
digested with 10 ml of a 1:1 H2SO4/HNO3 mixture. The
solution was evaporated to dryness and the residue was
taken up into 10 ml 2 M HCI. The filtered extract was then
analyzed for Cd, Cr, Cu, Ni, Pb and Zn by using a Perkin
Elmer Optical Emission Spectrometer Optima 4300 DV.
The results were compared with control and WM values.
2.3. Metal analysis of the earthworm

The whole earthworms (n=10) from each site were
weighed and dried at 50 oC for 1 week. The samples were
then digested in 5 ml of concentrated HNO3 at 60 oC until
the digestate became clear. The volume was recorded and
diluted 1:1 (v:v) with double distilled water. Metal contents
of the samples were measured by using a Perkin Elmer Optical Emission Spectrometer Optima 4300 DV. The results
were compared with control values.
2.4. Metallothionein (MT) content

The metallothionein was assesssed according to the
method of Viarengo et al. [18]. In order to empty their gut
content earthworms were maintained without feeding for 2
days on wet filter paper at room temperature. The whole
earthworms (n=10) from each site (1:3, w:v) were homogenized in Tris-HCl buffer (pH 8.6) containing 0.5 M sucrose, 0.0006 mM leupeptine, 0.5 mM PMSF (phenylmethylsulphonylfluoride) and 0.001 % mercaptoethanol. The
homogenate was then centrifuged at 30.000 g for 20 min to
obtain the supernatant containing MTs. Ethanol/chloroform precipitation was carried out to obtain a partially purified metallothionein fraction. MT concentration in the
samples was quantified by spectrophotometric titration of
the sulphydryl residues using the Ellman’s reagent. The

amount of MT was calculated by using reduced glutathione
as a standard and assuming a cysteine content in earthworm
MT of 29 % [18, 19].
2.5. Assay of antioxidants

In order to to empty their gut content earthworms were
maintained without feeding for 2 days on wet filter paper
at room temperature. The whole earthworms (n=10) from
each site, with their gut emptied, were pooled together,
snap-frozen in liquid nitrogen and ground with liquid nitrogen, then homogenized in Tris–HCl buffer (0.1 M, pH
7.6) containing 1mM EDTA in 0.25 M sucrose. The homogenate was centrifuged at 10.000 g for 10 min. The supernatant was snap-frozen in liquid nitrogen and stored at
−80 ◦C until analysis. All assays were run in triplicate. Total protein (TP) contents were determined by using the
method of Bradford [20].
Total glutathione (total GSH) concentrations were determined by using a Bioxytech GSH-400 colorimetric kit
(Oxis International Inc., Portland, OR, USA). The method
is based on the formation of a chromophoric thione by a
three-step reaction. The sample was buffered and the reducing agent, tris(2-carboxyethyl)phosphine, was added to
reduce any oxidized glutathione (GSSG) to the reduced
form (GSH). The chromogen 4-chloro-1-methyl-7-trifluoromethylquinolinium methylsulfate was added forming
thioethers with all thiols present in the sample. After the
elevation of pH greater than 13, an β-elimination specific
to the GSH-thioether resulted in the formation of chromophoric thione. The absorbance measured at 420 nm was directly proportional to the GSH concentration. Results are
expressed as micromoles of GSH per gram of tissue. Glutathione peroxidase (GPx(H2O2)); EC 1.11.1.9) activity
was determined by a modification of the coupled assay procedure of Lawrence and Burk [21]. The assay mixture consisted of 50 mM potassium phosphate buffer (pH 7.0) containing 5 mM EDTA, 0.2 mM NADPH, 1 mM NaN3, 2 mM
GSH, 1.2 U ml-1 glutathione reductase (GR) was incubated
at 37 oC for 5 min. About 0.25 mM of H2O2 solution and
supernatant from the specimen were added. GPx(H2O2)
activity was coupled to NADPH utilization and the production of NADP+ was measured spectrophotometrically at
340 nm. A blank excluding the supernatant was also monitored. One unit was defined as the amount of enzyme required to oxidize 1 umol of reduced glutathione per min.
Activities are expressed as units of activity per milligram
of protein. Glutathione S-transferase (GST; EC 2.5.1.18)
activity was determined following the procedure of Habig
et al. [22] through the conjugation of GSH with 1-chloro2,4-dinitrobenzene (CDNB). Standard conditions were as
follows: 100 mM Tris buffer pH 7.2 mM, 1mM GSH, 1 mM
CDNB, 0.03 mg sample proteins (none for the spontaneous
reaction) and 1 ml of incubate. The reaction was conducted
at 25°C and initiated by the addition of GSH. The formation of the adduct of CDNB, S-2,4-dinitrophenyl glutathione (DNPG), was monitored by measuring the rate of
increase in absorbance at 340 nm. Results are expressed as
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units of activity per milligram of protein. Superoxide dismutase (SOD; EC 1.15.1.1) activity in tissue homogenates
was measured using a commercially available assay kit
(Cayman Chemical Superoxide Dismutase Assay Kit, Ann
Arbor, MI, USA). The kit uses tetrazolium salt (NBT) to detect superoxide radicals generated by xanthine oxidase and
hypoxanthine. The resulting formazan was measured spectrophotometrically by reading the absorbance at 460 nm.
One unit (U) of SOD is defined as the amount of protein that
inhibits the rate of NBT reduction by 50 %. The calculated
SOD activity is expressed as U/mg protein. This assay
measures all three types of SOD (Cu/Zn-, Mn-, and FeSOD). Catalase (CAT; EC 1.11.1.6) activity was assayed according to Beers and Sizer (1952) by following the decomposition of hydrogen peroxide at 240 nm [23]. The reaction
mixture contained 10 mM of H2O2, 50 mM of phosphate
buffer (pH 7.0) and 10 μL of sample in a final volume of
3 mL. Incubation was carried out at 25°C and the reaction
was initiated by the addition of H2O2. Results are expressed
as units of activity per milligram of protein.

sampling site (n=10) were fixed in paraformaldehyde (4 %)
in phosphate buffer pH 7.2. They were dehydrated in a
graded series of alcohols. In order to improve infiltration,
the samples were treated with a mixture of LR White resin
and ethanol (2:1) (v:v) for 1 h. at RT. The samples were
then embedded in LR White resin, sectioned at 700 nm (0.7
microns) thickness by using Leica EM UC7 ultramicrotome.Semi-thin sections were stained with 1 % toluidine
blue/borax (pH 8.4) for 2 min and observed under a Leica
DM 750 light microscope [25,26]. The ectodermal and intestinal sections were evaluated qualitatively.
2.8. Statistical analysis

All data were analyzed by use of the SPSS 11.5 software package. A one-way analysis of variance was used to
determine whether a significant difference existed between
site specific samples and controls, followed by multiple
comparison post hoc test. Data are expressed as mean ±
standard deviation (SD), and differences were considered
statistically significant if P < 0.05.

2.6. Assay of lipid peroxidation (LP)

The LP status was recorded through the formation of
thiobarbituric acid reactive substances (TBARS) Ohkawa
et al. [24]. In order to to empty their gut content earthworms were maintained without feeding for 2 days on wet
filter paper at room temperature. The whole earthworms
(n=10) from each site were homogenized in 1.15% KCl solution 10% (w/v). An aliquot of the homogenate was added
to a reaction mixture containing 200 µl of 8.1% sodium dodecyl-sulfate, 1500 µl 20% acetic acid, 1500 µl 0.8% thiobarbituric acid and 700 µl distilled water. Samples were
then heated at 95 oC for 60 min. After cooling, TBARS
were extracted with n-butanol and pyridine (15:1, v/v). Absorbance was measured at 532 nm. Malonedialdehyde bis
(dimethylacetal) was used as an external standard. Results
were expressed as nmol TBARS per milligram of protein.
2.7. Histological examinations

In order to empty their gut content earthworms were
maintained without feeding for 2 days on wet filter paper
at room temperature. Pieces of the gut of worms from each

3. RESULTS AND DISCUSSION
3.1. Heavy metal concentrations in soil samples and the earthworms’ body

Metal contents of the extracts from soil samples compared to control and world median (WM) values are shown
in Table 1. Significant accumulation of Cd, Cr, Cu and Ni
were detected in soils when compared to both control and
WM. Amongst the earthworm samples from ten sampling
sites, Cd was detected in whole earthworm samples (n=10)
from three stations and Pb was always under detectable
levels in the earthworms’ body. Higher pH values and organic matter content have been reported as important factors decreasing the bioavailability of some metals including Cd and Pb [28]. Seasonal variations effecting the property of soils and duration of field exposure should also be
considered as the other factors [29, 30]. However, those
characteristics have not been measured since bioaccumulation is not the main objective of the present study. Zn concentration was higher than control in worms from nine of

TABLE 1 - Total metal concentrations of the soil samples collected from agricultural soils along Sakarya River Basin. Results were expressed
in mg/kg of dried soil ± S.D.; triplicate analysis.* World Median (WM) values from Bowen (1979).a Values higher than control. b Values higher
than WM (P ≤ 0.05)
Sites
Site I
Site II
Site III
Site IV
Site V
Site VI
Site VII
Site VIII
Site IX
Site X
Control
WM*

Cd
0.89 ± 0.04 ab
0.83 ± 0.02 ab
0.81 ± 0.03 ab
1.03 ± 0.05 ab
1.06 ± 0.04 ab
1.04 ± 0.02 ab
1.29 ± 0.03 ab
1.16 ± 0.04 ab
1.18 ± 0.03 ab
1.19 ± 0.03 ab
0.41 ± 0.02
0.35 ± 0.00

Cr
40.39 ± 2.45
108.3 ± 11.3 ab
37.16 ± 2.55
140.3 ± 8.80 ab
177.8 ± 11.6 ab
136.3 ± 7.27 ab
119.3 ± 8.79 ab
130.7 ± 7.85 ab
87.20 ± 4.54 ab
100.1 ± 4.33 ab
76 ± 5.42
70.00 ± 0.00

Cu
12.10 ± 1.72
12.44 ± 1.03
18.05 ± 1.20
18.64 ± 2.21
22.61 ± 2.57
38.63 ± 0.73b
38.24 ± 1.19b
68.64 ± 1.89 ab
19.35 ± 0.74
28.18 ± 1.28
37± 1.75
30.00 ± 0.00
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Ni
32.21 ± 0.91
36.39 ± 1.07
113.7 ± 5.99 ab
127.9 ± 8.72 ab
134.5 ± 10.0 ab
78.33 ± 3.00 ab
97.15 ± 3.19 ab
86.29 ± 2.02 ab
60.91 ± 5.07
71.49 ± 2.81 ab
59 ± 3.37
50.00 ± 0.00

Pb
31.25 ± 1.33
30.88 ± 1.79
19.63 ± 0.65
25.63 ± 1.11
25.63 ± 1.24
32.88 ± 0.98
30.75 ± 3.36
29.50 ± 2.87
23.88 ± 1.04
29.88 ± 1.59
33 ± 2.56
35.00 ± 0.00

Zn
39.15 ± 2.02
29.28 ± 0.87
54.93 ± 4.62
33.44 ± 1.89
64.00 ± 2.99
108.2 ± 9.61a
65.95 ± 3.93
60.97 ± 1.66
48.80 ± 1.98
64.86 ± 1.73
67 ± 2.86
90.00 ± 0.00
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TABLE 2 - Total body burden of metals in the earthworms (A. caliginosa) (n=10) collected from agricultural soils along Sakarya River Basin.
Results were expressed as means (mg/kg dry weight) ± S.D.; triplicate analysis. * Values higher than control (P ≤ 0.05). ND: Not detectable (˂
0.005)
Sites
Site I
Site II
Site III
Site IV
Site V
Site VI
Site VII
Site VIII
Site IX
Site X
Control

Cd
ND
ND
ND
ND
ND
ND
0.019 ± 0.002
ND
0.007 ± 0.002
0.010 ± 0.002
ND

Cr
0.012 ± 0.002
0.018 ± 0.002
0.071 ± 0.006*
0.228 ± 0.013*
0.229 ± 0.005*
0.060 ± 0.006*
ND
0.102 ± 0.004*
0.125 ± 0.006*
0.196 ± 0.007*
0.014 ± 0.001

Cu
0.045 ± 0.002
0.056 ± 0.006
0.105 ± 0.005*
0.134 ± 0.006*
0.146 ± 0.006*
0.106 ± 0.008*
0.031 ± 0.003
0.127 ± 0.020*
0.049 ± 0.005
0.118 ± 0.009*
0.036 ± 0.004

the ten sampling sites (Table 2). This may be due to physiological metal control mechanisms of earthworms and
also because Zn is an important essential metal for proper
organism functioning [27]. Total body burden of Cr, Cu
and Ni were also higher than the control in most sites.
3.2. Metallothionein (MT) concentration

MTs are associated with metal detoxifying processes
in terrestrial invertebrates including earthworms. Metals
are reported to induce MT synthesis in different earthworm
species in previous studies [31, 32]. Induction of MT was
significant in animals from sites I, III, IV and V (Table 3).
These were the sites with the highest body burden of Zn.
Since the worms collected from other sites also have significant body burden of metals (such as Cr, Cu and Ni) but
insignificant concentration of MT, induction of MT in A.
caliginosa was considered as a primary response against
Zn toxicity in this field study. Maity et al. [33] indicated
that MT participates in Zn homeostasis in L. mauritii when
Zn exposure is low. With the increase of Zn accumulation
the role of the MT changes from a constitutive function to
the detoxification of the excess of Zn ions.

Ni
0.017 ± 0.001
0.155 ± 0.012*
0.372 ± 0.014*
0.445 ± 0.024*
0.389 ± 0.025*
0.083 ± 0.006*
0.022 ± 0.000*
0.141 ± 0.008*
0.245 ± 0.014*
0.280 ± 0.013*
0.011 ± 0.001

Pb
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

Zn
5.709 ± 0.036*
1.031 ± 0.076*
2.205 ± 0.135*
3.740 ± 0.230*
3.013 ± 0.191*
1.511 ± 0.174*
0.954 ± 0.073
1.078 ± 0.134*
1.506 ± 0.191*
2.115 ± 0.234*
0.918 ± 0.081

3.3. Assay of antioxidants and lipid peroxidation (LP)

Exposure to metals leads to the generation of reactive
oxygen species (ROS) such as hydrogen peroxide (H2O2),
superoxide (O2-) and hydroxyl (OH.) [7]. Endogenous antioxidants constitute a defense against cell damage induced
by ROS in living systems [34]. Total body burden of all the
detected metals were considerably higher in sites IV and
V. Total GSH and GPx activity were the highest along with
MT induction in these sites. GSH and MT are both mercapto molecules playing a pivotal role in the tolerance of
soil organisms to metal toxicity by acting as cellular metal
ligands and endogenous antioxidants [32]. Induction of
these two antioxidant molecules in A. caliginosa was considered as a result of organism’s response to critical levels
of metal accumulation. GSH consititutes a substrate for
GPx enzymes which reduces peroxides to their corresponding alcohols or combines with electrophilic xenobiotics as
a result of GST activities [35]. Total GSH concentration
increased along with the induction of GPx and GST in sites
III, IV, V, VI, VIII and X. However, CAT activity was observed to be decreased in these sites (Table 3). These were
the sites with the highest body burden of Cu indicating this

TABLE 3 - Oxidative stress responses of earthworm samples (A.caliginosa) collected from soils along Sakarya River Basin. Results were expressed as means ng MT/mg prt for metallothionein levels (MT); µmole GSH/g tissue for total glutathione levels (total GSH); U/mg prt for
glutathione peroxidase activity (GPX (H2O2)); U/mg prt for glutathione S-transferase activity (GST); Results were expressed as means U/mg
prt for catalase activity (CAT); U/mg prt for superoxide dismutase activity (SOD) and nmole of TBARS/mg prt for lipid peroxidation (LP) ±
S.D in triplicate analysis. * Represents statistically significant differences from the control group (P ˂ 0.05).
Measurements
Units
Sites
Control
Site I
Site II
Site III
Site IV
Site V
Site VI
Site VII
Site VIII
Site IX
Site X

MT
ng MT/mg PT

Total GSH
U/mg PT

GPx(H2O2)
U/mg PT

GST
U/mg PT

CAT
U/mg PT

SOD
U/mg PT

LP
nmole TBARS/mg PT

130.11 ± 19.15
243.08 ± 21.51*
138.82 ± 8.94
224.54 ± 18.64*
237.02 ± 13.09*
175.84 ± 10.83*
83.10 ± 9.34
87.76 ± 7.62
93.02 ± 9.17
87.77 ± 5.64
151.78 ± 12.64

0.457 ± 0.022
0.466 ± 0.035
0.480 ± 0.022
0.802 ± 0.013*
0.970 ± 0.043*
0.835 ± 0.053*
0.743 ± 0.042*
0.476 ± 0.047
0.702 ± 0.025*
0.460 ± 0.029
0.780 ± 0.040*

0.513 ± 0.010
0.536 ± 0.038
0.517 ± 0.041
0.657 ± 0.049*
0.730 ± 0.045*
0.689 ± 0.018*
0.627 ± 0.028*
0.498 ± 0.033
0.625 ± 0.062*
0.525 ± 0.018
0.472 ± 0.021*

67.02 ± 5.34
65.4 ± 16.8
73.0 ± 5.38
98.4 ± 9.88*
92.8 ± 3.96*
105.8 ± 5.70*
131.8 ± 5.13*
81.2 ± 7.56*
77.8 ± 6.53*
89.4 ± 9.86*
88.8 ± 6.77*

20.35 ± 2.23
34.22 ± 4.55*
18.00 ± 12.7
12.78 ± 3.27*
13.44 ± 2.98*
13.00 ± 1.76*
11.00 ± 1.03*
31.76 ± 3.08*
12.22 ± 2.71*
40.01 ± 1.01*
11.00 ± 1.03*

22.01 ± 2.66
23.09 ± 2.93
23.66 ± 2.06
39.91 ± 4.68*
41.29 ± 4.03*
47.92 ± 2.44*
29.02 ± 3.65*
28.30 ± 2.10*
27.40 ± 1.80*
21.87 ± 1.12
23.98 ± 3.36

0.406 ± 0.016
0.444 ± 0.044
0.430 ± 0.054
0.625 ± 0.032*
0.643 ± 0.016*
0.664 ± 0.031*
0.589 ± 0.047*
0.519 ± 0.043*
0.590 ± 0.038*
0.510 ± 0.015*
0.528 ± 0.060*
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metal as an effective inhibitor of CAT in A. caliginosa. CAT
is assumed to provide a first line defence against H2O2. As a
result of CAT inhibition GPx may have played a main role
in neutralizing H2O2 in those sites. On the other hand, induction of GST in most of the sampling sites may indicate an
active role of this enzyme in A. caliginosa in detoxification
of metals. Lukkari et al. [19] observed that GST activity in
Aporrectodea tuberculata exposed to Cu and Zn only
weakly correlated with the internal metal concentrations.
However they mentioned that GST takes part in the detoxification metabolism of the earthworms by controlling and
regulating intracellular homeostasis thereby protecting from
damage caused by metal contamination. SOD activity was
observed to be induced in sites III, IV, V, VI, VII and VIII.
Depending on increased SOD activity and inhibited CAT, animals from sites IV and V were the most affected (Table 3).
Total body burden of Cr and Ni were higher than the control
in most sites with the highest level in sites IV and V. These
were the sites at the nearest location to the industrial sources
of pollution under the effect of automative, chemistry and
textile manufacturing plants. Cr and Ni are generally pro-

duced by industrial processes as major components of various steels and their salts and are used extensively in plating.
Both Cr and Ni exposure results in enhanced ROS formation
including superoxide anions and hydroxyl radicals. On the
other hand, Cr and Ni are reported to cause increased
TBARS formation, membrane damage and apoptotic-necrotic cell damage [36-38]. In regard to the oxidative damages in earthworm lipids, values of TBARS were significantly higher than the control in sites III, IV, V, VI, VII,
VIII, IX and X where Cr and/or Ni accumulations in earthworms were at significant levels.
3.4. Histological examinations

Tissue degenerations were also accompanying increased LP in most sites with different levels, however considerable damage was observed in animals particularly
from sites IV, V and X. These were the sites with the highest body burden of Cr along with significant levels of Cu,
Ni and Zn. Although Zn level was the highest, the body
burden of other metals were not significant in site I. Besides,
site I animals were not showing any pathology. Site I is un-

FIGURE 2 - Histopathological changes in the ectoderm of earthworm (A.caliginosa) samples (A) Control: Usual appearance of epidermal cell
lining (e) with slightly filled mucocytes (m) and smooth cuticula, regular shape of circular (c) and longitudinal muscles (L) (X63) (B) Site IV:
proliferation of mucocytes (m), enlargement and torsion of ectoderm (arrowhead), deformation of circular (c) and longitudinal (L) muscles
(X63) (C) Site V: hyperplasia of epidermal cells (e), increase in mucus production (arrows), destruction cuticula (arrowhead), deformation of
circular (c) and longitudinal (L) muscles (X63) (D) Site X: enlargement and torsion of ectoderm (arrowhead), disintegration of circular (c)
and longitudinal (L) muscles (X63).
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FIGURE 3 - Histopathological changes in the intestine of earthworm (A.caliginosa) samples (A) Control: normal appearance of epithelial cells
(e) and chloragocytes (c) (X63) (B) Site IV: deformation and fusion of epithelial cells (e), complete loss of chloragocytes as a result of intestinal
necrosis (arrowhead) (X63) (C) Site V: atrophy of epithelial cells (e) (X63) (D) Site X: hypertrophy, disruption of cellular compartmentation
(e) and loss of microvilli in epithelial cells (arrowhead), destroyed muscles (m) (X63).

der the effect of ceramic and granite manufacturing plants
which use and release significant amount of Zn compounds
to the environment. MT levels and MT dependent detoxification processes in response to increased Zn accumulation was thought to be protective against Zn toxicity in the
worms from site I.
Earthworms ingest large amounts of soil, or specific
fractions of soil (i.e., organic matter), thereby being continuously exposed to contaminants through their alimentary surfaces [3]. On the other hand, earthworm skin is extremely permeable to water and it represents a main route
for contaminant uptake [34]. Destruction of cuticula, hyperplasia of glandular cells, enlargement and torsion of epithelal cell lining and deformation of muscles were the
common lesions of ectoderm in affected animals (Fig. 2).
More dramatical changes were observed in the intestinal region and chloragogenous cells of the worms. Necrosis of the intestinal tissue was observed and chloragogenous cells completely lost their structural integrity. Disruption of cellular compartmentation and atrophy of the intestinal epithelium were also observed (Fig.3). In their
study investigating metal uptake of two ecophysiologically
different earthworms (Eisenia fetida and Aporrectodea caliginosa) Maleri et al. [39] reported that Cr and Ni were the

preferentially concentrated metals in the posterior section
of A. caliginosa. Besides, Vijver et al. [30] stated that Cu
concentrations in earthworms’ body could be completely
attributed to the dermal route. With reference to those findings, the specified pathologies in the intestine and
chloragogenous cells were likely to be derived from the effects of Cr and Ni while changes in the tissues of body wall
were the results of Cu accumulations.
4. CONCLUSIONS
Measurement of biological effects caused by metal
contaminations has become very important for the assessment of environmental quality. However it is difficult to
characterize these responses in compromised environments
such as agricultural soils. According to the results of the
present study, heavy metals (particularly Cr, Cu, Ni and
Zn) have seen to reach critical values in soils and tissues of
the earthworm A. caliginosa along Sakarya River Basin inducing some important biomarkers of metal toxicity in the
earthworm A. caliginosa. Among these biomarkers, MT
was observed to be induced in sites where total body burden of Zn was the highest. Total glutathione (GSH) and
glutathione peroxidase (GPx) activity increased and cata-
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lase (CAT) was inhibited in animals with significant body
burden of Cu. Glutathione S-transferase (GST) and superoxide dismutase (SOD) activities were induced in most
sites along with peroxidation of tissue lipids. Necrosis of alimentary canal was the most dramatical histological change
in these worms. Although detailed laboratory observations
based on the field concentrations of these metals are needed
to validate responses resulted from individual effects of metals in this organism, findings of the present study manifested
that MTs, oxidative stress responses and histopathological
changes in A. caliginosa are valuable markers of metal contamination in agricultural soils which can be considered as
an early warning of ecological change.
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ABSTRACT
Batch tests with mixed microbial culture were conducted to investigate the role and influence of S/N ratios,
source carbon and alkalinity on the inhibition effects of sulfate reduction by denitrification. It was found that sulfate
reduction could not be completely inhibited in uncultured
sludge due to the disturbance of intracellular sulfate, while
sulfide production rate decreased with S/N ratio and produced sulfide could be removed by autotrophic denitrification at S/N ratio lower than 1.0. Three stages (such as activity recovery, denitrification inhibition and sulfate reduction restarting) were observed in pre-cultured sludge tests,
and duration of inhibition time increased with nitrate contents. Produced rate of sulfide after nitrate depletion decreased with S/N ratios, and it reduced by 57.03% at S/N
of 0.5 comparing with no nitrate addition. It was also found
that nitrate reduction rate changed negatively with initial
nitrate concentration and little influence of sulfate on denitrification was observed (only 10.1% at 135 mg/L sulfate).
Sodium acetate and ethanol was the suitable carbon source
for denitrifying bacteria (DNB), while sodium lactate was
both for DNB and sulfate reducing bacteria (SRB). The most
obvious inhibition effects were found in tests with sodium
acetate, ethanol and sodium formate as carbon sources. Alkalinity was found obviously influencing the produced rate
and duration time of sulfide in inhibition process, and lower
SRB activity was observed at higher alkalinity, benefitting
the inhibition of denitrification on sulfate reduction.
KEYWORDS: Denitrification inhibition; Sulfate reduction; S/N ratio;
Carbon source; Alkalinity

1. INTRODUCTION
Due to the mass production and widely use of pesticide, pharmaceutical and other chemicals with sulfur as the
* Corresponding author

major element, sulfate is found as a normal pollutant in
sewage. Though only more than 250 mg/L sulfate can impose a health risk for humans [1], hydrogen sulfide (H2S)
produced from sulfate by sulfate reducing bacteria (SRB) is
corrosive, odorous and toxic substance, which could pose serious environmental hazards even at very low levels [2-4].
Hydrogen sulfide has been found taking severe problems for
sewer system, including causing corrosion of concrete and
metals, releasing obnoxious odors to atmosphere and negatively affecting the biological process in sewage treatment
plant, etc. [5-7]. Concrete and pipes in sewer system occurred serious corrosion at sulfide concentration higher
than 2.0 mg/L, and it took a huge economic cost to humans
[8]. Approximately 10% of sewer pipes were corroded by
sulfide in Los Angeles County, which took the government
nearly 400 million dollars to replace or rehabilitate these
pipelines [9]. While Vincke et al. [10] found that 20% of
the total damage of concrete structures in sewer systems
was caused by biogenic sulfide corrosion in Flanders and
5 million dollars per year was spent to rehabilitate them,
which accounted for about 10% of total cost for wastewater
collection and treatment. How to control the hydrogen sulfide production and reduce their damage to engineering
system has become a research hotspot in worldwide.
Sulfide in sewage treatment system could be controlled
by inhibiting H2S production and eliminating H2S formed
with chemical and biological technologies. The former focused on the biological activity inhibition of SRB by elevating pH value, adding inhibitors (such as biocides and molybdate), or increasing redox conditions through addition of
thermodynamically favorable electron acceptors (such as air,
oxygen, nitrate or nitrite) [11-13]. While the latter mainly considered the ultimate removal of dissolved sulfide from sewage with chemical or biological methods, including precipitation as ferrous sulfide by adding of iron salts, chemical
oxidation of sulfide by adding H2O2, KMnO4 or chlorines,
and biological oxidation of sulfide with nitrate-reducing,
sulfide-oxidizing bacteria (NR-SOB) by adding nitrate or
nitrite [14-16]. However, chemical methods always had
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some drawbacks and high costs limiting their use. For example, long-term use of biocides could cause the emergence of biocide- resistant SRB, while oxidant such as
H2O2, KMnO4 or chlorines could also cause the equipment
corrosion or kill the microorganism protecting against corrosion [17,18]. Therefore, biological inhibition and oxidation method was the suitable selection for sulfide control
and had aroused wide concerns.
Denitrification is the most common used biological
method for sulfide control. Due to denitrification yielding
about 6 times energy of sulfate reduction, nitrate reduction
is thermodynamically more exergonic than sulfate reduction. The competitive advantages of denitrifying bacteria
(DNB) for substrate results in the competitive inhibition of
sulfate reducing bacteria (SRB) activity in mixed culture,
though they had similar growth condition [19,20]. Moreover, existing nitrate could oxidize sulfide produced by SRB
in the action of NR-SOB [21-23]. Many researchers had
adopted this method to control microbial sulfide production in oilfield environments and sewage environments at
pilot or plant scale [24-26]. Nemati at al. [22] reported that
NR-SOB played a significant role in the inhibition process
of sulfide production by adding nitrate in oil reservoirs. Garcia et al. [27] added calcium nitrate into the inlet of one
plant-scale to prevent sulfide production and found that sulfide decreased sharply and the involved mechanism was the
development of NR-SOB instead of direct inhibition of
SRB community. Yang et al. [28] investigated the kinetics
process of microbial sulfide oxidation in sewage environment and found that elemental sulfur was an important endproduct under anoxic conditions with nitrate as the electron
acceptor. Luis et al. [29] used nitrate to inhibit sulfide production in reclaimed wastewater transport and found that
dose for complete inhibition varied with the sewage characteristics, such as the nature and levels of organic matter, microbial activity and ionic strength, etc.. However, less study
was about how the operation parameters and environmental factors, such as relative content of nitrogen and sulfur,
carbon source and alkalinity, influencing the process of denitrification inhibiting sulfate reduction.
The objectives of this study were summarized as follows: (1) investigate the influence of the relative content of
nitrate and sulfate on the inhibition effect of sulfate reduction; (2) confirm the role of sludge pre-culture in process
of denitrification inhibition; (3) find the suitable carbon
source for denitrification inhibiting sulfate reduction; and
(4) study how the alkalinity influence on denitrification inhibition.

2. MATERIALS AND METHODS
2.1 Inoculated sludge and culture process

Activated sludge taken from an anaerobic baffled reactor was used as inoculum, which had high sulfate reduction activity after three weeks’ acclimation in high sulfate
water [30]. The batch tests were conducted in 500 mL se-

rum bottles and contained 400 mL of the prepared medium
and a gas phase of helium. Initial inoculum concentration
in the bottles was approximately 2000 mgVSS/L. Before
each batch tests, the sludge was pretreated to remove residual substrates (such as COD, sulfate and sulfide) avoiding
the background disturbance, which was achieved by repeatedly centrifugal separation at 8000 rpm for 10 min and
mineral water wash. It was proved that the background
value could be completely removed after three times rinse.
The basic medium contained 50 mg/L NH4Cl, 50 mg/L
K2HPO4, 50mg/L MgCl2 and 50mg/L CaCl2.2H2O in distilled water, and the other constitutes including sulfate, nitrate, alkalinity and carbon source were adjusted according
to the experimental aims. Trace elements were added in the
final concentrations as described by Xu et al [31]. After
quantitatively adding all the substrate into serum bottles,
the pH of final medium was adjusted to approximately 7.5
with 0.1 mol/L HCl or NaOH. The pretreated sludge was
then inoculated into the bottles. The bottles were blowed
with helium for 10 min to obtain the anaerobic conditions
and then sealed with butyl-rubber stoppers and crimp seals,
which were cultured at 30 oC in a shaker with 150 rpm.
Samples were taken and measured periodically for sulfate,
sulfide, nitrate and nitrite after the starting of experiments.
For ensuring the anaerobic conditions, 60 mL of helium was
injected into the bottle before withdrawing 30 mL mixed liquor for measurements.
2.2 Experimental designs

Five batch tests were conducted using the above cultures to investigate the influence of S/N ratios. The initial
sulfate concentration was set 135 mg/L, and the S/N ratio
was set at 6:0, 6:1, 6:3, 6:6 and 6:9 by varying the nitrate concentration. Glucose was used as the carbon source, with the
COD of 500 mg/L, and alkalinity was adjusted to 500 mg
CaCO3/L by NaHCO3. In our pre-tests, we found that intracellular substrates could not be removed by sludge pretreatment,
which led to the sulfide concentration firstly increased and
then decreased in denitrification inhibition process. Therefore, the pretreated sludge was cultured in serum bottle
with 3000 mg/L COD and without sulfate addition. Sulfate
was deemed to be consumed completely when sulfide concentration in mixture kept constant. Then, the sludge was
rinsed and centrifuged for three times before using the
batch experiments. Six batch tests were performed for six
S/N ratio of 0:6, 6:3, 6:6, 6:9, 6:12 and 6:0. For S/N of 0:6,
NO3--N was set as 45 mg/L, no sulfate was added. For other
S/N ratios, initial sulfate was set as 135 mg/L, and different
ratio was achieved by adjusting the nitrate added. Carbon
source and alkalinity were same with the above group tests.
Six organic compounds, including ethanol, glucose, sodium
acetate, sucrose, sodium lactate and sodium formate, were
selected to measure the influence of carbon source type on
inhibition effect. The initial sulfate was set as 135 mg/L, and
S/N ratio was selected as 1:1. The COD of carbon source
and alkalinity was set at 500 mg/L and 500 mgCaCO3/L,
respectively. Another six tests were performed to see the
role of alkalinity in the inhibition process. Six alkalinity lev-
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els, including 500, 1000, 2000, 3000, 4000 and 5000 mg
CaCO3/L, were set by adjusting NaHCO3 addition. The initial sulfate, S/N ratio and COD were the same as that in carbon source influence experiments, only glucose was used as
carbon source.

3. RESULTS AND DISCUSSION
3.1 Influence of S/N ratio on sulfate reduction inhibition

The relative content of sulfate and nitrate is a key factor influencing the activity of denitrification and sulfate reduction in mixed microbial culture. Change status of nitrate-N, sulfate-S, nitrite-N and sulfide in the mixture are
illustrated in Fig 1. Nitrate-N decreased with time and followed the pseudo-first-order kinetics at all S/N ratios. Nitrate reduction rate had a negative relation with the initial
NO3--N concentration (k=-0.04ln(C0,nitrate-N)+0.256, R2=
0.9928). Nitrite was found accumulation in all tests. For
most S/N ratios, nitrite peaks appeared at 5-7 h after reaction and NO2--N concentration was less than 5 mg/L, indicating that nitrate reduction activity was not very high and
most produced nitrite was further reduced. While for S/N
ratio of 6:9, a high peak of NO2--N (25.7 mg/L) was found
at 23 h after reaction, indicating that nitrate reduction activity gradually increased at high nitrate test, which was far
greater than that of nitrite reduction.

2.3 Analytical methods

Samples taken from intermittent experiments were analyzed for NO3-, NO2-, SO42- and S2-. Before analysis, all
samples were centrifuged at 8000 rpm for 5 min to remove
the sludge debris. Nitrate was measured by the nitrate ion
selection electrode (pNO3--01, Shanghai REX Instrument
factory), while nitrite was determined by N-(1-naphthyl)-1,
2-diaminoethane dihydrochloride colorimetric method according to the APHA standard methods [32]. Sulfate was analyzed by spectrophotometer determination, while aqueous
sulfide was determined colorimetrically with N,N-dimethylp-phenylene diamine [33]. The pH of medium was adjusted
with a pH meter.
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FIGURE 1 - Profiles of nitrate-N, sulfate-S, nitrite-N and sulfide concentrations in the batch tests with 135 mg/L sulfate and various initial
nitrate concentrations of 0, 33.2, 99.6, 199.3 and 298.9 mg/L. Glucose were used as the carbon source with COD of 500 mg/L, and alkalinity
was adjusted to 500 mgCaCO3/L.
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evidently, indicating that existing of higher nitrate could
not only inhibit the sulfide production, but also consume
lots of sulfide. The sulfur balance at sulfide decreasing
stage indicated that some intermediates, such as elemental
sulfur or sulfite, were produced and then they were re-reduced to sulfide.

Sulfate change could be separated into rapid reduction
and stable stage. In first 11 h, sulfate all decreased at all
S/N ratios, and its reduction rate at high nitrate content was
smaller than that of the low ones, indicating that high concentration of nitrate could inhibit sulfate reduction in
mixed culture. At the stable stage, SO42--S were stabilized
at average of 6.11, 2.57, 10.42, 21.13 and 20.16 mg/L of
five S/N ratios, respectively, which also increased with nitrate content as a whole. It was worth noting that sulfate at
S/N of 6:1 was lower than that for 6:0, indicating that lower
nitrate addition could stimulate sulfate reduction in mixed
culture. The reason might be that lower content of nitrate
supplied nitrogen resource for SRB growth and the stimulation effect was larger than its inhibition role. Sulfide increased rapidly at all S/N ratios after 3 h lag period, which
was related with the pre-culture of sludge at high sulfate
concentration. Increasing rate of sulfide decreased with nitrate contents. For example, sulfide at test without nitrate
was 25.56 mg/L, while it was only 14.75 mg/L at S/N ratio
of 6:9, which reduced by 43.3%, indicating that nitrate
could inhibit sulfide production and inhibition effect increased with S/N ratio. After 11 h reaction, sulfide production rate apparently decreased for S/N ratio of 6:1 and 6:3,
while sulfide concentration at S/N of 6:6 and 6:9 decreased

100

3.2 Role of sludge pre-culture on sulfate reduction inhibition

For avoiding the disturbance of intracellular sulfate on
inhibition effect, pretreated sludge was pre-cultured in medium with 3000 mg/L COD to consume the sulfate. This
pre-cultured sludge was also tested at different S/N ratios
to obtain the difference with the one without pre-culture.
The change profiles of nitrate-N, sulfate-S, nitrite-N and
sulfide are shown in Fig 2. In the first 8 h, both of sulfide
and nitrite were not detected in mixed culture, even for test
without nitrate addition, indicating that both the activity of
SRB and DNB were very low at this stage. While apparent
removal of nitrate and sulfate was found, and it might be
caused by the adsorption of sludge. In this stage, the sludge
both recovered the microbial activity and transferred the
substrate into cells.
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FIGURE 2 - Profiles of nitrate-N, sulfate-S, nitrite-N and sulfide concentrations in the batch tests with 135 mg/L sulfate and various initial
nitrate concentrations of 0, 99.6, 199.3 and 398.6 mg/L. Glucose were used as the carbon source with COD of 500 mg/L, and alkalinity was
adjusted to 500 mgCaCO3/L.
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Denitrification inhibiting sulfate reduction was occurred in 8-30 h after starting tests. In this stage, DNB activity resumed quickly and nitrate removed evidently. Nitrate removal also followed the pseudo-first-order kinetics,
and removal rate changed negatively with initial nitrate
concentration (k=-0.045ln(C0,nitrate-N)+0.25, R2=0.9928). It
was worth noting that removal rate of nitrate at S/N of 0:6
and 6:6 were 0.079 and 0.071 mgNO3--N/(h.gVSS), indicating that existing of 135 mg/L sulfate decreased DNB activity by 10.1%. Nitrite-N accumulated evidently in the
culture, and its levels and duration was positively with the
initial nitrate concentration. The peaks of nitrite-N was in
range of 10-76.5 mg/L, while its duration was 22-38 h, indicating nitrate reducing bacteria had high activity. Sulfide
concentration was very low (< 1 mg/L), and lasted for 1626 h, which increased with nitrate addition. By comparison, sulfide increased linearly in test without nitrate addition, indicating nitrate in mixed culture indeed could inhibit sulfate reduction. Sulfate-S in this stage fluctuated in
range of 26.7-33.3 mg/L. Moreover, the content relation of
nitrite-N and sulfide also confirmed that toxicity of nitrite
to SRB might be an inhibition mechanism, which was corresponding to our previous study [30].
Sulfate reduction became to recover from 21 to 34 h
after reaction, which was related to S/N ratios. With the conducting of denitrification, nitrate and accumulated nitrite
were consumed gradually, and the activity of DNB decreased, leading to the inhibition effect disappeared gradually. The inhibited activity of SRB was recovered, and sulfide was detected in the test culture. At this stage, nitrate and
nitrite were not found in system, and sulfate decreased correspondingly. Sulfide increased linearly with time and the
relationships at different S/N ratios were listed in Table 1.
Sulfide concentration had a good linear equation with time
at all S/N ratios with R2 above 0.98. The starting time of
sulfide production decreased with S/N ratios, indicating the
long inhibition time at lower S/N ratio. The produced rate
of sulfide also decreased with S/N ratios. The reduction
rate for sulfate in culture without nitrate addition was
0.2104 mg/(h.gVSS), while it was only 0.0904 mg/(h.gVSS)
at S/N of 6:12, which reduced by 57.03%.
3.3 Influence of carbon source on sulfate reduction inhibition

Types of carbon sources could influence the metabolic
ways of DNB and SRB, and interfered the inhibition effect
of denitrification on sulfate reduction. Six normal carbon
sources were selected in this test to measure their roles in
inhibition process. Fig 3 shows the four indexes changes in

mixed culture with ethanol, glucose, sodium acetate, sucrose, sodium lactate and sodium formate as carbon source.
A big difference was found for sulfate reduction at different carbon source. For culture with glucose and sucrose,
sulfide firstly increased linearly and reached a peak of approximately 12.8 and 11.2 mg/L at 20 h, then decreased to
almost zero at 28 h. It re-increased after 5 h and finally stabilized at 13.2 and 11.5 mg/L. This phenomenon might be
caused by that saccharide could not be used by SRB and
DNB, and needed to transfer into materials suitable for
their metabolism by acidification. Some intermediate products produced in this process might be suitable for SRB but
not for DNB, which was inhibited by unsuitable carbon
source. This could be confirmed by the late occurrence of
nitrite (peak at 32 h), indicating that DNB activity resumed
slowly. However, with the completion of acidification, a
high level of volatile acid was produced, which was the
suitable carbon source for DNB. DNB won the competition
with SRB for carbon source, and inhibited the sulfate reduction, while produced sulfide were also consumed by the
heterotrophic nitrate reducing bacteria. DNB activity was
re-inhibited with the exhausting of nitrate, while SRB activity was resumed and sulfide was produced again. Moreover, sulfur balance of sulfate and sulfide indicated that
some other state of sulfur (such as elemental sulfur, SO32-,
etc) were produced in mixed culture.
In test with sodium lactate, sulfide kept below 1 mg/L
in the first 20 h, indicating that SBR activity was very weak
and it remained in the inhibitory stage. Slow increasing of
sulfide in 21-46 h indicated that SRB activity became to
resume, while rapid increase after 46 h indicated that the
inhibition effect of denitrification disappeared and it stayed
in the active metabolism stage of SRB. By comparison, nitrate and accumulated nitrite almost exhausted in the first
20 h, and the peak of nitrite was only 8.45 mg/L, indicating
that denitrification conducted very quickly and sodium lactate was the suitable carbon source for DNB. The following
sulfate reduction also confirmed that it was also the suitable carbon source for SRB. So once the nitrate was consumed up in the mixed culture, SRB would resume very
quickly. Therefore, high level of nitrate was the key factor
when sodium lactate was used as carbon source for sulfate
reduction inhibition.
In tests with ethanol, sodium acetate or sodium formate as carbon source, very low sulfide was detected in the
overall experiments. After the completion of denitrification, sulfide in sodium acetate and sodium formate culture
increased slightly, with the maximum of 1.28 mg/L, while

TABLE 1 - Linear relation of sulfide with time after inhibition at different S/N ratios
S/N
6：0
6：3
6：6
6：9
6：12

Linear range（h）
8～47
21～70
24～94
34～94
34～94

Equation
y = 0.4211t - 2.9685
y = 0.2587t - 5.4851
y = 0.2339t - 5.6221
y = 0.2004t - 7.0574
y = 0.1807t - 6.3993

k（mg .h-1）
0.4211
0.2587
0.2339
0.2004
0.1807
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k'（mg .h-1.gVSS-1）
0.2106
0.1294
0.1170
0.1002
0.0904

R2
0.992
0.991
0.982
0.987
0.981
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FIGURE 3 - Profiles of nitrate-N, sulfate-S, nitrite-N and sulfide concentrations in the batch tests with ethanol, glucose, sodium acetate, sucrose,
sodium lactate and sodium formate as carbon source with COD of 500 mg/L. Initial sulfate and nitrate were 135 and 199.3 mg/L, with S:N
ratio of 1:1. Alkalinity was adjusted to 500 mgCaCO3/L.

no sulfide was found in ethanol culture. It indicated the
SRB activity always kept very low and these carbon
sources were not the suitable for SRB growth. The nitrate
and nitrite changes indicated that denitrification conducted
very quickly with sodium acetate as carbon source, and nitrate and accumulated nitrite could be completely removed
in 19 h, while it was 23 and 33 h for ethanol and sodium
formate, respectively. Therefore, sodium acetate and ethanol was considered as the suitable carbon source for DNB.
3.4 Influence of alkalinity on sulfate reduction inhibition

Alkalinity can maintain the system pH by buffering the
volatile acid produced by acidogens and resisting the influence of carbon dioxide, so it played an important role in process of denitrification inhibiting sulfate reduction. Fig 4
shows the nitrogen and sulfur changes in the mixed culture
at different alkalinity. A similar trend was observed for sulfide at all tests: firstly increased to peak values, then decreased to minimum one, and followed by an increase after
nitrate depletion. The whole process in mixed culture could
be separated into three stages. The first one was sulfate reduction stage. In the first 20 h, SRB had higher activity,
while DNB with lower activity could not inhibit the sulfate
reduction. The second one was denitrification inhibitory
stage. After 20 h, DNB gradually adapted the environmental

conditions and resumed the activity, which effectively inhibit SRB activity and controlled sulfide production. At
same time, autotrophic nitrate reducing bacteria (ANRB)
consumed the existed sulfide, leading the reduction of sulfide in culture. The third one was resumed stage of sulfate
reduction. After depletion of nitrate, SRB activity became
recovery from the inhibition and sulfide was reproduced.
Although alkalinity could not change the trend, it influenced the strength and duration of each stage. For example, SRB had highest accumulation at alkalinity of 2000
mg/L, with the sulfide peak of 27.6 mg/L, while the increase or decrease of alkalinity both reduced its accumulation. The peak at alkalinity of 5000 mg/L was only 7.05
mg/L, which was only 25.5% of that at 2000mg/L. The activity of SRB could be expressed by sulfide production
rate, which were calculated as 0.74, 0.95, 0.75, 0.48, 0.35
and 0.18 mgS/(h.gVSS) at the six alkalinity condition. The
highest SRB activity was observed at alkalinity of 1000
mg/L, which was 5.3 times of that in the lowest one with
alkalinity of 5000 mg/L. It indicated that SRB at lower alkalinity was more active than that in higher one. This could
also be reflected by the reduction of sulfate. It was also observed that sulfate was kept almost constant after the first
stage, even after the consuming of the produced sulfide, in-
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FIGURE 4 - Profiles of nitrate-N, sulfate-S, nitrite-N and sulfide concentrations in the batch tests at different alkalinity. The carbon source
was supplied by with glucose with COD of 500 mg/L. Initial sulfate and nitrate were 135 and 199.3 mg/L, with S:N ratio of 1:1.

dicating that some intermediates (such as sulfite, thiosulfate or elemental sulfur, etc) were produced, and were reduced again to sulfide in the third stage.
Alkalinity also evidently influenced nitrate reduction
process. Though nitrate could adsorb quickly onto sludge, its
depletion time had a negatively relation with alkalinity. For
example, 28 h was needed to exhaust nitrate at alkalinity of
5000 mg/L, while it was 58 h for the alkalinity of 500 mg/L,
which extended 2.1 times. It might be related with the
ANRB in the mixed culture. Higher alkalinity could provide
more HCO3- for ANRB as carbon source, and would consume more nitrates in autotrophic mode. So the time for heterotrophic and autotrophic nitrate removal would be shortened. The accumulation of nitrite could also reflect the influence of alkalinity on DNB activity. With increase of alkalinity, the accumulated level of nitrite decreased, while the
peak of nitrite at alkalinity above 4000 mg/L was below
1 mg/L and nitrate was also consumed quickly. It indicated
that DNB activity increased with alkalinity and higher alkalinity benefited the inhibition of sulfate reduction.

4. CONCLUSIONS
Denitrification could both inhibit SRB activity and
consume sulfide produced in mixed culture. With S/N de-

crease, sulfide production rate reduced and sulfide was oxidized to other state of sulfur with S/N above 1.0. Pre-culture of sludge could eliminate the disturbance of intracellular sulfate and the process was separated into three stage,
including activity resuming, denitrification inhibition and
sulfate reduction recovery stage. Comparing test without
nitrate, the inhibition time increased by 26 h and sulfide
production rate decreased by 57.03% at S/N ratio of 0.5.
Nitrate reduction rate affected little by sulfate, reducing by
only 10.1% at 135 mg/L sulfate. Sodium acetate, ethanol
and sodium formate were found the ideal carbon sources
for denitrification inhibiting sulfate reduction. Higher alkalinity benefitted the inhibition action of SRB activity by
denitrification. The results can supply some suggestions
and references for the application of denitrification process
to inhibit the SRB activity in oil reservoir or sewer system.
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1. INTRODUCTION

ABSTRACT
Humic acid (HA) applications in soils contaminated by
heavy metals and especially cadmium (Cd) based on using
phosphorous fertilizers in agriculture are becoming increasingly important as a common method by many researchers all around the world. The aim of this study was
to determine the effects of humic acid on the dry matter
(DM), Cd content, its uptake and the changing rate in lettuce plants (Lactuca Sativa L.). The lettuce plants were
grown with three replicates. Two Cd doses (0 and 40 ppm)
and five HA doses (0, 100, 200, 400 and 800 ppm) were
applied to soil according to factorial experimental design
under greenhouse conditions. In this study, it was found
that Cd application in all treatments decreased dry matter
(DM) significantly (P<0.01). The highest decrease (-15.21%)
in DM of the lettuce plant was obtained with 100 ppm of
HA application (P<0.01). On the other hand, 800 ppm HA
provided a significant increase (25.11%) in the DM of the
lettuce plant (P<0.01). While the Cd content in lettuce plant
was increasing at the dose of 100 ppm HA, it was decreasing depending on increasing HA doses (11.57%, -12.92%,
-17.78%, -33.97%; 100-200-400-800 ppm, respectively).
Similarly, HA applied to the soil with Cd decreased the uptake from 178.33 µg Cd pot-1 (control) to 145.68 µg Cd pot1
(800 ppm HA). The decreasing percentage according to
increasing HA doses was determined as -6.08%, -7.06%, 9.38%, -18.31%, respectively. At the end of the study, it
was found that the amount of HA may be increased to 800
ppm to decrease the harmful effect of Cd in the agricultural
soils.

KEYWORDS:
Humic acid, Cd, content, uptake, lettuce, dry matter
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Cadmium (Cd) is of concern to agronomists because it
is absorbed by a number of edible crops [1, 2]. It has no
essential biological function and is highly toxic to plants
and animals [3]. The amount of Cd taken up by plants depends on the total amount of Cd in the soil and its availability [4]. Soil receiving repeated application of chemical
fertilizers, fungicides, and pesticides have exhibited high
concentrations of extractable heavy metals and subsequently
results in increased heavy metal concentrations [5]. The
availability of Cd is influenced by a wide range of factors,
including soil pH, temperature, organic matter, calcium
concentration, and chlorine salinity [6].
Enrichment of Cd in soils has been reported worldwide,
through the land application of bio solids, industrial effluents, and Cd-rich phosphate fertilizers [7, 8]. Cd is a nonessential element that is readily taken up by plants and transferred through fodder and food products into animals and
humans, and is one of several metals that have come under
suspicion in recent years as environmental contaminants potentially harmful to human health [9]. The main sources of
Cd in these soils are phosphate fertilizers containing Cd as
an impurity that originates from the phosphate rock used for
their production [10]. Phosphate fertilizers are the most
widespread cause of Cd contamination of agricultural soil.
Repeated application of Cd-rich phosphate fertilizers can
lead to the accumulation of this nonessential element in soil
and this can result in increased plant uptake, with possible
breaches of food or feed safety standards [11].
By applying a fixing additive to soil, Cd is transferred
to a form that is less available for plant uptake. Organic
(e.g., leaves, bark sawdust, peat, compost) and inorganic
(e.g., lime, hydroxyapatite) amendments can effectively reduce Cd solubility and plant uptake in contaminated soils
and residue effects [12, 13], by forming insoluble organometallic compounds [14].
Lignite is discussed as a source of soil organic matter
to improve soil fertility in degraded soils and as a fixing
additive in remediation of metal contaminated soils. Lignite is abundant worldwide and mined in great quantities
[15, 16]. The prevalent mechanism by which metal ions are
sorbed to lignite is ion exchange, but specific adsorption

3141

© by PSP Volume 24 – No 10. 2015

Fresenius Environmental Bulletin

also plays a role [17]. Lignite contains large amounts of
humic and fulvic acids that have similar properties as their
equivalents in soil [18].
Lettuce is one of the greatest cadmium (Cd) accumulators among the leafy vegetables and accumulates Cd mostly
in its leaves [19]. Humic acid (HA) is a plant growth stimulator compound that may also reduce cadmium (Cd) concentration in plant tissues [20]. Accumulation of Cd causes a
number of stress symptoms in plants, e.g., stomatal closure,
inhibition of photosynthesis, growth retardation and generation of free radicals in cells [21]. Reducing Cd accumulation
in plant tissues is of great importance. Humic acid (HA) is a
growth stimulator compound that also decreases plant uptake of Cd probably due to formation of Cd-HA complexes
[22, 23]. Humic acid can stimulate shoot and root growth
and improve the resistance of plants to environmental
stresses [24]. Some studies have shown that bioavailability
of heavy metals to plants is strongly reduced in the presence
of HA [25]. Piccolo [26] has applied 1% and 2% HA extracted form Leonardite ore to soils at the doses of 0, 20, 50
mg/kg for Cu, Pb, Cd, Zn, Ni metals and then determined
that the addition of HA immobilizes more effectively the distribution of all metals in the soluble and changeable forms.
Haghighi et al. [20] reported that in a soilless experiment,
seedlings of lettuce (Lactuca sativa L.) were exposed to three
levels of Cd [0, 2 and 4 ppm in the form of cadmium chloride
(CdCl2)] and three levels of HA (0, 100 and 1000 ppm), and
application of HA increased significantly the shoot fresh
weight of lettuce while it had no effect on the photosynthetic
rate and concentrations of chlorophyll, proline, and phosphorus (P) in lettuce leaves. Also, they indicated that increasing
Cd concentration was associated with decreases in the photosynthetic rate, shoot fresh weight, and leaf chlorophyll
concentration.
The aim of this study was to investigate the effect of
adding humic acid (HA) treatment to the soil on growth,
Cd uptake and accumulation in the lettuce plant. Also it is
determined whether humic acid could be used as a soil
amendment for the removal of hazardous effects of Cd
from soils.

50 K2O) and 60 ppm P (triple supperphosphate 42 % P2O5)
were added to each pot. Each pot was filled with 2 kg oven
dry soil and Cd and HA treatments were applied to soil before sowing lettuce seedling.
In the soil samples, texture was determined by hydrometer method [27], pH and EC in saturation extract
[28], and lime by Scheibler calcimeter [29], organic matter
(OM) by modified Walckley-Black method, total N by Micro-Kjeldahl Method, available phosphorus by 0.5 M NaHCO3 according to blue color method and exchangeable K,
Ca, Mg, Na extracted with 1N NH4-OAc and were determined according to Kacar [30]. Extractable Fe, Mn, Zn and
Cu with 0.005 M DTPA were determined using AAS [31].
Some physical and chemical properties of the trial soil and
the nutrient element content are given in Table 1.
TABLE 1 - Some physical and chemical properties of trial soil.
Soil property
pH
EC, dS/m
Lime, %
OM, %
Sand, %
Mil,%
Clay,%
Texture class
+

7,15
0,52
0,44
0,25
27,60
23,88
48,52
SCL+

:SCL: Sandy clay loam

Lettuce plants were grown per pot and harvested on the
42th day after emergence. They were washed two to three
times with tap water and once with deionized water before
oven dried at 68°C for 72 h. The dry matter yields of each
plant part were recorded, and oven dried plant tissues were
ground in a steel mill, and subjected to 550°C digestion according to Kacar and İnal [32] for determination of Cd by
ICP-MS (Inductively Coupled Plasma Mass Spectrometry).
Obtained change to the control of humic acid applications with Cd and without Cd to the soil were calculated as
follows [33]:
%

2. MATERIALS AND METHODS

Nutrient element contents
Total N, %
0,184
P2O5, ppm
23,91
1,26
K2O, cmol/kg
Ca, cmol/kg
26,30
Mg, cmol/kg
8,94
Na, cmol/kg
0,40
Fe, ppm
14,13
Mn, ppm
26,65
Zn, ppm
1,26
Cu, ppm
1,01

HA applied soil Control soil
x100
Control soil

2.1 Statistical Analysis

A greenhouse pot experiment was carried out from October 3, 2012 to November 14, 2012 in the greenhouse of
Ondokuzmayıs University. It is located in the province of
Samsun in the Central Black Seaside Region (41° 22' 3.73"
latitude and 36° 11' 53.95" longitude) in northern Turkey.
Lettuce (Lactuca sativa L.) cv. Kıvırcık was used as test
plant. The experimental design was randomized complete
blocks in a factorial scheme 5 x 2 (two rates of Cd and
five rates of humic acid) with three replications, totaling
30 experimental units. The treatments consisted of: 0.0 and
40.0 ppm Cd, added as Cd (NO3)2.4H2O and 0, 100, 200, 400
and 800 ppm HA from consist of 15 % pure humic acid material. Also 200ppm N (Urea 46 % N), 150 ppm K (K2SO4 %

The data were analyzed with Duncan test and ANOVA
in SPSS 17.0 version [34]. There were significant differences (p ≤ 0.05) between the levels of the Cd and some
nutrient contents in the lettuces obtained from the sample
pots and those of the controls.

3. RESULTS AND DISCUSSION
3.1 Effect of humic acid and Cd on dry matter of lettuce

The effects of increasing doses of HA applied to the
Cd contaminated soil on dry matter (DM), Cd content and
Cd uptake are given in Table 2.
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TABLE 2 - The rates of DM yield, Cd contents, Cd uptake and change of lettuce depending on the HA and Cd application
HA
ppm

Dry matter
g pot-1

Change in
dry matter, %

Cd content,
ppm

Change in
Cd content, %

Change in
Cd uptake, %

Cd uptake
µg pot-1

Cd-0
Cd-40
Cd-0
Cd-40
Cd-0 Cd-40
Cd-0
Cd-40
Cd-0
Cd-40
0
11,11b+
10,06c
1,43d 17,72ab
15,87
178,33
100
13,59a
8,54d
22,32 -15,11
1,53d 19,77a
6,99
11,57
20,92
167,49
200
12,49ab 10,64c
12,42 5,77
1,49d 15,43bc
4,20
-12,92
18,68
165,74
400
12,31ab 11,02bc
10,80 9,54
1,73d 14,57bc
20,98 -17,78
21,21
161,60
800
12,27ab 11,59ab
10,44 15,21
1,45d 11,70c
1,40
-33,97
17,81
145,68
Mean
12,35A
10,57B
1,53B 15,84A
18,90B 166,35A
P:Cd
0,001
0,001
0,001
P:HA
0,016
0,063
0,880
P:CdXHA 0,001
0,060
0,847
+
: The difference between the mean values shown by apart letters at the same column is statistically important (P≤ 0.05)

The HA applications, except 100 ppm, increased DM
over the control in Cd treatments (P<0.01). These increases
were found statistically important at the highest HA doses
(800 ppm HA) compared with the control (P<0.01; Figure
1) and also there was the interaction between HA and Cd
(Figure 2). The HA doses provided an increase in the DM
amount of lettuce compared to the control with eliminating
the harmful effects of Cd. Similarly, Öztürk and Gülser
[38] have shown that Cd (0, 0.5, 2.0, 8.0, 32.0 ppm) and
HA (0, 1000, 2000 ppm) application increases Cd concentration at offshoot and roots and negatively affected seedling growth of cucumber. In addition, they have reported
that HA increases offshoot and root fresh weight. Demir
and Çimrin [39] have found out that there is an increase at
the root and the root-top of corn as a result of the application of 0, 1000, 1500 and 2000 ppm HA to soil. In this
study, dry and wet weight of the plant increased up to
1000 ppm HA, but these weights decreased seriously after
that dose. Padem et al. [40] reported that HAs have an effect on the plant vegetation and growth, especially at low
doses; but there are either several negative effects or noneffect if they are applied to plants at high doses. Senesi et

14,5
Lettuce DM, g pot -1

An important increase was obtained at 100 ppm HA
application without Cd compared with the control
(P<0.01), but the DM amount showed slightly increase depending on increasing HA doses. The reason of this increase may be a synergy between Cd and HA, and also positive effect of HA on the element contents of soil, particularly phosphorus. Du et al [35] reported that there was a
significant positive correlation (r=0.905*) between Cd and
P in plant root. Cimrin and Yılmaz [36] reported that humic
acid (HA) and phosphorus (P) applications on lettuce increased phosphorus content. Pettit [37] found that cadmium increased the phosphorus content of lettuce significantly.

Cd-40
-6,08
-7,06
-9,38
-18,31
-

al. [41] have stated that HA applied to Pisum sativum positively affects its dry weight, the uptake of nutrient elements and its germination. Allister [42] has reported that
humates positively affect growth and vegetation of plants.
Humic and fulvic acids are formed as a result of the degradation and dissociation of the soil organic matter. This phenomenon causes strong complexation by binding of plant
nutrient elements and some toxic materials [43, 44]. A significant reduction in leaf Cd concentration was found
Cd-0
Cd-40

y = 0,0002x + 12,303
r = 0.187

13
11,5
10

y = 0,004x + 9,3668
r = 0.862*

8,5
0

200

400
600
HA, ppm

800

FIGURE 1 - The relationship between the application of HA and
DM of lettuce.

14

Cd‐0
Cd‐40

Lettuce DM, g pot-1

The DM amount of the lettuce plant was changed between
11,11 (control) and 13,59 (100 ppm HA) g/pot by the HA
application without Cd, while it was changed between 8,54
(100 ppm, HA) and 11,59 (800 ppm, HA) g/pot at that with
Cd. According to the results of variance analysis, Cd applied to soil significantly (P<0.01) decreased the DM
amount of the lettuce compared with the control.

Cd-0
31,82
17,71
33,65
12,22
-

12,5

11

9,5

8
0

200

400
HA, ppm

600

800

FIGURE 2 - The effect of Cd x HA interaction on the DM of lettuce.
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by addition of HA to the growth media. It seems that application of HA could be successful for improving plant
growth and reducing accumulation of Cd in edible parts of
lettuce and HA can stimulate production of organic acids
by improving dark fixation of carbon dioxide or prevent the
harmful effects of Cd and increases titratable acidity of
leaves [45]. Formation of HA-Cd complexes that are less
available for plant uptake in comparison to free Cd2+ is another possible reason for reducing Cd accumulation by
leaves in the presence of HA. Moustakas et al. [46] reported that lettuce yield was suppressed at rates of Cd application higher than 10 ppm whereas in radish and cucumber yields were not affected by Cd application.
When we investigate the changing of the DM amount
of lettuce, it was determined that there was a decrease with
increasing HA doses without Cd compared to the control
(22.32%, 12.42%, 10.80%, 10.44%, 100, 200, 400, 800
ppm HA doses, respectively). On the other hand, an increase was observed continuously at HA doses (-15.11%,
5.77%, 9.54%, 15.21%) with Cd compared to the control
(Figure 3). The highest increase in the DM yield was obtained at 100 ppm HA doses without Cd (22.32%).

30

Cd-0

The Cd content of lettuce was increased by applying
Cd to soil (P<0.01). It has been reported that hyper-accumulator plants such as lettuce are capable of accumulating
heavy metals in their bodies [49]. The Cd content changed
between 1.43 (control) – 1.73 (HA-400) ppm Cd at the HA
applications without Cd. On the other hand, it changed between 11.70 (HA-800) – 19.77 (HA-100) ppm Cd at those
with Cd. The application of HA with Cd increased the Cd
content of lettuce at 100 ppm HA doses, but it was seen
that the Cd content decreased depending on the increasing
HA doses (r=-900*; Figure 4). Similar effects were reported by several researches that HA restricts the uptake of
heavy metals such as Cd, Ni, Pb, Cu and Zn throughout
different plants by complexing them [50-55].
43
41
37
35
33
31
29
25
0

200

400

600

800

1000

HA, ppm
FIGURE 4 - The effect of HA applied to soil on the Cd content of
lettuce plant

190

Cd-40

25
20

Change of DM, %

y = -0,0138x + 38,296
r = 0.900**

39

27

Cd upta ke, µg pot -1

A decrease in the DM yield was determined at 100 ppm
HA doses with Cd (-15.11%), but an increase was observed
in increasing HA doses. The highest increase in the DM
yield was found at 800 ppm HA doses with Cd (15.21%).
This means that increasing HA amount slows the harmful
effect of Cd to lettuce plant and it positively affects the
yield. Moustakes et al. [46] have reported that Cd accumulated between 5 and 43% in lettuce and cucumber plants
depending on 1, 5, 10 and 20 ppm Cd applications. In addition, it was shown that plant growth was suppressed at
the application of 10 ppm Cd in lettuce plant. Yıldız [47]
reported that dry matter of corn decreased by 32 and 44%
at 0.05 and 0.1 mg/L Cd applications and reached 82% at
the highest Cd application. HA increased shoot dry matter
yield of corn [47] and the number and length of tobacco
roots [48].

3.2 Effect of humic acid on Cd content and uptake of lettuce
plant

Cd content, µg saksı-1

© by PSP Volume 24 – No 10. 2015

15
10

180
y = ‐0,0491x + 181,09
r = ‐0.986**

170
160
150

5
0
-5

100

200

400

800

140
0

-10
-15
-20

200

400
600
HA, ppm

800

1000

FIGURE 5 - The effect of HA applied to soil on the Cd uptake of lettuce plant

HA, ppm

FIGURE 3 - The change on the DM amount of lettuce compared to
the control.

When we detect the Cd uptake of lettuce, Cd applied
to soil increased the Cd uptake compared to the control, but
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these were statistically found unimportant. The Cd uptake of
lettuce plant changed between 15,87 (control) - 20,92 (HA100) µg Cd pot-1 at the application of HA without Cd. On the
other hand, it changed between 145,68 (HA-800) - 178,33
(control) µg Cd pot-1 at the increasing HA applications (Table 3). It was determined that lettuce plant elevates the uptake of Cd to harmful level (60-70 µg g-1) for human health
[56]. When the available Cd in the soils reached 3.0 mg/dm3
(3 ppm), the concentration of Cd in the lettuce leaf is high
enough to cause risks to human health [57]. Lettuce is a bioindicator plant of heavy metals because it has the capacity to
accumulate high concentrations of metals [4]. Lettuce, spinach, celery, and cabbage tend to accumulate high concentrations of Cd, whereas potato tubers, maize, French beans,
and peas accumulate relatively small amounts of Cd [58].
The World Health Organization set a maximum provisional tolerable intake limit of 60 to 70 μg Cd per day for
an adult [56], and the Codex Alimentarius Commission of
FAO/WHO is discussing a limit of 0.1 mg Cd kg-1 for cereal grains and oilseeds traded on international markets.
However, even small amounts in foods can have a significant effect in the long term because Cd accumulates in the
body. The uptake of Cd by plant increases proportionally
to increasing soil Cd when soil contains substantial concentration of Cd2+ salts [59, 60].

by phosphorus fertilization. HA decreased Cd concentration in lettuce leaves although no significant difference was
found between 2 and 4 mg L−1 Cd treatments. These results
are in agreement with the studies of Spehar et al. [64] and
Bunluesin et al. [65] that showed Cd uptake and its hazardous symptoms were reduced by addition of HA. Reduced
Cd accumulation in lettuce leaves by addition of HA may
be related to a significant increase in plant growth and enhanced leaf biomass (dilution effect).
30

The HA application can eliminate the negative effect of
Cd, especially in soils having Cd accumulation possibility

Cd-40

10
0
100

200

400

800

-10
-20
-30
HA, ppm

-40

FIGURE 6 - Changing in Cd content of lettuce depends upon HA
doses

The Cd uptake of lettuce plant decreased with increasing HA doses (r=-0.986**; Figure 5). The reason is that
HA and Cd form a complex to minimize the toxic and
harmful effects of Cd to plant [61]. This shows us that high
HA doses reduce the uptake of Cd. Similarly, it has been
reported that HA reduces the availability of heavy metals
(HM) in soil and their uptake by plants through formation
of relatively insoluble complexes of HM-HA [62]. Studies
also show that low concentration of HA may not be effective [63]. HA can decrease Cd uptake, and thus reduce its
associated hazards to plant and human health [20].
The changes of the Cd content in lettuce plant increased at the different rates of increasing HA doses without Cd (6.99%, 4.20%, 20.98% and 1.40% at 100, 200, 400
and 800 ppm HA, respectively). It was found as 11.57%,
12.92%, 17.78%, and 33.97% at the increasing same HA
doses with Cd application, respectively. Cd increased at
100 ppm HA doses, but it decreased depending on the increasing HA doses (Figure 6). Similarly, the Cd uptake represented a change as up-and-down at the rate of 31.82%,
17.71%, 33.65%, 12.22% in the increasing HA application
without Cd. On the other hand, a continuously decrease was
found as -6.08%, -7.06%, -9.38%, -18.31% in the application with Cd (Figure 7). This means that the Cd uptake and
its content of lettuce plant in the soil contaminated by it decrease depending on the HA doses. These results confirm an
increase in the DM amount with increasing HA doses up to
800 ppm. At the same time, heavy metals such as Cd are removed from the soil contaminated by them, and a yield decrease due to the heavy metal stress in plants is prevented.

Cd-0

20
Cha nge of Cd content, %

© by PSP Volume 24 – No 10. 2015

Change of Cd uptake, %

40

Cd-0

Cd-40

30
20
10
0
100

200

400

800

-10
-20

HA, ppm

-30

FIGURE 7 - Changing in Cd uptake of lettuce depends upon HA
doses

4. CONCLUSIONS
HA decreased the dry matter (DM) of lettuce plant at
100 ppm HA doses in the soil contaminated with Cd, but it
increased at the same dose in the soil without Cd. The DM
of lettuce plant increased as 22.32% at 100 ppm HA doses
in the soil without Cd, but it decreased -15.17% in the soil
with Cd. It was found that this yield increased as 25.11% at
800 ppm HA doses depending on the increasing HA doses.
The Cd content of lettuce grown at soil with it increased at 100 ppm HA doses, but it caused a decrease at
the increasing HA doses. Similarly, the Cd uptake represented continuously a decrease at all increasing HA doses.
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The change at the Cd uptake showed a fluctuating behavior
at the HA application without Cd, but the changes at both
the Cd content and Cd uptake produced continuously a decrease at the HA application with Cd.
Consequently, the HA applications could be importantly effective method at the elimination of negative
effect of Cd and at the removing it from agricultural soil
when it is thought that Cd accumulates in the soils by applying phosphorus fertilizers at every years. For this purpose, it was found that HA could be applied to soil up to
800 ppm doses.
The authors have declared no conflict of interest.
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1. INTRODUCTION

ABSTRACT
In this study mitochondrial DNA D-loop gene sequencing was used to investigate genetic structure of 11 Atlantic
bonito Sarda sarda populations from the Black Sea, Marmara, Aegean, Mediterranean Seas and Adriatic Sea. The total sequence length, variable sites and parsimony informative sites were 868 bp, 12 bp and 7 bp from 222 individuals,
respectively. The nucleotide frequencies were 32.55% A,
31.32% T, 14.44% C, and 21.68% G. The total number of
haplotypes was 19, and the highest number of different
haplotypes was observed in the nortestern Mediterranean
(the Iskenderun Bay) sample, and the lowest was observed
in the Bulgarian sample. Low genetic diversity was observed within populations, and the mean genetic diversity
within populations and the mean genetic divergence between populations were 0.0009 and 0.0013, respectively.
In the statistical analysis, S. sarda was divided into three
genetically different populations (P<0.001); the Black and
Marmara Sea populations comprise one genetic unit, and
the Aegean and Mediterranean coast of Turkey populations
constitute the genetically different second unit. The Adriatic Sea population from Croatian coast was also genetically different from these two units. The neighbor joining
tree revealed three main phylogenetic nodes; in the first
node, the Black Sea, Bosphorus and Marmara Sea samples
were grouped close together. In the second main node; the
Aegean and northeastern Mediterranean Seas samples
were clustered close to each other, and the Adriatic Sea
sample was far from these samples, but closer to the Aegean and northeastern Mediterranean samples than the
Black Sea and Marmara Sea samples.

KEYWORDS: Atlantic bonito, Sarda sarda, Population Genetics,
mtDNA, Sequencing

* Corresponding author

The Atlantic bonito Sarda sarda (Bloch 1973) is a
commercially valuable small tuna-like species, which occurs along the tropical and temperate coasts of the Atlantic
Ocean, the Mediterranean Sea and the Black Sea and inhabit pelagic waters limited by the continental shelf [1, 2].
Three discrete spawning grounds are assumed to exist for
the bonito in the Mediterranean Sea. The Black Sea and
Marmara Sea are one spawning grounds in at the eastern
Mediterranean, and the area between Gibraltar, Balearic Islands and Algeria is the second spawning ground at the
western Mediterranean [2], and the third is in the northern
Balearic Sea [3]. Rey et al. [2] reported that there is no exchange of individuals between the east and west spawning
populations, on the bases of a tag-recapture data.
There have been a number of genetic studies which
also report limited gene flow between eastern and western
Mediterranean populations of Sarda sarda. Roberti et al.
[4] used mtDNA Cytochrome b gene and found a small but
significant difference in haplotype frequency between a
sample from the Sea of Marmara and two Mediterranean
samples, one from the Aegean Sea and the other from the
Ionian Sea, which in turn were not different from each
other. Roberti et al. [4] reported that a barrier prevents gene
flow between the Sea of Marmara as spawning area and
Aegean Sea as feeding area. Pujolar et al. [5] found a small
but significant differentiation between the Aegean Sea and
two western samples, namely the Ionian Sea and the Ligurian Sea using allozyme electrophoresis and argued that the
barrier to gene flow between east and west is located in the
region that separates the Ionian and the Aegean seas. Therefore, allozyme data would appear concordant with the interpretation of Rey et al. [2] about an eastern and western subdivision, which is in contrast not agreed with the mitochondrial data given by Roberti et al. [4], but agreed with Vinas
et al. [6]. Vinas et al. [6] used mtDNA control region sequences of Sarda sarda on the Balearic, Ligurian, Ionian and
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Aegean Seas, and reported the lack of differentiation between the Balearic Sea and the Ionian Sea, and significant
differentiation of the Balearic and the Ligurian from the
Aegean Sea, and the Ionian Sea sample was not different
from any other samples. The genetic data on mtDNA available only comprise the Aegean Sea from the northeastern
part of the Mediterranean Sea, however there is no genetic
study comprising all the marine waters of Turkey. Therefore,
the level of genetic diversity and population structure of
Sarda sarda to date remain equivocal. To draw stronger inferences on genetic diversity and population structure, it is
important to obtain larger number of samples from across
the natural range of the species.
The assessment of population dynamics and levels of
gen flow among populations is essential for management of
marine stocks [7, 8]. The mitochondrial DNA (mtDNA) has
been widely used as a marker for population studies because
of its compact size, fast evolutionary rate, and exclusive maternal mode of inheritance [9, 10]. The mitochondrial DNA
of vertebrates has a small and closed circular structure,
which contains 37 enzymes encoding genes and a control region that regulates the replication of H strand and transcription of all mitochondrial genes [11]. The mtDNA control region is also known as displacement loop (D-loop) region,
which evolve much faster than the average because of the
reduced functional constraints [12].
In the present study, mitochondrial DNA D-loop sequences were utilized to examine populations of Atlantic
bonito Sarda sarda caught from the Black Sea, Marmara

Sea, Aegean Sea, northeastern Mediterranean Sea and
Adriatic Sea for determining population structuring in order to develop policies for the management and conservation of its genetic resources.

2. MATERIAL AND METHODS
S. sarda samples were collected by commercial fishing
vessels from eleven fishing ports, comprising 5 location in
the Black Sea (Bulgarian Coast (BS1), Igneada (BS2), Duzce
(BS3), Samsun (BS4), Trabzon (BS5)), 1 location from the
Bosporus (BP), 1 location from the Marmara Sea (Bandırma
(MS)), 1 location from the Aegean Sea (Izmir Bay (AS)),
2 locations from the northeastern Mediterranean Sea (Antalya Bay (NMS1) and Iskenderun Bay (NMS2)), and 1 location from the Adriatic Sea (Croatian Coast (ADS)) (Fig. 1).
All samples were put in plastic bags individually and frozen
at -20ᴼC till they arrived to the laboratory. Dissected muscle
from fish was preserved in 98% ethanol. Age of the samples was recorded by identifying and counting annuli of
otoliths proposed by Rey et al. [13]. Sex was determined
macroscopically from the gonads whenever possible. The
muscle tissue was minced and then digested with proteinase K. Total genomic DNA was isolated using the standard
phenol-chloroform extraction method [14]. The complete
mtDNA D-Loop sequences were amplified via PCR reactions, which was performed in a total volume of 50 μl containing 0,4 uM of each primer, 0,2 mM of dNTP and 1.25U
of Taq DNA polymerase in a PCR buffer that included

FIGURE 1 - Sampling locations of S. sarda. The abbreviation of the samples as: BS1, the Black Sea Bulgarian Coast (Varna); BS2, the Black
Sea Igneada; the Black Sea Duzce (BS3); the Black Sea Samsun (BS4); the Black Sea Trabzon (BS5); Istanbul Bosporus (BP); MS, Marmara
Sea Bandırma; AS, the Aegean Sea Izmir; NMS1, the northeastern Mediterranean Sea Antalya Bay; NMS2, the northeastern Mediterranean
Sea Iskenderun Bay; ADS, Adriatic Sea Croatian Coast.
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20mM of Tris–HCl (pH 8.0), 1,5mM of MgCl2, 15 mM of
KCl and 1-2 μl template DNA. Denaturation step at 94°C
for 30 s, 50 °C for 30 s, and 72 °C for 45 s for 30 cycles
and followed by a final extension for 7 min at 72 °C. The
set of primers used for PCR amplification described by Vinas et al. [15]. D-Loop-F: 5’-TAC CCC AAA CTC CCA
AAG CTA-3’: D-Loop-R: 5’-GCG GAG GCT TGC ATG
TGTA-3’. Visualization of amplified D-Loop gene was performed on agarose gel. Quantitation of the PCR product was
completed using spectrophotometer. The DNA sequencing
was attempted to determine the order of the nucleotides of
a gene. The chain termination method by Sanger et al. [16]
was applied with Bigdye Cycle Sequencing Kit V3.1 and
ABI 3130 XL genetic analyzer. The initial alignments of
partial D-Loop sequences were performed with Clustal W
program [17] and final alignment was completed manually
with BioEdit [18]. After sequence alignment, the best model
for sequence divergences were calculated using Mega v5,
and the molecular phylogenetic tree was also constructed using Mega v5 [19]. Neighbor joining (NJ) phylogenetic tree
was used to reveal genetic relationships of populations
[20]. The statistical robustness in the nodes of the resulting
tree was determined by 1000 bootstrap replicates [21].

3. RESULTS AND DISCUSSION
There were 12 variable and 856 invariable conservative nucleotides of which 7 were parsimony informative
over 868 bp sequences. Examination of the gene fragment
reveals a lack of guanine (G; 14.4%) and abundance of adenine (A; 32.6%). The average nucleotide composition was
31.3 and 21.7 % for thymine and cytosine, respectively.
Tamura 3-parameter model (T92+G) was chosen as a best
method for intra and interspecific variations.

The overall nucleotide diversity (π) was 0.00131. The
nucleotide diversities within the populations ranged from
0.0006 within both Igneada (BS2) and Bulgarian (BS1)
populations to 0.0015 within the northeastern Mediterranean (the Iskenderun Bay) population (Table 2). Estimated
pairwise genetic distances (Θ) based on Tamura 3-parameter model between populations ranged from 0.0006 between both Bulgarian (BS1) and Igneada (BS2) and Bulgaria and Duzce (BS3) populations to 0.0027 between the
Adriatic (ADS) and the northeastern Mediterranean (the Iskenderun Bay) populations with an average of 0.00231
(Table 2). Significant degree of population structure was
observed in the overall analysis with all locations included
and no groupings assigned (FST=0.3262, P<0.001). The
Black Sea samples including the Bosporus sample were
significantly not different from each other, there were also
no significant differences between the Black Sea and Marmara Sea samples (Table 2). Moreover, the Mediterranean
and Aegean Sea samples were also not significantly different from each other, but significantly different from the
Marmara and Black Sea samples (Table 2).
The overall haplotype diversity (h) including all populations was 0.74. The number of unique haplotypes was
found to be 19 out of 222 sequences based on nucleotide variability. Trabzon, Bandırma and Adriatic populations possessed some private haplotypes (Table 1). The dominant
haplotype 1 accounted for 45% (100/222) of S. sarda specimens and appeared in each sampled population. Moreover,
the population-specific haplotypes occurred at moderate
frequencies (13%). The phylogenetic relationships among
the identified haplotypes were constructed, and the result
revealed a star-like shape, characterized by a remarkable
number of unique haplotypes, which were mostly related
to a central and most-abundant haplotype (hap1) (Fig. 2).

TABLE 1 - Distribution of mtDNA D-loop haplotypes and their frequencies in S. sarda samples.

Haplotype
Hap 1
Hap 2
Hap 3
Hap 4
Hap 5
Hap 6
Hap 7
Hap 8
Hap 9
Hap 1
Hap 11
Hap 12
Hap 13
Hap 14
Hap 15
Hap 16
Hap 17
Hap 18
Hap 19
Total

f
100
1
22
1
10
1
1
3
47
2
1
7
2
1
4
1
8
9
1
222

NMS2
7
1
4
1
5
1
1

NMS1
9

AS
12

MS
6

11

6

1

1

1

20

22

BP
10

3

1

6
1
1

8
1

Populations
BS2
12

BS3
12

BS4
11

BS5
8

BS1
12

4

4

9

8

2

5
1

ADS
1

2

20

18
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20

8

20

18

21

1
1
4

23

20

1
8
9
1
20
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TABLE 2 - Pairwise genetic distance (FST) between populations of S. sarda (below diagonal), and genetic diversity (π) within samples (transversal diagonal as given in bold). *, indicate significance level at P<0.001 after the bonferonni correction.

NMS2
NMS1
AS
MS
BP
BS2
BS3
BS4
BS5
BS1
ADS

NMS2
0.0015
0.0430
0.0019
0.1454*
0.2421*
0.2696*
0.1940*
0.2261*
0.2840*
0.2696*
0.5469*

NMS1

AS

MS

BP

BS2

BS3

BS4

BS5

BS1

0.0008
0.00
0.2915*
0.3998*
0.4201*
0.3437*
0.3532*
0.3968*
0.4206*
0.6495*

0.0008
0.2198*
0.3180*
0.3335*
0.2369*
0.2650*
0.3276*
0.3335*
0.6240*

0.0013
0.00
0.0275
0.0843
0.1273
0.0567
0.0275
0.5838*

0.0008
0.00
0.0585
0.0585
0.0235
0.00
0.6295*

0.0006
0.0281
0.1027
0.0261
0.00
0.6295*

0.0007
0.00
0.0894
0.0281
0.6201*

0.0009
0.1215
0.1027
0.6003*

0.0011
0.0261
0.6026*

0.0006
0.6542*

ADS

0.0009

Sea and Marmara Sea samples (BS1, BS2, BS3, BS4, BS5,
BP, MS), and the second include Aegean and Mediterranean Samples (AS, NMS1, NMS2), and the third one the
Adriatic sample (Fig. 4).

FIGURE 2 - Phylogenetic trees of the mtDNA D-loop haplotypes of
S. sarda reconstructed with neighbor joining method.

The distribution of the haplotype in the tree generally reflects the geographic separation of the samples.

FIGURE 3 - Mitochondrial DNA D-loop neigbour joining tree of S.
sarda samples.

In the neighbor joining tree (Fig. 3), three main phylogenetic nodes were detected; in the first node, the Black
Sea (BS1, BS2, BS3, BS4, BS5), Bosphorus (BP) and Marmara Sea samples were grouped close together. In the second main node; the Aegean Sea and Northeastern Mediterranean Sea samples were clustered close to each other. On
the other hand, the Adriatic Sea samples showed very distinctive relationship.

The results of the present study support restricted gene
flow at the margins of the geographical distribution. A
three major genetic break was observed in S. sarda; the
Black and Marmara Sea populations comprise one genetic
unit, and the Aegean and Mediterranean coast of Turkey
populations constitute the genetically different second unit,
and the Adriatic Sea population was genetically different
from these two units.

Multi dimensional scaling analysis (MDS) of the FST
values between the geographic samples showed that there
are three genetically separated grouping; one include Black

The Dardanel strait system seems to be a geographic
barrier to limit gen flow between the Black Sea and Aegean Sea populations, and cause genetic differentiation of
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FIGURE 4 - Multi dimensional scaling plot of pairwise FST between the populations of S. sarda. Abbreviations of the samples are given in the
Figure 1.

S. sarda populations. Moreover the wide geographic
interval between the Adriatic and the other S. sarda populations seems to be limiting intermingling and rising the
detected genetic differentiation. The NJ tree (Fig. 3) and
MDS (Fig. 4) analyses also support the genetic differentiation of the geographically isolated three groups.
The Dardanel strait system has been reported to be acting as a geographic barrier to prevent gen flow for other marine species such as Anchovy (Engraulis encrasicolus), mullets (Liza aurata, Liza saliens, Mugil cephalus). Moreover,
the detected genetic disconnectivity of the Aegean Sea and
Marmara Sea populations was generally concordant with the
results of the genetic population structure analyses by Vinas
et al. [6], Roberti et al. [4] and Pujolar et al. [5].
Vinas et al. [15] reported the overall nucleotide and
haplotype diversity to be 0.031and from thecontrol region
of S. sarda populations from the Balearic, Ligurian, Ionian
and Aegean Seas. Vinas et al. [22] investigated phylogenetic
relationship of four Sarda species (Sarda sarda, Sarda orientalis, Sarda australis and Sarda chilensis) using D-Loop
sequence analysis and reported the nucleotide diversity to be
0,071 for Mediterranean and 0.061 for Atlantic populations.
In the present study the overall nucleotide diversity was
found to be 0.0013 which is lower than the studies by Vinas
et al. [15] and Vinas et al. [22]. The lower nucleotide diversity in the present study can be explained that there might be
a past bottleneck effect on S. sarda in Turkish marine waters.
Since there was high fluctuation of total catch of S. sarda in

Turkish marine waters that the catches of S. sarda in the adjacent seas of Turkey were 10.000 t in 2004, and in the following year (2005), the catches was raised to 70.000 t, and
declined to 30.000 t and 10.000 t in 2006 and 2007, respectively [23].
Vinas et al. [6] reported the total haplotype diversity to
be 0.993, and the number of haplotypes was 128 extracted
from 198 individuals. In the present study the haplotype
diversity was 0.74 and the number of different haplotypes
was 19 extracted from 222 individuals. In the present
study, only the Aegean Sea sampling location was geographically same with Vinas et al. [6]. The number of different haplotypes was 28 in the Aegean Sea sample in Vinas et al. [6], and in the present study only 3 unique haplotypes were found in the Aegean Sea sample (Table 1).
Moreover, the number of unique haplotypes was 2 from
Northwestern Black sea samples (Igneada and Bulgaria).
The low haplotype diversity may indicate past bottleneck
effect on S. sarda as discussed above. Since Vinas et al. [6]
collected the S. sarda samples from the Aegean Sea in
1993, and the high fluctuation of total catch of S. sarda in
Turkish marine waters was happened in 2004-2006.
The marine species usually demonstrate low genetic differentiation due to lack of major geographical barriers to dispersal and gene flow [24-27]. Marine species with high dispersal and large population size such as pelagic fish often
result in low or no genetic structuring across large geographic scales. Genetic divergence between populations of
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S. sarda found to be reasonably high in the present study
and in the previous study [15] in comparisons to other marine species. Mean nucleotide divergence was found to be
0.00231 in the present study. Mean nucleotide divergence
among populations of marine species were 0.00055 for
striped red mullet M. surmuletus [28], 0.00027 for the longtailed hake, Macruronus magellanicus [29], 0.000038 for
sardine Sardina pilchardus [30], 0.803 for red drum Sciaenops ocellatus [31], 0.076 for spiny chromis damselfish
Acanthochromis polyacanthus [32], 0.0037 for black sea
bass Centropristis striata [33], 0.0059 for orange roughy
Hoplostethus atlanticus and 0.00076 for hoki Macruronus
novaezelandiae [34].
The detected significant genetic divergence indicates that
restricted levels of gene flow are occurring between stocks of
T. mediterraneus, relevant to geographical distance.
The phylogenetic relationships among the identified
haplotypes revealed a remarkable number of unique haplotypes, indicate restricted gene flow between the geographically isolated groups. Complementarily, the most-abundant haplotype (hap1) was shared only once with the geographically most isolated Adriatic Sea population. Vinas et
al. [6] also support the high haplotype differences between
the geographically separated populations of S. sarda from
the northeastern and northwestern Mediterranean. The
phylogenetic trees (Fig. 3 and Fig. 4) also support the geographic separation is limiting factor to gene flow. Moreover the phylogenetic trees and haplotype distributions may
also indicate that the S. sarda originated from the western
side and spread towards eastern side of the Mediterranean.

4. CONCLUSION
The present study support restricted gene flow at the
margins of the geographical distribution and indicate that S.
sarda in the Black and Marmara Sea populations comprise
one genetically discontinuous unit, and the Aegean and
Mediterranean coast of Turkey populations constitute the
genetically different second unit, and the geographically
highly separated Adriatic Sea population was genetically
different from these two units. The management implications of populations depend on whether marked variation
persists over time. Consistent differentiation of these populations may indicate its temporal and spatial integrity and
thus would also require its consideration as a separate population for management purposes. Moreover, the utilization
of nuclear genes with different genetic markers such as microsatellites would extend the reliability of these findings.

The authors have declared no conflict of interest.
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THE FERTILIZER EFFECT OF STRUVITE
RECOVERED FROM DAIRY INDUSTRY WASTEWATER
ON THE GROWTH AND NUTRITION OF MAIZE PLANT
Ayla Uysal* and Begum Kuru
Department of Environmental Engineering, Suleyman Demirel University, Isparta 32260, Turkey

ABSTRACT
In this study, the fertilizing effect of struvite
(MgNH4PO4.6H2O) precipitate recovered from dairy industry wastewater on the growth and nutrition of maize
plants was investigated. The obtained struvite precipitate
was analyzed by XRD, FTIR and SEM. XRD and FTIR
results confirmed the identity of the struvite precipitate.
The obtained struvite precipitate was found to have 3.30%
N, 11.13% P, 8.64% Mg and 0.73% K contents. The contents of the heavy metals Cd, Cu, Ni, Pb, Zn and Hg were
below their detection limits. The fertilizing effect of the
struvite precipitate on the growth and nutrition of maize
plants was investigated by conducting a pot trial employing
control and chemical fertilizer applications. The trial was
conducted with four replicates. Fresh and dry weights and
nutrient elements of the maize plant were investigated under different fertilizer application conditions. There was a
significant difference in the fresh weight and N, P, Ca, Fe,
Mn and Pb concentrations of maize plants with all fertilizer
applications within 95% confidence limits (P<0.05). Phosphorus uptake in struvite application was significantly
higher than those in other applications. No significant differences were found in N and Mn uptakes between struvite,
NPK and N applications. Pb concentrations in struvite and
control applications were found to be significantly lower
than those in other applications. The results obtained in the
study show that struvite precipitate recovered from dairy industry wastewater is beneficial to the growth and nutrition
of maize plants and can be an effective source of fertilizer.
KEYWORDS: Dairy industry wastewater; Fertilizer; Heavy metal;
Maize plant growth; Recovery; Struvite.

1. INTRODUCTION
Milk and dairy products have an important role in the
global food industry. In Turkey, the milk and dairy products industry has a 16% share of the total food industry [1].
Dairy industry wastewater has considerably high chemical
* Corresponding author

oxygen demand (COD), biological oxygen demand (BOD)
and nutrient levels [2-4]. Due to the high organic matter
content, anaerobic treatment is usually applied to dairy industry wastewater. Additionally, high levels of nitrogen
and phosphorus remain in the effluent [5]. High nitrogen
and phosphorus contents of wastewaters lead to serious
problems such as eutrophication in ponds, rivers and seas
[6]. Previous studies on nutrient removal from dairy industry wastewaters [4, 5] have only focused on removal while
completely disregarding recovery. However, in recent
years, alternatives for the recovery of wastes in the context
of sustainable environmental management has begun to
gain weight [7-10]. Nutrient content of struvite precipitate
obtained by removal through the precipitation of nitrogen
and phosphorus has presented the option of use for agricultural purposes [11]. Recently, struvite has been commercially produced and is currently being sold to fertilizer
companies in Japan. Struvite may have a low leaching rate
and slowly release nutrients during the plant-growing season [12]. Struvite is a white crystalline compound containing magnesium, nitrogen and phosphorus as the main components. Mg2+: NH4+: PO43- molar ratio and the pH of the
solution are the two main factors determining the precipitation of struvite [13].
The heavy metal content of struvite precipitate is of
great importance regarding its use as a fertilizer [14]. The
low heavy metal and high nutrient contents of dairy industry wastewaters increase the potential for agricultural use
of struvite precipitate [15]. To our knowledge, no study has
investigated the fertilizing effect of struvite precipitate recovered from dairy industry wastewater on the growth and
nutrition of maize plants.
The objectives of this study are as follows: (1) Characterization of the struvite precipitate as obtained from anaerobic effluent of dairy industry wastewater; (2) determination of the fertilizing effect of struvite precipitate on the
growth and nutrition of maize plants according to control
and chemical fertilizer applications. For the comparison of
different fertilizer applications, one-way ANOVA, and for
the multiple comparison test, Student-Newman-Keuls tests
were used. P <0.05 was considered as the statistical significance value.
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TABLE 1 - Properties of the soil used.
pH

Lime (%)

EC (mhos/cm)

7.9

12

0.3

Organic
Matter (%)
2

P (ppm)

Zn (ppm)

Fe (ppm)

Mn (ppm)

Cu (ppm)

50

2.2

4.2

3.1

4.0

2. MATERIALS AND METHODS
2.1. Struvite recovery from anaerobic effluent of dairy industry

Struvite formation from anaerobic effluent of dairy industry was investigated in our previous study [15]. The anaerobic effluent was taken from a dairy process industry
located in Aksaray. The properties of the dairy industry anaerobic wastewater effluent were as follows (mg/L): TS
3850±14.14; TSS 105±21.21; TCOD 420.50±21.92; SCOD
276.50±17.68; NH4+ 145.00±4.56; PO43- 50.36±1.74;
Mg2+ 20.24±0.006; Ca2+ 97.12±0.013; K+ 69.64±0.04;
Na+ 1141±0.392. Al, Fe, Mn, As, Cd, Co, Cr, Cu, Ni, Pb,
Zn and Hg concentrations were below detection limits. pH
of the anaerobic effluent was 7.97 [15].
The batch chemical precipitation experiments for struvite formation were conducted in 100 mL volume with continuous stirring (stirring speed 260 rpm) with a magnetic stirrer (MTOPS, HSD 180) at room temperature. MgCl2.6H2O
was used as the magnesium source for struvite formation. A
21.25% solution of phosphoric acid (H3PO4, 85%) was prepared and used as the phosphorus source. pH value of the
sample was adjusted to the desired level with NaOH (10%
and 5%) and pH was maintained desired level. Samples were
stirred for 30 minutes and then held for 1 hour for the precipitate of solid matter formed as a result of the reaction.
Then, the contents of the beaker were filtered through a
coarse filter. Solid matter left on the coarse filter was dried
by holding at room temperature for 48 hours.
2.2. Pot trial tests

Struvite precipitate obtained from anaerobic effluent
of dairy industry was used for growing maize plants in pots
in a temperature-controlled environment (273 C). Trials
were conducted with four replicates. Maize plants were
grown with 4 different applications: (1) control group (no
chemical fertilizers were added); (2) NH4NO3 was added
to the relevant pots to include 100 mg/kg N; (3) NH4NO3
and KH2PO4 were added to the relevant pots to include 100
mg/kg N, 343 mg/kg P and 22 mg/kg K; (4) 3.03 g struvite
precipitate was added to the relevant pots to include 100
mg/kg N, 343 mg/kg P and 22 mg/kg K. The pots used in
the study contained about 1 kg of soil. Soil used for the
growth of the plants represents the soil type of Isparta
County. The characteristics of the soil used are shown in
Table 1. The soil used had low organic matter content, it
was limy, mildly alkaline and brackish (Table 1).

appropriateness of the normal distribution of the data was
assessed with Shapiro-Wilk normality test and Q-Q plots.
For the comparison of different fertilizer applications, oneway ANOVA, and for the multiple comparison test, Student-Newman-Keuls test were used. P<0.05 was considered as the statistical significance value.
2.4. Analytical procedure

Ammonium ion (NH4+) (Hach Nessler Method) and
phosphate ion (PO43-) (Hach Ascorbic Acid Method) analyses were performed colorimetrically in a spectrophotometer (DR/2000, Hach). For the total chemical oxygen demand (TCOD) and soluble chemical oxygen demand
(SCOD) (Hach Reactor Digestion Method) analyses, heating blocks (Hach, DRB 200) were used. For the total solids
(TS) and total suspended solids (TSS) analysis, experiments were performed following the standard method [16]
by using an oven (Nüve, FN 500). Mg, Ca, Al, Fe, K, Mn,
Ni, Cu, Zn, Cd, Co, Cr, Pb, Ni, As, and Hg analyses were
performed with ICP-OES (Perkin Elmer Optima 2100 DV)
according to the standard methods [16]. PO43-, SCOD and
metal analyses were performed on samples which had been
filtered through a 0.45 m membrane filter. The obtained
dry precipitate was characterized with an X-ray diffractometer (XRD, Philips, X’pert Pro), scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy
(FTIR, Perkin Elmer BX, Waltham, MA, USA). FTIR data
were collected in the 400–4000 cm-1 range. For the determination of metal and heavy metal contents in the dry precipitate, microwave digestion was performed on 0.5 g samples using nitric acid and hydrochloric acid in pressure resistant Teflon tubes [9].
Maize plants were harvested after 50 days. Fresh weights
of the plants were determined at the end of the harvesting process. Following the determination of their fresh weights,
plants were washed first with tap water and then with pure
water. Following oven-drying at 65 5 C, dry weights were
determined. Wet decomposition method was applied to
dried and grinded plant and soil samples. Total P and metals
were analyzed following acidic digestion according to the
method described by Li and Zhao [17] by using an ICPOES. Nitrogen was determined according to the method
described by Black [18].

3. RESULTS AND DISCUSSION

2.3. Statistical Analyses

3.1. Characterization of struvite precipitate

Data were analyzed in the IBM SPSS Statistics 22.0
statistical software package. For the summary statistics, the
results (n=4) were given as mean ± standard deviation. The

At pH 9.6 and 1:1:1 Mg2+: NH4+: PO43- molar ratio, optimum NH4+ and PO43- removal efficiencies by struvite precipitation from dairy industry wastewater were 88.4% and
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79.3%. XRD and FTIR data from the dry precipitate obtained under these conditions are given in Figure 1. XRD
analysis peaks were compared with the database model for
struvite. XRD analysis results of the precipitate (Figure
1A) matched with the database model given for struvite
(Figure 1B) in terms of position and intensity of peaks. The
FTIR spectrum of the struvite crystals is presented in Figure 1C. The FTIR spectrum of the struvite crystals revealed
the presence of certain functional groups. The bands of
PO43- units were observed at 1004, 569 and 460 cm−1. A
strong band at 1004 cm−1 originated from the components

of the υ3 (PO43-) vibration. The υ4 NH4+ band centered at
1438 cm−1. These findings are consistent with the previously observed FTIR spectrum of struvite [19-21].
SEM analysis of the dry struvite precipitate showed
that struvite crystals developed (Figure 2). The morphology of developed crystals normally depends upon the supersaturation of the solution, together with the concentration of impurities. The precipitate could be a mixture of
struvite and some other impurities present in the raw dairy
wastewater anaerobic effluent.

A

B
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C

FIGURE 1 - (A) XRD result of the dry precipitate; (B) Database model for struvite [22]; (C) FTIR result of the dry precipitate.

FIGURE 2 - SEM image of dry struvite precipitate.

TABLE 2 - The characterization of the dry struvite precipitate.
N
P
K
(%)
(%)
(%)
3.30
11.13
0.73
b.d., below detection limit.

Mg
(%)
8.64

Cd
(ppm)
b.d.

Cu
(ppm)
b.d.

Ni
(ppm)
b.d.
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Pb
(ppm)
b.d.

Zn
(ppm)
b.d.

Hg
(ppm)
b.d.

Cr
(ppm)
b.d.
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Struvite precipitate had high N, P and Mg contents
whereas heavy metal concentrations were below detection
limits (Table 2). The contents given in Table 2 were similar
to the theoretical composition of struvite, which is 5.7% N,
9.9% Mg and 12.6% P [13, 17].
3.2. Evaluation of the fertilizing effect of struvite precipitate on
the growth and nutrition of maize plant

As seen in Table 3, the results of the statistical analyses
revealed that there were significant differences in the N, P,
Ca, Fe, and Mn concentrations between maize plants with
different fertilizer applications (P<0.05). N uptake in the
control application was lower compared to other applications. Regarding N uptake, no significant differences were
found between struvite, NPK and N applications. P uptake
in the struvite application was significantly higher than in
other applications, while the control application had the
lowest content. No differences were found between N and
NPK applications in terms of P uptake. Ca uptake was
found to be similar in N and NPK applications. In the N
application, it was found to be statistically higher than in
struvite and control groups. There is a negative interaction
between Ca and Mg. Due to the high Mg content of struvite
precipitate (Table 2), Ca concentration was found to be
lower in the struvite application. Similarly, Li and Zhao
[17] reported that Ca content was decreased in plants by
increasing the struvite dose. Fe concentration in the NPK
application was significantly higher than those in other applications, no differences were detected between other applications. Mn concentration had the highest values in struvite and NPK applications, while the lowest value was obtained in the control group.

According to the limit values reported for maize plants
by Jones et al. [23], the average K, Mg, Cu, Fe, Mn and Zn
contents were at sufficiency levels and Ca content was
above the sufficiency level in struvite application. Zn content was close to the critical level. N and P contents were
below the sufficiency levels in all different fertilizer applications. However, N and P contents in struvite applications
were significantly higher compared to the control group.
Heavy metal concentration values of maize plants with
different fertilizer applications are shown in Figure 3. Plant
samples in all applications contained the heavy metals Ni,
Cr and Pb. Cd, Hg and Co concentrations were below the
detection limits. Ni concentrations were found to be similar
in NPK, struvite and N applications. The control application had lower Ni concentration than those in NPK and N
applications. Pb concentration was found to be statistically
higher in the N application compared to those in other applications. Control and struvite applications were similar to
each other and had lower Pb concentrations compared to
the other two applications.
The average fresh and dry weights of maize plants with
different fertilizer applications are shown in Figure 3. Differences were found for fresh weights in different fertilizer
applications (P<0.05). Fresh weights of maize plants in
struvite and NPK applications were found to be similar and
to have statistically higher values compared to the other
two applications (Figure 3A). No differences were found
for dry weights in different fertilizer applications (P>0.05).
Dry matter weight of maize plant with struvite application
(0.95±0.15) was found to be equivalent to that of NPK application (0.94±0.17) (Figure 3B).

TABLE 3 - Nutrient elements and heavy metal contents of maize plants in different applications.
Parameter
N (%)
Nutrient
P (%)
Elements
K (%)
Ca (%)
Mg (%)
Cu (ppm)
Fe (ppm)
Mn (ppm)
Zn (ppm)
Na (ppm)
Ni (ppm)
Heavy Metal Cr (ppm)
Pb (ppm)
Cd (ppm)
Hg (ppm)
Co (ppm)

Control

NPK

Struvite

N

P

2.06±0.52 b
0.06±0.03 c

2.75±0.24 a
0.12±0.02 b

2.93±0.10 a
0.17±0.03 a

2.65±0.12 a
0.09±0.02 bc

3.21±0.96
0.67±0.21 b

4.34±0.31
1.00±0.08 ab

3.63±1.27
0.73±0.28 b

0.18±0.08
4.39±2.19

0.32±0.04
4.88±2.49

0.32±0.12
6.48±2.47

84.12±20.81 b
44.83±14.30 b

156.95±46.45 a
91.27±14.09 a

80.42±28.33 b
105.90±37.03 a

3.89±0.13
1.25±0.17 a
0.30±0.06
3.74±1.66
81.30±15.86 b
70.36±6.56 ab

26.84±6.81
97.74±23.22

53.58±36.74
132.25±90.37

20.98±8.92
80.56±31.87

39.85±10.33
138.14±138.60

3.20±0.73 b
2.81±0.96
2.43±0.68 c

4.72±0.49 a
4.27±1.10
5.23±0.82 b

3.92±1.22 ab
4.97±2.75
2.63±0.49 c

4.85±0.28 a
3.88±0.95
6.72±0.59 a

0.007
<0.001
0.297
0.005
0.081
0.387
0.009
0.009
0.150
0.741
0.034
0.342
<0.001

b.d.
b.d.
b.d.

b.d.
b.d.
b.d.

b.d.
b.d.
b.d.

b.d.
b.d.
b.d.

a, b, c
: Indicates the differences between fertilizer applications according to the Student-Newman-Keuls test (P<0.05). There are no differences between
the applications with the same letters. In applications that were found to be different from each other, the application with the highest value was assigned
with the letter a. In applications that no difference was found from each other, no letter assignment has been made.
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a

A
a

b
b

B

FIGURE 3 - (A) The average fresh weight; (B) The average dry weight of maize plant in different fertilizer applications. Each data point
represents the mean (n=4, ±SD). Values followed by different letters differ according to the Student-Newman-Keuls test (P<0.05).
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4. CONCLUSION
Optimum NH4+ and PO43- removal efficiencies with
struvite precipitation from dairy industry wastewater were
88.4% and 79.3%. SEM analysis of the dry struvite precipitate showed that struvite crystals developed. FTIR spectrum of the struvite crystals revealed the presence of the
expected functional groups. Struvite precipitate had 3.30%
N, 11.13% P and 8.64% Mg contents. Cd, Ni, Pb, Zn, Hg
and Cr heavy metal concentrations were below detection
limits. This study revealed the positive effects of struvite
produced from dairy industry wastewater on growth and
nutrient elements uptake of maize plants. Phosphorus uptake of maize plants with struvite application was found to
be significantly higher than in other applications. Utilization of struvite may be an effective alternative for rock-P
in the fertilizer industry. N uptake with struvite application
was similar to those in other applications. Maize plant fresh
weights were similar in struvite and NPK applications.
Compared with chemical fertilizer applications, struvite precipitate obtained from dairy industry wastewater
can be an effective and valuable source of fertilizer for the
growth and nutrition of plants.

[6]
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ABSTRACT
This study investigated the dechlorination of 1,1-DCE
with nPd/Fe particles under different temperatures. The
dechlorination rates with nPd/Fe were significantly faster
than those with nZVI particles. According to the XPS spectra, the palladium was present on the iron surface in the
elemental state and there were more Fe0 oxidized to Fe3+
on the surface of aged nPd/Fe particles than fresh nPd/Fe
particles. Activation energies of the dechlorination reactions with the nPd/Fe and nZVI particles are estimated to
be 38.90 kJ/mol and 55.18 kJ/mol, respectively. Based on
rigorous analysis of the thermodynamics parameters, the
dechlorination of 1,1-DCE was a non-spontaneous and endothermic process. Moreover, analysis of the reaction products demonstrated that 1,1-DCE was completely dechlorinated to the ethane and ethylene without toxic intermediate.
In addition, Both XPS analysis and the temperature-dependent study indicated that the hydrodechlorination reaction
occurring in the presence of nPd/Fe particles is a catalytic
reaction. Palladium on the zero-valent iron surface serving
as a catalyst, could provide more surface active sites so as
to facilitate and speed up the reaction.
KEYWORDS: Dechlorination; Iron; Nanoparticle; Palladium; 1,1DCE; Thermodynamics

1. INTRODUCTION
1,1-Dichloroethylene (1,1-DCE) is widely used in various industries, such as raw material for plastics manufacture
[1], intermediate for synthesizing 1,1,1-trichloroethane, vinyl chloride, and other chemicals, solvent for paint and varnish removers, degreaser and cleaning agent. However, 1,1DCE do have dramatically hazardous effect on some organs
by penetrating through mucous membranes and skin, especially for heart, blood vessel, liver or kidney, due to its volatile, fat-soluble, and easily absorbed characteristics [2].
Therefore, it is urgent to propose effective methods to significantly detoxify 1,1-DCE. Nevertheless, so few studies
* Corresponding author

and researches has been conducted to eliminate 1,1-DCE
in the environments and drinking water. Given this, our research group has been focusing on the area and also published a few papers about dechlorination of 1,1-DCE [3-5].
In the past decades, nano-scale zero-valent iron (nZVI)
has been extensively studied and applied to remove a volume of chlorinated organic compounds and also proven to
be a promising reductant [6-9]. Moreover, coating nZVI
with a small amount of another metal (Pd, Pt, Ni, etc) also
considerably enhances the dechlorination rate [10-12],
which is also confirmed by several researches based on bimetallic nanoparticles, such as Pd/Fe, Pt/Fe, Ni/Fe, Cu/Fe,
for remediation of pollutants like organic chlorinated hydrocarbons [13,14], polychlorinated biphenyls [15,16], nitrate [16], heavy metals [17], etc. And in my group, nanoscale and bimetallic (e.g., Pd/Fe) particles have also been
developed and studied to dispose various chlorinated organic contaminants including 4-chloronitrobenzene (e.g.,
[19]). Despite the finding of the key role of palladium in the
catalytic dechlorination and hydrogenation reactions [19],
the effect of palladium remains to be further and properly
documented.
In present investigation, nZVI and nPd/Fe particles
were artificially synthesized firstly. The catalytic and basic
properties of palladium in nZVI particles were then examined and characterized. Moreover, the thermodynamic parameters of dechlorination by nZVI and nPd/Fe were determined by temperature-dependent experiment. Last, the
reaction products were detected to determine the dechlorination pathway.

2. MATERIALS AND METHODS
2.1 Materials

Analytical grade absolute ethyl alcohol and methanol,
sodium borohydride (NaBH4) and ferric chloride
(FeCl3·6H2O) from Fisher Scientific were used in experiments. Potassium hexachloropalladate (K2PdCl6) and
HPLC grade 1,1-DCE (99.5+%) were bought from Beijing
Chemical Co. and Fluka, respectively. A standard gas mixture for GC analysis was obtained from Huayuan Gas Co.,
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which included 1% of ethane, ethylene, and methane. Single standard gases of 1.04% ethane and 1.04% methane
were also acquired from Huayuan Gas Co..

indicated the effect of minor amounts of methanol is minimum.
2.5. Analytical method

2.2. Preparation of nPd/Fe

nZVI was prepared as follows: NaBH4 (0.25 M) was
added into FeCl3·6H2O solution (0.045 M) at 1:1 volume
ratio [20-22] with vigorously mixing at room temperature
(22±1 ℃) by which Fe0 was produced with below reaction
(Eq. (1)) [22].
4 Fe3  3BH 4  9 H 2O  4 Fe0  3H 2 BO3  12 H   6 H 2

(1)

nPd/Fe particles were prepared by wet impregnation
method in which large amount of iron powder was impregnated to an aqueous solution of K2PdCl6 and Pd0 reduced
by Fe0 (Eq. (2)) was adherent to the remained Fe0. The ultimate ratio of palladium to iron was in the range of
0.025%-0.5% by weight.
2 Fe0  PdCl62  2 Fe 2  Pd 0  Cl 

(2)

The nPd/Fe particles after filtration were then washed
3-4 times with large volume (>1000 mL) of Milli-Q water
and dried in room temperature protected by nitrogen gas.
2.3. Charaterization of nPd/Fe

BET surface area measurements were conducted by nitrogen adsorption at 196 °C using a conventional all-glass
high-vacuum unit (BET, Model Autosorb-1, America).
The morphology of the resulting reductant was analyzed
with a scanning electron microscope (SEM, Model S450,
Hitachi). The organizational structure and elements distribution were determined with a transmission electron microscopy (TEM, Model H8100, Hitachi). X-ray photoelectron spectrometry (XPS) analysis was performed by a PHI
5600 XPS system, the ray source was monochromatic Al
kα whose energy and penetration depth was 1500 eV and
∼10 nm, respectively. To compensate the noise, the XPS
signal was smoothed by the graphic software, OriginPro 8
(OriginLab Co.,USA).
2.4. Batch experiments

Batch experiments were conducted in 160 mL serum
bottles. For each bottle, 20 mL methanol solution of 1,1DCE was spiked into a 50 mL aqueous solution to achieve
the initial concentration of 30 mg/L 1,1-DCE. Nanoparticles was loaded into each serum bottle in an anaerobic
glove box to 5 g/L. The serum bottles were then capped
with Teflon Mininert valves and fixed on a rotary shaker
(150 rpm). A series of temperature from 10 to 40 at 10 °C
interval was selected. Test under each temperature was prepared in triplicate. Batch bottle without nanoparticles was
prepared to be control reactor. Tests showed the loss of carbon mass was negligible (≤10%) when the reactor containing no iron nanoparticles during the experimental period.
In addition, no measurable difference between the use of
1,1-DCE solution prepared with deionized water and that
prepared with methanol in reaction with iron nanoparticles

At selected time intervals, 5 μl headspace gas aliquot
was sampled with a gas-tight syringe for GC analysis by a
Hewlett-Packard gas chromatographer equipped with a
flame ion detector (GC-FID, Model HP-6890N) and a HP5 capillary column (inner diameter 0.20 mm×0.25 μm, film
thin and length 100 m). Temperature conditions of GC were
programmed as follows: oven temperature at 35 °C with a
split ratio of 10; injection port temperature at 200 °C; and
detector temperature at 260 °C. Highly pure grade N2 was
the carrier gas with the constant gas flow being 4.5 ml/min
without splitting.
Hydrocarbon products in the headspace were qualitatively identified with a Shimadzu QP5000 GC-MS and further quantified with GC analysis by comparing retention
times and peak areas with standard gas samples (ethane,
ethylene, methane and carbon dioxide). The GC was
equipped with a flame ionization detector (FID) and an
AT-Q column (Alltech, 30 m×0.32 mm). The oven temperature was set at 30 °C, injection port temperature at 250 °C,
and detector temperature at 300 °C. The carrier gas was ultra-pure nitrogen. Before each analysis, the GC was calibrated with commercial gas standards. Detection limits
were 22 μg/l for methane, 9 μg/l for ethylene and 4.5 μg/l
for ethane. Hydrocarbon products in the aqueous phase
were calculated using Henry’s law. Concentrations of hydrocarbons are expressed as molar ratios to the parent chlorinated compounds.

3. RESULTS AND DISCUSSION
3.1. Characterization of the catalyst

Fig.1 (a) shows that nano iron particles gathered into
uniform masses and uniformly dispersed. The surface of
nPd/Fe particles (Fig.1 (b)) is sponge-like with palladium
dispersed on the iron surface. The total surface area of the
catalyst measured by BET varied with the Pd loading since
surface area is proportional to the Pd particle size on the
catalyst surface. When the bulk loading of palladium was
0.2%, the measured specific surface area of nPd/Fe particles was 15.26 m2/g two orders of magnitude larger than
pure nZVI (0.149 m2/g [23]). As shown in Fig. 2, with the
increase of bulk loading of Pd, the surface area of nPd/Fe
increased due to the Pd deposition on the catalyst surface.
The increase of the surface area with the increase of Pd
bulk loading is consistent with the information revealed in
the SEM image of the catalyst that the Pd particles were
dispersed on the surface rather than clustered. Such an observation suggests that the dispersed Pd loading would
beneficially enhance the removal efficiency of particles.
The XPS survey scan (Fig.3(a)) showed the presence
of Fe and Pd over the surface of the fresh and aged nPd/Fe
samples. The Fe 2p spectra of the fresh and aged samples
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(a)

FIGURE 2 - Catalyst surface area of nPd/Fe with different Pd bulk
loading.

(b)

showed significantly similar peak binding energies of
724.7 eV for Fe 2p1/2 and 710.9 eV for Fe 2p3/2, which
could be classified to oxidation iron, indicating that the surface of nZVI was possibly oxidized during the drying process. Based on previous studies, the oxidized film includes
magnetite/maghemite (Fe3O4/λ-Fe2O3) and lepidocrocite
(λ-FeOOH) [24, 25]. The Pd 3d spectrum confirmed that
the palladium was present on the iron surface in the elemental state [26]. However, the chemical state of Pd, on the
surface of the aged sample, could not be identified, which
might be due to the coverage of oxidation iron [27].
FIGURE 1 - TEM (a) and SEM (b) images of nPd/Fe particles

FIGURE 3 - (a) XPS spectra of fresh and aged nPd/Fe particles, (b) Fe 2p spectra of fresh and aged nPd/Fe particles
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The oxidation states of iron in nPd/Fe particles were
investigated with Fe 2p3/2 and 2p1/2 spectra (Fig.3(b)). Results indicated that for the fresh nano-particles, the peak of
Fe0 was distinct. However, for the aged nano-particles, almost all the Fe species existed as metal oxides, and negligible Fe0 was observed in the similar region, implying that
Fe0 was fully oxidized during 1,1-DCE reduction, which is
analogous to the earlier results obtained by Yang [28].

could accelerate the reductive dechlorination rate of chlorinated organics considerably [30].

3.2 The temperature effect on dechlorination rate

Determining the reaction rates under different temperatures is necessary and useful to thoroughly understand the
reaction mechanisms. Increasing temperature could substantially enhance the reaction rate theoretically, especially
for chemical reactions. Compared with physical processes,
the influence of temperature on chemical reactions tends to
be larger due to the thermodynamic characteristic. Therefore, the rates change induced by temperature can be used
to distinguish the rate-limiting step in heterogeneous reactions which may involve a chemical reaction at the surface
or a physical diffusion of reactants. For example, diffusioncontrolled reactions in solution have relatively low activation energies (8-21 kJ/mol) while the surface-controlled reactions have larger activation energies (>29 kJ/mol) [29],
which indicates that surface-controlled reactions are more
sensitive to temperature change
3.2.1. Kinetics study

Kinetic parameters under different temperatures were
determined by experiments of the dechlorination of 1,1-DCE
with nanoscale iron and Pd/Fe particles. It is well established
that the pseudo-first-order kinetics could be applied in the
reductive dechlorination of chlorinated organics by the bimetallics nanoparticles. In present study, the kinetic datas of
1,1-DCE dechlorination also fitted pretty well to the pseudofirst-order reaction kinetic models (Eq. (3)).

dC
 kobs C
dt

(3)

Where C is the concentration of chlorinated ethylenes
(mg/l); kobs is the measured rate constant (h-1) and t is time
(h). Measured first-order rate constants were calculated by
the method of linear regression.
Fig.4 depicts the dechlorination rate 1,1-DCE with
nZVI (a) particles and nPd/Fe (b) particles at different temperature. kobs can be obtained based on the slope of the
straight line. The coefficient R2 of each line was as high as
0.9 in all tests (Table 1).
As shown in Table 1, the dechlorination rate kobs had a
strong relation to the temperature and increased with the
temperature increase, vice versa. Moreover, the highest
dechlorination rate (1.08 h-1) of 1,1-DCE was achieved by
nPd/Fe particles under T = 313 K while, however, nZVI
particles performed apparently a much lower dechlorination rate (0.052 h-1) without palladium. All these facts illustrated that the reactivity of nPd/Fe particles was greater
than the unpalladized nZVI particles and the addition of Pd

FIGURE 4 - Dechlorination curves of 1,1-DCE by (0.2 wt.%) nPd/Fe
(a) and nZVI (b) particles at 5 g/l under different temperatures (The
initial 1,1-DCE concentration is 30 mg/l and pH is 5.5)
TABLE 1 - Dechlorenation rate constants of 1,1-DCE by nZVI and
nPd/Fe particles under different temperatures
Temperature(K)
283
293
303
313

nPd/Fe particles
kobs(h-1)
R2
0.1828
0.9988
0.3205
0.9702
0.5742
0.9804
1.0828
0.9345

nZVI particles
kobs(h-1)
R2
0.0526
0.9884
0.1300
0.9971
0.2211
0.9841
0.5362
0.9808

3.2.2. Activation thermodynamics analysis

To evaluate the thermodynamic feasibility in practical
application and to confirm the nature of the dechlorination
process, the activation thermodynamic parameters, including activation energy (Ea), activation enthalpy (ΔHθ), activation entropy (ΔSθ) and activation Gibbs free energy (ΔGθ)
were estimated by Arrhenius equation (Eq. (4)), Eyring
equation (Eq. (5)) and Van’t Hoff plot (Eq. (6)) based on
the above kinetic rate constants.
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Ea
 ln A
RT

(4)

kobs
H  S 
K


 ln B
T
RT
R
h

(5)

 G   H   T S 

(6)

where kobs is the measured first-order rate constant (Table 1); T is temperature; A, KB, h and R is the Arrhenius
pre-exponential factor, Boltzmann constant, Planck’s constant and gas constant, respectively.
Figure 5(a) and 5(b) show the typical Arrhenius plots
of lnkobs against 1/T and the Eyring plots of ln(kobs/T)
against 1/T, respectively. Based on the slopes and intercepts of linear plots, the Ea,, ΔHθ, ΔSθ and ΔGθ for the
dechlorination of 1,1-DCE by nPd/Fe and nZVI particles
are listed in Table 2.
From Table 2, the activation energies of dechlorination
of 1,1-DCE by nPd/Fe and nZVI particles were approximately 38.90 kJ/mol and 55.18 kJ/mol, respectively. By
depositing a small amount of palladium onto the surface of
nanoscale iron, the activation energy was decreased by
15.28 kJ/mol, which indicated that the dechlorination of
1,1-DCE by nPd/Fe particles was a catalytic reaction. Palladium on the iron surface served as a catalyst, which provided more surface active sites so as to facilitate and speed
up the reaction.
The values of the thermodynamic parameters for the
dechlorination of 1,1-DCE by nPd/Fe particles were ΔHθ =
36.43 kJ/mol, ΔSθ = -129.81 J/(K·mol), ΔGθ = 75±2 kJ/mol,
as shown in table 2. Highly positive ΔHθ indicated that the
dechlorination of 1,1-DCE was endothermic, which was
also supported by the increase of dechlorination of 1,1DCE with increasing temperature. Moreover, the ΔHθ of
the dechlorination of 1,1-DCE by nPd/Fe particles was
lower compared with that by nZVI particles, which suggested that more energy was needed to drive the dechlorination of 1,1-DCE by nZVI particles. Moreover, the negative ΔSθ also indicated a decrease in randomness in the
dechlorination process [31]. The ΔGθ values were positive
at all of the tested temperatures (283-313 K), confirming
that the dechlorination of 1,1-DCE was non-spontaneous.

small amounts of ethylene was also detected. Although vinyl chloride was also producted, they were at a very low
level and disappeared rapidly as intermediates [32]. At the
end of the reaction, ethane and ethylene were identified as
major final products. The mass ratio of ethane and ethane
was 85% and 5%, respectively (Fig.6). Therefore, it is considered that 1,1-DCE was completely dechlorinated to the
ethane and ethylene, which is analogous to other reports
where ethane was the final reaction product [32].

3.3. The reaction products and mechanisms

As 1,1-DCE was dechlorinated with nFe/Pd particles, the
content of ethane in the solution increased rapidly and

FIGURE 5 - Activation thermodynamics for the dechlorination of 1,1DCE by nPd/Fe and nZVI particles (a) Arrhenius plot; (b) Eyring plot

TABLE 2 - Activation thermodynamics for the dechlorination of 1,1-DCE by nZVI and nPd/Fe particles
Temperature
(K)

Nanoscale Pd/Fe particles
Ea
ΔHθ
(kJ/mol)
(kJ/mol)

ΔSθ
(J/(K·mol))

283
293
303
313

38.90

-129.81

36.43

ΔGθ
(kJ/mol)
73.17
74.46
75.76
77.06
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Nanoscale Fe particles
Ea
ΔHθ
(kJ/mol)
(kJ/mol)

ΔSθ
(J/(K·mol))

55.18

-82.57

52.71

ΔGθ
(kJ/mol)
76.08
76.96
77.73
78.55
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C2 H 2Cl2  2 4 H   C2 H 4 C2 H 6  2Cl  (9)
The dissolution of water by nZVI leads to the hydrogen evolution (Eq. (7)) and is followed by the formation of
atomic hydrogen at the palladium surface (Eq. (8)). Atomic
hydrogen then degrades chlorinated hydrocarbons such as
1,1-DCE through a surface-mediated process (Eq. (9)). This
reaction pathway explains the intrinsic function of palladium
and how the proton source getting involved into the overall
reaction.

4. CONCLUSION

FIGURE 6 - Dechlorination products of 1,1-DCE in 0.2% nPd/Fe
particles at 5 g/l (The initial 1,1-DCE concentration is 30 mg/l and pH
is 5.5)

It is generally accepted that the degradation of chlorinated organic by nZVI is a surface-mediated process [3234]. In the case of surface-mediated reactions, it usually involves three subsequent steps in the overall reaction including the diffusion of a reactant to the surface, a chemical
reaction on the surface, and the diffusion of a product back
into the solution. The rate-limiting step, requiring the greatest activation energy, determines the overall reaction rate.
In general, a typical minimum value of the activation energy for chemical-controlled reactions is ~29 kJ/mol [29].
The activation energies obtained in this study using nPd/Fe
and nFe particles are all greater than 29 kJ/mol suggesting
that the surface-chemical reaction rather than diffusion is
the rate-limiting step in 1,1-DCE dechlorination process.
Similar conclusions for the dechlorination of TCE, PCE
and carbon tetrachloride using ZVI were also proposed by
Su and Puls [35].
Reductive dechlorination at metal surfaces involved either direct or indirect reduction or both [36]. The analysis of
the reaction products above have shown that the catalytic hydrodechlorination by palladium leadd to the formation of a
less amount of chlorinated intermediates disappearing rapidly with the final products of ethane and ethylene. This is
likely to be attributed to the complete dissociation of carbonchlorine bonds at the palladium surface [37, 38].
In the bimetallic Pd/Fe system, because of low activation barrier for H2 dissociation on palladium surface (2 kcal/
mol or less [39]), atomic hydrogen is readily formed at the
palladium surface with the low cathodic hydrogen overpotentials [30]. However, indirect reduction is much slower
on metals with high hydrogen overpotentials, such as iron
[30]. Based on above discussion, the Pd-catalyzed dechlorination reaction may take place as follows:
2

Fe  2 H 2O  Fe  H 2  OH
0

Pd
H 2 
H H



Compared with nZVI, the nPd/Fe particles proved to
be very effective in complete dechlorination of 1,1-DCE.
According to the XPS spectra, the palladium was present on
the iron surface in the elemental state and there were more
Fe0 oxidized to Fe3+ on the surface of aged nPd/Fe particles
than fresh nPd/Fe particles. Based on rigorous analysis of the
thermodynamics paramaters, the dechlorination of 1,1-DCE
was a non-spontaneous and endothermic process. Moreover,
analysis of the reaction products demonstrated that 1,1-DCE
was completely dechlorinated to the ethane and ethylene
without toxic intermediates. Both XPS analysis and the temperature-dependent study indicated that the hydrodechlorination reaction occurring in the presence of nanoscale Pd/Fe
bimetallic particles is a catalytic reaction. Palladium on the
zero-valent iron surface serving as a catalyst could provide
more surface active sites so as to facilitate and speed up the
reaction.
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ABSTRACT
Public green space in urbanised areas is exposed to the
influence of a wide range of factors which may have negative effect on its health. The aim of the study was to determine how the state of health of four tree species was influenced by soil nutrients, the interrelation between the nutrients, the soil pH, places of sample collection and to determine which of the species under investigation was the most
suitable for urbanised areas. The research was conducted
in 6 locations, which differed in the building development
intensity, distance from sources of pollution and traffic
routes. Samples of soil and leaves of the species under study
were collected for laboratory investigations and they were
chemically analysed. The obtained data were subjected to a
discriminant analysis (CVA). The analyses revealed that the
Norway maple was characterised by the highest health class
in public green space in Poznań, whereas the small-leaved
lime was in the lowest health class. The high K/Na and
Mg/Na ratios in the soil were observed to have positive influence on the state of health of the species under study,
whereas the high Ca/Mg ratio and increased soil pH were
found to have negative influence on the state of health of
the trees. The research resulted in a significant conclusion
that the salinity of urban soils did not have a statistically
significant effect on the state of health of the trees. Their
health may be negatively influenced by salt aerosol and this
should be verified in further research.

periments have proved that the pH in urban soils may be as
high as 8.3 [4–6]. There are different agents and materials
used to remove snow and deice roads in cities. The most common agent is NaCl [7]. Both Na and Cl have been proved to
have negative influence on trees growing near roads and
pavements [2, 8, 9]. The most intense NaCl transport in soil
can be observed up to 20 m away from the verge of the road.
Long-term use of NaCl may cause accumulation of Na+ and
Cl- in soil [10, 11] and it may have influence on the chemism
of underground waters [12]. High concentration of Na+ in
soil has also been proved to reduce soil permeability and increase erosiveness [10, 13]. There is a positive correlation
between the application of NaCl and damaged leaves and
tree crowns [2]. Apart from NaCl, CaCl2, MgCl2 [14] other
less environmentally unfriendly agents are also applied [15].
The content of nutrients in soils in urbanised areas ranges
from extremely low – caused by the soil physiochemical
conditions, to excessive – resulting from the application of
fertilisers or other agents. The urban environment is the
source of surface water contamination with N and P. Studies
have proved that there is a higher share of reactive forms of
N in cities than in less populated areas [16].
The aim of the study was to determine whether the
content of the chemical elements and compounds under
study in soil had influence on the state of health of selected
trees growing near roads and in parks. The aim of the study
was also to determine which of the species under investigation was resistant to anthropogenic factors and was in
better state of health in urban areas.

KEYWORDS:
soil chemism, state of health, statistical models, urban areas.

2. MATERIAL AND METHODS
1. INTRODUCTION
Trees are the pride of the city and a valuable part of the
urbanised environment. The root environment of trees in
the city affects the state of their health [1], which may depend on a wide range of factors including soil chemism and
supply of nutrients [2, 3]. Soil alkalisation is a consequence
of urbanisation and it affects the quality of tree stand. Ex* Corresponding author

The research comprised the municipal forests, non-historic public parks and trees growing along the main traffic
routes in the city of Poznań (52° 24′ 30″ N, 16° 56′ 3″ E;
average yearly temperature – 8.5oC, average yearly rainfall
– 506 mm), which fulfil isolative and recreational functions
for the city and its inhabitants. The sites of the study are
shown in Fig. 1.
The tree species under investigation growing in the selected locations were inventoried from May to October
2014. During the inventorial work the state of health was
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FIGURE 1 - The location of research sites in Poznań (1 – Krzesiny Street; 2 – Polish State Millennium Park; 3 – Lechicka Street; 4 – Rusałka
Natural Reserve; 5 – Stanisław Przybyszewski Street; 6 – Gustaw Manitius Park).

evaluated on the basis of tree condition assessment criteria,
including the condition of the tree crown, trunk and roots.
The study used the method developed by Kosmala et al.
[17], which shows tree degradation in urban areas.
2.1 Chlorophyll

25 leaves were collected from each tree by cutting
fragments of the lamina along the midrib. The content of
chlorophyll pigments was determined by means of a spectrophotometer (Beckman DU70) at an appropriate wavelength. The extract absorbance was measured at a wavelength of 663 nm for chlorophyll a and at a wavelength of
645 nm for chlorophyll b.
2.2 Soil analysis

Soil samples were collected around each tree crown by
means of an Egner’s sampling stick, where 20-25 punctures
were made in a 0-20 cm soil layer. Nitrate nitrogen and phosphates were measured with the colorimetric method, K and
Mg – with the AAS method, Ca and Na – with the AES
method. Electrolytic conductivity and pH were measured in
an aqueous soil suspension (1:3) and the results were converted to the content of g NaCl per kg soil [18].
2.3 Statistical analysis

Statistical analyses and models were developed upon
discriminatory analysis. The analyses verified which variables may influence the state of health of trees in the city of
Poznań. The model was constructed using canonical variate

analysis (CVA), i.e. a canonical variant of Fisher’s linear
discriminatory analysis (LDA) [19]. In order to verify
which variables have the greatest influence on the state of
health of the trees under study the progressive stepwise
analysis was applied. All the variables were assessed and
included into the model, which contributed most to the discrimination of groups based on the p and F values of the
variable under analysis. This process was repeated until the
p value dropped below 0.05 for the variable under analysis.
In order to determine the boundary level of significance the
Monte Carlo permutation test (for each variable individually and for the entire model) was applied. The Canoco
software and Microsoft Excel spreadsheet were used for all
lists, calculations and graphic elements. The following
tools of the Canoco software package were used: Canoco
4.5, CanoDraw and WCanoIMP.

3. RESULTS AND DISCUSSION
As results from the research, soils in urban areas are
characterised by high variability in the concentration of
physiochemical parameters. The concentration of NO3,
Mg, Ca and Na was greater in roadside soils than in park
soils. Similarly to other studies, there was low NO3 content
in urban soil [2]. The concentrations of Ca and Na in roadside soils were respectively over 261% and 211% greater
than the concentrations noted in park soils (Table 1). There
is a noticeable high variability in the Na content in urban
soils. Studies conducted in the Oak Ridge region revealed
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diverged from those obtained in the study in Riga, where the
K content was about 13% greater in roadside soils. The research conducted in Poznań in 2007 confirmed the fact that
low K content in soils may have unfavourable influence on
the state of health of trees. There is a noticeable regularity
concerning the pH in urban soils – in most cases it fluctuates around slightly alkaline values (from 7.14 to 7.8).
There was a slightly acidic reaction in Riga (pH 6.82) and
an alkaline reaction in Hong Kong (pH 8.65) [1, 2, 5, 22].

that the Na content in the soils under study was about 5 times
greater than in the roadside soil in Riga, where it amounted
to 152.73 mg kg-1 on average [1, 20].
Greater concentrations of Mg and Ca in roadside soils
may have been caused by high transformations in these
soils. They can be classified as anthropogenic soils, which
contain debris of building materials. These factors and atmospheric pollution alkalise soils in Poznań. There were
similar results of studies in other cities all over the world
[2, 21]. High Ca concentrations in soils along traffic routes
may also indicate that CaCl2 is used more often than NaCl
for road maintenance in winter.
The research revealed that the average K content in park
soils was greater than in roadside soils and it amounted to
200.31 mg kg-1 vs 172.44 mg kg-1 (Table 1). These findings

It seems that it is impossible to draw far-reaching conclusions about the influence of individual nutrients and
their content in soil on the state of health of trees in cities.
It can be much better assessed by means of ratios of individual nutrients, e.g. K/Na, Ca/Na and others. There was a
strong positive dependence between the Mg/Na and K/Na

TABLE 1 - The minimum and maximum values, standard deviation and mean physiochemical parameters in park soils and roadside soils and
in the reference area (chl. a – chlorophyll a; chl. b – chlorophyll b; Q – health class).

min
max
reference area
SD
mean
min
max
park
SD
mean
min
max
roadside
SD
mean

NO3
mg kg-1
23.70
26.40
0.92
25.06
3.00
21.30
6.51
9.92
2.70
62.25
22.10
24.41

P

K

Mg

Ca

Na

20.10
40.35
8.16
30.81
12.15
102.30
30.87
60.62
26.55
139.65
34.19
55.85

11.70
178.65
71.46
88.44
48.15
456.90
128.09
200.31
82.80
267.30
69.78
172.44

152.40
253.80
42.52
190.61
48.30
144.30
34.71
107.84
106.80
157.95
15.97
136.28

7515.00
8811.00
523.45
8201.19
417.15
3601.65
1038.79
1916.66
3249.30
8700.00
1623.90
5012.48

153.90
167.85
4.71
163.25
22.65
93.15
20.73
60.79
85.65
157.05
23.74
128.68

salinity
g NaCl kg-1
0.30
0.60
0.13
0.45
0.15
0.75
0.22
0.45
0.30
0.60
0.12
0.43

pH
7.5
8.0
0.2
7.8
4.8
7.3
0.8
6.5
6.9
8.4
0.5
7.7

chl. a
µg g-1
0.87
2.14
0.42
1.53
0.80
2.08
0.38
1.43
0.28
2.22
0.51
1.21

chl. b
0.35
2.77
0.69
0.92
0.34
2.52
0.48
0.74
0.14
1.81
0.36
0.57

Q
1
2
0.5
1.7
1
4
1
1.7
2
5
1
3.1

FIGURE 2 - CVA models (n=72); a) dependences between NO3 concentrations, chlorophyll a, pH and ratios of concentrations of selected
elements in soil and the species under study, location and health class (p<0.05); b) dependences between the health class and the species and
their location [1-6 location according to Fig. 1; <2 km, 2-3 km – distance from the centre; C0 – no watercourses or bodies of water, C1 –
closeness of watercourses or bodies of water; P – rings of green space; K – green wedges] (p<0.05).
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TABLE 2 - Correction ratios for the variables shown in Fig. 2 (sal. – salinity; chl.a – chlorophyll a; chl.b – chlorophyll b; I-V – health classes).
model a

model b

K/Na

Mg/Na

chl.a

Ca/Na

NO3

Mg/K

Ca/Mg

pH

sal.

chl.b

III

I

II

IV

V

F-value

7.282

6.683

6.589

5.796

5.669

5.668

5.142

4.977

1.89

1.57

4.703

4.229

3.230

2.545

2.400

p-value

0.001

0.001

0.001

0.001

0.001

0.001

0.001

0.001

0.08

0.15

0.001

0.004

0.008

0.020

0.023

% EXPL

11.64

16.31

14.87

10.19

8.46

11.97

9.67

9.95

3.31

2.34

33.98

30.74

23.81

19.05

17.96

ratios and the first health class. It proves that a higher ratio
of concentrations of these elements may have positive influence on the health of trees. These dependences were particularly strongly manifested in the soil collected from
parks, from the root zone of plane-trees. Higher chlorophyll content also proves better state of health of trees in
cities (Table 1, Fig. 2a). The state of health of trees may be
negatively influenced by higher ratios of Ca/Na and Ca/Mg
concentrations, because they increase the soil pH (Fig. 2a).

REFERENCES
[1]

Gałuszka, A. Migaszewski, Z.M. Podlaski, R. Dołęgowska, S.
and Michalik, A. (2011) The influence of chloride deicers on
mineral nutrition and the health status of roadside trees in the
city of Kielce, Poland. Environ. Monit. Assess. 176(1-4), 451464.

[2]

Cekstere, G. and Osvalde, A. (2013) A study of chemical characteristics of soil in relation to street trees status in Riga (Latvia). Urban For. Urban Green. 12(1), 69-78.

[3]

Maggos, T. Bartzis, J.G. Kotzias, D. Vasilakos, C. Agriodimas, C. Michopoulos, J. and Helmis, C. (2006) Traffic-related
air pollution measurements in two streets with different geometry in Athens, Greece. Fresenius Environ. Bull. 15(8b), 910915.

[4]

Harris, J.R. Day, S.D. and Kane, B. (2008) Nitrogen fertilization during planting and establishment of the urban forest: A
collection of five studies. Urban For. Urban Green. 7(3), 195206.

[5]

Jim, C.Y. (1998) Urban soil characteristics and limitations for
landscape planting in Hong Kong. Landsc. Urban Plan. 40(4),
235-249.

[6]

Scharenbroch, B.C. Lloyd, J.E. and Johnson-Maynard, J.L.
(2005) Distinguishing urban soils with physical, chemical, and
biological properties. Pedobiologia 49(4), 283-296.

[7]

Godwin, K.S. Hafner, S.D. and Buff, M.F. (2003) Long-term
trends in sodium and chloride in the Mohawk River, New
York: the effect of fifty years of road-salt application. Environ.
Pollut. 124(2), 273-281.

[8]

Higher K/Na and Mg/Na ratios may have had positive
influence on the state of health of the trees under study in
different locations.

Kayama, M. Quoreshi, A.M. Kitaoka, S. Kitahashi, Y. Sakamoto, Y. Maruyama, Y. Kitao, M. and Koike, T. (2003) Effects of deicing salt on the vitality and health of two spruce
species, Picea abies Karst., and Picea glehnii Masters planted
along roadsides in northern Japan. Environ. Pollut. 124(1),
127-137.

[9]

Higher Mg and Ca concentrations and high pH in the
soil may have had negative influence on the state of health
of the trees in the city.

Thunqvist, E.L. (2008) Regional increase of mean chloride
concentration in water due to the application of deicing salt.
Sci. Total Environ. 325(1-3), 29-37.

[10] Cunningham, M.A. Snyder, E. Yonkin, D. Ross, M. and Elsen,
T. (2008) Accumulation of deicing salts in soils in an urban
environment. Urban Ecosyst. 11(1), 17-31.

Lime-trees growing in areas without watercourses or
bodies of water and located 3-4 km away from the city centre were characterised by the lowest health class. The highest health class was observed in Norway maple-trees growing near watercourses or bodies of water. Norway mapletrees growing near the city centre were characterised by
nearly the highest health class (I) (Fig. 2b). Salinity and the
content of chlorophyll b in leaves were excluded from the
models below, because they were not statistically significant (p>0.05) (Table 2).

4. CONCLUSIONS
The highest health class was observed in Acer platanoides L. trees growing in green wedges. The lowest
health class was observed in Tilia cordata Mill. trees growing near roads and being part of the ring system of urban
green space.

[11] Hofman, J. Trávníčková, E. and Anděl, P. (2012) Road salts
effects on soil chemical and microbial properties at grassland
and forest site in protected natural areas. Plant Soil Environ.
58(6), 282-288.

ACKNOWLEDGEMENTS
This study was financially supported with grants No.
507.655.37 and No. 507.655.94.

[12] Kincaid, D.W. and Findlay, S.E.G. (2009) Sources of Elevated
Chloride in Local Streams: Groundwater and Soils as Potential
Reservoirs. Water. Air. Soil Pollut. 203(1-4), 335-342.
[13] Marazioti, C. Maramathas, C. Marazioti, P. and Maraziotis, E.
(2009) Multi-element composition of airborne particulate matter in the Patras urban area, Greece. Fresenius Environ. Bull.
18(6), 960-967.

The author has declared no conflict of interest.

3174

© by PSP Volume 24 – No 10. 2015

Fresenius Environmental Bulletin

[14] Goodrich, B.A. Koski, R.D. and Jacobi, W.R. (2009) Condition of Soils and Vegetation Along Roads Treated with Magnesium Chloride for Dust Suppression. Water. Air. Soil Pollut.
198(1-4), 165-188.
[15] Hellstén, P.P. Kivimäki, A.L. Miettinen, I.T. Mäkinen, R.P.
Salminen, J.M. and Nystén, T.H. (2005) Degradation of Potassium Formate in the Unsaturated Zone of a Sandy Aquifer. J.
Environ. Qual. 34(5), 1665.
[16] Groffman, P.M. Law, N.L. Belt, K.T. Band, L.E. and Fisher,
G.T. (2004) Nitrogen Fluxes and Retention in Urban Watershed. Ecosystems 7(4), 393-403.
[17] Kosmala, M. (2009) Metoda oceny kondycji drzew z
uwzględnieniem bezpieczeństwa i uszkodzeń mechanicznych
(A Method of Assessment of the Condition of trees Including
Safety and Mechanical Damage). Warszawa (Warsaw): Instytut Gospodarki Przestrzennej i Mieszkalnictwa.
[18] Komosa, A. and Roszyk, J. (2006) Przyczyny i zapobieganie
zamieraniu dębów rogalińskich (The causes and prevention of
the Rogalin oaks’ death). Acta Agrophysica 7(4), 937-946.
[19] Lepš, J. and Šmilauer, P. (2003) Multivariate Analysis of Ecological Data using CANOCO. Cambridge: Cambridge Univeristy Press.
[20] Turnbull, T. Jean-Philippe, S. Albright, R. Buckley, D.
Schaeffer, S. and Wiseman, P.E. (2014) Investigating LandUse Change on Street Tree Ecosystems. Open J. For. 4(5),
467-480.
[21] Jim, C.Y. (1998) Physical and chemical properties of a Hong
Kong roadside soil in relation to urban tree growth. Urban
Ecosyst. 2(2-3), 171-181.
[22] Oleksyn, J. Kloeppel, B.D. Lukasiewicz, S. Karolewski, P. and
Reich, P.B. (2007) Ecophysiology of horse-chestnut (Aesculus
hippocastanum L.) in degraded and restored urban sites. Pol.
J. Ecol. 55(2), 245-260.

Received: March 13, 2015
Accepted: May 29, 2015

CORRESPONDING AUTHOR
Michał Krzyżaniak
Poznań University of Life Sciences
Department of Landscape Architecture
Dąbrowskiego 159 Street
Poznań, 60-594
POLAND
Email: ktzkrz@up.poznan.pl;
ktzkrzyzaniak@gmail.com
FEB/ Vol 24/ No 10/ 2015 – pages 3171 - 3175

3175

© by PSP Volume 24 – No 10. 2015

Fresenius Environmental Bulletin

BACTERIAL DIVERSITY IN
MAJOR OIL SHALE MINES IN CHINA
Shaoyan Jiang1, Wenxing Wang2,*, Xiangxin Xue1, Chengyou Cao2, Ying Zhang2 and Xiaojiao Hou2
1
2

School of Materials & Metallurgy, Northeastern University, Shenyang 110819, People’s Republic of China
College of Life & Health Sciences, Northeastern University, Shenyang 110819, People’s Republic of China

ABSTRACT
Bacteria play a crucial role in the long-term bio-transformations of oil shale. Nevertheless, little is known about
the true profile of oil-shale bacterial community. Here we
reported the survey of bacterial diversity in major oil-shale
mines in China (Fushun, Huadian and Maoming mines) using clone library and denaturing gradient gel electrophoresis analysis of the culture-independent PCR-amplified 16S
ribosomal DNA. Bacterial community diversity was generally abundant except the weathered sample of Maoming.
Besides over 50% unidentified bacteria, bacterial communities in the three mines involved Proteobacteria (alpha-,
beta- and gamma-), Firmicutes, Bacteroidetes, Actinobacteria, Acidobacteria, Chloroflexi and Deinococcus-Thermus. Proteobacteria were the most predominant in each
mine. There was a big difference at the genus level between
any two mines, but most of the involved sequences well
matched with known hydrocarbon-degrading bacteria. It
was indicated that the adaptation of bacterial communities
in oil-shale mines was most possibly driven by a combination of oil shale characteristics and environmental factors.
This study highlights the understanding of bacterial communities in oil-shale deposits of China and reveals a large
amount of indigenous bacteria as potential resources for
further studies of oil-shale bio-utilization and eco-environmental protection of mines.
KEYWORDS: Bacterial diversity, oil shale, clone library, PCRDGGE, 16S rDNA, community composition

1. INTRODUCTION
As a result of the increasing depletion of fossil fuels
such as petroleum, coal, and natural gas, some countries in
recent years, including the United States, Russia, Canada,
Brazil, Jordan, and China, etc., have gradually turned to oil
shale exploitation and utilization [1]. Oil shale, known as
an unconventional oil and gas resource, is an organic-rich
sedimentary rock containing kerogen, from which shale oil,
combustible gas and other byproducts can be refined [2].
* Corresponding author

Deposits of oil shale occur around the world. Estimates
of global deposits range from 4.8 to 5.0 trillion barrels
(760×109 to 790×109 m3) of oil in place [3]. Various technologies for oil shale industry have been developed, including earlier surface retorting technologies, current in
situ conversion process (ICP), and promising biotechnological applications. Biotechnology with eco-friendly, lowcost and low-power characteristics mainly exploits microbiological processes for biohydrometallurgy [4- 9] and biodegradation [10-16]. Almost all microbes for shale biotreatments came from their original habitats, but only make
up a tiny proportion of total microbes in oil-shale deposits.
Yet a large amount of microbes with unique genes and metabolism in oil-shale deposits are unknown, and this constrains the bioavailability of oil shale.
Only a few surveys have been performed on bacterial
communities of organic-rich shale. An early study of eastern US oil shale found that most cultivable microbes were
gram-positive bacteria and several fungi, mainly attached
to the particle surfaces [17]. Another significant finding using the radioisotope tracer technique indicated that organic
material trapped within shale can provide the main energy
source for long-standing microbial communities in subterranean shale. It also demonstrated that organic material can
diffuse from shale to adjacent sandstones, creating microbial communities that ferment organic matter and carry out
sulfate reduction and acetogenesis [18]. Laboratory studies
have shown that cultivable microbes can aerobically use
organic matter from weathered black shale as their sole carbon source for growth [19]. Further phospholipid fatty acid
analysis suggested that a mixed aerobic and anaerobic
community of eukaryotes and prokaryotes had caused in
situ weathering black shale, including sulfate and iron reduction, acetate generation, and methanogenesis [20, 21].
Subsequently, a few of aerobic enrichment bacteria derived
from black shale [13, 14, 22] were identified as the genera
Acinetobacter, Pseudomonas, Dechloromonas, Comamonas, and Clostridiumbased on 16S rRNA genes amplification and sequencing, but the proportion of each in the clone
library was not given [22]. In terms of the previous literatures, the main focus was on the bacterial communities in
black shale. Oil shale, however, is not exactly the same as
black shale due to their different evolution stages and organic compositions. Oil shale from low thermal evolution
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stage to high over mature stage will be converted into bitumen-rich black shale. Therefore, the true extent of bacterial
diversity in oil shale deposits remains unclear.
In this study, we conducted the survey of bacterial diversity in three major oil-shale mines in China: Fushun
(northeastern, reserves of 3,600 million tons), Huadian
(northeastern, reserves of 586 million tons) and Maoming
(southern, reserves of 5 billion tons) through culture-independent approaches of clone libraries and denaturing gradient gel electrophoresis (DGGE). The study aims to (1)
identify and compare the main phyla dominant, (2) assess
the differences in the composition and diversity of bacterial
communities among the three mines, and (3) discuss the
impact of oil-shale characteristics and environmental factors on bacterial community composition.

2. MATERIALS AND METHODS
2.1 Study Location and Site Description.

Three oil shale mines in China were investigated: the
Maoming mine (21°41′ N, 110°58′ E, Maoming Open Pit
Oil Shale Mine) in Guangdong Province, the Fushun mine
(41°50′ N, 123° 57′ E, Open Pit Mine of Fushun Mining
Group Ltd) in Liaoning Province, and the Huadian mine
(43°00′N, 126°47′E, Cheng Da Hong Sheng Energy Co.
Ltd.) in Jilin Province, representing open-pit mining at low
latitude, open-pit mining at middle latitude, and underground mining at middle latitude, respectively. This study
was approved by the owners of the three mining areas involved. Before the experiments, the owners of the three
mines were informed of the objectives, requirements and
procedures of the experiments. And the field studies did
not involve endangered or protected species as well as human subject research.

plots at 500-m parallel intervals were set up for three replications. We walked along ramps like layers of terrace
down to about 60 m (vertical distance from the top of pit),
and collected the freshly mined oil-shale samples (FX and
MX). The weathered oil-shale samples (FF and MF) of Fushun mine and Maoming mine placed on the top of pit for
a long time were collected. Sandy soil samples (FT) of Fushun mine were collected on the top of pit.
For Huadian mine (Huadian Formation), three adjacent
underground pits were used for three replications. We entered the tunnel by a lift, went deep to about 200 m (from the
earth surface to the fourth recoverable oil-shale layer), and
collected the freshly mined oil-shale samples (HX). Then we
collected the underground sandstone samples (HS) adjacent
to the oil shale layer. Sandy soil samples (HT) of Huadian
mine were collected at each mining wellhead.
All the samples were removed with autoclaved spatulas, passed through 4.0-mm mesh, and transferred into sterile 50-mL plastic tubes with screw caps and transported to
the laboratory in ice boxes for processing and preserved in
the laboratory at 4 . Microbial total DNA was extracted
in one week. The mineral elements of samples determined
by X-Ray Fluorescence (Rigaku, Japan) and the characteristics of mines are listed in Table 1. Characteristics of organic matter of oil shale are described in Liu et al. [23].
2.3 Enumeration of Cultivable Microorganisms.

Samples were analyzed for pH using an acidometer
and for moisture content by the dry weight method. Microorganisms were counted based on agar-plate culture (nutrient medium for bacteria, potato dextrose medium for fungi
and Gause No. 1 medium for actinomycete). One-way
ANOVA and multiple comparisons followed by the S–N–
K test in the SPSS software package were used to compare
parameters.

2.2 Experimental Design and Sampling.

2.4 DNA Extraction.

Several types of oil shale samples were collected from
each site in July 2012. The multi-point sampling method
was used. For Fushun mine (Xilutian Formation) and
Maoming mine (Youganwo Formation), three 10-m × 10-m

Microbial total DNA was extracted by modified SDShigh-salt extraction according to our previous literature
[24]. Specifically, 10 g sample was added to and fully
mixed in 12.5 mL of DNA extract (0.10 mol·L−1 Tris-HCl,

TABLE 1 - Characteristics of mines and major elemental composition of oil-shale samples

Oil shale
mines

Position

Maoming

21°41′ N,
110°58′ E

Fushun

41°50′ N,
123° 57′ E

Huadian

43°00′ N,
126°47′ E

Depositional
environment
semi-deep
lacustrine,
fresh water
semi-deep
and deep lacustrine, salt water
semi-deep and
deep lacustrine,
salt water

Major elemental composition of oil shale samples
(wt %)

Average
annual
temperature
(°C)

Average
annual
precipitation
(mm)

SiO2

CO2

Al2O3

Fe2O3

K2O

CaO

16.5–22.8

1500–1800

30.3

41.4

18.3

4.1

1.4

0.4

6.0–7.1

740–760

43.9

28.4

17.1

5.4

1.3

0.7

3.9–4.5

760–790

40.6

33.7

12.8

3.5

1.5

3.1
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0.08 mol·L−1 EDTA, 1.21 mol·L−1 NaCl, 0.02 mol·L−1
CTAB, 0.18 mol·L−1 Na3PO4, pH 8.0), and 500 μL lysozyme
solution (25 mg·mL−1) was extracted in a 37°C water bath
for 1 h with gentle reverse mixing every 15 min. 130 μL of
10 mg·mL−1 protease K and 650 μL of 20% SDS were
added, mixed, and frozen in liquid nitrogen for 5 min and
placed in a 57°C water bath for 20 min. This was repeated
three times. The mixture was centrifuged for 10 min at
3059×g (Rotor12111, Sigma3k30, Germany). The precipitate was added to 5 mL of DNA extract and 25 μL of 20%
SDS, fully mixed, placed in a 57°C water bath for 10 min,
and centrifuged for 10 min at 3059×g (Rotor12111,
Sigma3k30, Germany) again. The two supernatants were
merged together. 40% PEG 8,000 and 1.5 mol·L−1 NaCl
were added to the supernatant, precipitated overnight at
4°C, and then centrifuged for 20 min at 12235×g (Rotor12111, Sigma3k30, Germany). The precipitate was dissolved in Tris-EDTA buffer (pH 8.0) and extracted using
an equal volume of phenol-chloroform-isoamyl alcohol
(25:24:1) and centrifuged for 20 min at 12235×g (Rotor12111, Sigma3k30, Germany). The upper liquid was extracted once more using an equal volume of chloroformisoamyl alcohol (24:1) and centrifuged for 20 min at
12235×g (Rotor12111, Sigma3k30, Germany). The upper
liquid was removed and added to 0.6 times volume of isoamyl alcohol (−20°C pre-cooling) and precipitated overnight at 4°C. The precipitate was collected by centrifugation for 20 min at 12235×g (Rotor12111, Sigma3k30, Germany) and rinsed twice with 70% alcohol. After drying at
room temperature, microbial total DNA was obtained and
dissolved in Tris-EDTA buffer (pH 8.0).
2.5 Clone Library Construction and Data Analysis.

Three clone libraries for Maoming, Fushun, and
Huadian were constructed based on 90, 90, and 98 positive
clones, respectively. Specifically, all the samples from the
same mine were equally mixed to provide one sample for
library construction of each mine. 16S rRNA genes were
amplified by PCR using the primers 27F (5′-AGA GTT
TGA TCC TGG CTC AG-3′) and 1492R (5′-GGT TAC
CTT GTT ACG ACTT-3′) from Sangon Biotech Co., Ltd
(Shanghai, China) [25]. The PCR mixture contained 50 ng
DNA, 1 µL of each primer (10 µmol·L−1), 4 μL dNTPs
Mix-ture (2.5 m mol·L−1), 5 μL 10×Ex Taq Buffer (Mg2+
Plus), and 0.3 μL Takara Ex Taq (5U·μL−1), and was adjusted to a final volume of 50 μL using sterile water. PCR
amplification was performed on a C1000TM Thermal Cycler (Bio-Rad, USA) under the following conditions: initial
denaturation at 94°C for 5 min followed by 30 cycles of
94°C denaturation for 1 min, 55°C annealing for 1 min,
72°C elongation for 1 min and a final elongation step at
72°C for 10 min. The PCR product was ligated into the
pUM-T vector (Bioteke, China), and the ligation reaction
was used to transform competent Escherichia coli strain
DH5α (Bioteke, China) to generate almost full-length 16S
rDNA clones. Recombinant colonies were selected on Luria-Bertani agar plates containing 20 μg·mL−1 X-Gal (5bromo-4-chloro-3-indolyl-β-D-galactopyranoside), 0.5 m

mol·L−1 IPTG (isopropyl-β-D-thiogalactopyranoside), and
100 μg· mL−1 ampicillin. Plates were incubated overnight at
37°C. The presence of inserts was determined by direct PCR
on a sample from white (positive) bacterial colonies, using
primers M13F: 5′-GTA AAA CGA CGG CCAG-3′ and
M13R: 5′-CAG GAA ACA GCT ATG ACC ATG-3′. Positive colonies were sent to Sangon Biotech for 16S rDNA sequencing.
All sequences were aligned with type strains in GenBank. Coverage of diversity (%) was derived from the following equation C = 1 − (n1/N), where n1 is the number of
clones that appeared only once, and N is the total number
of positive clones screened out in the library.
2.6 PCR-DGGE and Data Analysis.

The V3 region of 16S rDNA was amplified by PCR
using the primers 338F (GC) [5′-(CGC CCG CCG CGC
GCG GCG GGC GGG GCG GGG GCA CGG GGGG)
CCT ACG GGA GGC AGC AG-3′] and 518R (5′-ATT
ACC GCG GCT GCT GG-3′) from Sangon Biotech Co.,
Ltd [26]. Initial denaturation at 94°C for 5 min followed by
30 cycles of 94°C denaturation for 1 min, 48°C annealing
for 1 min, 72°C elongation for 1 min, and a final elongation
step at 72°C for 10 min. The DGGE gel was performed on
8% polyacrylamide with a 40% to 65% denaturant gradient
and stained with SYBR Green. Prominent DGGE bands
were excised and the eluted DNA as templates was re-amplified as described above, but the GC clamp was removed
from the used primers. The PCR products were purified
and eluted into 30 μL nuclease-free water for cloning and
sequencing.
DGGE patterns were analyzed using Quantity One gel
analysis software (Bio-Rad). Cluster analysis based on
banding patterns was performed by means of UPGMA,
with the Dice Coefficient used to generate similarity matrices. Bacterial diversity was determined by the Shannon–
Wiener index (H') and the Simpson index (D). The Shannon–Wiener index was calculated using the equation H' =
−∑Pi (lnPi), where Pi is the importance probability of the
bands in a gel lane. Pi was calculated as follows: Pi = ni/N,
where ni is the band intensity for individual bands and N is
the sum of the intensities of bands in a lane. The Simpson
index was calculated using the equation D = 1 − ∑Pi2.
2.7 Necleotide Sequence Accession Numbers.

All sequences have been deposited in the NCBI GenBank under accession numbers KJ461089 to KJ461122,
KJ474819 to KJ474824, and KJ495775.

3. RESULTS
3.1 Moisture Content, pH Value, and Enumeration of Culturable Microorganisms.

Table 2 shows the moisture content, pH value, and living microbial numbers of each sample. Fungal numbers in
Maoming samples were significantly more than those in Fu-
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shun and Huadian, largely related to the differences of environmental conditions between the former and the latter two.
The climate of Maoming is warm and wet, and Maoming
samples have low pH and high moisture. These are quite
suitable for fungal growth. But Fushun and Huadian samples
with neutral or weak alkaline are more favorable to bacterial
growth. High moisture content and oxygen contact is conductive to cultivable microbial growth like MX, FT and HT.
3.2 16S rDNA Clone Libraries.

To ensure the unbiasedness of the clone libraries and to
reduce gene loss, the extracted total DNA with over 23 kb
was not purified by gel extraction and was directly used for
PCR. The coverage of the Maoming, Fushun, and Huadian
library was 90%, 90%, and 80.6%, respectively, indicating
good representation. The compositions of the libraries are
shown in Fig. 1. Unidentified bacteria accounted for over
50% of bacterial clones in every library, with the highest
65.56% in the Huadian library. The common and dominant
bacterial groups were α-, β-, and γ-Proteobacteria in each library. The obvious differences at the phylum level among
libraries were as follows: Bacteroidetes and Actinobacteria
were observed in Fushun and Huadian samples, but not in
Maoming sample; Acidobacteria were observed in Fushun
and Maoming samples, but not in the Huadian sample. A
Deinococcus-Thermus only appeared in Fushun library. 37,
35 and 17 OTUs were obtained based on the unique 16S ribosomal gene sequences showing < 94% identity with recovered sequences from Fushun, Huadian and Maoming library, respectively. Most of the OTUs were affiliated with
identified genera and the rest of them were unidentified. The
genetic distances indicated relative extent was high between
several unidentified OTUs and unclassified proteobacterium
(alpha-, beta-, gamma-) or unclassified bacteroidetes bacterium (Figs. 2, 3 and 4).

3.3 DGGE Analysis.

Discernible differences were observed between the
band numbers and intensities of different samples in the
DGGE profile, with 15, 25, 30, 25, 25, 23, 26, and 20 bands
detected for samples MF, MX, HT, HS, HX, FT, FF, and
FX, respectively (Fig. 5). H′ and D of MF (2.70 and 0.93)
are slightly lower compared with other samples (over 3.18
and 0.96) (Table 3). Cluster analysis divided the DGGE
patterns of eight samples into two groups with 52% similarity (Fig. 6). Maoming Samples were clustered to a
group, while others were classified as another group. A
similarity of above 60% is generally considered to be high.
FT and FF formed a cluster, as did HS and HX bracketed
together. The similarity of the former and the latter was
high, up to 68% and 67%, respectively. This illustrated that
the bacterial community composition of Maoming mine
was obviously different from that of Huadian and Fushun
mines.

FIGURE 1 - Relative abundance of bacterial taxa in three oil shale
mines (Fushun, Huadian and Maoming) in China. The result was obtained by 16S rDNA clone library using primers (27F-1492R).

TABLE 2 - Moisture contents, pH values, and living microbial numbers of samples (mean ± SD, n = 3)
Actinomycetes
Fungi
Moisture content
Bacteria
pH
(×104 CFU·g−1 dry sample)
(×104 CFU·g−1 dry sample)
(%)
(×104 CFU·g−1 dry sample)
MX
14.55±1.27c
3.35±0.07a
11.77±1.77ab
26.38±1.37c
0.09±0.02a
MF
5.09±0.79ab
3.14±0.03a
1.18±0.44s
6.46±0.84b
1.91±0.08a
FX
3.20±0.30ab
7.64±0.06b
13.97±2.12ab
0.38±0.13a
8.73±0.47ab
FF
2.15±0.59a
7.33±0.16c
15.83±3.97ab
0.28±0.09a
17.96±1.05b
FT
4.97±1.67ab
7.30±0.09c
119.85±7.05d
0.10±0.01a
13.88±0.96b
HX
7.08±0.15b
8.21±0.03d
69.68±8.38c
0.44±0.13a
41.66±4.49c
HT
12.13±1.55c
8.45±0.11de
234.21±6.62e
0.91±0.08a
74.79±5.12d
HS
7.02±0.74b
8.55±0.03e
23.94±6.13b
0.20±0.03a
47.88±3.79c
F
17.291
637.664
311.113
253.686
96.485
P
<0.001
<0.001
<0.001
<0.001
<0.001
Means in a column followed by different letters are significantly different (P < 0.05).
MX: Freshly mined oil shale from Maoming mine; MF: weathered oil shale from Maoming mine; FX: Freshly mined oil shale from Fushun mine; FF:
weathered oil shale from Fushun mine; FT: sandy soil at the surface from Fushun mine; HX: Freshly mined oil shale from Huadian mine; HT: sandy
soil at the surface from Huadian mine; HS: underground sandstone adjacent to the oil shale layer from Huadian mine.
Samples
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FIGURE 2 - Phylogenetic tree based on the 16S rDNA sequences of Fushun clone library and the strains matched from GenBank with a
neighbor-joining algorithm. Bootstrap values (1000 replicates) lower than 50% are not shown. The numbers in parentheses correspond to the
GenBank accession numbers. The bar scale indicates the rate of substitution per base.
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FIGURE 3 - Phylogenetic tree based on the 16S rDNA sequences of Huadian clone library and the strains matched from GenBank with a
neighbor-joining algorithm. Bootstrap values (1000 replicates) lower than 50% are not shown. The numbers in parentheses correspond to the
GenBank accession numbers. The bar scale indicates the rate of substitution per base.
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FIGURE 4 - Phylogenetic tree based on the 16S rDNA sequences of Maoming clone library and the strains matched from GenBank with a
neighbor-joining algorithm. Bootstrap values (1000 replicates) lower than 50% are not shown. The numbers in parentheses correspond to the
GenBank accession numbers. The bar scale indicates the rate of substitution per base.

FIGURE 5 - DGGE band profiles of the V3 region of 16S rDNA fragment amplified using primers (338F (GC)-518R). Band position of DGGE
profiles (left side) is highlighted with a numbered horizontal line in the corresponding mode pattern (right side). The number of the individual
DNA band is indicated in Table 4.
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TABLE 3 - The Shannon-wiener diversity index (H′) and the Simpson diversity index (D) of samples
MF

MX

HT

HS

HX

FT

FF

FX

H′

2.70

3.18

3.22

3.33

3.37

3.33

3.30

3.30

D

0.93

0.96

0.96

0.96

0.97

0.96

0.96

0.96

FIGURE 6 - Cluster analysis of PCR-DGGE profiles based on 16S rDNA V3 region. Unweighted Pair Group Method Average linkage.

Many bands were observed at equivalent positions in
all samples (Fig. 5), suggesting that they represented similar 16S rRNA alleles common to the samples [27].
BLASTN analysis showed that Proteobacteria was dominant in each biotope, which was consistent with the results
of clone libraries. Firmicutes, Chloroflexi, and Actinobacteria were minor dominant and Bacteroidetes was only present in Huadian and FF. some distinctive dominant genera
appeared in one sample or partial samples. For instance,
bands 2, 13, and 41 affiliated with Sphingomonas, Pimelobacter, and Nitrobacter, respectively, only appeared in HT
(Table 4). Bands 3 and 6, (Rhodopseudomonas and Nocardioides, respectively) only appeared in FF. Bands 4 and 5,
affiliated with Curvibacter and Acinetobacter, respectively, only appeared in HS. Band 7, indicating Acinetobacter, only appeared in FT. Band 8 (Erythrobacter) only
appeared in HX.

4. DISCUSSION
In this study, more representative DNA retain the great
majority of microbial diversity was obtained by culture-independent method than by enriched cultures [28]. Most of

organic matter in oil shale originates from the remains of
algae, but may also include the remains of vascular plants
or animals as well as some unrecognizable biologic structures that are thought of bacterial origin or the product of
bacterial degradation of algae or other materials. Indirect
evidence indicated that bacteria played an important role in
the deposition and early diagenesis of most oil shale [29].
The process was accompanied with the formation of original bacterial community in oil shale.
Organic matter in shale can provide carbon sources for
microbial growth [22]. Various reports have suggested that
the type and content of organic matter in soil were crucial
for maintaining the growth and diversity of microbes, and
the availability and composition of organic matter were key
factors for microbial biomass and community in soil [30].
Organic matter in oil shale mainly contained kerogen that
consists mainly of carbon, hydrogen and oxygen and a small
portion of nitrogen and sulfur. Kerogen with complicated
three-dimensional network structure is high-molecular polymer and insolubility in ordinary organic solvents, closely
embedded in the skeleton of mineral matter that accounts for
60-90%. Generally, resin and asphaltene are very difficult to
be biodegraded, followed by aromatic hydrocarbons and saturated hydrocarbons [31]. But kerogen are much more com-
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TABLE 4 - Blast analysis of bacterial 16S rRNA gene sequences obtained from DGGE

1
2
3
4
5
6

No. of
bases
194
169
169
194
195
174

Accession no.
HE648196
AB810816
JX876953
KC172604
KC914559
FN562401

7

195

KF620128

8
9

169
189

KF009863
GQ484383

Band

10

169

JQ919719

11
12
13
14
15
16

169
195
174
194
194
195

KF009863
KC404004
KC252735
KF591451
HM989959
KC914559

17

194

KF317819

18
19

195
194

KC469965
KF453954

20

169

EF705687

21
22
23
24

194
169
194
195

HE662515
JQ965256
JQ977158
KF705261

25

169

KF559238

26
27
28
29
30
31

194
194
194
169
194
177

KC884677
KC771232
JQ977158
HF954436
HQ273546
AB696278

32

169

HM077248

33
34
35

169
194
169

KF551181
HE648196
KC589260

36

169

JX215290

37
38

169
174

KC250896
KF583706

39

193

HG379841

40
41

194
135

JQ013056
KF618622

Closest relative
Organism
Uncultured Thiobacillus sp. clone P24
Sphingomonas sp. 237-FB
Rhodopseudomonas palustris strain P1
Uncultured Curvibacter sp. clone AS54P1
Acinetobacter sp. CPO 4.0055
Nocardioides sp. S3
Uncultured Acinetobacter sp. isolate DGGE gel
band 9
Erythrobacter citreus strain B406
Uncultured Bacteroidetes bacterium clone A21
Uncultured Chloroflexi bacterium clone
GC0AA3ZC06PP1
Erythrobacter citreus strain B406
Acinetobacter sp. clone MRHull-Fe-10A
Pimelobacter sp. N062
Pseudomonas aeruginosa strain F1
Oxalobacteraceae bacterium GSM-33
Acinetobacter sp. CPO 4.0055
Pseudomonas fluorescens strain
MBTD_CMFRI_Ps13
Acinetobacter lwoffii strain M11-2010
Pseudomonas stutzeri strain GQ-4
Uncultured Lachnospiraceae bacterium clone
MS216A1_G01
Uncultured Duganella sp. clone S10
Novosphingobium sp. PCY
Hydrogenophaga sp. Era30
Bacillus cereus strain P10
Novosphingobium sp. isolate DGGE gel band
B13
Bacillus sp. 100409-4
Pseudomonas sp. NP202
Hydrogenophaga sp. Era30
Sphingomonas sp. 5_83
Uncultured bacterium clone CB3AB72B
Uncultured bacterium clone G3CLN48
Uncultured Rhizobiales bacterium clone
VA22_68
Sphingomonas sp. ZFGT-11
Uncultured Thiobacillus sp. clone P24
Methylobacterium sp. I11B-02607
Uncultured Chloroflexi bacterium isolate
DGGE gel band BJSM29
Phaeobacter sp. PP_B2A.4
Arthrobacter gangotriensis strain D-6
Uncultured gamma proteobacterium clone
ET1k17
Uncultured β-proteobacterium clone 627
Nitrobacter vulgaris strain NBW3

plicated and stable than resin and asphaltene, and thus more
difficult to be degraded, indicating the distinct characteristics of oil shale. The bioavailability of kerogen may vary
with its types that are mainly divided into sapropelic type,
humic-sapropelic type and humic type. The sapropelic type
mainly consists of aliphatic hydrocarbons and has few cyclic
or aromatic structures. The humic-sapropelic type chiefly
contains cycloalkanes and straight chain alkanes as well as
small amount of polycyclic aromatic hydrocarbons and heteroatom groups. Relatively, the bioavailability of sapropelic
type is better in comparison with other types. In this study,

Phylogenetic affiliation
β-Proteobacteria
α-Proteobacteria
α-Proteobacteria
β-Proteobacteria
γ-Proteobacteria
Actinobacteria

Similiarity (%,
No. of bases)
97(189)
100(169)
99(168)
98(190)
100(195)
99(173)

γ-Proteobacteria

99(193)

α-Proteobacteria
Bacteroidetes

100(169)
100 (189)

Chloroflexi

99(168)

α-Proteobacteria
γ-Proteobacteria
Actinobacteria
γ-Proteobacteria
β-Proteobacteria
γ-Proteobacteria

100(169)
100 (195)
100(174)
100 (194)
100(194)
100 (195)

γ-Proteobacteria

99 (192)

γ-Proteobacteria
γ-Proteobacteria

99 (194)
100 (194)

Firmicutes

100 (169)

β-Proteobacteria
α-Proteobacteria
β-Proteobacteria
Firmicutes

100 (194)
100 (169)
98 (190)
100 (195)

α-Proteobacteria

100 (169)

Firmicutes
γ-Proteobacteria
β-Proteobacteria
α-Proteobacteria
β-Proteobacteria
Chloroflexi

99 (193)
100 (194)
100 (194)
100 (169)
99 (193)
95 (167)

α-Proteobacteria

99 (168)

α-Proteobacteria
β-Proteobacteria
α-Proteobacteria

100 (169)
98 (191)
100 (169)

Chloroflexi

99 (168)

α-Proteobacteria
Actinobacteria

100 (169)
100 (174)

γ-Proteobacteria

99(192)

β-Proteobacteria
α-Proteobacteria

100(194)
99(134)

kerogen type of Maoming is humic-sapropelic and other
two mines are predominantly sapropelic. The geographical
position, climate condition, depositional environment and
sample condition of Fushun mine and Huadian mine were
very similar, but obviously differed from that of Maoming
mine (Tables 1 and 2). Diversity indices indicated that H′
and D of Maoming were slightly lower compared with other
samples. Cluster analysis divided the eight samples into two
groups with 52% similarity. Maoming samples were clustered together while others were clustered together, illustrating that community composition of Maoming mine was
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obviously different from Huadian and Fushun mines. As a
result, bacterial communities of Fushun and Huadian were
more similar and diverse in comparison with Maoming.
Dominance of Proteobacteria, which played an important role in hydrocarbon degradation [32], has been extensively reported in many extreme habitats such as black
shales [22], natural asphalts [33], sea sediments [34], and
sandy lands [27] and so on. Several bacteria belonging to
Proteobacteria were capable of using organic matter of black
shale as a sole carbon source [22]. Proteobacteria were also
dominant in oil wells during a field trial of microbially enhanced oil recovery [35]. Our results also indicated that Proteobacteria were strongly adapted to oil shale environment.
The nature of kerogen may cause the predominance of Proteobacteria that likely involved in the long-term geological
evolution of organic matter of oil shale.
The proportion of α-, β-, and γ-Proteobacteria in three
mines was different (Fig.1). Most of α-Proteobacteria belongs to oligotrophic bacteria. The organic carbon content
of Fushun mine was the lowest, partially leading to the
highest proportion of α-Proteobacteria. β-Proteobacteria often use nutrient substances that diffuse away from areas of
anaerobic decomposition of organic matter (hydrogen gas,
ammonia and methane). The proportion of β-Proteobacteria
in Fushun mine (11.22%) and Huadian mine (14.43%) was
similar, but much more than that in Maomine mine (2.22%),
probably because of higher bioavailability of kerogen type
of the first two. γ-Proteobacteriais the largest group in each
mine, and its proportion in Maoming mine (35.52%) far exceeded that in Fushun mine (12.24%) and Huadian mine
(13.32%). The genus Acinetobacter that prefer warm moist
environments accounted for two thirds of γ-Proteobacteria in
Maoming mine, largely ascribing to Maoming’s climate
condition. Acidobacteria usually prefer an acid environment,
leading to the second group in Maoming mine. Firmicutes
was another common group in the three mines except for
Proteobacteria. Overall, these results indicated community
composition and bacterial diversity underwent the natural
selection from the combined impact of mine characteristics
and environmental factors. This also indicated that the more
similar the factors were, the smaller the difference of bacterial communities was.
According to the phylogenetic trees (Figs. 2, 3 and 4),
phylogenetic relationships were close between the obtained
sequences and some known hydrocarbon-degrading genera
like Pseudomonas, Sphingomonas and Hydrogenophaga.
Pseudomonas and Acinetobacter of γ-Proteobacteria as
well as Bacillus of Firmicutes were common in each library. The closest relative to OTUp1 of Huadian library
and OTUa2 of Maoming library were Pseudomonas putida
which were famous for petroleum degradation. Shale oil
was treated by Pseudomonas ayucida, resulting in 68% of
quinoline being degraded [36]. Pseudomonas can also degrade phenol compounds in shale oil and de-crease the
phenol content by 35% and the oil substances by two-thirds
[37]. This is because most Pseudomonas can produce surfactants that are conducive to degrade aromatic hydrocar-

bons and alkanes. Acinetobacter with the excellent degradation ability of alkanes were often found in petroleumcontaminated environments. Acinetobacter were the most
abundant isolates during a bioremediation test with dieselcontaminated sandy soil [38], and can utilize n-alkanes of
chain length C10–C40 as a sole source of carbon [39].
Most of Firmicutes, like Bacillus, have Gram-positive cell
wall and produce endospores that were apt to resist adverseness such as poor nutrients, high temperature and
press, strong acid and alkaline and so on. A large amount
of silicate minerals (Table 1), which closely combined with
kerogen, were stable in oil shale and very difficult to remove except for some silicate-degrading bacteria including
Bacillus circulans, Bacillus exlorgllen and Bacillus mucilaginous. Bacillus circulans was first used in oil shale for
removing silicate in 1990 and the removal rate was up to
21.4% [40]. Later, another study proved that the energy capacity of oil shale could be improved through the treatment
by Bacillus circulans without the change of the composition and structure of kerogen but ash content significantly
decreased [41]. Besides, Bacillus has been shown as petroleum hydrocarbon degrader. For instance, two strains of
Bacillus isolated from desert samples were able to degrade
80-89% of crude oil within five days at 60°C [42].
For α-Proteobacteria, Sinorhizobium, Sphingomonas
and Sphingopyxis were only found in Fushun library, and
Methylobacterium that can utilize methyl or methane as
carbon source only appeared in Maoming library. For βProteobacteria, Comamonas, Herbaspirillum, Ralstonia
and Pseudacidovorax only presented in Fushun library,
and Hydrogenophaga as aromatic hydrocarbons degrader
and Curvibacter of Comamonad were only detected in
Huadian and Maoming mine, respectively. Sphingomonas
and Sphingopyxis can effectively degrade toxic and hazardous aromatic hydrocarbons pollutants such as polychlorinated biphenyls (PCBs), herbicide, nitrobenzene, triclosan,
hexachloride benzene and polycyclic aromatic hydrocarbons [43, 44]. Comamonas were able to effectively degrade
most environmental pollutants such as phenols, quinolines,
steroids, azo dyes and so on [45]. Stenotrophomonas and
Enterobacter of γ-Proteobacteria with degrading petroleum hydrocarbons only appeared in Fushun and Maoming
library, and Flavobacterium of Bacteroidetes with the
same capability was only found in Huadian library. Similar
in capability, Arthrobacter and Nocardioides of Actinobacteria were detected in Fushun and Huadian library. Deinococcus of Deinococcus-Thermus, with highly resistant
to hazards such as high doses of gamma or UV radiation
and biodegrability of alkanes at elevated temperatures [46],
was only found in Fushun library. The results reflected that
genus composition had a big difference among the libraries
despite of several common genera.
Another notable similarity in three libraries was over
50% unidentified bacteria. Such a high proportion of unidentified bacteria may be attributed to the long-term adaptation
of species in the specific habitat of the oil shale. Some
unique functional genes and particular metabolic pathways
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in these indigenous bacteria may be developed to match
with the oil-shale environment. In natural asphalts deposit
of the Rancho La Brea Tar Pits, three novel genes encoding
unknown types of aromatic ring-hydroxylating dioxygenases were found, indicated the potential for utilizing the untapped bacteria during adaptation to the extreme environment [33]. Thus, a large amount of unknown bacteria in
oil-shale deposits may provide abundant gene resources for
further studies of the evolution of enzymes and catabolic
pathways for complex hydrocarbons such as kerogen.
The results obtained by clone library and DGGE
method had similarities and dissimilarities in our study.
The two methods similarly suggested the dominant phyla
and diversity, but bacterial compositions at the genus level
obviously differed among three mines. Especially, over
50% unidentified bacteria were identified by the clone library, whereas all sequences obtained from DGGE were
affiliated with known bacteria in GenBank. The results
were reasonably considered to the following causes: (1)
Short DNA fragments (~ 200 bp) of V3 regions of 16S
rDNA for PCR-DGGE were amplified by primers of 338F
(GC) and 518R, which easily matched with the identified
bacteria in GenBank. Compared with DGGE, nearly fulllength (~ 1500 bp) of 16S rDNA for clone libraries, carrying richer and more accurate information, was amplified by
primers of 27F and 1492R. It was much harder to completely match with the known genus sequences from GenBank. (2) 41 allelic bands from DGGE profile were far less
than over 90 positive clones sequenced from each clone library. 1-2% of total bacteria in a community can be only
detected by PCR-DGGE [47]. The method of clone library
was considered to be more representative in qualitative and
quantitative terms than DGGE when the capacity was large
enough [48]. Certainly, attention should be paid to the advantages of being visual, reproducible, rapid and inexpensive for DGGE, particularly the concurrent change comparison for multiple samples [47]. (3) Oil shale deposits
provided an extreme and relatively closed environment, in
which various bacteria distinct from other environments
can be independently developed in their long-term geological adaptation. Consequently, the data obtained through
the two methods seemed to be not contradictory and better
reflected the community composition and bacterial distribution from two aspects.

Thermus were found in Fushun mine. Bacterial communities of Fushun and Huadian were more similar in comparison with Maoming. Bacterial diversity was generally abundant except the weathered sample of Maoming mine. Genus compositions had a big difference between any two
mines, but most of the involved sequences were closely affiliated with hydrocarbon-degrading bacteria, like Pseudomonas, Acinetobacter and Bacillus, by phylogenetic analysis. The findings provide useful references for further
studies of exploiting valuable indigenous bacteria and
pushing forward the bioremediation and ecological reconstruction of oil-shale mines.
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ABSTRACT
The inhibitory effects of potassium and sodium silicates on Rhizoctonia solani, as well as on sugar beet (Beta
vulgaris L.) seedling damping-off were investigated. Three
R. solani anastomosis groups (AGs); AG-2, AG-4, and
AG-6, were examined in this study. The silicate compounds strongly inhibited R. solani (AGs) mycelial growth
and sclerotial germination. Scanning electron microscopy
of silicate-treated mycelia showed morphological changes
such as mycelium asymmetry, hyphal swelling, curling,
and cupped inflated (at the brim) mycelia. Hypha and cell
distortion were also observed for higher concentrations of
silicates. Potassium and sodium silicates showed in vivo
potency in controlling sugar beet seedling damping-off
caused by R. solani AGs. Seed soaking in potassium and/or
sodium silicates (2–4%) before sowing effectively reduced
the incidence of sugar beet seedling damping-off compared
with the control. Based on its damaging effects on fungal
hyphae and sclerotial germination, as well as the in vivo
suppression of sugar beet seedling damping-off, silicon
may have both direct and indirect effects on the pathogen.
Further study is needed to confirm which effects actually
can take place and to identify the optimal doses for maximal crop protection.

KEYWORDS:
Beta vulgaris, Damping-off, Disease control, Root rot, Sclerotia.

Due to the wide range of R. solani anastomosis groups
(AGs), the use of many commercial cultivars, and the accumulation of fungal propagules in soil associated with
plant debris, a significant increase in sugar beet dampingoff could occur [1, 11]. Regional variation in AGs makes
resistant varieties insufficient for disease control [7]. Owing to the negative effects of synthetic fungicides on biological balance and human health, alternative control methods are necessary [12, 13].
Silicon (Si) has been reported to be effective for the
suppression of many plant pathogenic fungi [14, 15]. Adequate application of Si at the proper time can significantly
regulate growth, decrease susceptibility to fungal pathogens, and increase yield in some plants [16, 17]. Silicon
antifungal properties against some phytopathogenic fungi
have been investigated in vitro and in vivo [18-21]. The in
vitro growth of Macrophomina phaseolina is greatly inhibited by sodium silicate treatment [22]. Sodium silicate was
also found to be effective against Fusarium sulphureum
and Penicillium digitatum [23, 24]. Phytophthora blight in
pepper, Phytophthora root rot in avocado, rice brown spot,
and tomato powdery mildew have been successfully controlled by Si applications [25-28].
Therefore, the effects of Si in the form of potassium
and sodium silicates on the growth and morphology of
three R. solani AGs were examined in vitro in this study.
The in vivo effects of both potassium and sodium silicates
on the incidence of sugar beet seedling damping-off caused
by R. solani were also investigated.

2. MATERIALS AND METHODS
1. INTRODUCTION
2.1. Source of R. solani isolates

Sugar beet (Beta vulgaris L.) is the second most productive sugar crop following sugar cane in Egypt [1]. Its
stands and sugar yield in some growing areas are affected
by many soil borne fungal diseases including R. solani [24]. Damping-off, rot root, and crown rot diseases of sugar
beets are all caused by R. solani [5, 6]. Up to 50% of damage may result from root and crown rot diseases in sugar
beets, depending on crop history and environmental conditions [7, 8]. Rhizoctonia root diseases are a widespread and
significant problem for sugar beets [9, 10].

Three R. solani isolates representing three anastomosis
groups (AGs); AG-2, AG-4, and AG-6, were examined in
this study. These isolates were pathogenic as they were
evaluated by Yassin [1]. Selected isolates found to cause
characteristic damping-off symptoms on the seedlings of
nine sugar beet cultivars.
2.2. Effect of the silicon compounds on the growth of R. solani

The effect of silicates on the mycelial growth of three
R. solani anastomosis groups; AG-2, AG-4, and AG-6, was
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assayed according to the methods of Bi et al. [29]. Potassium and sodium silicate solutions (12% SiO2, molar ratio
[MR] = 2) were separately applied to potato dextrose agar
(PDA) media just before pouring in Petri plates. Concentrations of 0.5%, 1%, 2%, and 4% of potassium and sodium
silicates were evaluated. Treated plates were centrally inoculated with plugs (5 mm diameter) cut from the margin
of 7-day-old fungal colonies. Five replicate plates were
used for each treatment and untreated plates served as controls. The colony diameters of the developing fungi at 25 ±
2°C was measured daily until the fungi in the control plates
reached full growth. Inhibition of fungal growth was measured using comparisons with the control plates. Collected
data were subjected to statistical analysis.
2.3. Effect of the silicon compounds on sclerotial germination

The effects of potassium and sodium silicates on the
germination of R. solani (AGs) sclerotia were determined
following the procedure of Kazempour [30]. Ten-day-old
sclerotia that were produced on PDA were removed from
the surface of the R. solani cultures with a sterile scalpel.
Collected sclerotia were surface-sterilized in a 1.5% sodium hypochlorite solution for 2 min, followed by washing
three times with sterile water. Sclerotia were subsequently
placed onto the surfaces of PDA plates supplemented with
0.5%, 1%, 2%, and 4% sodium and potassium silicate solutions (12% SiO2, MR = 2). Untreated plates were used as
control, and the incubation was at 25 ± 2°C for 15 days.
Observations were recorded daily and germination was examined with a stereomicroscope.
2.4. Effect of the silicon compounds on hyphal morphology

The scanning electron microscopy (SEM) procedure
described by Li et al. [23] was used in this investigation.
Fungal samples were excised from 5-day-old cultures of R.
solani grown in 1% Silicate. Samples were vapor-fixed
with 2% (w/v) aqueous osmium tetroxide for 2 h at 4°C and
then air-dried. The treated samples were placed on aluminum stubs using carbon tape coated with gold, and examined by SEM (using a JEOL JSM-6380LA microscope) operated at 10 kV. The diameter and length of the hyphae
cells of all tested R. solani AGs were measured. Five replicate cells per isolate were measured (in µm) and the data
were statistically analyzed.
2.5. Effect of the silicon compounds on damping-off in sugar
beet

Inoculum production and artificial inoculation were
conducted according to the methods of Buttner et al. [7]. R.
solani AG-2, AG-4, and AG-6 isolates were cultured on
potato dextrose broth solution in Erlenmeyer flasks at 25 ±
2°C. After two weeks, the mycelium was separated from
the nutrient solution, washed, and homogenized in 500 ml
of sterile water with a Warring Blender into a smooth liquid. Ten milliliters of the suspension per pot (12 cm) was
used as liquid inoculum. The infested pots were kept moist
for three days before planting under greenhouse conditions.
Sugar beet seeds of the Kawmera cultivar were soaked in 2%

and 4% potassium and sodium silicate solutions for 3 and
6 hours prior to sowing. Ten treated and untreated seeds
were sown per pot; filled with autoclaved potting soil supplemented with R. solani inoculum. Five replicate pots
were used, and seedlings grown from untreated seeds
served as controls. Pots were randomly distributed on
greenhouse benches under a temperature of 25 ± 2°C. The
experiment was investigated daily and collected data were
subjected to statistical analysis.
2.6. Statistical analysis

Obtained data were subjected to analysis of variance
(ANOVA) using the general linear model implemented in
the SPSS software package version, 16.0. (SPSS Inc.; Chicago, IL, USA). The least significant difference (P ≤ 0.05)
was used to compare mean values.

3. RESULTS
3.1. Effect of the silicon compounds on the growth and sclerotial germination of R. solani

The results of this study revealed that both potassium
and sodium silicates were capable of inhibiting the growth
and sclerotial germination of R. solani AGs. Mycelial
growth was significantly suppressed in the presence of potassium and sodium silicates. Increased concentrations of
potassium and sodium silicates were associated with decreased growth rates (Figure 1). ANOVA (Table 1) indicated that R. solani AG, silicate concentration (C) and their
interaction (AG × C) were significant sources of variation
in the growth of R. solani AGs. The significance of the AG
× C interaction indicates that the inhibitory effects of silicates varied depending on the concentration and R. solani
AG. For example, no significant differences were found
between the growth of AG-4 and AG-6 using 4% sodium
silicate (Table 2). However, significant differences were
found between the same AGs for the remaining three concentrations. No significant differences were found between
AG-6 and either AG-2 or AG-4 using 4% potassium silicate; however, for the other three concentrations, AG-6 differed significantly from both AG-2 and AG-4. The concentration of 4% resulted in similar inhibitory effects for both
materials, but sodium silicate was generally more efficient
than potassium silicate at lower concentrations. Sclerotial
germination was not observed (Table 3) at concentrations
of 2% and 4% for both compounds.
3.2. Effect of the silicon compounds on hyphal morphology

SEM observations of silicate-treated and untreated mycelia of R. solani cultures are illustrated in Figures 2 & 3.
SEM observations showed varied morphological changes in
R. solani AGs mycelia following silicate treatments including sparse and asymmetric mycelium (Figure 2 D, E, F, G,
H, and I). In contrast, long, even, and round hyphae (Figure
2 A, B, and C) were observed in the untreated R. solani
mycelia. Silicate-treated R. solani cultures were generally
characterized by curling, twisting, and wizened mycelia.
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FIGURE 1 - Rhizoctonia solani linear growth on potassium and sodium silicates (P.S & S. S respectively) treated media.

Sodium silicate

Potassium silicate

TABLE 1 - ANOVA of the effect of R. solani AGs, potassium and sodium silicate concentrations (C) and their interaction on the growth of
R. solani.

TABLE 2 - Rhizoctonia solani growth inhibition percentages following potassium and sodium silicate treatments.
R. solani growth inhibition %

Source of
variance

D. f

M.S.

F

Sig.

AG

2

8167.671

359.533

0.000

Treatments

P.S

S.S

P.S

S.S

P.S

S.S

C

4

20523.956

903.445

0.000

Control

0.00

0.00

0.00

0.00

0.00

0.00

AG x C

8

1947.144

85.711

0.000

0.5 %

31.05

59.47

29.47

55.79

1.32

6.32

1.0 %

82.11

88.16

83.95

89.74

6.58

9.21

2.0 %
4.0 %

88.95

89.74

89.74

89.74

53.42

70.00

Error

65

22.717

AG

2

10768.800

586.887

0.000

C

4

18463.690

1.006E3

0.000

AG x C

8

2437.797

132.857

0.000

Error

65

18.349

AG-2

AG-4

AG-6

89.74
89.74
89.74 89.74 88.16 88.95
LSD (P ≤ 0.05) for (AG x C) interaction of potassium silicate (P.S) =
7.771
LSD (P ≤ 0.05) for (AG x C) interaction of sodium silicate (S.S) = 6.984
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TABLE 3 - Effect of silicates on the in vitro germination of R. solani
sclerotia
R. solani sclerotia germination
AG-2
AG-4
AG-6
Treatments
P.S
S.S
P.S
S.S
P.S
S.S
Control
+
+
+
+
+
+
0.5 %
+
+
+
+
+
+
1.0 %
+
+
+
+
+
+
2.0 %
4.0 %
P.S= Potassium silicate
S.S= Sodium silicate (+) Germinate (-) Not
germinate

Distorted hyphae, swollen cells, and cupped inflated
(at the brim) mycelia were also observed (Figure 3).
Analysis of variance of the effect of R. solani AG, treatment (T) and their interaction on the measurements of R.
solani hyphae cells (Table 4) indicated that AG, T, and AG
× T interaction were significant sources of variation in the
size of R. solani hyphae cells. This result indicates that the
effectiveness of Si source depends on the R. solani AG and
treatment (tested compound). Cell length of R. solani hyphae
was significantly lower in the silicate-treated cultures than in

the control for all tested isolates (Table 5). Moreover, cell
length of R. solani AG-6 in the presence of sodium silicate
did not differ significantly from those in the presence of potassium silicate. However, cell diameter in the sodium silicate treatments was significantly greater (more swollen) than
those in the control and in the potassium silicate treatments
for all tested isolates. The cell diameter did not differ significantly between the potassium silicate-treated and untreated
hyphae of AG-4 and AG-6 isolates.
3.3. Effect of the silicon compounds on damping-off in sugar
beet

ANOVA (Table 6) indicated that R. solani AG, silicate
concentration (C) and their interaction (AG × C) were significant sources of variation in R. solani damping-off disease in sugar beet seedlings. This result indicates that the
effectiveness of silicates depends on the R. solani AG and
the concentration of silicate. Seed soaking in 2% or 4% potassium silicate before sowing significantly reduced the
disease incidence compared with the control (Table 7). After
soaking seeds for 3 h, there were no significant differences
between the 2% and 4% treatments in the disease incidence

FIGURE 2 - SEM Micrographs of R. solani AG-2, AG-4 and AG-6 at x1000. Long, even and round hypha shown in untreated ones (A, B and
C respectively). Potassium silicate treated mycelium (D, E and F, respectively). Sodium silicate treated mycelium (G, H and I, respectively).
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FIGURE 3 - Close up SEM examination of R. solani hyphae treated with 1% silicate: Potassium silicate treatment show wizened and collapsed
hyphae (A), twisted, squashed and warty surface mycelium (B) and shriveled mycelium (C). Sodium silicate treatment show cupped inflated
(at the brim) mycelium (D), swollen with anomalous branched hyphae (E), and severe shriveled with globular structures along the surface of
mycelium (F).

caused by any of the isolates. A significant difference in the
disease incidence caused by AG-4 was observed between
the 2% and 4% treatments following seed soaking for 6 h.
TABLE 4 - ANOVA of the effect of R. solani AGs, treatments (T)
and their interaction on measurements of R. solani hyphae cells.

Diameter

Length

Source of
variance

D. f

AG

2

T

2

M.S.
95.370

F

Sig.

10.450

0.000

1097.272 120.235

0.000

AG x T

4

61.938

Error

36

9.126

AG

2

1.308

6.787

0.477

T

2

151.744

87.750

0.000

AG x T

4

10.645

6.156

0.001

Error

36

1.729

Treatment

Source of
variance

Potassium silicate

AG

2

3h before sowing

C

2

AG x C

4

237.037

Error

18

34.259

AG

2

C

2

AG x C

4

212.037

Error

18

45.370

Sodium silicate

AG

2

3h before sowing

C

2

AG x C

4

463.889

Error

18

37.963

AG

2

C

2

AG x C

4

295.370

Error

18

41.667

6h before sowing

0.000

0.757

TABLE 6 - ANOVA of the effect of R. solani AGs, potassium and sodium silicate concentrations (C) and their interaction on sugar beet
damping-off .

6h before sowing
TABLE 5 - Effect of silicate treatment (1.0 %) on the cell measurements (µm) of R. solani hyphae cells.
R. solani cell measurements (µm)
Treatment
Potassium
silicate
Sodium
silicate

AG-2
AG-4
AG-6
Length
Diameter Length Diameter Length Diameter
11.64

6.17

16.42

5.41

15.10

5.63

15.86

12.74

21.66

9.48

18.10

10.72

Control
34.06
4.07
27.70 6.62
19.02
LSD (P ≤ 0.05) for AGxT interaction - length = 3.875
LSD (P ≤ 0.05) for AGxT interaction - diameter= 1.403

5.04

D.f

M. S.

F

Sig.

212.037

6.189

0.009

13112.037

382.730

0.000

6.919

0.001

373.148

8.224

0.003

13734.259

302.714

0.000

4.673

0.009

669.444

17.634

0.000

19519.444

514.171

0.000

12.220

0.000

128.704

3.089

0.070

22017.593

528.422

0.000

7.089

0.001

For the sodium silicate treatment, seed soaking in 2% or
4% solution before sowing also significantly reduced the disease incidence compared with the control (Table 7). Although the disease incidence caused by AG-6 did not differ
significantly between the 2% and 4% sodium silicate treatments, the disease incidence caused by both AG-2 and AG-4
were significantly different for the 2% and 4% treatments.
Seed soaking for 6 h before sowing resulted in a significant
difference between the 2% and 4% treatments in the disease
incidence caused by AG-4.
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TABLE 7 - Effect of potassium and sodium silicates on the incidence of R. solani damping-off disease of sugar beet seedlings.
Disease incidence %
Potassium silicate
Treatment
R. solani
AG-2
AG-4
AG-6
L.S.D =

3h before sowing

Sodium silicate

6h before sowing

3h before sowing

6h before sowing

Control

2.0 %

4.0 %

2.0 %

4.0 %

2.0 %

4.0 %

2.0 %

4.0 %

98.33

40.00

30.00

40.00

33.33

40.00

20.00

20.00

10.00

90.00

40.00

30.00

40.00

26.67

40.00

100.00

20.00

20.00
10.354

20.00

13.33
11.547

6.67

00.00
00.00
10.565

33.33
6.67

00.00
00.00
11.067

L.S.D (P ≤ 0.05) was calculated for (AG x C) interaction

4. DISCUSSION AND CONCLUSION
The current study indicated that both sclerotial germination and growth of R. solani were significantly suppressed by silicate treatments. Sclerotial germination was
completely suppressed at concentration of 2% of both potassium and sodium silicates. The lack of sclerotial germination can be attributed to the occurrence of cell wall
and/or plasma membrane breakdown. Cell wall injury has
been documented by Li et al. [23], who demonstrated that
sodium silicate induced breakdown and destruction of F.
sulphureum cell walls. Liu et al. [24] found that the leakage
of protein and sugar from Si-treated spores was significantly higher than it was in the control due to fungal plasma
membrane damage. They suggested that fungal plasma
membrane damage plays a crucial role in the antifungal effect of silicates. More than 80% inhibition in the growth of
two R. solani AGs was also achieved in the current study
by 1% silicate. This result was in agreement with Shen et
al. [31] and Kim et al. [32], who found that the growth of
R. solani was significantly inhibited following silicate
treatments. Growth inhibition following silicate treatments
may be due to the occurrence of varying degrees of hyphal
alterations [23].
The SEM examination in the current study showed that
1% silicate treatment was resulted in several morphological changes in the R. solani hyphae. Mycelium asymmetry,
hyphal swelling, curling, and cell distortion were observed.
Moreover, the cell length and diameter of R. solani hyphae
was significantly altered in the silicate-treated cultures
compared with the control. This result may be attributed to
the occurrence of cell wall injury and/or reduction in fungal
cell turgor pressure, which results in collapse and shrinkage of hyphae and cells [23,24,29].
The incidence of sugar beet seedling damping-off was
effectively suppressed in the artificially infested soil as a
result of the silicate application in this study. The role of
silicates in suppressing soil-borne and/or foliar plant pathogenic fungi in several plant species has frequently been
documented [33-35]. About 80-86% and 93-100% reduction in the disease incidence compared with the control
were achieved in the current study following potassium and
sodium silicate treatments respectively. This result may be

attributed to the induction of systemic resistance through
the stimulation of higher levels of active anti-fungal compounds [14,36]. Schurt et al. [37] found that rice plants supplied with Si were more resistant to R. solani sheath blight
due to an increase in the lignification of the leaf sheath tissues and the lower concentration of total sugars. The formation of a silicate epidermal cell layer that is believed to
prevent physical penetration and make plant cell walls less
susceptible to enzyme degradation by fungal pathogens has
also been considered [38,39]. Seed soaking for 6 h before
sowing in the current study resulted in significant difference between the 2% and 4% treatments in the disease incidence caused by AG-4. This result may be due to the direct effect of the higher concentration of silicon against R.
solani or indirect effect through the accumulation of some
biochemical defense compounds such as lignin, phenolic
compounds, and/or reactive oxygen species. Li et al. [40]
found positive relationships between Si-induced resistance
and higher generation of reactive oxygen species that has
been suggested to be the first defense line against pathogen
invasion either directly killing the pathogen or slowing
down its ingress due to the rapidity of production and cytotoxicity.
In conclusion, potassium and sodium silicates showed
promising suppression of R. solani, the cause of sugar beet
seedling damping-off. Based on the damaging effects on
fungal hyphae and sclerotia germination, as well as the in
vivo suppression of the disease, the silicates may have both
direct and indirect inhibitory effects. Despite the frequent,
successful efforts using silicon to control plant diseases,
further study is needed to insure its mode of action
whether; it affect the pathogen or enhance plant resistance.
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ABSTRACT
Biodiesel has been produced from various vegetable
oils, waste vegetable oils, animal fats and algae oils. This
study evaluated the production of biodiesel using sunflower oil (SO), waste sunflower oil (WSO) and neutralized waste sunflower oil (NWSO) which was produced
from WSO by neutralization process as main feedstocks.
Biodiesels were produced by transesterification of SO,
WSO and NWSO with methanolin the presence of a catalyst sodium hydroxide (NaOH). The fuel properties such as
density, specific gravity (t/t), kinematic viscosity, flash
point, water content, calorific value and copper strip corrosion were determined and discussed with EN 14214 biodiesel standard. Not only were the properties of pure biodiesels but also oils analyzed. Biodiesel produced from SO,
WSO and NWSO is an acceptable alternative for diesel
fuel and they are possible to use sunflower oil biodiesel
(SOB) (pure), waste sunflower oil biodiesel (WSOB)
(blend with diesel fuel) and neutralized waste sunflower oil
biodiesel (NWSOB) (blend with diesel fuel) in compression ignition engines without any major modification.
KEYWORDS: Sunflower oil, waste sunflower oil, neutralized waste
sunflower oil, biodiesel, transesterification, fuel property

1. INTRODUCTION
Energy is one of the fundamental inputs for economic
and social development, and it is used in sectors, such as
industry, housing, and transportation. However, fossil fuels
cause substantial environmental pollution during their production, conversion, transportation, and consumption. The
fact that fossil fuel reserves are decreasing and they are
leading to warming on the global scale and acid rains on
the regional scale increase the interest in alternative energy
sources [1].
Increasingly, alternative energy in the form of biodiesel is getting attention from the world countries due to
the environment friendly characteristics, while it still able
* Corresponding author

to be diesel engine fuel without requiring any complex
modifications to the engine itself. Biodiesel also has its advantage of abundance of raw stock which confirms continuous raw material supply [2].
Biodiesel, defined as the mono-alkyl esters of fatty acids derived from vegetable oil, animal fat, waste vegetable
oil and algae in application as an extender for combustion
in compression ignition (diesel) engines (CIEs) has demonstrated a number of promising characteristics, including reduction of exhaust emissions [3]. Some of the advantages
of using biodiesel fuel are its renewability, easy biodegradability, non-toxicity and safer handling due to its higher
flash point compared to those of fossil fuels. In addition,
biodiesel fuel is also primarily free of sulfur and aromatics,
producing more tolerable exhaust gas emissions than conventional fossil diesel [4, 5].
At present, the high cost of biodiesel is the major obstacle to its commercialization. Exploring ways to reduce
the high cost of biodiesel is of much interest in recent biodiesel research, especially for those methods concentrating
on minimizing the raw material cost. The use of waste
cooking oil instead of virgin oil to produce biodiesel is an
effective way to reduce the raw material cost because it is
estimated to be about half the price of virgin oil. In addition, using waste cooking oil could also help to solve the
problem of waste oil disposal [6, 7].
Cooking oil sources differ across the globe. Their base
materials are plant-based lipids, such as sunflower oil, corn
oil, margarine, coconut oil, palm oil, olive oil, soybean oil,
grape seed oil and canola oil, or animal-based lipids, such
as butter, ghee, kermanshahi oil and fish oil [8]. In Turkey,
the most common cooking oil is made from SO because of
its low cost relative to other sources, such as olive, corn or
hazelnut plants.
The aim of this study, neutralization process was conducted to WSO and transesterification of SO, WSO and
NWSO were carried out for a reaction temperature of up to
60oC. The ratio of methanol/oil was 20 wt.% in the presence of NaOH catalyst concentration was 0.35 wt.% of oil.
The physical properties of SO-, - WSO- and NWSOderived biodiesel were characterized for density, specific
gravity (t/t), kinematic viscosity, calorific value, water
content, flash point and copper strip corrosion.
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2. MATERIALS AND METHODS
2.1. Materials

In the present study, methanol (99.8%), NaOH purchased from Merck and phosphoric acid (H3PO4) purchased from Koray Chemical were used in analytical reagent grade. SO was taken from local market in Yozgat,
Turkey and this oil was used in the home and WSO was
obtained. Neutralization process was carried out using a laboratory scale biodiesel processor (Figure 1) from WSO in
Biofuel Lab in Department of Biosystems at the Faculty of
Engineering and Architecture in Bozok University, Yozgat,
Turkey and NWSO was produced.
2.2. Methods
2.2.1. Neutralization of WSO

The WSO was subjected to physical cleaning; waste
particles that remained after frying were removed and the oil
was moved into flask. The WSO was heated up to 100ºC,
left to stand at this temperature for 2 h, and the water accumulated in the oil due to the course of using was removed.
After the removal of water in the WSO, the oil was left until
its temperature fell down to 85ºC. Keeping this temperature
constant, the stirrer was operated, phosphoric acid at a rate
of 0.2% of the oil was added for the neutralization process,
and the mixture was stirred for 10 min. While the stirring of
the mixture was continued, a mixture of NaOH/distilled water at 1/3 ratio was added to the WSO at a ratio of 5% of the
oil and the mixture was stirred for another 5 min. Stirrer was
turned off, the mixture was left to stand for 3 h for the settling of phosphorus compounds and the phosphorus compounds were removed afterwards. The WSO was heated up
to 85ºC again and washed with distilled water at a ratio of
20% of the oil at the same temperature by the method of
showering. The mixture was left to stand for 3 h for the waste
water to settle and then the waste water was removed. For
the removal of the waste water in the WSO, the mixture was
dried at 100°C for 2 h. The WSO was left to stand until its
temperature fell down again to 85oC; the stirrer was operated; bleaching earth was added at a ratio of 2% of the oil,
and the mixture was stirred for 45 min. Then the stirrer was
turned off and the mixture was left to stand for 3 h for the
bleaching earth to settle; afterwards, the settled bleaching
earth was removed. Following the neutralization process, the
oil filtered using a filter paper. Thus NWSO was produced
from WSO [9].
2.2.2. Biodiesel production from SO, WSO and NWSO

In order to determine the best production condition,
transesterification reaction was carried out in a laboratory
scale biodiesel processor in Biofuel Lab in Department of
Biosystems at the Faculty of Engineering and Architecture
in Bozok University, Yozgat, Turkey. Methanol was used
as an alcohol because it is a low cost and short-chain alcohol that reacts fast and NaOH was used as a catalyst.
Catalyst and methanol mixture was heated for 15 min at
25°C on a hot plate with magnetic stirrer. The prepared solution of alcohol and catalyst was poured into 500 g oils at 60oC

and a constant rotation speed of 1000 min-1. By using a hot
plate and magnetic stirrer, this mixture was put in a separation funnel. The mixture transformed to glycerol and biodiesel when the reaction finished. Glycerol sank to the bottom because of the density of glycerol is higher than the
density of biodiesel. The layer of glycerol was then separated easily from biodiesel. The aim of washing off is to
remove alcohol which does not get involved in reaction,
remaining fatty acids, Na+, K+ ions, catalyst substance and
glycerol which could have remained during separation.
During washing process, the temperature of biodiesels and
distilled water was 55ºC and a total of 20% of distilled water was used for washing. After the washing process, it was
rested for 12 h for water to subside. The subsided water
was taken with the help of separating funnel. The washed
biodiesel was taken to magnetic stirrer with heater again
and was heated up to 120ºC which is above water goes beyond biodiesel. For biodiesel, drying was made at 120ºC
for 2 h. Thus SOB, WSOB and NWSOB were produced.

FIGURE 1 – A laboratory scale biodiesel processor

2.2.3. Characterization of samples

The produced quantity of biodiesel is calculated using
the following formula:
Biodiesel yield (%) = (grams of biodiesel produced/grams of oil used in reaction) [x] 100.
The produced fuel properties of SO, WSO, NWSO,
SOB, WSOB and NWSOB are characterized according to
EN 14214 specifications. In order to measure the properties
of the oils, biodiesels and diesel fuel, measuring devices
and their test methods were used for determining physical
and chemical properties of the fuel samples. Names and
measuring standards of these devices, their brands, measuring ranges and accuracies were given in Table 1.

3. RESULTS AND DISCUSSION
With neutralization process WSO was transformed to
NWSO and 77.98% yield was obtained. The effect of the oil
type on the biodiesel conversion is given in Figure 2. Biodiesel production parameters were fixed as; methanol/ oil
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TABLE 1 - Specifications of measuring devices
No.

Property
Density/
specific gravity

Device and Brand
Kem Kyoto brand DA-645
density/specific gravity meter

2

Kinematic viscosity

Polyscience brand 7306A12E
model viscometer

3

Flash point

4

Water content

5

Calorific value

6

Copper strip
corrosion

1

Rapid Tester brand RT-1
model flash point tester
Kem Kyoto Electronics
brand MKC-520 model KarlFischer moisture titrator
IKA brand C200 model
bomb calorimeter
Koehler brand K25330
model

Range
Density: 0.00000-3.00000
Temperature: 0-93
Ambient temperature-150
Measuring tube: 1.2-10
Measuring tube: 5-50
Timekeeper: 0-2400

Unit
g.cm-3
o
C
o
C
mm2 s-1
mm2 s-1
s

Accuracy
±0.00005
±0.03
±0.05
±0.5
±1
±0.01

-30-+300

o

±1

EN ISO 2719
EN ISO 3679

10-300000

μg

±0.1

EN ISO 12937

0-40000

J

±0.1

DIN 51900

Bath temperature range:
Ambient temperature-190

o

±1

EN ISO 2160

C

C

Standard
EN ISO 3675
EN ISO 12185
EN ISO 3104

940

100

SO
WSO
NWSO

930
920
Density (kg m )

98

-3

Biodiesel yield (%)

99

97

910
900
890
880

96

870
860

95
SOB

WSOB

0

NWSOB

10

20

30

40

50

60

70

80

o

Temperature ( C)

FIGURE 3 - Temperature dependent density of oils

FIGURE 2 - Effect of oil type on biodiesel yield

TABLE 2 - Measured densities for the temperature range from 0 to 93°C
o

C

0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
93

Density (kg m-3)
SO
933.13
929.51
925.92
922.34
918.78
915.25
911.74
908.26
904.80
901.35
897.91
894.50
891.08
887.70
884.33
880.97
877.62
874.29
870.93
868.94

WSO
933.69
930.06
926.46
922.87
919.33
915.78
912.26
908.79
905.33
901.87
898.43
895.01
891.60
888.21
884.86
881.47
878.10
874.73
871.40
869.40

NWSO
935.67
931.97
928.37
924.79
921.22
917.68
914.19
910.70
907.22
903.77
900.32
896.89
893.47
890.09
886.72
883.37
880.02
876.66
873.32
871.31

SOB
896.75
892.88
889.10
885.33
881.58
877.85
874.12
870.40
866.70
863.02
859.29
855.60
851.92
848.24
844.57
840.90
837.25
833.56
829.88
827.68

3199

WSOB
899.97
896.12
892.34
888.58
884.83
881.10
877.43
873.71
869.99
866.27
862.56
858.84
855.16
851.47
847.80
844.13
840.45
836.71
833.06
830.88

NWSOB
900.36
896.67
892.88
889.11
885.38
881.65
877.94
874.23
870.55
866.86
863.17
859.50
855.83
852.17
848.53
844.87
841.24
837.59
833.93
831.73

Diesel
844.19
840.54
836.96
833.30
829.70
826.09
822.50
818.91
815.33
811.74
808.15
804.56
801.01
797.41
793.83
790.26
786.66
783.06
779.44
777.15

90

100
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3.1. Density

Density can be defined as the mass of an object divided
by its volume. The densities of biodiesels are generally
higher than those of fossil diesel fuel and the values depend
on their fatty acid composition as well as on their purity.
Density increases with decreasing chain length and increasing number of double bonds. Knowledge of density is
important as it gives an indication of fuel type and mass of
a given volume. It also affects the performance of pumps
and atomizers [10]. The density of the oils was measured
for various temperatures. Table 2 shows the density variation of SO, WSO, NWSO, SOB, WSOB and NWSOB. Figure 3 shows the density variations of oils at a temperature
range of 0 to 93oC. It is seen that densities of oils are decreased by increasing the temperature.
Figure 4 shows the variations in density of diesel fuel,
SOB, WSOB and NWSOB with the temperature. The density of SOB, WSOB and NWSOB are approximately 1.06,
1.07 and 1.07 times higher than that of diesel fuel at 15oC,
respectively. When the comparison of the density values of
biodiesels, NWSOB has the maximum density value.
NWSOB are approximately 0.43% and 0.06% higher than
from SOB and WSOB, respectively. As shown in Figure 4,
it is seen that densities of biodiesels are decreased with increasing of temperature.

920

SOB
WSOB
NWSOB
Diesel

900
880
-3

ratio 20 wt.%, catalyst concentration 0.35 wt.%, reaction
temperature 60oC, stirring speed 1000 min-1 and reaction
time 60 min. As seen in the Figure 2 the maximum biodiesel yield (97.86%) was obtained from SO. From WSO,
96.59% biodiesel yield was realized. When the neutralization process was applied to the WSO, biodiesel yield increased to 97.31%.

Density (kg m )

© by PSP Volume 24 – No 10. 2015

860
840
820
800
780
760
0

10

20

30
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60
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80

C

0
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90
93

Specific gravity (t/t)
SO
WSO
0.93328
0.93384
0.92954
0.93009
0.92620
0.92674
0.92317
0.92371
0.92043
0.92099
0.91796
0.91850
0.91572
0.91625
0.91371
0.91425
0.91189
0.91243
0.91026
0.91079
0.90878
0.90931
0.90749
0.90800
0.90632
0.90683
0.90531
0.90582
0.90444
0.90498
0.90371
0.90421
0.90310
0.90358
0.90262
0.90308
0.90223
0.90271
0.90207
0.90255

NWSO
0.93582
0.93200
0.92865
0.92562
0.92287
0.92040
0.91818
0.91617
0.91433
0.91271
0.91122
0.90991
0.90874
0.90775
0.90689
0.90617
0.90557
0.90507
0.90470
0.90453

100

Temperature ( C)

FIGURE 4 - Temperature dependent density of diesel and biodiesels

3.2. Specific gravity

The specific gravity is the ratio of the weight of a given
volume of a substance to the weight of an equal volume of
some reference substance (universally, water at 4°C, ρ =
1000 kg m-3) or the ratio of the mass of equal volumes of
the two substances. Variations in specific gravity (t/t) (water at same temperature) of diesel, oils and biodiesels at the
range of 0 to 93oC in steps of 5oC are given in Table 3.
Figure 5 and 6 show the specific gravity (t/t) variations
of oils and fuels at a temperature range of 0 to 93oC, respectively. The specific gravities of all the biodiesels and
diesel fuel are at their maximum at 0oC. By increasing the
temperature, it is observed that the specific gravities decrease. It can be observed a nonlinear change in specific
gravity (t/t) with the increase of temperature for fuels.

TABLE 3 - Measured specific gravity (t/t) for the temperature range from 0 to 93°C
o

90

o

SOB
0.89689
0.89291
0.88937
0.88613
0.88316
0.88045
0.87794
0.87563
0.87350
0.87155
0.86969
0.86802
0.86648
0.86506
0.86378
0.86260
0.86155
0.86057
0.85970
0.85924

3200

WSOB
0.90011
0.89615
0.89261
0.88938
0.88642
0.88372
0.88126
0.87896
0.87681
0.87483
0.87300
0.87131
0.86977
0.86836
0.86708
0.86592
0.86484
0.86384
0.86299
0.86256

NWSOB
0.90050
0.89670
0.89315
0.88991
0.88697
0.88426
0.88178
0.87948
0.87738
0.87543
0.87362
0.87198
0.87045
0.86907
0.86781
0.86668
0.86565
0.86473
0.86389
0.86344

Diesel
0.84433
0.84057
0.83721
0.83406
0.83120
0.82856
0.82613
0.82388
0.82179
0.81985
0.81803
0.81636
0.81484
0.81339
0.81207
0.81087
0.80973
0.80870
0.80774
0.80709
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FIGURE 6 - Temperature dependent specific gravity (t/t) of diesel
and biodiesels

3.3. Kinematic viscosity

Viscosity is the resistance of liquid to flow. The measurement is done by viscous meter. Viscosity will be measured high, if the transesterification cannot be completed
successfully. This indicates that the glycerol is still remaining in biodiesel. It can be largely removed during washing
with water. Not removed glycerol will cause an increase in
viscosity and high viscosity causes blockage of syringes,
inadequate spraying, poor combustion, and accumulation
of the carbon rings, power loss and degradation of lubricating oil [11]. Viscosity is inversely proportional to temperature. Biodiesels viscosity at 40oC should be between 3.5
and 5 mm2 s-1 according to EN 14214 [12]. Test method is

performed according to EN ISO 3104. Table 4 shows the
kinematic viscosity variation of oils, biodiesels and diesel
fuel. Figure 7 shows the kinematic viscosity variations of
oils and Figure 8 shows the kinematic viscosity variations
of diesel and biodiesels at a temperature range of 30 to
100oC in the steps of 5oC. As can be seen in the figures oils
and biodiesels show same property with diesel fuel. It can
be observed that the kinematic viscosity of oils, biodiesels
ad diesel fuel decrease nonlinearly with temperature increasing. The maximum kinematic viscosity values of samples were measured at 0oC. Figure 8 shows that the kinematic viscosity of SOB, WSOB and NWSOB are approximately 1.78, 1.84 and 1.95 times viscous from diesel fuel
at 40oC.

TABLE 4 - Measured kinematic viscosities for the temperature range from 30 to 100°C

C

100

Temperature ( C)

Temperature ( C)

FIGURE 5 - Temperature dependent specific gravity (t/t) of oils

o

90

o

o

Kinematic viscosity (mm2 s-1)
SO

WSO

NWSO

SOB

WSOB

NWSOB

Diesel

30

44.311

51.077

53.135

6.145

6.291

6.731

3.405

35

37.023

42.628

44.357

5.450

5.606

5.923

3.051

40

31.263

35.527

37.044

4.872

5.051

5.341

2.738

45

26.716

30.184

31.348

4.435

4.522

4.787

2.503

50

23.002

25.830

26.851

3.980

4.081

4.370

2.303

55

20.004

22.406

23.198

3.635

3.739

4.022

2.130

60

17.490

19.461

20.183

3.331

3.402

3.684

1.948

65

15.432

17.135

17.720

3.065

3.120

3.400

1.814

70

13.564

15.171

15.731

2.829

2.884

3.145

1.678

75

12.271

13.496

14.103

2.618

2.694

2.874

1.575

80

11.069

12.095

12.490

2.399

2.482

2.632

1.479

85

9.999

10.951

11.397

2.204

2.314

2.456

1.380

90

9.092

9.877

10.180

2.006

2.124

2.311

1.302

95

8.314

8.986

9.267

1.852

1.969

2.152

1.232

100

7.609

8.222

8.461

1.694

1.846

2.031

1.162

3201
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FIGURE 10 - Water content of oils, biodiesels and diesel

o

Temperature ( C)
FIGURE 7 - Temperature dependent kinematic viscosity of oils

3.4. Flash point

7

SOB
WSOB
NWSOB
Diesel

5

2

-1
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6
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2
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FIGURE 8 - Temperature dependent kinematic viscosity of diesel and
biodiesels

250

200

150

o

Flash point ( C)

The measurement is done by flash point measurement
device. It is expressed as the lowest temperature liquid vapor can flash. One of the main advantages of biodiesel to
diesel fuel is having a high flash point. This feature brings
security during storage and transportation. Not removing
alcohol fully in the production process of biodiesel causes
lower flash point. The flash point of biodiesel must be at
least 101oC according to EN 14214 [12]. The test method
is performed according to EN ISO 2719 and EN ISO 3679.
Figure 9 shows the flash points samples. The maximum
flash point was measured in SO as a 230oC.

100

50

0
SO

WSO

NWSO

SOB

WSOB NWSOB Diesel

FIGURE 9 - Flash point of oils, biodiesels and diesel

Vegetable oils do not contain water mainly. However,
during production and storage of vegetable oils, water may
be confused with. It is not a disadvantage for engines that
fuels contain certain among of water. If water/fuel emulsion rate is appropriate, it can reduce the combustion temperature and NOx emissions. However, in the high pressure
fuel injection systems, the water can lead to regional decay
by leaving the injector system.
The determination of water content in biodiesel is done
with this test. Water content which is more than the value
specified in the standard can cause oxidation and bacterial
growth during the storage, usage and cold flow properties
of biodiesel. This leads to biodiesel acidification and
sludge formation. Especially washing and drying process
used in the biodiesel production method is very important
in determining the rate of water in the resulting product so
drying must be done well [11]. Water determination is done
by Karl Fischer Coulometric Titration Method. Biodiesel’s
water content should be no more than 500 mg kg-1 according to EN 14214 [12]. Test method is performed according
to EN ISO 12937. Figure 10 shows the water content of
samples. With cooking process SO took water, so the maximum water content was measured in WSO. With neutralization process water content was decreased. For biodiesels, water contents were measured in standard values.
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3.6. Calorific value

It is important for optimum operation of the engine and
is a criterion of fuel quality. Generally, the calorific value
of biodiesel is greater than 35 MJ kg-1 [11]. Calorific value
(net heat of combustion, heating value) should be at least
35 MJ kg-1 according to EN 14213 [13]. The test method is
performed according to DIN 51900-1, DIN 51900-2, DIN
51900-3. Figure 11 shows the water content of samples.
The maximum calorific value was measured for NWSOB
in biodiesels.

gravity (t/t), kinematic viscosity, flash point, water content,
calorific value and copper strip corrosion were determined.
Kinematic viscosity of WSOB and NWSOB were higher
than the standard values (EN 14214) such as 1.01% and
6.38%, respectively. The other all fuels were agreed with the
standards. Biodiesel produced from SO, WSO and NWSO is
an acceptable alternative for diesel fuel and they are possible
to use SOB (pure), WSOB (blend with diesel fuel) and
NWSOB (blend with diesel fuel) in compression ignition engines without any major modification.
The authors have declared no conflict of interest.
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3.7. Copper strip corrosion

o

Copper strip corrosion (3 h at 50 C)

Figure 12 shows the copper strip corrosion of samples.
Analysis also showed that copper strip corrosion results of
all fuels were agreed with the standards.
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FIGURE 12 - Copper strip corrosion of oils, biodiesels and diesel

4. CONCLUSIONS
SO, WSO and NWSO were used as main feedstocks for
the biodiesel production via the alkali catalyzed transesterification. Fuel properties of SO, WSO, NWSO, SOB,
WSOB, NWSOB and diesel fuels such as density, specific
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THE AGGREGATION AND DISPERSION OF
ANATASE AND RUTILE TiO2 NANOPARTICLES
IN THE PRESENCE OF PHOSPHATE
Ming Chen, Kairong Zhou, Xuerong Lu, Yanan Li, Gang Feng, Xiaoting Xu, Zhigang Chen and Nan Xu*
Jiangsu Key Laboratory for Environment Functional Materials, School of Chemistry,
Biology and Material Engineering, Suzhou University of Science and Technology, Suzhou 215009, China

ABSTRACT
Titanium dioxide nanoparticles (TiO2 NPs) currently
have been used in many fields. However, soil and water environments are inevitably contaminated by the excess of artificial TiO2 NPs. Meanwhile, phosphate is widely present in
water body. Therefore, it is important to study the dispersion
and aggregation behavior of TiO2 NPs in the presence of
phosphate to predict the transport of TiO2 NPs in aquatic environments. In this study, the dispersion kinetics of anatase
and rutile TiO2 NPs (20 nm and 50 nm) in phosphate solution were studied by changing time, particle size, NaNO3
concentration and solution pH. The likely mechanism is investigated using the combination techniques of batch adsorption, Zeta potential and Fourier Transform Infra Red.
The experimental results indicated that rutile TiO2 NPs are
more stable than anatase in solution; and the aggregation of
20 nm TiO2 NPs tends to be easier than 50 nm TiO2 NPs.
Especially, the dispersion of TiO2 NPs is facilitated by the
presence of phosphate due to more negative zeta potential
and the stronger repulsive force between nanoparticles.
KEYWORDS: Titanium dioxide nanoparticles (TiO2 NPs); Phosphate; Dispersion; Aggregation; Particle size.

1. INTRODUCTION
As an important inorganic functional material, titanium dioxide nanoparticles (TiO2 NPs) have good application prospect in many fields, such as paints, photocatalysis,
clothes and cosmetics [1-3]. However, they could result in
a potential source of contamination in aquatic environments during the processes of production and applications
[4, 5]. Due to the small size, large specific surface area, and
high surface energy, TiO2 NPs are easily attached together
to have the different transport behavior of TiO2 NPs in the
environmental systems. It therefore is necessary to investigate the dispersion of TiO2 NPs in terms of the propensity
to aggregate and form the larger particles.
* Corresponding author

Currently, excess of phosphorus fertilizer in soils has
increased phosphate losses in runoff to water. TiO2 NPs
and large amount of phosphate are inevitably coexisting in
aquatic environments. It has been known that ionic strength,
type of electrolyte, solution pH and dissolved natural organic
matter have the influence on the stability of NPs in water
system [1, 6-10]. Humic acid and fulvic acid also can affect
the aggregation of TiO2 NPs [11, 12]. On the other hand,
nanoparticles with the various surface area, crystal phase,
and size present the different aggregation behavior in
MgCl2 and NaCl solution [13-15]. In addition, the ionic valence and concentration of the solution electrolyte at different medium pH play a very important role in the colloidal stability of TiO2 suspension [16]. However, the studies
addressing on dispersion and aggregation behavior of TiO2
NPs in the presence of phosphate remain limited [17, 18].
In particular, the likely mechanisms for the aggregation
and dispersion of TiO2 NPs in phosphate are rarely reported. Therefore, it is important to clarify the dispersion
behavior of TiO2 NPs in the presence of phosphate.
The purpose of this study is to quantify the dispersion
kinetics of TiO2 NPs, derived by employing time-resolved
dynamic light scattering (DLS) in phosphate solution. The
details of research will be addressed the dispersion behaviors of anatase and rutile TiO2 NPs (20 nm and 50 nm) in
the presence of phosphate including the hydrodynamic radius of NPs affect by time, particle size, ionic composition,
solution pH, phosphate and NaNO3. Furthermore, the local
environments (i.e. phosphate adsorption speciation and
zeta potentials) on anatase and rutile TiO2 NPs are studied
by Fourier Transform Infra Red (FTIR) spectrum and Zeta
potential analysis.

2. MATERIALS AND METHODS
2.1. Materials

TiO2 NPs (99+% purity) was purchased from Gaoquan
Chemical, Inc., Shanghai, China. Anatase and rutile TiO2
NPs with different size (20 nm and 50 nm) were used in
this study to discuss the size effect on the dispersion or aggregation behaviors of NPs in aqueous solution. TiO2 NPs
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were characterized by Powder X-ray diffraction (XRD, D8Focus, Bruker AXS Co., Ltd., Germany), Scanning Electron
Microscope (SEM, Quanta 400 FEG) and Surface Area and
Porosity Analyzer (ASAP, 2020). XRD patterns were obtained by a diffractometer with a Cu Ka radiation. The scanning range was from 10 to 70 at a speed of 2 min-1. The surface morphological features of the TiO2 NPs were observed
by SEM.
2.2. Dispersion kinetics

Four types of (20 and 50 nm) anatase and rutile TiO2
NPs (1.0 g/L) were suspended in 10 mM NaNO3 solution
in absence and presence of 0.1 mM phosphate (diluted with
P stock solution).The P stock solution was prepared by
NaH2PO4 (analytical grade) dissolved in DI water. Each
type of TiO2 NPs suspension was divided into four groups in
50 mL vials, and then rotated on the rolling incubator (QB128, HaimenKylin-Bell Lab Instruments Co., Ltd., China) at
30 r/min for 1-24 hours. The effect of NaNO3 concentration
and solution pH was investigated by adding TiO2 NPs in
NaNO3 solutions (0.5-50 mM) at pH 6.5 and 7.5. Initial pH
was adjusted using the diluted HCl or NaOH solutions. In
addition, a series of TiO2 NPs suspensions with adding different concentrations of phosphate (10-200 μmol/L (μM))
were also prepared. Finally, all the prepared TiO2 NPs suspensions were dispersed by ultrasonic vibration for 5 min
before the hydrodynamic radius of TiO2 NPs was monitored by using DLS (Nano-ZS90, Malvern Instruments
Ltd.). All samples were run in triplicate, and the average
values of hydrodynamic radius were recorded. The error
bars indicated 95% confidence interval.
2.3. Adsorption batch experiments

Adsorption experiments were conducted by adding
four types of TiO2 NPs (1.0 g/L) into a series of 50 mL
vials of 0.1 mM phosphate solutions at pH 6.5 and 7.5, respectively. The pH was adjusted by adding the diluted HCl
or NaOH solutions. After rolling about 15 hours at the
speed of 30 r/min, the suspensions were centrifuged by the
speed of 15000 r/min for 90 minutes by high speed centrifuge at the end of equilibration time. Phosphate concentration by colorimetry was analyzed using the molybdenum
blue method [19].The equilibrated pH was recorded and
the fraction of phosphate absorbed onto TiO2 NPs was then
determined by the difference between the initial and equilibrium phosphate concentration in filtrate.
2.4. FTIR and zeta potential analysis

After above adsorption experiments, the precipitated
solids at the end of the adsorption experiments were collected and air-dried for surface characterization using
FTIR. In addition, the zeta potentials of TiO2 NPs suspended with 10 mM NaNO3 in the absence and presence of
phosphate were measured using a Malvern Instrument
Nano-ZS90 at room temperature. All suspensions at various pHs were prepared in a similar way to batch samples.
Prior to each measurement, the suspensions were dispersed

for 30-60 minutes by ultrasonic vibration. Samples were
run in triplicate, and the average values of zeta potential
were recorded.

3. RESULTS AND DISCUSSION
3.1. Characterization of TiO2 NPs

Fig. 1 presents the physical characteristics of anatase
and rutile TiO2 NPs (20 nm and 50 nm) used in this study.
The mineralogical identity of the TiO2 was verified by
XRD analysis. The anatase TiO2 was identified as pure
particles by the XRD pattern with PDF #00-021-1272
shown in Fig. 1a. In addition, Fig. 1b indicated rutile TiO2
associated with PDF #00-071-0650. It is noticed that anatase TiO2 NPs are a lot of agglomerated and fine particles
with rough surfaces (Fig. 1c, d). Similar morphologies are
also found for rutile TiO2 NPs in Fig. 1e, f. In addition, the
specific surface areas of anataseTiO2 NPs are 103.47 and
103.09 m2/g for 20 nm and 50 nm by a multipoint BET
mode, respectively. And 55.01 and 54.32 m2/g is characterized for 20 nm and 50 nm of rutile TiO2 NPs, respectively.
3.2. Dispersion kinetics of TiO2 NPs

The change of hydrodynamic radius of particles with
different time is investigated. As is shown in Fig. 2a, the
hydrodynamic radius of anatase TiO2 NPs in NaNO3 electrolyte initially has a negligible change with increasing
time. Nevertheless, the dramatic change resulting from aggregation can be found with increasing time until 24 hours.
The similar phenomenon can be found to rutile TiO2 NPs.
Furthermore, the hydrodynamic radius of anatase TiO2 NPs
is obviously larger than that of rutile TiO2 NPs, indicating
that the more anatase TiO2 NPs tend to aggregate in NaNO3
solution. Similarly, 20 nm TiO2 NPs show the larger aggregation than 50 nm TiO2 NPs for both of anatase and rutile.
The likely mechanism is due to the stronger Van der Waals
force between 20 nm TiO2 NPs. Thus the formation of cluster easily occurs to reduce surface energy [20]. Our experimental result is consistent with previous report that nanoparticles with less than 50 nm present the considerably
strong Van der Waals force on the surface [21].
3.3. Effect of electrolyte and solution pH on dispersion of TiO2
NPs

In order to clarify the effect of electrolyte on the aggregation of anatase and rutile, the hydrodynamic radius of
TiO2 NPs in different concentrations of NaNO3 solution at
pH 6.5 and 7.5 is obtained in Fig. 3. The hydrodynamic radius of TiO2 NPs negligibly changes with raising the NaNO3
concentrations from 0.5 up to 10 mM in Fig. 3, which suggests that low electrolyte concentration has subtle effect on
the aggregation of NPs. However, it becomes significantly
larger to form the cluster in 50 mM NaNO3 solution. It is
contributed to the compression of electrostatic double layer
on the surface [22]. The zeta potential of TiO2 NPs is less
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FIGURE 1- XRD patterns of anatase (a) and rutile (b), SEM images of anatase TiO2 NPs: 20 nm (c), 50 nm (d)and rutile TiO2 NPs: 20 nm (e),
50 nm (f).
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FIGURE 2 - Hydrodynamic radius of anatase and rutile TiO2 NPs (20 nm and 50 nm) as a function of time in 10 mM NaNO3 electrolyte (a)
and in 10 mM NaNO3 electrolyte with 0.1 mM phosphate (b) (Error bars show 95% confidence interval).

3207

© by PSP Volume 24 – No 10. 2015

Fresenius Environmental Bulletin

are negligibly changed with time. In order to further invesitigated the effect of phosphate on dispersion of NPs,
the typical particle size distribution for TiO2 NPs suspended in phosphate solution is measured by using DLS
(Fig. 4). As shown in Fig. 4a, the particles of TiO2 NPs (for
anatase and rutile) are mainly distributed during range of
600-1200 nm by 0.05 mM phosphate solution. Furthermore, the particle sizes of anatase are larger than rutile for
20 and 50 nm TiO2 NPs, respectively. As expected, an increase of phosphate concentration reduces the particle size
of TiO2 NPs for both anatase and rutile in Fig. 4b. The hydrodynamic radius of anatase NPs are mainly 300-400 nm,
while that of rutile are 200-300 nm. It is obvious that the
increase of phosphate favors the dispersion of TiO2 NPs for
both of anatase and rutile. So, these results suggest that the
quickly stabilized anatase TiO2 NPs is achieved by the
presence of phosphate. It might be attributed to the specific
adsorption of phosphate on anatase TiO2 NPs [23]. Therefore, the further experiments on batch adsorption, FTIR
analysis and zeta potentials of TiO2 NPs will be conducted
to clarify the likely mechanisms for effect of phosphate.

negative in high concentration of electrolyte leading to less
repulsive reaction among particles. Thus it is easy for TiO2
NPs to aggregate together to reduce surface energy. Therefore, the zeta potential is mainly contributed to the aggregation or dispersion of TiO2 NPs.
In addition, solution pH has subtle influence on the hydrodynamic radius of anatase and rutile TiO2 NPs in
NaNO3 solution (< 50 mM). Note that the high concentration (50 mM) of electrolyte induces the aggregation of NPs
at pH 6.5 in Fig. 3a stronger than that at pH 7.5 in Fig. 3b.
Again, the likely mechanism is that low pH favors the less
negative zeta potential of TiO2 NPs in NaNO3 electrolyte
leading to the formation of more aggregation cluster of
TiO2 NPs.
3.4. Effect of phosphate on dispersion of TiO2 NPs

In comparison with the results in the absence of phosphate in Fig. 2a, it is interesting to note that the presence of
0.1 mM phosphate significantly decreases the hydrodynamic radius of anatase TiO2 NPs (Fig. 2b). Moreover, they
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FIGURE 3 - Hydrodynamic radius of anatase and rutile TiO2 NPs (20 nm and 50 nm) as a function of NaNO3 concentration at pH 6.5 (a) and
7.5 (b) in the presence of 0.1 mM phosphate (Error bars show 95% confidence interval).
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3.5. Mechanisms for dispersion of TiO2 NPs in the presence of
phosphate

Firstly, adsorption of phosphate onto TiO2 NPs needs
to be investigated. The data in Fig. 5 presents that anatase
TiO2 NPs shows the stronger adsorption capacity (closed
to 98%) to phosphate than rutile (about 3~4%). Furthermore, adsorption amount of phosphate by 50 nm TiO2 NPs
is more than that by 20 nm TiO2 NPs. FTIR spectra of the
precipitated solids after adsorption experiments further
show that two peaks of anatase TiO2 NPs (20 nm) associated with phosphate adsorption are appearing at 1116 and
1070 cm-1 at pH 6.5 and 7.5 in Fig. 6a, a’ [24]. Compared
with control, the resolution of peaks is strengthened with
the increase of initial phosphate concentration. Similar results were observed for 50 nm anatase TiO2 NPs in Fig. 6
b, b’. Comparably, the negligible appearance of adsorption
bands at 1065 and 1033 cm-1 are notice for 20 nm and 50
nm rutile TiO2 NPs after phosphate adsorption in Fig. 6 c,
c’ and d, d’. This result suggests that phosphate is subtly
adsorbed by rutile TiO2 NPs, which is consistent with the
experimental results in Fig. 5.
The zeta potentials of TiO2 NPs before and after phosphate adsorption as a function of pH are present in Fig. 7.
Particularly, the isoelectric point (IEP) of anatase and rutile
TiO2 NPs in 10 mM NaNO3 solution is approximately 6.1
and 4.6 in Fig. 7a, respectively. It is consistent with previous reports that the IEP of anatase and rutile TiO2 NPs are
6.1 and 4.8-5.6, respectively [25]. At low pH, TiO2-OH2+
is formed on the surface of TiO2 NPs, leading to the positive charges on the particle surface. While the particle surface is negatively charged at alkaline pH due to OH-Obond leading to the thinner electric double layer[22, 2628]. Easily to notice that anatase and rutile of TiO2 NPs are
less negatively charged at pH 6.5 than 7.5 in Fig. 7a. Therefore, it is reasonable that the aggregation of TiO2 NPs at
pH 6.5 is greater than pH 7.5 due to the smaller repulsive
force between particles. In comparison with rutile TiO2, the
presence of phosphate induces the IEP of anatase TiO2 NPs

shifting from 6.1 to lower pH at 4.3 in Fig. 7b, indicating the
more negative charge on the surface. Thus, the improved repulsive force is again contributed to the facilitated dispersion
of TiO2 NPs. Furthermore, these results indicate that anatase
TiO2 NPs show the specific adsorption to phosphate, and the
stronger capacity than rutile, which agrees with our previous
studies shown in Fig. 5 and Fig. 6.
Effect of phosphate concentration on the dispersion of
TiO2 NPs is also evaluated over the phosphate concentration range from 10 to 200 μM (Fig. 8). Fig. 8 shows that
the hydrodynamic radius of TiO2 NPs decreases and tends
to be stable with the increase of phosphate concentration.
It is attributed to the more negative charge on surface resulting from the adsorption of phosphate onto TiO2 NPs
[23]. In addition, the hydrodynamic radius of rutile TiO2
NPs is obviously smaller than that of antase TiO2 NPs in
phosphate solution, because rutile TiO2 NPs tend to be
more stable than anatse in electrolyte solution (Fig. 2a). In
particular, the significant difference in hydrodynamic radius of antase between the presence of low (< 100 μM) and
high phosphate can be found in Fig. 8, resulting from its
stronger adsorption capacity to phosphate compared by rutile (Fig. 5). As our previous study, the presence of phosphate favors the more negative zeta potential of TiO2 NPs.
Thus, the electrostatic repulsion among TiO2 NPs is raised
up and then stability is improved [29]. However, the hydrodynamic radius slightly increases at 200 μM P in Fig. 8.
It is possible that the improvement of TiO2 NPs dispersion
is retarded due to the decreased repulsion of TiO2 NPs at
little higher P concentration. The transport of anatase TiO2
NPs suspended in phosphate solution through sands column can by well described by Derjaguin-Landau-VerweyOverbeek (DLVO) theory [29]. Thus, large amount of cationic (Na+) from higher concentration of phosphate in electrolyte results in the less negative zeta potential of TiO2
NPs, and it is followed by the low stability of suspended
particles due to the electrostatic double layer compression
[22].
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4. CONCLUSIONS
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EFFECT OF LEAD AND ZINC TREATMENTS
ON Brassica napus L. (cv. VERONA) PLANTS:
ACCUMULATION AND PHYSIO-BIOCHEMICAL CHANGES
Matúš Peško*, Marianna Molnárová and Agáta Fargašová
Department of Environmental Ecology, Faculty of Natural Sciences, Comenius University in Bratislava, Slovakia

ABSTRACT
Objective of this study was to evaluate effects of Pb
and Zn on model crop Brassica napus L. (rapeseed). Plants
were grown hydroponically in presence of various concentrations (251000 mol/L) of Pb or Zn. Addition of studied
metals into nutrient solution resulted in reduction of length,
fresh as well as dry mass of rapeseed plant organs and the
inhibitory effect increased with increasing external Pb or
Zn concentration. Metal exposed plants showed significant
decrease in the concentration of assimilation pigments
(chlorophyll a, chlorophyll b, carotenoids) and soluble proteins, and increased accumulation of thiobarbituric acid reactive substances in leaves. Metal treatment was also connected with loss of water in shoots, which was greater for Pb
exposed variants. Accumulation of studied metals into roots
of rapeseed cultivar Verona showed gradual saturation with
increasing Pb or Zn concentration in hydroponics. Lead concentration in shoot tissue was much lower than that of Zn.
The effectiveness of metal translocation from root to shoot
was pronounced much more for Zn treated plants.
KEYWORDS: chlorophyll, malondialdehyde, accumulation, rapeseed, lead, zinc

1. INTRODUCTION
Lead and zinc are significant environmental pollutants
originating usually from industrial (smelters), agricultural
(fertilizers and insecticides) and urban activities (municipal waste) [1]. Heavy metals are persistent in environment
and can be taken up by crops from contaminated soil, resulting in lower yields and possible health issues for animals and humans.
Wide range of toxic effects to living organisms are assigned to lead (morphological, physiological and biochemical changes), including retarded plant growth and root
elongation, seed germination decrease, disturbed transpiration, chlorophyll production, lamellar organization in the
* Corresponding author

chloroplasts and cell division, DNA synthesis [2, 3]. By reacting with active groups of enzymes and by reacting with
the phosphate groups of ADP or ATP Pb can change cell
membrane permeability [4].
Zinc is one of the essential elements, but surplus of this
metal can cause stress to plants. It inhibits seed germination, plant growth and root development. Excess of Zn significantly alter mitotic activity. Membrane integrity and
permeability, and even death of cells can be observed in
plants stressed by zinc. At molecular level, alternations in
gene expression can occur in response to Zn treatment [5].
Additionally to above mentioned negative effects, lead
and zinc increase production of reactive oxygen species
(ROS), such as superoxide anion, hydrogen peroxide and
hydroxyl radicals. High production of ROS in plants induces usually oxidative stress which is responsible for
damaging lipids, proteins and nuclei acids [6].
The intention of the present study was to evaluate effects
of lead and zinc on some production parameters of hydroponically cultivated rapeseed plants (cv. Verona), to determine phytotoxic effects of studied metals on the concentration of chlorophyll a (chl a), chlorophyll b (chl b), total carotenoids (cars), soluble proteins and thiobarbituric acid reactive substances (TBARS) in leaves, as well as to estimate
accumulated concentrations of Pb and Zn in plant organs. In
addition, since B. napus is high in biomass and many varieties
are available, and belongs to Brassicaceae family, which includes most of hyperaccumulators, such as Arabidopsis thaliana and Thlaspi caerulescens, we also discussed possibility
to utilize this crop in phytoremediation of studied metals.
To eliminate effects of climate conditions and soil matrix and focus just on effects of the studied metals on plants
alone, we decided to perform experiments in hydroponics
under controlled conditions.

2. MATERIAL AND METHODS
2.1 Plant material, cultivation and treatment

The seeds of rapeseed (Brassica napus), cv. Verona (a
late and medium-high genotype suitable for maize and potato
production regions) were purchased from Slovak Centrum
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of Agricultural Production, Research Institute of Plant Production in Piešťany, Slovakia. Seeds were germinated in
filter paper rolls for 5 days, seedlings were then transferred
to 1L beakers filled with standard Hoagland solution (pH
adjusted at 5.9, solution was changed every 3 days for fresh
one) and cultivated for 18 days at controlled conditions
(photoperiod 16h light /8h dark; irradiation: 80 mol/m2/s
PAR; mean day/night air temperature: 25/19 ± 1oC, relative
humidity 80 %). In case of Pb treatments, K2HPO4 was replaced by KCl in order to prevent PbHPO4 precipitation.
23-days old rapeseed plants were then cultivated in presence of Pb or Zn (25, 50, 100, 200, 500 and 1000 mol/L),
as well as control plants for another 7 days. At the end of
experiment the response of plants to metal treatment was
evaluated. Length, fresh (FW) as well as dry weight (DW)
of roots and shoots were determined. Five plants for each
beaker were used.
2.2 Photosynthetic pigments

Concentrations of chlorophyll a, b and total carotenoids (chl a, chl b and total cars) in plant leaves were determined spectrophotometrically (Chl a at 663.2 nm, Chl b
at 646.8 nm, and total cars at 470.0 nm) after extraction
into 80% (v/v) acetone (Genesys 6, Thermo Scientific,
U.S.A) according to Lichtenthaler [7]. The extraction was
performed until the leave texture was fully white.
2.3 Leaf homogenate preparation

Fresh leaf biomass (500 mg) was homogenized with
6 mL of 0.1% trichloracetic acid (for thiobarbituric acid substances (TBARS) assays) or phosphate buffer (for soluble
proteins assays) in mortar, and resulting suspension was centrifuged 10 min at 2900g. For determination of TBARS and
proteins the corresponding supernatant was used.
2.4 Thiobarbituric acid reactive substances

Concentration of malondialdehyde (MDA) was determined as a concentration of Thiobarbituric acid reactive
substances (TBARS) in rapeseed leaves according to the
method described in detail in Peško et al. [8]. Briefly: 2 mL
of supernatant was incubated at ~95 oC for 30 min with
1 mL of mixture containing 0.5% (w/v) thiobarbituric acid,
20% (v/v) trichloroacetic acid, and 100 L of 4% butylated
hydroxytoluene, followed by cooling in an ice bath for
10 min and centrifuged 2 min at 2900g. The absorbance of
the solution was determined at  = 532 nm spectrophotometrically (Genesis 6, Thermo Scientific) and concentration of TBARS was calculated using extinction coefficient
155 L/mmol/cm.
2.5 Soluble proteins

Soluble protein concentration in rapeseed leaves was
determined spectrophotometrically (Genesys 6, Thermo
Scientific, USA) according to Bradford [9] using Bradford
reagent prepared by dissolving of 20 mg Coomassie Brilliant
Blue G-250 in 10 mL of 95% ethanol, thereafter 20 mL
H 3PO 4 and 70 mL deionized water was added, respec-

tively. The reaction mixture (200 L of supernatant and
2 mL of Bradford reagent) was incubated at room temperature for 5 min. Absorbance of incubated mixture was
measured at = 412 nm and protein concentration evaluated by using calibration curve. Serum bovine albumin was
used as a standard.
2.6 Lead and zinc in plant organs

Dried plant samples from control, Pb and Zn treatments
were heated in concentrated HNO3 in the oven at 160 oC
for 1 h, then diluted with deionized water and metal contents
were determined using the method of flame atomic absorption spectrometry (AAS PerkinElmer Model 1100, at
217 nm (Pb), 213.9 nm (Zn) with deuterium background
correction). Standard reference Pb or Zn stock solution
(1 g/L, Merck, Germany) and the certified standard reference materials NCS DC 73350 Poplar Leaves (China) and
NCS DC 733 49 Bush Branches and Leaves (China) were
used to quality assurance of the results. The detection limits were as follows: 5 μg/L for Pb and 0.3 μg/L for Zn. The
precision of Pb and Zn determination (n = 3) expressed by
relative standard deviation varied in the range from 1% to
3%.
2.7 Bioaccumulation and translocation factor

Bioaccumulation factor (BAF) values are expressed as
the ratio of the metal concentration in biological material
(in mg/kg DW) to the metal concentration in external solution (in mg/L). The translocation factor (TF) values correspond to the ratio of accumulated metal concentration in
shoots and roots, respectively.
2.8 Statistical analysis

The results were evaluated by the single factor
ANOVA (p ≤ 0.05) after verification of normality and homogeneity of the variance. The multiple comparisons of
means were based on the method of Tukey’s contrast.

3. RESULTS AND DISCUSSION
3.1 Visual symptoms of lead and zinc toxicity

Thirty days old plants, cultivated hydroponically for
their last 7 days in presence of Pb or Zn, showed some
symptoms of toxicity (leaf chlorosis) already at the lowest
applied lead or zinc concentration 25 mol/L. The leaf chlorosis progressed as the external concentration of studied
metals increased (except plants stressed by 1000 mol/L
Pb). Some plants supplied by 500 and 1000 mol/L Pb or Zn
showed following symptoms of toxicity: stunt plant growth,
strongly expanded leaf chlorosis, wilted and desiccated
leaves and strongly brown-colored roots. Visible symptoms of lead and/or zinc toxicity such as leaf chlorosis and
necrosis, wilting of leaves, browning of roots, as well as
overall plant biomass reduction were observed by many authors, e.g. in experiments with Achnatherum splendens
[10], Lupinus uncinatus [11].
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3.2 Growth parameters and water content

Presence of studied metals in nutrient solution resulted
in only moderate reduction of length of individual plant organs (Fig. 1 a, b). At the highest applied Pb or Zn concentration (1000 mol/L) the shoot length declined by ~27 %
(Pb) and ~29 % (Zn), and the root length only by ~12 % (Pb)
and 24 % (Zn), relative to the control. Phytotoxic effect
of Pb and Zn was more evident from dry weight reduction
(Fig. 1 c, d). In applied concentration range 100–1000 mol/
L of Pb or Zn, the reduction of shoot dry weight was 11–
60 % (Pb) and 10–38 % (Zn), in comparison to the untreated
plants. Application of 200 mol/L Pb or Zn resulted in ~28%
(Pb) and ~32% (Zn) reduction of root dry weight, relative
to the control. At the highest applied metal concentration
(1000 mol/L) root dry weight dropped by ~48% (Zn) and
~40% (Pb). The plant growth inhibition by Pb or Zn excess
could be related to the metal accumulation in plants, since
cells need to expend extra energy to deal with the high metal
concentrations in tissues. Another reason for this may be due
to the adverse effect of lead and zinc on mineral nutrient
uptake and the photosynthesis rate [12]. Slight root biomass stimulation of plants exposed to 50 and 100 mol/L
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Pb (Fig. 1c) could be explained for example by enzymes activation by metal ions in cytokinin metabolism, which leads
to promotion of the plant growth [13].
Higher decrease of shoot water content (Fig. 2) was
observed in Pb treated plants, compared to those stressed
by Zn. Relative to the control, after application of 200 and
500 mol/L of lead or zinc, shoot water content dropped
by 43% (Pb) and 28% (Zn), and 56% (Pb) and 38% (Zn),
respectively. Observed decrease of water content in leaves
is probably related to reduction of transpiration rate, which
is directly connected with impairment of stomatal movement. Yang et al. [14] observed strong decrease of stomatal
movement in broad bean (Vicia faba L.) leaves as the external Pb or Zn concentration increased (200–1000 mol/L). In
the root system, large amounts of Pb can prevent the water
movement to the upper parts through the mechanical blocking at the Casparian strip [15].
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FIGURE 1 - Dependence of shoot and root length (a, b) as well as shoot and root dry weight (c, d) of B. napus plants (expressed as percentage
of control) on the applied metal treatment. Mean  SE; n = 5; SE–standard error. Means followed by different letters are significantly different
at the 0.05 probability level.
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FIGURE 3 - Dependence of chlorophyll (chl) a and b, as well as total carotenoids (cars) concentration in leaves of B. napus plants on the applied Pb (a) or Zn (b) treatment. Mean  SE; n = 3. Means followed by different letters are significantly different at the 0.05 probability level.

After application of 200 mol/L Pb, concentration of pigments in fresh leaf tissue dropped under 50%, relative to
the control. For zinc treatments, such a drastic decrease
was observed only after application of the highest studied
Zn concentration (1000 mol/L) and, in comparison to the
control, the corresponding chl a, chl b and total cars concentrations in leaves declined by ~71%, ~79% and ~77%,
respectively. Significant decrease in concentration of assimilation pigments in metal stressed plants is connected
probably with impairment of their biosynthesis.
Zinc can inhibit chlorophyll production through disruption of Fe metabolism [16]. In our experiment, plants exposed to 1000 mol/L Pb for 7 days remained greener compared to those treated with lower concentrations (100, 200
and 500 mol/L) of this metal, and practically same results
were achieved as we repeated the experiment. This phenomenon might be due to substitution of the central atom of chlorophyll, Mg, by Pb. Küpper et al. [17] suggest that chlorophylls with replaced central atom (Mg for some other metal)
are much more stable toward irradiation than chlorophyll

with Mg as central atom. Consequently, plants remain green
even when they are severely damaged or dead.
3.4 Soluble proteins and TBARS

Concentration of soluble proteins in leaves of plants
declined exponentially with increasing external concentration of studied metal (Fig. 4a). The decrease was pronounced
more in Pb treated plants, in comparison to those supplied
with Zn. Presence of 25 mol/L of lead or zinc in hydroponics resulted in drop of leaf protein concentration by
~15% (Pb) and ~10% (Zn), relative to the untreated plants.
After application of 1000 mol/L Pb or Zn, proteins in leaves
decreased by ~60% (Pb) and ~44% (Zn). Pena et al. [18] observed elevated protein oxidation in leaves of sunflower
plants cultivated at 100 mol/L Zn. Ali et al. [19] reported
significant decrease of soluble proteins concentration in the
leaves and roots of B. napus plants at higher external Pb dose
(400 mol/L). Negative correlation between lead accumulation and protein concentration in roots, stems and leaves of
peanut plants cultivated at various Pb concentrations (10,
100, 1000 mg/L) was observed by Dogan et al. [20].
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 SE; n = 3. Means followed by different letters are significantly different at the 0.05 probability level.

Pb
Zn

1500
1000
500
0

0

200

400
600
800
metal treatment (mol/L)

1000

(b)

50

Pb
Zn

40
30
20
10
0
0

200

400
600
800
metal treatment (mol/L)

1000
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In experiments with Salix alba and S. viminalis, plants
supplied with 150 mol/L Zn showed decrease of leave
proteins by ~29% and ~22% in comparison to untreated
plants, respectively [21].
Malondialdehyde (MDA), one of the TBARS, is a secondary end product of oxidation of polyunsaturated fatty
acids and it is considered as a marker of lipid peroxidation
[5]. The concentration of TBARS in leaf tissue increased
with increasing metal supplementation (Fig. 4b). The greatest accumulation of these products was recorded for variants
cultivated in presence of 1000 mol/L Pb or Zn and corresponding concentrations of TBARS in leaves represented
215% (Pb) and 252% (Zn) of control. Our findings are in
good accordance with experiments of many other authors [3,
5, 22]. Addition of 50 or 100 mol/L Pb resulted in ~5– and
~6.5–times greater accumulation of MDA in leaves of cotton
plants, in comparison to the untreated variants [22]. Changes
in malondialdehyde accumulation in lettuce plants cultivated
at 12.5 mg/L and 125 mg/L Pb for 15 days were recorded
by Capelo et al. [3]. Gradual accumulation of TBARS in
roots and shoots with increasing Zn external concentration

(70–1120 mol/L) was observed in experiments with rapeseed [5].
3.5 Pb and Zn accumulation in plant tissue

In roots, the gradual saturation of tissue with studied
metal was observed (0500 mol/L Pb or 01000 mol/L
Zn; Fig. 5a). Increasing external Pb or Zn concentration
(01000 mol/L) resulted in linear accumulation of studied
metals into the aboveground parts (Fig. 5b). Concentration
of Zn accumulated in shoots was 16(1000 mol/L) to
75(200 mol/L) times higher than that of Pb. Opposite
to that, amount of Zn accumulated in root tissue was
6.6(25 mol/L) to 13.8(1000 mol/L) times smaller, in
comparison to the Pb treatments.
The root BAFs increased with increasing external Pb
concentration (50200 mol/L), while those determined
for shoots showed in concentration range 25200 mol/L
decreasing course. For zinc treatments (251000 mol/L),
a rapid decline of BAFs with increasing external Zn concentration for both plant organs was observed (Table 1).
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TABLE 1 - Metal concentration accumulated in individual plant organs, corresponding bioaccumulation (BAF) and translocation (TF) factors,
as well as the percentage share of metal accumulated in shoots of plants exposed to Pb or Zn.
Metal treatment
(mol/L)
Pb 25
Pb 50
Pb 100
Pb 200
Pb 500
Pb 1000

Metal accumulation
(mg/kg DW)
roots
shoots
13900
10
27720
12
58690
12
125300
18
179200
45
400300
188

BAF
values
roots
2683
2676
2833
3024
1730
1932

Zn 25
Zn 50
Zn 100
Zn 200
Zn 500
Zn 1000

2885
4046
5866
11930
24320
29044

1765
1238
897
912
744
444

260
434
635
749
1355
2970

Translocation factor values estimated for both studied
metals were low (<1), especially those related to Pb treated
plants. The effectiveness of metal translocation from root
to shoot was much higher for Zn than Pb treatments. TF
values estimated for lead supplied plants were by two to
three orders lower than those determined for zinc. The total
metal content occurring in individual plant organs is affected not only by its concentration in shoots and roots but
also by actual dry weight of plant parts. In whole concentration range 251000 mol/L Pb was the portion of lead
allocated in shoots below 1.3% (Table 1), which suggests
that B. napus, cv. Verona is excluder of this metal. On the
other hand, share of zinc accumulated in shoots was above
50% (Table 1) in whole applied concentration range
251000 mol/L. This is probably connected to the fact
that Zn is essential to plants.
Gradual saturation of root tissue with studied metals
(Fig. 5a) is connected with lack of adsorption sites at root
surface. Massive accumulation (Fig. 5a) of Pb into root tissue at the highest applied concentration (1000 mol/L)
could be related to failure of defense mechanisms of damaged plants. Restricted lead translocation into the shoots
could be due to its strong binding ability to the carboxyl
groups of galacturonic and glucuronic acids in the walls of
tissue cells located in roots, and blocking at the Casparian
strip in the endodermis [23]. Grejtovsky et al. [24] confirmed low mobility of lead in experiments with M. chamomilla. Amounts of Pb accumulated in roots of these plants
in applied concentration range (5–75 mol/L Pb) were
~2050–(5 mol/L) to ~5900–(75 mol/L) times higher
than those accumulated in shoots. These findings are in
good conformity with our experiment results, when rapeseed plants in concentration range (25–100 mol/L) accumulated ~1399– to 4900–times more Pb into their roots,
compared to shoots. These results are also supported by
very low BAF (shoots) and TF values (Table 1) calculated
for Pb treatments. Plants supplied by 100 mol/L Pb were

TF
values

% of metal
in shoots

shoots
1.93
1.33
0.58
0.43
0.43
0.91

0.00072
0.00065
0.00021
0.00010
0.00025
0.00047

1.31
1.02
0.32
0.14
0.31
0.30

159
133
97
57
41
45

0.090
0.107
0.108
0.063
0.056
0.102

59.3
63.6
64.6
52.2
51.4
67.0

able to accumulate 58690 mg Pb/kg in their roots, but only
12 mg Pb/kg DW in shoots, which represents just 0.32% of
total metal amount accumulated by plants (Table 1).
Zinc is among the potentially toxic elements the most
mobile and it is highly bioavailable and transferable to the
plants. In hydroponic experiments with rapeseed plants,
the accumulated amounts of zinc increased from 72 to 1170
mg Zn/kg DW (leaves) and from 140 to 14670 mg Zn/kg
DW (roots) in concentration range 70–1120 mol/L Zn [5].
In our experiment, plants treated with Zn in concentration
range 25–1000 mol/L accumulated 2885 to 29044 mg
Zn/kg DW into their roots and 260 to 2790 mg Zn/kg DW
into shoots (Table 1), respectively. Wang et al. [5] suggest,
that Zn protein transporters AtMTP1 and AtMTP3, which
are essential to A. thaliana, could be involved in higher uptake into the shoot tissue of rapeseed plants.

4. CONCLUSIONS
In summary it was proven that even moderate concentrations of the studied metals evoked some toxic effects on
model plants. Overall higher toxicity to rapeseed plants
was exhibited by Pb supplementation. Gradual biomass reduction of plants exposed to Pb or Zn was observed as the
metal supply in hydroponics increased. Supplementation
with higher doses of studied metals caused strong decrease
of photosynthetic pigments and soluble proteins production as well as reduction of water content in leaves of rapeseed plants. On the other hand, TBARS accumulation in
shoots increased rapidly with increasing lead or zinc supplementation. Plants accumulated more metal in their roots
than in shoots, which was pronounced more for lead treatments. Concerning application of B. napus cv. Verona for
phytoremediation of studied metals, complementary field
trials should be conducted in order to support our data, but
presented results of laboratory experiments proved that

3218

© by PSP Volume 24 – No 10. 2015

Fresenius Environmental Bulletin

lead mobility from root area to shoots is restricted even at
moderate applied concentrations. On the other hand, zinc
translocation was considerably high already at the lowest
applied external concentration.
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ABSTRACT
Reduced tillage is widely used among conservation
tillage treatments thanks to its reduced field traffic and
lower fuel consumption. The fact that this method causes
less CO2 emission when compared to conventional tillage
makes reduced tillage prominent in terms of environment
and sustainability of soil resources.
This study analyzed the effects of conventional and reduced tillage on CO2 emission throughout wheat production period. In conventional tillage (moldboard plough-cultivator + rotary harrow combination), two horizontal axis
rotary tiller and one vertical axis rotary tiller were used.
After tillage applications, mean weight diameter of soil,
penetration resistance, stubble burying ratio, CO2 emission
after tillage varied between 9.54 – 6.53 mm, 0.91 – 1.32
MPa, 52.78% – 70.37, 0.42 – 0.84 gm-2h-1 respectively. Total CO2 emission of each treatment in the period from tillage to harvest varied between 2149 – 2301 kg/da. Analysis
of variance on total emission values showed that the difference between the treatments was significant (P<0.01).
There was a significant relationship between penetration
resistance of soil, tillage depth, and CO2 emission
(P<0.01). Analysis of the treatments in terms of CO2 emission revealed that machine with horizontal axis I type tilling foot was more appropriate.
KEYWORDS: Conventional tillage; Reduced tillage; CO2 emission;
Organic matter; Stubble burying ratio

1. INTRODUCTION

Among agricultural production activities, tillage treatments directly or indirectly cause CO2 emissions. While direct emissions are caused by fossil fuels used during tillage
treatment, indirect emissions are caused by CO2 that is released to the atmosphere after tillage. In this context, CO2
emission is the last decay product of soil organic matter
that is released to the atmosphere and is significantly affected by tillage treatments. Of total CO2 emissions of Turkey in 2012, approximately 70.2% was caused by energy
production; 14.3% was caused by industrial processes;
8.2% was caused by wastes and 7.3% was caused by agricultural activities. While CO2 equivalent emission per capita was calculated as 3.4 ton/person in 1990, it increased to
5.9 ton/person in 2012 [1]. Amount of fuel consumed by
tractor in tillage treatments varies according to tillage depth
and soil structure. Thanks to their lower fuel consumption
needs, no-tillage farming and reduced tillage treatments
contribute to energy saving and reduction of CO2 emission.
Frye [2] reported that the use of no-tillage method from
conventional tillage treatment using moldboard plough can
prevent C emission by 20 kg/ha in a year.
Lal [3] analyzed equivalent C emissions depending on
fuel consumption in certain tillage tool treatments and reported that the highest emission was produced to be 15.2 kg
CE/ha by moldboard plough, while the lowest emission
was produced by rotary tiller treatment (2.0 kg CE/ha).
Brye et al. [4] analyzed the effects of tillage and stubble burning on CO2 emission in wheat-soy bean production. Amount of CO2 released to the atmosphere was found
to be 37.6% higher in conventional tillage when compared
to conservation tillage.

Global warming, which is concerned with CO2 gas
amount in the atmosphere, has required minimization of release of this gas. Agricultural soils and agricultural production play an important role in maintenance or storage of
carbon as an organic matter in the soil. Soil carbon dynamics are important both for sustainability and indirectly for
affecting climate change. There is always a standard respiration in soil. Plant roots and organisms consume O2 and
produce CO2 for respiration.

Al-Kaisi and Yin [5] analyzed no-tillage method, slot
planting, chisel and ploughing treatments in stubble and no
stubble field in corn, soy bean rotation in 1998 – 2001 period to analyze the effect of tillage methods on soil organic
C amount and CO2 emission. The study found that stubble
tillage-free method increased soil organic C in the first 0 –
10 cm depth of soil. On the other hand, CO2 emission was
found to be 19 – 40% lower in less intensive tillage method
than ploughing and it was found to be 24% lower in stubble
tillage-free method than no stubble tillage method.

* Corresponding author

La Scala et al. [6] found that average CO2 emission values varied between 0.32 – 0.48 g/m2h following different
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tillage treatments (rotary tiller, chisel plough, disc ploughdisc harrow and heavy type-disc harrow). The highest soil
C losses were obtained from chisel plough method in the
study. Soil CO2 emission value was found to be 133 gCO2/m2
at the end of two-week period.
Stajnko et al. [7] reported that tillage has a significant
impact on CO2 emission. The researchers analyzed direct
effects of three different tillage treatments (direct drilling,
chisel plough and conventional tillage) in Eastern Slovenia
on CO2 emission. They found that mean CO2 emission decreased by 61.07% in reduced tillage when compared to conventional treatment and by 79.45% in direct drilling treatment.
Liu et al. [8] reported that tillage technique has a significant impact on soil moisture and temperature. The researchers used reduced and direct drilling techniques in addition to conventional tillage on two sub parcels with and
without corn stubble. While the highest CO2 emission value
was 465.48 mg/m2h in planting period, the lowest value was
calculated to be 326.16 mg/m2h in winter. The researchers
reported that tillage treatments and stubble amount on filed
surface have a significant impact on CO2 emission.
So et al. [9] calculated that transition to conservation
tillage system in even 50% of approximately 47 million ha
land that is tilled every year can reduce an annual 9.4 Mton
CO2 release amount to 4.3 Mton. The researchers also reported that CO2 emission will decrease by 0.43 Mton in
every 5% area by transforming to conservation tillage.
Sperow (2003) [10] reported that 47 Mton C can be kept in
soil if no-tillage agriculture is used in 129 million ha land
that is cultivated in the USA on annual basis. It was calculated in the same study that total amount C that can be kept
in the soil will be 37 Mton if no-tillage method is used in
50% of the tilled areas and reduced tillage method is used
in the remaining 50% of the lands.
Reicosky [10] analyzed the effects of ploughing in a
three-month period in western Minnesota on CO2 emission.
Analysis of the values revealed that CO2 emission after the
first ploughing was measured as 100 g/m2 per hour in
ploughed parcels, while it was smaller than 0.9 g/m2 in
non-tilled parcels. Cumulative CO2 emission was found to
be 2.4 times higher in ploughed parcels when compared to
non-tilled parcels in the following 85 days.
Long term studies showed that intensive tillage activities (especially ploughing) cause more CO2 emission to the
atmosphere as a result of loosening of soil and increased
biologic oxidation [12]. Intensive tillage oxidizes 30 – 50%
of C in soil. In a previous study, average short term CO2
emission using moldboard plough was found to be 30%
higher than conservation tillage. The same study reported
that moldboard plough treatment caused 13.8 times higher
CO2 emission when compared to no-tillage method [13].
It is estimated that only 10% of the agricultural land in
the Konya Close Basin in Turkey is fully productive without any environmental problems. The remaining 90% of

the arable lands in the Konya Close Basin are being degraded due to intensified agriculture, inappropriate cultivation and plant rotations etc. The fact that soils of Turkey
are poor in terms of organic matters and lower than 1% especially in Konya Close Basin shows the importance of reduced tillage for this region.
In conservation tillage, when plant wastes are naturally
left on the soil, C in wastes remains on soil surface and
slowly turns into soil organic matter. Increasing maintenance of carbon in soil reduces infiltration, wind and water
erosion, minimizes compaction, and enhances soil quality,
decreases emission and increases environmental quality
[12].
This study evaluates the effects of conventional and reduced tillage treatments on some physico-mechanical
properties of soil (penetration resistance, mean weight diameter), stubble burying ratio and CO2 emission. The aim
of the study is to determine an alternative tillage treatment
for a sustainable agricultural production by reducing CO2
emission instead of conventional tillage.

2. MATERIALs AND METHOD
The experiments were conducted in the field of
Karaaslan Soil, Water and Combating Desertification Research Station in 2012 – 2013 production seasons. It is
10 km away from Konya province, which is located in the
Middle Anatolia region of Turkey (37°52´N latitude,
32°29´E longitude and altitude1016 m). The soil on which
the test was carried out is clayey-loamy CL class soil (Table 1).
TABLE 1 - Physical and mechanical properties of the soil
Texture
pH

Clay 43 %
Sand 37 %
Loam 20%
8.20

Organic Matter (%)
Moisture content (%)
Bulk Density (0 – 20 cm) (g/cm3)
Penetration Resistance (0 – 30cm) (MPa)
Shear Stress (N/cm2)

0.76
18.4
1.32
2.09
2.23

Monthly average temperature and precipitation
amounts in 2012 – 2013 production years are presented in
Figure 1. Average temperature was 10.43 o C and total precipitation was 323 mm. Two horizontal axes, one vertical
axis, and one moldboard plough were used in the study.
Some technical properties of the machines are presented in
Table 2.
EIJELKAMP brand penetrometer was used to determine penetration resistance of soil. A cone with a peak angle of 30° and base area of 1 cm2 was used for the measurements. The measurements were made in unit of MPa at
a depth of 0 – 20 cm of soil. Five random measurements
were conducted in each parcel.
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FIGURE 1 - Meteorological data of the production year (2012 – 2013)

TABLE 2 - The specifications of the tools used in experiment
Application
Conventional tillage (CV)

Reduced tillage

Plough +
Cultivator – float (2 times)
Horizontal shaft rotatiller with
L-type (HSLTR)
Horizontal shaft rotatiller with
I-type (HSIR)
Vertical shaft rototiller (VSR)

Working depth
(cm)
22
12

Working width
(cm)
120
210

Peripheral speed
(m/s)

Average speed
(km/h)
5,5
7

13

260

5,3

2,6

11

210

4,5

2,65

18

140

5,5

3,2

Samples were collected from a depth of 0 – 20 cm of
soil to determine mean weight diameter of soil. The samples were passed in sieves with a mesh size of 40, 20, 16,
8, 4, and 2 mm. A total of 7 fractions were obtained. The
fractions were weighted separately and 5 values were
found. The following equations were used to find the mean
weight diameter (MWD) [14].
MWD = ∑ Xi Wi
where;
Xi: Average diameter of any particle size group of i.
aggregates separated by the sieve (mm).
Wi: Weight of the aggregates in i. size group of the
analyzed total dry weight (g).
1 m2 frame was placed in each treatment parcel before
tillage to determine burying ratios of wheat stalks according
to the used tillage methods. Stubble in the frame was mown
at soil level and collected stubble was weighted. Weighting
procedure in each treatment parcel was made in three replications and stubble amount was identified in unit of (g/m²).
Wheat stalks on field using the same method after tillage,
were determined for each parcel. The following equations
were determined using the following formula [15].
F = [(A — B) / A]*100
where;

F: Stubble burying ratio (%),
A: Amount of stalk before tillage (g),
B: Amount of stalk after tillage (g).
PP System brand emission device that measures CO2
gas emission from soil to atmosphere and produces data in
unit of g(CO2)/m2h was used in the study. Air flow rate of
the device was 350 ml/min. Measurements were taken in
five replications from each treatment parcel after tillage,
and this procedure continued at every other day until the
end of the season (harvest) (excluding the days when soil
temperature is <5 °C). Average monthly emission values
and total CO2 emission obtained throughout the production
period was calculated by taking into account the days when
soil temperature was above 5 °C. Although an acceptable
organic matter decomposition can occur at 5 °C or slightly
lower temperatures, decomposition of plant tissues accelerate with increased temperature [16].

3. RESULTS AND DISCUSSION
The effects of different tillage organs on soil fragmentation degree (mean weight diameter) are presented in Figure 2. Mean weight diameter values of soil according to
tilling organ varied between 6.53 – 9.54 mm. The lowest
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Mean weight diameter (mm)

mean weight diameter was identified in VSR tillage treatments. On the other hand, the highest mean weight diameter was identified in HSITR tillage treatment. While mean
weight diameter of soil was 40% higher in vertical axis rotary tiller treatment in conventional treatment, it was found
to be 3.7% lower in vertical axis I type rotary tiller treatment. Increased environment speeds in tractor power takeoff drive machines increased fragmentation activity of soil.
Çarman et al. [17] found mean weight diameter of soil as
7.28 – 11.76 mm in horizontal axis rotary tiller treatment
and as 10.75 mm in vertical axis rotary tiller treatment.
Önal and Aykas [18] reported that mean weight diameter
of soil varied between 14.6 – 16.5 mm in PTO driven horizontal and vertical axis machine treatment. It can be stated
that the difference between our results and literature data
result from soil type, moisture, and structural and operation
properties of the machines used.

10
9,5
9
8,5
8
7,5
7
6,5
6
5,5
5

The effect of reduced tillage on penetration resistance
of soil is presented in Figure 3. Penetration resistance values varied between 0.866 – 1.32 MPa depending on the
treatments. The highest resistance was obtained from
HSLTR tillage treatment, while the lowest resistance was
obtained from VSR treatment. Penetration resistance of
soil decreased depending on increasing working depth. In
horizontal axis rotary tiller treatments, the fact that working depth was approximately 27 – 50% lower than other
treatments, caused soil penetration values to be approximately 17 – 45% higher. Soil tillage is among the important
factors affecting soil physical properties [19]. The tillage
treatments affected physical properties of the soil, especially, when similar tillage system has been practiced for a
longer period [20].

9,54
9,18

7,68
6,53

CV
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Applications

VSR

Penetration resistance (MPa)

FIGURE 2 - The effect of treatments on mean weight diameter of soil.
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FIGURE 3 - Penetration resistance values of soil according to treatments
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FIGURE 4 - The change in stubble amount and burying ratio depending on treatments after tillage.
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FIGURE 5 - Emission values after tillage

The effect of treatments on the amount of stubble in the
field after treatments, and burying ratios are presented in
Figure 4. Stubble amount varied between 42.67 – 68 g/m2
and burying ratio varied between 52.78 – 70.37%. Conventional tillage gave the highest amount of stubble (70.37%
decrease), or burying ratio after tillage. On the other hand,
horizontal axis rotary tiller gave the lowest stubble burying
ratio (52.78%). Stubble burying ratios were found to be
2.37 – 17.59% lower in reduced tillage treatments when
compared to the conventional treatment. Analysis of variance conducted on stubble burying ratios after tillage
showed that the difference between the treatments was significant (P<0.01). Unger [21] reported that stubble burying
ratios were 90% in moldboard plough and disc ploughs,

and 50% in tandem disc harrow and offset disc harrow. In
a study that used heavy tip disc harrow, Çarman and Konak
[22] found that burying ratios varied between 54 – 88%.
Our findings are consistent with the literature.
Emission values after tillage varied between 0.42 –
0.84 g (CO2)/m2h (Figure 5). The highest value was obtained from conventional tillage treatment, which was followed by VSR tillage treatment. On the other hand, the lowest emission value was obtained from HSITR tillage treatment. The change in emission values according to the control parcel no tillage treatment had been made varied between 31 – 168%. In conventional tillage, emission release
was found to be 1.68 times higher depending on tillage
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depth (mean 22 cm) and intensive tillage (mean weight diameter of soil is 9.18 mm), when compared to the control
parcel. Analysis of variance on emission values after tillage
revealed that the difference between the treatments was
significant (P<0.01). LSD test on averages showed that the
difference between each treatment was significant. Bauer
et al. [23] found that mean CO2 emission values in soil after
conservation tillage treatments was 0.86 g/m2h in summer
and 0.36 g/m2h in autumn. La Scala Jr et al., [24] reported
that CO2 emission values after rotary tiller tillage varied
between 0.31 – 0.34 g/m2h. Similar results were reported
in other studies [25, 26]. Emissions of CO2 from agricultural soils are the result of complex interaction between climate and several biological, chemical, and physical soil
properties [27]. Tillage systems may affect all these soil
properties and therefore influence the release of CO2 [28].
The variation in mean monthly emission values throughout the production year from tillage to harvest is presented
in Figure 6. Average monthly CO2 emission values varied
between 0.21 – 0.54 g/m2h. Average precipitation and temperature values in the same production year are presented
in Figure 6. Average precipitation was 323 mm and average
temperature was 10.33 o C in production year. The highest
precipitation occurred in November while the lowest temperature was measured in July. Average monthly emission
values were similar in all 4 treatments (Figure 7). Emission
values were observed to increase depending on treatments
after tillage. The increase in soil microorganism activities depending on precipitations (69.2 mm) and temperature (7.3 o C)
in November increased CO2 emission. Decrease of temperature in average temperatures (between -1.9 – 6.4 oC) in December, January, and February stopped microorganism activities. CO2 emission was observed to increase, depending
on increased temperature and precipitation in the following

months. Emission values were found to increase in May
and June due to precipitation and increased temperature.
Emission values decreased in harvesting period (July) due to
the end of precipitation and the start of dry season. Average
monthly emission values varied between 0.21 – 0.54 g
(CO2)/m2h. Emission values were generally at the highest
values after conservation tillage treatment. In winter (December, January, February) emission values were observed
to decrease in all treatments. Emission values were observed to increase in the period from March to June, while
emission values in all treatments decreased in July.
Total CO2 emission in the period from tillage to harvest varied between 2149 – 2301 kg/da depending on treatments (Figure 7). The lowest value was obtained from
HSITR treatment while the highest value was obtained
from conventional treatment. In reduced tillage treatments,
total CO2 emission was 4.4 – 6.6% lower when compared
to conventional tillage. Analysis of variance on tillage-harvesting period emission values showed that the effect of
treatments on emission was significant (P<0.01). Ahmad et
al., [29] analyzed the effect of conventional tillage and direct drilling treatments on emission. The researchers found
that seasonal total CO2 emission resulting from conventional tillage was 26011.58 kg/ha and total emission resulting from direct drilling treatment was 23361.3 kg/ha. Ussiri and Lal [30] found that annual total C emission values
after different tillage treatments was 620 kg/da in conventional tillage and 550 kg/da in no-tillage treatments. The
researchers found that more than 50% of annual total emission occurred in summer. Analysis of our results in terms
of C emission showed that seasonal total C emission values
varied between 580.2 – 621.3 kg/da depending on the treatments and that these results are consistent with previous
results.

FIGURE 6 - Average monthly CO2 emission values
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FIGURE 7 - The tillage-harvesting period total CO2 emission values
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FIGURE 8 - The relationship between penetration resistance and CO2 emission after tillage
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FIGURE 9 - The relationship between tillage depth and amount of CO2 emission after tillage
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The study analyzed the relation between mean weight
diameter, penetration resistance of soil, and emission values
after tillage with various working depths for machines. The
relationship between mean weight diameter of soil and CO2
emission after tillage was not found to be significant
(P>0.01). Correlation coefficient of the relationship was
calculated as R=0.39.
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The relationship between penetration resistance and
CO2 emission after tillage was found to be significant
(P<0.01) (Figure 8). There was a polynomial relationship
between the two variables. Correlation coefficient of the
relationship was R=0.685. Emission values decreased as
penetration resistance increased. A 41% increase in penetration resistance of soil caused a 15.2% decrease in CO2
emission value of soil. There was a significant relationship
between tillage depth and amount of CO2 emission after
tillage (P<0.01) (Figure 9). There was a polynomial relationship between the two variables. Correlation coefficient
was found to be R=0.969. Emission value increased as tillage depth increased. A 100% increase in tillage depth
caused 100% increases in CO2 emission.
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ABSTRACT
Effects of supports on supercritical water gasification
of phenol were investigated. At an operating temperature
of 500 °C and with a water density of 0.0867 g·cm-3, the
carbon efficiencies of Ru supported by CeO2, La2O3, Pr4O7,
Y2O3, ZrO2, Y2O3-ZrO2 and MgO were obtained to be
83.1%, 79.4%, 78.5%, 78.3%, 76.2%, 73.3% and 65% respectively. Rare-earth oxide series showed the best activity. The order of gas product yields of hydrogen is Ru/Y2O3
> Ru/ZrO2 > Ru/La2O3 > Ru/Pr4O7 > Ru/MgO > Ru/Y2O3ZrO2 > Ru/CeO2, and that of methane is Ru/CeO2 > Ru/ZrO2
> Ru/Y2O3-ZrO2 > Ru/La2O3 > Ru/MgO > Ru/Y2O3 >
Ru/Pr4O7. The catalysts exhibit distinct catalytic selectivity
for water-gas shift and methanation reactions.

KEYWORDS:
Ru; phenol; supercritical water; gasification.

1. INTRODUCTION
Biomass draws increasing research attention and interests, as people are trying to reduce the dependence on fossil
fuels for energy and minimize CO2 emission. Biomass decomposes into gaseous fuels through gasification and liquid fuels through liquefaction, both of which produce toxic
undesired tar. Some recent researches showed that catalytic
tar gasification can efficiently convert tar into gaseous
fuels for energy [1, 2].
Phenol is typical aromatic byproduct of tar, accounting
for 7~35 wt% of tar [3, 4]. Phenolic derivatives are the major products of lignocellulosic biomass hydrolysis. Studies
on phenol gasification can provide a better understanding
of tar and lignin conversion.
Recent studies suggested that supercritical water (SCW)
(Tc ≥ 374 oC, Pc ≥ 22.1 MPa) provided a good medium for
* Corresponding author

phenol gasification [5]. To the best of our knowledge, quite
few publication studied phenol gasification in supercritical
water [6, 7]. Previous work from our group [8, 9] showed
that phenol could be gasified to produce hydrogen by partial oxidation at a relatively low temperature (<450 oC) in
supercritical water. The gasification efficiency, however,
was only 30% at 550 ºC without catalyst or oxygen.
Noble metal catalyst Ru is found effective for SCWG
of biomass and model biomass compounds [10]. And metal
oxides such as CeO2, La2O3, Pr2O3, Y2O3, ZrO2 and MgO
are usually used as promoters to improve biomass gasification efficiency [11, 12]. However, there have been few researches focusing on the catalyst gasification of phenol
with the noble metals and metal promoters mentioned
above.
In this work, supercritical water gasification of phenol
was investigated with supported Ru-based catalysts, with a
metal loading of 5 wt%. The scope of this work is to study
the effects of the supporting materials (CeO2, La2O3, Pr4O7,
Y2O3, ZrO2, Y2O3-ZrO2, MgO) on the structure and physicochemical characteristics of the catalysts. The catalytic
activity and selectivity of the catalytic systems to gaseous
products during SCWG of phenol were also investigated.

2. MATERIALS AND METHODS
2.1 Catalyst preparation

All of the chemicals used were of high purity (99.9%)
and analytical grade. Single-metal oxides and mixed-metal
oxides (Y2O3-ZrO2) were prepared by the conventional
method of precipitation and coprecipitation. Precursors (nitrates) were dissolved in distilled water by continuous stirring, and NH4HCO3 was added to the solutions to adjust
the pH values to 9.0, The solutions were stirred in a 70 °C
water bath for 5 h after 2 h of sitting at the room temperature, and the precipitates were filtered out and then dried at
105 °C for 12 h. Calcining the dried precipitates at 300 °C
for 2 h and subsequently 550 °C for 3 h in a muffle furnace
produced the metal-oxide supports.
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Wet impregnation method was adopted to prepare the
supported 5 wt% Ru catalysts, RuCl3·3H2O used as precursor. A precursor solution was used to impregnate the metaloxide support in the powder form. After drying the power
at 110 °C for 12 h, the obtained solid was finally reduced
in pure H2 at 400 °C for 3 h.
2.2 Catalyst characterization

X-ray diffraction (XRD) patterns were obtained using
the Bruker D8 Advance diffract meter system with Cu Ka
radiation (1.5406 Å) and a graphite monochromator. The
operating voltage was 40 kV, and the current 40 mA.
Structural characterization and dispersion measurements of the catalytic materials were performed with a FEITecnai G2 F20 transmission electron microscope, using highresolution transmission electron microscopy (HRTEM) coupled with energy-dispersive X-ray analysis (EDS).
2.3 Activity test

The supercritical water (0.0867 g·cm–3) gasification of
phenol was carried out at 500 °C in a 316 stainless-steel
mini-batch reactor of 4 cm3 internal volume. The reactor
was placed vertically in a Techne fluidized sand bath
(model SBL-2) maintained at the desired gasification temperature by a Techne TC-8D temperature controller. More
detailed information was presented in previous work [13].
The gaseous products were analyzed by an Agilent
Technologies model 7820A gas chromatograph with a
thermal conductivity detector (GC-TCD). The yield of
each gas species was calculated from dividing its quality
amount by the mass of phenol loaded into the reactor.

3. RESULTS AND DISCUSSION
3.1 Catalyst characterization
3.1.1 X-ray diffraction

The crystalline phases formed in fresh catalysts were
investigated by X-ray diffraction. Fig. 1 shows the XRD
diagrams of all samples with different metal-oxide supports, exhibiting the characteristic peaks of crystalline
ZrO2 (at 2θ angle of 28.2°, 50.3° and 59.4°), Y2O3 (at 2θ
angle of 29.3°, 45.5° and 56.2°), Pr4O7 (at 2θ angle of 33.7°
and 58.7°), CeO2 (at 2θ angle of 26.6°, 47.7° and 57.4°)
and La2O3 (at 2θ angle of 34.6° and 50.3°). According to
ASTM (American Society for Testing and Materials) data,
metal cations are all in their normal valences except for
Pr4O7, which is in a composite valence and were also prepared by Clapsaddle [14]. PrClO is also detected in Pr-oxide support, as Pr and Cl can easily form complex compounds together.
In the case of Y2O3-ZrO2 solid, main diffraction peaks
of pure Y2O3 and ZrO2 were both observed. Compared to
standard XRD patterns of pure Y2O3 and ZrO2, this result
exhibits lower intensities of the catalyst. In addition, slight
diffraction peak shifts were also observed, corresponding
to the patterns of pure Y2O3 and ZrO2. The introduction of
lower-valence Y3+ into ZrO2 results in the formation of oxygen vacancies, which will be discussed in more details
shortly.
It should be noted that the Ru lines are not detected,
because the Ru loading (5 wt%) is too small and the Ru
lines are largely coincide with those of the supports in the
baddeleyite crystallographic structure. As described in the

FIGURE 1 - XRD patterns of supported Ru catalysts.
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experimental section, the as-synthesized Ru catalysts were
reduced in H2 at 400 ºC prior to the reaction, which process
simulates the metallic Ru active species and the state of the
catalyst under actual reaction conditions. Ru in metal state
is speculated to uniformly disperse on the metal-oxide supports. EDS analysis of the samples shows the presence of
only metallic Ru particles, confirming the complete reduction of RuCl3 to metallic Ru state.

The average size of the catalyst crystallites was estimated from Debye–Scherrer equation with XRD (Table 1).
The calculated crystallite size of each Ru-based catalyst
agreed well with the size range measured by TEM.
3.1.2 TEM-EDS studies

TEM with EDS was used to observe the morphology
of the catalytic surface, as shown in Fig. 2. The comparison

TABLE 1 - Particle size estimation of Ru-based catalysts
Catalysts

Ru/CeO2

size calculated by XRD (nm)
size range by TEM (nm)

a. Ru/ZrO2

d. Ru/Pr4O7

Ru/La2O3

Ru/Pr4O7

Ru/Y2O3

Ru/ZrO2

Ru/Y2O3-ZrO2

Ru/MgO

12.6

23.7

23.4

19.9

14.3

19.0

18.3

10~20

30~60

40~50

20~40

15~25

20~30

15~30

b. Ru/CeO2

e. Ru/Y2O3-ZrO2

c. Ru/Y2O3

f. Ru/La2O3

FIGURE 2 - TEM images of Ru-supported on different metal oxides.
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among the elemental mapping morphologies (which are
not shown for brevity) of the catalyst surfaces on different
supports shows that the particle sizes of Pr4O7 and Y2O3
support crystals are between 40 and 50 nm, and those of
CeO2 and ZrO2 support crystals are much smaller (10 < d <
20 nm). In addition, CeO2 and ZrO2 supports obtain a
spherical-like morphology, while MgO support is characterized with a square-like morphology.
The lattice spacing of each support crystal is calculated, and the results are shown in Fig. 2. CeO2 support
crystals have the largest lattice spacing of 0.332 nm, while
La2O3 and Pr4O7 support crystals have relatively smaller
lattice spacing of about 0.295 and 0.291 nm. The lattice
spacing of Y2O3-ZrO2 is smaller than those of pure ZrO2
and Y2O3, which is consistent with the shift of the XRD
patterns. The chemical compositions and states of the support crystals evidently influence the catalytic activity and
selectivity of Ru in generating different gaseous products
during SCWG of phenol. In subsequent sections, catalytic
SCWG of phenol will be presented in details.

active sites and higher oxygen affinity for Ru. The effect of
the rare-earth element promotion on the catalytic behavior
was consistent with other studies [15]. ZrO2 is also a good
support for Ru, which provides Lewis acid absorptions for
phenol and increases the amount of active sites for gasification of phenol. The fact that Ru/MgO is less active is likely
due to the square-like morphology and relatively small surface area of MgO. We also speculate that MgO, a basic oxide, is less active than Lewis acid oxides.

3.2 Catalytic performance of supported Ru catalysts

To investigate the effects of the oxide carrier on the
catalytic performance of Ru, exact 5 wt% of Ru was loaded
on different oxides to prepare the catalysts. The tests were
carried out for 30 min with phenol loading 5% and water
density 0.0867 g·cm-3. The reaction time 30 min was used
since the products of H2, CH4, CO and CO2 were almost
stable after 30 min.
The performance of oxides supported Ru in catalyzing
SCWG of phenol is shown in Fig. 3. The carbon efficiency
is defined as its conversion rate from phenol to permanent
gases. Ru-based catalysts supported on rare-earth oxides
La2O3, Pr4O7, Y2O3 and ZrO2 have comparable carbon efficiencies of about 79.4%, 78.5%, 78.3% and 76.2% respectively. According to Fig. 3, the most effective support
is CeO2, which increases carbon efficiency significantly to
a value 83.1%. Compared to other catalysts, Ru/MgO is less
active with a carbon efficiency of about 65%. Under the experimental conditions employed, the carbon efficiency follows the order of Ru/CeO2 > Ru/La2O3 > Ru/Pr4O7 > Ru/ZrO2
> Ru/Y2O3-ZrO2 > Ru/MgO.
Huelsman et al. [6, 7] have reported direct noncatalytic
gasification of phenol, providing a point of comparison.
Without added catalyst, the Carbon efficiency was only
about 5% with the yield of 60% CO, 2% H2 and 39% CO2.
The catalysts were therefore concluded to accelerate
SCWG of phenol significantly. The catalytic process also
increased the yields of CH4 and H2 significantly, making
the molar composition of the gases remarkably different
from the non-catalytic process. Thus, all catalysts improve
SCWG of phenol significantly.
The catalytic performance of these catalysts is attributed to the activity of Ru, as well as the metal-oxide
supports, which provide active absorption sites for phenol.
Belonging to rare-earth oxides and possessing similar properties, CeO2, La2O3, Pr4O7 and Y2O3 all offer more surface

FIGURE 3 - Carbon efficiency of SCWG of phenol with different catalysts.

Another essential characteristic of catalysts for SCWG
is the ability to promote the yields of the desired gas products
such as hydrogen and methane. Fig.4 and Table 1 show the
gas production selectivity of different catalysts. The order of
catalysts for hydrogen productivity is Ru/Y2O3 > Ru/ZrO2 >
Ru/La2O3 > Ru/Pr4O7 > Ru/MgO > Ru/Y2O3-ZrO2 >
Ru/CeO2, and that for methane productivity is Ru/CeO2 >
Ru/ZrO2 > Ru/Y2O3-ZrO2 > Ru/La2O3 > Ru/MgO > Ru/Y2O3
> Ru/Pr4O7. Therefore, surface physicochemical properties
of metal oxides (e.g., acidity, basicity, reducibility of lattice
oxygen species) exert effects on gaseous product selectivity.
Phenol undergoes a series of steps on the catalyst surface to produce intermediates mainly by steam reforming reaction before the cleavage of C-C or C-O bonds, which subsequently leads to the formation of CO and H2. CO reacts
with water to form CO2 and H2 (the water-gas shift reaction),
or with H2 to generate CH4 and H2O (methanation reaction).
Ru/CeO2 shows the best activity and selectivity to methane
but the lowest selectivity to hydrogen. The high oxygen storage capacity material CeO2 enhances the steam reforming
and methanation reaction, leading to high yields of carbon
gases but a low yield of hydrogen. Comparing with MgO,
ZrO2 shows stronger absorptions to phenol and higher activity to both water-gas shift and methanation reaction. Other
rare-earth oxide series, such as Ru/Y2O3, Ru/La2O3 and
Ru/Pr4O7, show high selectivity to hydrogen but low selectivity to methane. The introduction of Zr4+ into Y2O3 results
in the formation of stable Y2O3, which benefits the methane
reaction.
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FIGURE 4 - Gas product yield of phenol in SCW with different Ru-based catalysts.

TABLE 2 - Catalytic results over Ru-based catalysts supported with different metal oxides*
Gas Product Selectivity (%)
Phenol
Conversion
H2
CO
CH4
CO2
Blank
0.17%
54.7%
4.9%
7.2%
29.7%
Ru/Ce
83.1%
10.5%
0.3%
51.9%
37.3%
Ru/La
79.4%
14.4%
0
48.1%
37.2%
Ru/Pr
78.5%
13.9%
0
49.2%
36.9%
Ru/Y
78.3%
20.2%
0
43.3%
35.5%
Ru/Zr
76.2%
11.7%
0
49.3%
38.7%
Ru/Y-Zr
73.3%
15.0%
0
46.2%
38.6%
Ru/Mg
65.1%
20.2%
0
43.3%
35.5%
* All of the relative errors are less than 5%.

4. CONCLUSIONS
Various support materials have different catalytic activities and selectivities to gaseous products for SCWG of
phenol, due to their distinct structural and physicochemical
characteristics. At 500 °C and with a water density of
0.0867 g·cm-3, SCWG of phenol with Ru-based catalysts
supported on rare-earth oxides CeO2, La2O3, Y2O3, Pr4O7,
lewis-acid oxide ZrO2, basic-oxide MgO and composite
oxide Y-Zr-O obtain carbon efficiencies of about 83.1%,
79.4%, 78.5%, 78.3%, 76.2%, 73.3% and 65% respectively, following the order of Ru/CeO2 > Ru/La2O3 >
Ru/Pr4O7 > Ru/Y2O3 > Ru/ZrO2 > Ru/Y2O3-ZrO2 >
Ru/MgO. Rare-earth oxide series supports have the best activities in SCWG of phenol, since they provide more surface active sites and higher oxygen affinity for Ru. Ru supported on basic oxide MgO is the lowest in activity. The
possible reason why basic oxides supporting Ru is less active than lewis acid oxides supporting Ru is that lewis acid

C2H6
3.5%
0.0%
0.3%
0.0%
0.9%
0.3%
0.2%
0.9%

Gas Product Yield( g(gas)·mol-1(phenol))
H2
CO
CH4
CO2
0.02
0.03
0.02
0.27
1.17
0.43
46.25
91.29
1.47
0
43.25
90.26
1.46
0.24
38.56
82.62
2.35
0
40.13
90.72
2.10
0.96
45.94
106.7
1.30
0
43.76
46.16
1.42
0
42.07
92.97

C2H6
0.02
0.06
0.65
0
1.68
0
0.36
0.23

oxides have stronger absorption of phenol. The results also
showed that the orders of the gas product yields of hydrogen and methane were Ru/Y2O3 > Ru/ZrO2 > Ru/La2O3 >
Ru/Pr4O7 > Ru/MgO > Ru/Y2O3-ZrO2 > Ru/CeO2 and
Ru/CeO2 > Ru/ZrO2 > Ru/Y2O3-ZrO2 > Ru/La2O3 >
Ru/MgO > Ru/Y2O3 > Ru/Pr4O7 respectively. Ru/CeO2 exhibits the best activity and selectivity to methane but the
lowest selectivity to hydrogen. Ru/ZrO2 shows high activity and selectivity for both water-gas shift and methanation
reactions. Different support materials obtain various catalytic selectivity to gaseous products for SCWG of phenol,
because they have distinct catalytic activities in water-gas
shift and methanation reactions.
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