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UPDATING OF CONVENTIONAL SOIL MAPS
VIA GIS TO EVALUATE AND MONITOR THE SOIL
QUALITIES IN KOCAS STATE FARM IN TURKEY
Mahmut Dingil1,*, Mehmet Eren Öztekin1 and Suat Şenol2
1
Cukurova University, Vocational High School of Technical Science, Department of
Architecture and Urban Planning, Geographic Information System Program, Adana, Turkey
2
Cukurova University, Department of Soil Science and Plant Nutrition, Adana, Turkey

ABSTRACT
Conventional soil maps (CSM), as the major data
source for information on the spatial variation of soil, are
limited in terms of both the level of spatial detail and the
accuracy of soil attributes. These soil maps however, contain valuable knowledge on soil and environmental relationships. Such knowledge can be extracted for updating
conventional soil maps through the use of available quality data on environmental variables and land use. We used
a method to update conventional soil maps using digital
soil mapping techniques without additional field work,
which can be used in situations where the study area contains no or few soil profile descriptions at set points. The
basis of the method is that soil polygons on a CSM correspond to landscape units, which can be considered as
combinations of environmental factors. We extracted the
knowledge on soil and environment relationships after the
updating of CSM by the Geography Information System
(GIS). The extracted knowledge was then used for correlation of the soil properties. This method was demonstrated through a case study for updating a conventional soil
map of the Kocas State Farm in Central Anatolia, Turkey.
The case study showed that the updated digital soil map
contained much greater spatial detail than the conventional
soil map. Results of this studying are indicating that the
proposed method is an effective approach to updating
conventional soil maps.
KEYWORDS:
GIS, soil mapping, soil properties, updating maps

1. INTRODUCTION
Soil is a fundamental natural resource on which civilization depends. Agricultural production is directly related to quality of soil, and as soil degrades so does crop
* Corresponding author

yield [1]. Soil quality is generally defined as the capacity
of a specific kind of soil to function, within natural or
managed ecosystem boundaries, to sustain plant and animal productivity, maintain or enhance water and air quality, and support human health and habitation [2]. Soil maps
include a lot of data about quality, such as soil depth, land
slope, surface stoniness, drainage, soil salinity, soil texture,
etc. These soil qualities may change over time 20 or more
years later. Soil quality is a concept that integrates the
soil’s biological, chemical and physical factors into a
framework for soil resource evaluation [2]. In recent years,
the soil quality concept has been broadened to include not
only crop productivity, but also environmental sustainability [3].
Farmers and others want to know what types of soils
they have on their land. If they know the soil properties,
they can manage their agricultural usages and activities on
these soils. The best way to ascertain the qualities of the
soils is with detailed soil maps. However, soil maps are
not easy to create. A soil survey needs financial support,
soil survey specialists, field workers with an expert team,
and laboratory studies. Consequently, it is a very difficult
and expensive process to prepare a soil map. Because of
this, soil maps and the information they include are extremely valuable data for farmers, agriculture engineers
and the like. Also, renewal of the soil maps is very difficult
and time consuming. There are many detailed soil maps in
Turkey, but most of them were made by using conventional methods.
Turkey is a large and populated agricultural country,
with few arable lands. It is wise to understand both the
soil quality and its distribution, and to make full use of it,
and thus keep the productivity of soil high in order to
support the increasing population. One of the most important aims of these state farms is to be the leader when
it comes to good agricultural practices. To fulfill this
goal, state farms were established in Turkey, and have
been in operation since the 1950s. Whole state farms
cover 3.432.202 da area all around Turkey. However,
the soil data of these state farms were described and
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mapped between 1982 and 2003 for the making of soil
maps. In other words, the latest results were first gathered
31 years ago, and the latest ones 10 years ago. The soil
properties may have changed considerably over such a
long period time. Therefore, it is necessary to perform
another exhaustive soil map to assess the soil quality.
Conventional soil maps, as the major data source for
information on the spatial variation of soil, are limited in
terms of both the level of spatial detail, and the accuracy
of the soil attributes. These soils maps; however, contain
valuable information on soil–environment relationships
[4]. As indicated in the paper on “Determination of Grasslands Using Landsat (TM) Data and Monitoring of the
Change by Years Using GIS with Special Reference to
Kars Province in Turkey”, remote sensing techniques are
useful in providing up-to-date information about natural
resources [5].

flowchart in Figure 3, coordinates were taken from the
Google Earth image (of 2008) for the geographic correction process of the CSM, and it was applied by using
Erdas 9.1 software. Afterward, CSM was digitized by
using ArcMap 10 package.
Scanned and geographically corrected image of the
CSM was added and created a new theme to digitize soil
map in the project of the ArcMap 10. Soil boundaries on
CSM were digitized in this new theme. Data (name of the
soil series, slope, soil texture, stoniness, etc.) of the map
units on CSM were recorded on the attribute table of the
digitized soil map theme.

The aim of this study was to update the conventional
soil map and the monitoring of the soil qualities with the
use of a digitized soil map, without any additional field
work.
2. MATERIALS AND METHODS
The study site is located in Aksaray, in the Central
Anatolia Region of Turkey (Figure 1). It covers 25.215 da,
between 39°31′ N to 39°33′ N and 33°48′ E to 33°51′ E.
Altitudes range from approximately 930 m to 942 m, with
an average altitude of 936 m. All the study area is occupied by flat sloping terrain.
Kocas State Farm is located on a continental climate
zone. The annual average temperature is 11.3 °C and the
annual precipitation over the last 10 years have been
269.8 mm. Based on Soil Taxonomy [6], the area is occupied by Entisols, Inceptisols, Vertisols and Aridisols. The
major agricultural crops are clover, wheat, barley, vetch,
sainfoin and triticale. The land use is classified as dry farmlands, irrigated agricultural lands, perennial orchard plants,
and non-agricultural uses.

FIGURE 1 - Geographic location of the Kocas State Farm study site.

A conventional Soil Map (CSM) from 2001 was used
as a base material in this study (Figure 2). As described

3602

FIGURE 2 - Scanned CSM of the study area.
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FIGURE 3 - Flowchart of the studying methodology.

In addition, Themes were added and named for studying border, buildings, soil boundaries and scanned CSM
in the project file. The quality of the soils were obtained
from the CSM of the study area and recorded in the attribute table of theme on ArcMap 10 software. The map
units, top soil textures, physiographic units, drainage, salinity, pH, organic matter, lime content, sub group and order
of the soil classification for each map units were entered
in the attribute table in the ArcMap 10 as soil qualities.
Eight different physical and chemical soil properties were
mapped from the updated soil map and interpreted by
using the attribute table in the GIS package, such as the
soil series, top soil texture, physiographic units, drainage,
salinity, organic matter, lime content, and soil taxonomic
units. They are important indicators of soil quality. Each
map of soil properties are shown in Figures 4-7. This
methodology is not specific for soil survey
3. RESULTS AND DISCUSSIONS
There are more advantages of the updated soil maps
than the CSM in the land and soil evaluation. The soil
properties are limited on the CSM. The soil series, drainage, salinity, surface soil texture, soil depth, and slope,
could be accessed on the CSM, but these properties cannot be displayed and calculated of their areas. On the
other hand, many properties of the soils could be accessed,
displayed and updated at an appropriate scale by the GIS.
In addition, the area of each soil polygon was calculated
from the attribute table land displayed as a map unit.
Briefly, to reproduce new maps of the study area is not
possible by using the CSM without the GIS. However, we
reproduced eight different maps from the CSM by using
GIS. These were the soil series, the soil taxonomic unit,

drainage, salinity, organic matter, surface soil texture,
lime content, and the pH and physiographic map units.
The maps were reproduced, and when assessed, we
not only discovered more information, but also more
useful information than with the CSM. The seven soil
series were derived from the detailed soil map on three
physiographic units in the study area.
Knowing the physiography has many advantages in
the field for users. The physiographic influence on soil
properties is recognized as it leads to evolution of the soillandform relationship. In this context the landform can
easily be recognized, and it also formed by the same geomorphic processes that were responsible for providing
the substrate material of the soils [7-12]. The use of remote sensing and GIS are good tools for setting the correlation between the soils and their relevant physiographic
units [13].
Soils are classified in 4 taxonomic units, as Entisols,
Inceptisols, Aridisols and Vertisols (Figures 4 a, b). They
occupy 32, 19, 22 and 27%, respectively. The conditions
of the drainage and salinity are “good” and “not salt affected in the study area by 62% and 73%, respectively
(Figures 5a, b).The organic matter content in 62% of the
study area is between 1-1.5%, and 97% of the study area
shows the distribution of the clay texture (Figures 6a, b).
The lime content is higher than 15% in almost half (48%)
of the study area (Figure 7a). Alluvial deposits cover more
than half (54%) of the study area. Other defined physiographic units are Bajada and Lake Deposits, being 27% and
19% of the study area, respectively (Figure 7b). As mentioned in [13], soils are well-known as the essential part
of the landscape and their features are mainly controlled
by the landforms on which they are formed. The compared maps, soil taxonomic and physiographic maps

a

b
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FIGURE 4 - Soil series (a) and soil taxonomy (b) maps of the study area.

a

b

FIGURE 5 - Drainage classes (a) and salinity (b) maps of the study area.

a

b
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FIGURE 6 - Organic matter (a) and Surface Soil Texture (SST) Classes (b) maps of the study area.

a

b

FIGURE 7 - Lime content (a) and physiographic unit (b) maps of the study area.

were found to have similar soil borders. In the same way,
the drainage and salinity maps of the study area were
similar. In addition, we evaluated physiographic units and
soil taxonomic units; it is clear that Alluvial (54 %) are
including the young soils (Entisol and Inceptisols; 51 %
for both) in study area. We showed in this paper that
findings of this study and other researches are consistent.
4. CONCLUSIONS
This study demonstrated that soil maps by conventional methods can be somewhat misleading. The use of
GIS moved the quality of the CSM to the more practical
level. Users can easily apply their practices (agricultural
and non-agricultural) on the farm by using these updated
soil properties maps. They can manage their land use and
field experiments in the right place of the study area. Different characteristics of the soils have been drawn on different maps. Each map is produced from the same CSM of
the study area. Updated maps for each soil property in the
study area can be monitored and evaluated more comfortable with the use of GIS. It was also deducted from this
study that CSM is not more suitable for agricultural applying the field works.

ures between drainage and salinity maps. 62% area has
good drainage and 73% of the area has free salinity in the
study area.
All these maps showed that there are suitable locations for each agricultural and non-agricultural usage on
the farm. Updating of CSM has enabled more efficient
use of soils and lands in the study area. Thus, farmers will
be able to save and to refrain from using the wrong land.
This case study showed that the updated digital soil map
contained much greater spatial detail than the conventional
soil map. CSM has been renewed for possible changing of
the soil characteristics in the future after this case study.
Used methodology in this study mostly is applied on studying of the environmental, mapping and database etc.

Baymis - Kocas series of soils and Entisols - Vertisols of the taxonomic units occupied 48% and 59% of
the study area, respectively (Figure 4a, b).Young soils
(Entisols and Inceptisols) are occupying 51% of the study
area (Figure 4b). Distributions of the organic matter and
surface soil texture showed similar characteristics on the
maps in the study area. The content of the organic matter
is lower (<1%) in the area with SCL and it is high (>1%)
in area with C (Figure 6a, b). There is a similarity in fig-
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FILAMENTOUS SLUDGE BULKING IN A/O PROCESS TREATING
DOMESTIC SEWAGE OF LOW CARBON/NITROGEN RATIO
Chun-di Gao*, Er-long Jiao, Hao Li, Wei-xiao Wang and Shu-ying Wang
College of Environmental and Energy Engineering, Beijing University of Technology, Beijing 100022, China

ABSTRACT
The starting conditions of filamentous bulking and
the transition to adverse bulking in sewage treatment were
investigated in an anoxic/oxic (A/O) process under low
dissolved oxygen (DO) with domestic sewage of low carbon/nitrogen ratio. Sludge volume index (SVI) values increased and maintained under 250 ml/g when the DO value
was 0.5 mg/L, basically in line with the characteristics of
limited filamentous bulking under low DO. In this period,
the average removal rates of COD and total nitrogen (TN)
were improved by 2.23% and 7.75%, respectively, compared to the high DO stage. Haliscomenobacter hydrossis
were the dominant filamentous bacterium in bulking
sludge. The network structure formed by filamentous bacteria played a filtering role such that the concentration of
suspended solids (SS) in the effluent was almost 0. However, the SVI climbed to nearly 500 ml/g after 70 days and
adverse bulking occurred. Compared to the early stage, the
removal rates of NH4+-N, COD, and TN decreased in the
late stage. Fluorescent in situ hybridization (FISH) showed
that the main filamentous bacteria leading to bulking were
also H .hydrossis.
KEYWORDS:
A/O, low dissolved oxygen (DO), sludge bulking, H. hydrossis
filamentous bacteria, Fluorescent in situ hybridization (FISH)

ABBREVIATIONS
A/O = anoxic/oxic process; COD = chemical oxygen
demand; HRT = hydraulic retention time; MLSS = mixed
liquor suspended solids; SS = suspended solids; SVI =
sludge volume index; TN = total nitrogen; FISH = fluorescent in situ hybridization; SRT = sludge (solids) retention
time

* Corresponding author

removal efficiency of A/O reactors is reduced when sewage
has a low C/N ratio. However, at present, domestic sewage
in many cities has low C/N ratios. Adding additional carbon can cause sludge bulking [2], which adversely affects
stable operation of the system. Carbon supplementation also
greatly increases the cost of system operation, the aerobic
tank load, and the sludge treatment [3-5]. Under low DO,
conditions that foster synchronous nitrification and denitrification can increase the efficiency of denitrification [6].
However, lower DO can also lead to sludge bulking [7-9].
Peng et al. [10] described an energy-saving method that
exploits filamentous bulking under low DO. The method
fosters filamentous bulking in the sewage treatment system, and it controls the degree of bulking so that no loss
of sludge occurs. By taking advantage of the physiological and morphological properties of filamentous bacteria,
tiny SS in the effluent can be effectively removed, thus
improving the quality of the effluent. Useful properties
of filamentous bacteria include a large cell surface area,
high tolerance of low oxygen, and a strong ability to degrade organic matter at low concentrations. Activated
sludge contains a lot of filamentous bacteria which provide excellent filtration, and maintaining low DO conditions can save energy required to run the system [11].
This test simulated the filamentous bulking that happened in an actual sewage treatment plant under low DO,
and compared the removal efficiency of pollutants in the
system under conditions of favorable and adverse filamentous bulking. Filamentous bacteria were stained to analyze
cell morphology. FISH was employed to analyze the composition of the microbial community [12], and to identify
the dominant filamentous bacteria. The study provided a
theoretical and practical guide to determine and control
filamentous bacteria in sludge bulking of an actual sewage treatment plant.

1. INTRODUCTION
2. MATERIALS AND METHODS
The anoxic/oxic (A/O) biological denitrification process is widely used for sewage treatment [1]. The nutrient

2.1 Experimental device

The experimental device for A/O process is shown in
Fig. 1. The reactor had a volume of 57 L, and was divided
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into five compartments (the anoxic zone was divided into
two compartments to prevent uneven stirring). The volume
ratio between the anoxic zone and the aerobic zone was
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FIGURE 1 - Schematic diagram of the A/O process (1 inflow water tank; 2 peristaltic pump; 3 dissolved oxygen meter; 4 stirrer; 5 anoxic
zone; 6 aerobic area; 7 secondary sedimentation tank; 8 effluent; 9 air compressor; 10 gas flow-meter; 11 aerator; 12 nitration reflux; 13
recycled sludge; 14 excess sludge).

TABLE 1 - Wastewater characteristics
Item

pH

Scope

7.0-7.8

ρ（COD）
(mg·L-1)
101.2-329.5

ρ（NH4+-N）
(mg·L-1)
53.7-91.5

1:1.75. The secondary sedimentation tank had an effective
volume of 23 L, and the sludge age was 28 days; a central
tube was used to let water in, and the water flowed out
from the periphery. The aerobic zone DO concentration
was controlled with a gas flow-meter. The mixed liquor
suspended solids (MLSS) in the aeration tank maintained
between 2000-3500 mg/L. The average temperature in the
first three stages was 23 °C. The sludge came from a Beijing sewage treatment plant. After a period of cultivation,
the microbial activity of the sludge reached a desired level,
and microscopic examination found vorticella, rotifers, and
other metazoans, without filamentous bulking.
2.2 Water source and water quality

The experiment used domestic sewage from a septic
tank in a Beijing residential area. The inflow water quality
is shown in Table 1.
2.3 Analysis methods

COD, PO43—P, NH4+-N, NO3—N, NO2—N, MLSS,
SS, and SVI were measured according to standard methods for the examination of water and wastewater (APHA,
1998 [13]). TN was measured with a multi N/C 3000
meter (Analytik Jena AG). DO was determined with a
WTW dissolved oxygen meter (Multi 340i-type). An
OLYMPUS 2BX61 microscope was used to perform conventional biological analysis. A Hitachi S-4300 scanning
electron microscope was used to observe the filamentous
bacteria on the sludge surface.

ρ（NO3—N）
(mg·L-1)
0.09-2.74

ρ（NO2—N）
(mg·L-1)
0-0.23

ρ（PO43—P）
(mg·L-1)
3.6-6.9

3. RESULTS AND DISCUSSION
3.1 Occurrence of filamentous sludge bulking under low DO
3.1.1 System operation with filamentous sludge bulking under low DO

The experiment was performed for 74 days with 3
operational stages. The stages were as follows: day 1-21,
stage 1; day 22-53, stage 2; day 54-74, stage 3. In the first
stage, the organic loading was 0.28 kg/(kg MLSS per
day), the sludge reflux ratio was 100%, the internal circulation ratio was 150%, the volume ratio between the anoxic and aerobic zones was 1:1.75, the hydraulic retention
time (HRT) of the anoxic zone was 3.04 h, and the DO
was at 2 mg/L. In this stage, the removal rate of ammonium nitrogen maintained at 100%, the average removal
rate of total nitrogen was 49.48%, and the average removal rate of COD was 82.03%.
In the second stage of system operation, the other
conditions remained unchanged while the DO was adjusted to about 0.5 mg/L. After about 10 days, sludge bulking
occurred, caused by filamentous bacteria under low oxygen conditions (Fig. 2B). The SVI tended to be stable
after 10 days of operation, and mostly remained below
250 ml/g for over 20 days (Fig. 2A). During this period,
no adverse sludge bulking occurred, and the extent of
bulking remained moderate.
The average removal rates of TN and COD were
57.23% and 84.2%, respectively, in stage 2 (Figs. 2C and
2D). The average removal rate of ammonia nitrogen was
73.62%, which was lower than the 100% observed in stage 1
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because of the reduction of aeration in stage 2. The reduction of DO led to a decrease of nitrification, and the nitration reaction could not completely finish within the hydraulic retention time. Therefore, the removal rate of ammonia nitrogen decreased, but the removal rate of TN
increased by 8.43%. This was because, on the one hand,
under low DO, the DO carried by the nitrated return liquid
had relatively small inhibitory effect on denitrification; on
the other hand, under low DO, it was easier for simultaneous nitration and denitrification, which raised the removal
rate of TN [14]. Because the domestic sewage used as
inflow was low in C/N which had low COD, and the
denitrification and phosphorus release processes in the
anoxic phase also consumed some of the carbon source
[15], the effluent could not meet the A standard. The removal rate of COD was little affected by the reduced oxygen in stage 2 compared to stage 1.
3.1.2 Molecular biological identification of dominant bacteria
in bulking sludge under low DO

Bacterial strains causing sludge bulking under low DO
were identified according to the staining reactions (Gram
and Nessler stains), cell morphology, and presence of sulfur globules by using Eikelboom's method [16-18]. The
following strains were identified: H. hydrossis, Eikelboom
type 0092, Eikelboom type 0581, fungi, Eikelboom type
0803, and Microthrix parvicella. H. hydrossis filamentous
bacterium was the dominant strain. The cells were nonmotile, unbranched, straight or slightly curved in shape,
negative in both Gram staining and Nessler staining, and
had no or little intracellular sulfur globules. Transverse
walls were invisible or vaguely visible. After preliminary
identification of the system’s dominant filamentous bacteria, FISH was used to identify M. parvicella and H. hydrossis using probes of MPA60, MPA223, MPA645 [19],
and HHY [20]. Results showed that H. hydrossis accounted
for the majority of filamentous bacteria in bulking sludge
under low DO (Fig. 3). Sequence of HHY probes was
5'- GCCTACCTCAACCTGATT -3'.

FIGURE 3 - Picture of H .hydrosis in filamentous bulking sludge
under low DO by FISH (1000 times).
FIGURE 2 - Variation of SVI (2A), SEM of filamentous bacteria in
sludge (2B), variation of nitrogen removal (2C), and variation of
COD removal (2D) during filamentous bulking under low DO
conditions.

According to the engineering experience in China and
abroad, M. parvicella grew profusely and often caused
filamentous bulking in long solids retention time (SRT) of
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an activated sludge system at low temperature (10-15 °C)
[21]. Knoop and Kunst [22] also found that M. parvicella
was easy to grow under low organic loading and at low
temperature. Sludge bulking could easily occur under low
organic load [2]. Eikelboom type 021N, Thiothrix, Sphaerotilus natans, Nostocoida limicola II, Eikelboom type 1701, H.
hydrossis, Eikelboom type 1851, and Nocardia could survive in sewage treatment systems with a continuous inflow of sewage but generally could not survive in systems
with an intermittent sewage supply [17]. Chen et al. [23]
found that the filamentous bacteria in the biological denitrification and dephosphorization process were mainly M.
parvicella, followed by Eikelboom types 0675 and 0914.
However, in this system, H. hydrossis was the dominant
bacterium. Wang et al. [24] reported that Microthrix parvicella grew in large quantities and changed the structure
of the activated sludge to cause sludge bulking when the
system’s reaction temperature was below 15 °C. The
growth and reproduction of Microthrix parvicella could be
effectively inhibited by maintaining the reaction temperature at 25 °C, reducing the sludge retention time to 6 days,
reducing the internal return recycle ratio to 2.5, and increasing the mixture reflux ratio to 1. In this system, the
temperature maintained at about 23 °C which inhibited
the growth of M. parvicella filamentous bacteria. Under
this temperature, H. hydrossis became the dominant filamentous bacterium.

which led to sludge loss in the secondary sedimentation
tank.

3.1.3 The effluent effect during filamentous bulking under low
DO

FIGURE 4 - SEM photos of filamentous bacteria in sludge under
low DO conditions.

With sludge bulking under low oxygen, the effluent
of the secondary sedimentation tank was very clear. There
were nearly no visible suspended solids detectable on filter
paper in the sedimentation tank. According to the skeleton
theory [25], the sludge floc is a skeleton composed of filamentous bacteria; the polysaccharides produced by Zoogloea bacteria and other microbes adhered to this floc,
forming the substrate gel, onto which colloidal substances
and other microbes adhered and grew. Scanning electron
microscopy (SEM) showed that filamentous bacteria were
intertwined (Figs. 4A and B). The reticular structure of the
sludge floc acted as a filter in the tank, adsorbing and intercepting tiny particles and free bacteria, thus maintaining
good settling properties. This demonstrated that, in bulking sludge under low DO, filamentous bacteria performed
a useful function of capturing SS.
3.2. The occurrence of adverse bulking under low DO
3.2.1 System operation with adverse bulking under low DO

In the third stage of operation, all the conditions were
kept unchanged, and the DO was also maintained at about
0.5 mg/L. The stage was defined as the third stage because the performance of the system changed, making it
differently. SVI values increased rapidly during this stage
as the operation proceeded (Fig. 5A). After 21 days of
operation, the SVI value reached nearly 500 ml/g, and the
bacterial community structure changed. After a transitional
period, the system underwent adverse filamentous bulking,

The average removal rates of ammonia nitrogen, TN,
and COD were 62.48, 52.16, and 82.23%, respectively
(Figs. 5B and 5C). Compared with sludge bulking under
low DO (stage 2), the removal rates of ammonia nitrogen,
TN, and COD decreased during adverse bulking. Compared with previous stages, the COD removal did not
change a lot because of the growth and capturing function
of filamentous bacteria during adverse bulking. Removal
rate of ammonia nitrogen decreased by 11.14% during this
stage because nitrification and denitrification occurred simultaneously [26]; however, the adverse bulking caused sludge
loss in the secondary sedimentary tank. There was also a
change in the quantity and structure of sludge in the system, which negatively affected removal of ammonia nitrogen and TN. More than 95% of sludge bulking is caused by
the massive growth of filamentous bacteria [27], and the
system could break down once this degree of sludge bulking occurred [28, 29].
3.2.2 Molecular biological identification of dominant bacteria

H. hydrossis was dominant in the adverse bulking
sludge, as determined by FISH, and the quantity was more
than in the previous stage (Fig. 6).
In systems dominated by M. parvicella, the mycelium
usually appeared like a long bundle (200-500 µm) [30].
Compared with the "thorn hair bulb" structure of short mycelia, the long mycelia of M. parvicella provided less sup-
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FIGURE 5 - Variation of SVI (5A), variation of nitrogen removal (5B), and variation of COD removal (5C) during adverse bulking under
low DO.

cell diameters between 0.3 and 0.4 µm. The organisms occur
when the organic loading of domestic sewage is >0.2 kg
BOD/(kg MLSS·per day), the industrial wastewater treatment plant operates under low organic loading, the inflow
water has a high concentration of small molecular compounds and nitrogen compounds, and/or the solution is
fully mixed under low DO in the aerobic tank [17]. In this
system, the organic loading was 0.28 kg/(kg MLSS per
day) and the DO was at 0.5 mg/L. The experiment used
domestic sewage from a septic tank in a Beijing residential
area, and the inflow water has a high concentration of small
molecular compounds and nitrogen compounds. These
factors will easily lead to H. hydrosis filamentous bulking.
4. CONCLUSION
FIGURE 6 - Picture of H. hydrosis in adverse bulking sludge under
low DO by FISH (1000 times).

port for Zoogloea, and caused less disruption of the sedimentation and compression of zoogloea. Therefore, the
sludge sedimentation did not deteriorate remarkably in
systems dominated by M. parvicella.
However, in this system, temperature of 23 °C inhibited the growth of M. parvicella, and H. hydrossis proliferated massively, disrupting sludge sedimentation. H. hydrossis mycelia have no branches, lengths of <200 µm, and

By keeping DO concentration at about 0.5 mg/L with
organic loading (F/M was 0.28 kg/(kg MLSS·per day)), in
the early stage, the SVI value kept below 250 ml/g, and
stable sludge bulking occurred. The average removal rate
of ammonia nitrogen decreased to 73.62%, and the average removal rates of COD and TN increased to 84.2 and
57.23%, respectively. Of the six species of filamentous
bacteria found in the system operated at 23 °C, H. hydrossis was the dominant one. SEM images of a sludge
floc showed that filamentous bacteria intertwined, form-
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ing a reticular network that acted as a filter, and thus, the
effluent SS was almost 0. After the system was operated
for 21 days under the same conditions, the SVI value
increased gradually, and finally reached 500 ml/g. After a
transitional period, the bacterial community structure
changed, leading to adverse bulking. H. hydrossis was the
dominant bacterial strain contributing to adverse sludge
bulking, and the quantity increased substantially compared to the previous stage. Compared with the preceding
stage, the removal rate of all pollutants decreased during
the period of adverse bulking, especially the average
removal rate of ammonia nitrogen decreased by 11.14%.
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OIL SPILL EMERGENCY DSS BASED
ON ARTIFICIAL NEURAL NETWORKS
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ABSTRACT
Oil spill cases are important environmental emergency
accidents. The most important elements for response and
treatment of an oil spill are “quickness” and “accuracy”.
This paper presents a methodology for developing oil spill
emergency Decision Support System (DSS) based on Artificial Neural Network (ANN), in which cases for the training process of ANN are from a Case-Based Reasoning
(CBR) system which was developed in our previous studies. Information of cases is divided into the input-attribute
information and decision-making information, which is
digitized (coded) accordingly. In the construction of oil
spill ANN, a modified back-propagation algorithm is employed to do training. Output data of ANN are interpreted
back to practical contingency measures through translation
(decoding) of decision-making information. The training
features, time, errors, accuracy, and input-attribute weights
of the developed ANN system are analyzed. The research
results show that: using cases from the CBR system for
training, the developed ANN oil spill decision support system is effective, which can overcome shortcomings of ANN
and CBR each other, and generate emergency plans quickly
and accurately to meet the requirements of an oil spill
on-site.

KEYWORDS:
Oil Spill, Environmental Emergency, Decision Support System,
Artificial Neural Network, Case-Based Reasoning

1. INTRODUCTION
1.1 Proposing of ANN for oil spill emergency DSS: specimens from CBR

Oil spill cases are important environmental emergency
accidents. According to reports, one oil spill happens every
forth day in China’s coast [1], and nearly 20000 oil spill
cases are reported to EPA in USA every year [2]. Making
effective emergency Decision Support Systems (DSS)
for oil spill cases would be a powerful measure in order
to respond to this kind of emergencies. However, how to
* Corresponding author

produce effective operational decision information has
remained a cosmopolitan (global) problem.
Response and treatment of oil spill is significantly
more complex and difficult than that of general environmental pollution. The efficacy of initial measures taken
immediately following an oil spill is oftentimes an indicative of the success of the entire remediation process.
Thus, differing from how general pollution treatment is
handled, the most important elements for response and
treatment of an oil spill are “quickness” and “accuracy”.
In our previous studies, we proposed developing an oil
spill emergency system with Case-Based Reasoning (CBR)
method [3]. CBR uses experiences from previously solved
problems to infer the solution to a current problem [4]. In
theory, in order to find a solution to the present matter, one
would search for a similar problem in an experience database, reapply the solution from the past, or use it as a starting point to find a suitable solution to the current problem.
However, when quantitative solutions are generated for an
environmental emergency, such as oil spill, it is hardly for
the retrieved case to coincide with the current one exactly,
and adaptation technology remains a weakness of CBR
unfortunately [5]. Therefore, it is required to combine
CBR with other methods to solve problems.
Also in our previous studies, we studied Artificial Neural Network (ANN) for the purpose of solving the solutionadjustment problem in another kind of environmental
emergency: unexpected atmospheric pollution accident [6].
The basic principle of ANN is to establish “functional
nerve cells” – similar to a human being or an animal’s brain
nerve cells – and to simulate nerve cell linkages to replicate
the brain’s means of information processing. Development
of such a network requires extensively defined correlations
between attributes and measures of preparedness. ANN’s
programming involves determining reliable functional
relationships between the two groups of variables [7, 8].
From the perspective of functional fitting, ANN is capable
of interpolation. Thus it can overcome CBR’s shortcoming
of precisely matching existed case. Yet a prerequisite for
ANN’s application is an adequate case base (specimens)
for training in advance.
This study proposes developing an oil spill emergency DSS with ANN, and collecting cases for ANN’s training from the previous developed CBR system. In this
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way, ANN and CBR can be connected and their shortcomings can be overcome each other.
1.2 Brief introduction to ANN and its applications

ANN, inspired by the structure and behavior of real
neurons, is a computer-based algorithm. An ANN is typically composed of layers that are classified into three
groups: a layer of input units, which represents the information that is fed into the network; a layer of output units,
which represents the network output; and one or more
hidden layers of units between them. Use of ANN is increasingly common, particularly for environmental applications including environmental monitoring, assessment,
forecasting and management [9-15]. With regard to the
suitability of ANN systems for emergency response, there
are also some relevant reports of ANN’s use in fire
fighting, nuclear power plant’s management, and other
areas of emergency response [16-19]. As for applications
in oil spill controlling area, ANN has already been employed to identify the type of oils, to find materials for
cleanup, to detect dark formation, and to segment and
integrate radar images in marine environment [20-23].
In this study, information from oil spill cases is digitized and used for training ANN. The layer of input units
is the attributes’ information of those cases, and the layer
of output units is the decision information of those cases.
The oil spill cases are collected from the CBR system
which we developed before [3].
2. MATERIALS AND METHODS
The methodology is similar to what we used in the
development of unexpected atmospheric pollution accident DSS [6]. The network architecture of oil spill ANN
is introduced firstly, which is followed by an explanation
of the development procedures and key technologies,
including: Feature Evaluation (FE) method and Intensity
Hierarchical (IH) method, which are employed to standardize and digitize case information for matching the
characteristics of oil spill; Gradient Descent with Momentum and Adaptive Learning Rate (GDMALR) method
(traingdx function), a modified Back-Propagation (BP)
algorithm, which is used to build oil spill neural networks;
and Translation Based on Conventional Import Ratios
(TBCIR) method, which is utilized to convert output data
of ANN back to practical contingency measures.
2.1 Network architecture

We choose the BP algorithm in this study. The network architecture is presented below in Figure 1.
Here we transform attributes of case, response, and
treatment measures into information that can be recognized
by the computer system. This ANN owns three layers, i.e.,
one layer of input units (input vector), one hidden layer of
units, and one layer of output units (output vector). The
input vector is the attribute data, including total amount of

oil, leakage amount, response time, accident state, weather,
wind direction, distance from shoreline, tide, flow velocity,
and flow direction. The output vector is solutions to the
cases, including forecast of pollution area, accident grade,
medical evacuation measures, fire and explosion prevention
measures, source plugging-off measures, oil spill treatment
and disposal measures, and shoreline cleaning measures,
etc.
Input vector

Calculation

Output vector

Total amount

Accident grade

Leakage amount
Weight matrix

Leakage state

w1
Tansig function

Flow velocity

Hidden
layer
Neurons

Pollution area
Weight matrix

w2

Medical evacuation

Logsing function

Shoreline cleaning

FIGURE
1 - The
Network
architecture
emergency
ANN
Fig.3
calculate
structureenvironmental
of the ANN-EEDSS
system
2.2 The standardization and digitization of cases

For each case, the standardization and digitization of
case information is the bottleneck for quantitative calculation. Much of the complex information preserved in the
case database is in the form of “character”. Because the
text-based information cannot be calculated, it is necessary to transfer the text-based information into digital format. Feature Assignment (FA) method is used for inputattribute information, and Intensity Hierarchical (IH) method
is used for decision-making information (output). In this
way, we form standardized digital cases.
2.2.1 Feature Assignment method for input attributes

The input-attribute information of the oil spill is the
“known” condition for the system’s conducting intelligent
computing. The input vector used in the calculation of the
BP-ANN for the oil spill event in this study is showed in
Table 1.
In this study, the attribute “Flow direction” is combined into the attribute “Flow velocity” via considering
the component of flow velocity in the direction towards
shoreline. So there are 10 input attributes in total.
In order to transfer the text-based oil spill information
into the format which can be calculated by the ANN system, this paper discusses the Feature Assignment (FA)
method to quantitatively describe case attributes.
The digitization method of input-attribute information
involves listing all the possible on-site situations and then
sorting and evaluating them according to general regulations. For example, weather condition can be divided into
clear, cloudy, sprinkle, and downpour in terms of rainfall
intensity and air humidity.
It should be pointed out that the determination of
the input-attribute information is a subjective matter and
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TABLE 1 - The input properties for the BP-ANN
No.
1
2
3
4
5
6
7
8

Attribute
Total amount
Leakage amount
Response time
Accident state
Weather
Wind velocity
Wind direction
Distance from shore

9
10
11

Tide
Flow velocity
Flow direction

Description
Total amount of pollutants
The quantity of the pollutants reaching environment
To described the speed of emergency response
The state of the pollutants reaching environment
The weather during the accident
The wind speed during the accident。
The main direction of the wind during the accident
The distance from the nearest shoreline to the spot
of accident
Tidal characteristics
The speed of the flow during the accident
The direction of the flow during the accident

different experts may have different views. Also it is a
difficult thing to digitize those input-attributes if they
change rapidly during the evaluation. But FA method reveals common principles of quantitative description of oil
spill case attributes, and we believe it can be employed
here. This digitization method has three advantages. First
of all, during the digitizing process, we can neglect the
functional relationship between parameters and fulfill the
information needed for calculation simply according to
the law of sorting, and ANN will find the functional relationship through network’s training process and store the
relationship in a weight matrix. Secondly, the digitization
method is simple. It is easy to do sorting and evaluating
again if a criterion changes. Finally, this method can be
used in on-site applications for untracked oil types. If encountering with a type of oil that is not included in the
ANN, the system can find a mean value of output along
with an expected range by referring to existing oil types
stored in it.

Property
Quantitative
Quantitative
Quantitative
Qualitative
Qualitative
Quantitative
Qualitative
Quantitative

Values and Units
[0，3000,000] (Kg)
[0，3000,000] (Kg)
[0，120] (min)
-clear, cloudy, sprinkle, downpour
[0，15] (m/s)
360° divided into 16, plus a non-wind direction.
[0，100] (Km)

Qualitative
Quantitative
Qualitative

16 tide information, small, high tide etc.
[0，10] (m/s)
360° divided into 16, plus a non-wind direction.

Here, the treatment and disposal measures are the following 5 kinds: medical evacuation measures, fire and explosion prevention measures, source plugging-off measures,
oil spill treatment and disposal measures, and shoreline
cleaning measures. The on-site emergency investment of
each treatment and disposal measure is composed of three
parts: human resource, equipment, and material. The invested intensity of each measure can be calculated after
experts’ evaluation and a weighted summation on the quantity of human resources, the quality and quantity of needed
equipment pieces, and the cost and amount of material
according to their relatively importance and cost. Thus the
invested intensity of each measure forms the basis for the
comparisons among different kinds of measures. After the
calculation of the invested intensity of each measure, the
intensity grades can be obtained. Through this process the
text-based cases can be digitized. The specific weight distributions for human resources, equipments, and materials
used in this study are showed in the Table 2 and Table 3.
TABLE 2 - Base value of human resources

2.2.2 Intensity Hierarchical method for output information

Intensity Hierarchical (IH) method is employed to
translate the unfixed format and framework of response
and treatment information for oil spills into quantitative
and standardized decision support metrics.

On-site
personnel
10

Medical care
personnel
15

Emergency
personnel
30

Fire fighters
10

Clean-up
personnel
10

TABLE 3 - Base value of investment in equipments and materials

The outcome information of a case includes two
parts. The first is on-site forecasting information, including pollution area and accident grade. The second is
treatment and disposal measures, including the levels of
emergency measures (will be discussed further below).
Among the information, the on-site forecasting data (accident grade and pollution area) has fixed classification
standards, though currently there is no standard classification method for the levels of emergency treatment and
disposal measures. After studying a range of cases we
find that treatments and disposals of oil spills actually
employ similar emergency response measures; typically
only the scales of human resource, equipment and material volume differ between otherwise similar cases. Thus in
this paper we express emergency measures using the
platform: “intensity hierarchy”.

Equipment/
material
Ambulance
Fireboat
Coast guard vessel
Rescue helicopter
Dispersants
Booms
Skimmer
Plugging blanket

Base
value
50
100
80
200
1
2
100
2

Equipment/
material
Fire engine
Hospital vessel
Clean-up vessel
Cleaner
Straws
Absorption felt
Container (50L)

Base
value
50
150
100
1
1
2
3

In this study we have 32 cases, and each case comprises 5 kinds of measures. Therefore there are 160
measures in total. We calculate invested intensity (here
we call it measure score) of each measure, then we sort
these measures into 10 grades according to ascending
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order of their measure score. Thus different kinds of
measures can
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TABLE 4 - Emergency response intensity grade hierarchical range
Grade
Measure score
Grade
Measure score

1
[980,1400]
6
(26055,31876]

2
(1400,2250]
7
(31876,40101]

3
(2250,3000]
8
(40101,45531]

be compared with each other in terms of the grading
standard. The corresponding hierarchical ranges are
shown in Table 4.
It is important to fix the intensity hierarchy for both the
case management and the neural network training. This
kind of data have two meanings: (1) the absolute value of
the intensity classification describes the degree of relative
importance, which can be shown to the decision-maker the
danger posed by an accident; (2) the relative value returned
from on-site calculations reminds the decision-maker
which accident elements need to be prioritized. For example, if the intensity hierarchy for medical evacuating is 7,
for plugging off the source is 7, for preventing the fire and
explosion is 8, for treatment and disposal is 4, and for
shoreline cleaning is 3, then the decision-maker should pay
special attention to preventing fire and explosion, speeding
evacuation, and plugging off the source.
Therefore, in this study, there are 7 components in
output vector: pollution area, accident grade, medical
evacuation measures (grade), fire and explosion prevention measures (grade), source plugging-off measures
(grade), oil spill treatment and disposal measures (grade),
and shoreline cleaning measures (grade).
2.3 Construction oil spill ANN
2.3.1 Normalization process (Unitarization)

It is important to unitarize the value range into [0, 1]
before the ANN calculation. This process is also called
normalization of digitized case information. We unitarize
the data according to Equation (1):

A=

a − amin
amax − amin

(1)

Where A is the unitarized result, a is the data before
normalization, amax and amin stand for the maximum and
minimum data of the value extent respectively.
2.3.2 Gradient Descent method with Momentum and Adaptive
Learning Rate (GDMALR)

Digitized case base can be obtained after the digitization and unitarization of the collected case information.
Thus the ANN training process can begin. The corre-

4
(3000,5400]
9
(45531,52546]

sponding relationship between input and output vectors of
known cases can be saved in weight matrices on the two
sides of the hidden layer of ANN through the training
process. The input weight matrix is w1 and output weight
matrix is w2. The trained ANN can be employed to solve
new problems. When new on-site conditions are input,
output results which are in accordance with the developing law can be quickly obtained.
The ANN can execute the training process using
normalized digital cases. Gradient Descent with Momentum and self-Adaptive Learning Rate (GDMALR) method
(traingdx training function), which is a modified Back
Propagation (BP) algorithm to adjust the weight, is used
in this study. This method can achieve higher training
accuracy and speed by avoiding local extremum and adjusting the learning rate automatically [24].
The neuron numbers in input vector and output vector
are 10 and 7 respectively. They are determined by system
demand. The number of the hidden layer neurons is determined by the vector of the input layer (2 times the
number of input attributes plus 1), so the neuron number
in hidden layer is 21. The transmitting function between
input layer and hidden layer is tansig() (S function),
whose value is in the range of [-1, 1]. The transmit function adopted by output layer is logsing() function (S function), whose value is in the range of [0,1]. Those cases
should be divided into 2 parts, i.e., training specimen, and
verification specimen. The verification specimens are
used to evaluate the accuracy of ANN after the ANN has
been constructed.
One example of training parameters of GDMALR
method is shown in Table 5.
During the training process, the error goes through
the reverse pass-on process and gradually adjusts the
weight matrices w1 and w2. At last the connection between
input and output is reserved in the matrices, completing
the training process.
2.4 Decoding of decision-making information
2.4.1 The reverse unitarization process of a calculation result

The results coming from ANN directly are in the
range of [0, 1]. It is necessary and fairly easy to transfer

TABLE 5 - ANN’s main training parameters
Training parameter
net.trainParam.epochs=10000
net.trainParam.goal=1e-7
net.trainParam.lr=0.1
net.trainParam.min_grad=1e-10

5
(5400,26055]
10
(52546,62845]

Explanation
Maximum training times (10000 times)
The goal of training accuracy (default value is 0)
Learning rate (default value is 0.01)
Minimum gradient requested (default value is 1e-6)
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TABLE 6 - Example of the outcomes of ANN
Decision information of oil spill
Grade of accident
Ⅲ
Pollution area
3.5 km2
Medical evacuation
Fire and explosion
measures
prevention measures
Grade 3.4
Grade 4.7

Source pluggingoff measures
Grade 5.3

Oil spill treatment and
disposal measures
Grade 6.8

Shoreline cleaning
measures
Grade 2.1

TABLE 7 - The mark value from emergency measures intensity translation
Grade
Measure score
Grade
Measure score

1
1400
6
31876

2
2250
7
40101

3
3000
8
45531

the results from the reverse unitarization process back to
‘grade of accident’ and ‘grade of measure’ which can be
understood more easily, and terminal results are obtained
through rounding. Table 6 is an example of the outcomes
of this process.
2.4.2 Translation Based on Conventional Input Ratios (TBCIR)
method

The accident forecasting information (influence area
and grade of accident) can easily go through the reverse
unitarization process and be used directly; however those
emergency measures need to be interpreted back to techniques and specific materials’ investment after the reverse
normalization process. This study puts forward the Translation Based on Conventional Input Ratios (TBCIR)
method which can translate the ANN result into detailed
response measures.
First of all, the emergency measures must be transformed into intensity mark value. In order to ensure the
translation process goes smoothly, the upper bound of
each grade’s extent is defined as the accident grade input
intensity mark value. Table 7 uses the same input intensity hierarchical value as Table 4, where there are 10 grades
in total, and the intensity of grade 10 is determined by the
average value of measure intensity which attains grade
10.
The ratios of conventional inputs which include human resources, equipments, and materials can be extracted from cases’ information. The hierarchical measures are
interpreted into independent values according to the input
ratios and experts’ experiences. It is necessary to execute
the following calculation process for getting details of
measures.
(1) The intensity ratio of element i in a given measure
n

∑M
ηi =

j =1
n

∑

i =1, j =1

ij

(2)

M ij

4
5400
9
52546

5
26055
10
62845

Mij－the input intensity of element i in case No. j

ηi －the intensity rate of element i
n－the number of the specimen
(2) The accurate amount of element i in a given
measure
For those important elements, such as vessels

xik = ROUND(

bkηi
)
ai

(3)

For human resources and equipments

yik = ROUND(

bkηi
) +1
ai

(4)

xik, yik－the int value of element i in measure of grade
k, (k =1,2,3…)
ROUND－the rounding function
ai－the value of element i per unit
bk－the value of the upper limit in measure of grade
k, (k =1,2,3…)
After all these calculation processes, the emergency
grades can be interpreted and deducted back to detailed
measures.
3. RESULTS
This section discusses results of our ANN DSS’s development. An excellent ANN is the purpose of this research work. Apparently, we developed an oil spill emergency DSS based on ANN. The output interface of this
DSS is shown in Figure 2. Although the system runs in
Chinese, here the key words are annotated in English to
ensure the international readers’ understanding.
The training process is based on cases. As we mentioned before, cases in this study came from a developed
CBR system, and these cases were originally collected
from our investigations to relevant departments in Shanghai and our investigations to literatures. Then they were
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General contaminated area
Crude Oil

Slight contaminated area
Devotion prediction

Accident grade

Output information

Response grade

Oil type
Decontamination agent,

Contaminated area
Seriously contaminated area

Staff
Helicopter

Measures’ grade
Evacuation and medicare

Fire prevention

Shoreline clean

Fire prevention
Measures
Evacuation and medicare

Oil treatment

Shutting off source

Shoreline clean
Oil treatment
Shutting off source
Medical staff
Cleaning staff

Evacuation area
Devotion
Field staff

Helicopter

Medical vessel

Patrol ship

Ambulance

Prevention

Manual book
Danger

First aid

Oil features
Strong
Corrosion
Easy
Volatility

Recalculation

Save

Emergency ending

Case query

FIGURE 2 - Output interface of the ANN
TABLE 8 - Input attributes of cases in normal form
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Total
amount
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06

Leakage
amount
0.44
0.46
0.48
0.5
0.54
0.56
0.58
0.6
0.62
0.64
0.42
0.66
0.7
0.2
0.24
0.3
0.2
0.3
0.36
0.28
0.24
0.2
0.22
0.18
0.16
0.14
0.34

Response
time
0.417
0.292
0.333
0.667
0.667
0.417
0.500
0.333
0.250
0.333
0.708
0.333
0.667
0.583
0.250
0.250
0.333
0.292
0.417
0.375
0.167
0.500
0.667
0.333
0.292
0.250
0.542

Accident
state
0.143
1.000
0.143
0.714
0.429
1.000
0.143
0.714
0.429
0.429
1.000
0.714
0.429
0.429
0.714
0.429
0.429
1.000
1.000
0.286
1.000
1.000
0.429
0.429
0.143
1.000
0.000

Weather
0.667
0.000
0.667
0.333
0.000
0.333
0.667
0.000
0.000
0.667
0.000
0.667
0.667
0.000
0.333
0.333
0.667
0.000
0.333
0.000
0.667
0.000
0.667
0.000
0.667
0.000
0.667
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Wind
velocity
0.15
0.09
0.1
0.11
0.13
0.14
0.15
0.16
0.17
0.18
0.16
0.19
0.22
0.23
0.24
0.25
0.15
0.17
0.13
0.12
0.15
0.16
0.20
0.18
0.25
0.2
0.18

Wind
direction
0.063
0.250
0.188
0.438
0.063
0.250
0.125
0.250
0.125
0.188
0.500
0.250
0.063
0.313
0.063
0.125
0.250
0.313
0.625
0.250
0.438
0.500
0.188
0.313
0.313
0.250
0.500

Distance
from shore
0.146
0.080
0.142
0.240
0.222
0.140
0.194
0.160
0.052
0.082
0.184
0.092
0.274
0.182
0.062
0.080
0.160
0.080
0.106
0.154
0.058
0.130
0.180
0.132
0.114
0.082
0.142

Tide

Velocity

0.600
0.067
0.200
0.000
0.600
0.733
0.667
0.733
0.000
0.067
0.600
0.133
0.267
0.333
0.467
0.200
0.000
0.533
0.067
0.267
0.800
0.133
0.533
0.067
0.733
0.667
0.467

0.24
0.26
0.28
0.3
0.3
0.28
0.26
0.24
0.22
0.2
0.36
0.18
0.2
0.22
0.24
0.22
0.2
0.24
0.2
0.3
0.26
0.18
0.16
0.18
0.24
0.16
0.24
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studied through a CBR cycle process and stored in the
case base eventually. This study uses 32 cases to train, in
which 27 cases are utilized for network training and 5 cases
for network verifying.
3.1 Cases’ preparation for ANN
3.1.1 Input attributes

As mentioned before, there are 10 input attributes in
the developed ANN. The cases must be in digital form
and normal form. Table 8 shows input attributes of cases
for training in normal form. Input attributes of cases for
verifying are omitted here for the purpose of concision.
3.1.2 Decision-making information

As mentioned before, there are 7 components in the
output vector: Pollution area, Grade of accident, Grade of

medical evacuation measures, Grade of fire and explosion
prevention measures, Grade of source plugging-off
measures, Grade of oil spill treatment and disposal
measures, and Grade of shoreline cleaning measures.
The output vectors of training cases and verifying
cases before ANN calculation are listed as Table 9 and
Table 10 respectively.
3.2 Training results

The training is over after achieving the ultimate accu−7

racy. The system achieves the ultimate accuracy e after
training 4300 times. The output vectors of training cases
and verifying cases after calculation are shown in Tables 11
and 12, respectively.

TABLE 9 - The output vector of training cases before ANN calculation

No.

Pollution
area

Grade of
accident

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

0.138
0.167
0.173
0.179
0.184
0.195
0.200
0.206
0.211
0.216
0.222
0.162
0.227
0.237
0.093
0.106
0.093
0.126
0.126
0.144
0.119
0.106
0.093
0.099
0.086
0.078
0.071

0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.667
0.333
0.333
0.333
0.333
0.333
0.333
0.333
0.667
0.333
0.667
0.667
0.667

Grade of
medical evacuation
0.250
0.290
0.310
0.220
0.330
0.250
0.310
0.350
0.340
0.310
0.260
0.280
0.390
0.290
0.190
0.330
0.270
0.330
0.300
0.310
0.190
0.140
0.170
0.160
0.310
0.230
0.240

Grade of fire
and explosion
prevention
0.050
0.130
0.080
0.130
0.160
0.110
0.100
0.200
0.030
0.060
0.020
0.170
0.220
0.400
0.010
0.140
0.100
0.210
0.140
0.110
0.050
0.000
0.100
0.050
0.100
0.120
0.040

Grade of source
plugging-off
0.790
0.880
0.960
0.810
0.900
0.920
0.900
0.980
0.950
0.980
0.650
0.750
0.980
0.850
0.600
0.920
0.470
1.000
0.710
0.920
0.780
0.780
0.820
0.550
0.630
0.700
0.900

Grade of oil spill
treatment and
disposal
0.530
0.630
0.780
0.600
0.770
0.820
0.740
0.880
0.830
0.920
0.810
0.890
0.710
0.900
0.800
0.960
0.520
0.820
0.710
0.540
0.540
0.510
0.890
0.660
0.700
0.650
0.670

Grade of
shoreline
cleaning
0.450
0.700
0.510
0.610
0.790
0.450
0.610
0.480
0.570
0.650
0.480
0.530
0.900
0.540
0.540
0.470
0.480
0.450
0.540
0.600
0.470
0.470
0.500
0.640
0.690
0.430
0.550

TABLE 10 - The output vector of verifying cases before ANN calculation
No.

Pollution area

1
2
3
4
5

0.156
0.063
0.232
0.190
0.227

Grade of
accident
0.333
0.667
0.333
0.333
0.333

Grade of medical
evacuation
0.220
0.290
0.370
0.240
0.390

Grade of fire and
explosion prevention
0.080
0.040
0.190
0.080
0.220
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Grade of source
plugging-off
0.780
0.710
0.980
0.620
0.980

Grade of oil spill
treatment and disposal
0.480
0.640
0.930
0.830
0.710

Grade of shoreline cleaning
0.490
0.470
0.900
0.620
0.900
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TABLE 11 - The output vector of training cases after ANN calculation
No.

Pollution
area

Grade of
accident

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

0.110
0.182
0.161
0.190
0.194
0.186
0.210
0.206
0.197
0.215
0.209
0.148
0.230
0.242
0.085
0.113
0.106
0.149
0.110
0.131
0.122
0.105
0.081
0.115
0.096
0.078
0.069

0.364
0.343
0.370
0.307
0.327
0.304
0.299
0.323
0.315
0.293
0.342
0.367
0.312
0.296
0.681
0.381
0.351
0.349
0.434
0.352
0.383
0.304
0.650
0.368
0.627
0.637
0.589

Grade of
medical evacuation
0.239
0.324
0.352
0.269
0.303
0.260
0.320
0.333
0.327
0.327
0.283
0.275
0.354
0.327
0.203
0.295
0.256
0.306
0.287
0.281
0.209
0.152
0.196
0.178
0.281
0.219
0.247

Grade of fire
and explosion
prevention
0.056
0.155
0.096
0.110
0.191
0.127
0.112
0.179
0.035
0.071
0.022
0.143
0.181
0.287
0.013
0.120
0.092
0.227
0.136
0.124
0.056
0.009
0.120
0.048
0.097
0.114
0.042

Grade of source
plugging-off
0.807
0.937
0.971
0.804
0.862
0.882
0.893
0.938
0.904
0.962
0.701
0.807
0.955
0.870
0.591
0.911
0.445
0.957
0.911
0.901
0.792
0.793
0.793
0.569
0.733
0.720
0.915

Grade of oil spill
treatment and
disposal
0.500
0.705
0.821
0.646
0.807
0.825
0.812
0.827
0.810
0.898
0.767
0.849
0.765
0.906
0.810
0.890
0.520
0.811
0.748
0.563
0.558
0.502
0.843
0.706
0.745
0.693
0.707

Grade of
shoreline
cleaning
0.533
0.661
0.599
0.524
0.654
0.453
0.626
0.567
0.579
0.614
0.521
0.531
0.855
0.620
0.568
0.481
0.484
0.528
0.510
0.623
0.472
0.523
0.601
0.572
0.614
0.426
0.496

TABLE 12 - The output vector of verifying cases after ANN calculation
No.
1
2
3
4
5

Pollution
area
0.165
0.074
0.215
0.185
0.270

Grade of
accident
0.309
0.694
0.352
0.290
0.312

Grade of medical
evacuation
0.262
0.243
0.333
0.249
0.334

Grade of fire and
explosion prevention
0.093
0.045
0.182
0.110
0.153

3.3 Analysis of results

The output analysis is composed of three evaluation
functions.
The equation to express the network error

∑ ( y − O)
N

2

(5)

The equation to express the error of dependent variable

Bias =

∑ ( y − O)
N

Grade of oil spill
treatment and disposal
0.520
0.708
0.848
0.786
0.765

Grade of shoreline
cleaning
0.596
0.519
0.854
0.535
0.895

Where y is the value of training cases, O is the output
of ANN calculation, and N is the number of cases.

3.3.1 Network accuracy analysis

RMSE =

Grade of source
plugging-off
0.820
0.746
0.927
0.842
0.905

(6)

correlation coefficient
⎡
⎤
N
N
N
⎢
⎥
N ∑ Oi y pi − (∑ Oi )(∑ y pi )
⎢
⎥ (7)
2
i =1
i =1
i =1
R = ⎢
⎥
N
N
N
N
⎢ ⎡ N ∑ Oi2 − (∑ Oi ) 2 ⎤ × [N ∑ y 2pi − (∑ yi ) 2 ] ⎥
⎢
⎥
i =1
i =1
i =1
⎦
⎣⎢ ⎣ i =1
⎦⎥

The results are as follows:
For training cases, RMSE is 0.10388, Bias is 0.02256,
R is 0.988140, the evaluation: high accuracy, little errors,
and high correlation.
For verifying cases, RMSE is 0.0712, Bias is 0.0218,
R is 0.964761, the evaluation: high accuracy, little errors,
high correlation, meet the prediction and judgment of onsite uncertainty, and make the right decisions.
These results indicate that the output and input values
have small errors in training cases and verifying cases.
Values of RMSE, Bias and R are good.
3.3.2 Weight analysis

The weight matrix w1 and w2 are obtained after training. The relative significance of attribute I indicates the
influence on the results. The equation is as follows:
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(8)

Where, ABS(w) is the absolute weight value. It indicates the ratio of the summary of absolute weight values,
which mean from input layer to neuron hidden layer, to
the all of absolute weight values.
The numbers of neurons are 21, 10, and 7 in the hidden layer, input layer, and output layer respectively. We
could obtain weight matrix w1 (10×21) and w2 (7×21). The
weight w1 is more significant because we could get the
relative significance of each input attribute through the
analysis of w1 weight matrix. Table 13 is the weight matrix
of w1 . w2 is omitted here for the purpose of concision.
From results of the weight matrix of w1, we can know
that:
(1) The value range of attributes’ relative importance
is 6–17%. This indicates that those 10 attributes in input
layer are good representations.
(2) Leakage amount (17%), response time (10%), accident state (11%), wind velocity (10%), and tide (12%)
have higher weight values. This result corresponds to the
actual conditions.
4. DISCUSSION

ess. They can be regarded as cases in many typical situaions proposed and corrected by researchers. Thus, although
there are only 32 cases and 27 of them are used for BPANN’s training, the results are good. This point reflects
that the methodology in this study can meet the requirement of “accuracy” for oil spills’ treatment.
From the description above, we see that on-site use of
the developed ANN system can generate corresponding
results quickly, granted only input-attribute information is
needed. Thus the system can meet the requirements of
“quickness” for responding to an oil spill.
Furthermore, the results of the weight analysis show
that the chosen attributes are suitable.
Therefore, it is reasonable to conclude that the developed oil spill ANN is effective during emergency processing in the field. The methodology in this study can
connect input and output data, report the functional relationship of responders, and can get useful decision support information quickly and accurately during applications on site. The value of this methodology warrants
further application in the field.
4.2 Existing challenges and potential future approaches

A restrict of ANN’s application is that it can generate
results, but cannot explain them. The reason is that ANN
is not a mechanism method to simulate the process of
solving problems. To overcome this defect, combining
with mechanism model can be an effective way.

4.1 The effectiveness of presenting the ANN method

5. SUMMARY AND CONCLUSIONS

From the calculation above, we can know that RMSE,
Bias and R of the ANN are good. The reason is that those
cases actually are generated through a CBR studying proc-

This paper demonstrates the use of ANN technology
to develop an oil spill decision support system, taking

TABLE 13 - Weight matrix w1
1
2
3
4
5
6
7
8
9
10
1
0.008
1.469
0.636
-0.363
0.506
-0.847
-0.327
0.465
0.278
-0.380
2
0.267
1.081
0.635
1.139
0.851
0.910
0.685
0.262
0.628
0.372
3
0.794
2.507
-1.141
0.215
1.181
-0.451
0.120
-0.283
0.852
1.390
4
0.465
1.244
0.616
1.101
0.388
0.314
0.654
0.935
0.242
1.024
5
0.371
-0.492
1.056
0.338
0.692
0.564
0.632
0.774
0.298
0.791
6
1.020
2.577
-0.216
0.375
-0.247
0.509
-0.731
-0.449
-0.133
-0.219
7
0.319
1.612
-1.583
-2.599
3.235
0.096
-1.785
-0.597
-6.511
-0.967
8
0.453
1.004
0.991
1.063
0.782
0.366
0.776
0.401
0.872
0.776
9
0.603
0.779
0.645
1.138
0.667
1.198
-0.103
-0.173
0.177
0.244
10
0.788
1.009
1.232
0.462
0.345
0.422
0.873
0.453
0.967
0.703
11
0.761
0.085
-0.266
1.315
0.913
0.865
0.376
0.132
-0.463
-0.240
12
-0.056
-0.005
1.037
-0.376
-0.106
0.659
-0.221
0.247
0.567
0.602
13
0.390
1.098
0.651
0.050
0.496
0.025
0.816
0.831
0.871
0.778
14
-1.855
-12.050
-6.015
-3.647
0.724
-6.613
3.334
-3.017
3.825
5.457
15
0.303
0.492
-0.308
-0.263
0.746
-1.418
1.705
-0.034
1.051
1.011
16
0.671
0.868
0.282
0.860
1.044
0.666
0.945
0.413
0.964
0.652
17
0.087
0.222
0.288
0.401
0.104
0.438
-0.093
0.600
0.724
0.942
18
0.686
1.479
0.078
0.637
1.146
-0.686
0.054
0.018
-0.710
0.393
19
0.496
1.055
1.082
0.773
-0.042
1.026
0.799
0.314
0.652
0.509
20
-0.481
-2.007
-0.628
-4.270
1.630
-1.688
-0.322
-0.721
2.344
0.983
21
0.910
0.376
0.961
0.751
1.191
0.174
0.310
0.630
0.520
0.706
I
0.060
0.172
0.104
0.114
0.087
0.102
0.080
0.060
0.121
0.098
Where, w1 is a 10×21 matrix, 10 indicates that there are 10 attributes in input layer, and 21 indicates the number of neurons in hidden layer.
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cases collected from a developed CBR system for training. The network architecture of the ANN oil spill system
is introduced. The development procedures and key technologies are presented by considering an oil spill’s characteristics, including:
(1) digitization (coding) of case information and emergency measures, in which the case information is divided
into input-attribute information and decision-making information, then standardized and digitized using the Feature Evaluation (FE) and Intensity Hierarchical (IH) methods respectively; (2) construction of oil spill ANN, in
which Gradient Descent with Momentum and Adaptive
Learning Rate (GDMALR) method (traingdx function) –
a modified Back-Propagation algorithm – is employed to
do the training; and (3) translation (decoding) of decisionmaking information, in which output data from ANN are
interpreted back to practical contingency measures through
Translation Based on the Conventional Import Ratios
(TBCIR) method. The training features, time, errors, accuracy, and weights of the ANN are analyzed.
The research work shows that: using cases from CBR
system for training, the developed ANN oil spill decision
support system is effective, which can overcome shortcomings of ANN and CBR each other, and generate emergency plans quickly and accurately to meet the requirements of an oil spill on-site.
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ABSTRACT
The main purpose of this work is to assess the occupational exposure to some heavy metals in two metallurgical factories in Khartoum State, Sudan using bioindicators. Urine and scalp hair samples were collected from
workers in a mint factory and a foundry factory as well as
from residents far from emission of metallurgical processes. Cr, Fe, Co, Ni, Cu, Zn and Pb were quantified in
hair by X-ray fluorescence spectrometry while electrothermal atomic absorption spectrophotometry was used for
urine analysis for the same metals. Hair samples recorded
much higher concentrations of Cr, Fe and Zn for workers
in both factories than residents in the control area, besides
higher concentrations of Ni and Cu for workers in the
mint factory than workers in the foundry factory and
residents in the control area. This result indicates serious
occupational exposure. In addition, urine samples recorded much higher concentrations of Fe in workers in the
mint factory than workers in the foundry factory and the
referents. Higher Ni and Cu contents in urine from workers in the both factories than the referents were recorded
as well. A result that emphasizes an occupational exposure.
KEYWORDS:
Heavy metals, hair, urine, biomonitoring, occupational exposure

1 INTRODUCTION
The presence of chemical pollutants in the environment can be examined by environmental monitoring. Usually, such environmental samples as water, soil, food, etc.
are analyzed for chemical pollutants. However, this approach does not always reflect the effect of chemical pollu* Corresponding author

tion on human health. In this challenge, biomonitoring
could be a complementary, or sometimes an alternative,
approach because it can reflect more actual effect on
human health [1].
The term “human biomonitoring” is defined as the direct measurement of people's exposure to environmental
contaminants by measuring substances or their metabolites in blood, urine, or other specimens [2]. Biomonitoring is adopted in different situations such as identification
and elimination of possible contamination sources [3].
Biomonitoring is also employed to observe time trends in
chemical variations [4] and to prove the effectiveness of
bans or restrictions [5]. The relationships between chemical exposure and diseases or development in abnormalities
could be identified by biomonitoring as well [6]. In addition, biomonitoring is utilized to map the geographical
distribution of contaminated regions [7] and to find relationships between chemical body burden and eating habits
or workplace exposure [8].
In contrast, biomonitoring suffers from some limitations. For example, some chemicals are excreted rapidly
and can only be monitored for a short period after exposure
to pollutants. Moreover, biomonitoring does not reveal the
sources or routes of pollutants [9]. Hence, the use of more
than one type of biomonitor is more effective in environmental monitoring and assessment studies.
In a more specific context, human hair sample offers
numerous advantages for human biomonitoring including
matrix stability, ease of collection, low cost, ease of
transport and ease of storage [1, 10, 11]. In addition, hair
samples have a special concern in occupational and environmental health surveys on heavy metals because metallic cations form bonds with the sulphur of the keratin
matrix of the hair [12, 13]. Furthermore, hair grows approximately 10 mm per month and may serve as a longterm monitor of past and recent exposure and may usually
reflect average concentrations for the previous two or
three months exposure [13]. Furthermore, the levels of
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heavy metals in hair are up to 10-fold higher than the
levels found in blood and urine. This phenomenon provides good detectable levels for analysis. In contrast, the
main disadvantage of hair samples as a bioindicator is the
difficulty in differentiating between external and internal
exposure. This means that pollutants from exogenous
sources, such as aerosol, water, detergents and cosmetics,
can also adhere to the hair. Another limitation is the variations of hair characters, e.g. color, race, hair care, etc.
[14].

largest city. Khartoum-Bahri is the heaviest industrial city.
Omdurman is the most densely populated city in Sudan.

In another context, urine is the preferred non-invasive
matrix in biomonitoring especially for heavy metals. Many
studies reported that urine-heavy metal is a suitable biomarker for general population and occupational exposure
[1, 15]. Urine reflects recent exposure and has been taken
as a surrogate when blood is not available because of
various reasons [16]. Furthermore, the level of urinary
heavy metals could be associated with the level of body
burden at a certain time, and it is an important indicator in
health risk analysis [17].

2.2 Sample collection

On the other hand, heavy metals are considered as one
of the most serious pollutants in the environment. This
opinion is due to the multipurpose usage of heavy metals,
persistence in the environment, bioaccumulation and high
toxicity [18-20]. Heavy metals are involved in various industrial processes, agricultural activity, domestic waste and
vehicles emission [18-20]. The toxicity by heavy metals
causes morphological abnormalities, nerurophysiological
disturbances, genetic alteration of cell (mutation), teratogenesis and carcinogenesis. In addition, heavy metals effect
on enzymatic and hormonal activities, reduces growth and
increases mortality [18-20]. Therefore, there is a global
increase of interest in the interaction of heavy metals with
biological systems and the environment.
The emission from industrial activities is one of the
main sources of pollution by heavy metals. Thus, it is
essential to study the level of heavy metals in biological
specimens collected from workers. Unfortunately, direct
assessment of the levels of heavy metals in biological
samples is incorrect for many reasons. One of which is
the difference in race and climate. Accordingly, this study
aimed at determining the concentration of some heavy
metals in hair and urine samples from workers in the
largest metallurgical factories in Sudan, besides Sudanese
residents in a control area.
2 MATERIALS AND METHODS
2.1 Study Area

The study area in the current work includes two metallurgical factories (mint and foundry), besides a control
area that is expected to be free from industrial pollution.
All sites are located in Khartoum State, which includes
the major three cities in Sudan, i.e. Khartoum, KhartoumBahri and Omdurman. Khartoum is the capital and the

In the current study, the Mint Company, which is the
single national factory in Sudan, was adopted. It is located
at N 15º 58´, E 32 º 52´, Khartoum City. The other factory, which is called Mirghani Foundry, is located at N 15º
636´, E 32 º 437´, Omdurman City. The control area, which
is located at N 15º 40´ and E 32º 31´, is Khartoum-Bahri
City.

Scalp hair and urine samples were collected from
thirty workers in the above mentioned factories and from
thirty residents in the control area. All workers and referents were male and aged between 30 and 60 years. For
hair sample collection, the protocol described by the International Atomic Energy Agency (IAEA) was considered [21]. The urine was collected on the last work day of
the week and at the end of the shift because of the metal
elimination rate [22]. Instructions were followed in order
to avoid external contamination. The urine samples were
collected in polyethylene flasks.
2.3 Sample treatment

For hair sample treatment, duplicate samples were
firstly washed by acetone. Samples were washed again
three times by distilled water for 10 minutes with shaking,
and lastly with acetone. Hair samples were then dried at
80 oC. 3 mL of perchloric acid : nitric acid (1:5, v/v) was
added to sample. The produced solution was diluted with
bi-distilled water up to 60 mL. The pH was adjusted at the
range of 3-4 using 0.1 mol/L NaOH. Thereafter, 2 mL of
a freshly prepared filtered solution of 4% (w/v) Ammonium Pyrrolidine Dithocarbamate (APDC) were added to
sample solution. The mixture was allowed to stand for 1 h
with stirring. The mixture was then filtered and precipitated through a Nuclepore membrane [23-25]. The same
procedure was applied to CRM-397 as a certified reference material.
For urine sample treatment, also duplicate samples
(0.5 mL), were dispensed into Teflon PTFE flasks. 2 mL
of freshly prepared mixture of nitric acid : hydrogen peroxide (2:1, v/v) were added. The mixture was kept for 10
min at room temperature. Thereafter, the mixture was
heated following a one-stage digestion program at 80% of
total power (900 W) for 2–4 min. After cooling, the resulting solution was evaporated to semidried mass to
remove excess acid. The retained material was diluted to
10 mL in volumetric flasks with 0.1 M nitric acid. Duplicate blanks were carried throughout the procedure [12].
For the confirmation of the adopted method, a certified
reference material from NIES (No. 18 human urine) was
analyzed in parallel with samples collected in the current
study.
2.4 Instrumentation
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A micro-computer-energy-depressive X-ray fluorescence spectrometer was used for hair analysis. The system
was equipped with a molybdenum secondary target and a
molybdenum filter. The system was also fitted with Cd109 excitation source, (t1/2 = 1.34 years, E = 22.2 keV and
88.0 keV) and coupled with a Si(Li) detector and multichannel analyzer. The concentrations of detectable
elements were made from the measured intensity of the
corresponding fluorescent X-rays combined with elemental sensitivity factor and coefficient of absorption in
the residual matrix of the specimen through iteration
procedure [24, 26, 27]. The method was applied to the
certified reference material (BCR-143R).
Urine samples were analyzed by AA-6800 atomic absorption spectrophotometer (AAS). The system was coupled with GFA-EX7 graphite furnace atomizer and ASC6100 auto-sampler from Shimadzu (Koyoto, Japan). High-

density graphite tubes were used for atomization while
normal single hollow cathode lambs were used for irradiation.
3 RESULTS AND DISCUSSION
The summary statistics of the concentrations of heavy
metals in hair samples in the control area as well as the
mint and foundry factories are compiled in Table 1. Fig. 2
compares the average concentrations of heavy metals in
hair samples collected from both workers and referents. For
the reliability of the obtained results, the analysis of the
certified reference materials adopted in the current study
recorded acceptable recovery. For hair analysis, the recovery values were in the range of 89.1-94.6% while for urine
analysis the recovery values ranged from 91.0 to 105.1%.

TABLE 1 - Summary statistics of the concentrations (ng/mg) of heavy metals in hair samples collected from citizens in the control area as
well as workers in the mint and foundry factories in Khartoum State, Sudan
Metal
Cr
Fe
Co
Ni
Cu
Zn
Pb

Control area
Mean ± SD
Min-Max
127.7 ± 38.0
93.9-188.7
223.0 ± 147.38
63.8-387.9
40.7 ± 0.37
40.1-41.0
50.1 ± 3.47
47.4-53.7
50.5 ± 6.12
38.9-55.3
67.3 ± 39.84
24.4-103.3
111.9 ± 10.48
97.4-122.3

Mint factory
Mean ± SD
Min-Max
235.3 ± 34.02
180.1-188.7
506.5 ± 126.90
410.2-387.9
43.1 ± 4.15
40.6-45.6
93.3 ± 2.11
91.7-53.8
126.8 ± 21.72
105.3-55.4
283.0 ± 242.77
34.7-10.4
240.9 ± 4.91
236.2–122.6
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Foundry factory
Mean ± SD
Min-Max
196.2 ± 12.9
188.8-211.1
602.6 ± 325.5
296.6-944.7
43.2 ± 0.2
43.0-43.3
48.5 ± 0.2
48.3-48.6
54.1 ± 7.3
49.0-62.5
126.9 ± 121.2
46.0-266.3
109.4 ± 9.4
100.1-18.9

© by PSP Volume 22 – No 12a. 2013

Fresenius Environmental Bulletin

FIGURE 1 - Average concentrations of heavy metals in hair samples collected from citizines in the control area and workers in mint and
foundry factories in Khartoum State, Sudan.
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For hair samples collected from citizens in the control
area (Fig. 1), the average concentrations of heavy metals
were in the rank order of Fe >> Cr > Pb > Zn > Ni ≈ Cu ≈
Co. Fig. 1 also shows that the concentrations in hair samples collected from workers in both foundries recorded
different rank orders. For the mint factory, the rank order
was Fe >> Zn > Pb ≈ Cr > Cu > Ni > Co while for the
foundry factory the rank order was Fe >>> Cr > Zn > Pb
> Cu ≈ Ni ≈ Co. In all hair samples, Fe was at the top of
the rank order while Pb fluctuated from the third to the
fourth ranks. Interestingly, various standard deviation
values and different ranges of concentrations of all heavy
metals were recorded in all hair samples. In this issue,
wide ranges were recorded for the concentrations of Cr,
Fe, Zn and to some extent for Pb in hair samples collected
from citizens in the control area. Despite a narrow range
was recorded for the concentrations of Fe in hair samples
collected from workers in the mint factory, the average
concentration of that metal in the same type of samples
was five-fold that of hair samples collected from citizens
in the control area. The same phenomenon was also observed for Cr and to some extent for Ni. Fig. 1 shows
higher concentrations of Cr, Fe and Zn in hair samples
from workers in both factories than those in hair samples
from citizens in the control area. On the other hand, hair
samples from workers in the mint factory only recorded
higher concentrations of Ni, Cu and Pb than that in hair
samples from workers in the foundry factory as well as in
hair samples from citizens in the control area. Furthermore, Co recorded the same concentration in all hair
samples. The World Bank Group [28] noted that foundries can emit airborne dust and discharge wastewater that
can contribute in contamination by Zn, Pb, Cd, Cu, Cr

and Ni. Krystek and Ritsema [29] also reported that a
foundry factory emitted significant amounts of a wide
range of heavy metals, including Co, Cu, Fe, Ni, Pb and
Zn, to the environment.
The ranges of the concentrations of heavy metals obtained in the current study were compared with the corresponding ranges reported in some previous studies in the
world (Table 2). Cr, Fe Co and Pb contents in residents’
hair in the control area in Sudan were significantly higher
than the corresponding contents in residents’ hair in control areas in Malaysia [30], India [31] and China [32].
Showing the opposite trend, Ni and Cu contents in residents’ hair in the control area in Sudan were significantly
lower than the corresponding contents in a control area in
Malaysia [30]. Different contents of heavy metals in hair
samples from non-occupationally exposed residents in
different areas in the world could be attributed to the different in race, care, climate, nutrition, etc. For occupationally
exposed workers, the same trend was found for the same
sets of elements, i.e. Cr, Fe Co and Pb contents in Sudanese’ hair were much higher than those in Malaysian’
[30], Indian’ [31] and Chinese’ [32] hair and vice versa
for Ni and Cu.
For urine samples, the summary statistics of heavy
metal contents obtained from the current study are shown
in Table 3. In addition, for the comparison study purpose,
Fig. 2 depicts the urinary heavy metal contents from citizens in the control area and workers in the two factories.
Citizens in the control area recorded heavy metal
concentrations in the rank order of Cr ≈ Pb > Co > Cu >
Ni > Fe. It was found that while Fe concentration ranked
in the top in hair samples, Fe concentration ranked in the

TABLE 2 - Comparison of the concentration of heavy metals (ng/mg) in hair samples from Khartoum State, Sudan with that other hair
samples from other areas
Current study
Malaysia1
Control
Industrial
Control
Industrial
Cr
127.7
215.75
NR
NR
Fe
223.0
554.7
36
58
Co
40.7
43.15
NR
NR
Ni
50.1
70.9
417
388
Cu
50.5
90.45
514
817
Zn
67.3
204.95
458
751
Pb
111.9
175.15
0
38
1: Khudzari et al. 2013 [30]; 2: Wang et al. 2009 [32]; Ha et al. 2009 [31];
Metal

China2
Control
0.4-7.2
NR
NR
0.0-9.4
10.9-537
NR
1.9-730.0

India3
Industrial
0.7-2.5
NR
NR
0.4-3.0
5.3-14.0
NR
1.1-15.9

Control
0.3-1.3
NR
0.0-0.5
NR
5.6-9.6
60.2-150
NR

Industrial
0.2-0.7
NR
0.0-0.6
NR
8.9-163
98-186
NR

TABLE 3 - Summary statistics of the concentrations (µg/L) of heavy metals in urine samples collected from citizens in control area as well as
workers in the mint and foundry factories in Khartoum State, Sudan
Metal
Cr
Fe
Co
Ni
Cu
Pb

Control area
Mean ± SD
Min-Max
5.41 ± 2.56
3.85-10.45
0.45 ± 0.04
0.00-0.89
3.01 ± 0.90
2.22-4.16
1.88 ± 0.81
1.06-2.18
2.01 ± 0.89
1.05-2.91
5.1 ± 2.63
2.33-10.5

Mint factory
Mean ± SD
Min-Max
4.93 ± 0.59
4.59-5.64
3.58 ± 1.94
2.25-5.81
2.37 ± 0.18
2.26-2.58
2.35 ± 0.05
2.30-2.38
2.48 ± 0.21
2.35-2.73
5.59 ± 0.15
5.44-5.74
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Foundry factory
Mean ± SD
Min-Max
2.22 ± 0.01
2.21-2.23
0.48 ± 0.27
0.29-0.67
3.14 ± 0.05
3.10-3.17
3.33 ± 0.54
2.95-3.71
-
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FIGURE 2 - Average concentrations of heavy metals in urine samples collected from citizines in the control area and workers in mint and
foundry factories in Khartoum State, Sudan.

TABLE 4 - Comparison of the concentrations of heavy metals (µg/L) in human urine samples from Khartoum State, Sudan with that of other
urine samples from other areas
Current study
Ghana1
Control
Industrial
Control
Industrial
Cr
3.85-10.45
2.21-4.64
< 0.01-26.0
0.18-29.0
Fe
0.00-0.89
0.29-5.81
13.0-260.0
19.0-540.0
Co
2.22-4.16
2.26-2.58
0.13-2.1
0.041-8.7
Ni
1.06-2.18
2.30-3.17
NR
NR
Cu
1.05-2.91
2.35-3.71
5.25-481.0
7.12-490.0
Pb
2.33-10.5
5.44-5.74
0.31-33.7
0.86-18.3
1: Asante et al. 2012 [34]; 2: Wang et al. 2011[17];; 3: Aguilera et al. 2008 [33]
Metal

last in urine samples. On the other side, other heavy metal
concentrations were almost in the same sequence in both
types of samples of hair and urine. However, the levels of
heavy metals in hair samples were much higher than those
in urine samples. It is worth noting that the increase of
heavy metal concentrations between workers and referents in hair samples was much higher than those in urine
samples. This phenomenon may reflect that hair is more
effective bioindicator than urine.
On the other side, urinary heavy metal concentrations
obtained from the current study were compared with the
corresponding data obtained from previous studies in
other different areas in the world (Table 4). For urinary Cr
content in control areas, the Sudanese samples were comparable with Ghani samples [34] and higher than Spanish

China2
Control
NR
NR
NR
NR
6.20±9.33
5.82±8.64

Industrial
NR
NR
NR
NR
6.81±10.20
4.09±16.02

Spain3
Control
0.65
NR
NR
2.52
11.65
NR

Industrial
0.52
NR
NR
2.03
11.38
NR

samples [33]. In addition, Fe urinary contents in the Sudanese control samples were lower than Ghani samples
[34] and vice versa for Co. In another context, Cu urinary
levels in Sudanese referents were lower than the corresponding Ghani [34], Chinese and Spanish [33] referents.
For occupationally exposed workers, urinary Cr, Fe, Co,
Cu and Pb contents for Sudanese workers are concordant
with Ghani workers and to some extent with Chinese
workers while higher than Spanish workers (Table 3).
4 CONCLUSIONS
The current manuscript reports the first study on the
levels of some heavy metals in hair and urine samples
from occupationally and non-occupationally inhabitants
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in Sudan. The largest metallurgical factories, namely mint
and foundry, in Khartoum State, Sudan were adopted in
the current study. Another residential area, which is far
from industrial activity, was adopted as a control area.

[6]

Jensen, T. K., Grandjean, P., Jorgensen, E. B., White, R. F.,
Debes, F., Weihe, P. (2005). Effects of breast feeding on neuropsychological development in a community with methylmercury exposure from seafood. J. Exposure Anal. Environ.
Epid. 15, 423-430.

Significant difference in exposure to heavy metals between samples from workers and referents was observed
indicating serious contamination.

[7]

Campbell, L., Dixon, D. G., Hecky, R. E. (2003). A review
of mercury in Lake Victoria, east Africa: implications for
human and ecosystem health. J. Toxicol. Environ. Health
Part B 6, 325-356.

[8]

Schinas, V., Leotsinidis, M., Alexopoulos, A., Tsapanos, V.,
Kondakis, X. G. (2000). Organochlorine pesticide residues in
human breast milk from southwest Greece: associations with
weekly food consumption patterns of mothers. Arch. Environ. Health 55, 411-417.

[9]

Needham L.L.,Wang R.Y. (2002). Analytic considerations
for measuring environmental chemicals in breast milk. Environ. Health Perspect., 110, 317–24.

It is highly desirable to increase public awareness
about the effects of exposure to metallurgical industries
and more effective processes would be taken to minimize
its risk.
The comparative study between results obtained in
the current control area with other worldwide control
areas exhibited significant variation, which is due to variation in climate and race. This finding emphasizes that the
inclusion of a control area, in the same region of the study
area, is essential to assess properly occupational exposure
to heavy metals.
Since there are no specific reference values for the
levels of heavy metals in biological samples for unexposed Sudanese residents, the current study establishes a
baseline data for Khartoum State as the most densely
populated state in Sudan.
Specifically in the same area, it is recommended in
the future studies in Khartoum State to consider factors
effecting on the use of bioindicators such as age, gender,
health status, lifestyle (smoking, Sudanese drug (Tombak)
users) etc. Generally, it is also recommended to examine
the environment of additional metallurgical heavy factories in Khartoum State. In addition, further research has to
be carried out on evaluating the correlation between the
exposure level and exposure pathways.
The authors have declared no conflict of interest.

[10] Angerer J, Ewers U, Wilhelm M. (2007). Human biomonitoring: state of the art. Intern. J. Hyg. Environ. Health 210,
201-28.
[11] Zhang H, Chai Z, Sun H. (2007). Human hair as a potential
biomonitor for assessing persistent organic pollutants. Environ. Intern. 33, 685-693.
[12] Afridi, H. I., Kazi, T. G., Kazi, N., Kandhro, G. A., Baig, J.
A., Shah, A. Q., Khan, S., Kolachi, N. F., Wadhwa, S. K.,
Shah, F., Jamali, M. K., Arain, M. B. (2011). Evaluation of
cadmium, chromium, nickel, and zinc in biological samples
of psoriasis patients living in Pakistani cement factory area.
Bio. Trace Elem. Res. 142, 284-301.
[13] Olmedo, P., Pla, A., Hernndez, A.F. , Lpez-Guarnido, O.,
Rodrigo, L., Gil, F. (2010). Validation of a method to quantify chromium, cadmium, manganese, nickel and lead in human whole blood, urine, saliva and hair samples by electrothermal atomic absorption spectrometry. Anal. Chim. Acta
659, 60-67.
[14] Wilhelm M, Idel H. (1996). Hair analysis in environmental
medicine. Zentralbl. Hyg. Umweltmed. 198, 485-501.
[15] Moon CS, Zhang ZW, Shimbo S, Watanabe T, Lee BK, Ahn
KD, et al. (1999). Evaluation of urinary cadmium and lead as
markers of background exposure of middle-aged women in
Korea: dietary intake as an influential factor. Toxicol. Lett.
108, 173-178.
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ABSTRACT
Land ecological suitability refers to the land-use suitability of ecological conditions for a particular area. This
paper introduced the support vector machine (SVM) algorithm to assess ecological suitability for urban land use, to
increase the assessment reasonableness and accuracy by
solving the continuity interrupt of the evaluation data and
reflecting the fuzziness of the evaluation classification
levels. Two sample sets were applied to verify the accuracy
and validity of the proposed ecological suitability assessment model. The results demonstrated that the ecological
suitability level obtained by the SVM model was stricter
than that by the traditional model, which was conducive
for environment protection. Additionally, the SVM model
could effectively eliminate the adverse effect caused by the
long evaluation classification interval and the phase step of
the two sides of the cut-off point, which improved the rationality of the assessment results for land use. The SVM
model can provide sound management decisions for urban
land-use planning and ensure the sustainable usage and
development of land resources.

KEYWORDS: Ecological suitability assessment; support vector
machine; classification criteria; continuity interrupt; fuzziness

* Corresponding author

for reasonable allocation of the limited land resources,
research of ecological suitability assessment for land use
has drawn much attention in recent years [2].
The assessment indicator system method is the primary ecological suitability assessment method for land use
[3]. However, the evaluation criteria are independent of
the assessment data, and the ambiguity of the assessment
data is not considered in the evaluation process; therefore,
the accuracy of the evaluation results will be affected. The
support vector machine (SVM) algorithm is a relatively
new machine learning approach. For the ambiguity caused
by the data in the ecological suitability assessment process, SVM can find the implicit law of the data through
data mining. As a result, the SVM-based ecological suitability assessment will be expected to eliminate the manmade phase step to ensure the continuity of the assessment
data, which has not been reported in previous literatures to
our knowledge.
This paper applied SVM algorithm to the ecological
suitability assessment by constructing an ecological suitability assessment model for land use to solve problems in
traditional assessment model, such as fuzziness of the
classification criteria and assessment data and the continuity interruption problem.

1. INTRODUCTION
Ecological suitability assessment for land use is a comprehensive evaluation of characteristics, such as the geography, topography, geology, biology and human population, to determine the ecological suitability for a particular
land use [1]. As many countries in the world have entered
the rapid urbanization phase, urban construction is rapidly
expanding, which has caused tremendous pressure on cities
and upset the ecological balance. Therefore, as an important basic step in the overall planning of urban and
towns

2. MATERIALS AND METHODS
2.1 Principle of SVM algorithm

The SVM algorithm was put forward by Vapnik [4].
Based on the structural risk minimization principle, SVM
algorithm has great generalization ability; the results
guarantee global minima whereas empirical risk minimization can only locate local minima [5]. Training error is
the constraint condition of its optimization problem, and its
optimization objective is the minimization of the confidence interval value. Therefore, the SVM is a learning
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algorithm based on the structural risk minimization principle, and its robustness is much better than that of most
other traditional learning methods. SVM maps the input
vectors to a high dimensional feature space by a preselected non-linear mapping, which makes the solving
process change into solving a quadratic programming
problem. Therefore, the solution of the SVM approach is
the only global optimal solution. The SVM principle can
be expressed by the following equation:

y = f ( x, w) = w ⋅ φ ( x ) + b

(1)

where y is the output vector, y∈R; x is the input vector,
x∈R; w is matrix of regression weights vector, φ is a
kernel function, and b is the bias.
In this paper, radial basis function (RBF) was applied
as the kernel function φ :

φ ( x) = K ( x, xi ) = exp(−γ || x − xi ||2 )

(2)

where xi is the input vector, x∈R, and γ is the parameter
of RBF.
Apply Equation (3) to solve Equation (1), to minimize the structural risk.
Objective function:

2.2.1 Determination of assessment indicators

The main factors affecting ecological suitability of
land use include geographical location, environmental conditions, and distance from the surrounding area. Therefore,
environmental elements (such as water, air and noise),
relative wind direction of industrial groups, distances from
industrial areas and the main pollution source, and ecological construction status can be used as ecological suitability assessment indicators. The final assessment indicators
should be determined according to the actual regional status
and data availability. In general, screening for the assessment indicators should follow four principles. Firstly, the
selected indicators are comprehensive and able to fully
reflect the impact of land use on the ecological environment. Secondly, the indicators are typical to reflect the
ecological state and changes, and these indicators take long
roles. Thirdly, the indicators are independent from each
other. Fourthly, the indicators can be obtained and are
easy to quantify and compare [6]. Through the ecological
environment and socio-economic studies, indicators that
had impact on the ecological suitability of land use included geographical location, environmental conditions,
land-use status, and distance from major sensitive areas.

N
⎛ 1
⎞
min ⎜ || w ||2 +C∑ ξi ⎟
i =1
⎝ 2
⎠

Ecological researches
Determine
the
assessment
indicators

object to:

⎧ yi [( wxi ) + b] ≥ 1 − ξi
, i = 1,2,..., N
⎨
ξ
>>
0
⎩
i

Environment
subsystem

Socio-economic
subsystem

Ecological suitability
indicators

(3)

where C is the penalty factor, ξi is the slack variable, and
N is the number of sample

{xi , yi }iN=1 .
Determine
the
assessment
indicator
system

Apply grid search method to optimize parameter C of
SVM and parameter γ of RBF kernel function. This method
is based on the cross-validation idea, using regression training under different combinations of C and γ to obtain the
parameter set with the highest learning accuracy.

Assessment
indicator system

Weights for
indicators by AHP

Ecological suitability
level
Classification criterion of
assessment indicators

2.2 Construction of the ecological suitability assessment
model based on SVM principle

As demonstrated in Fig. 1, there are 3 procedures to
build the ecological suitability assessment model based on
SVM principle: (1) determination of the assessment indicators, (2) determination of the assessment indicator system, and (3) classification of the assessment level with
SVM model. The first two procedures were the same as
the traditional method. However, in procedure (3), SVM
model was used to find the implicit rule between the assessment level and the assessment indicators. Therefore,
the phase steps for the different assessment levels in the
traditional method were improved in their smoothness, and
in the end, the phase steps of the assessment caused by the
value quantity were eliminated.

Classify the
assessment
level with
SVM
model

Conversion of assessment criteria
from interval to certain values
Selection of training set
SVM assessment
model

Grid search
method to
optimize
parameters

Ecological suitability assessment with
the trained SVM model
FIGURE 1 - Flow-chart of construction for the ecological suitability
assessment model based on SVM algorithm.
2.2.2 Determination of assessment indicator system
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This paper applied analytic hierarchy process (AHP)
to establish the assessment indicator system. In the system, the target layer was the determination of ecological
suitability level; the criterion layer indicated the assessment subsystem; the indicator layer indicated each indicator of the criterion layer. When the indicator system framework was completed, weights for each factor in the criteria
layer and indicator layer were calculated by the AHP
method [7]. Subsequently, a complete assessment indicator system was established.
According to the purpose and need of the assessment,
an ecological suitability level could be divided into several levels with a certain gradient; for example, levels in a
descending order from being “ecologically suitable” to
“ecologically unsuitable”. Different levels were given different values. These values either increased or decreased sequentially, and can be not continuous [8]. Then, corresponding to the different ecological suitability levels, the classification criterion of the assessment indicators was determined.
The criterion was generally an interval; therefore unavoidably, the interval value would cut the continuity of
the assessment data. To eliminate this effect, an ecological suitability assessment model based on SVM was established as outlined below.

trained SVM model. Different from the training set, x in
the assessment objective was the multiplied value of p
real value (Ei) of the assessment indicator and their each
respective weight (Wi). The results of the model were just
the values corresponding to the ecological suitability level
in equation (6).

2.2.3 Determination of ecological suitability level based on
SVM model

2.4 Case study

This procedure applied the SVM principle into the
model, in the following 4 steps:
l Step 1. Conversion of the assessment criteria
from an interval to the determinate values. For a nonquantifiable indicator, its value corresponded to the value
of the ecological suitability level. For a quantitative indicator, the positive indicator took the largest value in the
criterion interval, whereas the inverse indicator took the
smallest value in the criterion range.
l Step 2. Selection of the training set. For a training set, the maximum number of samples was determined
by the following equation:
p

N =n
(4)
where N is the maximum obtainable number of training
samples, n is the number of ecological suitability levels,
and p is the number of assessment indicators.
In contrast to equation (1), y is the value corresponding to the ecological suitability level; x is the multiplied
value of p determinate criteria values (Di) for assessment
indicators and respective weights (Wi) (as in equation (5)).
p

LTES = ∑i =1 f ( DW
i i , w) = w ⋅ φ ( DW
i i) +b

(5)

where LTES is the value corresponding to the ecological
suitability level of the training set.
l Step 3. Establishment of the assessment model
based on SVM principle. Coupled grid search method to
optimize the two parameters (i.e., C, γ).
l Step 4. Ecological suitability assessment with the

p

LES = ∑i =1 f ( EW
i i , w) = w ⋅ φ ( EW
i i) + b

(6)

where LES is the value corresponding to the ecological
suitability level of the assessment objective.
2.3 Traditional method of assessment level determination for
comparison

For the convenience of results comparison, traditional
ecological suitability assessment method was used. Its
formula is as follows:
p

L = ∑ i =1 wi × li , i = 1, 2,..., m

(7)

where L is the value corresponding to ecological suitability level, wi is the weight of each indicator, li is the value
corresponding to each indicator’s ecological suitability
level, and p is the number of indicators.

The case study used the one mentioned in the reference of Dong et al. [9] as an example. The authors analyzed the ecological suitability of land use in the environmental impact assessment during urban planning and
confirmed the traditional indicator system method for
assessment to be rational and applicable. However, two
issues existed: (1) Two indicator values with large differences may belong to the same level due to the long criteria interval, such as the minimum and maximum values in
interval [10] (Issue A). (2) The evaluation criteria is as the
cut-off point, and it cuts the continuity of the evaluation
data and brings man-made phase step; therefore, two
indicator values located on the left side and right side of
the cut-off point correspond to different levels, although
they are very close (Issue B). To overcome issues A and
B, this study assesses the ecological suitability level with
the SVM model. In their research, seven assessment indicators and their weights were identified; the ecological
suitability was divided into 4 levels: suitable, basically
suitable, less suitable, and unsuitable. Each level was
given a value, 1, 2, 3, and 4, respectively, and each assessment indicator’s criterion was also identified. The
application of the ecological suitability assessment model
based on SVM is as follows.
2.4.1 Determination of the assessment indicator system and
the classification criterion

In the cited reference, seven assessment indicators included 1 non-quantifiable indicator (location), 2 positive
indicators (green coverage and distance from pollution
sources) and 4 inverse indicators (atmospheric quality,
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surface water quality, noise level, distance from industrial
zone and logistics park). First interval values of the assessment criterion of the indicators were changed to determinate values (Table 1).
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TABLE 1 - Determinate values of assessment criterion.
Atmospheric
Surface water
Noise level
quality
quality
Weight
0.30
0.10
0.10
0.10
Suitable
1
I
III
I
Basically suitable
2
I
IV
I
Less suitable
3
II
IV
II
Unsuitable
4
III
V
III
Note: criterion and weights were cited from reference of Dong et al. [9].
Level

Location

Green
coverage (%)
0.10
30
30
10
5

Distance from industrial
zone and logistics park
0.15
1
5
10
20

Distance from
pollution sources
0.15
8
5
2.5
0

TABLE 2 - Assumptive sample set A.

Sample

Sample 1
Sample 2
Sample 3
Sample 4

Location
Real value
Sample value
Real value
Sample value
Real value
Sample value
Real value
Sample value

Upwind direction
0.6
Upwind direction
0.6
Upwind direction
0.6
Upwind direction
0.6

Atmospheric Surface water
quality
quality
II
0.2
II
0.2
II
0.2
II
0.2

IV
0.4
IV
0.4
IV
0.4
IV
0.4

Noise level

Green
coverage (%)

I
0.1
I
0.1
I
0.1
I
0.1

30
3
30
3
30
3
30
3

Distance from
Distance from
industrial zone
pollution sources
and logistics park
10
1.5
13
1.95
17
2.25
20
3

3.5
0.525
3.5
0.525
3.5
0.525
3.5
0.525

TABLE 3 - Assumptive sample set B.

Sample
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9

Location
Real value
Sample value
Real value
Sample value
Real value
Sample value
Real value
Sample value
Real value
Sample value

Upwind direction
0.6
Upwind direction
0.6
Upwind direction
0.6
Upwind direction
0.6
Upwind direction
0.6

Distance from
Atmospheric Surface water
Green
Distance from
Noise level
industrial zone and
quality
quality
coverage (%)
pollution sources
logistics park
II
0.2
II
0.2
II
0.2
II
0.2
II
0.2

IV
0.4
IV
0.4
IV
0.4
IV
0.4
IV
0.4

2.4.2 The SVM model training
7

In this case, the maximum training samples was 4
(16384). Sixty-nine samples were randomly selected as
training samples. For each training sample, regression of
SVM was the value corresponding to the ecological suitability level. The independent variables were the multiplied
value of the 7 assessment indicators’ criterion and their
respective weights. The SVM model was constructed with
the 69 training samples. The model parameters were optimized with the grid search method. In the k-fold crossvalidation, k was set to 5. Equation (5) was applied to
take the regression training.
2.4.3 Assessment of assumptive samples

To verify the accuracy of the SVM application and
the effectiveness of eliminating the Issue A and Issue B in
the assessment process, this paper assumed two sample

I
0.1
I
0.1
I
0.1
I
0.1
I
0.1

30
3
30
3
30
3
30
3
30
3

9
1.35
9.5
1.425
10
1.5
10.5
1.575
11
1.65

3.5
0.525
3.5
0.525
3.5
0.525
3.5
0.525
3.5
0.525

sets (Tables 2 and 3). Table 2 lists the sample set A with 4
samples, in which the real values of the indicator “distance from industrial zone and logistics park” were different for the 4 samples, but all the values corresponded to
the level of "less suitable" in the traditional assessment
criterion. Their real values were the same for the remaining 6 indicators. The sample set A was aimed to verify
Issue A. Table 3 shows the sample set B with 5 samples,
in which the real values of the indicator “distance from
industrial zone and logistics park” were different for the 5
samples, but were all near to the left threshold of the level
"less suitable" in the traditional assessment criterion; their
numerical interval was 0.5. For the remaining 6 indicators,
their real values were the same. The sample set B was
aimed to verify Issue B. The sample values of the sample
set were the product of the real value (Ei) and their respective weights (Wi).
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According to Equation (6), the trained SVM model
was applied to assess the ecological suitability for land
use, and the regression result was the value corresponding
to the ecological suitability level.
3. RESULTS AND DISCUSSION
3.1 Training results for the SVM model

Figure 2 demonstrates the training results of the SVM
model. The simulation values were consistent with the
sample values, and relatively large absolute errors occurred
only in the extreme values of sample values. The calculation showed that the mean square error of the regression
was 0.0024, and the squared correlation coefficient was
0.996. Therefore, the trained SVM model could efficiently
simulate the random training samples, and the model could
be applied in ecological suitability assessment for land use.
3.2 Comparison results of the SVM model and traditional
method

Two sample sets (Tables 2 and 3) were assessed with
the trained SVM model and traditional method. The results are shown in Tables 4 and 5. L1 to L9 corresponded
to the ecological suitability level of the 9 samples, respectively. From Tables 4 and 5, out of the 9 samples, assess-

ment results of seven of them were consistent, and the
assessment levels were all between basically suitable and
less suitable. However, results obtained by the SVM
method were more rigorous, and they were grouped under
the level “less suitable”. For samples 5 and 6, their results
were stricter by one level than in the traditional method.
This performance mainly resulted from the process of
changing criteria value from intervals to the determinate
values. In this process, because ecological benefits were
the priority, determinate values for the criterion for each
level were set more strictly. Positive indicators took the
largest value of the interval, and inverse indicators took the
smallest value of the interval. Therefore, ecological suitability assessment level obtained by the SVM model was
lower than that obtained by the traditional method. Considering the actual situation of the assessment object, this
study selected 3 major decision-making factors, namely,
the location, the relative distance of the sensitive areas,
and the environment quality. The land of the study area
conformed to the controlling principle of the urban spatial
structure (i.e., good location and high green coverage).
However, it was far from any industrial zone and logistics
park, and was close to the pollution sources, which would
cause potential adverse impacts on the environment and
the residents' health. Therefore, the assessment results
based on the SVM model were more reasonable.

FIGURE 2 - Training results from the SVM model.

TABLE 4 - Assessment results of the assumptive sample set A.
Result

SVM

Ecological suitability
level

Traditional method

Ecological suitability
level

L1
L2
L3
L4

2.344186
2.393154
2.414658
2.452862

Between basically
suitable and less
suitable

2.10
2.10
2.10
2.10

Between basically
suitable and less
suitable
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TABLE 5 - Assessment results of the assumptive sample set B.
Result

SVM

Ecological suitability
level

Traditional method

L5
L6
L7
L8
L9

2.32169
2. 333379
2. 344186
2. 354154
2.363329

Between basically
suitable and less
suitable

1.95
1.95
2.10
2.10
2.10

Ecological suitability
level
Between suitable and
basically suitable
Between basically
suitable and less
suitable

FIGURE 3 - Validation for Issue A.

FIGURE 4 - Validation for Issue B.

3.3 Validation analysis of the two issues
3.3.1 Solution to issue A

Figure 3 shows the assessment results for sample set
A obtained from the two methods. The horizontal axis
represents the real value of the indicator “distance from
industrial zone and logistics park”. From the figure, this
indicator for all the 4 samples corresponded to the level of
"less suitable"; therefore, the assessment results from the
traditional method were the same for the 4 samples. In
fact, the criterion for the level "less suitable" for this indicator had a long numerical span. Values from 10 to 20 all
corresponded to the same level; therefore, these results
were unreasonable. The assessment results from the SVM

model were different from each other, indicating that the
assessment differences resulted from the individual differences of each indicator; in one level, the assessment
value of the right threshold was higher than that of left
threshold, by 4.64%. For this reason, ecological suitability
assessment based on SVM can solve Issue A in the assessment process.
3.3.2 Solution to issue B

Figure 4 shows the assessment results for the sample
set B obtained from the two methods. The horizontal axis
represents the real value of the indicator “distance from
industrial zone and logistics park”. For the 5 samples, this
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indicator of the first two samples corresponded to the
level “basically suitable”. This indicator of the last three
samples corresponded to the level “less suitable”, and the
third sample was just at the left threshold of level “less
suitable”. The figure shows obvious difference in the assessment results obtained by the traditional method. Though
the 5 samples’ numerical difference for this indicator was
only 0.5, from the smallest to the largest sample, the difference of value corresponding to the assessment level
was 7.69%. From the assessment results, obtained by the
SVM model, it can be observed that the difference of the
value corresponding to assessment level was 0.01 due to
the 0.5 numerical difference in the real values. This indicates that SVM method is able to eliminate the phase step
of the assessment levels and makes the assessment smoother.
Therefore, ecological suitability assessment based on SVM
can solve Issue B.
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Throughout the two assessment methodologies, the
main difference is the procedure after determining the assessment criterion. In the traditional model, the ecological
suitability level value is a weighted sum for the criterion
of the assessment indicators; therefore, the error occurred in
the determination of the indicators’ criterion runs through the
entire assessment process. For the SVM model, however, it
applies the data mining function, by a regression analysis of
the product of the assessment indicators and their weights
to obtain the assessment level; ecological suitability level is
trained and obtained. Thus, the error caused by the assessment criterion does not exist in this procedure. Additionally, SVM model can handle small samples and solve nonlinear and high dimensional pattern recognition problems.
Therefore, the SVM method can be applied to the assessment system with non-linear relationship and a large number of indicators.
4. CONCLUSION
This paper improved the traditional model of ecological suitability assessment. An ecological suitability assessment model based on the SVM algorithm was established,
and 2 sample sets were used to compare this model with
the traditional model. The results showed that there was
little difference in the ecological suitability levels obtained
by the two models, but the improved model was stricter.
These findings provide a valid basis for scientific land use
and provide support for decisions concerning ecological
planning. Furthermore, the SVM model can eliminate two
issues caused by the ambiguity of classification criterion
for the indicators, which ensures that the assessment results are more reliable.
Ecological suitability assessment model based on
SVM algorithm has much potential for effective application. To further improve the accuracy of the assessment
results, how to reasonably convert the interval value of
the assessment criteria to the corresponding determinate
values should be considered.
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DECOMPOSITION CHARACTERISTICS OF Calamagrostis
angustifolia LITTER IN VARIOUS TYPES OF FRESHWATER
WETLANDS OF SANJIANG PLAIN, NORTHEAST CHINA
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ABSTRACT
Plant litter plays an important role in controlling the
ecosystem carbon dynamics. However, little is known on
the plant litter carbon cycling process in freshwater wetlands. The objective of this study is to evaluate the carbon
dynamics in litter of Calamagrostis angustifolia accommodated in two typical wetlands (marsh and swamp,
named as Ca-M and Ca-S, respectively) in Sanjiang Plain,
Northeast China. The results showed that the dynamics of
Calamagrostis angustifolia litter production and its carbon accumulation in two typical wetlands could be well
fitted with the exponential growth model. The maximum
carbon accumulation in litter could be reached 476.45 g m-2
and 325.01 g m-2 for Ca-M and Ca-S, respectively. Additionally, the dynamics of litter decomposition and its
carbon release also could be described with the exponential decrease model and it would take 11.0 - 11.6 years for
95% litter decomposition. The average carbon storage in
litter became stabilized at 181.79 g m-2 and 128.65 g m-2
for Ca-M and Ca-S, respectively. The results suggested that
carbon storage in Calamagrostis angustifolia litter would
increase when the Ca-S becomes Ca-M due to the decrease
of water table; therefore special attentions should be paid to
the litter carbon storage under the wetland evolution among
different moisture or water table variation.

KEYWORDS: Calamagrostis angustifolia litter; carbon accumulation; carbon decomposition; Sanjiang Plain

1. INTRODUCTION
Wetlands have long been recognized by their remarkable rates of primary productivity as well as by their substantial amounts of the annual litter production and its
* Corresponding author

decomposition [1,2]. Herbaceous litter decomposition, the
process of converting the plant litter to elemental chemical constituents, is not only the main input of organic carbon into freshwater wetland soil, but also one of the most
important processes determining the amounts of organic
carbon stored in wetland sod and soil [3]. However, imbalance between net primary production and litter decomposition exists in wetland ecosystem, which litter decomposition is slower than net primary production. Such imbalance makes wetland effectively as a sink for atmospheric carbon, and it is estimated that wetland ecosystems
store about one-third of the global soil carbon [4].
Most of the researches focus on the responses of litter
decomposition to environmental conditions owing to the
increasing global warming and human activities [5,6].
Among all factors, specific site conditions, such as hydrology, pH value, temperature and nutrient supply are
the most significant affecting factors on litter decomposition dynamics in wetlands [7-9]. Hydrology is suspected
to play a major role in the litter decomposition process of
wetland ecosystems, which mainly affects the transformation of organic matter indirectly through altering the
aeration of litter [10-12]. Generally, the effects of wet–dry
cycles on litter decomposition mainly depend on the range
and time of water table fluctuation. Anderson and Smith
[7] found that the decomposition rates of Polygonum
pensylvanicum litter were generally lowest in the longterm flooded conditions and highest in the short-term
flooded conditions. Although the researches mentioned
above have provided many important results, the information about the effects of hydrological condition on
litter decomposition is unclear, and further studies are still
needed.
Understanding the response of litter decomposition to
global changes is of crucial importance in understanding
soil organic matter formation and carbon sequestration in
wetland ecosystems. Litter decomposition processes in
different wetland ecosystems have been reported, and the

3643

© by PSP Volume 22 – No 12a. 2013

Fresenius Environmental Bulletin

research objects have related to freshwater marsh [7,8,13],
salt marsh [14], mangrove swamp [15] and peat bog
[16,17]. Overall, the current studies are mainly focused on
the litter decomposition characteristics, and its nutrient
element release from litter, such as carbon, nitrogen and
phosphorus dynamics during the litter decomposition
process [12,18]. The largest freshwater wetland of China
is distributed in the Sanjiang Plain Northeast China. According to the reports by Zhang et al. [19], the average
soil carbon stocks in this area were about 252 t ha-1 and
160 t ha-1 for swamp and marsh, respectively (the samples
were collected at an average depth of 1 m in 2003). The
redox condition in the water-land ecotone changes intensively, which can significantly affect the carbon translation within wetland ecosystem [5]. Currently, most studies about the decomposition dynamics of Calamagrostis
angustifolia (C. angustifolia) litter focus on the decomposition characteristics [13,20] and the common affecting
factors such as litter quality [21], water table [12], and
human activities [22]. However, little information is available on the whole processes of hydrology effects on litter
dynamics in freshwater wetland, especially on its carbon
cycling.
Experiments were conducted to study the effects of
C. angustifolia accommodation on litter production, decomposition and their carbon accumulation and release
dynamics in two typical freshwater wetlands in Sanjiang
Plain, Northeast China. The objectives of the study were
to: (a) quantify the litter production and its carbon accumulation in two typical wetlands; (b) determine the carbon release process from litter; c) and assess whether the
litter acts as a carbon sink or source with variations in the
wetland moisture and water table.
2. MATERIALS AND METHODS
2.1 Study site

Sanjiang Plain, a low elevation plain that is formed
by the alluviation of Heilong River, Songhua River and
Wusuli River, is the largest freshwater wetland in China.
This region has a cold, humid/semi-humid climate, which
is very cold in winter, warm and humid in summer, and
rainy in summer and autumn. The annual average daily
highest temperature of recent 10 years is about 9.4℃, while
the annual average daily minimum temperature is about
2.5℃ and the accumulated temperature above 10℃ is
about 2 300℃. The annual average precipitation is about
600 mm, which is concentrated from June to September,
and accounts for about 70% of the year [20]. The surface
runoff of this region is severely contained locally due to
the flat terrain and its soil conditions of the dense clay
layer below the surface which is a serious obstacle for
water to penetrate further down, thus resulting in the
wetland formation over a wide area.
The research field is a ring-shaped wetland, located in
the experimental region of the Sanjiang Plain Marsh Wet-

land Ecological Experimental Station, Chinese Academy
of Sciences (47°34' N, 133°29' E). The dominant vegetation species in the field are C. angustifolia, Carex lasiocarpa, and Carex meyeriana, which are considered as the
representative of freshwater wetland in Sanjiang Plain [19].
C. angustifolia, a marsh herb of gramineous perennial root,
is widely distributed here, accounts for about 34.5% of the
wetland coverage. C. angustifolia wetland is located at the
edge of water-logged depression, which is seasonally
flooded. Generally, the water-logged depression is relatively closed and usually separated by embankments or ditches
resulting from human activities [23]. There is almost no
water imported by runoff, and precipitation is the main
source of marsh water. Therefore, C. angustifolia wetland
is very sensitive to water conditions caused by precipitation
and evaporation, and the resulting in the formation of two
typical wetlands of C. angustifolia meadows (Ca-M) and C.
angustifolia swamps (Ca-S) at the edge of depression [20].
Ca-S surface soil is almost perennial water saturated with
quiescent or slow water flow, and soil organic matter
decomposes slowly due to oxygen deprivation, resulting
in the carbon accumulation, or the formation of an obvious gley layer. Ca-M surface soil is seasonally inundated
or wet with frequent conversion of alternating wet and
dry, and soil oxidation - reduction functions significantly,
leading to the organic matter decomposition faster.
2.2 Field methods
2.2.1 Field litter production

In late April 2007 (the beginning of plant germination
stage), three plots of 5.0 × 10.0 m were selected in C.
angustifolia dominated (plant coverage is 90%) meadow
and swamp wetlands. Fine wire meshes were laid in each
plot after removing surface litter. After 40 days of plant
growth, three quadrates of litter in each plot were randomly collected every 15–20 days, and mixed together for
each plot and then processed in the laboratory. The litter
samples were collected within two continuous growing
seasons from the year of 2007.
2.2.2 Field litter decomposition

The in-situ decomposition of plant litter was simulated using the mesh bag methods [9], which were used
efficiently for simulating wetland litter decay [4]. Each
mesh bag was 20 × 20 cm in size and made of nylon with
the mesh of 0.5 × 0.5 mm. In April of 2007, C. angustifolia litter was collected from the plots of meadow and
swamp selected as above, respectively, and then rinsed,
air-dried, oven dried at 80℃ in the laboratory. The litters
from the wetland of the same type were cut into pieces of
about 10 cm long, and then weighed 15 g and stored in
each litterbag with appropriate tagging. In early May of
2007, litterbags were put into the corresponding plots of
meadow and swamp, from which litters had been collected. If there was water, litterbags were submerged so as to
be consistent with the natural environment. Litterbags of
3–4 replicates from each plot were collected every 30–60
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days and sampled 15 times during the experiment period
of 29 months. Litterbags were rinsed to remove live roots,
moss and other debris attached to the bags, and then taken
back to the laboratory.
2.3 Lab methods

The litter production was determined using the weighing method after oven dried at 80℃. All litter production
and decomposition samples collected from different plots
were grinded to powders and sieved over 0.25 mm, and
then digested with a modified Kjeldahl procedure (1 h at
200℃ and 2 h at 340℃ in a mixture of concentrated sulfuric acid, salicylic acid, copper, and selenium) to extract
the organic carbon [16]. The extracts were filtered through
0.45 µm into separate vials for carbon analysis. The concentration of litter organic carbon (LOC) was determined
by Total Organic Carbon Analyzer Model TOC-VCPH
(Shimadzu, Japan) [6].
2.4 Calculation and statistical analysis methods
2.4.1 Litter biomass dynamics

Litter mass loss was measured for each litterbag via
the difference in weight before (time 0) and after (time x)
in-situ incubation at each sampling time. Data were expressed as percentage of litter biomass relative to the
initial. LOC was calculated by subtracting its ash content
from the dry mass of the litter.
Decomposition rate of C. angustifolia litter can be
calculated applying the exponential model [24,25] below.
Wt= W0 e-k t

x(t ) = x0 (t ) + x1 (t ) + ...xn (t ) + ...
t −1

= x ⋅ ∑ β '' + β ' x(0) =
0

When t→∞, x(t ) =

2.4.2 Carbon release from litter

Carbon release rates from litter can be described by the
Release Indices (RI) [26], and the formula is as follow:

x
1− β

x st =

x
1− β

(4)

The carbon storage in litter (S, kg m-2) can be calculated with the formula below:
S=xst×C
Here, C is the carbon content in litter (g kg-1).

(5)

2.4.4 Statistical methods

Statistic analysis and plots were carried out using
SPSS software package for Windows 18.0 and
ORIGINPRO 8.0, respectively. In all analyses where p <
0.05, the factor was tested and the relationship was considered significant.

(2)

Wt ⋅ xt
× 100%
W0 ⋅ x0

Here, xt is the litter carbon content (g kg-1) at t moment, x0 is the litter initial carbon content (g kg-1).
2.4.3 Organic carbon storage in litter

The calculation processes of the litter standing crop
are as follows:
dx (t )
= g (t ) − k (t ) ⋅ x(t )
dt
t

x
⋅ (1 − β ' ) + β ' x(0)
1− β

On the basis of the above formula, as long as the annual litter input and output are maintained, the litter stored
in wetland would be a stable value xst regardless of the
initial state.

(1)

Here, Wt is the litter residue (kg) at t moment, W0 is
the litter initial weight (kg), and k is the decomposition
constant.

RI =

Because litter decomposition rates vary significantly
in different seasons but remain relatively constant among
different years, k(t) is considered as a constant α, and then
the surplus rate is β=1-α. The annual plant litter input
would be completely decomposed after some years, so
that the plant litter accumulation can be assumed to be
xn(t) (n = 0, 1, 2, …) after t years. x0(t) is the litter input in
the t year, x1(t) is the remainder after the input litter decomposition in the t-1 year, and analogizes in turn. Now
we suppose an initial state, x(0) for the initial litter biomass, x the average annual litter output or decomposition
amount. According to the above, the residue litter amount
to the t year is as follow:

t

t

x(t ) = exp(−∫ k ( s)ds ) ⋅ [ x(t 0 ) + ∫ g (u ) ⋅ exp( ∫ k ( s)ds )du ]
t0
t0
t0
(3)
Here, t is time (yr), x(t) is the total litter biomass accumulated over years (kg), g(t) is the annual litter input
(kg), and k(t) is the annual litter decomposition rate (%).

3. RESULTS AND DISCUSSION
3.1 Litter production

Seasonal variations of Ca-M and Ca-S litter production are shown in FIGURE 1. The amounts of C. angustifolia litter were gradually increased after approximately
40 days from plant germination and ranged about 12.72–
70.41 g m-2 and 26.22–52.25 g m-2 from June to early
August for Ca-M and Ca-S respectively. During the mature period the dead leaves and sheaths near ground were
rapidly increased and reached the average maximum
values of 1026.58 g m-2 and 756.31 g m-2 for Ca-M and
Ca-S respectively. In general, the litter production in CaM was much higher than that in Ca-S (1.18–1.57 times) (p
< 0.05), whereas the patterns of Ca-M and Ca-S litter
production were essentially the same. Litter production
(y) was well fitted with the growing time (t) by the expo-
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Patterns of C. angustifolia litter production were determined by plant communities and hydrology conditions,
which are in accordance with the results of the research of
Anderson and Smith [7], which showed that wet-dry cycles or unsaturated water conditions improve the plant
biomass accumulation. Compared with the herbaceous
litter production in temperate regions of Northern China,
C. angustifolia litter production in the research region was
higher [27]. Yu et al. [28] found that the correlation between the aboveground biomass and standing water was
significant (r=-0.950, p=0.05) , and the reason for the
differences was the oxygen deficiency (hypoxia) caused
by flooding, which leads to reducing soil redox conditions
that adversely affect the nutrient uptake in plants [29].

and its LOC-C of the corresponding period. At the initial
stage the LOC-A was 4.70–27.31 g m-2 and 5.14–20.11 g m-2
for Ca-M and Ca-S, respectively. Whereas in early September the LOC-A were 157.47 and 114.02 times for CaM and Ca-S compared to those of the initial, and reached
the maximum of 476.45 g m-2 and 325.01 g m-2, respectively. In addition, the LOC-A was higher in Ca-M than
that of in Ca-S, especially after the plant mature stage.
The relationship between LOC-C (y) and the growth time
(t) can be best described by the quadratic function model,
Ca-M: y = 832.69 - 8.56 t + 0.04 t2, R2 = 0.838, and Ca-S:
y = 640.46 - 4.66 t + 0.02 t2, R2 = 0.783; while the relationship between the LOC-A (y) and the growing time (t)
can be best described by the exponential growth model,
Ca-M: y = 1.37 exp(t / 29.58), R2 = 0.986, and Ca-S: y =
0.67 exp(t / 28.02), R2 = 0.979, respectively.

-1

nential growth model, which equations were y = 7.06 exp
(t / 34.94) and y = 2.32 exp (t / 30.06) with correlation
coefficients R2 0.961 and 0.976 for Ca-M and Ca-S, respectively. The Ca-S litter production was slightly higher
than that of Ca-M before the end of June, while the Ca-M
litter production was about 1.16–3.44 times higher than
that of Ca-S from August. From early September to the
end of growing season, withering rates of C. angustifolia
were in a linear upward trend and up to the maximum
values of 6.14 g m-2 day-1 and 6.38 g m-2 day-1 for Ca-M
and Ca-S, respectively.

TOC-C (g kg )
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FIGURE 2 - Seasonal variations of LOC concentration and accumulation in C. angustifolia litters
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FIGURE 1 - Seasonal variations of litter production in two different
typical C. angustifolia wetlands
3.2 Litter carbon accumulation

Seasonal variations of C. angustifolia LOC content
(LOC-C) and its accumulation are shown in FIGURE 2.
The results showed that the LOC-C was higher at the
early stage and gradually decreased to the lowest values
of 327.35–387.92 g kg-1 and 357.84–400.21 g kg-1 at August of the mature stage for Ca-M and Ca-S, respectively.
Contrarily, from mid September to the end of growing
stage, LOC-C was increased slightly. Further analysis of
the LOC-C indicated that there were no significant differences (p > 0.05) of Ca-M and Ca-S litters. LOC accumulation (LOC-A) is equal to the product of the litter amount

Relative researches found that general carbon accumulation in litter was in the range of 500–2000 g C m-2 yr-1
in a mature wetland [30], and the result obtained from our
study was also within the range. However, there was a
discrepancy of 26.33% between Ca-M and Ca-S, of which
the reason might be that the swamp is usually saturated or
oversaturated with water, while the meadow is almost
unsaturated, with the differences of hydro-thermal surroundings. Although plant litter was gradually increased,
its carbon content was decreased or fluctuated, which
indicated that the carbon content would be lost during the
litter withering process. Resorption is accomplished via
the remobilization of chemical constituents (i.e. C, N and
P) from litter to the living parts [31]. Similar studies
found that the flow of carbon within litter prior to abscission was partly regulated by the carbon resorption that
accompanies the senescence of leaves [15]. Resorption
may be reduced by biotic or abiotic stressors that cause
either premature leaf senescence or loss of leaf material
prior to complete senescence [16]. Moreover, the litter
carbon was also affected by wind, light and rain erosion,
resulting in litter gradual decomposition and subsequent
carbon loss before withering completely [32]. The carbon
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3.3 Litter decomposition

Decomposition rates of C. angustifolia litter showed
significant variations with seasonal changes as shown in
FIGURE 3. The litter decomposition was faster from May
to October than that in other period within the same year,
and across the experiment period, the decomposition rates
of Ca-M and Ca-S litter were about 50.22% and 54.31%,
respectively. The average decomposition rate in first two
years was 21.33 % yr-1 and 22.38 % yr-1, of which from
November to April of the following year were account for
about 3.83 % yr-1 and 3.14 % yr-1 for Ca-M and Ca-S,
respectively, whereas in third year litter decomposition
rates were significantly decreased by 63.11% and 55.89%.
Equation (1) was applied to simulate the litter decomposition process and the fitted parameters as follow: Wt/W0 =
92.37 e-0.021 t, R2 = 0.913, for Ca-M, and Wt/W0 = 90.89 e0.022 t
, R2 = 0.896, for Ca-S, respectively. The time for 95%
Ca-M and Ca-S litter to be decomposed was 11.6 and 11.0
years, respectively. The results indicated that litter decomposition rates of first two years could be approximately considered as the average decomposition rate of the
initial several years.

110

ble amounts of carbon to water [11]. The litter in wetland
generally decomposed faster when flooded than unflooded or infrequently flooded, and the positive effect of
flooding on litter decomposition might be due to the
maintenance of adequate soil moisture for microbial/fungal
colonization and activity [35]. Likewise, our results also
found that the average decomposition rate of Ca-S litter
was 1.78-2.80% higher than that of Ca-M litter during
flushing periods.
3.4 Litter carbon release

The organic carbon content of Ca-M litter within initial 4 months was relatively high and stable, and then
fluctuated in the range of 45.12–47.14 g kg-1 until the end
of experiment period as shown in FIGURE 4. During the
second and third year, LOCs of two typical C. angustifolia
were approximately alternated increase and decrease
within the range of 44.31–47.89 g kg-1 with the seasons.
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resorption and leaching erosion are important processes,
which are beneficial to the carbon utilization efficiency and
helpful for the plant acclimation to living conditions [15].
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FIGURE 4 - Litter carbon contents during the decomposition processes
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Litter decomposition involves two simultaneous processes, the degradation of litter chemical compounds and
the leaching of water-soluble compounds into soil [33],
which are controlled by abiotic factors (i.e. hydrothermal
condition, climate and litter constituents) and biotic factors (i.e. soil microbial activity) [34]. As water flushing,
duration, and its frequency are critical to litter decomposition and considered as a dominant factor, especially during the initial stages [2]. The relevant research also
showed that short-term decay of the more labile components of freshwater plant litter was easy to be released by
inundation patterns, as well known of leaching considera-
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TABLE 1 - The standing crop and release amounts of carbon from litters
Litter
types
Ca-M
Ca-S

Biomass inputs
(g m-2 yr-1)
787.71±52.17
540.68±65.83

Biomass decomposition
rates (yr-1)
0.257±0.015
0.264±0.018

Standing crop
(g m-2)
3994.47±243.66
2864.81±183.34

Carbon Release Indices (RI) of litter was calculated
through formula (4) as shown in FIGURE 5. Average carbon release rates of Ca-M litter in first year, second year
and the whole experiment period were 20.14%, 20.10%
and 48.25%, respectively, and those of Ca-S litter were
26.83%, 14.86% and 53.88%. The results indicated that the
litter decomposition was a net carbon release process and
the release rate was higher for Ca-S than that of Ca-M.
Both dry-wet and freeze-thaw cycles are known to
accelerate carbon decomposition and release from litter in
the temperate zone with seasonal changes [36]. During
summer, water becomes a limiting factor for microbial
activity, which exhibit a significant correlation with litter
decomposition [37]. Neckles and Neill [35] found that
litter decomposition was rapid in summer and autumn,
accounting for more than 75% of the annual carbon release, while it was slow and even inactive in winter and
early spring, of which the regular was consistent with the
litter decomposition dynamics.
Compared the growing season with the non-growing
season, carbon release rates of Ca-M and Ca-S litter were
increased by 13.66% and 16.16%, respectively. But from
third year and even much longer, the litter decomposition
and its carbon release were significantly decreased due to
the more refractory components which could not be distinctly influenced by inundation patterns [38]. Researchers found that repeated cycles of freeze-thaw also could
accelerate litter decomposition and carbon release if they
could cause physical damages to litter or improve chemical changes [39]. In general, water condition affects the
decomposition rate of organic carbon indirectly through
altering the aeration of litter, and the effect of water condition change on the decomposition depends on the potential change magnitude as well as the current water condition. Thus, different temporal characteristics and decomposition stages should be taken into account while interpreting litter as a source of soil carbon.
3.5 Dynamics of carbon storage in litter

The average annual litter production was 1026.58 g m-2
and 756.31 g m-2 and their average annual decomposition
rates were 0.257 and 0.264 for Ca-M and Ca-S litter,
respectively. Thus, according to Formula (4) the standing
litter crop in the wetland was 3994.47 g m-2 for Ca-M and
2864.81 g m-2 for Ca-S. Since the average carbon content
during the decomposition process was 45.51 g kg-1 and
44.92 g kg-1, the carbon storage in litter would be 181.79
g m-2 and 128.65 g m-2 for Ca-M and Ca-S, respectively.
The release amounts of carbon from litter to soil were

Average carbon
contents (mg kg-1)
45.51±1.48
44.92±1.40

Carbon storage
(g m-2)
181.79±7.21
128.65±5.13

Release amounts of
carbon (g m-2 yr-1)
36.58±2.64
26.82±1.96

36.58 g m-2 yr-1 and 26.82 g m-2 yr-1 for Ca-M and Ca-S,
respectively (TABLE 1).
The litter production and its carbon accumulation in
Ca-M would increase by 247.03 g m-2 and 151.44 g m-2,
respectively, when the Ca-S becomes the Ca-M owing to
water table decrease. Otherwise, the litter would create an
adverse effect on the wetland carbon accumulation process. Our results were consistent with the research that
transforming meadow into free surface water wetland
would increase the carbon loading on greenhouse gas production [5]. The C. angustifolia is a sensitive plant to the
impact of climate, moisture, soil condition and human
activities, and has a strong directive function to the ecological and environmental changes [20]. The standing crop of
the plant litter in a stable wetland ecosystem would tend
to be a constant value [40] and its carbon storage is affected by the accommodation environment [41]. In order to
keep the wetland as a carbon sink, it is necessary to protect
the harsh nature of wetland habitats, such as low soil pH
and temperature, frequent lack of oxygen, and the low
nutrient quality of plant litter [42].
4 CONCLUSIONS
Based on the organic carbon storage in different C.
angustifolia litters, our research found that the carbon
storage was strongly affected by litter production and its
decomposition dynamics. The key parameter of estimating the litter turnover was hydrothermal conditions, which
determines the rates of litter accumulation and decomposition. The litter production and its carbon accumulation
were increased as the water table decrease; whereas, the
litter decomposition and its carbon release rates were
decreased. As the water table fluctuates intensively and
regularly, special attentions should be paid to the transformation between different wetland types. Moreover
future studies should be focused on the impacts of environment changes on the litter carbon dynamics in order to
better understand the plant ability acclimating the new
environmental conditions (i.e. increasing in atmospheric
CO2, temperature and water cycling), and to monitor how
the ecosystem function.
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ABSTRACT
Photosynthetic parameters (chlorophyll pigment, soluble protein and chlorophyll fluorescence) and ultrastructural
changes in leaves of Populus 118 (Populus nigra × Populus
ussuriensi) grown in the presence of different concentrations
of Cd were investigated. The results from photosynthetic
parameters indicated that soluble protein contents in leaves,
exposed to 100 and 500 µmol/L Cd, increased significantly
at 20th day but declined at 40th day. At the end of the experiment, the contents in leaves exposed to all Cd treatments
were significantly lower. The contents of leaf pigments exposed to Cd for 40 days decreased significantly. Decrease
tendency in photochemical efficiency of PSII (Fv′/Fm′), actual
photochemical efficiency of PSII (ΦPSII), electronic transfer
rate (ETR) and photochemical quenching (qP) were observed, whereas qN had an increasing tendency. The results
from ultrastructural effects induced by Cd showed that a
100 µmol/L Cd treatment resulted in variable degrees of
structure disruption/damage of chloroplasts within the
thylakoid membrane system. At high Cd levels (500 µmol/
L), the toxicity symptoms in chloroplasts were mainly the
disorganization of grana, increased number of plastoglobuli,
breakdown of chloroplast membrane, and changes of chloroplasts (rounded in shape and irregular in outline).
KEYWORDS: Populus 118; cadmium (Cd); chloroplast ultrastructure; photosynthesis pigments; chlorophyll fluorescence

1. INTRODUCTION
Cadmium (Cd) has no biological function, but is easily assimilated by plants being toxic at even low concentrations. However, human activities, especially some
industrial processes and the use of phosphate fertilizers in
agriculture, have increased its concentration [1]. Cadmium is
easily translocated from plant roots to above ground tissues [2], and potentially threatens human health. Excessive
amount of Cd may cause decreased uptake of nutrient
elements [3], inhibition of various enzyme activities, induc* Corresponding author

tion of oxidative stress including alterations in enzymes of
the antioxidant defence system and ultrastructural alterations in constructing anti-Cd system in root tip cells under
Cd stress [4, 5]. Cd also can produce a series of toxic symptoms, such as chlorosis or necrosis, lowered gas exchange
and growth rates [6, 7].
Populus species are easy to propagate and establish,
and have been regarded as potentially promising candidates in phytoextraction and phytoremediation of Cd due
to their fast growth, high biomass, extensive root mass,
and low impact on food chains [4, 5, 8]. There are a few
reports on photosynthetic parameters and chloroplast
ultrastructure in Populus. In the present investigation, P.
118, a native species in South China, which plays an
important role in local afforestation and ecological restoration, is employed as a model species to investigate
physiological, biochemical and ultra-structural responses to
Cd stress. Herein, we assessed the toxic effects of Cd by
examining photosynthetic parameters (chlorophyll content,
soluble protein and chlorophyll fluorescence) and ultrastructural changes in leaves of P. 118 grown in the presence of different concentrations of Cd.
2. MATERIALS AND METHODS
2.1 Culture condition and cadmium treatment

Populus 118 (Populus nigra × Populus ussuriensi)
was selected in the present investigation. Woody cuttings
(15 cm in length and 1.5 cm in diameter) from 1-year-old
shoots were rooted in vermiculite for a month. Then,
they were selected for uniformity of roots and new
shoots, and transferred to 1/2-strength Hoagland nutrient solution spiked with different concentrations of Cd
(50, 100, 500 µmol/L) and grown for 40 days. Cadmium
was provided as cadmium chloride (CdCl2). The nutrient
solution consisted of 0.75 mM K2SO4, 0.65 mM MgSO4,
0.01 mM KCl, 0.25 mM KH 2 PO 4 , 2 mM Ca(NO 3 ) 2 ,
100 µmol/L Fe-EDTA, 10 µM H3BO3, 1 µmol/L MnSO4,
0.1 µmol/L CuSO4, 0.05 µmol/L (NH4)6Mo7O4 and 1 µmol/L
ZnSO4 [9], adjusted to pH 5.5. The experiments were conducted in a greenhouse under a 14-h photoperiod at 20/18 °C
(day/night) and 65–75% humidity. The solutions were
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constantly aerated and replaced every 10 days. All treatments were done in three replicates.
2.2 Measurement of soluble protein contents

Measuring soluble protein content in this investigation was carried out according to Bradford’s method [10]
using BSA as a standard. The fresh roots and leaves from
each treatment (6 seedlings) were washed in distilled water,
dried and put in a mortar with 5 ml 0.05 M PBS (pH 7.8) at
the end of each time interval (10 days) of the Cd treatment.
The homogenate was centrifuged at 10,000 × g for 20 min,
and the supernatant was used for analyzing soluble protein
content. The soluble protein content was expressed as mg
per g fresh weight.
2.3 Measurements of chlorophyll

Each leaf sample from each treatment was homogenized in 5 ml of 80 percent acetone at 4 C°, and adding
5 ml acetone to a total of 10 ml in each tube. Tubes were
stored in the dark at 4 °C for 12 h prior to spectrophotometric measurements. Pigmentation of the sample
was centrifuged (4000g) for determination. Absorbance
was UV-VIS-measured at 646 and 663 nm (UV-2550,
Shimadzu, Kyoto, Japan). Chlorophyll a (Ca) and chlorophyll b (Cb) concentrations were calculated according to
Zarco-Tejada et al. [11]:
Ca [mg/g fresh matter] = [12.21·A663-2.81·A646] ml
acetone/mg fresh matter
Cb [mg/g fresh matter] = [20.13·A646-5.03·A663] ml
acetone/mg fresh matter

of actinic illumination, and 0.5 was assumed as the fraction of the excitation energy distributed to PSII whereas
0.84 was the fractional light absorption of the leaf. These
data were collected every 10 days.
2.5 Transmission electron microscopy

The leaf samples of the middle area of leaf blades
from control and the treated groups grown for 40 days
were hand-cut with a razor blade into 1-mm2 pieces and
fixed in a mixture of 2% formaldehyde and 2.5% glutaraldehyde in 0.2 mol/L phosphate buffer (pH 7.2) for 2 h, and
then thoroughly washed with the same buffer three times.
This was followed by post-fixation with 2% osmium tetroxide in the same buffer for 2 h. Then, they were dehydrated in
an acetone series, and embedded in Spurr’s ERL resin
[13]. For ultrastructural observations, ultrathin sections of
75-nm thickness were cut on an ultramicrotome (Leica
EM UC6, Germany) with a diamond knife, and mounted
in copper grids with 300 square mesh. The sections were
stained with 2% uranyl acetate for 50 min and lead citrate
for 15 min. Observation and photography were accomplished by transmission electron microscopy (JEM-1230,
Joel Ltd, Tokyo, Japan).
2.6 Statistical analysis

Each treatment was replicated 5 times for statistical
validity. Analysis of variance of the data was done with
SigmaPlot 8.0 software. For statistical analysis, one-way
analysis of variance (ANOVA) and t-test were used to
determine the significance at P < 0.05.

2.4 Measurements of chlorophyll fluorescence

3. RESULTS
3.1 Effects of Cd on photosynthetic parameters

The total soluble protein content was examined in leaf
samples. The effects of Cd on soluble protein contents are
shown in Fig. 1. The results indicated that soluble protein
50

Soluble protein content [mg/g]

Chlorophyll fluorescence quenching analysis was carried out at room temperature with a portable fluorometer
(LI-6400, LI-COR, Lincoln, USA). Leaves were darkened
for 12 h prior to measurement. The minimum (dark) fluorescence (F0) was obtained upon excitation of leaves with
a weak beam. The maximum fluorescence (Fm) was determined following a saturating red light (7200 µmol
photons m-2 s-l). Yield of variable fluorescence (Fv) was
calculated as Fm-F0, and maximum efficiency of PSII
photochemistry in the dark-adapted state as Fv/Fm = (Fm F0/Fm). Efficiency of energy harvesting by open reaction
centres of photosystem II for light-adapted leaves were
calculated as follows: F′v/F′m=(F′m-F′0)/F′m, where, F′0 is
minimal fluorescence of a momentarily darkened leaf, and
F′m is maximal fluorescence during a saturating flash light
of >7 mmol m-2 s-l. Photochemical quenching (qp) was
calculated as indicated by the manufacturer's manual for
the LI-6400 leaf chamber fluorometer, qp=(F′m -Fs)/(F′m F′0), where, Fs is the Chl fluorescence yield during actinic
illumination. Other fluorescence parameters were measured on light-adapted leaves using the equations of Genty
et al. [12] (quantum yield of PSII electron transport,
ФPSII = F′m-Fs)/F′m; apparent electron transport rate,
ETR = (Fm′-Fs)/Fm′×PPFD×0.5×0.84; non-photochemical
quenching, qN = 1-(Fm′-F0′)/(Fm-F0)). For the calculation
of ETR, PPFD was the photosynthetic photon flux density
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FIGURE 1 - Effects of Cd on the contents of soluble protein in
leaves of Populus 118 exposed to Cd stress for 40 days. Vertical bars
denote SE (n = 5). Values with different letters are significantly
different from each other (p < 0.05) according to t-test.
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FIGURE 2 - Chlorophyll a, b, a+b contents of Populus 118 (a, b, c) exposed to Cd stress for 40 days. Vertical bars denote SE (n = 5). Values
with different letters are significantly different from each other (p < 0.05) according to t-test.

contents in leaves exposed to 100 and 500 µmol/L Cd increased significantly (P < 0.05) at the 20th day but declined at 40 th day. The contents of chlorophyll a, b and
a+b of Populus 118 after 10-40 days of Cd-treatments are
presented in Fig. 2. The contents of leaf pigments exposed
to Cd for 40 days decreased significantly (P < 0.05) when
compared with control.
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Fv/Fm in Populus 118 exposed to Cd was significantly
lower (P < 0.05) in comparison with control, and represented a decreased tendency with prolonging the treatment time (Fig. 3). Figure 4 shows the changes of fluorescence parameters in light-adapted leaves. Decrease
tendency in photochemical efficiency of PSII (Fv′/Fm′),
actual photochemical efficiency of PSII (ΦPSII), electronic transfer rate (ETR) and photochemical quenching
(qP) were observed, whereas qN had an increased tendency.
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FIGURE 3 - Effects of Cd on changes of Fv/Fm in Populus 118
treated with different concentrations of Cd for 40 days. Vertical
bars denote SE (n = 5). Values with different letters are significantly
different from each other (p < 0.05) according to t-test.

3.2 Effects of Cd on chloroplast ultra-structure
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Chloroplast ultra-structures of control leaves of Populus
118 were exhibited by electron microscope investigations. They were lend-shaped, with a well-developed
lamellar system, arranged into grana and intergrana, an
abundant stroma, and several plastoglobules. (Fig. 5a). At
50 µmol/L of Cd, almost all the chloroplasts of Populus 118
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FIGURE 4 - Effects of Cd on changes of Fv′/Fm′, ΦPSII, ETR, qP, qN in Populus 118 (a,b, c, d, e) treated with different concentrations of Cd for
40 days. Vertical bars denote SE (n = 5). Values with different letters are significantly different from each other (p < 0.05) according to t-test

FIGURE 5 - TEM micrographs of chloroplasts from control and Cd-treated Populus 118 for 40 days (a. chloroplasts with a well-developed
lamellar system and the grana layers in control cell; b-c. slightly changed chloroplast in the plant exposed to 50 µM Cd. Note slightly disintegrated thylakoid membranes and disrupted chloroplast grana (arrows); d. strongly swollen thylakoids and dissolved grana in the plant
treated with 100 µM Cd (arrows); e-f. disorganization of grana, increased number of plastoglobuli, breakdown of chloroplast membrane and
irregular chloroplast shapes (rounded in shape) at 500 µM Cd; abbreviations: C, cytoplasm; Ch, chloroplast; CM, chloroplast membrane;
CW, cell wall; DCM, damaged chloroplast membrane; G, grana stack; M, mitochondria; P, plastoglobuli;, S, starch grain).

can also be observed occasionally when compared to control cells (Figs. 5b-c). Cd-induced alterations of chloroplast
arrangement were in relation to increased Cd concentrations. Cd-treatments (100 µmol/L) resulted in variable
degrees of structure disruption of chloroplasts. The
thylakoid membrane system was damaged.
The grana were less compact, and most of them were
dissolved (Fig. 5d). It was evident that at high Cd levels
(500 µmol/L Cd), the toxicity symptoms in chloroplasts
were mainly disorganization of grana, increased number

of plastoglobuli, breakdown of chloroplast membrane
(Figs. 5 e-f), and changes of chloroplasts (rounded in shape
and irregular in outline). All these changes exhibited that
cells were more disorganized with elevated Cd concentrations.
4. DISCUSSION
Cadmium causes many morphological, physiological
and biochemical changes in growing plants. Decrease in
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chlorophyll is the primary bioindicator of Cd phytotoxicity. Chlorophyll is a major pigment participating in photosynthesis processes, whose content and a/ b value are an
indication of the activity of photosynthesis. It is wellknown that photosynthesis is especially sensitive to the
presence of Cd in chloroplasts [14, 15]. The results from
the present investigation indicated that the amounts of
chlorophyll a, chlorophyll b and, consequently, total chlorophyll were lower than those in control plants, which is
in agreement with results of Nikolić et al. [16], Pietrini et
al. [17] and Shen et al. [18] in poplar, as well as Dinakar
et al. [19] in peanut. Two possible mechanisms of Cd
toxicity on photosynthesis have been proposed to explain
the decrease in chlorophyll pigments [20]. Cadmium can
alter both chlorophyll biosynthesis by inhibiting protochlorophyllide reductase, and the photosynthetic electron
transport by inhibiting the water-splitting enzyme located at
the oxidizing site of photosystem II. Interactions with SH
groups are involved in the inhibition of protochlorophyllide
reductase by Cd. In the presence of Cd, the levels of Mn in
Populus 118 decreased significantly (P <0.05), according
to our previous investigation (unpublished). Mn is essential for optimal water-splitting activity [21]. Baszinsky et
al. [21] and Wang et al. [22] found that the content of Mn
declined under Cd stress, which could possibly explain
the inhibition of electron transport at the level of the water-splitting complex and, hence, the decrease in chlorophyll pigment contents.
Chlorophyll fluorescence, as an indicator of the photochemical efficiency of PSII, can provide insights into
both the ability of plants to tolerate environmental stresses
and the extent to which their photosynthetic apparatus has
been damaged [23]. Gitelson et al. [24] pointed out that
chlorophyll fluorescence depends, to a great extent, on
pigment content and the leaf’s ability to photosynthesis.
Our results showed that Fv′/Fm′ decreased significantly
when exposed to high Cd. This decrease suggested that
high Cd could lower the quantum yield of PSII. Nonphotochemical quenching (qN) may reflect the capacity of
plants to carry out non-radiative dissipation of excess
energy. The increase in qN and decrease in qP caused by
Cd suggested that less of absorbed energy by leaves was
used in photosynthesis. High fluorescence parameters
(Fv/Fm, ΦPSII and qP values) confirmed the absence of
detectable Cd [25]. Chen et al. [26] indicated that Cd
disturbed the electron transport flow and reflected a disorder in PSII reaction centres of Populus yunnanensis and
inhibition of carbon assimilation resulting from stomatal
limitation, PSII impairments, and disorganization of the
chloroplast lamellar structure, observed using transmission electron microscopy (TEM).

crease in soluble protein content stressed by Cd coincides
with the findings of Singh and Sinha [28] as well as John
et al. [29]. The decrease in protein content could be explained by the fact that at higher Cd levels, the protein
degradation process was enhanced as a result of increased
protease activity [30]. It is also likely that Cd may have
induced lipid peroxidation and fragmentation of proteins
due to toxic effects of reactive oxygen species which led
to reduced protein content.
TEM analysis showed disturbances in the cell structure of Cd-treated plants with a disruption in chloroplast
ultra-structure with a disorganized thylakoid system. Cadmium has a pronounced negative influence on grana
thylakoids in Populus 118 exposed to 100 µmol/L Cd.
Ghoshroy and Nadakavukaren [31] and Vijaranakul et al.
[32] reported similar data in soybean seedlings and Nicotiana tabaccum cells under Cd stress. They also observed
retardation of chloroplast development and severe disruption of grana thylakoids, suggesting that cadmium must
interfere with membrane synthesis in chloroplasts. The
damage in thylakoid structure suggests important disturbances in the metabolic function of organelles affecting
chlorophyll biosynthesis, photosynthesis, and activities of
redox enzymes [33, 34], justifying a decrease in growth.
Ultra-structural distortions suggest that the mechanism of
Cd metal toxicity might be characterized by oxidative
stress.
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Cd stress leads to protein degradation through amino
acid metabolism resulting in decreased plant growth [19].
Soluble protein content in organisms is an important indicator of reversible and irreversible changes in metabolism, and responds to a wide variety of stressors [27].
Data from the present investigation indicated that de-
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ABSTRACT

NOMENCLATURE

This paper presents a current state-of-the art of municipal solid waste (MSW) management and recycling in
Malaysia. It was revealed that mainly four sources were
involved in the recycling program, e.g. recycle centers,
recycle boxes, waste collectors and paper recyclers (by
door to door collection system). On average, paper, aluminum, glass and plastic account for 63, 21, 15 and 1% of the
recycled materials, respectively. The total waste generation
was estimated to be 144 tons/day in Serdang and Seri Kembangan areas based on the number of collection vehicles,
trips per day and vehicle capacity. The total recycled
quantity was, however, about 2678 kg/day. Only 1.8% of
total generated MSW was recycled, which is deemed to
be very low compared to developed countries. Therefore,
it is recommended to educate, motivate and encourage the
citizens of Malaysia for reusing, recovering and recycling.
It requires collaborative and consistent efforts, and technical know-how for a successful recycling program.
Finally, some possible means of promoting the recycling
program were recommended based on the current practice
of developed countries. The first step would be the separation of recyclable items at sources or generation points.
The local authorities and recycling organizations can play
an important role in educating/motivating general mass
through producing and disseminating appropriate guidelines.

KEYWORDS: Municipal solid waste (MSW), recycling, recycled
materials, waste, landfill
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MSW: Municipal solid waste
MPSJ: Majlis Perbandaran Subang Jaya (Municipal
Authority Subang Jaya)
RICH: Recyclable Intermediate Chute Storage System
Q: Recycled amount (kg/day)
SUBSCRIPTS
b: recycling box
c: recycling center
cbs: recycling center at Bukit Serdang
css: recycling center at Sri Serdang
csr: recycling center at Serdang Raya
csu: recycling center at Serdang utama
p: recycling paper by door-to-door collection
r: recycling/recycled
sw: solid waste collected
rp: recycling percentage
wc: recycling by waste collectors at municipal vehicle

1. INTRODUCTION
Waste generation is rapidly increasing day by day and
it may become a serious environmental problem, especially
when there is not enough landfill for disposal. Nowadays,
recycling is one of the potential options to reduce the
waste volume worldwide to decrease the pressure on
landfills and to protect the environment. Recycling can be
defined as the recovery of solid waste components for
possible use as raw materials [1]. In developed countries,
recovery of material from solid waste are effected more
scientifically at central collection and processing stations.
Reclamation of material from solid wastes helps the
community economically, environmentally, socially and
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ecologically [2]. Several authors have highlighted the economic, political, and social conditions necessary for recycling success, have investigated the determinant factors of
households’ participation, and the attitudes of people in
recycling programs [3-7]. Waste picking is also a source
of income as well as a safety net for very poor people in
the third world countries. Although the scavengers play
an important role in waste reduction, conservation of
resources and protection of the environment, yet their
services are often unacknowledged [8].
In Malaysia, recycling program was launched in 1993
and the program was re-launched again in December, 2000.
However, very low awareness can be found about recycling
in the society. This program is to promote and educate
society on the need of recycling culture in their daily
lives. By the year 2020, the government target is to
achieve a 22% recycling rate [9].
Day by day, the waste generation is rapidly increasing and it may become a serious environmental issue if
the numbers of landfills or the available spaces in the
landfills are not sufficient to support the increased volume
of waste. In 1993, Malaysia’s urban population generated
about 5.2 million tons of waste and the generation rate
was varied from 0.34 to 0.85 kg/cap.day. In 1997, the
total waste generated throughout Malaysia was 5.6 million tons, of which 80% comprised of domestic waste
[10]. The total amount had reached approximately 6.9
million tons and the rate was 1.3 kg/cap.day in 2007 [9].
Solid waste landfill sites have a number of negative environmental impacts, especially if these sites are not properly managed. This situation has become especially critical
in recent times due to the increasing volumes of wastes
being generated and the inadequacy of present waste management techniques to prevent serious environmental pollution. The main problem wrought by the rapid increase of
solid wastes stems from its detrimental effect to both on
humans and the environment. Currently, the waste management approach being employed is the sanitary landfill
method but due the lack of space for new landfills, authorities in the major towns of Malaysia are investigating other
waste management approaches, e.g. zero waste management practice. However, the recycling practices in Malaysia are not fully accepted by the society yet. As the residential area generates substantial and variety of wastes, it
should be the first place to start and implement the recycling activity.
The aims of this study are to investigate the current
scenario of waste management, the composition and generation of waste, and the existing recycling practices and
facilities in Serdang and Sri Kembangan areas, Malaysia.
In addition, the composition of recycled items and the daily
recycled amount with percentages are obtained. A few
possible ways of promoting the waste recycling program
and to reduce the waste generation in Malaysia are also
proposed.

2. MATERIALS AND METHODS
This study was conducted in two areas (Serdang and
Sri Kembangan) in the state of Selangor, Malaysia (Fig. 1).
Primary information and data related to waste management
and recycling were obtained by interviewing the local
authorities and from Alam Flora Sdn. Bhd, a private company appointed by the local council that involved in
MSW management in Serdang and Sri Kembangan areas.
A field survey was conducted to identify the current scenario of recycling activities among residents of Serdang
and Seri Kembangan. Four residential areas (Serdang Raya,
Serdang Utama, Bukit Serdang and Sri Serdang) were
surveyed to obtain the amount of daily recycled items of
MSW. Firstly, the amount of MSW generated daily was
estimated based on the number of collection vehicles and
trips per day. Secondly, the daily recycled amount was estimated from the four sources, e.g. recycle centers, recycle
boxes, waste collectors and paper recyclers (door to door).
The data collection procedure is shown in Fig. 2. In this
study, a total of four recycling centers and ten recycle boxes were considered. The daily recycled amount data for
four recycling centers were collected from MPSJ [11].
Finally, the percentage of daily recycled amount was estimated.

Study Area
FIGURE 1 - Study location in the map of Selangor state in Malaysia.

3. RESULTS AND DISCUSSION
3.1 MSW composition and management

The MSW from different Asian countries and regions
differs in composition, where the developing countries
generally have higher rates of organic waste. Composition
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Municipal solid waste recycling

Primary data
Field survey to know the amount of waste
recycling in Sri Serdang and Sri Kembangan

Secondary data
Alam Flora Sdn Bhd
Municipal authority (MPSJ)
Private Companies

Data collection

Estimate daily generated MSW
- Truck capacity and trips/day

Estimate daily recycled amount
- Recycles centers/boxes
- Waste collectors/scavengers
- Paper recycling (door-to-door)

Percentage of recycled volume
FIGURE 2 – Flow-chart of estimation of recycled amounts.

TABLE 1 - MSW compositions in different Asian countries.
Items
Bangladesh
China
India
Japan
Organic waste
70
65
45
17
Paper/cardboard
4
9
8
40
Plastic
5
12
4
20
Glass
0.5
2
3
10
Metal
0.5
1
3
7
Others
21
10
40
8
GDP PPP per capita* (USD)
1600
7518
3339
32817
* Gross domestic product at purchasing power parity per capita in 2010. NA-Not mentioned.

data cannot easily be obtained at national level, although
primary data are often collected by some municipalities or
researchers for selected areas. Table 1 shows that organic
waste is the main component of MSW in most of the
Asian countries, e.g. 70% in Bangladesh [12]. However,
this fraction is only 17% in Japan which can be directly
linked to the socioeconomic level. The gross domestic
product at purchasing power parity (GDP PPP) per capita
is the highest in Japan but the lowest in Bangladesh [13].
Organic wastes represent 45% of total MSW, which
might be a good source of composting and biogas production in Malaysia. Bangladesh has highest composition of
organic waste and is one of the Asian countries successfully installing many compost plants to utilize this organic
waste [14-18]. Compared to other countries, Malaysia
generates plastics with the highest percentage. Government
of Malaysia started recycling campaign with ‘no plastic bag
everyday’ to decrease this composition. Figure 3 shows the

Malaysia
45
8
24
3
6
15
14603

Singapore
44
29
12
4
5
6
NM

MSW composition in Kuala Lumpur, Shah Alam, and the
areas under the Municipality Subang Jaya (MPSJ) in Malaysia [19].
The MSW management is also an issue of global
warming. In landfill, the biodegradable components of
MSW (e.g. paper and food wastes) decompose and emit
methane (CH4) and other greenhouse gases (GHGs). The
waste management sector represents about 4% of total anthropogenic GHG emissions (i.e. 260 out of 6750 teragrams
of CO2 equivalents - Tg CO2 Eq.) in the USA. Landfills are
the largest anthropogenic source of CH4 and represented
about 90% of GHGs from the waste sector in 1999 [20].
3.2 MSW collection

In Malaysia, the MSW management is becoming an
environmental concern since population and economic
activities increase day by day. Water and air pollution,
odor disturbance and hazardous gas emissions are among
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the common phenomena related to waste. A proper environmental control is required from collection to disposal
and, finally, regular monitoring of landfills. In general, in
Serdang and Seri Kembangan areas, house owners dispose the wastes daily through a polythene bag to the designated waste places (secondary disposal sites) in front of
their residences. The municipal authority (MPSJ) assigned
waste collection trucks for different locations. Usually, a
truck provides two or three trips daily. They collect wastes
daily from different secondary sites and from houses (by
door to door collection system). The entire collected MSW
was then dumped to a sanitary landfill. There is no dumping place/landfill in Serdang or Seri Kembangan areas. The
nearest landfill is the Jeram Sanitary Landfill (JSL), about
65 km from Serdang. The municipal authority collected
the generated MSW daily and then disposed it to the JSL.

were managed by Pertubuhan Sinar and Community Recycled Charity (CRC). The reclaimed items are either
given as donation, or they sell the items that cannot be
reused, and then, donate the money to the poor.
The waste collectors are assigned with the collection
trucks are the third group who collect the recyclable items
from secondary sites in their respective areas. The fourth
group is known as paper recycler. They usually collect
papers and paper items from houses by trucks using door
to door collection system. Generally, house owners store
all paper items/used papers to sell. All four groups send
the recyclable materials to the traders who send them to
factories for utilizing them as raw materials to produce
new things.
3.4 Recycled materials at different areas

3.3 Recycling process

The current scenario of recycling activities among the
residents in Serdang and Seri Kembangan areas is illustrated in Fig. 4. The recycling activities in the selected
area are done by four groups of people. The first group is
that of waste generators, i.e. home owners or individual
persons and scavengers. They usually sell the recycled
items to the recycling centers or call the traders to provide
a lorry to collect them from home. There are four recycling centers in the study areas, namely, Serdang Raya,
Serdang Utama, Bukit Serdang and Sri Serdang. The
second group is involved with the recycling boxes placed
at different areas. Mostly, the items dropped in a recycling box are available for donation. The recycling boxes

Usually, home owner/individual persons and scavengers sell the recycled items to the recycle center. It is
because recycle centers are in close proximity to their
houses. Scavengers can easily collect the recyclable items
from waste bins at the residential area. It was found that
the paper is the most abundant recycled material in all
selected areas (Fig. 5). Paper represents 67, 51, 84, and
79% in Serdang Raya, Serdang Utama, Sri Serdang, and
Bukit Serdang, respectively, among the recyclable materials. It might be due to presence of schools, offices and
many photostat shops in these areas. Another reason
would be easy handling of paper compared to the other
recyclable materials requiring sorting and cleaning prior
to drop off.

FIGURE 3 - MSW compositions in some cities of Malaysia.
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Residential

Institutional

Commercial

Other areas

Municipal solid waste

Separation at source

at source
Waste discarded

Collection
trucks

Recycling
centers

Scavengers

Paper
collectors

Reuse

Recycled
boxes

Transfer to
landfill

Waste
collectors in
trucks
Recycling
Traders
Recycling
industry

Landfill
FIGURE 4 - MSW recycling sequences in Malaysia.

Aluminum portions of 20, 29, 0.6 and 3% were found in
Serdang Raya, Serdang Utama, Bukit Serdang and Sri
Serdang, respectively, among the recyclable materials.
Aluminum beverage cans constitute the most important
source of aluminum for scavengers. Soft drink aluminum
cans were abundant in densely resident areas and big
restaurant areas. Aluminum recycling was much lower in
Bukit Serdang which might be due to the less awareness
of the residents. Significant amounts of plastic materials
were also recycled in the study area (13, 19, 14 and 13%
in Serdang Raya, Serdang Utama, Bukit Serdang and Sri
Serdang), and the average plastic recycling was 15%. Increasing trends of production and utilization of plastic
materials are found for food packaging, beverage bottles,
milk containers, shampoo and perfume bottles in supermarkets (Hypermarket Malaysia) might be the cause of
increasing pattern of plastic recycling. Glass bottles were
less recycled items in the study area and found to be only
1% of all recyclable materials. Saeed et al. [19] found the
average plastic recycling was about 13%; however,
Visvanathan et al. [12] found that 24% plastic was recycled in Malaysia. Glass recycling was also lower (1%)

in the present study than a previous one (3%) by Visvanathan et al. [12]. In recent times, more and more plastic and
paper wastes are being generated in all Asian countries,
reflecting a change in lifestyle. In Japan, 40% of total MSW
was wasted paper because people dislike cooking in their
houses regularly and are habituated with fast foods. An
additional reason might be the increase in use of newsprints
in high socioeconomic communities. These reasons may
tend to reduce the organic wastes similar to Singapore.
The MSW recycling activity is not only related to the
environmental concern, but also involved with income
generation activities. It was found that the majority (85%)
of the scavengers recovers, at an average of 24.6 kg, aluminum cans per person per day, and earns approximately
US $59.14 in a week. This amount represents 225% of the
minimum wage that formal sector employees and factory
workers earn [21]. Similarly, collection of wasted cardboard, papers, glasses, plastics, irons and other metals are
also related to the income generation that helps in reducing unemployment problem.
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a) Serdang Raya

b) Serdang Utama

c) Bukit Serdang

d) Sri Serdang

FIGURE 5 - Percentages of recyclable items by categories in four different areas.

It is observed from Fig. 6 that Serdang Raya had recycled the highest amount (53%) of MSW, followed by
Serdang Utama (35%). Serdang Raya is a large area, and
there are many residential areas here. Serdang Raya also
has many traders who are involved in recycling. Bukit
Serdang is a small area contributing only 8% recyclable
materials during this study. The lowest percentage of
recycling (4%) was found in Sri Serdang. Sri Serdang is a
relatively smaller residential area and population is less.
Recycling facilities of Sri Serdang are also less compared
to others, e.g. less boxes. Previously, the recycling center
in Sri Serdang was not in operation but nowadays it is
active.
3.5 Recycled amounts and relative percentages

The total waste generation in the study areas was estimated to be 144 tons/day while the total daily recycled
amount was estimated to be 2678 kg/day. It was found
that only 1.86% of total generated MSW is recycled in
Serdang and Seri Kembangan areas. The details of these
calculations can be found in the Appendix. The recycling
amount was very low compared to the amount of waste
generated on a daily basis in the study area. The MSW
recycling in Selangor, especially Serdang and Seri Kembangan areas cannot be classified as effective zone because

there are still a lot of people having lack of knowledge
and awareness in recycling activities. Therefore, it is
important to educate, motivate and encourage people for
reusing, recovering and recycling. To be successful in
recycling, it requires collaboration and consistent efforts
and proper technical know-how and motivation.
Qc = Qcsr +Qcsu +Qcss +Qcbs = 242+163+19+38 = 463 kg/day (1)
Qr = Qc + Qb + Qp + Qwc = 463+5+200+210 = 2678 kg/day (2)
Qrp = Qr ×100/(Qsw +Qr) = 267800/(144000+2678) = 1.86% (3)

Figure 7 (a) shows the recycled percentage in Serdang
and Seri Kembangan areas whereas Fig. 7 (b) shows the
recycling scenarios in some developed countries. The
smaller recycling percentage indicates that the awareness and knowledge on recycling are still poor among the
residents in Serdang and Seri Kembangan areas. The recycling infrastructure, e.g. recycling centers and boxes, is
available here; however, the legislations on waste management are not as effective as in the developed countries.
Therefore, the municipal authority should establish the
waste legislations and lunch public motivation programs
effectively.
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a) Contributions from four areas

b) Average percentages of four areas

FIGURE 6 - MSW recycling in different areas (%) and the average pattern.

Note: 1 = This study; 2 = under MPSJ [11]; 3 = [22].
a) Malaysia
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FIGURE 7 - Recycling of MSW in Malaysia and other countries in the world.

4. PROPOSALS TO ENHANCE
RECYCLING PRACTICE AND
TO REDUCE MSW GENERATION
Some possible ways of promoting the recycling program are recommended based on the current practice in

the developed nations. The first step would be the separation of recyclable items at sources or generation points. The
important role can be played by local authorities and recycling organizations to educate people and to establish
appropriate guidelines.
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4.1 Composting program

Composting is one of potential forms of waste recycling. Composting is an alternative to reduce the organic
waste generation, thus reducing the quantity and the amount
of solid waste to be disposed [24]. In addition, this program
can provide alternatives to communities to manage organic
waste in the form of separation at sources [25]. Many countries started to promote composting programs including
Malaysia but other countries, e.g. Japan, United States,
India and Bangladesh, are very advanced in composting.
The application of compost is generally made in areas such
as plant growth, landscaping, soil improvement and agricultural projects.
4.2 Production of biogas, biofuel and biochar

Food/catering wastes and other organic waste including livestock wastes consist mostly of organic compounds
that cause unhygienic and putrefactive smell in the surrounding areas. Anaerobic digestion of these organic
wastes produces methane (CH4) or biogas that can be used
for cooking [26]. Commercial or large-scale production of
CH4 can be used for electricity generation [27]. Organic
wastes or manure can also be used for composting [28], or
biochar production [29] that may enhance the agricultural
production. This is the most appropriate way of utilizing or
recycling the organic wastes of MSW. Anaerobic combustion or pyrolysis of these organic wastes would produce
biochar. Syngas and synthetic alcohol are also the result of
pyrolysis of these organic wastes in a controlled way [25].
4.3 Motivation on recycling

Government should lunch more strategic and awareness programs for residents, especially for students in
schools. Knowledge of recycling at the school is a very
important way of educating children about the importance
of recycling in daily life. The parents may start to recycle
at home due to the motivation from their children. School
recycling may provide an opportunity for students to learn
the recycling and put it into action.
4.4 Recycling facilities

All housing areas, apartments and blocks should provide their own recycling bins to serve as collection points.
For example, in Singapore, people are using RICH (Recyclable Intermediate Chute Storage System). This is applicable in high-rise buildings, offices and multi-storey
buildings where all recycled items can be channeled to a
common storage tank. Then, it will be sucked out by a
pneumatic system. This system has no need for manual
transfer of refuse. With this system, users can get the easiest handling of all items that they want to throw out [12]. A
user just throws the recycled item to the individual chute.
The sequences of this system are, firstly, the hopper for
recyclables, such as paper, bottles and cans, is installed on
every floor next to the existing rubbish chute. Then, the
collected recyclable waste is stored on intermediate levels
in specially designed compartments. The storage space
can be customized to fit different buildings. The materials

are collected once a week, usually emptied into a rear-end
truck or wheelie bins, and sorted at recycling centers.
4.5 PAYT program

Traditionally, the waste and disposal services have
been financed through property taxes or by fixed annual
fees charged to households. At the same time, households
are charged directly according to their rate of use for other
utilities, such as water and sewer services or electricity.
As a result, residents often mistakenly perceive that solid
waste services are free because of paying indirectly. Citizens have little direct financial incentive to reduce the
amount of waste they produce. Also, because each household is generally charging the same amount, small generators subsidized garbage services for those who throw
away more. Many countries in Asia, such as Japan, Korea, Thailand, Vietnam, China and Taiwan are adopting
Pay-As-You-Throw (PAYT) programs. PAYT program
known as variable rate financing or unit pricing where
customers are charged by weight, by volume, or by combination of the garbage disposed. From this program, this
is the easiest way of recycling MSW because all users
intend to save money. Rather than paying to dispose of
recyclable materials and yard trimmings, residents under a
PAYT system have an incentive to participate in recycling
and composting programs [30].
4.6 Deposit-refund program

One method of providing an incentive to increase recycling and decrease waste is the deposit-refund system.
In this system, people who return certain recyclable items
are given a certain amount of money in exchange. In that
case, the deposit usually pays for something that will not
be consumed, but is necessary for selling the product. For
example, a can is required to hold a liquid drink. After
using the product, the consumer can return the bottle to
the retailer, or to the recycling authorities. These people
will pay the consumer a certain amount of money, the
deposit they originally paid. At the end, the deposit system does not affect the consumers economically if they
return the bottle. This system encourages them to return
the bottle for recycling, so that it can be reused and not
simply thrown into a landfill. The biggest problem with
the deposit-refund system is that the deposit is often too
small for most peoples to feel bother of returning the
bottle or other products. This problem is partially overcome by unemployed needy people. For example, very
poor people, and sometimes children, often collect and
redeem the items for which there is a deposit. More simply, a person used by milk deliverers; a milk delivery person drops off the milk every day, then returns the next day
and collects the bottles [31, 32].
4.7 Reduction in food packaging

The best choice for reducing food packaging waste is
‘no need of packaging’ for all types of food but it is not
always practical. The packaging functions are protection,
communication and utility. The goal should always be to
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reduce unnecessary packaging. The packaging need
should be evaluated in the research, design and marketing
stages of a product. The bulk delivery of solid and liquids
to food industries and bulk retail sales from bins including
hardware products, house wares and toys eliminate unnecessary packaging. Where the need for packaging exists, packaging should follow the 3R’s hierarchy, which
means reduce (minimal packaging), re-use (reusable
packaging) and recycle (recycling packaging) [33].

The authors have declared no conflict of interest.
APPENDIX
A.1 Recycling boxes

Total number of recycling boxes = 10 boxes
Amount of recycled items per month = 15 kg/month/box
Average of daily recycled amount, Q b, = 15×10/30
= 5 kg/day

4.8 Zero use of plastic bags

Each state in Malaysia may apply a rule of ‘not using
a plastic bag’ for shopping among buyers and sellers. This
campaign was fully started in Penang state. Most of hypermarkets, supermarkets, pharmacies, convenience stores,
bookstores and retailers were taking part in the campaign.
Public awareness through mass media can also enhance
the recycling activities that might be helpful to make an
eco-friendly environment.
5. CONCLUSIONS
In this study, a field survey was conducted to identify
the current scenarios of recycling activities among the
residents of Serdang and Seri Kembangan areas (Malaysia).
Four residential areas (Serdang Raya, Serdang Utama,
Bukit Serdang and Sri Serdang) were surveyed to obtain
the amount of daily recycled items of municipal solid waste
(MSW). Firstly, the amount of MSW generated daily was
estimated based on the number of collection vehicles and
trips per day. Secondly, the daily recycled amount was
estimated from the four sources, e.g. recycle centers, recycling boxes, waste collectors and paper recyclers (door to
door). It is found that on average paper, aluminum, glass
and plastic consist of 63, 21, 15 and 1% of the recycled
items in these areas, respectively. The total waste generation was estimated to be 144 tons/day based on the number of waste collection vehicles, trip number and vehicle
capacity while the total recycled amount was estimated to
be 2678 kg/day. Only 1.8% of total generated MSW was
recycled here, which appears to be quite low as compared
to the developed countries. Therefore, it is important to
educate, motivate and encourage the citizens of Malaysia
for reusing, recovering and recycling. Finally, a few proposals to promote the recycling program are suggested
based on the current practice of the developed nations.

The average of daily recycled amount from 10 recycling boxes is 5 kg per day. Total recycled items collected
from these boxes is not much because people who want to
donate the used items can dispose here, so that the items
can be reused/recycled.
A.2 Paper recycled (Door to door collection)

Average daily recycled amount = truck number × daily buying capacity, Qp; = 2 × 1 tons/day = 2000 kg/day
Some people buy paper and paper product (books,
newspaper and used paper) from houses by door to door
collection system using trucks. The collected items are
then sold to traders.
A.3 Waste collectors in trucks

Average of daily recycled amount = recycled amount
× truck number, Qwc; = 35 kg/day × 6 trucks = 210 kg/day
It was observed that there were 6 waste collection
trucks to collect wastes from Serdang and Seri Kembangan areas. Generally, a few workers (2-3 people) are
assigned to a truck for waste pick up, collection and to
dump to inside the truck. These workers separate some
recyclable items and store them in polythene bags to sell.
Most of the segregated waste will be sold to traders in the
areas of Puchong and Sungai Besi. The average recycled
waste for a garbage truck is 35 kg per day.
A.4 Total MSW collection by truck

Total daily MSW collected = truck number × truck
capacity × trip number, Qsw; = (3×8×2) + (4×8×3)
tons/day = 144 tons/day = 144000 kg/day
TABLE A.1 - Total truck number with capacity
Truck Number

Truck capacity

Trip number

3
4

8 tons
8 tons

2
3

A.5 Percentage of recycled amount
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Percentage of recycled amount (Qrp) = Total daily recycled amount (Qr)×100%
Total daily generated MSW is (Qsw+ Qr), where, Qr =
recycle centers + recycle boxes + paper recycled + waste
collectors = 463+ 5 + 2000 + 210 = 2678 kg/day
It is also recommended to calculate the percentage recycled out of recyclable fraction, i.e. paper, plastic, glass
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and metal, where, in this case, the percentage would be
more.
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OXIDATION OF INDOOR AIR POLLUTANT HCHO BY
SPONTANEOUS POLARIZATION PLASMA AND PHOTOCATALYST
Wen-Jun Liang*, Lin Ma, Jian Li, Huan Liu, Hong He
College of Environmental & Energy Engineering, Beijing University of Technology, No.100 Ping Le Yuan, Chaoyang District, Beijing 100124, PR China

ABSTRACT
Destruction of indoor air pollutant formaldehyde using dielectric barrier discharge plasma in a coaxial cylindrical reactor was carried out at atmospheric pressure and
room temperature. Three kinds of catalysts, that is, TiO2,
BaTiO3, or TiO2 & BaTiO3 were tested for HCHO removal.
Effect of catalyst carrier, catalysts, and catalyst amount
on specific energy density (SED), energy yield (EY) and
HCHO removal efficiency were investigated. The byproduct was detected and the mechanism of HCHO degradation was performed. It had been found that DBD reactor
contained TiO2 & BaTiO3 catalysts could effectively decompose formaldehyde. The HCHO conversion of three
kinds of catalyst was TiO2 & BaTiO3 > BaTiO3 > TiO2.
Higher amount of BaTiO3 in TiO2 & BaTiO3 catalysts
was slightly superior to the smaller. Furthermore, TiO2 &
BaTiO3 catalyst could not only enhance the HCHO removal efficiency, but also save the energy, which could
be used for industrial application.

KEYWORDS: Spontaneous polarization plasma; Dielectric barrier
discharge; Photocatalyst; Specific energy density; Formaldehyde

1. INTRODUCTION
VOCs (volatile organic compounds) are hazardous pollutants emitted from paints, solvents, automobile exhaust
gas, industrial facilities, etc. [1-2]. Recently, VOCs are
recognized as causative agents of the sick-building syndrome, in which formaldehyde (HCHO) is one of them.
HCHO has been classified as a suspected carcinogen.
HCHO is known to cause nasal tumors, irritation of the
mucous membranes of the eyes and respiratory tract, and
skin irritation [3]. Because of the increasing concern on
HCHO in the indoor environment, the abatement of HCHO
is of significant practical interest at low temperature, especially at room temperature. Many studies related to the
abatement of HCHO by adsorbents or catalysts have been
reported [4-9].

* Corresponding author

In recent years, non-thermal plasma (NTP) has great
industrial potential and has been applied to the decomposition of VOCs [10, 11]. But this technology has disadvantages such as low energy efficiency and undesirable
byproducts such as NOx [12]. Many researchers had tried
the combination of NTP with photocatalyst and found that
there was a synergistic effect between NTP and photocatalyst [13-17]. There were two kinds of viewpoints on
the effect of photocatalyst in the plasma system. Some
studies considered that photocatalysis was activated by
the internal UV light emitted from the plasma [18, 19].
And some studies reported that the UV light emitted from
NTP was very weak and its contribution to formaldehyde
removal in this system could be ignored [20-23].
Ferroelectric packed bed dielectric barrier discharge
(DBD) plasma reactor has been widely investigated for
application to the VOCs treatment because this type of
reactor can generate relatively high-energy electrons (220eV) [24-27]. In our previous studies, BaTiO3 and NaNO2
had been used to prove that ferroelectric materials could
enhance the electric field and VOCs could be removed
effectively [28-29].
In this study, we presented a new DBD plasma reactor, in which BaTiO3 and TiO2 were used simultaneously.
BaTiO3 could enhance the electric field and UV light [28,
29], which led to exert the photocatalysis capability of TiO2.
Formaldehyde was chosen as the aim pollutant because it
was regarded as main indoor pollutant for determining the
effectiveness and capacity of gas-phase air filtration
equipment for indoor air applications, the degradation
character of HCHO by different reactors was tested and
compared. Specific energy density (SED), energy yield
(EY) of HCHO decomposition were investigated at the
same time. The byproduct was detected and the mechanism of HCHO degradation was performed.
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2. MATERIALS AND METHODS
2.1 Catalyst Preparation

TiO2 precursor sols were prepared by adding tetrabutylorthotitanate into ethanol at ambient temperature. Diethanolamine was added. Subsequently, ethanol and deionized water were added dropwise to the solution. After
stirring for 15 min, N,N-dimethylformamide was added.
The solution was deposited for 24 hr. Finally, polyethylene glycol dissolved in ethanol at 50 °C was added
dropwise to the solution. The final solution was deposited
for 12 hr, after which the TiO2 gel had formed.
BaTiO3 was purchased from Beijing Research Institute of Chemical Engineering and Metallurgy. It was of
analytical grade and utilized without further purification.
TiO2, BaTiO3, or TiO2 & BaTiO3 catalyst were suspended into gel by ultrasonic methods. Ceramic Raschig
rings or glass pellets were selected as the catalyst carrier.
These were immersed in the gel, and then dried at room
temperature. After the rings were coated five times, a thin
ferroelectrics film (0.5mm) was coated. The film was very
stable and durable without any loss during application.
The catalysts were packed randomly into the DBD
reactor. When a sufficiently high voltage was applied to
the reactor, microdischarges began, initiating a series of
chemical reactions.
2.2 Experimental apparatus

The schematic diagram of the experimental setup for
the present study was shown in Fig. 1(a). The setup con-

sisted of a DBD plasma reactor, an AC power supply (0100 kV, 50-500 Hz, sine wave), a continuous flow gas
supply system and electric and gaseous analytical systems. Formaldehyde was evaporated by bubbling with
compressed air. It is worth discussing whether the low
level of indoor HCHO can be decreased to a value below
0.1 mg/m3 (specified in the indoor air quality standard of
China). So in our experiment, the initial concentration of
HCHO in our experiment was 0.3 mg/m3. It was then allowed to pass through a mixing chamber for a thorough
mixture with air before being introduced into the DBD
reactor. The flow rate and HCHO concentration were adjusted by mass flow controllers (MFC), which were fixed at
0.6 m3/h in the reactor.
The schematic diagram of the plasma reactor was shown
in Fig. 1(b). The coaxial cylindrical DBD reactor was made
of quartz glass with an inner diameter of 17.9 mm and wall
thickness of 1.2 mm wrapped by the iron mesh of 20 cm
length as a ground electrode. The inner discharge electrode
was a tungsten wire, 1.25 mm diameter, placed on the axis
of the reactor. The relative humidity in the reactor was
controlled at 30% with a thermohygrometer.
2.3 Analyses and procedures

The characteristics of catalyst on the carrier were analyzed by field-emission scanning electron microscopy
(FE-SEM, Model JSM 6700F, JEOL, Japan).
HCHO concentration in gas stream was determined by
acetylacetone spectrophotometric method. HCHO absorbed
by deionized water in acetic acid- ammonium acetate solu-

(a) Experimental setup
1. Compressed air cylinder 2. Buffer 3. HCHO liquid bottle 4. Water bath 5. Mixing chamber
6. Ferroelectric packed bed reactor 7. MFC 8. Needle valve 9. AC power supply
10. Oscillograph 11. Spectrophotometer
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(b) Plasma reactor
1. Gas inlet 2. Gas outlet 3. Reactor 4. Grounded electrode
5. Tungsten electrode 6. PTFE 7. Catalyst
FIGURE 1 - Schematic diagram of the experimental setup and plasma reactor
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tion would react with acetylacetone to form a steady yellow compound. HCHO concentration in the gas stream
was then determined by measuring light absorbance at
413 nm with a spectrophotometer (UV/vis 722).
The HCHO removal efficiency is calculated by following:

η

HCHO

(%) =

Cin − Cout
× 100
Cin

the glass beads because ceramic Raschig rings had higher
surface area, so ceramic Raschig rings could coat more
catalysts than glass beads. The ceramic Raschig rings
were used as catalyst carriers in our continuous experiment.

(1)

where Cin and Cout denote to the inlet and outlet concentration (mg/m3) of HCHO respectively.
The plasma was generated at atmospheric pressure
and room temperature. The discharge power was measured with U-Q Lissajous method. The voltage applied to
the DBD reactor was measured by a 1000:1 high voltage
probe (Tektronix P6015A) and a digital oscilloscope
(Tektronix 2014).
The specific energy density (SED) was defined as the
average power dissipated in the discharge, divided by the
total gas flow rate:

SED( J / l ) =

P(W )
× 60
Q(l / min)

(a)

(2)

where P and Q denote the discharge power (W) and
gas flow rate (l/min).
As a measure of the energy efficiency, the energy
yield (EY) was defined:
Cin − Cout
(3)
× 3.6
SED
The catalysts was analyzed for the surface areas using
gas adsorption principles (detected by Micromeritics,
NOVA 1000, USA).
EY ( g / kWh) =

CO and CO2 in the effluent were analyzed quatitatively with CO/CO2 detector (Testo 350M). The carbon
balance and COx selectivity are defined as followed.
[CO] + [CO2 ]
Carbon balance (%) =
× 100 (4)
[ HCHO ]in − [ HCHO ]out
SCO

[CO]
(%) =
× 100
[ HCHO]in − [ HCHO]out

SCO2 (%) =

[CO2 ]
× 100
[ HCHO ]in − [ HCHO ]out

(5)
(6)

3. RESULTS AND DISCUSSIONS
3.1 Appearance characters of the catalyst

Fig. 2 shows the SEM photograph for TiO2 & BaTiO3
coated on catalyst carrier (a) ceramic Raschig rings, and
(b) glass beads. From Fig. 2, we could see that the particle
shape was spherical, but the particles coagulated each
other. The surface-surface interactions between the
Raschig rings or glass beads and catalyst particles allow
easy deposition of catalyst particles. Besides, the catalyst
coated on the ceramic Raschig rings was smooth than on

(b)
FIGURE 2 - SEM photographs of the TiO2 & BaTiO3 coated
on catalyst carrier (a) ceramic Raschig rings (b) glass beads
3.2 Electrical discharge characteristics
3.2.1 Effect of catalyst carrier on plasma discharge

Fig. 3 shows the variation in SED as a function of applied voltage in the presence and absence of pellets. The
SED values for reactors with different pellets were generally in the order: ceramic Raschig rings reactor > glass
beads reactor > none pellets reactor under the same experimental conditions. At low applied voltage, SED increased slightly with applied voltage for all reactors. This
order was maintained with further increase in voltage, as
the SED increased substantially for all reactors, particularly those containing pellets. When the applied voltage
was higher than 18 kV, the SED of the all reactors was
inceased rapidly, especially for ceramic Raschig rings
reactor and glass beads reactor. For example, as the applied voltage increased from 18 to 20 kV, the SED of the
reactors increased from 45 J/l to 180 J/l (no pellets), 80 J/l
to 260 J/l (glass beads), and 136 J/l to 315 J/l (ceramic
Raschig rings).
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plasma system. When applied voltage was low, the UV was
weak and unable to irrigate the TiO2. At the same time,
BaTiO3 could not be polarized and SED was low under this
condition. When applied voltage was higher enough to
generate more energetic radicals and electrons. And UV in
the system increased also to irrigate the TiO2 and lead to
increase the SED of the system.

SED (J/l)

350
300

none
glass beads

250

ceramic Raschig rings

200
150
100

500
450

50
0
16

17

18

19

20

SED (J/l)

Applied Voltage (kV)

FIGURE 3 - Variation in SED as a function of applied voltage for
different catalyst carrier

3.2.2 Effect of catalysts on plasma discharge

Fig. 4 shows the variation in SED as a function of applied voltage in the presence of different catalysts. The
SED values for reactors with different catalysts were generally in the order: BaTiO3+TiO2 > BaTiO3 > TiO2 under
the same experimental conditions. The mass ratio of BaTiO3:TiO2 was 3:1 and the amount of catalysts was 50 g.
From Fig. 4, we can see that SED increased with applied
voltage for all catalysts. At low applied voltage, SED increased slightly with applied voltage for all reactors. For
example, at an applied voltage of 16 kV, the SED for the
three catalysts reactors were 10 J/l (TiO2), 15 J/l (BaTiO3)
and 20 J/l (BaTiO3+TiO2). When applied voltage was higher
than 17kV, the SED increased substantially for all reactors.
Take applied voltage being 20 kV for example, the SED of
the different catalysts reactors were 225 J/l (TiO2), 360 J/l
(BaTiO3) and 458 J/l (BaTiO3+TiO2).
BaTiO3, as a ferro-electric material, can be polarized
in an electric field. When external AC voltage was applied across the high dielectric layer, BaTiO3 were polarized, and an intense electric field was formed around each
pellet contact point, resulting in partial discharge. As the
applied ac voltage increased beyond the corona onset
voltage, an increase of plasma activity was visible and the
reactor was filled with high-energy free electrons [25].
Photo-catalysis has demonstrated to be very effective to
treat pollutants under UV conditions. In our experiments,
we tried to irrigate the TiO 2 using UV generated from

BaTiO3

350

TiO2+BaTiO3

300
250
200
150
100
50
0
16

17

18

19

20

Applied voltage (kV)

FIGURE 4 - Variation of SED as a function of applied voltage for
different catalyst
3.3 HCHO decomposition in the plasma
3.3.1 Effect of catalyst carriers on HCHO removal

Fig. 5 represented the HCHO removal process for reactors containing different catalyst carrier as a function of
applied voltage. The HCHO removal efficiency was enhanced with increasing applied voltage. The removal
efficiency of three reactors was in the order ceramic
Raschig rings reactor > glass beads reactor > none reactor. For example, at 16 kV applied voltage, the efficiency
values were: 60% (ceramic Raschig rings reactor), 50%
(glass beads reactor) and 30% (none reactor), while at
20 kV applied voltage, the values were 82%, 75% and 65%
respectively.
90
80
70
60

η (%)

Durme et al. [30] indicated that packing pellets were
helpful for expanding the discharge region because the
streamers (or micro-discharges) were apt to propagate
along the solid surfaces. The relative dielectric constants
of the ceramic and glass at normal temperature and pressure were 9.16 and 4.10, which meant that the energy
storage ability of the ceramic was higher than that of
glass. When the voltage was high enough, dielectric barrier discharge began to occur, and the pellets stored more
energy as the electric field strength increased. More micro-discharges appeared under these electric fields, which
resulted in more radicals and electrons.

TiO2

400

50
40
30

none
glass beads

20

ceramic Raschig rings

10
0
16

17

18

19

20

Applied Voltage (kV)

FIGURE 5 - HCHO abatement as a function of applied voltage for
different catalyst carrier reactors

Just mentioned in section 3.2.1, materials such as ceramics and glass were able to store energy and the energy
storage ability of the ceramic was higher than that of glass
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because the relative dielectric constants of the ceramic
was higher than the glass at normal temperature and pressure. When external AC voltage was applied across the
materials layer and increased higher than ceramic or glass
polarization, ceramic or glass materials were polarized,
and the energy stored in the materials were emitted. Thus
more formaldehyde molecules, electrons and radicals could
react with one another on the ceramic pellet surface than on
the glass pellet surface. Furthermore, dielectric constant
of ceramic is bigger than that of glass in same condition.
Consequently, it could be concluded that stronger electric
field is formed in ceramic Raschig rings packing case
than in glass beads and that forms much more OH• radical
to enhance the decomposition of HCHO.

by adding UV light to an active oxygen atom. The active
oxygen atom is a strong oxidant for HCHO. The improvement of removal efficiency of HCHO might also be due to
the numerous production of OH• which is a very strong
oxidant.
100
90
80

η (%)
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70
60

3.3.2 Effect of catalysts on HCHO removal

50

It was proved that photocatalyst was put into plasma
system could oxidize the VOCs effectively [7-9]. As we
know, TiO2 is a useful photocatalyst material and can be
put into plasma system. It is controversial that whether
UV light emitted from plasma can trigger TiO2 and contribute to the decomposition of VOCs. Just as mentioned
above, some researchers reported that plasma could emit
plentiful UV light, which could lead to the photocatalysis
of TiO2 [16-17]; while some reported that the contribution
of UV light from the plasma to activate photocatalyst was
negligible [20-23]. In our study, spontaneous polarization
material BaTiO3 and photocatalyst TiO2 was put into the
plasma system to investigate the removal of HCHO. In
our previous studies, ferroelectric materials such as BaTiO3
had been proved that it could enhance the electric field [28,
29]. When external AC voltage was applied across the
high dielectric layer, BaTiO3 were polarized, and an intense electric field was formed around each pellet contact
point, resulting in partial discharge. As the applied ac voltage increased beyond the corona onset voltage, an increase
of plasma activity was visible and the reactor was filled
with high-energy free electrons [25].

40

TiO2
BaTiO3
TiO2+BaTiO3

Fig. 6 represents the removal process of HCHO in
different catalysts reactor. The mass ratio of BaTiO3:TiO2
was 3:1 and the amount of catalysts was 50 g. The HCHO
conversion of three kinds of catalyst was TiO2 & BaTiO3
> BaTiO3 > TiO2. From 16kV to 20kV, HCHO abatement
efficiency followed the same trends. For example, η HCHO
of TiO2 & BaTiO3 increased from 65% to 93% with increasing applied voltage in the range of 16-20kV, while
η HCHO was of 58%-82% for BaTiO3 and of 48%-75% for
TiO2. With increasing the applied voltage, energy throughout the entire discharge volume was developing; microdischarges occurred in the whole reactor in turn and stimulated the chemical reactions between HCHO molecules
and active electrons. BaTiO3 in the plasma system could
enhance the electric field and UV light, which could lead
to the generation of more active radicals such as OH• and
increased the removal efficiency of HCHO. Furthermore,
ozone generated in plasma system could be decomposed
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20

Applied Voltage (kV)

FIGURE 6 - HCHO abatement as a function of applied voltage for
different catalysts reactors
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FIGURE 7 - HCHO abatement as a function of applied voltage for
different catalysts
3.3.3 Effect of amount of TiO2 & BaTiO3 catalyst on HCHO
removal

Fig. 7 showed the variation of

η HCHO as a function of

applied voltage for the catalyst. Four types of catalysts
(amount ratio of BaTiO3 & TiO2 was 3:1, 2:1, 1:1, 1:2)
were used for the HCHO removal. From Fig. 7, we could
see that the HCHO removal efficiency was highest when
BaTiO3 & TiO2 amount ratio was 3:1. The HCHO conversion of four kinds of catalyst was BaTiO3 & TiO2
amount ratio being 3:1 > 2:1 > 1:1 > 1:2. BET surface
area of the different catalysts was tested (see Table 1).
The results showed that BET surface area decreased with
increasing TiO2 amount in BaTiO3 & TiO2. From experimental results, we can conclude that higher amount of
BaTiO3 in BaTiO3 & TiO2 was slightly superior to the
smaller. Taken the result of BaTiO3 & TiO2 being 3:1 for
example, with increasing the applied voltage from 16 kV
to 20 kV, η HCHO increased from 68% to 93%. As for
BaTiO3 & TiO2 being 1:2,
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68% under the same conditions. Just mentioned above,
BaTiO3 could enhance the electric field. In a higher electric field, an increase of plasma activity was visible and
the reactor was filled with high-energy free electrons,
which also led to the increase of UV light. So higher
amount of BaTiO3 in BaTiO3 & TiO2 was benefit to the
removal of HCHO.

0.06
0.05

TiO2
BaTiO3
TiO2+BaTiO3

EY(g/kWh)

0.04
0.03
0.02

TABLE 1 - BET surface area for different catalysts
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FIGURE 8 - Energy yield as a function of HCHO removal efficiency
for catalysts

3.3.4 Relationship between HCHO removal efficiency and EY

3.4 Destruction mechanism for HCHO and analysis for byproducts

In order to discuss the HCHO removal ability of the
plasma reactor, energy yield was used. From the equation 3
above, we can see that EY is in inverse ratio with SED.
Fig. 8 illustrates the relationship between EY and HCHO
removal efficiency for different catalysts reactor. Obviously, with the HCHO removal efficiency enhancement,
energy field descended for all of reactors. Energy in plasma
reactor was used to not only HCHO removal, but ferroelectric materials polarization, so EY decreased with the
HCHO removal efficiency, whereas the ferroelectric materials polarization could enhance the plasma discharge
which increased the removal rate at the same time. Furthermore, the energy yield is in the order of TiO2 & BaTiO3 > BaTiO3 > TiO2.

A DBD plasma generates electrons with sufficient
energy to cause the formation of gas-phase radicals,
thereby driving the reactions of decomposition and oxidation of HCHO to form end products including H2O, CO
and CO2. The removal of HCHO probably depends on
two mechanisms: (a) direct removal caused by the collision of electrons and (b) reaction between HCHO molecules and gas-phase radicals (indirect gas-phase radical
reaction). Gas-phase radicals may consist of ·O•, ·OH•,
HO2• and O3. The related reactions of HCHO destruction
were listed in our published literature [29].
The main purpose of the paper was to discuss the byproducts in the system. The reagent in our experiment was
formaldehyde (analytical reagent) whose content was 98.5%.

FIGURE 9 - Products in inlet and outlet gases
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A little methanol was in the formaldehyde reagent. So in
the chromatogram figure, a peak of methanol was detected. And from Fig. 9, we can only find out the peak of
HCHO and CH3OH. But the signal intensity of two peaks
in inlet effluent was lower than that in outlet effluent,
which meant HCHO and CH3OH molecules were both
destructed by plasma.

Carbon balance and CO2 selectivity (%)

During the decomposition of HCHO, the carbon balance and CO2 selectivity are useful parameters to assess
the performance of the catalyst in the plasma reactor. In
Fig. 10, quantitative analysis data concerning carbon
balance and CO2 selectivity for two kinds of catalysts in
the plasma reactor at different applied voltage were presented. From Fig.10, it was obviously that carbon balance
and CO2 selectivity consistently increased with applied
voltage, indicating that less intermediates formed during
plasma process for HCHO. Take BaTiO3 & TiO2 catalyst
being 3:1 for example, when applied voltage was 20 kV,
carbon balance and CO2 selectivity were 97% and 98%,
respectively.
100

(3) The HCHO conversion of three kinds of catalyst
was TiO2 & BaTiO3 > BaTiO3 > TiO2.
(4) HCHO removal efficiency was highest when BaTiO3 & TiO2 BaTiO3 amount ratio was 3:1. Higher
amount of BaTiO3 in TiO2 & BaTiO3 was slightly superior to the smaller.
(5) As the applied voltage increased, the energy yield
increased for all catalysts. The energy yield is in the order
of TiO2 & BaTiO3 > BaTiO3 > TiO2.
(6) Carbon balance and CO2 selectivity for all catalysts consistently increased with applied voltage, indicating that less intermediates formed during plasma process
for HCHO.
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ABSTRACT
The purpose of this work was to evaluate the effectiveness of one-step bioleaching process applying static
cultivation which involves microbial leaching of heavy
metals using filamentous fungus Aspergillus niger, compared to acidic/chelating extraction with oxalic and citric
acids. The e-waste, used in this study, consisted of pulverized parts from desktop computer and mobile phone fabricated between 1999 and 2002. The e-waste particles with
size distribution between 0.01 µm and 150 µm were characterized by scanning electron microscopy (SEM) and
energy dispersive X-ray analysis (EDS), and divided into
three groups based on their shape and morphology. After
42-day bioleaching treatment, the leachates were analyzed
for heavy metal concentrations using controlled automatic
laboratory analyzer EcaFlow. The bioleaching experiment
has shown that the fungus A. niger was capable to mobilize
68.3% of Cu and 27.9% of Pb. According to results, citric
acid (50 mM) was confirmed as the most efficient leaching
chemical agent that reached more than 65% of Cu, 70% of
Cd, 90% of Zn and 90% of Pb released into the solution.
Our results suggest that using of the A. niger strain, citric
and oxalic acids is appropriate application procedure for
pre-treatment or final stage of e-waste treatment.
KEYWORDS: Bio-hydrometallurgy, electronic waste, organic
acids, Aspergillus niger, heavy metals

1. INTRODUCTION
While the demands for heavy metals are ever increasing, the worldwide reserves of high-grade ore are diminishing. Therefore, the permanent pressure for metal recovery
will manifest in global political, technological, economical,
and environmental changes in the near future [1, 2].
* Corresponding author

One of the most promising resources for recovery of
valuable metals come from spent industrial materials which
have relatively short lifetimes, such as electronic waste – ewaste (components of computers, mobile phones etc.) and
other discarded appliances that use electricity (household
appliances, lighting equipment etc.) [3]. From the point of
material composition, e-waste can be defined as untypical
mixture of various metals, attached to, covered with, or
mixed with various types of plastics, ceramics and batteries [4, 5]. E-waste contains precious metals, such as Au,
Ag and platinum group metals, as well as potential environmental inorganic (e.g. Pb, Sb, Hg, Cd, Ni) or organic
(e.g. polybrominated diphenyl ethers and polychlorinated
biphenyls) contaminants [5,6]. The recovery of metals from
e-waste seems to be very profitable, because of their concentration that is more than tenfold higher when compared
to commercially mined polymetallic ores [2,3]. Furthermore,
the rapid development of new computer technology, especially in respect to continual changes in its elemental and
intermetallic alloy composition year after year, provides
progressive opportunity in this field [7].
For successful recovery of various metals, the choice
of effective and commercially advantageous process for
metal releasing from e-wastes is very important. However, the traditional chemical or electro-chemical processes
used for leaching of metals from e-wastes have direct or
indirect negative impact on the environment and human
health [8-11]. On the other hand, the biohydrometallurgical processing methods are environmentally friendly
due to their low energy requirements, low gas emission
and waste generation. The biological leaching (bioleaching)
belongs to such processes, based on the application of
growing microorganisms or pure microbial metabolic exoproducts with metal-chelating, redox or acidic properties.
Also, various intracellular microbial processes may contribute to metal release [12-17]. Due to their adaptability to
toxic concentrations of metals and great diversity in metabolic production, the filamentous fungi are finding increased application in these processes [18,19], though the
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autotrophic bacteria, which are more susceptible to elevated metal concentrations, are applied more often [20]. Besides the applied microorganism, the other important aspects of bioleaching treatment are the morphology and
particle size distribution, its pulp density, surface area,
initial pH, or other operating parameters [21] and if the
one-step (e-waste suspended in culture medium is inoculated with microorganism) or two-step (bioleaching of ewaste is applied after pre-culturing of microorganism)
bioleaching, usually under dynamic conditions (e.g. stirring or flow-thorugh method), was applied. However, there
is a lack of literature relating to one-step (bio)leaching
under the static condition. If the effectiveness of nondynamic bioleaching was proved, it should provide the
technology economically advantageous.
This is the reason why the main purpose of this work
was to evaluate the effectiveness of common fungal products, the citric and oxalic acids, and the Aspergillus niger
strain to leach different heavy metals (Cu, Pb, Zn and Cd)
from discarded electronic waste by application of onestep (bio)leaching under static cultivation conditions
during the relative long time period. The morphological
characteristic of the powder prepared from e-waste was
also investigated.
2. MATERIALS AND METHODS
2.1 E-waste components

The e-waste components used in the (bio)leaching
experiments consisted of various personal computer and
mobile phone parts and components, including motherboards, expansion cards, floppy disk, hard disk and compact disk drives, collected from the desktop computer
with Pentium II and Pentium III CPU and mobile phone
Nokia manufactured during the late 1999 to 2002.
The used scrap was subjected to mechanical separation process, crushed and then grounded to a fine powder
according to method described by Ilyas et al. [15]. This
sample was subsequently used for component analysis
and (bio)leaching experiments. Prior to the total metal
concentration analysis, the dried and powdered e-waste
material was digested in concentrated nitric acid. Acid
extraction of metals was accelerated at higher temperature
as described by Medveď et al. [22]. The total content of
desired metals in the e-waste powder is given in Table 1.
Before leaching treatments, particle size distribution, shape,
and morphology of representative sample of e-waste was
examined by scanning electron microscopy (SEM, JXA
840 A, JEOL, Japan) and energy dispersive X-ray microanalysis (EDS) were carried out to determine elemental
composition [23, 24]. For this purpose all samples were
coated with carbon.
2.2 Fungal strain

The mould fungal Aspergillus niger strain was obtained from a dwelling indoor environment in Slovakia

[25], and was maintained on Sabouraud agar (HiMedia,
Mumbai, India) in the dark at room temperature. As inoculum for bioleaching experiments, the spores, washed by
the 5 ml of sterile water from the mycelium surface of the
14-day old culture, were used.
2.3 Microbial and chemical leaching of e-waste

Prior to the (bio)leaching procedure, e-waste sample
was sterilized in a hot air oven at 60 °C for 24 hours.
According to preliminary experiments, the A. niger strain
had the best bioleaching capability from various tested
fungal strains, when applying one-step bioleaching (ewaste suspended in culture medium is directly inoculated
with microorganism [26]) with pro-longed static cultivation
in the dark under laboratory conditions. If not stated otherwise, all experiments mentioned here were replicated at
least in three runs. At the first stage, 42-day long one-step
bioleaching in the dark under laboratory conditions was
carried out in sterile 250 ml Erlenmeyer flasks containing
0.3 g of e-waste and 80 ml of the Sabouraud broth media
(HiMedia, Mumbai, India). The culture medium was
inoculated with a 5 ml spore suspension harvested from
14-day old culture of A. niger strain, as mentioned above.
During the static cultivation of fungus incubated on the
culture medium supplemented with e-waste, the pH value
of culture medium was measured every 6 day. Due to
effort to maintain similar initial pH of medium in one-step
(bio)leaching and control experiments, the pH value of
control (distilled water) with no fungal growth was adjusted to 5.6 ± 0.1 using 0.1 M HCl.
The bioleaching efficiency was compared to 42-day
long chemical leaching by 0.05 M oxalic or 0.05 M citric
acids (Centralchem, Slovak Republic) with e-waste/ solution ratio 0.3 g / 80 ml, incubated under the same conditions as the bioleaching experiment. After (bio)leaching
treatment, the solid residues were filtered by KA2 membrane filter (FILPAP, Czech Republic) and leachate solution was analyzed for the concentration of extracted metals using analyzer EcaFlow.
2.4 Chemical analysis

The content of heavy metals (lead, copper, zinc and
cadmium) in leachate was measured by galvanostatic dissolved chronopotentiometry (EcaFlow 150 GLP; Istran,
Slovak Republic) as described by Urminská et al. [27].
3. RESULTS AND DISCUSSION
3.1 E-waste characteristics

Scanning electron micrographs of e-waste (Fig. 1)
demonstrated noticeable differences in particle morphology and relatively wide particle size distribution ranging
from 0.01 µm to 150 µm. Based on the shape and morphology, the three distinguish categories of particles in ewaste powder may be characterized. First type is characteristic for isometric shape with perfect morphology of
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planes with average size distribution around 10 – 30 µm.
Second type represents various spherical and non-ideal
shapes with disruption planes and inhomogeneous morphology. Typical size dimension is approximately from
40 µm to 100 µm. The third variant is needle-like shape
with dominant longer-size spherical prismatic plane (maximum size 150 µm).

total concentration in e-waste was determined (Table 1)
and as suspected, the major metal was found to be copper
(7.77 mg/kg), followed by lead, which are used for its
conductive properties and for soldering or preventing
oxidation, respectively. Their relative low concentration,
when compared to other reports [28, 29], should be attributed to the relatively high content of non-metallic
components (Fig. 2).
TABLE 1 - Chemical composition of the obtained e-waste powder
after mechanical treatment
Metals/Elements
Cu
Pb
Zn
Cd

Chemical analysis of metals/elements
content in e-waste (mg/kg)
7.77
5.61
2.82
0.05

3.2 (Bio)leaching experiment

FIGURE 1 - Scanning electron micrograph of electronic waste
before leaching treatment.

The e-waste comprised of various potentially toxic
metals, as being shown in Fig. 2, including Cu, Al, Pb,
Sn, Fe, Co and Ni. However, the (bio)logical leaching
only of some most abundant and environmentally harmful
heavy metals is presented in this paper, including Pb, Cd,
Zn and Cu. Prior one-step (bio)leaching experiments, their

The significant leaching efficiency of heavy metals
from e-waste by the A. niger strain in one-step bioleaching, when compared to control experiment or chemical
leaching, was confirmed. The concentrations of Pb, Cd,
Zn and Cu in collected culture medium after 42-day incubation of fungus at presence of e-waste are presented in
Table 2. In view of some other similar experiments, conducted by e.g. Brandl et al. [14], the one-step bioleaching
should be considered as insufficient. For example, while
the relative efficiency of biologically induced extraction
of copper, lead, cadmium and zinc, presented in this paper, was 68.2%, 27.9%, 21.9% and 4.1%, respectively,
the efficiency of the same fungus in Brandl’s work was
similar. But when Brandl et al. [14] used (commercially obtained A. niger metabolite) 2.5 M gluconic acid, suggesting

FIGURE 2 - Qualitative analysis of electronic waste from Fig. 1. before leaching treatment. The main components were Si, Al, Cu, Pb, Sn,
Ca, Fe, Co, Ni (EDX).
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TABLE 2 - Content of the mobilized of heavy metals by microbial leaching with Aspergillus niger strain and chemical leaching with 0.05 M
oxalic acid and 0.05 M citric acids and distilled water from electronic scrap. Metal concentrations were showed in mg.l-1 and metal content
was expressed as a percentage in appropriate column.
Metal

Aspegillus niger
[mg.l-1]
[%]

Oxalic acid
[mg.l-1]

Citric acid
[mg.l-1]

[%]

[%]

H2 O
[mg.l-1]

[%]

Cu

5.27 ± 0.21

68.27

1.02 ± 0.04

13.28

5.24 ± 0.19

67.45

0.007 ± 0.0005

0.09

Pb
Zn
Cd

1.56 ± 0.09
0.11 ± 0.02
0.01 ± 0.005

27.92
4.08
21.90

0.41 ± 0.01
0.05 ± 0.001
0.02 ± 0.005

7.43
1.82
38.92

5.13 ± 0.24
2,59 ± 0.13
0.04 ± 0.001

91.42
91.99
70.8

>0.01
0.01 ± 0.001
>0.01

0.01
0.45
0.1

that for more efficient mobilization of metals, leaching
procedure is appropriated where microbial activity and
biomass production is separated from metals bioleaching,
the leaching test resulted in almost complete solubilisation of the available heavy metals in scrap material. However, this concentration of organic acid is relatively controversial. According to Aung and Ting [30] among the
main organic acids produced by A. niger (oxalic, citric and
gluconic), the main leaching agent of heavy metals from
spent catalyst was citric acid, which was produced at concentrations of approximately 57 mM after 14 days. Similarly Amiri et al. [21] found out that the concentration of
gluconic acid (which did not exceeded the concentration
of ~370 mM) dropped significantly after 7 day of cultivation and slightly reached relatively stable concentration
level of citric acid (~50 mM). At last, the results of bioleaching of refinery processing catalyst presented in paper
of Santhiya and Ting [26] suggest that the effect of twostep bioleaching may be over-exaggerated and the leaching process is more significantly affected by the pulp density and particle size. Therefore, if the method of bioleaching
should be cost effective, simplistic and eco-friendly, the
application of bioengineered microorganisms with enhanced
organic acid production and purified or preconcentrated
microbial extracts should not be considered as alternatives.
As can be seen from control experiments presented in
Tab.2, under slightly acidic conditions (pH 5.6) of pure
water solution, the leached amount of Cu, Pb, Zn and Cd
from e-waste was negligible, which should be regarded to
necessity of the presence of chelating or strongly acidic
agent produced by fungus or added as chemical entity in
effective biologically induced or chemical leaching [3].
Another issue regarding extraction efficiency is the
cultivation period. Although some authors incubated fungi
longer than presented paper (e.g. Santhiya and Ting [30] or
Xu and Ting [19] for 60 day) and the pro-longed period
resulted in higher leaching efficiency, several bioprocesses,
such as bioaccumulation, biovolatilization and biologically
induced precipitation and intracellular sequestration of
metals may affect the total amount of metal leached [17-19,
31-32]. To investigate the possible influence of direct microbial activity on the leaching efficiency, the chemical
leaching using main organic metabolites with concentrations reflecting the real microbial production should be
applied. Previously presented information regarding the

production of organic acids by filamentous fungus A.
niger [21, 26, 30] were sufficient to decide to apply the
0.05 M citric and oxalic acids as chemical leaching agents
in this experiment, considering this concentration in the
range of biologically produced acids by applied fungal
strain.
The best metal leaching efficiency was reached by using of citric acid solution, which extracted approximately
67.4% of Cu, 91.4% of Pb, 70,8% of Cd and almost 92%
of Zn from e-waste, as presented in Table 2. The similar
results were obtained by using citric acid solution from
printed circuit boards, sewage sludge and black shale [5,
17, 33]. Whereas the chemical leaching efficiency of copper from e-waste was comparable to that of fungus, the sole
chemical leaching of lead, zinc and cadmium was significantly higher, when the 0.05 M citric acid was applied.
This may be contributed to various effects, including selective and effective accumulation/sorption of leached metals
by fungus during incubation [34], or more probable by the
lower initial pH of citric acid solution, which was approximately 1.4 and remained relatively stable throughout the
experimental period. However, the acidic extraction using
0.05 M oxalic acid was considerably lower, which is at first
sight, almost contradictive to our previous statement, if the
pH of the solution is taken under consideration. The initial
pH value of oxalic acid solutions was 0.66, which should
imply more efficient leaching. However, according to
results, oxalic acid was capable of mobilizing only 1.8%
of Zn, 38.9% of Cd, 7.4% of Pb and 13.3% of Cu. Similar
outcome of releasing heavy metals were gained using oxalic acid up to concentration of 0.5 M from alkaline zinccarbon batteries, chromated copper arsenate and sewage
sludge [35-37]. The higher concentration of dissolved
heavy metals can be achieved through the formation of
stable metal-citrate complexes and their low ability to form
crystal phases [5, 33], unlike in case of oxalic acid, which
has stronger ability to form crystalline phase (precipitates)
in form of metal oxalates [35,37]. Although the complexation constants for metal-oxalate and metal-citrate have
almost similar magnitude such as Zn-oxalate and Zncitrate, most of the oxalate in solution has capability to
preferentially form precipitates as proposed by Burckhard
et al. [38].
In case of bioleaching, the possible process of metal
precipitation affecting the leaching efficiency seems to be
more complex and relates to broad range of interactions
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of microbial surface and metabolites with dissolved metals in culture medium, including changes in pH value
during fungal incubation.
The pH of solution is one of the most significant factors which play a key role in the (bio)leaching processes.
For example, while the citric acid (maximum ~ 60 mM) is
produced more efficiently under acidic conditions (pH 3),
the optimum for gluconic acid production is at pH of 4.5–
6.5, reflecting the activity of glucose oxidase [39]. The
pH diagram (Fig. 3) demonstrates different trends of the
pH of culture media during incubation of A. niger strain at
presence of e-waste. Initial exponential fungal growth
phase within 5 days of cultivation resulted in rapid decrease
of the pH of culture medium (pH = 3.9). It could be most
likely due to extensive production of acidic secondary
metabolites that had considerable influence on metal releasing from e-waste [14,32]. After the tenth day of cultivation,
the pH of culture medium steadily increased and reached its
maximum on the thirtieth day of cultivation. Similarly,
Amiri et al. [40] marked the 10th day of incubation as the
end of active growth phase after which the significant decrease in concentrations of citric acid in medium was detected, which probable relates to increase of resorption of
produced organic acids by fungus, which probable relates
to observed significant increase of the pH of culture medium on the 14th day of incubation.

of heavy metal leaching by application of slightly acidified distilled water (Tab. 2) clearly demonstrates correlation between insignificant changes in the pH value during
incubation and amount of extracted metals. This outcome
is in good agreement with research of Brandl et al. [14].
4. CONCLUSIONS
In this paper, the potential application and efficiency
of one-step bioleaching process during the pro-longed
static cultivation of A. niger strain at the presence of ewaste with relatively low concentrations of potentially
toxic metals, such as zinc, lead, copper and cadmium is
discussed and compared to sole chemical leaching using
0.05 M solutions of citric and oxalic acids. Applied citric
acid solution was confirmed as better leaching agent when
compared to A. niger strain or oxalic acid leaching efficiency, capable to recovery approximately 70% of Cu and
Cd and more than 90% of Pb and Zn. The effect of oxalic
acid and biologically induced leaching on heavy metal
extraction was less significant and the lower extraction
efficiency probable relates to formation of precipitated
oxalates and relative high pH of culture media during
cultivation of fungus, respectively. According to results,
the one-step bioleaching during static cultivation may not
be considered as suitable for extremely efficient metal
recovery. However, if any method should be applied as an
alternative way for the first-step or final stage of e-waste
treatment, the method must remain simplistic and cost
effective, similarly as presented one-step bioleaching in
this paper. Interactions between e-waste and microorganisms and their secondary metabolites, such as organic
acids, could be considered as one of the most progressive
and environmental friendly, non-toxic and economically
profitable applications in the biohydrometallurgy.
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The other issue is the application of static cultivation,
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leaching efficiency, when compared to dynamic cultivation conditions (e.g. agitation), applied for example by
Brandl et al. [14].
The necessity of the presence of strong chelating or
acidic chemical species for achieving a reasonable leaching efficiency is evident from Fig. 3. The lower efficiency
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ABSTRACT
In order to ascertain the native species best adapted to
different soil and climatic conditions in Mediterranean
areas degraded by the installation of solar photovoltaic
farms, six shrub species, which would act as a hedge,
were planted around the perimeter of a photovoltaic farm
(Olea europaea var. sylvestris, Pistacia lentiscus, Pistacia
terebinthus, Quercus coccifera, Quercus ilex and Retama
sphaerocarpa). In the midst of the solar panels, eight species for revegetation, acting as a cover to protect the soil,
were also planted (Cistus ladanifer, Cistus monspeliensis,
Lavandula angustifolia, Lavandula stoechas, Phillyrea
angustifolia, Rosmarinus officinalis, Romarinus officinalis
var. postratus and Thymus vulgaris) under conditions of
sun or shade (shaded by solar panels).
During 2009 and 2010 the plants of each species were
checked and their survival and growth were recorded. In
the hedge, Retama sphaerocarpa (100%), Olea europaea
var. sylvestris (95.8%) and Pistacia lentiscus (95.8%) had
the highest survival percentages. These were also the species that presented the highest apical growth after two years
(18.3 ± 14.7, 12.3 ± 12.4 and 12.1 ± 5.1 cm, respectively).
Only two of the species planted under the solar panels
had a survival percentage above 50% and these were Cistus
monspeliensis (62.5%) and Phillyrea angustifolia (97.9%),
with increases of the apical growth by 25.6 ± 9.9 cm and
10.3 ± 9.8 cm, respectively. The development of plants
under either sun or shade was not a statistically significant
factor. The results can be extrapolated to other Mediterranean areas dealing with the same problems.
KEYWORDS: Survival, apical growth, Mediterranean shrubs,
sun-shade conditions, species factor.

1. INTRODUCTION
The use of photovoltaic solar energy in Spain has increased over the past five years in an effort to reduce the
* Corresponding author

emission of gases into the atmosphere and to fulfill the
environmental commitments of the country at both the
international and European level.
The installation of a photovoltaic plant often involves
the removal of the topsoil, land leveling and other actions
such as compaction or addition of gravel. These actions
lead to the modification of the original properties of the
soil, the removal of natural vegetation and wildlife associated with it, and the acceleration of erosion due to the
exposure of bare soil and lower levels of infiltration. The
presence of solar panels is in itself a change in land use
and is clearly detrimental to the natural landscape.
In an effort to reduce the environmental impact of the
installation of photovoltaic farms, the regeneration of native vegetation or the revegetation of a proportion of the
land occupied by the photovoltaic farm, along with the
establishment of a hedge on the perimeter of the plot to
reduce the impact on the landscape, were recommended
by the regional legislation (Environmental Assessment Act
of Castilla-La Mancha, 2007). Furthermore, on a national
level, the Regulation of Rural Land (Decree 242/2004)
states that special action must be taken to regenerate natural vegetation and tree barriers in order to improve the
integration into the environment of installations developed
on rural land. For these reasons, measures to fulfill these
standards and other remedial actions to avoid the impact of
photovoltaic plants are required or recommended in reports
on Environmental Impact Assessment.
Native vegetation is best adapted to soil and climatic
characteristics of a particular region, a fact that makes them
suitable to compensate for the impact of the installation of
photovoltaic farms. Erosion is the most significant problem
in the soils of Mediterranean areas and aromatic plants
and shrubs are the most common vegetation in these areas,
so a covering of this type of vegetation is expected to reduce
erosion [1, 2]. It is known that the structure and shape of
vegetation both influence the efficiency of the cover against
erosion [1, 3]. The mono-specific planting of aromatic vegetation will never be as effective against erosion as multistratified natural vegetation [4]. A specific study into revegetation or planting of this type of vegetation on photovoltaic
farms has not been carried out to date and, for this reason,
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it was not known how the solar panels themselves would
influence in the development of vegetation (by shading) –
although several authors [5-7] found that artificial shading
in the reforestation of abandoned Mediterranean areas
increased the soil moisture and decreased mortality.
In order to reduce the impact on the landscape, the use
of native trees and shrub species in plantations around the
perimeter is considered to be a suitable approach. Hedges
are an important component of the landscape and they play
an essential role in maintaining biological diversity [8]. The
type and morphology of the plants that make up the hedge
also influence the soil physical properties as the shrubs
can make the soil more porous, can alter the moisture,
conductivity and clay content to a greater extent than
hedges formed by trees or grasses, while the soil bulk density within the shrub hedgerows was lower than that within
the tree and grass hedgerows [9]. For all these reasons, the
installation of a hedge in photovoltaic farms improves the
ecological conditions of the area and can also reduce the
visual impact.
The first objective of this work was to increase our
knowledge of the species best adapted to revegetation in
solar photovoltaic farms. For this purpose six native species were planted around the perimeter of a photovoltaic
farm to act as a hedge, and eight native species were planted
for revegetation to act as a cover that would protect the soil.
The survival and apical growth were registered in each
case. The second objective was to study the influence of
shade provided by the solar panels. The eight species
mentioned above were introduced in the midst of the solar
panels under conditions of full exposure to sun or partial
shade, with the hypothesis that the survival of different
species could be influenced by this factor.
The interest in this study is based on the fact that it
was conducted under field conditions, a wide variety of
native species were tested and the results can be extrapolated to other Mediterranean areas in which the same problem occurs. Moreover, the findings could prove useful in
the future to provide guidance to the solar photovoltaic
industry.
2. MATERIALS AND METHODS
2.1 Location, climate and soil characteristics

The work was carried out in the facilities of the Institute for Concentration Photovoltaic Systems (ISFOC) on
the industrial estate ‘La Nava III’ in Puertollano (Ciudad
Real, Castilla-La Mancha, Spain) during 2009 and 2010.
The area has annual average temperatures between 14
and 15 ºC and annual rainfall between 400 and 450 mm
and this, in accordance with the Papadakis classification,
is a ‘mild Mediterranean climate’ [10]. The mean temperatures recorded in the study area during in the years 2009
(14.17 ºC) and 2010 (13.92 ºC) were similar to the average values for the previous ten years (13.67 ºC). Regarding
precipitation, in 2009 (451.6 mm) and 2010 (717.6 mm)

there was more rainfall than the average for the last ten
years (400.5 mm·year-1) [11].
The soil has a profile with four horizons, Ap (0-28 cm),
Bt1 (28-63 cm), Bt2 (63-110 cm) and C (> 110 cm), with a
sandy loam texture in the Ap horizon (12.9% clay, 17.2%
silt, 69.9% sand), sandy clay loam in the Bt1 (24.9% clay,
17.2% silt, 57.9% sand) and clay in the Bt2 (52.9% clay,
9.2% silt, 37.9% sand). The soil has a slightly acidic pH
(6.3 in Ap, 5.6 in Bt1 and 6.1 in Bt2). The organic matter
content is high for the Ap horizon (2.8%). The soil is classified as Typic Rhodoxeralf [12] or Haplic Luvisol [13].
The vegetation in the area is similar to oak trees on a silicon
substrate, in the province Luso-extremadurense, in which
natural vegetation includes the species used in this work
[14].
2.2 Experimental design

The study was carried out in two zones (Figure 1): on
the hedge side of the plot six species were planted, Olea
europaea var. sylvestris, Pistacia lentiscus, Pistacia terebinthus, Quercus coccifera, Quercus ilex and Retama
sphaerocarpa. These species were chosen because they
are native, very common in Mediterranean areas, most of
them are evergreen sclerophyllous species and some of them
(Retama sphaerocarpa) are leguminous species that are
very effective in revegetation programs because of their
ability to form symbiotic associations [15]. The plants were
obtained from an authorized local nursery.
Planting was carried out in March 2009, in four randomized blocks of six replicates (Figure 1). Each repetition consisted of 6 one-year-old plants for each species.
There were 24 plants per species, 36 plants per block or
144 plants in total. The plants were separated from each
other by a distance of one meter and they were planted one
meter from the fence that bordered the plot. Farm works
were similar to those carried out by nurseries to ensure the
viability of the vegetation: two support irrigations (in
May and June of 2009) and two manual weedings (in June
2009 and May 2010). During the years 2009 and 2010 the
longest apical length in the living plants was recorded
once a month.
The species chosen for revegetation were planted in the
part of the plot occupied by the solar photovoltaic panels.
The plants were of the appropriate size not to interfere in
the movement direction of the photovoltaic panels. Eight
common species classified as native [15] were planted: Cistus ladanifer, Cistus monspeliensis, Lavandula angustifolia,
Lavandula stoechas, Phillyrea angustifolia, Rosmarinus
officinalis, Romarinus officinalis var. postratus and Thymus vulgaris. Once again, one-year-old plants with different shapes, structures, sizes and growth rates were chosen.
The experimental design was conducted by randomized
block design with four blocks, two under sunny conditions and two under shady conditions (Figure 1). Each block
of eight species consisted of 12 plants per species and
they were separated by 0.5 m from each other and by 1 m
between lines. There were 48 plants per species, 96 plants
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FIGURE 1 - Overview of the ISFOC facilities in Puertollano (Ciudad Real) and location of plantings of hedge and vegetation in the midst of
solar panels under conditions of sun and shade.

per block or 384 plants in total. Planting was carried out
in March 2009. Two support irrigations were carried out
(in May and June of 2009) and two manual weedings (in
June of 2009 and May of 2010) were performed – an
approach that is common in the commercial maintenance
of these plantations. During the years 2009 and 2010 the
longest apical length in living plants was recorded once a
month. At the end of 2009 and 2010 live plants from the
hedge and revegetation area were counted to determine
the survival percentages.
In 2010 both temperature and soil moisture sensors
were installed (Watermark Soil Moisture Sensor, manufactured by the Irometer Company) with probes at depths
of 5 cm and 20 cm for each magnitude. Data were recorded hourly.
2.3 Statistical analysis

Statistical analysis of the data was carried out using the
computer programs STATGRAPHICS Plus 5.1 (Copyright©
1994-2000 Statistical Graphics Corp.) and SPSS v15.0
statistical package (SPSS Inc., Chicago, IL, USA).
Survival data were tested by using simple binary logistic regression in which survival was the dependent
variable. Growth data were analyzed using analysis of

variance (ANOVA) and using the multiple range test
(Fisher's LSD). When data did not satisfy ANOVA requirements because of the heterogeneity of variances, the
Kruskal-Wallis test was applied to check the null hypothesis of equal medians. Significant differences were set at
P>0.05.
3. RESULTS AND DISCUSSION
3.1 Abiotic factors

The soil moisture data at depths of 5 and 20 cm were
recorded in kPa (a higher value indicates lower moisture
content). The average values recorded during 2010 are
shown in Figure 2a. It can be seen that the moisture content is lower under sunny conditions than shade (higher
kPa values) and, for similar levels of sunshine, the soil
moisture content increases with increasing depth (lower
tensiometer readings).
The thermal profile of the soil during 2010 is shown in
Figure 2b. Monthly mean temperatures at different depths
(5 and 20 cm) in the soil under sunny or shady conditions
are shown. The temperature profile in the sunny area is as
one would expect (Figure 2b), with no great variation in the
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a)

b)

FIGURE 2 - a) Monthly average soil moisture values (tensiometer reading, kPa) at 5 and 20 cm in sunny and shady areas in 2010 and b)
Monthly mean temperatures (ºC) in the soil in sunny and shady areas in 2010.

monthly mean temperatures depending on the depths. In
the shady zone, however, the mean temperatures at a
depth of 5 cm are lower (about 2 ºC) than those recorded
at 20 cm because of the shading produced by solar panels.
Statistical differences for moisture and mean temperature data were not observed between sunny or shady
conditions. They were very similar because the shading
was not permanent. Shade was changing with the movement of the solar panels during the day.
3.2 Survival percentage

The first parameter studied was the survival percentage of each species. The shock suffered by seedlings on
being transferred from the nursery to field conditions is
related, in Mediterranean areas, to a shortage of available

water [16-20] because the stress of transplantation is
essentially a water stress [21]. Field seedling water status
is influenced by environmental factors such as the physical properties of the soil which directly affect soil water
availability and root growth capacity [20]. The presence
of weeds increases the competition for water and encourages the latter process [5]. As a result, in many cases the
success of revegetation and reforestation processes is
limited by a low survival percentage [22]. This parameter
is important in the case of cover crops that will not receive additional care and will be planted on a bare soil
without natural vegetation, in other words, under hostile
environmental conditions [16, 23]. In contrast, a high
survival percentage ensures the fulfillment of legal requirements and reduces the cost of planting [5].
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The survival percentages for the six species (hedge)
during 2009 and 2010 are shown in Figure 3. It can be seen
that the species Olea europea var. sylvestris and Retama
sphaerocarpa had the highest survival percentages in both
years. On the other hand, the species from the genus
Quercus had the lowest survival percentage. The survival
percentages were similar in 2009 and 2010 except for Pistacia terebinthus (66.6 % in 2009 and 45.8 % in 2010),
Quercus coccifera (25 % and 20.8 %, respectively) and
Olea europea var. sylvestris (100% and 95.8 %, respectively). The species factor was found to influence the
survival of plants (χ2 = 17.27, df = 1, p = 0.000) in both
2009 and 2010.
The species from the genus Quercus clearly shows
the lowest survival percentage in the first year of planting
(from 29.2% to 25%) and Olea europea var. sylvestris has
the highest survival percentage in the same year (100%).
The summer after planting is the most critical period for
plant survival [5, 7, 18, 20] because it depends on the climatic characteristics and soil, which will allow correct root
development [20, 21]. In December of 2010 the survival
percentages of some species were greater than 50% and it
is worth highlighting Retama sphaerocarpa (95.8 %), Olea
europaea var. sylvestris (95.8%) and Pistacia lentiscus
(70.8 %). The latter two species had already been evaluated
in the revegetation of quarries in Mediterranean areas [24]
and they showed, after eight years of study, very high survival percentages (94% for Olea europaea var. sylvestris
and 95% for Pistacia lentiscus). On the other hand, Retama sphaerocarpa had a survival percentage above 83% in
a three-year experiment carried out in Almeria (Spain) by
Padilla et al. [6] in which it was also concluded that the
survival of mid-successional species, such as leguminous,
was superior to that of late-successional species such as

Olea europaea var. sylvestris and Pistacia lentiscus. The
difference in survival between species can be explained by
the different ranges of tolerance to water stress [17].
After two years Quercus coccifera and Quercus ilex,
which are usually recommended by the regional administration, had the lowest survival percentages (20.8 and
29.2 % respectively). Quercus ilex is known to have low
survival percentages when compared to other Mediterranean species [25]. Padilla et al. [26] drew similar conclusions on using Quercus coccifera, a species recommended
by other regional administrations for reforestation (survival
percentage 1.7 %). However, these findings do not mean
that the use of these species to form hedges should be ruled
out, because in arid and semiarid areas multispecies hedgerows, in which these species play a major role, are recommended [4, 9]. Padilla et al. [6, 26] considered that the
most viable option in Mediterranean environments is the
establishment of mid-successional species such as Retama
sphaerocarpa, along with other late-successional species
such as Quercus coccifera, Olea europaea var. sylvestris
and Pistacia lentiscus.
Focusing on the plants in the midst of the solar panels,
the survival percentages during 2009 and 2010 for each
species are shown in Figure 4. The species that had the
highest survival percentages in 2009 in sunny conditions
were Cistus monspeliensis (95.8 %), Rosmarinus officinalis
(95.8 %), Thymus vulgaris (66.6 %), Lavandula angustifolia (62.5 %) and Phillyrea angustifolia (62.5 %). However,
in 2010 (under the same light conditions) only Cistus monspeliensis (70.8 %) and Phillyrea angustifolia (62.5 %)
had survival percentages greater than 50%. Under shady
conditions, the highest survival percentages in 2009 were
found for Rosmarinus officinalis (95.8 %) and Thymus
vulgaris (83.3 %). In 2010, however, the shaded species

FIGURE 3 - Survival percentages of six Mediterranean species in the hedge in December 2009 (gray) and December 2010 (white).
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FIGURE 4 - Survival percentages of eight Mediterranean species in the midst of solar panels under conditions of sun or shade in December
2009 (gray) and December 2010 (white).

that had the highest survival percentages in 2010 were
Phillyrea angustifolia (62.5 %) and Cistus monspeliensis
(54.2 %). The species factor influenced the survival percentage of the seedings (χ2 = 14.94, df = 1, P = 0.000).
In addition to the species factor, the light regime (sun
or shade) influenced the survival percentage (χ2 = 5.83, df
= 1, P = 0.016). For this reason we ran an independent
logistic regression for each species, with survival as the
dependent variable and sun or shade as the predictor factors (Table 1). It can be observed that the light regime
factor influenced the survival of four species but Cistus
monspeliensis was the only species of interest because of
its survival percentage above 50%. In this sense, Phillyrea
angustifolia also showed survival percentage above 50%

TABLE 1 - Results of the logistic regression with seedling survival
as the response variable and light regime (sun or shade) as the
predictor variable for eight species in the midst of the solar panels.
Bold letters indicate significant differences at P < 0.05.
Species
Cistus ladanifer
Cistus monspeliensis
Lavandula angustifolia
Lavandula stoechas
Phillyrea angustifolia
Rosmarinus officinalis
Rosmarinus officinalis var. postratus
Thymus vulgaris
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Light regime (sun/shade)
χ2
p
0.969
9.080

0.325
0.003

0.494
5.693

0.482
0.017

0.000
4.687
5.225

1.000
0.030
0.022

1.543

0.214
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although the light regime factor did not influence its survival. This fact might be explained due to the different adaptive strategies to response to light (semi-deciduous shrub
Cistus monspeliensis versus evergreen sclerophylls Phillyrea
angustifolia) [15, 28, 29].
The shading increases the soil moisture and decreases
the soil temperature (Figure 2). For this reason, the initial
hypothesis was that the survival percentage of different species should be influenced not only by species factor but by
a light regime factor. Studies reported by some authors
support this hypothesis: Padilla et al. [6] indicated that the
survival of plants in arid environments appears to be controlled by soil moisture, Rey Benayas et al. [5] showed
the influence of shading on the survival of species in the
genus Quercus and Sánchez-Gómez et al. [27] highlighted
interspecific differences in the survival of seedlings of the
genus Quercus and Pistacia depending on the availability
of light. However, the interaction with other environmental
factors (water availability, the presence of other plants, the
presence of nurse plants, the specific properties of the
soil,…) can significantly modify the influence of shading
and soil moisture [5, 6, 20, 29]. The plot where the study
was carried out had a slope of 5%, with a path that retains
water during periods of heavy rain. Unusual weather conditions (rainfall of 717.6 mm in 2010) plus the previous

removal of topsoil in the midst of the solar panels, led to
flooding in the planting area and the effect of this environmental circumstance outweighed the sun or shade factors, with the latter variables no longer influencing survival
of any of the tested species. This flooding phenomena could
have had a marked effect on the survival of the plants in
2010 due to the studies species are characterized as drought
resistant but sensitive to water excess [15, 27].
3.3 Apical growth

The apical growth of the different species with total
survival percentages above 50 % at the end of the study
period is represented in Figure 5. The value was calculated as the difference between the final length and initial
length of the longest shoot of each two-year-old plant
with a positive height increment, as suggested by Oliveira
et al. [24]. Regarding apical growth, variability in data for
plants of the same species is commonly found in this type
of study [5, 17, 24, 27, 30].
The species with the highest apical growth after two
years were, in descending order, Retama sphaerocarpa
(18.3 ± 14.7 cm; mean ± standard deviation), Olea europaea var. sylvestris (12.3 ± 12.4 cm) and Pistacia lentiscus (12.1 ± 5.1 cm). Data for apical growth of these
species in the hedge are represented in a scatter plot for

a)

b)
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FIGURE 5 - Box plot of the apical growth values of plants from species with a survival percentage above 50 % in the hedge (a) and for plants
in the midst of solar panels (b). The mean is represented by a cross.
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the period from the planting to the end of the experiment
(Figure 5a), where the sample size was 20, 17 and 21 twoyear-old plants respectively. It can be seen that a) there
are outliers in the growth of plants for the species Olea
europaea var. sylvestris, b) there is a high dispersion of
data, especially in Retama sphaerocarpa and Olea europaea
var. sylvestris and c) there is a clear asymmetry in the data
for plants of the species Olea europaea var. sylvestris. As
a result, when comparing the apical growth of the different species in the hedge, the data could not be subjected to
ANOVA and the Kruskal-Wallis test was used (H =
18.195, P = 0.0027). This test indicates that the medians
for the growth are not significantly different from each
other at a confidence level of 95% and, for this reason, we
can conclude that the species factor does not influence the
apical growth of different plants for these species.
Retama sphaerocarpa is characterized as a fast-growing
legume and a soil improver, which appears in mid- successional stages and is highly adapted to deforested land. As
a result, authors such as Padilla et al. [6] recommend this
species for revegetation. Pistacia lentiscus is also well
adapted to deforested and degraded land and Olea europaea
var. sylvestris is often chosen for reforestation because
of its rusticity [15], with both species appearing in latesuccessional stages [6]. In an eight-year study Oliveira et al.
[24] established that Pistacia lentiscus presented the most
regular apical growth over the eight year period, while Olea
europaea var. sylvestris tended to increase apical growth at
the end of that period; both species are considered to be
highly recommended for revegetation in Mediterranean
areas. This conclusion is supported by the results of a
study by Sanchez-Gomez et al. [27], in which the relative
growths in height (cm·cm-1·d-1) of eight shrub species
were determined under the same conditions of light intensity and water availability.
Among the species used in revegetation, a survival
percentage above 50% was only reached by Cistus monspeliensis and Phillyrea angustifolia, whose apical growth
data during the study period are represented in Figure 5b.
The presence of some outliers for Phillyrea angustifolia
apical growth can be observed. In this sense, on applying
the Kruskal-Wallis test (H = 26.14, P = 3.15·10-7), the
medians of the apical growth are significantly different from
each other at a confidence level 95%, meaning that the
species factor has an influence on apical growth in this
case. The growth data for the two species in the sunny or
shady conditions did not show statistically significant
differences and, as a consequence, the apical growth of all
plants was considered regardless of the lighting conditions
in which they developed (sample size was 30 and 39 twoyear-old plants, respectively). The resulting apical growth
for Cistus monspeliensis was 25.6±9.9 cm and that for
Phillyrea angustifolia was 10.3±9.8 cm. Cistus monspeliensis experienced the greatest growth in the study
period compared to Phillyrea angustifolia. This fact might
be ex-plained because they belong to different group
attending to ecological and biological criteria [15, 28].

Cistus monspeliensis is a shrub that reaches a height between 0.5 and 2 m at the end of its development, while
Phillyrea angustifolia can reach 3 or 4 meters [15]. Although these plants are very different in size, comparison of
the apical growth in the early stages of development is a
useful indicator of plant vigor and better or worse acclimation to the soil. Despite the importance of this factor, apical
growth should not be the only factor considered when
making the choice of species for revegetation because the
survival of plants and other factors (like morphology) are
properties that must also be taken into account in soil protection [1, 3]. Once again, multi-specific and multistratified cover is recommended to ensure effective protection of the substrate [4].

4. CONCLUSIONS
On the one hand, in the hedge, it is worth highlighting
the highest survival percentage and greatest apical growth
of Olea europaea var. sylvestris (95.8 %, 12.3 ± 12.4 cm),
Retama sphaerocarpa (95.8 %, 18.3 ± 14.7 cm) and Pistacia lentiscus (70.8 %, 12.1 ± 5.1 cm). Although the other
tested species have survival percentages below 50 %, they
are very characteristic of Mediterranean areas (Pistacia
terebinthus, Quercus coccifera and Quercus ilex) and can be
considered for multi-specific and multi-stratified hedges.
In this case, species factor influences the survival percentage but does not influence apical growth after two years of
study.
On the other hand, from the eight native species
planted in the midst of the solar panels only two exceeded
a survival percentage of 50 % in the second year of growth,
Cistus monspeliensis and Phillyrea angustifolia. For all the
species, the species factor proved to be influential on the
survival percentage but the influence of the sun or shade
factor was not demonstrated under the conditions employed in this study.
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ADSORPTION PROPERTIES OF ACTIVE MgO FOR THE
REMOVAL OF DYE POLLUTANTS FROM WASTEWATER
Hongwei Hu*, Xinfeng Zhu, Penghui Shi, Junfeng Wu, Songtao Chen and Yifei Guo
Henan University of Urban Construction, Pingdingshan, Henan 467036, P.R. China

ABSTRACT

waste materials [11-14], various nanomaterials [15-17],
and so forth.

Active MgO was employed as an adsorbent to explore
its capacity and cycle performance of removing azo dye
reactive brilliant red X-3B from solution. Experimental
results indicate that active MgO has a good adsorbent capacity. The percent removal of reactive brilliant red X-3B
increases to about 99.5% with increasing the dose of active
MgO to some extent. Adsorption capacity of active MgO
was not reduced after ten cycles as recyclable material. The
experimental results showed that active MgO was a promising adsorbent to treat wastewater containing the dye.

KEYWORDS: Reactive brilliant red X-3B; active MgO; decolorization; wastewater treatment

1. INTRODUCTION
The textile industry is an important component of the
modern economy, and there are more than 10 000 different
dyes and pigments in the world. According to a recent
study, approximately 700 000 tons of different dyes are
produced annually in the world, and more than 60% of the
world dye production is consumed by textile industries [1].
Azo dyes, representing more than 50% of dyes, are the
largest group of dyes used in the industry [2]. Azo dyes
have complex molecular structure, high degree of chemical,
photolytic, and microbiological stability, difficult degradation properties under natural conditions, and are not easily
removed from water by conventional effluent treatment
systems [3, 4].
Various treatment methods to eliminate dye pollutants
have been developed for decontamination purposes including coagulation, chemical oxidation, membrane separation,
electrochemical processes, and adsorption techniques. Physical adsorption is generally considered to be an effective
method for quickly lowering the concentration of dissolved
dyes in an effluent. A considerable number of researches
also reports the adsorption of dyes on various adsorbent
surfaces, such as activated carbon [5-7], bentonite [8-10],
* Corresponding author

The pollutant adsorbs onto the solid adsorbent surface
from the wastewater, and the quantity of pollutant removed depends on the adsorption capacity of the adsorbent. It would be desirable to recycle the adsorbents to
avoid disposing of the adsorbent system. Some absorbent
materials have some disadvantages including difficult regeneration, and expensive costs. Metal oxides have potential applications in water treatment because of their high
specific surface area, in addition to low production and
regeneration costs.
Magnesite is a natural mineral mainly composed of
magnesium carbonate. Its reserve has reached 3 billion tons
in Liaoning Province, China. It is widely used as raw material for fireproof materials, which are, respectively, used in
the preparation of light weight magnesia, heavy calcined
magnesia, and electric melting magnesium, and small
amounts of magnesium salts. Effects of calcination temperature and residence time, hydration time, amount of
MgO and hydration temperature on the hydration of MgO
have been studied [18, 19]. Despite a number of studies
about the effect of natural magnesite calcination conditions,
i.e. calcination temperature and residence time on MgO
activity, little attention was paid to active MgO used in
wastewater treatment. Active MgO has potential applications in water treatment because of its high specific surface
area in addition to regeneration costs. Obviously, it is desirable to obtain efficient and recyclable adsorbents.
2. MATERIALS AND METHODS
Natural magnesite was supplied by a chemical factory
in Liaoning province, China. More than 98 wt% of the
material had a diameter of less than 74 µm. The chemical
composition of magnesite is listed in Table 1, and heavy
metals without environmentally hazardous are detectable.
The substrate of X-3B dye was obtained from Tianjin
Chemicals Company and used without further puriﬁcation.
Fig.1 displays the structure of reactive brilliant red dye X3B. Dye solutions were prepared by dissolving the dye in
deionized water. Deionized water was used throughout
this study.
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TABLE 1 - Chemical compositions of natural magnesite (wt %).
MgO
SiO2
K2 O
40.46
9.67
0.03
LOI: Loss on ignition.

CaO
1.59

Fe2O3
0.28

Al2O3
1.59

MnO
0.01

Cl0.02

TiO2
0.03

P2 O5
0.02

SO3
0.05

LOI
46.19

FIGURE 1 - Molecular structure of dye X-3B (chemical formula = C19H10O7N6Cl2S2Na2).

The product was characterized with respect to the
chemical composition by crystal phases with a X'Pert
PRO X-Ray diffractometer (Philips, PANalytical B.V.,
Holland) with Cu Kα radiation at a scanning range from
5° to 80°. Adsorption characteristics of active MgO were
determined by absorbance measurements at the maximum
visible absorbance wavelength (536 nm). For this purpose, UV-VIS absorbance spectra were recorded using a
UV-VIS spectrophotometer (Carry 50). The amount of
reactive brilliant red X-3B adsorbed by active MgO was
calculated from the known initial reactive brilliant red X3B concentration and the amount of reactive brilliant red
X-3B measured in the aqueous phase after adsorption.
The dye degradation (%) of the reactive brilliant red X-3B
solution was calculated by Eq. (1):
Dye removal rate (%) = (A0-At)/A0×100%

magnesite was calcined at a temperature of 650 °C with a
residence time of 2 h in a muffle furnace. XRD pattern of
14000
•

12000

• MgCO3

10000

Intensity(accounts)

Magnesite samples were calcined in a lab-scale muffle furnace at 650 °C and residence time of 120 min. Adsorption experiments were performed by mixing 0.2 g of
active MgO with 100 ml of 200 mg/L reactive brilliant red
X-3B solution. The as-prepared suspensions were agitated
using a water-bath shaker with a speed of 300 rpm at room
temperature of 25±1 °C for some time. The suspension
was then sampled by filtering using a vacuum pump and
qualitative filter paper.

◊ CaMg(CO3)2
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FIGURE 2 - XRD pattern of natural magnesite.

• MgO
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where, A0 is the absorbance of initial dye solution and
At is the absorbance of dye solution that had been treated
for t min. The maximum absorption band (λ max) of reactive brilliant red X-3B was located at 536 nm in the spectra.

(c)
◊
◊

◊

◊

(b)

3. RESULTS AND DISCUSSION

(a)

3.1. Preparation of active MgO

The XRD spectrum of the natural magnesite is demonstrated in Fig. 2. Obviously, natural magnesite is mainly
composed of magnesite [Mg(CO3)], but dolomite and quartz
have been also identiﬁed as minor phases present. Natural

10

20

30

40

50

60

70

80

2θ (°)
FIGURE 3 - XRD patterns of samples (a): Active MgO; (b): used
active MgO; c): regenerated active MgO; (d): regenerated active
MgO with ten cycles.
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3.2 Effect of stirring time

The influence of time on the decolorization efficiency
of X-3B on active MgO is illustrated in Fig. 4. It can be
seen from the figure that, with an increase in time, the
decolorization efficiency increased, and almost remained
constant when the reaction time exceeded 20 min. The
solution also turned from brilliant red to colorless. The
reason is the start of stirring in the reaction to reduce the
spread of dye molecules from solution to adsorbent surface resistance, thus helping to spread the dye molecules
into the adsorbent pores and holes of the surface together.
When the solution reached a dynamic equilibrium adsorption time, when more extended time on the decolorization
efficiency is not so obvious. Therefore, we consider that
the choice of response time within 40 min is appropriate.
In this process, magnesium hydroxide can be obtained by
porous active MgO reacting with water. The reactions
may be given as follows [20]:
MgO(s) + H2O(ℓ) → Mg(OH)2(s

equilibrium conditions with a concentration of 3 g L-1
adsorbent. In Fig. 5, the adsorption capacity increased and
the decolorization efficiency decreased with an increase
in dye concentration. The adsorption capabilities of the
dyes on active MgO reached 180 mg g-1 for reactive brilliant red X-3B with initial concentrations of 400 mg L-1.
An increase in the initial dye concentration leads to the
increase in the mass gradient between the solution and the
adsorbent, which acts as a driving force for the transfer of
dye molecules from solution to the particle surface.
105

400

100
350

95
90

300

85
80

250

75
200

70
65

150

60

X-3B Removal
Adsorption capacity

55

Adsorption capacity (mg/g)

calcined product samples is shown in Fig. 3a. Almost all
diffraction peaks are well indexed to crystalline MgO,
revealing high phase purity of the product. There is no
characteristic diffraction peak of MgCO3 found in the XRD
figures revealing the magnesite to be decomposed completely.

X-3B removal (%)
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FIGURE 5 - Effect of initial X-3B concentration on the removal rate
and adsorption capacity of dye on active MgO (initial X-3B concentration: 100-1000 mg·L-1; active MgO dosage: 2 g L-1; temperature:
298 K).

100

3.4 Adsorption isotherms and parameters

The adsorption capacity of reactive brilliant red X-3B
adsorbed per g adsorbent (mg/g) was calculated using
equation (3):

X-3B removal(%)

90

qe = (Ao−At) V/m

80

70

60
0

10

20

30

40

50

Time (min)

FIGURE 4 - Effect of stirring time on the removal of X-3B (active
MgO dosage: 2 g L-1; initial dye concentration: 200 mg·L-1; temperature: 298 K).
3.3 Effect of dye concentration

Aqueous solutions of each of the tested dyes (Fig. 5)
were prepared in final concentrations of 100, 200, 400,
600, and 800 mg L-1. The batch adsorption experiments
were carried out in a volume of 200 ml by adding 0.3 g of
active MgO and 100 ml of the above dye solutions.
The effect of initial dye concentration on the adsorption capacity of the active MgO was investigated under

(3)

The adsorption percentage of reactive brilliant red X3B was calculated by the difference of initial and final
concentration using Eq. (3) where, qe is the equilibrium
concentration of reactive brilliant red X-3B on the adsorbent (mg/g), Ao is the initial concentration of the reactive
brilliant red X-3B solution (mg/L), At is the equilibrium
concentration of the reactive brilliant red X-3B solution
(mg/L), m is the mass of adsorbent (g), V is the volume of
reactive brilliant red X-3B solutions (L). In this study, the
equilibrium experimental data for adsorbed reactive brilliant red X-3B on active MgO were analyzed using the
Langmuir, and Freundlich isotherm models. These isotherms are as follows [21]:
(a) Langmuir isotherm model:
Ce/qe = Ce /qm + 1/ KLqm

(4)

where, Ce is equilibrium concentration of reactive
brilliant red X-3B (mg/L) and qe is the amount of the
reactive brilliant red X-3B adsorbed (mg) per unit of
active MgO (g). qm and KL are the Langmuir constants
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related to the adsorption capacity (mg/g) and the equilibrium constant (mg/L), respectively.

TABLE 2 - Langmuir and Freundlich model constants for adsorption of Reactive brilliant red X-3B onto active MgO.
Langmuir model

(b) Freundlich isotherm model:
logqe = log KF +(1/n)log Ce

(5)

where, KF and n are Freundlich constants related to
adsorption capacity and adsorption intensity, respectively.

KL (L/mg)

0.032

q (mg/L)

294.1

R

2

0.997

Freundlich model

The Langmuir and Freundlich isotherm plots are given in Figs. 6 and 7, respectively. It was found that the
adsorption of reactive brilliant red X-3B onto active MgO
fits better with the Langmuir model (R2 = 0.997) as compared to the Freundlich model (R2 = 0.975) under the
concentration range studied. The equilibrium data for
reactive brilliant red X-3B adsorption on active MgO
were fitted to Langmuir equation (Eq. (4)). Linear plots of
Ce/qe vs. Ce (Fig. 3) were employed to determine the values of qm (mg/g) and KL (mg/L). The calculated results of
the Freundlich and Langmuir isotherm constants are given
in Table 2.
1.6
1.4

1

Ce/qe

4.405

KF (mg/L)

81.75

R2

0.975

3.5 Cycle performance of the adsorbents

The regeneration of absorbent materials is important
for us. It would be desirable to recycle the adsorbents to
avoid damage of the adsorbent system. After dye adsorption, the color of adsorbent changed from pale white to
red. The XRD pattern of adsorption materials from dyes is
shown in Fig. 3c. Some important diffraction peaks are
well indexed to crystalline Mg(OH)2, revealing magnesium oxide to react into magnesium hydroxide.
Adsorption materials from dyes were calcined at 500 °C
with a residence time of 1 h in a muffle furnace. When baking the absorption material, adsorbent color changed from
red to white. The XRD pattern of absorbent materials of
regeneration is shown in Fig. 3c. The adsorption material
is shown to become active MgO again. This reveals that
pollutants have been burned. The related reaction can be
given by

y = 0.0034x + 0.0316
R 2 = 0.9973

1.2

n

0.8
0.6
0.4
0.2

Mg(OH)2→MgO+H2O

0
0

50

100

150

200

250

300

350

400

450

Ce(mg/L)

FIGURE 6 - Langmuir isotherm plot for adsorption of Reactive
brilliant red X-3B onto active MgO.

(6)

Active MgO adsorption - regeneration cycle results
are shown in Fig. 8. In this figure, there is almost no
change in dye removal rate, indicating the activity of
active MgO has a good cycle performance.
102

2.7

101

X-3B Removal(%)

2.5

Logq e

2.3

y = 0.227x + 1.9125
R 2 = 0.975

2.1

1.9

1.7

100
99
98
97

1.5
0

0.5

1

1.5

2

2.5

96

3

0

LogCe

FIGURE 7 - Freundlich isotherm plot for adsorption of Reactive
brilliant red X-3B onto active MgO.

2

4

6
Cycles

8

10

FIGURE 8 - Active MgO adsorption - regeneration cycle results
(active MgO dosage: 2 g L-1; initial dye concentration: 200 mg·L-1;
temperature: 298 K).
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[9]

4. CONCLUSIONS
As environmental problems and concerns increase,
the development of new technologies as alternatives to
traditional methods is required to treat wastewaters. In
this study, active MgO was prepared in a lab-scale muffle
furnace at 650 °C with a residence time of 120 min from
magnesite; it can be used to remove X-3B dye from water
with high efficiency and capability. Under optimal conditions, the average decolorization efficiency was 99.5%.
The results obtained by the experimental study showed
that the activity of magnesium oxide had a good cycle
performance. Therefore, active MgO can be thought to be
an efficient option for the treatment of dye wastewater.
The present results suggest that the active MgO materials
have promising potential applications in environmental
protection.
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COLD SEASON TEMPERATURE PATTERN OVER A HORIZONTAL
SUBSURFACE FLOW CONSTRUCTED WETLAND – APPLICATION
OF THERMOGRAPHY IN ENVIRONMENTAL RESEARCH
Agnieszka Karczmarczyk* and Anna Baryła
Faculty of Civil and Environmental Engineering, Warsaw University of Life Sciences, Nowoursynowska 159 str., 02-776 Warsaw, Poland

ABSTRACT
Horizontal subsurface flow constructed wetlands
work as semi-natural bioreactors for wastewater treatment. Heat associated with incoming wastewater is usually dissipated in the distribution zone of the system. The
presence of plants is an important parameter influencing
thermal conditions in the bed, resulting in lower temperatures in summer, but usually it has little effect on the
effluent temperature in winter. However, dead plant material covered by snow prevents freezing of the bed medium. In this work, the temperature buffering role of a welldeveloped reed bed under autumn-winter conditions has
been assessed by thermography, which is a technique to
obtain images of objects by means of their own heat radiation. The main goals of the work were: (1) to assess the
temperature pattern over the treatment bed in low air
temperature conditions; and (2) to check the possibility of
the application of thermography in the planned research.
Results showed that well-developed Phragmites australis
can thermally insulate the treatment bed. Gradients observed in the canopy varied from 2.7 oC for an air temperature of -17.50 oC to 1.65oC for an air temperature of
+4.50 oC. As a practical effect of the performed research,
it can be stated that dead reed biomass can insulate the
treatment bed during winter and should be harvested not
earlier than during spring time.
KEYWORDS: Phragmites australis, subsurface flow constructed
wetland, temperature, thermography, wastewater treatment

1. INTRODUCTION
Emergent macrophytes (e.g., Phragmites australis)
are the dominant life form in wetlands. In horizontal subsurface flow (HSF) constructed wetlands (CW) the role of
the plants can be pointed out as follows: (1) they stabilize
bed surface and improve aesthetics, (2) they provide insulation, a matrix for attached microbes and a habitat for
wildlife, (3) they release oxygen to the root zone and
* Corresponding author

attenuate light, (4) they support filtration and retention of
solids by the granular matrix, (5) they reduce the volume
of water by transpiration, and (6) they uptake nutrients
and heavy metals from wastewater and increase overall
treatment efficiency [1-5].
The vegetation cover in a wetland can be regarded as
a thick biofilm located between the atmosphere and the
wetland soil in which significant gradients of different
environmental parameters (e.g., wind velocities, temperature) occur [2]. Brix [1] described the effect of a dense
canopy of Phragmites australis on the air temperature
during the summer. Air temperature within the canopy
was around 5 oC higher than above, and around 3 oC higher
than close to the bed surface, as the adsorption effect of
solar radiation. Also, the litter layer during the summer
keeps the temperature of wastewater in the treatment bed
low; however, during the winter, it insulates the bed and
keeps wastewater warmer than air temperature [1].
Temperature is potentially an important parameter as
it relates to wastewater treatment [6]. There is no clear
statement if temperature significantly affects the organic
matter treatment efficiency of constructed wetlands. Allen
et al. [7] showed that temperature influences COD and
TOC removal as well as the root zone oxidation status.
However, other authors [6, 8] showed that there are no
significant differences in treatment efficiency between
summer and winter time, even in cold climates. The lack of
significant temperature effects on organic matter removal
in full-scale HSF has been attributed to sedimentation,
temperature adaptation of microbes, variation in decomposition rates, and thermal buffering by plant litter, snow,
and ground heat [9].
Temperature is a thermodynamic characteristic of the
heat state of a body. Thermography is one of the methods
of temperature measurements by infrared without touching the object. Thermographic investigations are based on
the detection of electromagnetic radiation emitted by the
target objects in the field of infrared radiation, and its
conversion to the visible range. Any body that has a temperature higher than zero absolute emits infrared waves.
This allows one to observe the temperature distribution
and its values on the outer surface of the tested object.
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Thermography is a technique of imaging and recording
the surface temperature fields of studied objects (the temperature at each point) through the detection of infrared
radiation coming from these objects.

obtained from field studies are presented in Fig. 1. Based
on thermographs, temperature distribution over the horizontal subsurface flow wetland was analyzed, and means,
minimum and maximum values are presented in Fig. 2.

Application of infrared measurement is wide in industry, as a new method of technical diagnostics of energy supply systems or thermal insulation of buildings, in
medicine, aircraft, military, archeology, art history, etc. In
environmental research, application of thermography is
rare, and focused mostly on temperature patterns on the
Earth surface, where satellite or thermographs from birdeye view are used.

The day of Oct 14 was warm and sunny, with 9.3 oC
air temperature. The reed cover was still green and well
developed (Fig. 1a). The gradient of temperature, between
HSF surface and level around 1.8 m above, amounted to
1.69 oC. The temperature varied from 8.57 to 10.25 oC,
with a maximum close to the surface of the bed (Fig. 2a).

In this paper, we present the data from infrared observation of a reed cover developed on HSF CW. The
main goal of the research work was to assess the temperature variation in the reed canopy over the treatment bed
under cool air temperature conditions by using thermographs obtained from a thermovision camera.
2. MATERIALS AND METHODS
The HSF CW is located close to Warsaw, central Poland. The CW consists of two parallel horizontal subsurface flow beds of 990 m2 each, planted with common reed
(Phragmites australis). Filtration material is prepared
from site-soil, and consists of medium sand with additions
of calcium, scraped iron, bentonite, crushed bark, and straw.
Each wetland is 0.6 m deep, underlined with gravel and
isolated polyethylene liner (2 mm) from the surrounding
soil. The plant has been operating since December 1998.
The wastewater from 150 inhabitants is pre-treated in a
three-chamber sedimentation tank. The CW is loaded with
wastewater by pumps several times each day, with a total
volume not exceeding 24 m3 d-1 (HRT of 8.6 days). Technical data on the treatment system are presented in [10].
Temperature pattern of the canopy of Phragmites
australis over the treatment bed was measured 4 times in
autumn-winter period (October-January) at the inlet zone
of HSF CW. Thermographs and digital photos were obtained from a FLIR SC 620 camera. Analysis of temperature variation from thermographs was performed by using
FLIR Quick Report 1.2 and STATGRAPHICS Centurion
XVI software. For the reference, measurement of air (2 m
above the surface level) and wastewater temperature (inlet
and outlet zone) was done manually. During measurement
days (14th of October 2010, 1st of December 2010, 27th of
December 2010, 17th of January 2012), we obtained several thermographs from which we choose one for this
study; however, the presented analyses of temperature are
representative.
3. RESULTS AND DISCUSSION
The FLIR camera enables to obtain a thermal picture
as well as a digital photo of the analysed object. Those

The day of 1 Dec was also sunny, but with extremely
low air temperature (-17.30 oC). The reed cover was still
standing but died off. Around 40 cm of snow cover was
observed (Fig. 1b). The gradient of temperature, between
HSF surface and level around 2 m above, in the reed field
amounted to 2.7 oC. The temperature varied from -18.74
to -16.04 oC, with a maximum close to the surface of the
treatment bed (Fig. 2b).
The day of 27 Dec was cloudy (air temperature
around -9.90 oC). Part of the died off reed biomass was
still standing. The gradient of temperature, between HSF
surface and level around 1.6 m above, amounted to 2.2
o
C. The temperature varied from -12.0 to -9.8 oC, with a
maximum close to the surface of the bed. Just before the
measurement, pretreated wastewaters were discharged to
the wetland and, in some places, wastewater was visible
on the surface (Fig. 1c). This can also be a reason of disturbance in distribution of maximum temperature, and its
visible increase close to the bed surface (Fig. 2c).
The day of Jan 17 was sunny, with 4.5 °C air temperature. The died off biomass was still in vertical position.
The gradient of temperature between HSF surface and 1.8
m above in the reed field amounted to 1.65 °C. The temperatures varied from 3.43 °C to 5.08 °C. Maximum temperature was reached close to the surface of the bed (Fig.
2d).
The effect of plants on water temperature has been
studied by several authors [7, 11-14]. This effect is greater
at low (around 4 °C) than high (around 24 °C) air temperatures [7]. The plants and the litter layer may reduce the
excessive temperature gradients that occur in unplanted
beds, especially in summer. Garcia et al. [13] showed that
differences in temperature gradients (vertical distribution
in HSF bed) were mainly attributed to the degree to which
the plant cover had developed, from maximum temperature gradient 12 °C/m when the system had little vegetation to 5.6 °C/m for the system with a significant plant
cover. Allen et al. [7] pointed out that presence and species of plants significantly influenced COD removal; in
some cases, even negating the effect of temperature. The
presence of a fully developed plant cover in HSF greatly
reduces the vertical temperature gradients that are observed in unplanted or poorly vegetated systems in temperate climates, especially during warmer months [7].
Water temperatures in horizontal subsurface flow
wetlands are driven by energy inputs and outputs [15]. In
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a)

b)

c)

d)

FIGURE 1 - Photos and analysed thermographs of the reed canopy: a) 14th Oct 2010, b) 1st Dec 2010, c) 27th Dec 2010, and d) 17th Jan 2012.
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winter time, the plant cover, litter layer and, in some cases,
upper layer of frozen matrix, provides insulation, helping to
keep the filtration medium free of frost [2]. The gradual
warming of the cells along the direction of overall horizontal flow may be also a function of heat transfer from
the underlying native soil [16]. During the winter, the
underlying soil is warmer than the wetland cell, and acts
as a source of energy for the wetland. However, during
the winter months, the primary energy inputs are the heat
of influent wastewater [15]. During the summer months,
effluent temperatures may exceed influent temperatures
[15], indicating the water is being warmed as it passes
through the wetland. But, based on [17], it can be stated
that, in general, the difference between inflow and outflow

water temperatures in HF CWs are negligible. Chmielowski
et al. [18] showed correlation between air temperature
(above 5 °C) and wastewater temperature in an unplanted
sand treatment filter. Increasing of air temperature by 1 °C
resulted in the increase of wastewater temperature from
0.22 °C for raw wastewater (r = 0.59) and 0.27 °C for pretreated wastewater (r = 0.62) to 0.31 °C for treated
wastewater (r = 0.71). In constructed wetlands, energy
losses in summer months are dominated by evapotranspiration [15], which follows a seasonal cycle. Higher rates are
observed in the summer, but in winter, the rates reach
those of unplanted units [19]. Under winter conditions,
both energy gains and losses are minimized and exhibit
little change, resulting in stable effluent temperatures
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above 0.50 °C [15, 16]. The influence of temperature on
treatment efficiency can be also elevated by low hydraulic
load (long retention time) [19].
Apart of the general description of temperature variation in the reed canopy performed by Brix [1] for the summer period, there is a lack of data concerning this problem.
Most researches were focused on the general insulation role
of the wetland plants, when compared with unplanted sites
[7, 22]. From the research performed, it can be stated that
the gradient of temperature between the bed surface and
around 1.6 ÷ 2.0 m above is even higher in winter (2.20 °C;
2.70 °C) than in autumn (1.69 °C). Harvesting of vegetation in the HSF CW is still not unanimous, but seems not to
have significant effect on treatment process [20]. As applicable result of the research, we can conclude that it is
worth not to harvest died off biomass before winter, as the
thermal insulation of canopy can be important.
Wastewater temperature in the treatment bed was
measured twice in December and once in January, at the
inlet and outlet zone. Influent wastewater temperature (after
pre-treatment in Imhoff tank) varied from 1.5 to 5.0 °C, and
in the effluent it amounted to 0.50 °C. It was stated by
Kadlec and Wallace [9] that heat associated with the incoming water is dissipated in the entry region of the wetland system. Warmer water temperature near the inlet
than in the outlet was also observed by Garcia et al. [13].
In winter time, wastewater temperature in the HSF wetland is kept at stable level by the joint influence of insulation of the plant cover and litter layer, heat exchange with
warmer underground soil, and the heat of the influent
wastewater [2, 15, 16].

can insulate the treatment bed, even at extremely low
temperatures (around – 20 °C). The warmest sites were
always close to the surface of the bed covered with Phragmites australis. The gradients of temperature decreased
with increasing air temperature (from 2.7 °C for an air
temperature of -17.50 °C to 1.65 °C for an air temperature
of +4.50 °C). As practical effect of the performed research, it can be stated that died off reed biomass can
insulate treatment at low temperature, and it should not be
harvested before winter.
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Apart of the discussion on the significance of the insulation role of a plant cover for organic matter removal
efficiency, temperature is an important factor influencing
the rates of biological processes of nitrification and denitrification. It is clear that, for activated sludge process, a
decrease of wastewater temperature of about 10 °C may
result in a nitrification activity decrease of about 70%
[23]. From the other site, with increasing temperature,
emission of GHG as CH4 and N2O increases from the
constructed wetland sites [24, 25], which is also an important but not yet estimated factor.
Applications of thermography are wide, but in environmental research, it may bring few but very important
disadvantages. The camera registers not only infrared
visions from the analyzed object, but also from the surroundings. Both rays are disturbed by atmosphere on the
distance from the camera to the object. It is better to make
thermographs in the dark, what is often impossible in
field research. The influence of all mentioned disturbances is extremely difficult to be assessed.
4. CONCLUSIONS
Temperature pattern in reed canopy of a HSF constructed wetland suggests that well developed biomass
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THE EFFECT OF BIOSTIMULANT ON YIELDS
OF MIXED GRASS/RED CLOVER STANDS AND
CHLOROPHYLL CONTENT IN CROP PLANT LEAVES
UNDER DIFFERENT NITROGEN FERTILISATION REGIMES
Grażyna Anna Ciepiela*, Agnieszka Godlewska, and Jolanta Jankowska
University of Natural Sciences and Humanities in Siedlce, ul. B. Prusa 12, 08-110 Siedlce, Poland

ABSTRACT
The objective of the study was to determine the effect
of the biostimulant Kelpak at different nitrogen concentration on the yields and chlorophyll content of mixed
grass and Trifolium pratense stands. Field experiment was
organized as a randomised sub-block design (split-splitplot) with three replicates. The experimental factors were:
the biostimulant Kelpak SL applied prior to each of three
cuttings as a spray at a rate of 2000 dm3 . ha-1 and a control – no biostimulant; nitrogen rate with concentration of
50, 100 and 150 kg . ha-1 and a control (0 kg N . ha-1); four
grass/Trifolium pratense mixtures. The experiment was
carried out to determine yields and chlorophyll content of
the grass-legume mixtures of leaves (SPAD value) within
2010-2012. Application of Kelpak significantly increased
the yields and chlorophyll content of mixed grass-legume
stands. More higher dry matter yields were harvested from
nitrogen-fertilised plots compared with non fertilised plots.
Increasing of nitrogen rates significantly increased the
chlorophyll content of grasses and Trifolium pratense.
The highest yields were recorded for the Dactylis glomerata/Trifolium pratense mixture irrespective of the nitrogen rates and biostimulant variants. The highest yields
were also determined when spraying Kelpak with nitrogen fertilisation at a rate of 150 kg . ha-1.

The objective of the study was to determine the effect
of Kelpak on the yields and chlorophyll content of grass
and Trifolium pratense mixtures at different levels of
nitrogen fertilisation.
2. MATERIALS AND METHODS

KEYWORDS:
Kelpak, Ecklonia maxima extract, cytokinins, auxins

1. INTRODUCTION
Some actions have been undertaken to promote the
sustainable development of agriculture to produce high
quality yields and preserve the biological balance of ecosystems. An application of natural growth regulators could
* Corresponding authors

be the core feature of modern agricultural production. Biostimulant production widely employs algae, particularly
representatives of green, red and brown algae [1]. Algae
contain huge amount of physiologically active substances
such as vitamins or phytohormones like cytokinins [2].
Several researches were carried out to reveal phytohormone-based products. Due to Zodape [3], Masny et al. [4]
and Matysiak et al. [5], extracts from seaweed increase
plant resistance to diseases and pests, adverse environmental conditions (drought, soil salinity), accelerate nutrient uptake and extend the photosynthesis. Usage of phytohormonal biostimulants results in high yields of better
quality [6, 7]. Biostimulant Kelpak was applied in the
cultivation of vegetables and fruits, cereals, rape, maize,
cotton, coffee and tea. However, both Polish and international literature lacks reports on the efficacy of natural
biostimulants in grass cultivation although we know that
their effect depends predominantly on the species, cultivar
of a crop plant and also on the concentration and application method [8, 9].

A field experiment was arranged as a randomised subblock design (split-split-plot) with three replicates at the
Siedlce Experimental Unit of the University of Natural
Sciences and Humanities in late April, 2009. The plot area
was 10 m2. The soil of the experimental site represents
average soils, Hortic Anthrosol (WRB). The initial characteristics of the soil were as follows: neutral pH (pH in
1n KCl = 7.2), high humus content (3.78%), high level of
available phosphorus and magnesium contents (P2O5 –
900 mg . kg-1, Mg – 84 mg . kg-1), average total nitrogen
and available potassium contents (N – 1.8 g . kg-1 d.m.,
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K2O – 19 mg . kg-1). The following factors were examined:
- grass/Trifolium pratense mixtures whose composition is
given in Table 1,
- nitrogen application rate: 50, 100 and 150 kg . ha-1, and a
control (0 kg . ha-1),
- biostimulant with the trade name Kelpak SL applied at
2000 dm3 . ha-1 and a control – no biostimulant.
Kelpak is a growth stimulant unique on the Polish
market which contains natural plant hormones: auxins (11
mg . l-1) and cytokinins (0.03 mg . l-1). It is extract from
the fastest growing seaweed (kelp) Ecklonia maxima
harvested off the coast of South Africa.
The sowing rate of the plants was calculated according to the standards of IMUZ (the Institute for Land Reclamation and Grassland Farming) in Falenty [10], taking
into account the competitive ability of the species and
actual seed viability. In the growing season when the
experiment was set up, neither the nitrogen regime nor the
biostimulant were applied. The season was an introductory period when three weed-control cuttings were made.
After the second cutting, mineral fertilisation was applied
to all the plots at the rates of 30 kg . ha-1 N (ammonium
nitrate) and 30 kg . ha-1 of K2O (potash salt). Phosphorus
was not applied because of its concentration in the soil.
The cutting regime has three harvests per year during
20100-2012. The green matter of each harvest from each
plot was weighed and 0.5 kg-plant material samples were
taken to determine the drying-up coefficient (in order to
calculate the dry matter yield). Ammonium nitrate was
applied three times per year. The total nitrogen amount
was split into three equal rates which were applied before
each cutting. Phosphorus and potassium needs of the mixtures were calculated taking into account the expected dry
matter yields, the appropriate mineral (from the ruminant
nutrition standpoint) contents of hay and soil P and K
availability.
We used coefficients suggested by Fotyma and Mercik [11] to determine the phosphorus and potassium application rates and to convert the amounts of the nutrients
taken up by grass and clover yields into the rates of phosphorus and potassium fertilisers. P and K fertilisation was
applied to all the plots. Phosphorus was applied once as
triple superphosphate at a rate of 40 kg . ha-1 P2O 5 in the

spring. The amount of potassium (160 kg . ha-1 K2O) was
split into three equal rates and applied prior to each cutting as 60% potash salt. The biostimulant was sprayed as
an aqueous solution with concentration of 2000 cm3 per
hectare diluted in water to 400 dm3. The spraying was
performed before each cutting: the first application was
three weeks before the first cutting, the second one two
weeks after the first harvest, and the last one was three
weeks after the second harvest.
Chlorophyll concentration was registered by Minolta
Chlorophyll Meter SPAD-502. It measures the light absorption by leaves at the wavelength of 650 and 940 nm.
The quotients of light absorption at the two wavelengths
are unitless and are called SPAD values. They reflect the
leaf greenness index which corresponds to the total chlorophyll content [12-14]. Measurements were taken in each
plot on 10 randomly selected grass leaves (top leaves) and
10 Trifolium pratense leaves the day before harvest. Five
measurements by meter were made for each leaf followed
by mean calculation.
Statistical analysis included variance analysis of a
four-factor repeated experiment (cut was – the fourth
factor). The experimental design was split-plot-split-block
with the linear models as suggested by Trętowski and
Wójcik [15]. Significance of differences between means
was checked using the Tukey test at the significance level
of α ≤ 0.05.
Weather conditions differed during the study period
(Table 2). Average air temperatures and precipitation sums
in all the growing seasons were higher than the long-term
means. The precipitation had unevenly distribution. The
In rainfall was higher than the long-term means by 115.3
and 80.5 mm in 2010 and 2011 respectively. In July of
2010 the precipitation was 4.5 times higher than the longterm mean for this month, and it constituted 48% of rainfall of the whole growing season. By contrast, intense
rainfall shortages were recorded in April 2010 and September 2011.
3. RESULTS AND DISCUSSION
Analysis of three-year means revealed significant differences between yields of the plants regards the factors
included in the experiment (Table 3.) The usage of Kelpak

TABLE 1 - Composition of mixtures

Species

Cultivar

Dactylis glomerata L.

Amila
Tukan

Festulolium braunii (K.Richt.)
A. Camus

Felopa
Agula

Trifolium pratense L.

Parada

Seed rate (kg . ha-1)
Mixture

Share of seeds (%)
Mixture
I
75

II

III

IV

I
15,7

75

II

III

15,7
75

54,0
75

25

IV

25

25
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54,0
5,2

5,2

5,2
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TABLE 2 - Meteorological condition in growing season of 2010-2012*
Years
2010
2011
2012
Monthly mean
(2002- 2012)
Years

IV
8.9
9.8
9.0

V
14.0
13.4
14.5

7.7

10.0

Air temperatures, mean (0C)
VI
VII
17.4
21.6
18.1
18.2
16.4
20.4
16.1

19.3

Monthly precipitations (mm)
VI
VII
62.6
77.0

Seasonal mean

VIII
19.8
18.1
18.0

IX
11.8
14.4
14.2

18.0

13.0

VIII
106.3

IX
109.9
26.6

15.6
15.3
15.4
14.0
Seasonal sum

2010

IV
10.7

V
93.2

2011

38.1

55.6

44.3

204.2

55.4

2012
40.3
59.7
Monthly mean
52.3
50.0
(2002- 2012)
*
reported by the Meteorological Station in Siedlce

118.7

41.4

64.1

30.8

355.0

68.2

45.7

66.8

60.7

343.7

459.7
424.2

TABLE 3 - Dry matter yield of Trifolium pratense mixture grass (t · ha-1) depending on biostimulant (A), nitrogen dose(B) and year effect
(D) (Total of sum three cuts)

Treatment
(A)

N dose
(kg x ha-1)
(B)

Years (D)
2011
Mixture (C)

2010
Mixture (C)

2012
Mixture (C)

I
10.0

II
10.6

III
8.0

IV
8.8

I
8.2

II
7.8

III
4.4

IV
5.9

I
7.4

II
6.2

III
5.7

IV
4.5

11.4
13.5
14.0

11.7
12.8
13.4

10.3
11.4
12.3

10.4
10.5
12.3

10.4
11.8
12.1

11.5
13.2
13.9

5.2
6.1
6.2

6.4
6.9
7.6

8.0
8.4
8.8

7.7
8.8
9.4

6.3
6.7
7.2

5.2
6.1
7.3

15.2
15.5
16.8

14.0
15.3
17.6

14.1
14.7
16.7

12.7
14.1
15.8

13.1
14.0
14.7

14.8
15.2
16.1

8.0
9.7
11.6

8.5
10.1
11.2

9.1
9.6
10.3

10.0
10.5
11.3

7.6
8.5
9.2

8.1
8.6
10.1

0

20.0
10.7

18.8
11.2

18.1
9.2

17.6
9.6

17.3
9.3

16.6
9.7

12.5
4.8

11.9
6.2

11.6
7.7

12.7
7.0

10.1
6.0

10.4
4.9

50
100
150

13.8
15.4
18.4

13.1
14.7
18.2

11.9
14.4
17.4

11.4
13.4
16.7

12.0
13.6
16.0

13.6
15.0
16.4

6.2
8.9
12.1

7.3
9.3
11.6

8.6
9.4
11.0

9.1
10.3
12.0

7.0
8.1
9.7

6.7
8.4
10.3

Control
13.9
13.8
12.6
12.0
12.0
13.0
Biostimulant
15.2
14.8
13.9
13.6
13.5
14.3
LSD0.05: A x B x C x D – 0.9; A x C x D – 1.0; B x C x D – 0.8;
Means from years 2010-2012
Mixture (C)

7.5
8.4

8.1
9.0

8.8
9.5

9.1
10.1

7.3
8.0

7.2
7.9

Control
Biostimulant
Control
Biostimulant
Control
Biostimulant
Control
Biostimulant

Mean

0
50
100
150

Mean

Control
Biostimulant
Control
Biostimulant
Control
Biostimulant
Control
Biostimulant

Mean

Mean

Mean

I
8.5

II
8.2

III
6.0

IV
6.4

9.9
11.2
11.6

10.3
11.6
12.2

7.3
8.1
8.6

7.3
7.8
9.1

8.7
9.7
10.4

12.5
13.0
13.9

12.9
13.7
15.0

9.9
11.0
12.5

9.8
10.9
12.4

11.3
12.2
13.5

0

16.3
9.2

16.0
9.3

13.6
6.7

13.3
6.9

14.8
8.0

50
100
150

11.4
12.8
15.1

11.9
13.3
15.5

8.3
10.4
13.0

8.5
10.4
12.8

10.0
11.7
14.1

Control
Biostimulant
Mean

11.5
12.7
12.1

11.9
13.1
12.5

9.1
10.1
9.6

9.1
10.2
9.6

10.4
11.5
11.0

0
50
100
150

LSD0.05: A - 0.5; B – 0.6; C – 0.8; A x B x C – 1.0; A x B – 1.1; A x C – 1.1; B x C – 0.7
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significantly increased yields of the grass/ Trifolium
pratense mixtures (by 10.6% compared with the control
yield). The positive effect of the Ecklonia maxima extract
on plant yields has been reported by Verkleij [16], Khan
et al. [17] and Kumar and Sahoo [18] proved significantly
higher plant yields. In turn, Matysiak and Adamczewski
[7] tested Kelpak in their study of several plants and recorded the highest yields for maize 28% higher compared
with the control. Also Sosnowski et al. [19] have reported
that Dactylis glomerata yields were by over 23% higher
following an application of Kelpak. The results of this
study as well as reports of Sosnowski et al. [19] indicate
that grasses are very responsive to an application of Ecklonia maxima extract but increase of the yield depends
upon the plant species. A significant interaction of the
biostimulant and nitrogen fertilisation was found in the nonitrogen plots and the plots where the rate of 150 kg N . ha-1
was applied. The respective yield increases were 19.2 and
9.6%. A statistically significant interaction was observed
between the Ecklonia maxima extract and mixture composition. Significantly higher yields were obtained for
mixture I, II and IV following an application of Kelpak.
The effect of Mixture III was better, though not statistically significant, in plots where plants were sprayed with the
biostimulant.
Nitrogen fertilisation was also the factor which significantly influenced yields of the mixed stands. During
period of study, the response of all the species to the nitrogen regime was similar. The lowest average yields
were harvested for the mixtures from no-nitrogen plots in
each year separately and over the whole three-year period.
The highest yields were registered following nitrogen
application at the rate of 150 kg . ha-1. The average yields
from plots fertilised with 150 kg N . ha-1 were by 49.2%

higher compared with the non-fertilised control. Similar
results have been reported by Staniak [20], Dembek [21]
as well as Kitczak and Czyż [22]. Statistical analysis proved
that the species composition of mixtures was significant
factor affecting the grass/Trifolium pratense yields. Average three-year Dactylis glomerata/Trifolium pratense yields
were by 28.1% higher compared with mixtures including
Festulolium braunii. The differences were most distinct in
the second study year when yields of mixtures I and II
were by as much as 58.4% higher compared with mixtures
III and IV. We found statistically significant interaction of
nitrogen fertilisation with mixture types. With respect to
three-year dry matter yields, increasing of nitrogen rates
significantly improved the effect of each mixture, the best
choice was the Dactylis glomerata/Trifolium pratense
mixture fertilised with 150 kg N . ha-1.
Table 4 presents dry matter yields (t . ha-1) for individual harvests and study years according to the biostimulant, nitrogen rate and mixture type. We proved a oneway effect of the biostimulant on plant yields in 2010 and
2011 as their performance increased by 11.7%, on average. In last year of our study, Kelpak increased yields of
mixtures by 7.4% but the differences were not significant.
An application of the biostimulant increased dry matter
yields of the mixtures at the three harvests irrespective of
the study years, nitrogen rates and mixture types. However, significant differences were determined only for harvest I and II. The nitrogen fertilisation effect was uniform
in all the study years and for all the harvests irrespective
of mixture types and biostimulant application: there was a
significant increase in plant yields. Yields of the Dactylis
glomerata/Trifolium pratense mixture were significantly
higher compared with the Festulolium braunii/ Trifolium pratense mixture in all the study years

TABLE 4 - Dry matter yield (t · ha-1) per individual cuts and study years
Years (D)

Factors experimental
Treatment (A)
N dose
(kg N . ha-1)
(B)

Mixture
(C)
Cut
(E)

Cut (mean of years 2010-2012)
(E)
1
2
3

2010

2011

2012

Control
Biostimulant
0

4.3*
4.8*
3.4*

3.4*
3.8*
2.5*

2.7*
2.9*
2.1*

4.8
5.3
3.8

3.4
3.7
2.5

2.3
2.5
1.7

50
100

4.2*
4.8

3.2*
3.9

2.6*
3.0

4.7
5.2

3.2
3.9

2.2
2.5

150
I
II

5.9*
4.9*
4.8*

4.7*
4.2*
4.5*

3.6*
3.1*
3.2*

6.5
5.4
5.4

4.6
3.8
4.1

3.2
2.9
3.0

III
IV
1

4.4*
4.3*
6.5

2.7*
2.9*
4.7

2.6*
2.5*
4.0

4.5
4.8
-

3.1
3.1
-

2.0
1.9
-

2
3

4.5
2.8

3.5
2.6

2.7
1.9

-

-

-

3.6

2.4

Mean
4.6
3.6
2.8
5.0
NIR0, LSD0.05: D – 0.3; E – 0.3; A x D – 0.2; A x E – 0.2; B x D – 0.2; B x E – 0.2; C x D – 0.5; C x E – 0.5; E x D – 0.3
*mean from three cuts
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and for all the harvests. By contrast, no significant differences were found between yields of mixtures which contained the same grass species. Olszewska et al. [23] and
Sosnowski [24] have reported the highest yields of spring
re-growth of grass/legume mixtures. In the present work
the first harvest produced significantly higher yields of
the mixtures in all the study years, irrespective of Kelpak
application, nitrogen rates and mixture types. The dry matter yields of grasses and Trifolium pratense indicated that
the performance of the species deteriorated in successive
study years. The performance may have also been affected
by the weather conditions. Sufficient precipitation is the
main factor influencing successful yields of grass/legume
mixtures. The data presented in Table 2 indicated that precipitation decreased in successive study years, and have
affected the levels of annual yields.
The leaf chlorophyll content of grass components of
the mixtures varied and depended on all the experimental
factors. In turn, for clover the chlorophyll content depended on an application of the biostimulant and nitrogen
rate (Tables 5 and 6). The mixture type did not influence
the leaf chlorophyll content in clover, because only one

clover species was used in the experiment. The biostimulant applied in the experiment significantly increased the
three-year average chlorophyll contents in grass and Trifolium pratense leaves (by 14.4 and 13%, respectively).
Similar results have been reported by Sosnowski et al.
[19] who demonstrated that foliar application of Kelpak
had increased chlorophyll contents in Dactylis glomerata
leaves. Also, Matysiak et al. [5] have reported a favourable
effect of seaweed extracts (including Kelpak) on chlorophyll
contents in Zea mays leaves. The positive effect of the
Ecklonia maxima on the leaf chlorophyl content has been
reported by Thirumaran et al. [25] and Matysiak et al. [26].
However, earlier studies by Venkataraman and Mohar [27]
revealed a negative influence of Ecklonia maxima extract
on chlorophyll content in plant leaves.
The results of this study and retrospective analysis
indicated that the effect of natural biostimulants on leaf
chlorophyll concentration is not consistent. Analysis of
the average three-year chlorophyll contents showed that
an application of the biostimulant significantly increased
the leaf chlorophyll concentration in grass and Trifolium
pratense according to the nitrogen regiments. The most

TABLE 5 - Average content of chlorophyll in leaves of grass cultivated in mixture grass with Trifolium pratense (value of SPAD) in 2010-2012
Years (D)
2010
2011
Treatment
Mixture (C)
Mixture (C)
(A)
I
II
III
IV
I
II
III
Control
32.9
30.6
32.0
29.4
34.5
34.2
34.6
0
Biostimulant
38.1
35.3
36.4
33.9
40.4
38.2
38.9
Control
35.3
32.6
34.6
33.4
38.8
36.1
38.0
50
Biostimulant
40.7
36.5
39.1
37.7
44.1
41.6
43.0
Control
37.9
33.5
36.7
34.7
41.0
38.5
40.3
100
Biostimulant
42.9
38.2
41.9
39.8
45.9
43.2
46.1
Control
39.8
35.9
39.3
36.8
43.5
39.7
42.5
150
Biostimulant
47.2
41.8
45.2
41.5
49.9
44.7
50.1
0
35.5
33.0
34.2
31.6
37.4
36.2
36.8
50
38.0
34.6
36.8
35.6
41.5
38.8
40.5
Mean
100
40.4
35.8
39.3
37.3
43.4
40.9
43.2
150
43.5
38.9
42.3
39.1
46.7
42.2
46.3
Control
36.5
33.2
35.7
33.6
39.5
37.1
38.9
Mean
Biostimulant
42.2
38.0
40.6
38.2
45.1
41.9
44.5
LSD0.05: A x B x C x D – 3.9; A x C x D – 4.8; B x C x D – 5.0;
Means from years 2010-2012
Mixture (C)
N dose
(kg x ha-1)
(B)

I
II
Control
35.2
33.6
0
Biostimulant
41.1
38.5
Control
38.7
35.8
50
Biostimulant
43.7
40.4
Control
40.7
37.6
100
Biostimulant
46.1
42.6
Control
43.1
39.4
150
Biostimulant
50.1
45.5
0
38.1
36.0
Mean
50
41.2
38.1
100
43.4
40.1
150
46.6
42.5
Control
39.4
36.6
Mean
Biostimulant
45.2
41.8
Mean
42.3
39.2
LSD0.05: A – 1.0; B – 1.9; C – 2.2; A x B x C – 4.5; A x B – 4.7; A x C – 5.1; B x C – 3.9
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III
34.0
39.9
38.1
42.8
40.2
45.6
42.6
49.4
36.9
40.4
42.9
46.0
38.7
44.4
41.6

IV
34.9
40.2
36.7
41.6
38.8
43.5
41.0
49.0
37.5
39.1
41.1
45.0
37.9
43.5

I
38.1
44.9
42.0
46.4
43.1
49.5
46.0
53.0
41.5
44.2
46.3
49.5
42.3
48.5

IV
34.2
39.3
37.1
41.9
39.4
44.5
41.3
47.7
36.8
39.5
42.0
44.5
38.0
43.3
40.7

2012
Mixture (C)
II
III
36.1
35.4
41.9
44.3
38.8
41.6
43.2
46.3
40.8
43.5
46.5
48.8
42.7
46.0
49.9
52.8
39.0
39.9
41.0
44.0
43.7
46.2
46.3
49.4
39.6
41.6
45.4
48.1

IV
38.3
43.9
41.1
46.4
44.8
50.2
46.1
52.7
41.1
43.8
47.5
49.4
42.6
48.3

Mean
34.3
39.7
37.4
42.2
39.5
44.7
41.6
48.1
37.0
39.8
42.1
44.9
38.2
43.7
40.9
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TABLE 6 - Average content of chlorophyll in grass leaves per

individual cuts and study years (value of SPAD)

2010

Years
(D)
2011

2012

1

Control

35.4*

37.5*

41.7*

34.8

38.4

41.5

Biostimulant

40.7*

42.9*

47.6*

39.8

43.8

47.6

33.9*
36.3*
40.7*
33.6
37.0
37.0*
39.2*
43.3*
36.3
40.0
39.2*
41.1*
46.0*
38.2
42.2
(B)
42.4*
43.8*
48.5*
41.0
45.1
39.0*
41.1*
46.9*
39.3
42.3
36.9*
38.4*
42.3*
35.6
39.5
Mixture
(C)
38.2*
40.5*
45.8*
38.1
41.7
38.0*
40.6*
43.5*
35.9
40.7
33.9
36.6
41.2
Cut
(E)
39.0
40.0
44.4
41.3
44.0
48.3
Mean
38.0
40.2
44.6
37.2
41.1
NIR0, LSD0,05 : D – 1.0; E – 1.0; A x D – 5.0; A x E – 5.0; B x D – 4.7; B x E – 4.7; C x D – 3.4; C x E – 3.4; E x D – 2.2
*mean from three cuts

40.4
43.3
45.9
48.7
45.4
42.5
44.8
45.4
44.5

Experimental factors
Treatment
(A)
N dose
(kg N . ha-1)

Cut (mean of years 2010-2012)
(E)
2
3

0
50
100
150
I
II
III
IV
1
2
3

TABLE 7 - Average content of chlorophyll in leaves of Trifolium pratense cultivated in mixtures with Dactylis glomerata and Festulolium
braunii (value of SPAD) in 2010-2012
Years (D)
2010
2011
Mixture (C)
Mixture (C)
I
II
III
IV
I
II
III
Control
39.3
39.8
39.4
37.8
45.9
43.7
45.1
0
Biostimulant
44.4
45.2
47.3
45.4
52.9
51.2
50.9
Control
44.0
42.6
44.7
43.6
49.1
48.4
47.8
50
Biostimulant
49.7
47.7
50.1
49.2
54.8
53.6
53.8
Control
46.0
45.1
47.2
46.3
51.1
49.5
49.2
100
Biostimulant
52.3
52.3
52.3
52.9
57.8
55.6
56.5
Control
48.4
48.2
49.4
49.2
53.1
51.7
52.5
150
Biostimulant
54.2
55.8
55.4
56.1
59.1
59.4
58.9
0
41.9
42.5
43.4
41.6
49.4
47.4
48.0
Mean
50
46.9
45.2
47.4
46.4
51.9
51.0
50.8
100
49.1
48.7
49.7
49.6
54.4
52.5
52.9
150
51.3
52.0
52.4
52.7
56.1
55.6
55.7
Control
44.4
43.9
45.2
44.2
49.8
48.3
48.7
Mean
Biostimulant
50.2
50.2
51.3
50.9
56.1
54.9
55.0
LSD0,05: A x B x C x D – 5.1; A x C x D – 5.8; B x C x D – 5.1;
Means from years 2010-2012
Mixture (C)
Treatment
(A)

Control
Biostimulant
Control
Biostimulant
Control
Biostimulant
Control
Biostimulant

N dose
(kg x ha-1)
(B)

0
50
100
150

IV
44.8
50.3
46.8
53.4
49.7
55.7
51.6
59.2
47.5
50.1
52.7
55.4
48.2
54.6

I
48.5
56.4
52.1
57.9
52.9
59.1
55.0
61.3
52.5
55.0
56.0
58.1
52.1
58.7

2012
Mixture (C)
II
III
49.2
48
54.8
54.8
50.9
51.5
57.2
57.1
52.2
52.9
57.8
59.5
55.0
55.4
61.6
63.7
52.0
51.4
54.1
54.3
55.0
56.2
58.3
59.5
51.8
52.0
57.8
58.8

IV
46.3
53.0
50.6
56.0
51.6
57.4
53.8
61.6
49.7
53.3
54.5
57.7
50.6
57.0

Mean

I
44.6
51.3
48.4
54.1
50.0
56.4
52.2

II
44.2
50.4
47.3
52.8
48.9
55.2
51.6

III
44.2
51.0
48.0
53.6
49.8
56.1
52.4

IV
43.0
49.6
47.0
52.8
49.2
55.3
51.5

58.2

58.9

59.3

59.0

58.9

47.6
50.8
52.9
55.9
48.6
55.0
51.8

46.3
49.9
52.3
55.2
47.7
54.2
50.9

47.3
50.5
52.6
55.4
48.3
54.6
51.4

0
47.9
47.3
Mean
50
51.3
50.1
100
53.2
52.1
150
55.2
55.3
Control
48.8
48.0
Mean
Biostimulant
55.0
54.3
Mean
51.9
51.2
LSD0,05: A – 1.3; B – 2.0; C – n.s.; A x B x C – 5.5 A x B – 5.7; A x C – 6.2; B x C – 4.1
n.s. – not significant differences
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44.0
50.6
47.7
53.4
49.5
55.7
51.9
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TABLE 8 - Average content of chlorophyll in leaves of Trifolium pratense in individual cuts and study years (value of SPAD) in 2010-2012

2010

Years
(D)
2011

2012

45.7*

47.6*

51.6*

Factors experimental
Treatment
(A)

Control

Cut (mean of years 2010-2012)
(E)
1
2
44.4

Biostimulant

51.9*
53.9*
58.4*
50.7
44.8*
46.0*
51.1*
42.4
47.5*
49.9*
54.2*
46.5
49.8*
52.2*
55.9*
49.3
(B)
53.0*
55.2*
58.0*
52.1
49.3*
51.1*
55.2*
47.3
47.7*
51.5*
54.4*
47.1
Mixture
(C)
48.5*
50.8*
56.2*
48.2
49.5*
49.2*
53.9*
47.6
43.2
47.4
52.3
Cut
(E)
49.8
51.2
55.1
53.4
53.6
57.6
Mean
48.8
50.7
55.0
47.6
LSD0,05: D – 1.3; E – 1.3; A x D – 6.0; A x E – 6.0; B x D – 4.9; B x E – 4.9; C x D – n.s.; C x E – n.s.; E x D – 2.3
n.s. – not significant; *mean from three cuts
N dose
(kg N . ha-1)

0
50
100
150
I
II
III
IV
1
2
3

obvious interaction of the factors was for the results obtained from plots without nitrogen or fertilised with 150
kg N . ha-1 . Nitrogen fertilisation significantly increased
chlorophyll concentrations in plant leaves. Increasing
nitrogen rates contributed to increased chlorophyll contents in grass leaves. Comparisons of plants harvested
from plots without nitrogen application and fertilised with
the maximum N rate showed that chlorophyll levels in
leaves increased by 21 and 17.1 % for grasses and Trifolium pratense, respectively. Similar relations have been
reported by other authors [28, 29, 30], too. Chlorophyll
measurements in grass leaves showed that Dactylis glomerata cv Amila and Festulolium braunii cv Felopa had
significantly higher chlorophyll contents in leaves than
Dactylis glomerata cv Tukan.
Leaf chlorophyll contents of tested grasses and Trifolium pratense varied annualy between separate harvests
(Tables 7 and 8), irrespective of Kelpak application, nitrogen rates and mixture types. Kelpak significantly increased leaf chlorophyll content in successive years and
harvests. We found that leaf chlorophyll contents of tested
plants significantly annualy increased following by nitrogen application and harvests, irrespective of the biostimulant and mixture types. In general, the rate of 150 kg N .
ha-1 significantly increased leaf chlorophyll content of
grasses and Trifolium pratense compared with the values
recorded in no-nitrogen plots or in the plots where the rate
of 50 kg N . ha-1 was applied. The nitrogen rate of 100 kg .
ha-1 significantly influenced chlorophyll levels in plant
leaves only when compared with the values for nonfertilised plots. Chlorophyll measurements taken in grass
leaves during 2010-2012 revealed that Dactylis glomerata
cv Amila had significantly higher leaf chlorophyll concentration than Dactylis glomerata cv Tukan. The same
pattern was observed for harvest I (mean for 2010-2012).
It should also be pointed out that chlorophyll levels in
grass and Trifolium pratense leaves increased in succes-

3

48.8

51,6

55.2
48.1
51.0
53.1
55.7
53.0
51.6
51.8
51.4
52.0

58.1
51.4
54.2
55.4
58.4
55.4
54.8
55.4
53.8
54.9

sive study years and varied during the growing season.
The highest leaf chlorophyll content was determined for
harvest II and III, irrespective of biostimulant application,
nitrogen rates and mix types. Similar patterns have been
presented by Olszewska [30]. According to Machul [31],
chlorophyll content is significantly influenced by soil
nitrogen availability and soil moisture. Precipitation sums
in the growing seasons were higher than the long-term
means and precipitation distribution was uneven. However, analysis of the results for successive years and harvests
revealed no such effect of precipitation on chlorophyll
content in the leaves of grasses and Trifolium pratense.
To sum up, the results of the present study demonstrated that all the experimental factors had a significant
effect on yield and chlorophyll content of plant leaves.
What is more, interactions between the factors were significant, as well. An application of Kelpak significantly
increased yields of the mixtures and chlorophyll contents
in the leaves of the tested species, so it seems that the
biostimulant can be used to produce high quality feed
without disturbing the biological balance of ecosystems.
Nevertheless, the issue requires further research.
4. CONCLUSIONS
1.

2.
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An application of the biostimulant Kelpak significantly increased the yields of mixed grass-legume
stands and chlorophyll content in the leaves of the
species studied.
Higher dry matter yields, by 49.2% on average, were
harvested from nitrogen-fertilised plots compared
with the non-N fertilised plots. Increasing nitrogen
rates significantly increased the chlorophyll content
in the leaves of both the grasses and Trifolium
pratense. The highest yields were recorded for the
Dactylis glomerata/Trifolium pratense mixture irre-
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spective of the nitrogen rates and biostimulant variants.
The highest yields of mixtures were determined
when spraying with Kelpak was combined with nitrogen fertilisation at a rate of 150 kg . ha-1.
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ABSTRACT
Salinity is an expanding worldwide issue that affects
agricultural soils and limits the restoration of contaminated sites. In spite of the substantial number of papers about
salt and Cd tolerance in a broad range of Brassica juncea
cultivars, no accounts about the variety juncea (wild type)
have been found. In this study, seeds of B. juncea (var.
juncea) were allowed to germinate and grow for 8 days,
subjected to the individual and combined effect of Cd (0,
15 and 30 mg L -1) and NaCl (0, 60 and 120 mM). Germination was not reduced by any of the treatments, no
oxidative stress was registered, and overall the seedlings
development was not severely impaired. The synergistic
effects of Cd and salt did not appear to have significantly
contributed for growth impairment, and signs of decay
were solely related to the individual effect of Cd and NaCl.
Furthermore, data suggests that mild concentrations of
NaCl enhanced Cd uptake. It was concluded that B.
juncea (var. juncea) may present moderate tolerance to
Cd and salinity during germination and the early growth
stage. Additional research in this and upcoming growth
phases would be crucial to confirm the moderate tolerance
of B. juncea (var. juncea) to Cd and salinity.

KEYWORDS: Salinity; NaCl; Cd; Phytoremediation; Trace metals; Brassica juncea

1. INTRODUCTION
Salinity is a serious concern for soils all around the
world. Over 800 million hectares of land across the world
are salt affected, which accounts for more than 6% of the
total land area of Earth [1]. Most of this salt influenced
soil has arisen from natural causes, as result of the accumulation of salts over long periods of time in arid and
semiarid zones. However, excessive accumulation of salts
* Corresponding author

in soil also occurs extensively in sub-humid and humid
climates, principally in the coastal regions where the entrance of sea water through estuaries, rivers and groundwater provokes large-scale salinization [1,2]. Salinity afflicts
large areas of agricultural soils that become substantially
or partially unproductive, and there are signs that irrigation systems and type of irrigation water have significantly contributed to converting arable lands in saline lands
[3]. Ghassemi et al. [4] reported that 20 to 27% of the
world’s irrigated lands may be salt affected.
Deleterious effects of salinity to plants include the
impairment of mineral nutrition, growth inhibition, water
status imbalance, production of reactive oxygen species
(ROS), and photosynthetic damage [1,3,5–7]. Moreover,
germination and early seedling stages are generally considered more sensitive to salt stress than the other plant
growth phases. Germination is primarily affected by a decrease in water uptake during imbibition due to low solute
potential of the saline growth medium. These salt and osmotic stresses are accountable for both inhibition or delayed seed germination and seedling establishment, and
usually lead to an excessive accumulation of ions and a
sequence of metabolic changes, including enzyme activities, disturbance in N metabolism, imbalance in the levels
of plant growth, and overall diminution in hydrolysis and
use of nutritional reserves [3].
Cadmium (Cd) is a non-essential element for plants,
and excessive concentrations of this trace metal result in
growth and development inhibition, leaf chlorosis, browning of root tips, enzymatic activity alterations and oxidative damage [8,9]. Most contaminated sites holding industrial waste or wastewater, are often exposed to diverse
stresses like trace metals, salinity or drought [10]. Furthermore, the utilization of biosolids as fertilizers because
of their richness in organic content and plant essential
nutrients also represents a major source of Cd for soils
that may be simultaneously affected by salinity [11,12].
Brassica juncea (L.) Czern and Coss is a moderately
drought and salinity tolerant oilseed [3, 5, 13], also noted
for its aptitude to endure, stabilize, extract and accumulate
Cd [10, 14, 15]. In spite of the considerable number of
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papers published about salt and Cd tolerance in a wide
range of B. juncea cultivars predominantly from Asia [3, 5,
10, 13, 16, 17], nothing has been reported, as per our database, about the impact of salinity and Cd on the species
wild type, the variety juncea (var. juncea).
The aim of this study is to assess the individual and
cumulative effect of cadmium and salt stress on the germination and early growth of Brassica juncea (var. juncea).
2. MATERIAL AND METHODS

was assessed after oven drying for 48h at 80ºC and cooled
down to room temperature. Additionally, the length of roots
and shoots and leaf area were also determined.
The seed germination percentage for each treatment
was estimated through the following formula:
Germination (%) = 100 x Number of germinated
seeds/Total number of seeds
Seedling vigor index (SVI) was determined according
to Abdul-Baki and Anderson [20]:
SVI = Germination (%) x Root length

2.1 Plant material and germination conditions

2.3 Determination of Cd, Na, and K in the plant tissue

Healthy B. juncea (var. juncea) seeds acquired at Herbiseed (Herbiseed, Berkshire, United Kingdom) were selected according to uniform criteria and surface sterilized in
sodium hypochlorite 5% for 5 minutes. Seeds were then
placed in sterilized Petri dishes (9 cm diameter) containing a
layer of Whatman No. 3 filter paper, at the rate of 15 seeds
per dish. The filter papers were moistened with 5 mL of
different treatments combining salt and cadmium in conformity with the experimental design described in Table 1.
Salt was supplied as NaCl in concentrations of 0, 60 and
120 mM (0.001, 6.0 and 12.0 dS m-1, respectively), and
cadmium as CdSO4·8H2O (cadmium sulfate octahydrate)
at concentrations of 0, 15 and 30 mgL-1. The treatments
were divided in sets to aid the detection of potential synergistic effects between Cd and NaCl in the results. These
treatments were chosen to be within the medium and upper
limits of cadmium and salinity tolerated by B. juncea
[18, 19]. Each treatment Id was composed by its concentration in Cd and NaCl, respectively (e.g. “15/60” corresponds
to the treatment composed by 15 mg L-1of Cd and 60 mM
of NaCl). The Petri dishes, 5 per treatment, were sealed
with Parafilm™ in order to avoid evaporation, and kept in
a growth chamber at 24±2 ºC with a 16 h photoperiod
(130-135 µmol m-2 s-1) for 8 days. Germination was considered when radicle was extended to at least one mm.

At the end of the experiment, tissues of each plant
were ground and air-dried. Then, 0.5 g of each dried sample was digested in an acid mixture (5mL 65% HNO3 and
3 mL 30% H2O2) in open vessels on a hot plate, followed
by filtration with Whatman No. 42 filter paper [21]. Cd, Na
and K contents in the filtrate were determined by using
inductively coupled plasma-optical emission spectrometry
(ICP-OES; PerkinElmer Optima 4300 DV, PerkinElmer,
Waltham, Massachussets, USA).

2.2 Seedlings growth analysis

Eight-day-old seedlings were randomly picked from
the Petri dishes at the rate of 4 seedlings per treatment and
divided in roots and shoots. Fresh biomass weight (FW)
was determined immediately and dry biomass weight (DW)

2.4 Chlorophyll content

Chlorophyll content was determined as described by
Lichtenthaler [22]. Ten mg of fresh leaf samples were
ground in 2 mL 80% (v/v) acetone. The homogenate was
centrifuged at 3000×g for 10 min (Hettich Zentrifugen
EBA 12R, A. Hettich, Tuttlingen, Germany). The absorbance of the supernatant was measured at 663.2 and 646.8,
maximum absorbance of chlorophyll a and b, respectively
(WPA Lightwave S2000, WPA, Cambridge, United
Kingdom). Acetone 80% (v/v) was used as blank. Total
chlorophyll content was estimated by totaling chlorophyll
a and b contents. The results were expressed as mg g-1
leaf DW.
2.5 Hydrogen Peroxide (H2O2)

The levels of H2O2 were estimated according to a modified version of the method by Alexieva et al. [23]. At the
end of the experiment, one hundred mg of fresh leaves
samples were homogenized at 4ºC with liquid nitrogen
and 2 mL 0.1% (w/v) trichloroacetic acid (TCA). The
homogenate was centrifuged at 12,000×g for 15 min and

TABLE 1 - Experimental design
No. of experimental sets
I

Experimental treatment (id)
0/0*
0/60
0/120
II
15/0*
15/60
15/120
III
30/0*
30/60
30/120
* indicates the control of each experimental set.

Cd concentration (mg L-1)
0
0
0
15
15
15
30
30
30
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NaCl concentration (mM)
0
60
120
0
60
120
0
60
120
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0.5 mL of the supernatant was added to 0.5 mL 10mM
potassium phosphate buffer (pH 7.0) and 1 mL 1M potassium iodide (KI). Absorbance was read at 390 nm. For the
blank, 0.5 mL of 0.1% (w/v) trichloroacetic acid (TCA),
0.5 mL of 10 mM potassium phosphate buffer pH 7.0 and
1 mL of 1 M KI were used. The content of H2O2 was calculated by comparison with a standard calibration curve,
plotted by using different known concentrations of H2O2.
2.6 Statistical Data

The Kolmogorov–Smirnov and Levene’s tests were
used to ensure the normality assumption and the homogeneity of variances, respectively. Analysis of variance (ANOVA) and homogeneity of variance tests were
performed (p≤0.05). Tukey post-hoc comparisons between
groups were carried out for homogeneous data. In case of
no homogeneity, Dunnett’s T3 test was used. For non-

parametric data, the Kruskal-Wallis test and MannWhitney U-test (p≤0.05) were chosen. All statistical analyses were performed using IBM SPSS Statistics 19.0
(SPSS Inc., New York, USA).
3. RESULTS
The seed germination tests did not register any significant differences (p≤0.05) between the treatments (Figure
1A). The SVI was significantly reduced in all treatments
with regard to 0/0. This lessening was particularly evident
on 30/0, in which the lowest value was found (Figure 1B).
Intra-set, the only significant differences relative to control were registered in the 60 and 120 mM NaCl treatments of the 0 mg L-1of Cd set.

FIGURE 1 - Effect of cadmium and salinity on the germination (A) and SVI (B) of Brassica juncea (var. juncea) seedlings. Values followed by
different letters differ significantly at p≤0.05, and * indicates significant difference (p≤0.05) relative to the control of each set, n=4.
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FIGURE 2 - Effect of cadmium and salinity on the dry weight of root (A) and shoot (B), and length of root (C) and shoot (D) of Brassica
juncea (var. juncea) seedlings. Values followed by different letters differ significantly at p≤0.05, and * indicates significant difference (p≤0.05)
relative to the control of each set, n=4.
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FIGURE 3 - Effect of cadmium and salinity on the leaf area of Brassica juncea (var. juncea) seedlings. Values followed by different letters
differ significantly at p≤0.05, and * indicates significant difference (p≤0.05) relative to the control of each set, n=4.

FIGURE 4 - Effect of cadmium and salinity on the H2O2 concentrations (A) and Chlorophyll content (B) of Brassica juncea (var. juncea)
seedlings. Values followed by different letters differ significantly at p≤0.05, and * indicates significant difference (p≤0.05) relative to the
control of each set, n=4.
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While root length measurements were significantly
higher in 0/0, 15/0 and 15/60, the only significant difference in shoot length was found between 0/0 and 0/120,
with the latter presenting smaller values (Figure 2A, 2B).
Root dry weight was maximal in 0/0, whereas relevant
reductions were measured in 0/60, 0/120, 15/120 and the
entire 30 mg L-1of Cd set (Figure 2C). No significant differences were obtained between the treatments in the
shoot dry weight results (Figure 2D). With respect to each
set, significant differences relative to control were found
in the 60 and 120 mM NaCl treatments of the 0 mg L-1of
Cd set, for root and shoot length, and root dry weight
(Figure 2A, 2B, 2C).
Leaves of seedlings grown in 15 and 30mg L-1of Cd
and no salt denoted a significant decay relatively to 0/0
(Figure 3). Moreover, the seedlings of 30/0 in particular,
had their areas significantly shortened in comparison to
the majority of the treatments. Within each set, 0/120,
30/60 and 30/120 exhibited significant leaf area differences
relative to their respective controls.
The concentrations of hydrogen peroxide showed no
significant differences among the treatments (Figure 4A).

B. juncea seedlings developed in the 0/120, 15/120, 30/60
and 30/120 treatments suffered the most significant chlorophyll content alterations, with reductions relative to 0/0
of 61.57%, 57.52%, 50.16% and 58.10%, respectively (Figure 4B). These treatments also revealed significant differences relative to the control of their respective sets.
Cadmium concentrations were topped by the B. juncea
seedlings grown in the 30/60 treatment (Figure 5). The only
significant difference relative to set control happened in the
120 mM NaCl treatment of the 30mg L-1 of Cd set.
Accumulation of K ranked its highest results on seedlings subjected to the 0/0 and 15/0 treatments, while the
lowest concentrations were present in the 0/120, 15/120
and 30/120 treatments (Table 2). Significant differences
in Na content were found between the B. juncea sprouts
grown in the saltless treatments and the 60 and 120 mM
NaCl treatments. Moreover, the results suggest that the
seedlings treated with the 120 mM NaCl solution accumulated greater amounts of Na than those treated with
the 60 mM NaCl solution. The K/Na ratio was maximal
for the B. juncea seedlings developed in the absence of
salt, whereas in the remaining treatments the values were

FIGURE 5 - Effect of cadmium and salinity on the bioaccumulation of Cd in Brassica juncea (var. juncea) seedlings. Values followed by
different letters differ significantly at p≤0.05, and * indicates significant difference (p≤0.05) relative to the control of each set, n=4.

TABLE 2 -Effect of cadmium and salinity on the concentrations of K, Na and K/Na ratio in B. juncea (var. juncea) seedlings.
Treatments
K (mg kg-1 DW)
Na (mg kg-1 DW)
K/Na ratio
0/0
5989.35± 83.81a
6835.83 ± 242.82e
0.88± 0.02b
0/60
4486.34± 38.07c*
43835.60± 2720.31cd*
0.10± 0.01c*
0/120
4030.39± 234.27d*
60164.53± 5552.84a*
0.07± 0.01c*
15/0
5867.92± 60.26a
4528.83± 761.92e
1.32± 0.23a
15/60
4424.66± 74.74c*
41865.87± 3253.37cd*
0.11± 0.1c*
15/120
3862.23± 74.70d*
59053.27± 4973.97ab*
0.07± 0.1c*
30/0
5479.97± 87.71b
5671.05± 1021.74e
0.98± 0.15b
30/60
4488.76± 173.54c*
39596.40± 2468.66d*
0.11± 0.01c*
30/120
3953.51± 83.20d*
50617.53± 3917.31bc*
0.08± 0.01c*
Each value is the mean of four replicate measurements ± SD (standard deviation). Values followed by different letters differ significantly at p≤0.05
and * indicates significant difference (p≤0.05) relative to the control of each set.
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pronouncedly lower. Concerning the results of individual
sets, the 60 and 120 mM NaCl treatments presented significant differences relative to control in the K and Na concentration and K/Na ratio assessments
4. DISCUSSION
Seed germination is the primary exchange interface
with the surrounding medium and has been considered as
highly sensitive to environmental changes [24]. Germination and early growth inhibition are frequent effects of the
individual and concurrent stress caused by salt and Cd in
a large number of B. juncea cultivars [3, 10, 16, 25, 26].
Contrary to the cultivars reported in literature, germination of B. juncea (var. juncea) was not affected by any of
the treatments, and a close look at the SVI figure (Figure
1B) reveals that the synergistic effect between Cd and NaCl
did not enhance the detrimental impact of each individual
stress alone.
Environmental conditions, such as pH, temperature,
salts and trace metals influence root growth [27]. The roots
are responsible for absorption and accumulation of metals
[28], hence metal concentrations affect more the roots than
the shoots of the plant [29]. Mild concentrations of Cd
and salt from 15/0 and 15/60 appeared to be less harmful
for root development than the remaining treatments, and
although the synergistic impact of Cd and NaCl in crop
plants is generally considered to be highly damaging [17,
30, 31], the interaction of both stresses did not increase
the damage of each stress alone (Figure 2A, 2C). Similar
results could only be found in a study by Sepehr and
Ghorbanli [32] with Zea mays seedlings. On the other
hand, the comparison between the saltless treatments
(0/0, 15/0 and 30/0), denoted a significant decrease on the
SVI, radicle length and leaf area as a function of increasing Cd supply, matching the findings of other authors
with this and other species [12, 25, 32, 33]. Cadmium
hampers the uptake, transport and utilization of water and
several elements (Ca, Mg, P and K), and disrupts normal
enzymatic activity [8]. In detail, Cd reduces or inhibits the
activity of nitrate reductase, acid phosphatases (ACPs),
proteases and α-amylases, reducing the absorption of
nitrate and the translocation of hydrolized sugars to shoot
[8, 12].

the pertaining literature [6, 34–36], nevertheless no relevant formation of this ROS was observed in the seedlings
of B. juncea (var. juncea) with rising concentrations of Cd
and NaCl, both alone and combined. The reliance on the
coordinated increase in the activities of antioxidative
enzymes like superoxide dismutase and ascorbate peroxidase has been suggested to explain the mechanism used
by plants to avert the synthesis of hydroxyl radicals and
the elimination of active oxygen species [35,37]. Thus,
the superior response of B. juncea (var. juncea) on scavenging H2O2 may be ascribed to a more effective answer
of its antioxidative enzymes in comparison with the majority of the cultivars referred in the available literature.
Chlorophyll biosynthesis inhibition and degradation
are additional effects of the joint and individual toxicity
of Cd and NaCl associated with many B. juncea cultivars
[3,6,16,17,36,38]. A careful analysis to the chlorophyll
content results suggests that NaCl may exert a more injurious effect on this parameter than Cd, particularly when
contrasting the values of 0/120 and 30/0 (Figure 4B).
Consequently, chlorophyll content decrease in concurrent
Cd and salt treatments may be fundamentally credited to
NaCl.
The enhancement of Cd bioaccumulation in plants by
salt has been broadly described [10,11,30,39]. Although
the mechanism through which salt augments Cd accumulation in plants is not fully understood, a wealth of information provides strong evidence about the direct uptake
2−n
of CdCln complexes [11,30,40,41],and the reduction of
diffusion by chlorocomplexes that ultimately increase the
bioavailability of Cd in the root zone[11,42]. In relation to
their sets controls, the 15/60 and 30/60 treatments increased their Cd concentration in 17.80% and 28.73%,
respectively (Figure 5). This suggests that moderate NaCl
concentrations may indeed promote Cd accumulation,
albeit supplementary growth time could prove decisive to
obtain more significant results.
Na+ enters roots passively, through voltage-independent
(or weakly voltage-dependent) nonselective cation channels
and probably via other Na+ transporters such as some members of the high-affinity K+ transporter (HKT) family [1].
This competition between Na+ and K+ may be the reason
why a reduction in K content was observed with the increment of NaCl.

Unlike the Cd only treatments and several B. juncea
cultivars subjected to similar salinity levels [5], the physiological assays of the first set (0 mg L-1 of Cd) did not reveal
further deterioration with increasing NaCl concentration.
However the sole influence of salt in the selected concentrations was as significant as the remaining treatments. Salt
limits the plant water intake due to elevated osmotic pressure, generates disproportion between essential nutrients,
and causes specific ion toxicities[1].

The concentration of K+ in the cytoplasm relative to
that of Na+ may be a contributing factor to salinity tolerance [1]. Thus, the preservation of high tissue K/Na ratios
has been evoked as an important selection criterion for
salt-tolerance [3, 43]. The significant decrease in the concentrations of K coincide with the lessening of the chlorophyll levels, therefore this could be an evidence that the
maintenance of K content, and subsequently the K/Na
ratio, has an important role against salt toxicity.

Salt and Cd phytotoxicity often leads to oxidative
damage. The production of hydrogen peroxide in a large
number of B. juncea cultivars has been widely referred in

Further investigation about the impact of Cd and salinity on additional ecophysiological traits, in this and later
plant growth stages, would be critical to better comprehend
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the processes behind the results of this study. In particular, supplementary assessments to antioxidative and photochemical parameters could unravel helpful information
about the tolerance mechanisms of B. juncea (var. juncea).

[7]

Yigit, E., Akbulut, G.B., Gok, Y. and Bayram, D. (2012) The
effects of organic selenium on some physiological and biochemical parameters in Hordeum Vulgare L. and Triticum
Aestivum L. exposed to salt stress. Fresenius Environmental
Bulletin 21, 743–747.

[8]

Nagajyoti, P.C., Sreekanth, T.V.M. and Lee, K.D. (2010)
Heavy metals, occurrence and toxicity for plants: a review.
Environmental Chemistry Letters 8, 199–216.

[9]

Ahmad, P., Ozturk, M. and Gucel, S. (2012) Oxidative damage and antioxidants induced by heavy metal stress in two
cultivars of mustard (Brassica juncea L.) plants. Fresenius
Environmental Bulletin 21, 2953–2961.

5. CONCLUSION
The results of this study provide promising signs
about the tolerance of B. juncea (var. juncea) to Cd and
salinity stress during germination and early growth. The
data is particularly interesting when compared to literature reports about a large quantity of B. juncea cultivars,
whose germination and early growth were significantly
stunted in relation to the variety described in this paper.
The synergistic effects of Cd and salt did not appear
to have significantly contributed for early growth impairment, and signs of decay could only be attributed to the
individual effect of Cd and NaCl, in leaf area and chlorophyll content, respectively. Moreover, mild concentrations of NaCl seemed responsible for the increment of Cd
uptake without significant plant harm.
Additional research in this and upcoming growth
stages would be critical to confirm the moderate tolerance
of B. juncea (var. juncea) to Cd and salinity.

[11] Weggler-Beaton, K., McLaughlin, M.J. and Graham, R.D.
(2000) Salinity increases cadmium uptake by wheat and
Swiss chard from soil amended with biosolids. Australian
Journal of Soil Research 38, 37–45.
[12] Kuriakose, S. V and Prasad, M.N.V. (2008) Cadmium stress
affects seed germination and seedling growth in Sorghum bicolor (L.) Moench by changing the activities of hydrolyzing
enzymes. Plant Growth Regulation 54, 143–156.
[13] Hayat, S., Mir, B.A., Wani, A.S., Hasan, S.A., Irfan, M. and
Ahmad, A. (2011) Screening of salt-tolerant genotypes of
Brassica juncea based on photosynthetic attributes. Journal
of Plant Interactions 6, 53–60.
[14] Ebbs, S.D., Lasat, M.M., Brady, D.J., Cornish, J., Gordon, R.
and Kochian, L. V. (1997) Heavy metals in the environment:
Phytoextraction of cadmium and zinc from a contaminated
soil. Journal of Environmental Quality 26, 1424–1430.
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EFFECT OF TWEEN 80 ON REMOVAL
OF CHROMATE USING ULTRAFILTRATION
ENHANCED BY CETYLPYRIDINIUM CHLORIDE
Baowei Zhao*, Wei Li, Yancheng Zhang, Fengfeng Ma and Obemah David Nartey
School of Environmental and Municipal Engineering, Lanzhou Jiaotong University, Lanzhou 730070, P. R. China

ABSTRACT
In this paper, the effect of a nonionic surfactant, Tween
80 (TW80), on the removal of chromate (CrO42-) by micellar enhanced ultrafiltration (MEUF) using cetylpyridinium
chloride (CPC), together with the micellization of mixed
CPC:TW80, as well as the effects of chromate ion concentration, co-existing (Cl-) ion concentration and operating pressure on ultrafiltration using mixed CPC:TW80,
were investigated. The addition of TW80 decreased the
critical micellar concentration (CMC) of surfactant and the
zeta potential of micelles. The chromate rejections increased
and then leveled off with the concentrations of CPC and
CPC:TW80. However, given the total surfactant concentration, the addition of TW80 led to obvious reduction in chromate rejection, where the rejection efficiencies of chromate
ions were negatively related to the mass fractions of
TW80 in mixed CPC:TW80. Correspondingly, the permeate fluxes decreased with the surfactant concentrations and
the extents of flux reduction were positively related to the
TW80 fraction. However, the CPC rejections were much
enhanced by the addition of TW80. Taking the mixed
CPC:TW80 at 5:5 mass ratio, for example, the initial
chromate concentration, co-existing ion (Cl-) concentration
and operating pressure exhibited various effects on the
removal of chromate ions. The results illustrated the effect of a nonionic surfactant on removal of anionic heavy
metal ions using a cationic surfactant in MEUF.

KEYWORDS: Micellar-enhanced ultrafiltration (MEUF), chromate
ions, mixed surfactant, cetylpyridinium chloride, Tween 80

1 INTRODUCTION
The increased contamination of urban and industrial
wastewater by toxic metal ions is a worrying environmental
problem. These inorganic pollutants are of considerable
concern because they are non-biodegradable, highly toxic
* Corresponding author

and have a probable carcinogenic effect. If directly discharged into the sewage system, they may seriously damage the operation of biological treatment as well as make
the activated sludge unsuitable for application to agricultural land [1].
Various treatment techniques for heavy metal- contaminated wastewater have been developed to improve the
quality of the treated effluent, such as chemical precipitation, coagulation-flocculation, flotation, adsorption, ion
exchange, electrochemical treatment, nanofiltration and
reversed osmosis. However, these processes frequently
have some inherent disadvantages, such as intensive energy consumption and excessive sludge production [2, 3].
As a surfactant-based separation process, micellar-enhanced
ultrafiltration (MEUF) has been shown to be an effective
technique for the removal of metal ions from industrial
effluents.
MEUF was originated in 1968 when Michaels proposed to use polymer or surfactant modified ultrafiltration
[4]. In 1979, Leung [5] firstly removed trace metal ions
using MEUF, and since then, the technology has been
studied and currently undergoing improved advancement.
In MEUF, the micelles of an ionic surfactant in an aqueous solution are binding ions on the surface of oppositely
charged micelles via electrostatic interactions. Then, they
can be retained by an ultrafiltration membrane with pore
sizes smaller than micelle sizes. As a result, the metal
ions associated with micelles are removed effectively.
The advantages of this method are the high removal efficiency, low energy consumption and small space requirement due to its high packing density. Furthermore, there is
a strong attract in the fact that MEUF separations have the
potential to recover and recycle heavy metals.
In general, anionic surfactants (for example, sodium
dodecyl sulfate, SDS) are used to remove cationic ions
while cationic surfactants (for example, cetyltrimethylammonium bromide, CTMAB and cetylpyridinium
chloride, CPC) to remove anionic ions, such as CrO42-,
AsO43- and PO43- [6-9]. Moreover, there are always many
surfactant monomers which leak into the permeate due to
the larger critical micellar concentration (CMC) of the
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ionic surfactants. This might raise the ionic surfactant
consumption and bring environmental risks. Ionic and
nonionic surfactants usually form mixed-micelles that
frequently exhibit properties remarkably different from
those of the individual components [10]. Therefore, to
decrease both anionic surfactant dosage and loss, the
mixed anionic/nonionic surfactants have been used and
applied in MEUF recently. Some of them investigated the
simultaneous removal of a heavy metal ion and an organic
compound [11-14]. The others were conducted to remove
heavy metal ions using one or two anionic/nonionic surfactant(s) [15-18]. It is found that the addition of nonionic
surfactants has been shown to reduce the anionic surfactant dosage required for effective removal of metal ions,
and simultaneously, to minimize the anionic surfactant
concentration in the permeate. However, there are few
studies about the effects of nonionic surfactants on the
anionic heavy metal ultrafiltration using cationic surfactants [19], to our knowledge.
In the present work, a nonionic surfactant Tween 80
(TW80) and a cationic surfactant cetylpyridinium chloride
(CPC) were employed to MEUF for separating chromate
ions from simulated wastewater. The main objectives are
(i) to characterize the variation of CMC and zeta potential
of mixed surfactant CPC:TW80; (ii) to investigate the effect
of TW80 on the rejection efficiency of chromate ions, the
permeate flux and the rejection of CPC; and (iii) to investigate the effects of parameters, such as chromate concentration, sodium chloride concentration in the feed solution
and operating pressure on the rejection efficiency of chromate ions using mixed CPC:TW80. The results would make
an implication to the MEUF using the mixed cationic/
nonionic surfactants.
2 MATERIALS AND METHODS
2.1 Materials

Potassium chromate with analytical grade was obtained from Tianjin Kaitong Chemical Company, China
and trichloroethylene with analytical grade from Tianjin
Suzhuang Chemical Company, China. Cetylpyridinium
chloride (CPC) (> 99% purity, 358 g/mol molar weight,
322.2 mg/L CMC) was purchased from Tokyo Chemical
Industry Kabuskiki Kaisha, Japan and Tween 80 (TW80)
(>99% purity, 1309 g/mol molar weight, 73.76 mg/L
CMC) from Acros Organics, USA. All chemicals were used
as received without further purification. Deionized water
was used in all experiments. The membrane used is a
hollow fiber membrane of type UEOS-503, manufactured
by Tianjin Motian Membrane Engineering Technology
Company, China. The dimensions (Φ x L) are 50 mm ×
366 mm. Its MWCO is 6000 Da, and the effective filtration area is 1.5 m2.
2.2 CMC determination

The solubilization method was used to determine CMC
value at 25 ± 1 oC. A series of 20 ml of the solutions of
CPC, TW80 and mixed CPC:TW80 at 8:2, 6:4, 5:5, 4:6
and 2:8 mass ratios with different total concentration (0 to
1000 mg/L) were placed into 50-ml flasks with sealed
caps. A little amount of trichloroethene (TCE) was added
into each flask. These samples were then equilibrated at
150 rpm on a reciprocating shaker (CHA-S Shaker, Jintan
Danyang Instrumental Company, China) for 72 h at 25 ±
1 oC. The samples were subsequently centrifuged on a
Model 752 centrifuge (Shanghai Spectrum Instrumental
Company, China) for 0.5 h at the speed of 3000 rpm to
separate the phases. An appropriate aliquot (0.1 to 1.0 ml)
of the supernatant was transferred with a volumetric pipette and diluted to 10 ml in flasks with 8.0 ml of methanol, and with the rest by water. The TCE concentration
was determined spectrophotometrically (Shanghai Spectrum Instrumental Company, China) at 210 nm. The plots
of apparent solubilities of TCE (S*TCE, mg/L)-surfactant
concentrations (mg/L) yielded two straight lines with different slopes. The intersection of two straight lines on the
plot was the CMC of surfactant.
2.3 Zeta potential test

Zeta potential of the micelles was determined on a
Zetasizer Nano ZS90 instrument (Varian, USA). The
duplicated solutions of CPC and CPC:TW80 at 5:5 mass
ratio with 100, 200, 400, 600, 800 and 1000 mg/L concentrations were prepared, respectively, in which a parallel series of solutions contained 50 mg/L of chromate
ions. And then, the zeta potentials were tested.
2.4 Ultrafiltration procedure

The set-up of MEUF was the same as that reported
by Zhao et al. [13]. The ultrafiltration runs were carried out at room temperature (around 25 oC). Firstly, in
the feed solution, the concentration of chromate ions
was kept at 50 mg/L while the concentrations of CPC
and the mixture of CPC:TW80s at the mass ratios 8:2,
6:4, 5:5, 4:6 and 2:8 were prepared as 0, 100, 200, 400,
600, 800 and 1000 mg/L. Secondly, when the effect of
TW80 on CPC rejection was concerned, the feed solutions with 100, 300 and 600 mg/L of CPC were prepared,
respectively, in which the mass ratios of TW80 to CPC
were kept as 0, 0.5, 1.0, 1.5 and 2.0. Thirdly, when the
effect of initial chromate ion concentration, NaCl concentration and operating pressure on ultrafiltration of chromate
ions using 5:5 CPC:TW80 was tested, the feed solutions
contained 600 mg/L of 5:5 CPC:TW80. All the pH values
of solutions were adjusted around 7. After mixing and
stirring, the resultant solution was allowed to stand for 3 h
(a pre-experiment indicated that 3 h was needed for
chromate ion adsorption equilibrium). The solution was
passed through the hollow fiber ultrafiltration membrane
by a wriggle pump at the operating pressure of 0.07 MPa;
then, permeate and retentive streams came into the permeate and retentive tanks, respectively. And then, the
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permeate flux (J) was measured and the permeate was
sampled at specified intervals. Following each run, the
membrane was washed successively in deionized water,
0.1 mol/L NaOH, deionized water, 500 mg/L NaClO,
deionized water, 0.1 mol/L HNO3 and, finally, in deionized water. Then, deionized water was filtered to determine the permeate flux in order to check the permeability
of membrane.

hand, the hydrophobic interaction between carbon chains of
TW80 molecules and CPC molecules enhanced the formation of micelles [10]. Our previous study showed the
free energy of micellization of mixed ionic/nonionic surfactants were more negative than that of a pure ionic one
[21]. In general, the synergism of mixed surfactant, for
example, reduction in CMC of cationic surfactant, depends upon the strength of interactions between two surfactant molecules.

2.5 Analysis and calculation

2300

The concentration of CPC in the permeate (Cp,CPC)
was measured by bromothymol blue spectrophotometric
method [20] with a 752 spectrophotometer (Shanghai
Spectrum Instrumental Company, China). The concentration of chromate ions was analyzed by diphenylcarbazide
spectrophotometric method at 540 nm with 1.0 cm quartz
cell. The removal efficiencies of chromate and the rejection of surfactants, such as CPC, were calculated by the
following equation:

2100

R=

Cf − Cp
Cf

× 100

S

(1)

A

(2)

where, QP is the feed flux (L/h) and A is the area of
membrane (m2).
3 RESULTS AND DISCUSSION
3.1 Evaluation of CMC and zeta potential of mixed CPC:TW80

The apparent solubilities of TCE were measured at
various surfactant concentrations to determine the CMC
of each surfactant. Fig. 1 shows the plots of apparent
solubilities of TCE (S*TCE) versus the single CPC, TW80
and mixed CPC:TW80 concentrations. Two linear enhancement stages were found and the intersection of two
straight lines on the plot was the CMC of surfactant. As
shown in Fig. 1, the degree of solubility enhancements by
the mixed CPC:TW80 followed the order of 8:2 CPC:TW80
< 6:4 CPC:TW80 < 5:5 CPC:TW80 < 4:6 CPC:TW80 < 2:8
CPC:TW80. Correspondingly, it was found that the CMC
decreased with the fraction of TW80 increasing. The value
of CMC of pure CPC was 322 mg/L while those of mixed
CPC:TW80 were 260, 210, 180, 160 and 110 mg/L when the
mass ratios of CPC:TW80 were 8:2, 6:4, 5:5, 4:6 and 2:8,
respectively, which indicated that the CMCs of mixed
CPC:TW80 were substantially less than that of pure CPC.
This means that the required dosage of mixed surfactant and
the concentration of CPC in the permeate solution could be
reduced if the mixed CPC:TW80 was used in MEUF. On
the one hand, when a nonionic surfactant (TW80) binds
into the micelle, the interface charge separation of cationic
surfactant (CPC) head groups will occur. On the other

1300
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FIGURE 1 - Plots of apparent solubilities of TCE (S*TCE) versus the
single and mixed surfactant concentrations.

Figure 2 shows variation of the zeta potentials of micelles versus the surfactant concentrations. The mixed
CPC:TW80 were prepared at the mass ratio 5:5 of CPC to
TW80. The zeta potential of the pure CPC was 3.6, 7.6,
8.8, 8.0, 8.3 and 9.0 mV when the CPC concentrations
were kept at 100, 200, 400, 600, 800 and 1000 mg/L.
After TW80 was added, zeta potential slightly decreased
to 2.2, 4.1, 2.3, 3.3, 6.1 and 6.6 mV. The incorporation of
TW80 resulted in decrease of the electrostatic repulsion of
surfactant molecules in the mixed micelles compared to
pure CPC micelles, though the amount of total charge was
equivalent. A great increment was observed in zeta potential for pure CPC micelles with chromate ion concentration at 50 mg/L. It was indicated that the surface charge
density of micelles was reduced rapidly.
80
70
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Qp
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where, Cf (mg/L) and Cp (mg/L) are the concentrations of chromate ions and CPC in the feed and permeate.
The permeate flux J (L/m2·h) is defined as follows:
J=

1700
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FIGURE 2 - Plots of zeta potentials of micelles versus surfactant
concentrations.
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FIGURE 3 - Relationship between removal efficiencies of chromate
ions and surfactant concentrations.
3.2 Effects of TW80 on ultrafiltration using CPC

The removal efficiencies of chromate ions (RCr) by
the single CPC and the mixed CPC:TW80 solutions were
demonstrated in Fig. 3. When no surfactant was used, the
removal efficiency of chromate ions was 14.0%, which
might be attributed to the adsorption of the membrane. RCr
increased sharply when the surfactant concentrations were
less than 400 mg/L, and then leveled off with the surfactant concentration. Given the total surfactant concentrations, RCr decreased with the fraction of TW80 in the
mixed CPC:TW80, and the extents of chromate removal
using single and mixed surfactants followed the order of
CPC > 8:2 CPC:TW80 > 6:4 CPC:TW80 > 5:5 CPC:TW80
> 4:6 CPC:TW80 > 2:8 CPC:TW80. The decrease in chromate ion rejection was mainly due to the reduction of the
charge density at the micelle surface with the addition of
TW80. From Fig. 2, it could be deduced that the zeta potential decreased with the addition of TW80 into CPC
solution, which implied that the surface charge density of
the micelle decreased. The lowered surface electric potential resulted in the drop of removal efficiency of chromate
ions. Obviously, the charges on micelles decreased as long
as the mass fraction of nonionic surfactant increased. It has
been accepted that in a MEUF operation, anionic metal
ions are rejected by the electrostatic attraction between
metal ions and the cationic micelles. As the fraction of CPC
in a mixed surfactant decreases, CPC molecules in the
mixed micelles decrease, which brings about those posi-

tive charges on the mixed micellar surface, and chromate
rejection decreases [22]. It was found that the relationship
between RCr and surfactant concentration followed the
below empirical equation:
(3)

RCr = RCr , max − A exp(−k1Cs )

where, RCr,max (%) is the maximum removal efficiency obtained by regression; Cs (mg/L) is the concentration
of surfactant used; A (%) is the calculated factor, and k1
(L/mg) is the rate constant for variation of RCr with Cs.
The regression results are listed in Table 1. The obtained
RCr,max were 96.4%, 92.0%, 90.7%, 85.6%, 84.4% and
77.0%, which were negatively related to the mass fraction
of TW80 in mixed CPC:TW80. The values of k1 also
decreased with the fraction of TW80, which indicated that
the increment of RCr by addition of per unit mass of CPC
was larger than those by addition of per unit mass of
mixed CPC:TW80, i.e. it was more efficient to use single
CPC to reject chromate ions. In addition, when CPC and
mixed CPC:TW80 concentrations were below their CMCs,
obvious rejection was also found. Huang et al. [23] and
Samper et al. [24] also reported similar results. Theoretically, there are no micelles formed at surfactant concentrations
below CMC and, therefore, there is not any metal ion
rejection. There are some possible explanations for this
phenomenon. Firstly, the adsorption of the membrane
resulted in some rejection of metal ions (as RCr = 14.0%
when no surfactant was used in this study). Secondly, the
CPC concentration in the gel layer can exceed the CMC,
and micelles can exist in the region. The region is called
as concentration polarization layer [25], which can hold
metal ions by electrostatic interaction. Thirdly, the metal
ions can be electrostatically attracted by the sorbed CPC
molecules on the membrane, and then, be rejected.
Figure 4 represents the effect of CPC and mixed
CPC-TW80 on the permeate flux (J) in the procedure of
chromate ion ultrafiltration. The values of J in the presence of surfactants were in the order of CPC > 8:2
CPC:TW80 > 6:4 CPC:TW80 > 5:5 CPC:TW80 > 4:6
CPC:TW80 > 2:8 CPC:TW80. Meanwhile, the fluxes
were reduced with increasing the concentrations of single
and mixed surfactants. Polarization may be the reason for
flux reduction. When the concentration of surfactant is
below its CMC, no micelle exists in the bulk solution. The
surfactant concentration in layer adjacent to the membrane
surface is higher than that in the bulk solution. When the

TABLE 1 - Regression results of variation of RCr and J with surfactant concentration.

Surfactant

RCr,max
(%)

RCr
k1
(10-3 L/mg)

J
A
(%)

R2

3729

Jmin
(L/m2 h)

k2
(10-3L/mg)

B
(L/m2 h)

R2
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CPC
8:2 CPC:TW80
6:4 CPC:TW80
5:5 CPC:TW80
4:6 CPC:TW80
2:8 CPC:TW80

96.4
92.0
90.7
85.6
84.4
77.0
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7.5
6.8
6.3
6.5
6.2
4.6

83.4
78.5
77.0
72.5
71.4
63.4

0.9884
0.9838
0.9799
0.9867
0.9867
0.9980
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1.89
2.15
2.27
2.23
2.08
1.74

0.85
1.7
3.1
4.4
8.1
9.2

1.26
0.98
0.83
0.86
1.06
1.39

0.9721
0.9827
0.9537
0.8739
0.9471
0.9329
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concentration of surfactant is over its CMC, micelles are
present in the bulk solution. Meanwhile, many micelles
accumulate at the membrane surface and the membrane
resistance increases. As mentioned above, the addition of
TW80 led to much reduction in the CMC of mixed
CPC:TW80. This means that the permeate fluxes in the
MEUF using mixed CPC:TW80 would be less than that
using single CPC if the total amount of surfactant was
equal. It was found that the resulting variation of J with
surfactant concentration could be fitted by the following
equation:

J = J min+ B exp(−k2Cs )

(4)

where, Jmin (L/m2 h) is the minimum flux obtained by
regression; Cs (mg/L) is the concentration of surfactant
used; B (%) is the calculated factor, and k2 (L/mg) is the
rate constant for variation of J with Cs. The regression
results are also listed in Table 1. The values of k2 increased obviously with the fraction of TW80, which indicated that the decrement of J by addition of per unit mass
of mixed CPC:TW80 was larger than those by addition of
per unit mass of CPC, i.e. it was more difficult to pass the
stream through the membrane using mixed CPC:TW80
for enhanced ultrafiltration.
3.5
3.0

2

J (L/m h)

2.5
2.0
1.5
1.0

CPC

CPC:TW=8:2

CPC:TW=6:4

CPC:TW=5:5

CPC:TW=4:6

CPC:TW=2:8
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0
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400

600

800

1000

Surfactant concentration (mg/L)

FIGURE 4 - Relationship between permeate fluxes and surfactant
concentrations during chromate ion rejection.

As expected, the rejection of CPC increased monotonously with the increasing mass ratios of TW80 to CPC
when the feed CPC concentrations were 100, 300 and 600
mg/L, respectively, as shown in Fig. 5. Given the 100,
300 and 600 mg/L of CPC concentrations, the rejection
efficiencies of CPC (RCPC) increased from 63.7% to
86.1%, 84.4% to 92.5% and 86.1% to 96.2% when the
mass fraction of TW80 increased from 0 to 2.0. The reason was that the addition of TW80 effectively reduced the
CMC of the mixed system. As mentioned above, the incorporation of nonionic surfactants into micelles of ionic
surfactants caused the separation of the charged ionic
hydrophilic head groups, and reduced the electrical repulsion in the Stern layer of the micelles. It is well-known

that cationic surfactants have bactericidal action while nonionic surfactants easily degrade. The much rejection of
cationic surfactants would be beneficial to the late treatment of permeate solution.
100

90
R CPC （%）
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FIGURE 5 - Rejection of CPC as a function of mass fraction of
nonionic surfactant.
3.3 Effect of chromate, chloride concentrations and operating
pressure on ultrafiltration using 5:5 CPC:TW80

The effects of chromate ion concentration, coexisting anionic ion concentration (sodium chloride) in
the feed solution and the operating pressure were investigated in the process of chromate ion ultrafiltration using
600 mg/L of 5:5 CPC-TW80. The results are listed in
Table 2. The removal efficiencies of chromate increased
slightly from 73.9% to 83.7%, and further decreased to
78.3% when the feed concentrations of chromate ions were
changed from 10 to 70 and 110 mg/L. A similar trend was
also observed in the Ni/SDS ultrafiltration system [26]. In
fact, the binding of counter ions with the micellar surface
charges is related to their concentrations. The drop of
chromate retention observed at lower chromate concentration was probably due to the low-feed chromate concentration. When the concentration of chromate in the feed solution increased continuously, chromate rejection declined
slightly since the micelles became more and more saturated. A slight decrement (0.36 L/m2 h) in the permeate flux
variation with the feed chromate concentrations was observed, which was due to membrane fouling, the adsorption
of surfactant on the membrane surface, and concentration
polarization [6, 7, 27].
Table 2 also shows the effects of NaCl concentration
in feed solution on ultrafiltration of chromate ions in the
presence of 5:5 CPC-TW80 at a concentration of 600 mg/L.
The removal efficiencies could be greatly reduced by the
addition of NaCl. When the concentrations of NaCl were
altered between 0 to 7 g/L, the removal rates of chromate
ions were reduced from 82.5% to 17.3%. On the one
hand, the CMC of surfactant can be decreased with addition of electrolyte (i.e NaCl), which reduced the surfactant
concentration in permeate. On the other hand, the compe-
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TABLE 2 - Effects of chromate, chloride concentrations and operating pressure on ultrafiltration of chromate ions using 5:5 CPC:TW80.

Concentration
(mg/L)
10
30
50
70
90
110

Chromate
RCr
(%)
73.9
78.0
82.5
83.7
81.6
78.3

J
(L/m2 h)
2.50
2.45
2.40
2.31
2.26
2.14

Sodium chloride
Concentration
RCr
J
(g/L)
(%)
(L/m2 h)
0
82.5
2.40
1
54.9
2.50
3
48.9
2.55
5
43.6
2.67
6
31.9
2.79
7
17.3
2.86

tition between anions Cl- and metal ions CrO42- onto the
charged micelles brought about decreasing adsorption of
target ions onto micelles [16]. However, when the concentrations of NaCl were altered between 0 to 7 g/L, the
permeate flux increased from 2.40 to 2.86 L/m2 h.
Table 2 describes the effect of operating pressure on
the retention of chromate ions and the permeate flux at a
fixed chromate concentration of 50 mg/L in the presence
of 5:5 CPC:TW80 at a concentration of 600 mg/L. The
rejection efficiencies remained almost constant with the
variation of operating pressure. With the increase of the
pressure, the permeate flux increased.
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ABSTRACT
In this study, the removal of Cu(II) and Pb(II) ions
from aqueous solutions using the brown algae Padina
pavonica J.V. Lamouroux 1816 was studied, and the effects
of solution pH, the contact time, and the initial metal
concentration on biosorption were investigated. The pH
affected the biosorption capacity, and optimum pH value
was 6 for both ions, and the sorption process reached
equilibrium in 30 min. The application of Freundlich and
Langmuir isotherm models showed that the type of adsorption (physical and chemical) changed, depending on
the selected metal. According to recovery studies, the best
eluents were 0.1 M HCl for the Cu(II) ions and 0.1 M
HNO3 for the Pb(II) ions. Therefore, the removal of Pb(II)
was more efficient than that of Cu(II) when P. pavonica
was used as a biosorbent.

in humans [12]. At very low concentrations, it has lethal
effects on aquatic organisms [13]. Very small doses of Pb
may be highly toxic in the aquatic environment, and may
damage the ecological system through the air, water, and
soil. The presence of metal ions in wastewater is hazardous to the aquatic system and raises many risks for human
beings [14].
The purpose of this study was to test the ability of the
brown algae Padina pavonica J.V. Lamouroux 1816 to
remove Cu(II) and Pb(II) ions from aqueous solutions.
The effects of the following experimental parameters on
heavy metal uptake were studied: pH, contact time, initial
heavy metal concentration, mixed metal solutions, and
desorption with different solutions. The experimental data
were correlated with different adsorption isotherm models. The results indicated that the removal of Pb(II) from
aqueous solutions with P. pavonica was more efficient
than that of Cu(II).

KEYWORDS:
Biosorption, Cu, heavy metal, Padina pavonica, Pb

2 MATERIALS AND METHODS
2.1 Biomass preparation

1 INTRODUCTION
Heavy metal pollution due to increasing technology
and human activities has become one of the most important
environmental problems in recent years [1-3]. Chemical
precipitation, ion exchange, extraction, biological processing,
adsorption, or purification by membranes are some of the
conventional methods employed for water purification [4,
5]. Biosorption has also been introduced in recent years. Its
shorter treatment time means it is more economical [6]. It
also removes a higher concentration of heavy metals than
other methods [7, 8], and it is less harmful to the environment [9]. The heavy metal uptake capacities of many
types of nonliving biomass, such as fungi, bacteria, and
algae, have been studied to determine their utility as biosorbents [7, 10, 11].
Copper (Cu), being an essential element for human
life, is widely used in many industries. However, at high
concentration, it causes many diseases, including cancer
* Corresponding author

Brown algae P. pavonica were collected from Dardanelles Strait, Yeni Koy Coast. The biomass was washed to
remove impurities and treated with 1 M HCl for 3 h at
room temperature under slow stirring, then oven-dried at
60 °C to constant weight, ground, and sieved into fractions. Fractions with 0.30–0.45 mm particle size were
used in the experiments.
2.2 Reagents and equipment

All chemicals used in this study were of analytical
grade (Fluka for Pb(II) and Aldrich for Cu(II)), and distilled
water was used to prepare all solutions. For the biosorption
experiments, a stock Cu(II) solution (1000 mg/L) was prepared from CuCl2, and a stock Pb(II) solution (1000 mg/L)
was prepared from Pb(NO3)2. The metal concentrations in
the solutions were determined using an AAnalyst 700
Perkin-Elmer (Perkin Elmer Corp., Norwalk, CT, USA)
atomic absorption spectrophotometer (AAS). The pH values of the aqueous solutions were measured with a Precisa
pH 960 meter. The pH was adjusted by the addition of 0.1 M
HCl or 0.1 M NaOH. The samples were filtered with a
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Millipore Millex-HV, hydrophilic PVDF 0.45-µm syringe
filter. A WiseBath WSB-30 model shaker was used in the
experiments.

was calculated using Eq. (2). Referring to the metal uptake, qt substituted qe. Langmuir and Freundlich adsorption isotherms were used for all the solutions.

2.3 Biosorption experiments

2.7 Adsorption from the metal solution mixture

The batch adsorption technique was used for sorption
of the metal ions from the aqueous solution. In total, 25 mg
of each biosorbent was placed in a 50-ml Falcon tube, and
10 ml of metal ion solution were added. The Falcon tubes
were shaken at 250 rpm at room temperature for 150 min,
and then filtered with a syringe filter. The supernatant was
measured using AAS. Hollow-cathode lamps were operated at 10 mA, with a slit width of 0.7 nm using airacetylene. The analytical wavelength was set to 216.5 and
217 nm for the Cu(II) and Pb(II) ions, respectively. The
optimum conditions for all parameters were applied to the
sorption of heavy metals with P. pavonica.

A total of 25 mg biomass was added to a 10-ml metal
solution mixture (1-5-10 mg/L Cu(II) – Cd(II) - Pb(II) Co(II) ions) and shaken for 30 min at 250 rpm and room
temperature. The samples were analyzed by AAS, and the
% removal capacity was calculated using Eq. 1.

The optimum pH for heavy metal biosorption was examined by adding 25 mg of algal biomass to heavy metal
solutions with various pH values (3–7). The Falcon tubes
were shaken for 150 min at 250 rpm and room temperature. The samples were filtered, and the supernatant was
AAS-analyzed.
The % removal (R) of heavy metals from the aqueous
solution was calculated as follows:
% removal =

(Co − Ce )
Co

x 100,

(1)

where, Co is the initial heavy metal concentration
(mg/L) and Ce is the measured amount of adsorbed heavy
metal concentration in equilibrium (mg/L).
2.5 Determination of optimum contact time

A total of 25 mg of biomass was added to 10 ml of
heavy metal solution, and the pH was adjusted to 6. Falcon tubes were shaken at room temperature for different
time intervals (10, 20, 30, 60, 90, 150, and 300 min). The
samples were filtered and then analyzed by AAS.
The amount of metal uptake, qt (mg/g), at each interval was calculated using the following equation:

(C o − C e )
qt =
xV
M

(2)

A total of 25 mg biomass was added to a 10-ml metal
solution (10 mg/L, pH 6). The samples were shaken for
30 min and filtered. The biomass was then stripped with
5 ml of different chemicals (0.1 M HCl, 0.1 M HNO3,
DW, and 0.1 M EDTA), and again shaken for 30 min at
250 rpm and room temperature. The samples were analyzed with AAS, and the % desorption capacity was calculated.
3 RESULTS AND DISCUSSION
3.1 Determination of optimum pH

The pH of the solution is one of the most important
parameters for biosorption [15-18]. The influence of the
initial pH on the adsorption capacities of both metal ions
is shown in Fig. 1. The optimum pH was 6 for the two
ions (42.76% for Cu(II) ions and 100% for Pb(II) ions)
(Fig. 1). The functional groups on the surface of the algae
are positively charged at low pH [19], and metal binding
to the surface becomes difficult because of competition
between hydrogen and metal ions [20-22]. The results of
the current study are similar to those reported in other
studies with different types of Padina species [13, 23,
24].
11 0
10 0
90
80

%%	
  
Removal
T utunma

2.4 Determination of optimum pH

2.8 Desorption study

where, Co (mg/L) is the initial metal concentration, Ce
(mg/L) is the concentration of the metal in solution at a
given time, V is the volume of the metal solution (L), and
M (g) is the mass of the biosorbent (dry weight).
2.6 Adsorption isotherms

A 10-ml sample (pH 6) with several concentrations
(1-50 mg/L) prepared from the Cu(II) and Pb(II) solutions
was added into a Falcon tube containing 25 mg of algae.
The solution was shaken for 30 min. The amount of metal
sorbent at equilibrium qe (mg/g), Ce (mg/L), and Co (mg/L)

70
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20
3

4

5
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7
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FIGURE 1 - Effect of pH on biosorption of Cu(II) (■) and Pb(II) (○)
ions by P. pavonica (initial metal concentration 10 mg/L, 25 mg
biomass, contact time: 150 min).
3.2 Determination of optimum contact time

The contact time also affects biosorption capacities
(qt), which are given in Fig. 2. The equilibrium was reached
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in 30 min for both Cu(II) and Pb(II) ions. The results are
similar to findings recorded in previous studies [13, 24,
25]. The solution pH was set to 6 and the contact time to
30 min in the following experiments.

of P. pavonica and the other adsorbents is presented in
25
Table
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FIGURE 2 - Effect of time on biosorption of Cu(II) (■) and Pb (II)
(○) ions by P. pavonica (25 mg biomass, initial metal concentration
10 mg/L , pH 6).
3.3 Adsorption isotherms

The monolayer of the adsorbate on the adsorbent surface
was predicted with the Langmuir model [26] as follows:

Ce
C
1
=
+ e,
qe q m a L q m

(3)

where, qe, is the amount of adsorbent (mg/g), Ce is the
equilibrium concentration of the metal ion (mg/L), qm is
the maximum adsorption capacity, and aL is the Langmuir
constant related to the energy of adsorption.
The multilayer adsorption isotherm, the Freundlich
model, was applied to the heterogeneous surfaces. A linear
form of the Freundlich equation is shown below [27]:
log qe=log Kf + 1/ n log Ce

(4)

where, Kf (mg/g) is related to the adsorption capacity,
and n is an empirical parameter that varies with the degree
of heterogeneity.
The adsorption isotherm used to characterize the interaction between the metal ions and the algal biomass in
this study is given in Fig. 3. The equilibrium data were
analyzed with Langmuir (Fig. 4) and Freundlich isotherms
(Fig. 5).
According to the results, adsorbance increased with
an increase in solution concentration. The maximum
adsorption capacity was 2.74 mg/g for Cu(II) ions and
24.93 mg/g for Pb(II) ions. The Langmuir isotherm model
(R2 = 0.996), showed a better fit than the Freundlich isotherm model for Cu(II) ions, and the Freundlich isotherm
model fitted well to the Pb(II) ions (R2 = 0.999) (Table 1).
A comparison of the maximum adsorption capacity (qm)

FIGURE 3 - Sorption isotherm curves for biosorption of Cu(II) (■)
and Pb(II) (○) ions onto P. pavonica (25 mg biomass, initial metal
concentration 10 mg/L, pH 6, contact time 30 min).
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FIGURE 4 - Langmuir isotherm plots for biosorption of Cu(II) (■)
and Pb(II) (○) ions onto P. pavonica (25 mg biomass, initial metal
concentration 10 mg/L, pH 6, contact time 30 min).
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FIGURE 5 - Freundlich isotherm plots for biosorption of Cu(II) (■)
and Pb(II) (○) ions onto P. pavonica (25 mg biomass, initial metal
concentration 10 mg/L, pH 6, contact time 30 min).
TABLE 1 - A comparison of Langmuir and Freundlich isotherm
models for Cu(II) and Pb(II) ions by P. pavonica.
P. pavonica
Metal
Cu
Pb

Langmuir
isotherm model
qm (mg/g) aL
RL 2
2.74
0.364 0.996
24.93 0.099 0.966

Freundlich
isotherm model
n
Kf (mg/g) RF2
2.52
0.74
0.918
2.03
3.14
0.999

EDTA, and 0.1 M HNO3) were examined, and for the
ions of each eluent given in Table 4. The results showed
that 0.1 M HCl (82.41%) was the most efficient eluent for
Cu(II) ions, and 0.1 M HNO3 (56.34%) was the best for
Pb(II) ions.
TABLE 4 - Desorption of Cu(II) and Pb(II) ions by different eluents: 0.1 M HNO3, 0.1 M HCl, deionized water (DW) and 0.1 M
EDTA.
P. pavonica

TABLE 2 - Comparison of maximum adsorption capacity (qm) for
sorption of P. pavonica by different adsorbents.
Adsorbent
Asparagopsis armata
Asparagopsis armata
Ulva reticulata
Ulva lactuca
Colpomenia sinuosa
Colpomenia sinuosa
Sargassum sp.
Sargassum sp.
Ascophyllum nodosum
Ascophyllum nodosum
Lessonia flavicans
Lessonia flavicans
Ecklonia radiata
Ecklonia radiata
Avustralya doğal zeoliti
Doğal zeolit
Kalsit
Padina pavonica
Padina pavonica

Metal
Cu
Pb
Cu
Pb
Cu
Pb
Cu
Cu
Pb
Cu
Pb
Cu
Pb
Cu
Pb
Pb
Pb
Cu
Pb

qm (mg/g)
21.3
63.7
74.63
126.39
36.61
565.99
77.4
68.63
263.14
75.62
300.44
81.98
261.07
70.54
16.58
37.29
19.92
2.74
24.93

Reference
[28]
[28]
[8]
[1]
[29]
[29]
[30]
[1]
[7]
[7]
[7]
[7]
[7]
[7]
[4]
[31]
[32]
This study
This study

0.1 M HNO3
0.1 M HCl
DW
0.1 M EDTA

3.4 Adsorption from the metal solution mixture

The competition of metal ions was investigated for
different concentrations (1, 5, 10 mg/L) of metal solutions
(Cu(II), Cd(II), Pb(II), and Co(II)). The calculated removal capacity (%) is given in Table 3. With an increase in
the concentration of the metal solution mixture, the %
removal capacity of Cu(II) ions decreased, whereas that
of Pb(II) ions increased.

Cu(II)
ions
63.70
47.06
46.48

capacity
Pb(II)
ions
28.81
83.78
90.05

Pb (II) %
desorbed
56.34
54.42
6.53
46.75

The present work evaluated the removal of Cu(II) and
Pb(II) ions from aqueous solutions using P. pavonica
biomass. The results demonstrated that the pH of the
solution, the contact time, the initial metal concentration,
and the mixed metal aqueous solution affected the biosorption capacity of the metal ions. The amount of heavy
metal absorbance increased with the pH, and the optimum
pH was 6 for the Cu(II) and Pb(II) ions. The sorption
process reached equilibrium in 30 min. The equilibrium
sorption data agreed well with the Langmuir isotherm,
showing a high correlation coefficient for Cu (II)ions, and
a Freundlich isotherm for Pb(II) ions. The elements used
individually in this experiment showed that their % removal capacity was similar to that of mixed metal solutions, except for Cu(II) ions to 1 mg/L. The desorption
experiments showed that it was possible to remove the
metal ions bound to the algal biomass. Therefore, P.
pavonica may have potential as a natural adsorbent, especially for the removal of Pb(II) ions from aqueous solutions. In addition, such biosorbents have the advantage of
being environmentally friendly.
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TABLE 3 - Calculated % removal capacities for P. pavonica.
% Removal
Cd (II)
ions
15.90
21.64
41.85

Cu (II) %
desorbed
73.34
82.41
3.01
22.37

4 CONCLUSION

Other studies have reported that the qm value strongly
depends on the solution temperature, species, and morphology of the algae [16, 17, 33]. Therefore, the qm values
of P. pavonica can be expected to be different from those
of other species of Padina [5, 13, 24].

P. pavonica
Mix metal solution
(mg/L)
1
5
10

Eluent

The authors have declared no conflict of interest.

Co(II)
ions
4.85
10.75
1.19
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ABSTRACT

the other protected areas continue to increase and begin to
threaten the integrity of natural and cultural resources and

Due to a variety of recreational opportunities, National Parks are in great demand by increasing numbers of
visitors day by day. Increasing recreational use may cause
destruction of natural and cultural resource values at national
parks. Therefore, estimating of national parks’ carrying
capacity is an essential factor for their sensible use and
management. In this study, carrying capacity of Olympos
Bey Mountains Coastal National Park was determined.
“The Methodology for Estimating Protected Area
Carrying Capacity” by Cifuentes (1992) [1] was used.
This method supplies the calculation of physical, real and
effective carrying capacities for all recreation sites (trails,
beaches, camping and picking areas) by using environmental, ecological, climatic and managerial parameters in
a formulation. Expected numbers which estimated three
levels of carrying capacities were compared to current
numbers of national parks’ visitors. It was revealed that
the current numbers were much more than estimated
numbers of visitors. Study findings were evaluated in
order to determine how to link and integrate them in a
carrying capacity management plan through formulation
of quality for the park’s natural resources.

KEYWORDS:
Recreational Carrying Capacity, Physical Carrying Capacity,
National Parks, Protected Areas, Recreation and Management

1. INTRODUCTION
With the rise of income level, diversification of transportation facilities, recreation has expanded at wilderness,
and related to outdoor recreation areas since the midtwentieth century [2, 3]. Public visits to national parks and

* Corresponding author

the quality of the visitor`s experience [4, 5]. However; the
main purpose of national parks is the protection of natural
and cultural resource values, and to pass them with future
generations [2]. In this context, main management problem to solve and the questions to be answered are how to
balance protection and utilization. One of the most important methods, developed in order to achieve this balance, is the Recreation Carrying Capacity Analysis.
1.1 THE CARRYING CAPACITY CONCEPT

In the general definition, carrying capacity refers to
the amount and type of visitor use that can be accommodated within a national park, or other protected areas, without unacceptable deterioration of biological and cultural
resources and social impacts [6].
Using the method of carrying capacity, prescriptive
decisions are made about what ought to be done in our
parks and protected areas, what recreational opportunities
should be provided, what conditions should be maintained, and how recreation use should be managed [7,8].
The first rigorous applications of carrying capacity to
park management occur after the 1960s. At first, the
method has been the focus of the relationship among visitor
use and environmental conditions. The hypothesis of the
study was that increasing numbers of visitors cause significant environmental impact as measured by soil compaction,
destruction of vegetation, and related variables [9-11].
Formal development of the recreational carrying capacity concept began with Wagar’s (1964) monograph on
the topic [12]. Wagar revealed the two principal conclusions following the empirical research on carrying capacity. The first conclusion was that the goal of management
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is to provide opportunities for high quality recreation
experiences. The second conclusion was that quality depends on how well recreation opportunities satisfy the
needs that motivate visitors to be engaged in recreation
activities. Thus, carrying capacity could only be defined
within the context of specific management actions, such
as zoning, engineering, persuasion, and the management
of biotic communities. This latter point led to a significant
expansion of the meaning of carrying capacity, from a
focus on the numbers of visitors to the entire topic of
“how to plan and manage a particular recreation resource
[13-15].

tional Park in Turkey. A long-term management plan was
prepared to determine the conditions of access, protection,
development, and management for this National Park.
However, this plan includes nothing about capacity of
recreational use, visitors and their management. The purpose of this study is to estimate the recreational carrying
capacities of 5 bays which are designed for daily use at

Recently, Wagars’ opinion has been improved and
expanded from a single focused definition to four capacity
components (ecological capacity, spatial capacity, facility
capacity, and social capacity) by the addition of social and
managerial considerations. These four components were
investigated in several publications [16-20]. Ecological
carrying capacity is the maximum level of visitor use,
which can be accommodated by an ecosystem before an
unacceptable or irreversible decline in natural and cultural
values, such as the loss of ground cover, impacts to wetlands and riparian communities, observed soil compaction
and soil erosion, and observed trash accumulation and
sanitary problems. Spatial capacity is the maximum number of visitors occupying specific areas or shoreline lengths,
numbers of parties per site, or the expansion potential of
existing sites. Facility capacity is the maximum number of
visitors, groups, or vehicles per boat ramp, parking lot, or
campground; percent occupancy for various facilities;
waiting times to use facilities, such as boat launches; or
the number of refusals for campsites. Social capacity is
the maximum visitor use above which there is a decline in
the quality of the recreation experience. This component
is concerned with social impacts, such as visitors’ perceptions of crowding [19].
Determination of carrying capacity is an important issue in park and wilderness management, and is likely to
increase in importance as the popularity of parks and
wilderness continues to grow. Most parks and protected
areas need visitor management to enhance values, such as
when tourism has become an integral component of the
park [21]. Research on carrying capacity, along with management experience, has developed a number of planning
and management frameworks and research approaches for
addressing this issue [6].
Many studies have been carried out on concerning different aspects of the carrying capacity for national parks
and other protected areas [22-32], and tourism destinations
[33-38].
There are 42 national parks in Turkey, which have
several distinct phytogeographical regions and natural
plant communities, each with its own endemic species
and natural ecosystems, and the total area covered is
941,820 hectares. Olympos Bey Mountains Coastal National Park which is one of the important protected areas
in the Mediterranean Region, is the second largest Na-

Olympos Bey Mountains Coastal National Park.
FIGURE 1 - Olympos Bey Mountains Coastal National Park.

2. MATERIALS AND METHODS
Olympos Bey Mountains Coastal National Park starts
from 12 km southwest of the province of Antalya and
extends along a coastal strip of 100 km at the boundary of
the districts Kemer and Kumluca (Fig. 1). By virtue of the
rich biological diversity, the epic and geomorphologic
formation, it was proclaimed a National Park area covering 69800 hectares in 1972, and upon the exclusion of the
settlement areas from the boundaries of the national park
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in 1988, an area of 34420 hectares presently forms the
boundaries of this national park.
Within the national park having a rich biological diversity thanks to altitude varying between 0-2366 m and
different exposure characteristics, 865 plant species have
been determined with 25 being endemic to the area. The
rate of the latter to the total number of species is 3%. 154
(18%) of them have been described as endemic of Turkey.
72 of 456 bird species available in Turkey can be seen in
the mentioned National Park [39]. Different geological
and archaeological features, National Park offer visitors a
variety of recreation opportunities.
There are 5 bays (Topçam, Küçük Çaltıcak, Büyük
Çaltıcak, Kargıcak-1, Kargıcak-2) having picnic and
beach areas planned for daily use. Also, there are one
camping site (in Göynük), a camp and daily excursion
area (Kındılçeşme) and 3 tracking routes (Tekirova-Çıralı

Foothpath, Göynük-Ovacık Foothpath, Canyon Göynük
Water Hiking), and A Mount Tahtalı Cable Car facility.
In this study, recreational carrying capacity is estimated
for Topçam, Büyük Çaltıcak, Küçük Çaltıcak, Kargıcak1, Kargıcak - 2 bays (Fig. 2).
The averages of monthly visits and the sufficiency of
current facilities at recreation sites of the 5 different bays
studied herein are shown in Fig. 3 and Table 1. Compared
with the others, the largest bay was Büyük Çaltıcak while
the mostly preferred one was Küçük Çaltıcak. Facilities
such as changing rooms, showers, fountains, picnic tables
were placed and constructed at Büyük Çaltıcak Bay. Unused recreation sites of Kargıcak-I will be opened for
public use in 2012. For this reason, there were no facilities in this area, except 2 buffets. In 2010, the average
annual number of visitors was 150.800 at Küçük Çaltıcak
Bay, 108.710 at Topçam Bay, 89.320 at Büyük Çaltıcak
Bay, and 17.310 at Kargıcak-II Bay.

TABLE 1 - The survey form of recreation sites at the bays.
Facilities

Topçam

K. Çaltıcak

B.Çaltıcak

Kargıcak -I

Kargıcak-II

Watchtower
Parking Area (m²)
Buffet
Cafeteria
Changing Room
Shower
Sun-bed
Parasol
Fountain
Picnic Table
WC Unit

2*
10
16
24
170
8

3*

10400
1
28
32
30
300
16

2*
-

1
1
6
10
25
25
8
60
6

16
20
24
250
16

A

B

FIGURE 2 - A: Topçam Picnic Area, and B: Küçük Çaltıcak Beach Area.
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FIGURE 3 - Average of monthly visits, 2010 [40].
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2.1 Methods

General observations were made in the Olympos Bey
Mountains Coastal National Park for a week in July 2011.
Available information, such as annual visits, geographical,
bio-physical, ecological and managerial characteristics of
the site, were investigated and literature was scanned. Physical, real, and effective carrying capacities of the National
Park were estimated by following the methodology as
given by Cifuentes (1992) [1] and illustrations given by
Ceballos-Lascurain [16]. With this method, some criteria
were established and assumptions were made based on the
biophysical, ecological, social and climatic factors which
reduce the level and quality of visitation and which are
considered as the limitations of the recreation area.
Physical carrying capacity (PCC) is defined as the
maximum number of visitors that can physically fit into a
defined space, over a particular time. It is given by the
formula of Ceballos-Lascurain [16]:
PCC = A× (V/a) ×Rf
Where, PCC = physical carrying capacity, A = length
or area of public use, V/a = is one visitor per m², and Rf =
rotation factor (number of groups of visitors per day), Rf
= op/at, op = opening period, at = average time of one visit.
Real carrying capacity (RCC) is defined as the maximum permissible number of visits to a site, once the corrective (i.e. reductive) factors derived from the particular
characteristics of the site have been applied to the PCC.
These corrective factors are obtained by considering biophysical, environmental, ecological, social and management variables. It is expressed by the following general
formula of Ceballos-Lascurain [16]:
RCC = PCC-Cf1 - Cf2 -... Cfn,
The following formula better explains the RCC with
corrective factors in percentages:

RCC = PCC × (100 - Cf1) / 100 × (100 - Cf2) /100 ×
…… × (100 - Cfn) / 100
Corrective factors are expressed in percentage terms,
using the following general formula:
Cf = Ml / Mt ×100
Where, Cf = the corrective factor, Ml = the limiting
magnitude of the variable, and Mt = total magnitude of
the variable.
Effective carrying capacity (ECC) is defined as the
maximum number of visitors that a site can sustain, given
the management capacity available with the administration.
Management capacity is the sum of conditions that the
protected area administration requires if it is to carry out
its function and objectives. Effective carrying capacity is
obtained by comparing real carrying capacity with the
management capacity, and it is formulated by CeballosLascurain [16]:
ECC = RCC × MC
The results of calculated carrying capacities were
compared with the annual visits, and sufficiency of current facilities at recreation sites was determined.
3. RESULTS
The factors about beach and picnic areas for the calculation of PCC are as in Table 2. Average visit duration
of beach and picnic areas was calculated prior to analyzing carrying capacities from the questionnaire survey. The
questionnaire that was used in Turkish or English, depending on the country of origin of the visitors, was administered to 500 randomly selected volunteer respondents.
Size of the recreation area is identified with maps from
the Directorate of Nature Protection and National Parks in

TABLE 2 - The Factors about beach and picnic areas for the calculation of PCC.

at :average time of one visit
A: dry beach area (m²)
op : opening period (hour)
V/a = is one visitor per m²

at :average time of one visit
A: picnic area (m²)
op : opening period (hour)
V/a = is one family per m²

The Factors About Beach Areas For The Calculation of PCC
Topçam
K.Çaltıcak
B.Çaltıcak
Kargıcak-I
5
9000
15900
14400
1600
13
1/10
The Factors About Picnic Areas For The Calculation of PCC
Topçam
K.Çaltıcak
B.Çaltıcak
Kargıcak-I
7
11000
30000
45000
8000
13
1/300

Kargıcak-II
3600

Kargıcak-II
10000

TABLE 3 - PCC of the bays.

PCC (visitors/day)
Beach Area
Picnic Area
Total Area

Topçam
2340
340
2680

PCC ( Physical carrying capacity)
K.Çaltıcak
B.Çaltıcak
4134
3744
929
1393
5063
5137
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Kargıcak-I
416
248
664

Kargıcak-II
936
310
946
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Kemer, satellite images and field observations. Optimum
amount of recreation areas per capita was identified by
taking into account the method in Anonymous [42]. In
accordance with the formula, values of the bays (FTK) are
given in Table 3.
For identified RCC, the correction factors were determined. Calculation of correction factors for the environmental, ecological, management and social variables were
taken into consideration. Preventing or restricting factors
which limit visitation to the park were defined as follows:
• Low temperature: Particularly in winter season,
swimming and sun bathing are prevented by low
temperature. According to Güçlü [41], suitable sea
season for Marmaris and Alanya coastal zone is from
May 12 to July 14 (63 days) and 30 August to 18 October (50 days). On the other hand, bioclimatic comfort range is between 18-23 °C, and minimum heat
stress begins between 23.1 and 29 °C in the thermal
stress categories of PET index, indicated by [43]. The
meteorological factors for the RCC were taken from a
31-year (1975-2005) climatic period for Antalya [44].
• Excessive sunshine: Especially in the summer season,
excessive sunshine affects picnicking and sun bathing.
• Overcast conditions: It is a restricting factor for sun
bathing.
• Rainfall: It is a restricting factor for sun bathing and
picnicking, because of no facilities for sheltering during the rain.
• Storm: Winds with a speed of equal or more than
17.2 m/s are defined as “storms” [44]. Storms are effective on the recreational activities.

• Erosion, unsuitable topography for recreational use,
such as rocky, steep slopes: Intensive use of picnic areas causes erosion; therefore, erosion was considered as
a corrective factor. The areas unsuitable or threatened
by erosion are determined with elevation maps and erosion maps. For the resolution of this factor, field observations were also made.
The required data for the calculation of the factors are
shown in Table 4. Percentage values of these identifying
corrective factors restricting the recreational use are to be
found in Table 5. RCC of the bays, calculated by subtracting Cf from PCC, are as in Table 6.
Olympos Bey Mountains Coastal National Park does
not have adequate number of efficient personnel or guides
to handle a large number of visitors. Justification Report
for the Establishment of the National Park Directorates
was published by the Directorate of Nature Protection and
National Parks in Kemer (2000), and suggests 78 staffs
including park manager, officers, chiefs, drivers, and
workers for proper management. However, only 11 staffs
are in charge. So, the management capacity (MC) was
calculated as follows:
MC = existing number of staff/proposed number of
staff x100
MC= 11/78 x 100; MC= 14%
The Effective Carrying Capacity (ECC) was calculated by multiplying MC with RCC, and the results are given
in Table 7.

TABLE 4 - The factors about beach and picnic areas for the calculation of RCC.
The Factors About Beach Areas For The Calculation of RCC
Topçam
K.Çaltıcak
B.Çaltıcak
Kargıcak-I
*T: the air temp. 20ºC-32ºC and sea
12 May - 14 July (63 day) + 30 Au g- 18 Oct. (50 day) = 113 days
temp.18ºC-28ºC
4.5 hours (10:30-15:00)
9,8
3
1,8
13
365
The Factors About Picnic Areas For The Calculation of RCC
Topçam
K.Çaltıcak
B.Çaltıcak
Kargıcak-I
*T: the air temp ≥25ºC
170.1
E: excessive sunlight period
4.5 hours (10:30-15:00)
*R: rainfall is ≥0.1mm
73,8
RP: Avg. rainfall period (hour)
3
*W:wind speed≥ 17.2m/s
13,8
WP: effective period of wind
7 hours (10:00-17:00)
op : opening period (hour)
13
*ov: opening day to visitors
365
U:The picnic areas that are unsuitable for
3000
10000
14000
2000
picnic (eg: high erosion risk, rocky areas) (m² )
A: Picnic Area (m²)
11000
30000
45000
8000

Kargıcak-II

E: excessive sunlight period
*R: rainfall is ≥0.1mm
RP: Avg. rainfall period (hour)
*W:wind speed≥ 17.2m/s
*O:overcast conditions
op : opening period (hour)
*ov: opening day to visitors

* Annual Avg. number of days
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3000
10000
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TABLE 5 - Cf of beach and picnic areas.

Cf = Ml / Mt ×100
(Heat Cf) Cfh: (T x E) / (oy x op) x 100
(Cold Cf ) Cfc: (ov –T) / (oy) x 100
(Rainfall Cf) Cfr:(R x RP) / (oy x op) x 100
(Overcast Cf) Cfo:(O) / ( oy) x 100
Cf = Ml / Mt ×100
(Heat Cf) Cfh: (T x E) / (oy x op) x 100
(Rainfall Cf) Cfr:(R x RP) / (oy x op) x 100
(Storm Cf)Cfs:(W x WP) / (oy x op) x 100
(Unsuitible Cf) Cf): (U) / (A) x 100

Cf (Corrective Factors) of Beach Areas
Topçam
K.Çaltıcak
B.Çaltıcak
Kargıcak-I
10.72 (% 10.72 limitation)

Kargıcak-II

69.04 (% 69.04 limitation)
0.62 (% 0.62 limitation)
0.49 (% 0.49 limitation)
Cf (Corrective Factors) of Picnic Areas
Topçam
K.Çaltıcak
B.Çaltıcak
Kargıcak-I
16.13 (% 16,13 limitation)
4.67 (% 4.67 limitation)
2.04 (% 2.04 limitation)
27
33
31
25

Kargıcak-II

30

TABLE 6 – RCC of the bays.

*Beach Area
**Beach Area
*Picnic Area
**Picnic Area
*Total Area
**Total Area
*Visitors/day **Visitors/year

RCC ( Real carrying capacity)
Topçam
K.Çaltıcak
B.Çaltıcak
640
1130
1024
233600
412450
373760
194
487
770
70810
177755
281050
834
1617
1794
304410
590205
654810

Kargıcak-I
114
41610
146
53290
260
94900

Kargıcak-II
256
93440
170
62050
426
155490

TABLE 7 – ECC of the bays.

*Beach Area
**Beach Area
*Picnic Area
**Picnic Area
*Total Area
**Total Area
*Visitors/day **Visitors/year

ECC (Effective carrying capacity)
Topçam
K.Çaltıcak
B.Çaltıcak
90
158
143
32850
57670
52195
27
68
108
9855
24820
39420
117
226
251
42705
82490
91615

Kargıcak-I
16
5840
20
7300
36
13140

Kargıcak-II
36
13140
24
8760
60
21900

TABLE 8 - Recommended and current numbers of the facilities.
Topçam
R
C
Changing Room
18
10
Shower
18
16
Picnic Table
181
170
WC Unit
12
8
Fountain
26
24
R: recommended numbers; C: current numbers
Facilities

K. Çaltıcak
R
C
32
16
32
20
313
250
18
16
45
24

4. DISCUSSION
Olympos Bey Mountains Coastal National Park is a
favorite place for domestic and foreign tourists because of
being an unspoiled habitat for most species of Mediterranean flora and fauna. In this study, physical, real and
effective carrying capacities of the park were calculated
by formulas in the methodology of Ceballos-Lascurain
[16].

B.Çaltıcak
R
C
33
28
33
32
327
300
18
16
47
30

Kargıcak -I
R
C
5
5
46
4
7
-

Kargıcak-II
R
C
6
6
6
10
61
60
6
6
9
8

Each subsequent level constitutes a corrected capacity
level of the level which precedes. Physical carrying capacity (PCC) is always greater than real carrying capacity
(RCC), and RCC is greater or equal to erffective carrying
capacity (ECC). Anyhow, ECC will never be greater than
RCC, even in the most favorable conditions [16]. It was
found in this study that the total PCC is 14490 visitors/day
while the total RCC is 4913 visitors/day, and total ECC is
690 visitors/day for all the bays.
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For the calculation of RCC, five corrective factors for
beaches and four corrective factors for picnic areas related
to the bio-physical characteristics of the area were applied.
Diversity of species in the vegetation could be another
corrective factor. However, no endemic species were
encountered in the picnic and beach areas. Disturbance
to wildlife could also be another factor. But, according
to the information received, there is no wildlife in the
area through the main road. Therefore, a correction factor
for the plant species and the wildlife was not applied. The
climatologic correction factors had the greatest influence
on carrying capacity of the beaches while the erosion and
unsuitable topography correction factor was the most important factor on carrying capacity of the picnic areas.
If all the seasons in the year and all of the area had
been suitable for recreational use, RCC would be equal to
PCC. For this reason, RCC is properly interpreted as annual
value. But, carrying capacity depends on place, season and
time, user’s behaviour, facility design, pattern and level of
management and the dynamic character of the environments [10]. Compared with the average annual number of
visitors to the RCC, it is observed that RCC is bigger than
annual numbers. However, when monthly/daily numbers of
visitors are compared with the RCC, it is observed that
number of visitors in some months (June, July, August)/
some days (weekend) is higher than RCC and also PCC.

management capacity would be only 14 %; therefore,
the effective permissible carrying capacity would be
only 690 visitors/day for the sum of the bays. Limitations in management capacity constitute one of the most
serious problems confronting protected areas in developing countries [16].
Sufficiency of facilities was revised according to carrying capacity of the bays. During the calculations, ECC
has been assumed to be equal to the RCC. Optimum
amount of facilities per capita is identified by taking into
account the method in Anonymous 2006 [42] (Table 8).
Thus, management capacity may be improved by employing adequate number of personnel, and also regularly
increasing and maintaining facilities. With carrying capacity through extensive studies, the natural and cultural resources, quality of recreation experience, balance between
protection and economic sustainability can be achieved.
With this study, carrying capacity was estimated focusing
on physical, cultural and managerial dimensions. In the
future, studies to determine social carrying capacity and
satisfaction of visitors should be carried out.

For example; in Topçam Bay, the annual number of
visitors in 2010 was 130.452. Annual RCC was calculated
as 304.100 visitors/year (834 visitors/day x 365). This
result indicates that the annual number of visitors is lower
than its RCC. It can be stated from the results that more
tourists than present ones could come to Topçam Bay.
However, in July 2010, 44.400 tourists came to Topçam
Bay. According to the calculations, monthly RCC is 25.020
(834 visitors/day x 30) visitors/month. Also, the second
sunday of July in 2010, 3.986 visitors were counted using
the number of tickets sold at the entrance. On the other
hand, RCC is 834 visitors/day, and PCC is 2.680 visitors/day for Topçam. This result can be interpreted as that
the current number of visitors is higher than RCC in the
summer months, and number of weekend visitors is higher
than daily RCC and PCC. It is clear that during the summer
season, especially on weekends, the bays are demanded by
visitor numbers being well above the carrying capacity.
ECC is obtained by comparing RCC with the management capacity. Management capacity is the sum of
conditions, such as infrastructure, equipment and personnel
that the protected area administration requires if it is to
carry out its function and objectives. In the study area,
infrastructures were adequate, in spite of some shortcomings or neglect in terms of equipment observed. However,
equipments are maintained each year by private companies and operating restaurants. Therefore, existing and
projected number of personnel were taken into account
for the calculation of management capacity.
Olympos Bey Mountains Coastal National Park does
not have an adequate number of efficient personnel. The
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