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SPATIAL VARIATIONS OF NPP IN DIFFERENT
ALTITUDES AT A MEDITERRANEAN WATERSHED
Cenk Donmez1,*, Suha Berberoglu1, and Ahmet Cilek1
1

University of Cukurova, Department of Landscape Architecture, 01330 Adana, Turkey.

ABSTRACT
The aim of study was to estimate the current net primary productivity (NPP) of Goksu River Basin (forest,
grasslands, bare soil, agriculture) located at the Eastern
Mediterranean coast of Turkey using remote sensing and a
biogeochemical model. Four elevation zones between 0 to
2500 m were defined and spatial patterns of NPP in those
elevation zones were assessed to understand the impacts of
topographyon local spatial patterns of productivity. The
model results are incoorporated with available topographic
information in watershed level. The Carnegie-Ames-Stanford approach (CASA) model approach was used to estimate annual and monthly NPP. This model uses a light-use
efficiency (LUE) factor, which is the efficiency of conversion of light energy into dry materials by plant, together
with remotely sensed, climate (to express the effects of air
temperature and water stress), soil and biotic data and
ground measurements. Thus, a comprehensive spatial and
temporal data set including temperature, precipitation, solar radiation, soil texture, percent tree cover, land cover
type, and normalized difference vegetation index (NDVI)
were used in modelling process. Percent tree cover was
predicted using multi-temporal LANDSAT images by aggregating tree cover estimates made from high resolution
Geo-EYE imagery in a regression tree algorithm. The results indicated several interesting trends between NPP and
regional climate gradients. NPP was correlated strongly
with solar radiation and precipitation during the growing
season suggesting that water limitation as important variable controlling regional patterns of productivity.

KEYWORDS: Remote sensing, NPP, spatial modelling, Mediterranean, NASA-CASA Model.

1. INTRODUCTION
The atmospheric concentrations of the carbon have
been recently increasing and its widely believed as one of
* Corresponding author

the most important driver for global warming. Addressing
to the climate change, the carbon balance is a critical issue
that comprises both scientific and political importance.
Thus, the quantification of carbon is a major research need
to derive management scenarios in respect to the effects of
climate change at different scales.
The quantification of terrestrial carbon depends on the
net photosynthetic accumulation of carbon by plants. Accumulation of carbon by plants, also known as Net Primary
Productivity (NPP) provides the energy that drives most
biotic processes on Earth [1]. NPP is a function of standing
biomass, an important component of the carbon cycle and
a key indicator of ecosystem performance. NPP contributes
to biological properties of Earth’s terrestrial surface by producing organic matter which can be consumed by living
organisms [2]. Accounting for the potential of atmospheric
CO2 in terrestrial ecosystems depends on understanding of
seasonal climate controls on NPP fluxes. Thus, the terrestrial carbon sinks can further be accounted at local and regional scales.
Surface temperature, precipitation, and solar radiation
have been realised as the strongest controllers of annual
terrestrial NPP and its seasonal changes at different scales
[1, 3, 4]. Hence, integrating of these climate forcing variables into the improved techniques is essential to predict the
annual and seasonal NPP fluxes.
Addressing the strong relationship between climate
variables and topography is known as an important factor
for vegetation diversity at the Mediterranean where mountain formations are often the dominant factor for the vegetation pattern [5, 6]. However, the impact of topography on
vegetation dynamics is rather poorly understood at watershed level, due to its complexity of the mountainous systems.
Recently, remote sensing and modelling processes as
improved techniques provide a better understanding and
quantification of the carbon sources and sinks in different
land uses and land covers at different altitudes. Particularly, the ecosystem models based on satellite sensor data
have significant importance to capture variability in ecosystem processes when ground-based measurements of local fluxes are not adequate.
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In previous studies, three groups of models have been
used to estimate NPP for large areas in last decades: (i)
based on satellite sensor data; such as, the Carnegie, Ames,
Stanford Approach (CASA) ([7, 8]; (ii) simulating carbon
flux using a prescribed vegetation structure such as, the Biome BioGeochemical Cycle (BIOME-BGC) model [9];
(iii) simulating both vegetation structure and carbon flux
such as, the Dynamic Global Phytogeography (DOLY)
model [10].
The aim of this paper was to estimate the current NPP
in the Mediterranean using LANDSAT TM/ETM images
with a 30 m resolution and CASA model. Seasonal NPP
fluxes in respect to different land cover types were derived
using land cover data, climate variables, soils and ground
truth. Spatial variations of NPP in four elevation zones
ranging between 0 to 2500 m were examined to investigate
influence of topography on forest land cover. This study
enabled us to define the spatial composition of the NPP
where the ground measurements are limited. It is also important to expose the variability of NPP at different altitudesto investigate the potential effects of diverse topography on local NPP in a Mediterranean watershed.

2. MATERIALS AND METHODS
2.1 Study area

Goksu River Basin is located in the Eastern Mediterranean region of Turkey (Figure 1). The basin covers approximately 10.000 km2. The land cover types of the region
comprise Mediterranean evergreen needleaf forests with
Turkish pine (Pinus brutia) and Juniper (Juniperus excelsa),

grasslands and bare grounds. The climate is characterized
by prevailing Mediterranean with mild and rainy winters
and hot and dry summers with a mean annual precipitation of
approximately 800 mm. Mean annual temperature is 19 Co.
2.2 Remote Sensing and Ancillary Data

Two sets of remotely sensed images were utilized in this
study; i) a LANDSAT TM/ETM data set comprising five
scenes from 1999-2003, ii) Three sub-scenes of Geo-Eye
imagery representing different types of forest cover were
used as training and testing data for percent tree cover.
The topographic maps in 1:25.000 scale were used to
derive Digital Elevation Model (DEM). DEM was incooperated with the model NPP outputs to define the spatial relationship between elevation and NPP patterns. The forest
maps were utilized for land cover mapping.
2.3 Modelling Net Primary Productivity

The CASA model was used in this study to estimate
NPP in Goksu River Basin, Turkey. The model estimates
the monthly NPP flux as net fixation of CO2 by vegetation
on the basis of light-use efficiency. Thus, NPP is calculated
as a function of absorbed photosynthetically active (400 to
700 nm) solar radiation (APAR), and an average light utilization efficiency (ε) [7]. Thus, the main frame of CASA
model is
NPP = APAR × ε
NPP=f(NDVI) × PAR × ε × g(T) × h(W)
where APAR (in megajoules per square meter per
month) is a function of NDVI and downwelling photo-

FIGURE 1 - Location of the Goksu Basin, Turkey

2265

© by PSP Volume 24 – No 7. 2015

Fresenius Environmental Bulletin

synthetically active solar radiation (PAR) and ε (in grams
of C per megajoule) is a function of the maximum achievable light utilization efficiency ε adjusted by functions that
account for effects of temperature g(T) and water h(W)
stress. Whereas previous versions of the CASA model [4,8]
used a normalized difference vegetation index (NDVI) to
estimate FPAR, the current model version instead relies
upon canopy radiative transfer algorithms [11], which are
designed to generate improved FPAR products as inputs to
carbon flux calculations. The model was utilized to predict
annual regional fluxes in terrestrial net primary production
at variable degrees of C, depending on the yearly conditions, with terrestrial net production. Several diverse datasets were used in this research. Calculation of annual terrestrial NPP is based on the concept of light-use efficiency,
modified by temperature, rainfall values and solar radiation
scalars. In addition, percentage of tree cover, land cover
map of the region, soil texture and NDVI (normalized difference vegetation index) will be used to constitute this
model.
2.4 Climate Data

Monthly precipitation, air temperature and solar radiation were used as a climate data set. These variables were
based on 9 years (2000-2009) records of meteorological
stations in and around the study region. Climate variables
were interpolated together with DEM using co-kriging

method and mapped on monthly basis. Monthly climate
maps are given in Figures 2-4.
2.5 Mapping Land Cover

A comprehensive land cover map derived from
LANDSAT ETM image acquired in 2003, together with
ground truth data from field surveys was used as an input
to CASA model. Image classification was carried out using
maximum likelihood algorithm with supervised training.
The classifier was provided with the spectral reflectance
properties of each class in the form of the mean reflectance
for each spectral waveband and the associated covariance
matrix. This data set was generated from a selection of sample training pixels for each class using ground data. The output comprised 13 land cover classes with 30 m spatial resolution initially (Figure 5). Accuracy analysis was carried out
by comparing the classification map and ground truth.
2.6 Soil texture

The soil texture is based on FAO soil texture classification consisted of 7 classes. The dominant soil type in a
soil unit, the designation "coarse", "medium", "fine", or a
combination of these based on the relative amounts of clay,
silt, and sand present in the top 30 cm of soil. The regional
soil maps in 25.000 scale was utilized for this study and
soil texture classes were assigned on the basis of estimated
clay content according to FAO.

FIGURE 2 - Monthly precipitation maps of the study area
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FIGURE 3 - Monthly air temperature maps of the study area

FIGURE 4 - Monthly solar radiation maps of the study area
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FIGURE 5 - Land cover classification map of the study region

2.7 NDVI

Monthly NDVI images derived from 20 LANDSAT
scenes recorded in between May 2001 and November
2002. Four images were combined to comprise the study
region. The monthly composites were created and bands 4
and 3 were used to produce NDVI. Monthly NDVI images
ranging between 0 and 1 were the input to CASA model.
2.8 Estimation of percent tree cover

This study utilised the Regression Tree (RT) model to
predict percent tree cover within a Mediterranean type forest using LANDSAT data. The methodology for deriving
percent tree cover with RT consisted of five steps for this
study [12]:
i) Generate reference percentage tree cover data: Digital multispectral GeoEYE images with a spatial resolution
of 45 cm were used to derive reference percentage tree
cover data required to train the model.
ii) Deriving metrics from the RS data: Normalised Difference Vegetation Index (NDVI) was derived as a ratio of
the difference and total in reflectance between near infrared (band 4) and visible red (band 3) of the LANDSAT
standard band setting.
iii) Selecting predictor variables: The test data set were
split into two subsets; training and testing [13]. The model
was fitted using the most relevant input variables selected
using the Stepwise Linear Regression method and the
available training with the reference data derived from high
resolution images, relationships between tree cover density
and LANDSAT spectral values were modeled using RT
technique. A total of 20% cells were separated from the
predictor variables in order to validate the model.

iv) Modelling: The relationships between tree cover
density and LANDSAT spectral values were modeled using RT technique.
v) Accuracy Assessment and Final Map Derivation:
RT model performance was measured using the correlation
coefficient (r) between the predicted and actual tree cover
values for the set aside test samples, r can be considered a
measure of the precision of prediction. Percent tree cover
map derived at 30 m spatial resolution and error estimates
obtained through validation.
2.9 Statistical analysis

A pixel based linear regression model was constructed
between model NPP maps and DEM data. Correlation between these maps represents the robust changes of NPP in
different altitudes. The linear relationship was determined
for each elevation zone of the study region. The correlation
co-efficiency represented the relationship of local vegetation
and topography, this relationship was characterized using
the magnitude of estimated NPP in relation to altitude.

3. RESULTS AND DISCUSSION
This study showed that CASA Model and LANDSAT
data successfully modeled the monthly NPP patterns of
land cover classes in a heterogenuos Mediterranean terrain.
The outputs of the model comprise monthly and total NPP
maps. Monthly NPP maps are shown in Figure 6. Annual
total NPP map of the Goksu Basin is shown in Figure 7.
Monthly NPP maps revealed that mean monthly NPP
ranged from 12.9 to 144.07 gC m-2 month-1. A significant
increase was determined from March to April within spring
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FIGURE 6 - Monthly NPP maps of Goksu Basin

FIGURE 7 - Annual total NPP map of the Goksu Basin Mean annual NPP was estimated as 388 g C m-2 yr-1 for the study area.
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FIGURE 8 - Monthly NPP results from the CASA model; a) Needleaf Evergreen Forests (NLEF), b) Broadleaf Deciduous Forests (BDF), c)
grasslands, d) bare soils, e) agriculture

season in the entire basin. Slight changes in NPP were observed from April to June until a dramatic decrease occured
in July.
Monthly NPP changes for each land cover class of
Goksu Basin were estimated with CASA model. The NPP
of major land cover classes were aggregated and total annual NPP was estimated (Table 1). Monthly NPP results
derived for the CASA model is shown in Figure 8.
TABLE 1 - Annual net primary productivity (NPP) of major land covers and land uses of Goksu
Land Cover/Land Use Classes
NLEF
BDF
Grasslands
Bare soil
Agriculture

Mean NPP
(gC m2 yr-1)
742.98
740.80
668.92
563.40
660.98

Monthly NPP estimates of major land covers and land
uses of Goksu Basin according to the CASA algorithm is
shown in Figure 9. Annual NPP of major land covers and
land uses of Goksu are also shown in Table 2.
The forest stands of Goksu Basin were combined to two
formation classes as NLEF and BDF. The forest NPP estimation using CASA model was based on those two classes that
comprise the main forest types of Goksu Basin. NLEF comprised Juniperus excelsa, Pinus nigra, Pinus brutia, Cedrus
libani and Abies cilicica. BDF comprised only Quercus sp.,.
The relationship between NPP and elevation were evaluated according to four general altitude zones (Figure 10).
These zones were defined considering the transition boundaries of forest in the region. Each elevation zone represents
the NPP variation in respect to its spatial distribution.
Total annual NPP of different land cover classes was
also estimated by incooperating the model results, land
cover and DEM data (Table 2).
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FIGURE 9 - Monthly NPP estimates of major land covers and land uses of Goksu Basin according to the CASA algorithm

TABLE 2 - Mean annual NPP of different altitude zones
Elevation
Classes

Mean Elevation
(m)

NPP
(gC m-2 y-1)

NLEF
(gC m-2 y-1)

BDF
(gC m-2 y-1)

Grassland
(gC m-2 y-1)

Agriculture
(gC m-2 y-1)

0-500

218

765

754

755

897

758

742

717

708

674

876

739

1263

708

659

659

867

704

1501-2300

1869

534

599

579

644

564

Elevation (m)

400
300
200
100
0
1

21

41

61

81

Number of Samples
1000

121
Elevation

1400
1200
1000
800
600
400
200
0

900
Elevation (m)

101

800
700
600
500
1

51

101
Number of Samples

2271

151
Elevation

NPP

NPP (gC m-2 y-1)

1800
1600
1400
1200
1000
800
600
400
200
0

500

NPP (gC m-2 y-1)

501-1000
1001-1500

NPP

1500

1600
1400
1200
1000
800
600
400
200
0

Elevation (m)

1400
1300
1200
1100
1000

Elevation (m)

1

51

101

151
201
Number of Samples

251

301
Elevation

2500

1200

2300

1000
800

2100

600
1900

400

1700

200

1500

0
1

51

101

151
201
251
Number of Samples

301

351

401
Elevation
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FIGURE 10 - Annual NPP distribution in different altitudes in Goksu Watershed
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Correlation between the spatial distribution of NPP
and elevation in Goksu Watershed is shown in Figure 11.
A slight decrease in forest productivity tended to occur in
parallel to elevation increase. NLEF NPP was estimated
between 599 to 659 gC m-2 y-1 in the zones higher than
1000 m. Similarly, grasslands and agriculture NPP showed
a significant decrease in cooler sites in the mountainous region.
900
750
600
450
300
150
0

R² = 0,8129

0

500

1000
1500
Elevation (m)

2000

2500

FIGURE 11 - Correlation between the spatial distribution of NPP and
elevation in Goksu Watershed

Local NPP showed a considerable relationship with altitude in terms of linear changes in different elevation
zones. The correlation coefficient is defined as 0.81 which
represents a strong interaction between altitude and NPP

variables at local scale. This correlation shows that the elevation is one of the main controlling factor in the vegetation distribution and its diversity.
The Goksu Basin located in Mediterranean region is
characterized within its sparse vegetation. The complexity
of its terrain in respect to the soil types and topography
greatly influence reflectance from sparse cover of the Mediterranean forests. Particularly, high reflectance from the
soil causes a significant albedo effect, and hence, overwhelms reflectance from the vegetation component, thus
leading to under estimation of NPP [14]. Thus, the percent
tree cover map derived using the RT method improved the
discrimination of vegetation cover by assisting in the exploration of the relationships between LANDSAT spectral
bands and biophysical variable of NDVI. This relationship
assisted to calibrate the model along the entire tree cover
and other land cover types.
The amount of NPP within NLEF and BDF formations
were lowest in winter and highest in summer. Grasslands
that comprise seasonal herbaceous plants of the area indicated an increase of NPP amounts in spring and summer.
A dramatic decrease in NPP for the forest stands occurred
in July due to extreme humidity and temperature increases
in respect to micro-climatic conditions of the study region.
The climate variables including precipitation, air temperature and solar radiation play a significant role in understanding the seasonal NPP changes of different land cover
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classes. Hence, integration of climate variables and spatial
ancillary data including land cover and percent tree cover
maps to the regional models may increase the potential on
NPP representation of the complex environments. Such approaches improve in understanding and assessing the local
and regional consequences of climate change on the
productivity of the complex and rich ecosystems such as
Goksu Basin.

not exactly represent and reveal the underlying mechanisms of an ecosystem. In this regard, comprehensive approaches should be applied to enable a detailed understanding of the geophysical parameters controlled by topography are actually the most important for local vegetation dynamics. The future research should focus on particularly
combining functional topographic variables and plant-ecophysical parameters in micro-scale in order to improve an
understanding of the relationships between topography and
local vegetation dynamics.

4. CONCLUSIONS
Remotely sensed data coupled with biogeochemical
models may serve to better quantify and manage potential
C sequestration on forest productivity [15]. However, effects of topography on the spatial distribution of NPP have
been received little attention within the literature. Thus, the
findings of this study showed that the integration of satellite images and a model algorithm can successfully be used
to estimate the monthly and annual dynamics of NPP within
a complex semi-arid Mediterranean environment considering the effects of altitude. LANDSAT data hold great potential for predicting NPP with CASA model, it was also enabled us to make a detailed analysis of local topographic effects on NPP because of its spatial resolution. It can represent the spatial heterogeneity of a local environment together with altitude in the NPP modelling. CASA was the
appropriate model for handling the variability present in
complex and highly variable Mediterranean type forest
which has sparse coverage and high species diversity. It is
promising approach for modelling NPP within various image resolutions in local/regional environments.
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In this study, local NPP patterns change and its mechanism in small-scale topography was described by incooperating the biogeochemical modelling results and spatial
data. Remote sensing, GIS, and statistical and spatial analyses were used to examine the changes of NPP in various
altitude zones in a Mediterranean environment. Main findings of this study were;
Elevation is an important factor effecting the vertical
distribution of NPP in Goksu Watershed: the NPP shows a
considerable distribution between the elevations of 0 m and
500 m. NPP shows decrease in higher elevations. Highest
decrease occurred between 1500 m and 2300 m. Hence, a
better NPP condition occurs over a larger elevation range.
NLEF showed a reasonable decrease of approximately -230 gC m-2 y-1 between 500 m to 2300 m. Grasslands showed the highest amount of decrease of approximately -250 gC m-2 y-1 in higher altitudes.
Slope and aspect are expected to influence the vertical
distribution of NPP on higher altitudes due to their role on
shade angles. Particularly, the shaded areas have significant importance for better vegetation growth since the
Goksu Watershed is located in a semi-arid region.
However, while such an approach shows the importance of topography for vegetation dynamics, it does
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ABSTRACT
The aim of this study was to estimate the occupational
risk for operators and workers in herbicide application in
Sanliurfa, Turkey. In this study, 2,4-D, clodinafop-propargyl, dicamba, diclofop-methyl, fenoxaprop-p-ethyl, foramsulfuron, iodosulfuron-methyl-sodium, nicosulfuron, pinoxaden, tribenuron-methyl, and tritosulfuron were used for
determining the occupational risk. In this study, it was obtained that the highest risk was assessed in diclofop-methyl
as 1.913 Exceedence Factor (EF) value. The lowest risk was
found in nicosulfuron due to its 0.230 EF value. In the result of this study, it was determined that herbicide has risk
for occupational health. These risks can be minimized by
using equipment such as personnel protective equipment,
increasing awareness of pesticide side effects on operator
and worker and advanced proper application technique and
equipment, etc.
KEYWORDS: Weed control, Pesticide application, Human health,
Environment, Cereal.

1. INTRODUCTION
Pesticides are defined as chemical formulations that
are used for improving quality and quantity of agricultural
crops by farmers. These are mainly classified as insecticide, herbicide, and fungicide. Herbicides are used to control weed in agricultural land. World pesticide active ingredients (a.i.) amount used exceeded 2 million tonnes in
2007. In this value, herbicide a.i. was 951 584 tonnes [1].
In EU-15, herbicide a.i. consumption was 70 874 tonnes in
2010 [2]. In Turkey, 6 056 tonnes herbicide (a.i.) was used
in agriculture in 2010 [2]. In Turkey, cereals are approximately cultivated in an area of 16 million ha [3]. In Sanliurfa, in 2013, herbicides were applied in 260 000 ha in
cereal cultivation [4]. In cereal cultivation areas, 11 a.i.
were used for weed control in 2013, in Sanliurfa. These a.i.
were 2,4-D, clodinafop-propargyl, dicamba, diclofop-me* Corresponding author

thyl, fenoxaprop-p-ethyl, foramsulfuron, iodosulfuron methyl sodium, nicosulfuron, pinoxaden, tribenuron methyl,
and tritosulfuron. These a.i. consumption were 10 000 kg
for 2,4-D, 1 125 kg for tribenuron-methyl, 3 408 kg for diclofop-methyl, 360 kg for fenoxaprop-p-ethyl, 2 016 kg for
clodinafop-propargyl, 243 kg for pinoxaden, 1 250 kg for
nicosulfuron, 625 kg for tritosulfuron, 125 kg for dicamba,
225 kg for foramsulfuron, and 7.5 kg for iodosulfuron methyl sodium [3]. In Sanliurfa, total herbicide a.i. consumption in cereal cultivation was 19 400 kg.
Pesticides used in agriculture have potential negative
effects on human health and environment. It was indicated
that the average cost of the health treatment of the poisoned
worker was calculated as USD 787.97 in Brazil [5]. Pesticide exposure on human and environment can be minimized by selecting the type of tractors such as closed and
open cabin, and suitable pesticide application technology
such as proper anti-drift nozzles, air-assisted nozzles, pesticide application methods, etc. [6-14]. Yet, these are not
enough to protect the worker and operator, some additional
precautions such as personnel protection equipment (PPE)
should be taken for occupational risk during pesticide application. Operators are persons who attend to mix, load
and apply pesticide in application [9, 15, 16]. Workers are
persons who are occupied with thinning, pruning, and harvesting etc. of the agricultural crop [9, 15-17].
In Turkey, generally, farmers apply overdose pesticide
than the recommended dose by manufacturer and do not
take care of personnel protection during pesticide applications [18-20]. Demircan and Yılmaz (2005) indicated that,
in apple production, farmers applied pesticides 186% more
than the recommended dose in Isparta province, Turkey
[18]. Application rate effects the pesticide exposure on human and environment. Application rate plays a role in the
occupational pesticide exposure [19]. Yalap Tuna (2011)
determined that farmers were eating and drinking during
pesticide applications. Researcher indicated that the ratio
of health problems after the applying process was 25%
amoung the farmers [20].
The aim of this study was to estimate the occupational
risk in herbicide applications in cereal fields, Sanliurfa,
Turkey.
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2,4‐D

Clodinafop‐propargyl

Dicamba

Diclofop‐methyl

C8H6Cl2O3

C17H13ClFNO4

C16H14Cl2O4

Fenoxaprop‐p‐ethyl

Foramsulfuron

C8H6Cl2O3
Iodosulfuron‐methyl‐sodium

C18H16ClNO5

Pinoxaden

Nicosulfuron

C15H18N6O6S

C17H20N6O7S
C14H13IN5NaO6S
Tritosulfuron

Tribenuron‐methyl

C23H32N2O4

C13H9F6N5O4S
C15H17N5O6S
FIGURE 1 - Chemical formula of a.i. [21]

2. MATERIAL AND METHODS
In this study, 11 herbicide a.i., named as 2,4-D,
clodinafop-propargyl, dicamba, diclofop-methyl, fenoxaprop-p-ethyl, foramsulfuron, iodosulfuron-methyl-sodium,
nicosulfuron, pinoxaden, tribenuron-methyl, and tritosulfuron were used in cereal fields in Sanliurfa (Figure 1).

Index (m2; default: field crops: 1), TF: Transfer factor (cm2
person-1 h-1; default: field crops: 5000), T: The duration of
re-entry (h; default: 8), and P: Factor for Personal Protective Equipment (PPE) (default: no PPE: 1).
Exceedence factor (EF) was determined by Equation 4
[22, 24].

 X TRANSFORME D  LL TRANSFORME D
EF   

 UL TRANSFORME D  LL TRANSFORME D

In this study, risk indices (RI) of occupational health
for each a.i. were estimated via Equations 1, 2, and 3.
The RI for operator was determined via Equation 1
[15, 16, 22, 23].

RI operator 

AR  0.292
AOEL


 (4)


RI+, LL+ and UL+ was calculated by dividing, respectively the risk index values RI, LL and UL by UL. RI+, LL+
and UL+ values were transformed with Equation 5 [22, 24].

(1)

AR: Application rate (kg a.i. ha-1); AOEL: Acceptable
operator exposure level (mg kg-1 body weight day-1).
The RI for worker was assessed with Equation 2 and 3
[15-17, 22, 23].

1

X transformed  log1  
 X

(5)

with
X = RI+, LL+ and UL+.

If the EF value for each a.i. is equal or lower than 0, it
is
regulate
to 0 and indicates a low risk. EF value equal or
RI wor ker
higher
than
1 is regulated to 1, and it means a high risk. An
(2)
intermediate risk is found for the values between 0 and 1
AR
[22, 24]. In this study, EF values of the operator and worker
DE  0.01 
 TF  T  P
were summed for the determination of the total risk on ocLAI
(3) cupational health. Therefore, total EF for the occupational
DE: Dermal Exposure of worker (mg day-1), AbDE: risk was between 0 and 2 according to POCER (The PestiFactor of dermal absorption (default:0.1). LAI: Leaf Area cide Occupational and Environmental Risk) indicator [22].

DE  AbDE

AOEL
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3. RESULTS AND DISCUSSION
EF values for worker and operator were calculated by
Eq. 1-4. These values are shown in Figure 2 presenting
each a.i. with the applied doses in herbicide application.
In the present study, 2,4-D, diclofop-methyl, and fenoxaprop-p-ethyl have total risk on operator. As seen in Figure 2,
diclofop-methyl has the highest hazard for operator with the
EF value of 0.913. 2,4-D (EF 0.112) and fenoxaprop-pethyl (EF 0.057) have intermediate risk. According to Figure 2, all a.i. have risk for the worker in herbicide application for cereal cultivation. EF value was calculated as 1.000
for 2,4-D, diclofop-methyl, and fenoxaprop-p-ethyl. It
means that they have the highest hazard for worker. Others
a.i. have intermediate risk because of the EF values between 0.000 and 1.000.
In the present study, worker hazard in pesticide application
was found higher than operator hazard. As shown in Figure
2, the total risk was determined as 86.69% for worker and
13.31% for operator. Similar results, 85.11% for worker
and 14.89% for operator were founded in fungicide appli-

cation for wheat [24]. Yarpuz-Bozdogan [25] found it as
80.07% for worker and 19.93 % for operator in herbicide
application. Ribeiro et al. [26] notified that workers enter
into greenhouse for pruning, sorting, thinning, picking etc.
after pesticide application. Therefore, pesticide exposure
on worker is higher than operator’s.
Table 1 represents the percentage of total risk value for
the occupational risk in herbicide application.
As shown in Table 1, the theoretical total EF value was
2 because of the maximum 1.000 EF values of operator and
worker. The theoretical total EF value of each a.i. is 2.000
for occupational risk. The highest total occupational risk
was in diclofop-methyl due to its 1.913 EF value (Table 1).
Total occupational risk value for diclofop-methyl was calculated as 1.000 for worker and 0.913 for operator.
Total EF value for operator was 1.082 for 2,4-D, diclofop-methyl, and fenoxaprop-p-ethyl a.i. If the operator had
1.000 EF value for each a.i., the theoretical total EF value
for all a.i. would be 11.000. For this reason, in this study,
percentage risk for operator was calculated as 9.84% of the
total theoretical EF value. On the contrary, clodinafop-pro-

FIGURE 2 - EF values of the operator and worker

TABLE 1 - The applied dose, total EF value, and percentage of total risk
Active ingredient (a.i.) name
2,4-D
Clodinafop-propargyl
Dicamba
Diclofop-methyl
Fenoxaprop-p-ethyl
Foramsulfuron
Iodosulfuron-methyl-sodium
Nicosulfuron
Pinoxaden
Tribenuron methyl
Tritosulfuron

Applied dose
(kg a.i. ha-1)
0.80000
0.48000
0.01000
0.56800
0.06000
0.04000
0.00375
0.05000
0.04050
0.00750
0.05000
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Total EF value

Percentage of total risk (%)

1.112
0.958
0.631
1.913
1.057
0.672
0.275
0.230
0.674
0.363
0.246

55.60
47.90
31.55
95.65
52.85
33.60
13.75
11.50
33.70
18.15
12.30
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TABLE 2 - Percentage decrease of risk for workers
EF value
Active ingredient (a.i.)
2,4-D
Clodinafop-propargyl
Dicamba
Diclofop-methyl
Fenoxaprop-p-ethyl
Foramsulfuron
Iodosulfuron-methyl-sodium
Nicosulfuron
Pinoxaden
Tribenuron methyl
Tritosulfuron

no PPE

with PPE

1.000
0.958
0.631
1.000
1.000
0.672
0.275
0.230
0.674
0.363
0.246

0.734
0.494
0.073
1.000
0.687
0.118
0.000
0.000
0.121
0.000
0.000

pargyl, dicamba, foramsulfuron, iodosulfuron-methyl-sodium, nicosulfuron, pinoxaden, tribenuron-methyl and tritosulfuron have low risk for operator owing to their 0.000
EF values. According to Table 1, the highest percentage of
total risk (95.65%) was calculated in diclofop-methyl. In
spite of that the lowest percentage of total risk (11.50%)
was determined in nicosulfuron.
For all a.i., theoretical total risk is 22.000 for both
worker and operator. In this study, total risk was calculated
as 8.131. Consequently, percentage total occupational risk
was calculated as 36.96% for worker and operator. YarpuzBozdogan (2009) determined that the percentage total occupational risk in herbicide application was assessed as
31.01% in wheat cultivation in Adana, Turkey [25]. On the
other hand, the percentage total occupational risk was determined as 50.71% in defoliant application for cotton in
Adana, Turkey [27].
In pesticide applications, farmers have to take precautions for personnel protection. Hazards for worker and operator can be minimized by using PPE. Table 2 shows the
importance of PPE for workers.
In this study, if workers use PPE, the total value decreases up to 100% for iodosulfuron-methyl-sodium, nicosulfuron, tribenuron-methyl, and tritosulfuron (Table 2).
On the other hand, diclofop-methyl has the highest risk for
workers because of the fact that there is no decrease in its
EF value between no-PPE and with-PPE. It was indicated
that total hand exposure was decreased up to 99.1% by using two-layer gloves [28]. For this reason, in this study, EF
value for diclofop-methyl can be decreased if two-layer
gloves are used by workers. Remoundou et al. (2015) indicated that conscious farmers who were aware of negative
effects of pesticides would take care of using PPE in pesticide applications [29]. In Gaza Strip, workers had
knowledge about PPE such as gloves with 90.3% and overalls with 95.7% for minimizing pesticide exposure [30].
MacFarlane et al. (2013) reported that PPE is less considered by farmers although the use of PPE reduces pesticide
exposure [31]. Nuyttens et al. (2009) concluded that farmers had to choose the right PPE depending on the type of
spray application [32].

Percentage decrease of risk (%)
26.60
48.43
88.43
0.00
31.30
82.44
100.00
100.00
82.05
100.00
100.00

4. CONCLUSIONS
In this study, all a.i. have occupational risk because of
their 0.000 EF value. Three of eleven a.i. that named as 2,4D, diclofop-methyl and fenoxaprop-p-ethyl have high occupational risk due to their 1.000 EF value. The percentage
of a.i. with high hazard was determined as 27.27%. The
highest total occupational hazard was obtained in diclofopmethyl (EF 1.913). However, the lowest total risk for occupation was calculated in nicosulfuron (EF 0.230). Generally, farmers in Turkey do not use PPE during pesticide
application. If farmers do not use PPE, they can be negatively affected by pesticide application. For this reason,
farmers must use PPE for minimizing pesticide exposure.
Four of eleven a.i. named as iodosulfuron-methyl-sodium,
nicosulfuron, tribenuron-methyl and tritosulfuron decrease
by 100% when PPE is used. The lesser pesticide exposure
means the healthier farmers. It can be obtained from this
study that the use of PPE is important for farmers’ health
in herbicide applications. Public service announcement
about minimizing the pesticide exposure to operator and
worker during application have to be broadcasted by regional media for public health. Moreover, instructions on
pesticide labels must be understood by farmers.
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ABSTRACT
ZnS nanocrystals were synthesized via hydrothermal
process and characterized by X-ray diffraction (XRD),
Transmission electron microscope (TEM), Ultraviolet–visible spectroscopy (UV-vis) and Fourier transform infrared
spectrometer (FT-IR). The results indicated that the obtained ZnS nanocrystals are cubic sphalerite with little partical size and good dispersity. Under UV light irradiation
and controlling the experimental conditions, the photocatalytic activity of ZnS nanocrystals was evaluated by degradation of tetracycline (TC). Various factors have been compared through a series of experiments, and the optimal reaction condition has been found out. Additionally, the photocatalytic activity of recycled ZnS decreased with the increasing runs of recycling. Finally, the photocatalytic reaction mechanism of ZnS nanocrystals was proposed and the
photocatalytic degradation pathway of TC was analysed.
Overall, the ZnS photocatalysis was found to be a promising process for removing TC from wastewater.

KEYWORDS: ZnS nanocrystals; synthesis and characterization;
tetracycline; photocatalytic degradation

1. INTRODUCTION
Semiconductor nanocrystals are usually composed of
group II–VI or III–V elements, also termed as quantum
dots (QDs) [1]. Because they often consist of a little number
of atoms, their particle size is very small (less than 100 nm
in three dimensions, an average of about 2~10nm). The
characteristic optical properties of nanocrystals include intense fluorescence, broad excitation, narrow emission and
resistance to photobleaching [2]. In the past several decades, nanocrystals have received substantial attention due
to their outstanding optical properties and biological applications [3]. More recently, there have been intense concerns on CdE (E = S, Se, Te) nanocrystals [4-9]. How* Corresponding author

ever, these types of nanocrystals are made from heavy
metal ions (e.g., Cd(2+)), which may result in potential biological and environmental toxicity, and this drawback seriously hampers their practical applications [10]. ZnS nanocrystals are one of the most important II–VI semiconductor
materials which attracted tremendous attention because of
their outstanding properties: wide band gap energy [11],
low level of harm, stability, moderate price and easily accessibility. Moreover, its quantum size effect also shows
many specific photoelectric properties [12, 13].
Techniques for preparing ZnS nanocrystals are various,
such as precipitation method [14], electrodeposition method
[15], ultrasonic-assisted method [16], microwave-assisted
method [17] and hydrothermal method [18]. Among these
methods, hydrothermal method has the advantages of simple operation, high production purity, and obtained materials possess small crystal size, narrow size distribution,
good crystallinity and high photoluminescence intensity
[12, 18, 19]. Recently, more and more different nanocrystals have been prepared via hydrothermal method [20-24].
Antibiotics, also known as antibacterials, are types of
medications that are used for treating infections caused by
bacteria [25]. However, not only the extensive use of antibiotics has led to worldwide environmental pollution, but
also the development of multi-resistant bacterial strains can
no longer be treated by the presently known drugs [26]. Tetracycline (TC), in virtue of its moderate price, represents a
major proportion of the antibiotics in use currently [27], particularly in the field of medicines, aquaculture and veterinary medicines [28]. Recently, due to its poor absorption
by organisms, a significant amount of TC has been detected
in natural environment, causing growing concerns about its
potential impact to the ecosystem [29].
In the present work, ZnS nanocrystals were prepared
via hydrothermal synthesis method and characterized by
X-ray diffraction (XRD), Transmission electron microscope (TEM), Ultraviolet–visible spectroscopy (UV-vis)
and Fourier transform infrared spectrometer (FT-IR). The
photodegradative effect of TC under UV light irradiation
was investigated by using ZnS as the photocatalyst, and the
effects of solution pH, TC concentration and ZnS dosage
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were evaluated to determine the optimal reaction condition. After that, the activity of the recycled catalyst was assessed. And finally, the photocatalytic reaction mechanism
of ZnS nanocrystals was proposed and the photodegradative process of TC was analysed.
In summary, we have found a much more simple and
low-cost process to synthesize ZnS nanocrystals. More importantly, the as-prepared ZnS exhibited higher photodegradative rate to TC, and showed promising prospect for the
treatment of TC in future industrial application.

2. MATERIALS AND METHODS
2.1 Materials

The materials used included Zn(CH3COO)2·2H2O and
Na2S·9H2O. They were purchased from Sinopharm Chemical Rengent Co. Ltd. Tetracycline, oxytetracycline hydrochloride, ciprofloxacin and danofloxacin mesylate were
obtained from Shanghai Shunbo Biological Engineering
Co. Ltd.. All chemicals were used as received without any
further purification and doubly deionized water was used
throughout the experiments.
2.2 Preparation of ZnS nanocatalysts

Weighed 2.6341g Zn(CH3COO)2•2H2O (0.012mol) and
2.8800g Na2S•9H2O (0.012mol) were added separately to
40 mL deionized water in the beakers. These two solutions
were mixed and stirred for 30min with continuous nitrogen
bubbling at room temperature. Then, the mixtures were
transferred to a 100 mL Teflon-lined stainless steel autoclave, followed by putting them in an electroheat blasting
baking oven with 150 °C for 10 h. After that, the products
were cooled to ambient temperature naturally, and the solutions were centrifuged at 1000 rpm for 3 min to harvest ZnS
precipitate. Then the precipitates were washed with deionized water and ethanol several times and dried in a vacuum
evaporator at 60 ◦C for 48 h to obtain ZnS nanocrystals.
2.3 ZnS structural Characterization

The XRD pattern was obtained by a MO3XHF22 X-ray
diffractometer (MAC Science, Japan) equipped with Ni-filtrated Cu Kα radiation (40 kV, 30 mA). The 2θ scanning angle range was 10–80◦ at a scanning rate of 10◦ min−1. The
morphology and size of ZnS photocatalyst was studied by
TEM (JEOL IEM-200CX) microscope. UV–vis absorption
spectrum was obtained by dry-pressed disk samples using
Specord 2450 spectrometer (Shimazu, Japan), and adopted
BaSO4 was used as the reflectance sample. Fourier transform infrared (FT-IR) spectrum was recorded by a Nicolet
Nexus 470 FT-IR (America thermo-electricity Company)
with 2 cm−1 resolution in the range of 500–4000 cm−1, pellet
was prepared by mixing nanoparticles with KBr powder.
2.4 Antibiotics photodegradative experiment

150 mL antibiotics solution was injected to quartz reactor (total volume of 200 mL) by a 100mL syringe. The

pH adjusted by NaOH was determined by a microprocessor
pH meter (Leichi Instruments, Shanghai, China), and photodegradative experiments were carried out in a GHX-2
photochemical reactor with a 500 W ultraviolet lamp. To
determine the initial absorbency, all samples were stirred
for 30 min in dark to ensure the adsorption equilibrium.
Then the ultraviolet lamp was turned on, and we maintained the reactive temperature below 298 K by a flow of
cooling water. The whole photodegradative process continued for 1 h and was conducted in 10 min interval. After
that, all samples were centrifuged at 1000 rpm for 3 min
and their supernatant’s UV–vis adsorption spectrum was
recorded by an UV–vis spectrophotometer. The adsorption
detections were performed at 356nm (tetracycline), 356nm
(oxytetracycline hydrochloride), 275nm (ciprofloxacin)
and 190nm (danofloxacin mesylate). The degradation rate
was expressed as DR=(A0-A)/A0, where A0 and A are the
absorbance of antibiotics before and after photodegradative reaction.

3. RESULTS AND DISCUSSION
3.1 ZnS structural characterization

X-ray powder diffraction pattern of the synthesized ZnS
nanocrystals is illustrated in Fig.1 (A). All peaks can be well
indexed to the cubic sphalerite phase of ZnS (JCPDS No.
05-0566) [30-32]. There are three characteristic diffraction
peaks at 2θ = 28.59°, 47.78°, and 56.74°, corresponding to
the (111), (220) and (311) crystal plane of pure ZnS, respectively.
To further characterize ZnS nanostructures, TEM analysis was carried out. The typical TEM image of ZnS nanocrystals is shown in Fig. 1(B) and the inset figure represents its corresponding particle size distribution. Fig. 1(B)
exhibits that the obtained ZnS was approximately spherical
and homogeneous. Some of the particles were agglomerates. From the particle size distribution statistics, it can be
seen that ZnS size distribution was in the range of about
2.5–32.5 nm, and their mean diameter was 14.55 nm with
a standard deviation of 5.37.
UV–vis absorption spectrum is presented in Fig. 1(C).
It is similar to the image described in previous articles [33,
34]. It is obvious that the absorption spectrum was very
broad and featureless in the whole region. The band gap of
materials can be estimated via the formula: Eg = 1240/λ,
which Eg represents band gap energy and λ is the wavelength of the absorption edge [35]. As the spectrum shows,
the absorption edge wavelength of pure ZnS nanoparticles
was about 380 nm, corresponding to a bandgap of 3.26 eV.
At last, ZnS FT-IR spectrum is presented in Fig. 1(D).
As can be seen from the Fig. 1(D), peaks at 3420 and 1090
cm-1 are corresponding to the O-H bond vibrations adsorbed
of -OH groups, which belong to the adsorbent H2O on the
ZnS surface [36]. This phenomenon indicates that Zn2+ ions
have strong bonding effect with H2O molecular on ZnS surface. The weak peaks located at 2900 and 2970 cm−1 are
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FIGURE 1 - ZnS structural characterization: (A) XRD pattern, (B) TEM image, (C) UV–vis absorption spectrum, (D) FT-IR spectrum.

assigned to symmetric and asymmetric C–H stretches.
C–H bonds are present in monoacetate groups as intermediate products [37]. The absorption peaks at 1570 and
1410 cm-1 represents the C=O symmetric and asymmetric
stretching vibration of the carboxylate ions (–COO−) in
Zn(CH3COO)2•2H2O [38]. Moreover, 665 cm-1 peak is
the ZnS characteristic absorption and is assigned to Zn–S
stretching vibration.
3.2 Photodegradative experiment
3.2.1 Photodegradative performance of various antibiotics

Fig. 2(A) illustrates the photodegradative efficiency of
various antibiotics. The experiments were performed on the
initial conditions of pH=10.00, c(antibiotics)=10mg/L and
c(ZnS)= 400mg/L. As the investigation shows, TC and oxytetracycline hydrochloride had higher degradation rates,
while ciprofloxacin and erythromycin exhibited inferior
performance in the experiments. In order to make the results more representative, we chose TC as degradative object in the experiments.
3.2.2 Effects of initial solvent pH value

Solvent pH is considered an important factor of antibiotics photodegradation. To study its effect, we maintained
c(TC)=10mg/L and c(ZnS)=400mg/L and varied the initial

pH value from 7.0 to 11.0. As can be seen in Fig. 2(B), the
pH increased from 7.0 to 10.0, the TC degradation rate increased from 59.66% to 89.42%. When the pH increased
from 10.0 to 11.0, the TC degradative efficiency decreased
from 89.42% to 85.28%.
The results can be explained by considering the nanocrystals surface charge properties. The photodegradative
reaction is mainly due to the hydroxyl radical (•OH) attack
to TC molecules. But with a low pH it is difficult to provide
enough •OH species and they are more readily generated
in higher pH condition [39]. However, the degradation rate
of TC is inhibited when pH is high (> 10.0), because the
•OH species will compete with TC molecules in adsorbing
on the photocatalyst surface, which may explain the variation tendency of this experiment.
3.2.3 Effect of initial TC concentration

The optimal pH condition has been found from the former
step, but initial TC concentration is also a very important parameter in this treatment. Here we kept pH=10.0 and
c(ZnS)=400mg/L, changed TC concentration in the range
of 5-20mg/L to study its influence on photodegradative efficiency. As can be seen in Fig. 2(C), TC degradation rate
was increasing from 5mg/L to 10mg/L but was dropping
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from 10mg/L to 20mg/L. The result indicates that under low
concentration level, TC molecules on ZnS surface had not
reached the adsorption equilibrium, may be that ZnS pholocatalyst mainly exhibited adsorption at low TC concentration which resulted in low degradation rate. When the solution concentration increased, more TC molecules were adsorbed on ZnS surface and affected to the degradative effect.

A

1.0

1.0

0.6
0.4
0.2
0.0

pH=7.0
pH=8.0
pH=9.0
pH=10.0
pH=11.0

0.8
DR/100%

DR/100%

B

Tetracycline
Oxytetracycline hydrochloride
Ciprofloxacin
Danofloxacin mesylate

0.8

However, the increased of TC concentration also decreased
the path length of photon entering into the solution. At high
concentration level, a significant amount of UV-light may
be absorbed by TC molecules rather than ZnS photocatalyst
and this may also reduce the catalytic efficiency.
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FIGURE 2 - Photodegradative experiment: (A) Photodegradative performance of various antibiotics, (B) Effect of initial pH value, (C) Effect
of TC concentration, (D) Effect of ZnS dosage, (E) Activity of fresh and recycled ZnS.
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3.2.4 Effect of ZnS pholocatalyst dosage

3.3. Photodegradation mechanisms analysis

For economic removal of TC effluent from wastewater,
it is necessary to find out the optimal amount of photocatalyst. In this section, we first ensured the initial pH=10.0,
and ZnS dosage was varied from 100 to 1300mg/L in the
10mg/L TC solution. As presented in Fig. 2(D), with increased ZnS amont from 100 to 400mg/L, TC degradation
rate improved from 80.24% to 89.42%. However, while ZnS
amount exceeded 400mg/L, TC degradation rate dropped
from 89.42% to 55.25%. As can be seen from the result, at
low ZnS concentration, the number of available adsorption
and catalytic sites increased with increasing ZnS dosage.
After optimal level, high turbidity of solution system and
penetration of UV light decreased thereby enhanced scattering effect and lowed the photodegradation rate.

3.3.1 Photocatalytic reaction mechanism of ZnS nanocrystals

3.2.5 Activity of recycled ZnS

In practice, in order to reduce the cost of treatment and
maintaining the continuity of production, people must assess
the stability of photocatalyst. In the present study, we preserved the reaction conditions of pH = 10.00,
c(TC)=10mg/L and c(ZnS)= 400mg/L, repeated the experiment and recycled the ZnS. As the results of Fig. 2(E) suggested, photocatalytic activity of primary recycled ZnS has
decreased to a certain extent. Furthermore, the efficiency
of secondary recycled ZnS was unsatisfactory. The deactivation of photocatalyst is caused by the degraded substance
and other impurities has been adsorbed on ZnS surface and
also affected to its adsorption properties.

ZnS nanocrystals were irradiated by the light whose
photon energy was larger or equal to its bandgap energy,
the electrons in valence band can be excited into conduction band, leading to the formation of positively charged
photogenerated holes(h+) in valence band, and negatively
charged photogenerated electron (e-) in conduction band:
ZnS+hv→ZnS (e-,h+)

(1)

At this moment, photogenerated holes and electrons
have two evolve possibilities. In one case, the absorbed
light energy will release as heat or photons and emitting
fluorescence, all these situations can not use the absorbed
light energy. In another case, the strong oxidizing photogenerated holes will react with H2O moleculars to generate
hydroxyl radicals(•OH), and the strong reducing photogenerated electrons will react with dissolved oxygen to produce oxyradicals(•O2−). Eventually, the oxyradicals will
also translate into hydroxyl radicals. These reactions will
separate photogenerated holes and electrons and transfer
absorbed light energy into chemical energy. The possible
reactions are listed as follows:
h+ + H2O→•OH + H+
+

−

h +OH →•OH
−

e +O2→•O2
−

−

+

(2)
(3)
(4)

•O2 +H →HO2•

(5)

2HO2•→O2+H2O2

(6)
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FIGURE 3 - TC photodegradative process mass spectrum: (A) At the begining, (B) 30 min after UV light irradiation, (C) 60 min after UV light
irradiation.
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H2O2+•O2−→•OH + OH−+ O2

(7)

•O2− +H2O + H+→ H2O2 +OH−

(8)

H2O2+e−→•OH+ OH−

(9)

3.3.2 Photodegradative process of TC

In order to ensure the TC degradative pathways, the intermediates and final products were determined by mass
spectrometry, the results taken at the beginning, 30 and 60
min after UV light irradiation are shown in Fig. 3(A)~(C).
Through the analysis, in the early stage of photodegradative
process, by the attacked of hydroxyl radicals, carbon–carbon
single bonds at A and C ring of TC were first broken, then
the m/z=274.27 and m/z=162.79 or m/z=318.31 and m/z=
120.84 substance were formed. With the increased of degradation time, these intermediates were further splintering
into small fragments. Eventually, TC was degraded thoroughly and the remains were H2O, methanol, ethanol, phenol, amine and some other small molecules. This process
is presented Fig.4.
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ABSTRACT
The influence of different parameters including particle size and initial total solids on the biohydrogen production from food waste was studied. The results demonstrated
that the initial particle size and the concentration of initial
total solids (TS0) have a positive effect on hydrogen (H2)
production. Results showed that if no pH adjustment
(buffer) or particle size selection is applied, the maximal
volumetric hydrogen production (2.2 LH2 kg-1 of the initial
total solids added) was obtained at 90 gTS0 L-1. However,
the maximal total solids and chemical oxygen demand removal percentages were obtained at 10 gTS0 L-1. For particles larger than 2 mm, the H2 production increases as the
TS0 increase. In the case of particle sizes between 0.5 and
2.0 mm, and smaller than 0.5 mm, the higher H2 production
was reached at 50 gTS0 L-1 and 15 gTS0 L-1, respectively.
Larger particles size required more time to produce the
same amount of hydrogen. The maximum hydrogen production rate per initial total solids was obtained with the
smallest particle size by applying 15 gTS0 L-1. The principal volatile fatty acids generated were acetic and butyric
acids. The values of acetic acid were similar when TS0 applied between 5 to 20 g L-1 for each different particle size.
Higher concentration of TS0 than 30 g L-1 results in a fast
increase of acetic acid production.

KEYWORDS: biohydrogen; initial total solids; organic solid waste;
particle size; restaurant waste.

1. INTRODUCTION
The application of the hydrolytic-acidogenic stage of
the anaerobic digestion process is an appropriate alternative to produce hydrogen (H2) and to obtain an effluent rich
in volatile fatty acids, (VFA), mainly acetic, propionic and
butyric acid, lactate and solvents (acetone and ethanol).
* Corresponding author

The H2 production yields are closely related to the fermentation pathway and end-products [1,2]. The main biochemical reactions for H2 production are related to the organic
matter transformation into acetate and butyrate. When acetic acid is the end-product of the reaction, a theoretical
maximum of 4 moles of hydrogen per mole of glucose can
be produced (Eq. 1):
C6 H 12O6  2 H 2O  2CH 3COOH  2CO2  4 H 2

(1)

and when butyrate is the end-product, a theoretical
maximum of 2 moles of hydrogen per mole of glucose is
produced (Eq. 2):
C 6 H 12 O6  CH 3CH 2 CH 2 COOH  2CO 2  2 H 2 (2)

If propionic acid is produced during the dark fermentation, there exist a consumption of H2 (Eq. 3), thus, reducing the H2 yields.

C6 H 12O6  2 H 2  2CH 3CH 2COOH  2 H 2O

(3)

From the above reactions, it is clear that if the process
is mainly oriented to acetic and butyric acid production
pathway, the H2 production can be maximized. H2 production can be achieved in a cost-effective way by using a
wide variety of non-expensive residues such as the organic
solid waste (OSW) as substrate [2-4].
Different initial parameters affect the hydrogen production including the feedstock source, initial pH and initial total solid concentration [5-7]. In the case of methane,
it has been reported that particle size influences the production rate and yield [8-10]. Izumi et al. [8] showed that as result of a pre-treatment (particle size from 0.84 to 0.39 mm),
the total chemical oxygen demand (COD) was increased,
improving the methane yield by 28%. However, it was observed that an excessive reduction of the particle size of the
substrate resulted in VFA accumulation, decreasing the methane production. The reduction of the particle size generates an increase of the surface area available to the microorganisms and thus favouring the methanogenic process
[9]. For the case of hydrogen production, only few reports
have been published about the effect of particle size. For
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the municipal solid waste, it has been proposed that the decrease of the particle size can lead to the increase of hydrogen production. Yuan et al. [10] used different particles
sizes (1, 5 and 10 mm) of a wheat stalk for hydrogen production, observing differences at constant total solids
value. They found that the cumulative production of hydrogen, acetate and butyrate decrease as the particle size increase. Chen et al. [11], applied different particle size (from
<0.297 mm to >10 mm) of rice straw, obtaining a peak of
hydrogen production at the smaller particle size.
On the other hand, it has been demonstrated that the
initial total solids (TS0) concentration affects the hydrogen
production [8]. High TS0 content can result in problems
with mass transfer between the substrate and microorganisms, which negatively affects the production of hydrogen.
In addition, the initial concentration of substrate (either
solid or liquid) may result in inhibition of H2-producing
bacteria. The TS0 values applied by several authors varied
from 1.3 to 120 g L-1 [6,13,14], obtaining different yields
of hydrogen production. For this reason, it is necessary to
determine the effect of the particle size and different initial
total solids on the biohydrogen production for the feedstocks used.
The objective of this paper was to evaluate the influence of particle size and initial total solids concentration on
biohydrogen production for food waste from a cafeteria using hydrolytic-acidogenic microorganisms in batch reactors operated at mesophilic conditions.

2. MATERIALS AND METHODS
Two sets of experiments were done. Set 1) Effect of
TS0 when no pH adjustment nor particle size selection is
applied in the test, and Set 2) Effect of particle size and TS0
on the hydrogen production.
2.1 Food Waste Feedstock

The organic fraction of solid waste (fermentable matter from food waste) was obtained from a university cafeteria (Universidad Nacional Autónoma de México, Juriquilla-campus at Querétaro). Sampling was performed
during 15 days and refrigerated at 4 °C for preservation. In
each collection, bones and inert material (paper and plastic)
were discarded; only the fermentable matter was preserved. The sampling of cafeteria waste showed the following fractions: residues from fruits and vegetables 69.5
±16.1 %; protein residues (meat and egg) 13.9 ± 7.3 %;
flour derived residues (including bread) 13.2 ± 8.0 % and
others 3.34 ± 16.0 %. The collected raw waste was crushed
in a blender, mixed and homogenized. The feedstock (after
blender) showed the following characteristics: moisture
82%, 206 g TS L-1; total COD 140 g L-1 and alkalinity of
17.6 gCaCO3 L-1. For the experiments of Set 2), three different particles size were selected: a) particles larger than
2 mm (named PS1), b) particles between 0.5 and 2 mm
(PS2) and c) particles smaller than 0.5 mm (PS3). The se-

lected particle sizes resulted after a mechanical pre-treatment using a wet macerated grinder. The typical particle
size distribution using this pre-treatment has been reported
to be around 2 mm (35%) with a substantial percentage of
particles smaller than 0.3 mm (33%) [15]. Finally, the selected waste was freeze at -20 °C and preserved it until the
experiments.
2.2 Hydrogen production test

Hydrogen production was evaluated in serum bottles of
120 mL according to Ramos et al. [6]. Anaerobic granular
sludge from an upflow anaerobic sludge blanket reactor
treating brewery wastewater was used as inoculum (43.9
gTS L-1 wet basis). A thermal pre-treatment was carried out
at 100°C for 24 h to inhibit the bioactivity of methanogens
and to select the hydrogen-producing microorganisms. After
the thermal treatment, the material was broken up into a mortar, sieved with a # 20 mesh (850 µm) and stored in a sealed
glass container at room temperature (24 ± 0.1 °C) until use,
according to [16]. The powder obtained was used as inoculum in each experiment in an initial concentration of 16 g of
TS L-1. Boiled deoxygenated water was added to fill a total
volume of 80 mL, leaving a headspace of 40 mL. Oxygen
was removed by nitrogen purging to assure an anaerobic environment. Incubation was at constant temperature of 36°C,
and the content was mixed using an orbital shaking at 130
rpm. The TS0 concentration was varied from 5 to 120 gTS0
L-1 in the experiments of set 1) and 2). In Set 1) the pH was
not adjusted, while in Set 2), the pH were adjusted and maintained at 5.5 using a citrate buffer (sodium citrate and citric
acid 1M) [6]. All the experiments were run in triplicate. Analytical analysis as TS and COD were determined according
to the Standard Methods [17].
2.3 Biogas and fermentation products analysis

The production of the biogas was followed using a
pressure transducer as described by Shelton and Tiedje
[18]. The pressure was monitored in regular intervals. During each pressure measurement, the bottle was allowed to
reach the atmospheric pressure, avoiding to work with systems under pressure that are prone to gas leaks or inhibition
of hydrogen producers microorganisms. Biogas amount
was estimated from the pressure using the ideal gas law.
Endogenous biogas production was evaluated by tests with
no substrate addition for the inoculum and subtracted in the
biogas calculations. The hydrogen percentage in the biogas
was determined using gas chromatography (Agilent 6890 /
TCD, column Supelco-Carboxen 1010 Plot). VFA (acetic,
propionic, butyric and iso-butyric acids) and solvents (ethanol and acetone) were determined by gas and liquid chromatography, respectively according to Ramos et al. [6]. A
kinetic analysis of cumulative hydrogen production from
different particle size and initial TS was done with the experimental data obtained. Each condition represents the average of three experiments for hydrogen production during
reaction time. The modified Gompertz equation (Eq.4) was
used to fit the kinetics of biohydrogen production as described by Buitron and Carvajal [16].
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 2.71828 * Rmax (  t ) 
H (t )  H max * exp  exp
 1
H max




(4)

where, H(t) (mmol) represents the total amount of hydrogen produced in time t (h); Hmax (mmol) represents the
maximal amount of hydrogen produced during the test;
Rmax (mmol h-1) is the maximum hydrogen production rate
and λ (h) is the lag time before the exponential hydrogen
production.

3. RESULTS AND DISCUSSION
3.1 Effect of TS0 without pH adjustment

Figure 1 shows the hydrogen production yield (YH2),
the removal percentage of TS and COD applying different
TS0 concentrations. The YH2 showed a dependency between the hydrogen production and the initial total solids,
obtaining the maximum value when 90 g L-1 was used (YH2
of 2.2 LH2 kg-1 TSadded). The removal efficiency decrease
when the TS0 increase, for the case of the COD and TS. In
this sense, the optimal TS0 concentration for the H2 production was obtained at 90 gTS0 L-1. However, at 90 gTS0 L-1,
the removal efficiency (COD and TS removal) was less
than 10%. A compromise between the hydrogen production yield (obtaining a maximum at 90 gTS0 L-1) and TS
and COD removal (obtaining better efficiencies at initial
ST lower than 10 gTS0 L-1) has to be found. In this aspect,
the better compromise for H2 production and COD and TS

removal will be reach applying between 5 and 30 gTS0 L-1.
For all cases, the biogas was composed mainly by CO2 (from
80 to 85%) when the TS0 concentration was higher than
10 gTS0 L-1. The rest of the biogas composition was H2
(from 12 to 20%).
Figure 2 shows the production of VFA in the experiments
done. A stable production of acetic and propionic acids was
observed until an initial TS concentration of 70 g L-1. Beyond
this concentration, the VFA increased. There was no effect
on iso-butyric and butyric acids production, where concentrations were fluctuated below 100 and 300 mg L-1, respectively. It was observed that the acetone and ethanol increased as the TS0 increased. Concentrations of TS0 beyond
90 g L-1 produce an exponential production of both solvents,
obtaining values of 4.8, 1.5 g L-1 at TS0 of 100 g L-1. Lactate
increased as the TS0 concentration increased. This concentration can be responsible for the decrease of hydrogen production. It has been reported that butyrate was associated
to H2-producing pathways and a small interaction with lactate at low concentration, this metabolic interaction between butyrate and lactate pathways is not well known [7].
The final pH in all the cases decreased around two
units, irrespective of the TS0 concentration, i.e., the final
pH in the all the bottles tests was 3.5 ± 0.3. Only for the
case of 5 gTS0 L-1, the natural buffer capacity of the system
maintained the pH in 5.5. The results showed that even at
low pH values the hydrogen was generated, but this production was lower compared with those obtained when
there exist an adjustment in the pH during the process [6].

FIGURE 1 - Yield of hydrogen production, TS and COD removal efficiency at different initial total solids concentrations.
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FIGURE 2 - VFA production at different TS0 during the hydrogen production.

TABLE 1 - Hydrogen and VFA production, lag time and percentage of H2 in biogas, when different particle size are applied at several TS0

PS1

PS2

PS3

TS0,
g L-1
5
10
15
20
30
50
100
5
10
15
20
30
50
100
5
10
15
20
30
50
100

Hmax, mL
13 ± 3
39 ± 7
81 ± 32
110± 18
170 ± 16
199 ± 13
195 ± 7
38 ± 4
56 ± 3
58 ± 19
65 ± 10
75 ± 7
103 ± 18
25 ± 8
112 ± 9
126 ± 5
154 ± 22
121 ± 16
109 ± 5
27 ± 2
8±2

Rmax, mL d-1
16 ± 11
31 ± 13
49 ± 16
72 ± 6.7
128 ± 18
177± 34
184± 49
13 ± 2
25 ± 3
36 ± 7
44 ± 9
43 ± 3
54 ± 6
33 ± 8
48 ± 8
65 ± 14
149 ± 17
131 ± 15
124 ± 16
45 ± 5
7±3

λ, h
1.3 ± 1.4
2.8 ± 0.3
3.0 ± 0.1
5.0 ± 1.7
6.7 ± 0.6
9.8 ± 2.5
10.3 ± 2.9
11.3 ± 1.2
7.7 ± 1.4
3.3 + 3.1
3.8 ± 0.3
1.2 ± 0.3
2.4 + 0.2
1.9 ± 0.1
9.8 ± 0.3
13.0 ± 3.5
14.3 ± 1.2
16.9 ± 0.2
17.0 ± 0.1
17.7 ± 0.6
17.5 ± 0.5

Percentage of H2
in gas , %
27
42
39
45
42
39
42
33
33
38
30
34
37
8
54
32
32
34
37
9
5

3.2 Effect of particle size on H2 production

Table 1 shows the hydrogen production for different
particle size applying different TS0 concentration. In the case
of PS1 (particle size >2 mm), the H2 production increased as
the TS0 increased. The higher H2 production was obtained at
TS0 of 50 g L-1, but this production was not significantly different with the condition of 100 gTS0 L-1 (8.9 ± 0.6 and 8.7
± 0.3 mmol H2, respectively). For PS2 and PS3 the higher
H2 production was obtained at 50 gTS0 L-1 and 15 gTS0 L-1,

Acetic,
mg L-1
1685
1496
1507
2058
2506
4995
6099
1325
1590
1580
2086
2851
3136
4957
3228
3454
2822
3903
2804
3871
2209

Propionic,
mg L-1
1247
673
532
606
555
625
404
456
1308
1135
972
837
485
336
330
427
393
406
353
514
440

Butyric,
mg L-1
2455
2430
2827
3425
6061
12938
7437
1603
2443
2387
1513
1990
3758
2587
3294
4426
6018
2344
1627
2750
1899

Butyric/
acetic ratio
1.5
1.6
1.9
1.7
2.4
2.6
1.2
1.2
1.5
1.5
0.7
0.7
1.2
0.5
1.0
1.3
2.1
0.6
0.6
0.7
0.9

respectively (4.6 ± 0.3 mmol and 6.9 ± 0.1 mmol). For smaller
particles, there exist higher quantity of organic matter
available than in bigger particle size. It has been observed,
when liquid waste is applied, that there exist a decrease in
hydrogen production as the substrate concentration and the
organic loading rate increased [19,20].
The results showed that only hydrogen and CO2 were
present in the biogas (Table 1). No methane was detected
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in any sample. The concentration of H2 varied from 5 to
54%. The higher values for hydrogen percentage in biogas
were obtained when the TS0 were 50 gTS0 L-1 or lower. In
the case of PS1 the percentage of H2 was maintained stable
with percentage from 27 to 45% with an average value of
41.5 ± 2.3% in an initial ST from 10 to 100 g L-1. For PS2,
the percentage was stable in 34.2 ± 2.9% except for the
value of 100 gTS0 L-1 where the percentage was 8%. In
PS3, the hydrogen content in the biogas decreased from 54
to 5% as the TS0 increase. The percentages of H2 agree with
the results obtained by Gomez et al. [21] and Zhu et al. [2]
using food residues obtaining 25 to 45% of H2 in biogas.
They also applied pH adjustment in order to avoid the inhibition of the process and carried out at mesophilic temperature (34-35°C).
Figure 3 show the production of H2 obtained after 48 h
of reaction. For low concentrations of TS0 (5-15 g L-1) there
is an increase of H2 production in condition PS3 (6 mmol).
However, higher values than 30 g L-1 produced a decrease
in H2 production. Larger particles size required more time
to produce the same amount of hydrogen. When the concentration of TS0 is between 5 to 20 g L-1, the best option
is to apply a particle size smaller than 0.5 mm because the
production rate is higher per TS0 added. In the case of
15 gTS0 L-1 the hydrogen production per TS were 0.068 ±
0.008, 0.078 ± 0.008 and 0.192 ± 0.009 mmol of H2 g-1TS d-1
for PS1, PS2 and PS3 respectively. Those hydrogen productions can be related to the different rate of solubility of
organic matter and the influence of particle size. The small

particle size increased the solubility rate, increasing the accessibility of the organic matter to the microorganisms- In
this sense, it was suggested that pre-treatment methods, applied to organic solid waste, make more accessible complex carbohydrates resulting in an increase of biohydrogen
production [7]. However, as the particle size decreased, an
inhibitory effect was detected beyond 15 and 50 gTS0 L-1
for PS2 and PS3, respectively. In the case of higher TS0
concentrations (> 50 gTS0 L-1) it is recommended to use
larger particle size.
In a practical operation of a continuous bioreactor, it can
be more suitable to work at concentrations below 30 gTS0 L-1
because higher values show a substrate thickness and make
difficulties in the agitation and draw of the reactor. In addition, higher levels of ST0 produce high VFA (Table 1)
concentrations that can inhibit the microorganism's activity
[21]. The principal VFA generated were acetic and butyric
acids in all the cases, in agreement with other studies applying organic solid waste [6,22,23]. The VFAs are intermediate products of H2 production, and a high concentration of them causes inhibition to the microorganisms
[23,24]. The results demonstrated that when the TS0 increase, the VFA production increases as well. The values
of acetic acid were similar when the TS0 concentration applied was between 5 and 20 gTS0 L-1 for each different particle size. Higher concentration than 30 gTS0 L-1 results in
a faster increase in the acetic acid production. Some studies
showed that the butyric/acetic ratio (B/A) decrease as the
hydrogen production increase [22,25]. Low values of B/A

FIGURE 3 - Effect of different particle size and TS0 on the hydrogen production after 48 h.
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(lower than 0.8) can be obtained when pure substrates as
sucrose or glucose are applied [12,26]. However, for the
case of organic solid waste, the values for B/A between 1.0
to 5.0 has been reported [22,25]. In our study, the values
varied between 0.5 to 2.6.

Marie Curie Research Fellowship Programme PIRSESGA-2011-295170. Carlos Ramos, César Figueroa and
Mónica Rangel are acknowledged for their participation in
test experiments. Jaime Pérez Trevilla and Gloria Moreno
Rodríguez are acknowledged for their technical assistance.

Beyond the acetic and butyric acids as the main metabolic products, other sub-products can be obtained during
the dark fermentation of food waste, e.g. lactate. The lactate can be produced due to the presence of microorganisms as lactic acid bacteria (LAB) in the food waste [2730]. It was demonstrated that other groups of microorganisms, including Bacteroidales strains, can produce lactate
as well as acetate, succinate, formate or propionate which
are generated from the carbohydrates present in the food
waste [27]. However, it has been reported that the effect of
LAB on H2 production depends on pH and temperature [3].
The inhibition effect on hydrogen-producing bacteria can
be prevented by keeping the pH at over 5.0 [29], as the conditions that we maintain in our study.

The authors have declared no conflict of interest.

Due to the use of a buffer, the average final pH values
were higher than 5.0 for all the particle size and TS0 tested
(5.3 ± 0.26, 5.4 ± 0.10, 5.13 ± 0.60 for PS1, PS2 and PS3,
respectively), showing that the buffer capacity was enough
to avoid inhibition of the microorganism’s activity. Only
the case PS3 with TS0 of 100 gTS0 L-1 the final pH was 4,
in this case, the high VFA production decrease the pH and
produce a decrease on hydrogen production [24].

4. CONCLUSIONS
The results demonstrated that there is an effect of the
initial particle size and the concentration of initial total solids on the hydrogen production. When no pH adjustment
is applied, it was observed that the maximal hydrogen production (2.2 LH2 kg-1 TSadded) was obtained at 90 gTS0 L-1,
but the high TS and COD removal were obtained at 10
gTS0 L-1. The H2 production increases as the TS0 increase
when particles larger than 2 mm were used. For particle
sizes between 0.5 and 2.0 mm, and smaller than 0.5 mm,
the higher H2 production was reached at 50 gTS0 L-1 and 15
gTS0 L-1, respectively. Larger particles size required more
time to produce the same amount of hydrogen. The maximal hydrogen production rate was obtained with a smaller
particle size applying initial 15 gTS0 L-1. The principal volatile fatty acids generated were acetic and butyric. The values of acetic acid were similar when initial TS applied were
between 5 to 20 gTS0 L-1 for each different particle size.
Higher concentration of TS0 than 30 gTS0 L-1 results in a
fast increase in the acetic acid production.
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ABSTRACT
In this study, we investigated the transport of heavy
metals ions through a polymer inclusion membrane (PIM)
containing cellulose acetate (CA) as support, calix[4]resorcinarenes (RC) as carriers, 2-nitrophenyloctanoate (NPOT)
and 2-nitrophenyloctylether (NPOE) as plasticizers. The
effects of several transport conditions including, pH, PIM
thickness, plasticizers amount and carriers concentration
were studied. The optimal transport conditions for Pb(II),
Cu(II) and Zn(II) were found to be 10.8 mM of carriers,
0.13 mL/g of CA for NPOE, a pH of 5.1 and 1.5 for feeding
and receiving phases respectively. Our experiments revealed
a facilitated counter-transport mechanism for ions transfer
and showed that such PIMs can be reused for five consecutive cycles without appreciable deterioration. We characterized PIMs structure by several techniques and determined their water content and porosity. Applying these optimized transport conditions to remove metal ions from
municipal wastewater samples, we found an overall removal efficiency of 87%, 86%, 75%, 72%, and 71% for
Pb(II), Ni(II), Cd(II), Cu(II) and Zn(II) respectively. Of interest, the residual concentrations of these heavy metal ions
were below the permissible limits according to the Algerian standards for wastewaters quality.

KEYWORDS: Polymer inclusion membranes, Calix[4]resorcinarenes, Metals ions, Separation, Municipal wastewater.

1. INTRODUCTION
Lead, copper and zinc are heavy metals of concern for
their role in environmental pollution, as have toxic effects
in humans via inhalation, oral ingestion and/or skin contact. The presence of these metals in the human body may
induce elevated blood pressure, anaemia, and gastrointestinal, cardiovascular, nervous and memory diseases [1].
* Corresponding author

Currently, due to anthropogenic activities where lead is the
raw material (i.e. fuel refining and use, metallurgy, pigmenting, etc.), its removal from wastewater is a problem of
great significance [2]. Due to concern for the environment
and the possibility of using a very low amount of the extractant, liquid membrane-based separation methods are
considered viable alternatives to currently employed solvent extraction methods [3-6].
Polymer inclusion membranes (PIMs) are thin, flexible, and stable films, formed by casting a solution containing an extractant (carrier), a plasticiser, and a base polymer
(cellulose triacetate, CTA or poly(vinyl chloride), PVC)
[7-15]. Selectivity, stability, and efficient transport of
metal ions are the properties that make PIMs valuable technologies for the removal of toxic ions from liquid effluents.
Over the last 30 years, PIMs have been widely used in the
production of chemical sensors with applications in the potentiometric determination of many cations and anions
[16]. Moreover, since the use of flammable solvents has
been eliminated from the composition of PIMs [16], many
studies have presented additional applications of these
membranes as solid sorbents in separation and extraction
processes, with obvious implications for green chemistrycontrolled technology.
Cellulose acetate can be characterised by its extensive
linearity, good flexibility, excellent durability, biodegradability, non-toxicity, low cost, and displays good solubility
in organic solvents [17-23]. On the other hand, it has some
disadvantages such as poor mechanical strength, low oxidation, as well as thermal and chemical resistance [24-28].
Cellulose acetate membranes have been used in many applications of particular interest are reverse osmosis systems, and as a neutral matrix for the incorporation of different polymers (e.g., conducting polymers), inorganic
ions (e.g., lanthanides), and organic (e.g., pharmaceutical)
compounds [14, 17, 18, 23, 29, 30].
The calixarenes are a major class of supramolecular
hosts of phenolic units. One of the important properties of
calixarene is its ability to recognise cationic and anionic
species, as well as neutral molecules. These receptors have
the possibility to form interesting complexes both with metal
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cations and biological compounds by exhibiting extractability and selectivity. Many studies have been published
dedicated to calixarenes, particularly in the molecular inclusion of biological substrates, such as amines and amino
acids [31-33]. Various applications of calixarenes also refer to purification, chromatography, catalysis, enzyme
mimics, ion selective electrodes, phase transfer, transport
across membranes, ion channels, and self-assembling monolayers [1, 34-41]. The aim of this work is to investigate
the efficiency of metal ions removal from synthetic aqueous wastewater solutions and municipal wastewater by a
PIM technology. The influence of the PIM carrier concentration, plasticizer amount, PIM thickness, pH, and phase
composition were investigated for estimate their impact
both on transport fluxes of the optimal membrane.

2. MATERIALS AND METHODS
2.1 Municipal wastewater collection

The triplicate samples of municipal wastewater was collected from a wastewater stream flowing over nearby location
of city of El Harrach (latitude deg. North 36.710455, longitude
deg. East 3.12295), 11 km east of Algiers, Algeria. Collected wastewater was brought immediately to laboratory.
Sample was collected just before the starting of experimentation in order to avoid alternation in the wastewater characteristics mainly due to open storage of sample. Before

treatment, the samples were filtered through Millipore filter paper (0.45 µm) and kept in Teflon® bottles, at 4 °C, in
the dark. The general characteristics of the municipal wastewater are presented in Table 1 Concentrations of Pb(II) and
Cd(II) are high enough to be considered as a serious environmental problem. Therefore, they were chosen for our study.
2.2 Chemicals

The structures and abbreviations of the carriers used
in the present study are shown in Fig. 1. The carrier, (Cbutyl)calix[4]resorcinarene, abbreviated as RC4, (C-octyl)calix[4]resorcinarene, abbreviated as RC8, and 2-nitrophenyloctanoate (NPOT) were synthesised in our laboratory [36,42]. Final products were purified by recrystallisation and identified by FT-IR, 1H NMR, and elemental analysis.
Lead (II) chloride, copper (II) chloride, zinc (II) chloride, resorcinol, aldehydes, ethanol, hydrochloric acid, potassium hydroxide, dichloromethane, cellulose acetate (CA,
molecular weight Mw = 50.000, with an acetyl content of
39.7%, and refractive index =1.475), and 2-nitrophenyl-octylether (NPOE) were analytical grade reagents purchased
from Fluka. Aqueous phases were prepared by dissolving
the different reagents in deionised water. The pH adjustment was done by addition of dilute hydrochloric acid or
potassium hydroxide to prepare the desired pH solution.

A

B

RC4: R = C4H9
RC8: R = C8H17
FIGURE 1 - Molecular structures of calix[4]resorcinarenes.
A Chemical formula and abbreviation of calix[4]resorcinarenes used as carriers.
B Cartoon representation of RC8 showing the characteristic and truncated cone shape with eight hydroxyl groups on the wide rim and
four hydrophobic tails on the narrow rim.
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TABLE 1 - Physical-chemical characteristics of municipal wastewater sample used for experiments.

2.3 Preparation of PIM

Membranes were prepared by the solution casting and
solvent evaporation techniques as described by Sugiura et al.
[43]. The polymer matrix (CA), the plasticizers (NPOE/
NPOT), and a carrier (RC4,8) were dissolved in dichloromethane to prepare a homogenous solution. The solution
was poured into a 7.6 cm diameter flat bottom glass Petri
dish. The organic solvent was allowed to evaporate overnight at room temperature. The resultant translucent film
was cautiously peeled off of the Petri dish and rinsed with
water on both sides. The resulting membrane was evaluated for its strength, flexibility and visually apparent homogeneity. The thickness of the membrane film can be calculated by micrometer
This thickness could be varied by pouring more or less
of the mixture into the casting ring, as desired. The blank
experiments for the transport when the ion carrier was absent, i.e. with membranes containing the support (CA) and
plasticizers (NPOE, NPOT) only, showed no significant
flux across PIM.
2.4 Transport experiments

A typical laboratory scale device was used for
transport studies. It consisted of two compartments made
of Teflon with a maximum capacity of 400 ml separated by
the PIM. Of interest, the film side exposed to air during
solvent evaporation faced the feed compartment and the
PIM area exposed to the aqueous phase was 12.56 cm². In
order to minimise the boundary layer thickness, both the
source and stripping compartments were provided with a
mechanical stirrer adjusted to 600 rpm [37]. The Transport
can take place by diffusion. All transport experiments were
carried out at 25±1°C and repeated three times. In all figures, the reported error bars represent the standard deviation of the data.
2.5 Analyses

Metal concentrations were determined by sampling at
the indicated times. A 0.25 ml aliquot from both the feed
and striping solutions was then analysed with an atomic absorption spectrophotometer (Varian AA 110). The mass
flux, J (µmol/m2.s1), of the metal ions through the PIM was
calculated according to Eq. (1) [43]:
J = + n / St

(1)

Where n represents the variation in the mole number
of metal ions in the stripping solution, during the reference
time t, and S is the active membrane surface.

To describe the efficiency of metal removal from the
source phase, the recovery factor (RF) was calculated:

RF (%) =

x100

(2)

Where c is metal ions concentration in the source phase
at a given time, ci is the initial metal ions concentration in
the source phase. For the municipal wastewater sample.
The pH, electrical conductivity (EC), redox potential (Eh)
and Total Dissolved Solids (TDS) were analyzed with a
multifunctional pH meter (HANNA HI 2550).
2.5 Membrane characterisation

To characterise the morphology and composition of
the PIM, several techniques were used such as FT-IR,
SEM, XRS, TGA and water content measurements. FT-IR
spectra were taken in the range of 650-4000 cm−1 using an
FTIR-8300 Fourier Transform InfraRed Spectrophotometer (Shimadzu). The surface characterisation study of the
PIM was carried out by scanning electron microscopy
(SEM) observations using a 10 kV apparatus (ESEM
XL30, Philips) after gold coating. X-ray analyses were recorded on a Philips model X-pert X-ray diffractometer operating at 40 kV. Thermogravimetric analysis (TGA) of the
PIMs was done on a Setaram TG 96 thermal analysis instrument from room temperature to 550ºC at a heating rate
of 10°C/min in a nitrogen atmosphere.
The water content of the membranes was obtained as
follows:
Pre-weighed membranes were immersed in water for
24 h and weighed after drying with blotting paper [37]. For
each specimen, four samples were tested. The percent water content was determined according to Eq. (3) [37]:

Water content (%) =

x 100

(3)

where m1 and m2 are the weight of the wet and dry
membrane, respectively.
3. RESULTS AND DISCUSSION
3.1 Pb(II), Cu(II) and Zn(II) transport experiments

The main objective of PIMs research is to maximise
the membrane fluxes of solutes. However, the rate of
transport of the target solutes is markedly influenced, first
by the physicochemical properties of the carrier, then by
the chemical composition of the membrane, and finally by
the chemical composition of the source and stripping solu-
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tions [44, 46]. Therefore, we investigated the impact of these
three parameters on the facilitated transport properties of our
PIM system toward Pb(II), Cu(II) and Zn(II). The choice of
metals ions was driven by the fact that calix[4]resorcinarenes are known to form complexes with Cu(II) and Zn(II)
[47] and thus mediate the transport of Cu(II) complexes
through liquid chloroform membranes [48].
As seen in Table 2, the initial flow of PIM in this study
is lower than the initial flux in the previous study [36].
Probably due to the difference in the nature of the support
(CTA/CA), the transport of metals is mainly by diffusion,
and therefore the transport rates are lower. Furthermore we
observed that transport efficiency of PIM in this study is
higher than that of unplasticized PIM in previous study
[37]. The obtained data prove that the PIM with any additionally plasticizers is not only considerably cheaper but it
has enhanced metal ions transport compared with other unplasticized PIMs [37].

3.2 Amount of plasticizer

To understand the influence of the amount of plasticizer on transport flux, membranes were prepared with variable amounts of NPOE at a constant concentration of carrier the (RC4) and CA in the PIM. Fig. 2 shows the effect
of the amount of NPOE on the transport flux of metals ions.
The flux was increased by increasing the amount of NPOE
until a value of 0.13 mL, further addition caused a decrease
in the transport flux. This decrease was attributed to the increase in the thickness and viscosity of the membrane resulting in lower mass transfer [49-51]. Thus, the amount of
NPOE was selected as 0.13 mL (4.13M) for further experiments. The results (Fig. 2) show that the choice of the appropriate composition of the various components of PIM
must be based not only on the interactions between the different components, but also their effect on the extraction
and transport of the species of interest.

TABLE 2 - Comparison of PIM containing RC8 for Pb(II) transport (feed phase: 1×10−2 M Pb(II), pH of feed phase 5.1, receiving phase: HCl
at pH 1.5).
Support material

Plasticizer
NPOE
NPOT
Without
NPOE
NPOT

Cellulose Tri Acetate (CTA)
Cellulose Tri Acetate (CTA)
Cellulose Acetate (CA)
Cellulose Acetate (CA)
Cellulose Acetate (CA)

Carrier
RC8
RC8
RC8
RC8
RC8

Flux (μmol/m2.s1) of Pb(II)
5.03
1.43
0.13
4.78
0.98

Ref
[36]
[36]
[37]
This study
This study

Pb(II)
Cu(II)
Zn(II)

-2

-1

Flux (mol.m .s )

3

2

1

0
0,04

0,06

0,08

0,10

0,12

0,14

0,16

0,18

Amount of NPOE (ml)

FIGURE 2 - Change of transport flux with the amount of NPOE. Transport conditions: Source phase (synthetic aqueous solution of PbCl2,
CuCl2 and ZnCl2, 10-3M pH: 5.1) and stripping phase (deionized water, pH=1.5) were stirred at 600 rpm, membrane area of 12.56 cm2 with
10.8 mM of carrier (RC4) and [0.05-0.17] ml of NPOE, time of transport : 3 days, T =25°C.
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FIGURE 3 - Pb(II), Cu(II) and Zn(II) mass fluxes through PIMs. Transport conditions : Source phase (synthetic aqueous solution of PbCl2,
CuCl2 and ZnCl2, 10-3M pH: 5.1) and stripping phase (deionized water, pH=1.5) were stirred at 600 rpm, membrane area of 12.56 cm2 with
10.8 mM of carrier and 0.13 ml of (NPOE/NPOT), time of transport : 5 days, T = 25°C.

3.3 Influence of carrier structure on cation flux

3.4 PIM thickness

First, we wondered whether modifying the calix[4]resorcinarene structure (particularly the length of the alkyl
moieties, Fig. 1) would have an effect on the rate of metals
ions transport through the PIM. The collected data are depicted in Fig 3. Thus, our initial hypothesis that calix[4]resorcinarene is able to mediate cation transfer through a CA
matrix was confirmed. RC8 appeared to be the most efficient carrier for Cu(II) with a three-fold increase in flux,
followed by RC4. Rates of Zn(II) transport were below
those of Cu(II), but the pattern of carrier efficiencies was
roughly the same (RC8 > RC4). We can infer from these
results that metals ions fluxes depend on the alkyl chain
length of calix [4] resorcinarene. The influence of the
length of the alkyl chain on the transport of metal ions has
already been demonstrated for diazadibenzocrown ethers
[16]. These results imply that the efficiency of the macrocyclic carrier based on an optimal combination of polar
rings and hydrophobic tails.

In order to assess the influence of membrane thickness on
metals ions transport through the membrane, transport experiments were carried out using membranes of the same chemical composition, but with different thicknesses, i.e. 22, 28, 33,
39 and 48 µm. As seen in Fig. 4, the metals ions flux decreased
by increasing the thickness of the membrane. This was explained by the appropriate formulation of Fick’s first law of
diffusion illustrated in earlier studies [52,53]:
J= D0
(4)
Neglecting the aqueous diffusion layer, ∆x=d (d: membrane thickness) and ∆C ≅ Ci (Ci is the initial source phase
concentration). Eq. (5) can be simplified to:
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The pH of the source phase has been fixed at 5.1, taking into account the maximum efficiency of experimental
biphasic extraction obtained in this pH range, from the results shown in Fig.5, when a larger difference in pH between the source and stripping phases is applied, the initial
flux of lead (II) increases from 1.33 (at pH 3.5) to 4.68
µmol.m-2.s-1 (at pH 1.5). A lower pH in the stripping phase
afforded the quantitative stripping of metals ions from the
membrane phase. These observations are reasonable because, according to the proton-driven mechanism discussed earlier, the hydrogen ion concentration in the strip
phase is the only factor that influences the transport process
[36,37]. One can suggest that the increase of the pH difference between the feed and the strip phases enhances the
release of the metal ions in the stripping phase by a facilitated protonation of carrier with two protons as expected in
Eq (6):

On the other hand, decrease with increasing the thickness of the membrane may be due to possible interactions
between the plasticizer and carrier. This can be explained
in terms of the diffusion of complex through the membrane. Since the rate of mass transport is determined by
diffusion through the membrane from the source solution
to the stripping solution, the rate of mass transport decreases logically with an increase in film thickness.
The maximum membrane transport was observed
when the membrane thickness was 22 µm, as can be seen
in Fig. 4. However, a negligible value was found with a
membrane thickness of 48 µm. Therefore, the membrane
thickness of 28 µm was used in our study.
3.5 Influence of the aqueous phases composition

The facilitated transport of divalent metal ions through
membrane systems containing acidic organic compounds
such as calix[4]resorcinarenes is generally ensured by a
counter-transport of protons. The carrier exchanges one
metal ion at the source solution-membrane interface releasing two protons. The complex formed between the carrier
and the metal diffuse through the membrane and one metal
ion is released at the membrane-stripping phase interface
by substitution of two protons. It is clear that the pH difference between source and striping aqueous solutions may
play the role of driving force for the transfer of metal from
the source to the stripping aqueous solution [9].

M2+ + RC4,8

M(RC4,8)Org + 2 H+

(6)

3.6 Effect of the carrier concentration on initial metals ions
flux

Fig. 6 displays the variation of the entrance flux of
metals ions in the PIMs as a function of the carrier concentration RC4 (the concentration is referred to the carrier content in the plasticizer NPOE). When the RC4 concentration
increases from 1.35 mM to 10.8 mM, the initial flux increases by a factor Two. At lower carrier quantity the interface between the donor phase and the membrane is not
saturated by carrier. A further increase in the carrier concentration up to about 10.8 mM resulted in only a slight
increase in the flux. At higher RC4 concentration the organic membrane becomes saturated in M(RC4)Org complex
and initial flux remains constant, the main reason of the
enhancement of the flux is the increase of the kinetic of
metal-carrier association at the source membrane interface
as the concentration of the metal ions is also increased, this
plateau may be due to high viscosity in the membrane

In order to improve the dissociation of the complexe in
the striping phase, the variation of the extracted metals ions
M(II) amount was studied as a function of the pH of the
striping phase solution, ranging from 1.5 to 3.5 by varying
the concentration of HNO3 (Fig. 5). A pH gradient between
the source and stripping phases is the driving force for the
transport of metals ions through the membrane phase. So,
an acidic solution was needed for the stripping of Metals
ions from the PIM.

Pb(II)
Cu(II)
Zn(II)
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Flux (mol.m .s )
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Thickness of membranes

FIGURE 4 - Influence of membrane thickness on the transport of metal ions. Transport conditions: Source phase (synthetic aqueous solution
of metal ions PbCl2, CuCl2 and ZnCl2, 10-3M pH: 5.1) and stripping phase (deionized water, pH=1.5) were stirred at 600 rpm, membrane area
of 12.56 cm2 with 10.8 mM of carrier (RC8) and 0.13 ml of NPOE, time of transport : 5 days, T = 25°C.
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FIGURE 5 - Effect of pH receiving solution on metals ions transfer through RC8 CA-NPOE membrane. Transport conditions: Source phase:
(synthetic aqueous solution of metal ions PbCl2, CuCl2 and ZnCl2, 10-3M pH: 5.1) and stripping phase: pH = [1.5-3.5] were stirred at 600 rpm,
membrane area of 12.56 cm2 with 10.8 mM of carrier (RC8) and 0.13 ml of NPOE, time of transport : 5 days. T= 25 °C.
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FIGURE 6 - Metal ions initial flux vs. calix[4]resorcinarene (RC4) concentration. Transport conditions: Source phase: synthetic aqueous solution of metal ions PbCl2, CuCl2 and ZnCl2, 10-2M at pH= 5.1. Stripping phase: HCl pH =1.5. Were stirred at 600 rpm, membrane area of
12.56 cm2 with [1.35-17.55] mM of carrier (RC4) and 0.13 ml of NPOE, Time of transport: 3 day, T = 25 °C.

which limits the diffusion of carrier-cation complexes in
the PIM [7,53]. The course of the curve can be interpreted
as evidence for a carrier-mediated transport mechanism
due to the fact that a percolation threshold was not observed in Fig. 6. In these experiments, the diffusion of the
complex across the membrane was the rate-controlling step
in the transport process [36].
3.7 Environmental applications of PIM to remove toxic metals
ions from municipal wastewater

It is very important to use real water samples in order
to investigate the applicability of a certain type of PIMs to

remove specific pollutants from polluted water. Municipal
wastewater collected from the city of El Harrach. The concentration of metals ions was measured for the three samples, and the Zn(II), Ni(II) and Cu(II) concentrations were
found to be lower than the Permissible limit of Algerian
Standards.
Concentrations of heavy metals in the municipal
wastewater, before and after the process of treatment and
their removal degrees, are shown in Table 3. After five
days the concentrations of heavy metals in the municipal
wastewater were reduced below the permissible limits for

2302

© by PSP Volume 24 – No 7. 2015

Fresenius Environmental Bulletin

wastewater in Algeria. The uptake of Pb(II) from sample
by the PIMs was high (87%). The percentage of metal ions
removal varied from 71% to 87%.
3.8 Membrane characterisation
3.8.1 SEM and FTIR characterisation

The surface morphology of prepared PIMs was evaluated by using SEM. The SEM micrographs suggest that the
before addition of carrier onto membrane the structure or
morphology of the membrane was microporous as reported
by the suppliers (Fig. 7a). But after the addition of carrier
onto the membrane the morphology of membrane was entirely changed. The pores of membrane were covered/blocked by carrier (Fig. 7b and c). This suggests that,
after the evaporation of dichloromethane, the plasticizer
and the carriers diffuse homogeneously through the membrane and filled the pores.
The significant characteristics for FTIR spectrum of
the blank membrane (Table 4) shows bands at 2932 and
2880 cm−1 attributed to C–H bonds. The bending peaks of
C=O (carbonyl) and C-O were observed at 1746 and 1061
cm−1, and the wide band detected in the 3600–3400 cm−1
region was attributed to O–H bond stretching modes. The
FT-IR bands of carrier RC4 and RC8 were observed at
3468, 2910 and 1536 cm-1 and 3481, 2988 and 1527 cm-1
for OH, C-H (Aliph) and CH (Aromatic) respectively (Table 4). While after the addition of carrier a small shifting of
bands were observed due to the vibrational coupling of
bands. The significant bands were interpreted which conforms the impregnation of carrier RC4 and RC8 onto the

PIM membrane as; 3468, 2910, 1717, 1614, and 1536 cm-1
for OH, CH (Aliph) C=O(carbonyl), CH (Aromatic), and
(C=C Aromatic) (Table 4). The most part of the bands are
due to the support (CA) and carriers. The additional main
bands at 1536 cm−1 were observed for the PIM containing
RC4, which correspond to the (C=C)Ar groups of RC4. Furthermore, the bands shape of the C=O stretch at 1746 cm-1
was greatly influenced by the inclusion of calix [4] resorcinarene. This was most likely due to hydrogen bonds between
the polymer carbonyl moieties and OH groups on the carrier. According to the results of the FTIR spectra, there was
no formation of covalent bonds between the constituents of
the membrane, and there were only weak interactions between the constituents, i.e. van der Waals and hydrogen
bonds [54]. Consequently, the analysis and comparison of
the obtained spectra revealed that all the membrane constituents remained as pure components inside the membrane [55,56].
3.9 X-ray Diffraction

The modified surface morphology of the PIM led us to
evaluate the degree of crystallinity by X-ray diffraction.
Fig. 8 depicts the X-ray diffractograms of the CA and RC4
membranes. Two unresolved bands of diffuse diffraction
were observed between 10° and 20° for the CA membrane
which confirmed an amorphous structure. When RC4 was
added to CA, a minor modification was observed (a slight
increase of the broad peak around 20°). Similar results
were obtained with RC8. These findings allow us to ignore
carrier crystallisation within the membrane and suggest an
amorphous state of the prepared PIMs [8].

TABLE 3 - Metals ions removal from municipal wastewater sample using PIMs

SD: Standard Deviation, sample volume treated: 400 mL
Transport conditions : feed phase (municipal wastewater adjusting the pH at 5.1) and receiving phase (deionized water, pH=1.5) were stirred
at 600 rpm, membrane area of 12.56 cm2 with 10.8 mM of carrier (RC8) and 0.13 ml of NPOE, Time of process: 5 Days, T = 25°C.
* Algerian standards of water for human consumption, Official journal of the algerian republic, N° 18, 2011.
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(a)

(b)

(c)
FIGURE 7 - Surface view of membranes. (a) CA ; (b) CA-RC4-NPOE ; (c) CA-RC8-NPOE.

TABLE 4 - FTIR characterization: absorption peak values and the corresponding moieties in CA membrane and PIMs.
Membrane
CA

CA-NPOE

Peak value (cm-1)
3400-3600
2932
2880
1746
1253
1194
Same bands and
1372
1497
1554

Corresponding moieties
O-H
C-H ( CH3)
C-H ( CH2)
C=O
C-O
asym( C-O-C )

C-N
C=C (NPOE)
NO2 (NPOE)
CA-NPOT

CA-NPOE-RC4
CA-NPOT-RC4

Same bands and
1370
1495
1531

same bands and
1527
same bands and
1536
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C-N
C=C (NPOT)
NO2 (NPOT)
(C=C)Ar (RC4)
(C=C)Ar (RC4)
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3.10 Thermal analysis (TGA) of PIMs

Fig. 9 shows the TGA curves of the CA, CA-NPOE
and CA-NPOT membranes at a heating rate of 10 °C/min
in N2. The thermal degradation of the CA membrane consisted of a series of degradation reactions, such as dehydration at 100°C.
In order to investigate the heat resistance of CA+plasticizer+carriers membranes, and then we then used thermogravimetric analyses (TGA) to link specific temperature
and mass changes to the degradation of a specific compound. It should be noted that normally according to the
results of the FTIR: there are not new covalent bands between the carrier and polymer, thus in the membrane there

exist two aggregates: polymer CA and aggregates of the
carrier solubilised in plasticizer, in theory the thermogram
of the system (support-carrier+plastifiant) gives two losses
of mass. This weight loss was mainly due to the evaporation of bonding water on the CA membrane. Thermal pyrolysis of cellulose acetate skeleton was found at ≈330°C.
In the case of the NPOE-CA membrane, weight loss
started at around 206°C, which was due in part to the
NPOE, since the boiling temperature of NPOE is 198°C.
At around 370°C, CA polymer degradation started. The
PIM containing NPOT-CA showed a first weight loss at
215°C which was due in part to the NPOT, since the boiling temperature of NPOT is 200°C. In this case, CA polymer degradation started at 357°C [36].

FIGURE 8 - X ray diffractogramms of RC(4,8), CA membrane alone and PIMs.
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FIGURE 9 - Thermogrammes of CA membrane alone, CA-NPOE membrane and CA-NPOT membrane

TABLE 5 - Chemical and physical characteristics of PIMs
2

Membrane

Quantity (g) of carrier

Weight (mg/cm )

Thickness (μm)

Water content (%)

CA
CA-NPOE
CA-NPOT
CA-NPOE-RC4
CA-NPOT-RC4
CA-NPOE-RC8
CA-NPOT-RC8

0
0
0
0.015
0.015
0.013
0.013

4.30
5.36
5.29
5.81
5.67
5.73
5.43

18.83
23.60
20.43
25.17
21.40
28.91
23.43

37.37
13.98
10.86
11.90
09.56
10.78
09.10

FIGURE 10 - Fluxes in consecutive transport experiments performed on the PIM with RC8 and (NPOE/NPOT). Transport conditions: Source
phase (synthetic aqueous solution of PbCl2: 10-3M, pH: 5.1) and stripping phase (deionized water, pH=1.5) were stirred at 600 rpm, membrane
area of 12.56 cm2 with 10.8 mM of carrier (RC8) and 0.13 ml of (NPOE/NPOT), T = 25 °C.

3.11 Water content

Water content is used to investigate the hydrophilicity
of the material surface, as shown in Table 5. When the aliphatic chain length of calix[4]resorcinarene was increased
in the PIM at a constant carrier concentration, a continuous
decrease in the water content of the PIM was observed.

This phenomenon can be attributed to the enhanced hydrophobic character of the PIM surface. A possible explanation of these results is the adsorption and/or inclusion process of the carrier molecules at the interface between air
and the surface of the membrane. As the hydrophobic part
of the molecular skeleton is oriented toward the air inter-
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face, it is also possible that a hydrophobic PIM could repulse water molecules inside the membrane matrix. This
means that embedding calix[4]resorcinarene with long aliphatic chains into the CA matrix could create a membrane
with greater hydrophobic content [37].

[2]

Salazar-Alvarez, G. Bautista-Flores, A.N. de San Miguel,
E.R. Muhammed, M. and Gyves, J. (2005) Transport characterisation of a PIM system used for the extraction of Pb(II)
using D2EHPA as carrier, J. Memb. Sci, 250, 247-257.

[3]

Alguacil, F. J. Coedo, A. G. Dorado, M. T. and Padilla, I.
(2001) Phosphine oxide mediate transport: modeling of mass
transfer in supported liquid membrane transport of gold (III)
using Cyanex923, Chem. Eng. Sci, 56,3115-3122.

[4]

Boyadzhiev, L. Lazarova, Z. and Noble, R.D. Stern (Eds.),
S.A., (1995) Membrane Separations Technology: Principles
and Applications, Elsevier Science B.V,. pp. 28-300.

[5]

Kocherginsky, N.M. Yang, Q. and Seelam, L. (2007) Recent
advances in supported liquid membrane technology, Sep.
Pur. Tech, 53, 171-177.

[6]

Mohapatra, P.K., and Manchanda, V.K. (2003) Liquid membrane based separations of actinides and fission products,
Ind. J. Chem., 42(A): 2925-2939.

[7]
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transport, irradiation stability and surface morphology of
polymer inclusion membranes containing Cyanex-301 as
carrier extractant, J. Hazard. Mat., 192: 116-123.
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and Arsene, C. (2011) A novel polymer inclusion membrane
applied in chromium (VI) separation from aqueous solutions,
J. Hazard. Mat., 197:244-253.

3.12 Stability of the PIM

The stability of the PIM was evaluated under the same
conditions where the feed and strip phases were renewed
every 24 h without changing the membrane. During the
transport of Pb(II) ions through the PIM carried out for 24
h (first cycle), no decrease in transport efficiency was observed. However, when further transport experiments were
carried out using the same membrane, it was observed that
the PIM was stable during the first five cycles (Fig. 10).
From the sixth cycle on, a remarkable decrease was observed, particularly after seven cycles, by approximately
20%, as shown in Fig. 10. The decrease in the stability of
the membrane may have been caused by the partitioning of
the carrier between the membrane and the aqueous solution
[55]. Moreover, the stability of the PIM was influenced by
the properties of plasticiser used in the PIM [36,57].

4. CONCLUSIONS
Homogeneous, transparent, and mechanically stable
PIMs with CA as base polymer, NPOE/NPOT as plasticiser and calix[4]resorcinarene as carrier were prepared,
and tested for their ability to extract Pb(II), Zn(II) and
Cu(II) from their acidic aqueous solution. The optimal
transport conditions were obtained at pH 5.1 in the feed
phase and pH 1.5 in the receiving phase. The experiments
demonstrated that the mechanism of metal ions transport
by the PIM system occurred by facilitated countertransport mechanism. Also, the optimal content of PIM was
found to be 0.13 ml of plasticiser (NPOE) per 1.0 g of CA
with 10.8 mM of calix[4]resorcinarene. The membrane has
been reused for five consecutive cycles without appreciable deterioration in performance, which showed the good
stability. This work provides an opportunity to explore the
efficiency of a PIMs system (with CA as base polymer,
NPOE/NPOT as plasticiser and calix[4]resorcinarene as
carrier) in treatment of municipal wastewater. Although,
results clearly indicates the efficacy of PIMs system in
wastewater treatment but further detailed studies are still
required to answer few key issues of this system.
The authors have declared no conflict of interest.
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IN VITRO ANTIOXIDANT POTENTIAL OF para-ALKOXYPHENYLCARBAMIC ACID ESTERS CONTAINING 4-(4-FLUORO/3-TRIFLUOROMETHYLPHENYL)PIPERAZIN-1-YL MOIETY
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ABSTRACT
Antioxidant properties of certain β-adrenoceptor blocking agents (β-ABAs) may provide their significant benefit in
the therapy of cardiovascular diseases. Considering mentioned, the potential of original β-ABAs, para-alkoxyphenylcarbamic acid esters 6i–6l and 8f–8i with incorporated 4-(4-fluoro- or 3-trifluoromethylphenyl)piperazin-1-yl fragment, to reduce stable 2,2-diphenyl-1-picrylhydrazyl radical (DPPH•) applying UV/VIS spectrophotometry
and to scavenge peroxynitrite ions (ONOO–) using HPLC
method, has been in vitro investigated. It has been observed
that para-position of attached alkoxy group has appeared
to be most suitable for antioxidative efficiency. The increase in lipophilicity in homological series 6i–6l and 8f–
8i could be regarded as important but it has been questionable whether principal factor in terms of capabilities of these
esters being effective reductants of DPPH• and the ONOO–
scavengers as well. From entire evaluated set, para-methoxy substituted molecule 6i has been able to reduce reference DPPH• most markedly. The in vitro experiments have
also revealed the most pronounced ONOO– scavenging potential of para-propoxy substituted compound 8h.
KEYWORDS: β-adrenoceptor antagonists, antioxidant efficiency,
positional isomerism

1. INTRODUCTION
In clinical practice, β-adrenoceptor blocking agents (β-ABAs) have shown several beneficial cardiovascular contributions to patients with hypertension, angina pectoris
or myocardial infarction [1]. It has been reported that part
of carvedilol´s effects, a lipophilic third-generation non-selective vasodilating β-ABA [2], might be related to the reduction of myocardial oxygen demand and cardiac workout
as a result of β-adrenoceptor blockade. In addition, notable
* Corresponding author

antioxidant properties of concerned compound and the impacts on cardiac remodeling could be also responsible for its
final beneficial outcome [3]. The potency of carvedilol to inhibit reactive oxygen-derived free radicals might also be relevant in heart failure therapy [4-6].
As shown in Figure 1, chemical structure of carvedilol
consists of some fundamental parts: (i) lipophilic carbazole
moiety (the substituent R) which is responsible for antioxidant properties, (ii) etheric oxygen directly connected to
2-hydroxypropane-1,3-diyl chain which is essential for the
β-blockade and (iii) basic fragment (guaiacoxyethylamino
group) which primarily invokes blocking ability on α-adrenoceptors resulting in moderate vasodilator properties
of considered molecule [7, 8].
During past two decades, in vitro and in vivo antioxidant
potency of various third-generation non-selective β-blockers
with both β1- and β2-adrenoceptor as well as α1-adrenergic
receptor blocking activities have been investigated [9, 10].
These compounds (Figure 1), namely ferulidilol which was
derived from ferulic acid and isoeugenodilol which was derived from isoeugenol, isoform of eugenol, have contained
lipophilic vanilloid base. The modification of lipophilic and
salt forming compartments and isosteric replacement of polar etheric bridge by carbamoyloxy moiety has led to the
class of presently investigated para-alkoxyphenylcarbamic
acid derivatives 6i–8i (Table 1).
Concerning legislative complexity which has been connected with preparation and realization of pharmacological
experiments focused on the ability of inspected derivatives
to influence the functions of cardiovascular system, it has
been possible to investigate relatively narrow group of the
compounds. Preliminary pharmacological evaluation has indicated the ability of some molecules from the set 6 to protect heart against extrasystoles, fibrillations and heart failure
exceeding the effect of propaphenone [11]. Following pharmacological screening of the compound 6j [12], it has been
suggested that an incorporation of carbamoyloxy group has
not significantly influenced its β-adrenolytic activity compared to original aryloxyaminopropanols. Moreover, its
ability to in vitro inhibit contractibility of aortal strips and
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to decrease a blood pressure in normotensive and hypertensive rats has enabled to consider 6j as a proper representative of potential antihypertensives [12]. Fundamental property of β-ABAs to antagonize the influence of β-sympathomimetics has been in vitro evaluated for the compound
6j [12] and 6k [11], respectively. The experiments have
been based on the molecules´ characteristics to specifically
block positively chronotropic effect of isoprenaline. The
estimated value of pA2 for 6j was 7.9 and for 6k was 9.2
which indicated their notable anti-isoprenaline
(β-adrenolytic) efficiency [11, 12].
Outlined backgrounds have motivated current research
to explore whether any of above mentioned compounds 6i–
8i could be also antioxidants under in vitro conditions.

2. MATERIAL AND METHODS
2.1 Synthesis and physicochemical parameters determination
of the compounds under the study

Preparation of currently evaluated compounds 6i–6l
and 8f–8i (Table 1), chemically 1-[3-(4-alkoxyphenylcarbamoyloxy)-2-hydroxypropyl]-4-(4-fluoro-/3-trifluoromethylphenyl)piperazinium chlorides (where alkoxy=
methoxy to butoxy group), their spectral characteristics
and elemental analyses data have already been published [13, 14].
Determination of some physicochemical parameters of
these molecules, i.e. solubility profile, dissociation constant pKa and lipophilicity descriptors (the log Pexps estimated by shake-flask method in the octan-1-ol/buffer medium with pH=7.3, the log k´s from RP-HPLC, the RMs
from RP-TLC), with corresponding readouts can be found
in research papers [13-16].

Other compounds, which have been used in carried in
vitro experiments, were purchased: tyrosine (BDH Chemicals, United Kingdom), 3-nitrotyrosine (Sigma-Aldrich, Germany), carvedilol (Sigma-Aldrich, Germany) and Trolox,
chemically (±)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Fluka Chemie, Switzerland). All these
chemicals were of an analytical grade.
2.2 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical Reduction
Assay

Free radical reduction ability of tested compounds was
determined with the DPPH assay by following the procedure described in research articles of Malík et al. [17]
and Masteiková et al. [18]. The solution (200 µL) of particular compound dissolved in ethylene glycol monomethyl
ether (c=0.1 mg·mL–1) was made up to 2.0 mL with methanolic solution of DPPH (c=0.1 mmol·L–1), one of a few stable organic nitrogen radicals with strong visible absorption
[19]. After 5 min, the absorbance value was measured at the
wavelength of 517 nm using the UV/VIS spectrophotometer
HP 8453 (Hewlett Packard, USA). Decrease in the absorbance of respected DPPH solution has indicated increase in
DPPH radical (DPPH•) scavenging effect [19, 20].
Reduction of DPPH• was calculated relatively to the
measured absorbance of control as means ± standard deviation (SD) of three parallel measurements according to the
equation given below:

 A

%DPPH  1  sample  100
 Acontrol 
where: %DPPH – the percentage of the DPPH reduction; Asample – the absorbance at 517 nm; Acontrol – the absorbance at 517 nm in control measurement.

TABLE 1 – The potential of evaluated compounds 6i–8i to reduce DPPH radicals (%DPPH) and to protect tyrosine from peroxynitrite mediated
nitration (%INH).

OH H

H
N

N

O
O

R
Entry

R2

1

R1

R2

. Cl

N

log Pexpa

6i
OCH3
4´-F
3.42
6j
OC2H5
4´-F
3.28
4´-F
3.12
6k
OC3H7
6l
OC4H9
4´-F
3.54
3´-CF3
3.60
8f
OCH3
3´-CF3
3.71
8g
OC2H5
3´-CF3
3.92
8h
OC3H7
8i
OC4H9
3´-CF3
3.98
Carvedilol
–
–
–
Trolox
–
–
–
a
The log Pexp readouts of investigated compounds have been adopted from the article [15]
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%DPPH

%INH

7.7 ± 0.2
5.3 ± 0.3
7.1 ± 0.2
7.2 ± 0.2
1.2 ± 0.2
0.9 ± 0.1
1.0 ± 0.1
1.0 ± 0.1
15.4 ± 0.2
94.7 ± 0.3

-8.5 ± 0.3
-10.4 ± 0.3
-11.7 ± 0.4
-10.0 ± 0.2
2.4 ± 0.3
-0.1 ± 0.2
3.6 ± 0.2
-1.3 ± 0.3
0.8± 0.5
51.3 ± 0.2
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FIGURE 1 – Chemical structure of some non-selective α-/β-adrenoceptor blocking agents which have shown antioxidant properties.

2.3 Peroxynitrite Scavenging Potential
2.3.1 Preparation of Solutions

Peroxynitrite solution was prepared by applying previously published method [21]. Aliquots of H2O2 (c=0.6
mol·L–1) dissolved in HClO4 (c=0.5 mol·L–1) and NaNO2
(c=0.5 mol·L–1) in water (10 mL each) were pre-cooled to 2 °C and rapidly mixed. The reaction was quenched immediately by an addition of 5 mL cold NaOH (c=3.5 mol·L–1).
Unreacted H2O2 was removed by a treatment with an excess
of MnO2 and the solution was filtered. The concentration of
ONOO ions was determined spectrophotometrically in alkaline solution using 302=1670 L·mol1·cm1. The stock solutions were stored frozen at -80 °C for several months without noticeable decomposition.
The volume of 8 μL of prepared peroxynitrite solution
(c=15 mmol·L–1) in NaOH (c=50 mmol·L–1) was drawn and
rapidly mixed in the injector of HPLC autosampler with
42 μL of tyrosine solution (c=1.0 mmol·L–1) in 80 mmol·L–1
KH2PO4–Na2HPO4 buffer (pH=6.0) containing 0.25 mmol·
L–1 of tested compound and ethylene glycol monomethyl
ether (in a 1:1 ratio with water solution).

column temperature was set to 25 °C, mobile phase consisted of 90 % HCOOH (c=40 mmol·L–1) and 10 %
CH3CN (v/v) at a flow rate of 1 mL·min–1. Chromatograms
were detected at the wavelength of 276 ± 20 nm against
reference wavelength of 600 ± 100 nm.
The activity of inspected compounds (including reference drugs) was calculated relative to the measured 3-nitrotyrosine peak area of the control as means ± standard
deviation (SD) of three parallel measurements according
following equation:

 AUCsample 
 100
% INH  1 
 AUC

control


where: %INH – the percentage of inhibition of tyrosine
nitration; AUCsample – the area under curve of 3-nitrotyrosine peak; AUCcontrol – the area under curve of 3-nitrotyrosine peak in control measurement.
The percentage of inhibition of tyrosine nitration was
compared to that of the Trolox standard.
3. RESULTS AND DISCUSSION

2.3.2 Peroxynitrite Scavenging Assay Using HPLC System

The reaction mixture was directly injected into the
HPLC system HP 1100 with autosampler, quaternary pump
and diode-array detector (Agilent Technologies, USA). The
separation was carried out with Supelcosil ABZ + Plus column (250 × 4.6 mm, 5 μm particle size; Supelco, USA),

In this study, both in vitro antioxidant tests, i.e. the
DPPH radical reduction assay and the peroxynitrite scavenging evaluation, were used to examine, compare and explain (i) differences in the potency of para-alkoxyphenyl-
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carbamic acid esters 6i–8i (Table 1) and their previously investigated positional ortho- and meta-alkoxy isomers [17].
(ii) Furthermore, the compounds of the series 6 and 8 have
been varying in hydrogen bonding ability, electrostatic and
steric effects due to different fluorine-containing substituent which has been directly bonded to the aromatic ring
of 4-(phenyl)piperazin-1-yl moiety. For completeness, previous paper [17] has focused, among others, on the factors
stated in paragraph (ii) so they will be indicated in the current research only briefly.
Reaction mechanism of DPPH with potential antioxidants, particularly with phenols and polyphenols, is still a
subject of controversy. Taking into the consideration chemical reactions involved, hydrogen atom abstractions from
phenols are now recognized to proceed by four different
mechanisms [22-25]: hydrogen-atom transfer (HAT), proton-coupled electron-transfer (PCET), sequential protonloss electron transfer (SPLET), and electron-transfer proton-

loss (ET-PT) with the proton being initially transferred into
a solvent molecule to which is phenol hydrogen-bonded.
In terms of stereochemistry, currently (6i–8i) and previously (6a–8e) in vitro evaluated compounds have been
racemates. They have primarily differed in position of
alkoxy side chain attached to lipophilic aromatic ring. In
addition, all the molecules within the series of 6 (6a–6f and
6i–6l) have contained 4-(4-fluorophenyl)piperazin-1-yl
fragment compared to the compounds from the set 8 (8a–8e
and 8f–8i) bearing more lipophilic 4-(3-trifluoromethylphenyl)piperazin-1-yl moiety. The idea that antioxidant properties of ortho-/meta-/para-alkoxyphenylcarbamic acid esters could be modified by a suitable selection
of lipophilic fragment R (Figure 1), has been inspired by
the research of Feuerstein et al. [7].
In terms of the ability to reduce the DPPH radicals, it
has been reported [17] that ortho-alkoxy substituted compounds 6a–6c (within general chemical structure in Table 1,

FIGURE 2 – The formation of virtual five-membered ring (A) for the compounds 6a–6c in contrast to the activating electronic effect of ortho-alkoxy moiety serving for the stabilization of radical (B).
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methoxy, ethoxy or propoxy substituent R1 was attached to
the position 2 of phenyl ring) have been considered more
effective (%DPPH=2.0 ± 0.1 – 7.6 ± 0.2) than meta-alkoxy
substituted (the R1 substituent attached to the position 3)
derivatives 6d–6f (%DPPH=0.4 ± 0.1 – 1.3 ± 0.1)
As current research has revealed, para-alkoxyphenylcarbamic acid esters 6i–6l (the R1 substituent attached to 4 position of phenyl ring) have been regarded as slightly more efficient than the compounds 6a–6c. Furthermore, all currently
and previously inspected substances containing 4-(3-trifluoromethylphenyl)piperazin-1-yl group have shown the
%DPPHs not higher than 1.4 ± 0.2 [17].
Based on resonance theory [26], the linearity of these
aromatic compounds with the substituent attached to para-position has made resonance (mesomeric) effect at phenyl
ring which has affected their electron distribution and lipohydrophilic properties as well. para-Alkoxy fragments have
primarily acted through the resonance as electron-donating
groups which have been able to enhance the basicity of nitrogen atom. Given substituents could distribute negative
charge towards amino moiety as a part of carbamate group facilitating its protonation. Nevertheless, described electron-donating resonance effect has been countered by
the electron-withdrawing inductive one of these alkoxy
substituents. Anyway, for para-position, positive mesomeric effect has dominated [27].
Similarly, in the series of ortho-alkoxy substituted compounds 6a–6c [17], the introduction of alkoxy group has led
to the increase in electron density of phenyl ring due to
above mentioned activating positive mesomeric effect. On
the other hand, it has been suggested [17] that intramolecular
hydrogen bond (IHB) has been formed between N–H group
of carbamoyloxy fragment and oxygen atom of ortho-alkoxy
side chain. The consequence of that process was the creation
of virtual five-membered ring, as illustrated in Figure 2 (part
A). All these intramolecular interactions have supported the
forming of regions of negative electrostatic potentials, serving thus as electron-donating site. It should be further clarified that hydrogen bond has opposed the activating electronic influence of ortho-alkoxy moiety (stabilization of the
radical), as drawn in Figure 2 (part B), and has slightly decreased the reactivity of ortho-alkoxy positional isomers.
Pankratov and Shalabay [28] have studied electronic
structure of the series of organic molecules including the
derivatives of aniline 2-XC6H4NH2 (where X=CHO,
COOH, NO, NO2, OH, OCH3, SH, SCH3, F, Cl or Br) by
means of ab initio Hartree-Fock (HF) method with the
6-311G(d,p) basis set. That theory level HF/6-311G(d,p)
has been sufficient for the overview of tendency in electron
density redistribution on the IHB formation in that series.
Their research has proven the IHB establishment to lead
to a local electron redistribution in quasicycle and primarily to the electron density transfer between direct IHB participants of binding – from „mobile“ hydrogen atom toward the proton-acceptor atom [28].
X-Ray crystallographic investigation of [(2-methoxyanilino)methylene]malononitrile (MAMM), a molecule

which has contained identical lipophilic part as the substance 6a, has shown that MAMM had an almost planar
structure and intramolecular N–H ··· O hydrogen bond has
formed a planar five-membered ring which has helped to
flatten the molecule. Following calculated data, the distance between hydrogen of NH-group and oxygen of
2-methoxy moiety has been 2.18 Å. Planar structure has
been favorable for conjugation between donor and acceptor
parts of the derivative [29]. According to Pauling’s principle [30], the strength of that hydrogen bond has increased
with the increase in the electronegativity of the acceptor
(oxygen) atom. Following the values of the bond lengths,
trigonal nitrogen atom has shown stronger conjugation
with double bond than with the aromatic ring [29].
Another compound which contained very similar lipophilic fragment to the derivative 6a, N-(4-amino-2-methoxyphenyl)acetamide, has been the product of second step
in the synthesis of N-(4-amino-2-methoxyphenyl)methanesulfonamide, the side chain of an anticancer drug.
Following its hydrogen-bonding geometry data, the distance between oxygen of 2-methoxy group and hydrogen
of anilide moiety has been lower than 2.50 Å (it has been
2.19 Å, in fact) indicating the formation of five-membered
quasicycle [31].
When considering the compound 6a the most effective
reductant of DPPH• within the 6a–6c set, it could be suggested an additional improvement of such ability. Theoretically, the breakage of IHB could be achieved by (i) socalled secondary substituent effect, i.e. by the introduction
of another meta-alkoxy side chain (manning para-position
towards original ortho-methoxy substituent) into the chemical structure of the molecule 6a. Firstly, the electrons
would flow from alkoxy to methoxy by ortho-, para-resonance [32]. Consequently, electron density of original ortho-methoxy group would be enhanced by strong electron-donating nature of attached alkoxyl and methoxy moiety
might have more electron density than it could accommodate. That electron excess would be handed to ortho-position of methoxy group. (ii) The incorporation of electron-donating substituents into para-position (e.g. methyl,
methoxyl) would lead to the increase in electron density on
the „aniline“ nitrogen. In the structure of such ortho-/para-substituted molecule, the radical electron would be stabilized on para-position to increase antioxidant capability
of given derivative.
In a series of meta-alkoxy substituted substances 6d–
6f [17], assuming the existence of nitrogen radical on carbamoyloxy moiety, strong electron-withdrawing influence
of the radical has caused that meta-alkoxy fragment has
acted as relatively weaker electron-donating group.
On the other hand, positive mesomeric effect of para-alkoxy chain (with no hydrogen bond) and inferential increase in the electron density on aromatic ring has slightly
favored the compounds 6i–6l in terms of their potential to
interact with DPPH• (Table). Resonance (valence-bond)
structures proposal of the radicals for considered derivatives 6i–6l has been shown in Figure 3.
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FIGURE 3 – Resonance (valence-bond) structures proposal of the radicals for investigated compounds 6i–6l.

Quantitative and qualitative spin density distribution
within the set of 6i–6l will be the subject of further research
employing computational ab initio methods.
From structural viewpoint, the presence of another
phenyl ring within basic part of investigated derivatives
6i–8i has established the possibility for DPPH• to interact
with this moiety. By contrast, strong electron-withdrawing
inductive effect, which has been invoked by 3-trifluoromethyl group, has meant the decrease in electron density
on the aromate. Following mentioned, DPPH• as an oxidant has been able to abstract electron from aromatic ring
of 4-(3-trifluoromethylphenyl)piperazin-1-yl more heavily
and that was the reason why the compounds 8f–8i have
shown lower %DPPH data compared to the series of 6i–6l
(Table 1).
The research of Butler et al. [33] has pointed out that
carvedilol´s lipophilic carbazole group (the R substituent in
Figure 1) has played dominant role in bilayer perturbation.
The combination of specific chemical structure of carvedilol and its high lipophilicity has appeared as required for
carvedilol´s antioxidant potential. Current investigations
have indicated that the increase in lipophilicity (presuming
its certain „requisite“ degree) could be important, but it has
been not clear if principal factor in terms of the abilities of
these alkoxyphenylcarbamic acid esters to reduce DPPH•

and to scavenge ONOO– ions as well. The most efficient
methoxy derivative 6i (%DPPH=7.7 ± 0.2) has not been
regarded as the most lipophilic one [15]. In addition, given
molecule was slightly less lipophilic, log Pexp=3.42 (Table), than the compound 6a, log Pexp=3.61 [34], which has
shown comparable potential to reduce DPPH• expressed by
the readout of %DPPH=7.6 ± 0.2 [17].
Following previous pharmacological evaluation of the
compounds 6k, its capability of being moderate DPPH reductant (%DPPH=7.1 ± 0.2) could contribute to notable
β-adrenolytic efficiency which given molecule has shown
previously [11].
For comparison, Oettl et al. [35] have published that
carvedilol has acted both as metal chelator and in vitro radical scavenger. However, that β-ABA has been considered
selective in a reacting with different types of radicals – it
has provided no reaction with nitrogen-centered DPPH•
and it has not been regarded as an electron-donating radical
scavenger. Current research has indicated that carvedilol
has shown the value of %DPPH=15.4 ± 0.2 (Table 1) and
has been considered doubly more efficient than the compound 6k.
Following current and previously published experimental observations, it could be hypothesized that the re-
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placement of para-alkoxyphenyl moiety by the 2,6-dimethylphenyl or 2,4,6-trimethylphenyl one would lead to the
compounds with more promising antioxidative potential.
The introduction of methyl groups would mean the increase in electron density on the aromate which has been
attributed to hyperconjugation effect. It has taken place
through the interaction of σ electrons of carbon-hydrogen
bond with π-electrons of aromatic system. Such hyperconjugation occurs through hydrogen atom bonded to α-carbon which is directly attached to the aromate [36]. Consequently, methyl groups have shown electron-donating (activating) properties. The selection of electron-donating substituents, however, should be made with care. The electronic
nature and steric hindrance have been believed to be important, in order to explain the function of ortho-substituents. For example, the bonding of tert-butyl group into the
ortho-position would lead to slightly complicated situation.
The antioxidant capability of thus substituted derivative
could be negatively influenced by expected inhibition
of free rotation of N–H group due to steric hindrance.
Three methyl groups are included in the chemical structure of non-selective β-blocker metipranolol which has been
also used to reduce intraocular pressure in the treatment
of glaucoma [37]. Given compound and its active metabolite
desacetylmetipranolol have shown the ability to inhibit both
iron/ascorbate and sodium nitroprusside-induced lipid peroxidation in rat brain homogenates [38]. Described structural arrangement could influence the lipid peroxidation.
For completeness, to be the best of authors´ knowledge, no
research describing metipranolol´s potential to interact
with DPPH• has been reported in literature yet.
In addition, phenyl ring substituted by methyl groups in
the positions 2 and 6 is also incorporated into chemical structure of well-known potent local anaesthetic (LA) agent, lidocaine [39].
Another structural similarity of given LA with the molecules included in currently tested set is in the nature of
nitrogen-containing moiety. Carbamate bond (NHCOO) of
6i–8i is isosterically replaced by the anilide (NHCO) one,
as drawn in Figure 4. Lidocaine has been previously found

to be a potent scavenger of reactive oxygen radicals and
singlet oxygen quencher as well [40, 41]. Considering
given substance to be an antiradical drug, it was also worthy note that lidocaine could not donate its hydrogen atom
(anilide group has been supposed to be a donor) to the
DPPH. Atom of nitrogen in lidocaine radical has been attached to phenyl ring directly (Figure 4) so aromate could
stabilize a single electron. Meanwhile, two methyl groups
have also supported the stabilization of thus formed N-centered radical. Following mentioned, concerned LA has scavenged radicals preferentially by reducing them rather than
donating its hydrogen atom radicals [42]. Analogously with
the research of Ohkatsu and Nishiyama [43], the presence of
α-hydrogen of ortho-methyl group could be used for regeneration of 2,6-dimethylphenylcarbamoyl moiety. The authors have also suggested that electron-withdrawing group
on α-carbon of ortho-substituent (i.e. ortho-chloromethyl)
could enhance effectiveness of thus derivatives.
Turning an attention to the inspection of peroxynitrite
scavenging potential, current research has shown that addition of almost all evaluated compounds, except of 8f and 8h,
has led to catalysis of peroxynitrite mediated nitration process. That fact has been indicated by negative values of
%INH (Table 1). The highest ability to inhibit the nitration
of tyrosine has been assigned to the molecule 8h (%INH=3.6
± 0.2). That derivative has been considered more efficient
than carvedilol (%INH=0.8 ± 0.7). The %INH readouts of
ortho-/meta-alkoxy substituted derivatives 6a–6f and 8a–
8e [17], respectively, have been, however, lower compared
to the value of Trolox (%INH=51.3 ± 0.2).
In contrast, it has been reported that carvedilol treatment has significantly uppressed inducible NO synthase
expression (and subsequent ONOO– formation), decreased
nitrotyrosine formation, improved endothelial function,
and reduced vascular cell death in animal models [44]. However, peroxynitrite released by inflammatory cells might
affect the potency of lidocaine through the inhibition
of its membrane-fluidizing effect. That interaction might
be related to the failure of local anaesthetic in inflammed
tissues [45, 46].

FIGURE 4 – Chemical structure of lidocaine and its N-centered radical which is stabilized by hyperconjugation effect of both methyl groups.
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4. CONCLUSIONS
Major novel findings of current study has been that the
potency of evaluated compounds 6i–8i has been closely
connected with the position of alkoxy side chain attached to phenylcarbamoyloxy fragment. In regard to positional isomerism and electronic effects, it seemed that
para-alkoxy substitution as well as the selection of the substituents with electron-donating and suitable steric properties has contributed most positively to the reduction effect
of investigated compounds towards DPPH•. It has been
provided that bonding of short alkoxy group has been more
favorable than the presence of prolonged side chain. These
structural features have notably influenced such effectiveness together with balanced lipohydrophilic properties.
Current experimental observations have also shown that
the introduction of strongly electron-withdrawing substituent, i.e. 3-trifluoromethyl group, to 4-(substituted phenyl)piperazin-1-yl has provided slightly better prospect to
scavenge ONOO– ions than the incorporation of 4-fluoro
substituent.
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ABSTRACT
This study was carried out to assess runoff and mass
sediment (soil losses) from 3 irrigation districts in the southeastern Anatolia Region of Turkey in 2005 and 2006. The
total irrigating area was 3582 ha, 10044 ha, and 4758 ha for
Çinar-Göksu, Devegecidi, and Kralkızı Districts, respectively. The numbers of samples in the irrigation districts for
measurement of runoff and sediment ranged from 2 to
9 depending on the exit of these districts. A volumetric cup
was used for discharge of runoff based on time. To estimate
sediment in the runoff, water samples were collected using
a 1-liter bottle. The total soil loss was estimated using the
amount of soil mass lost with runoff per second and per
liter. Runoff and mass sediment losses from these irrigation
districts ranged from 28.0–42.4% and 98.4–4503.6 tons for
one irrigation season, respectively. The reasons for excess
runoff and mass sediment might be attributed to excessive
flooding of lands and inappropriate irrigation methods.
These runoff and soil losses are not acceptable for sustainable irrigation and environmental pollution, and these
losses were affected by size of irrigation districts, land
slopes, crop pattern, irrigation methods, amount of irrigation water applied, and climatic conditions.

There are four basic methods of applying irrigation
water: surface (or flood), sprinkler, trickle, and subsurface.
The choice of a specific irrigation method is usually based
on crop type, land slope, soil texture, cost, and local customs. Furrow irrigation, however, can be a major contributor to soil loss. Furrow irrigation results in greater loss
because furrow irrigation uses the soil as the transmission
line and distributes the water along the irrigation furrow.
More efficient irrigation water use not only saves money
but can also reduce irrigation-induced erosion and reduce
leaching potential. There are several ways of improving irrigation efficiency, including the use of pressurized irrigation systems such as drip, sprinkler, and gated pipe and
surge irrigation [1].
Roughly 75 billion tons of fertile topsoil is lost worldwide from agricultural systems every year [2]. Erosion results in the degradation of a soil’s productivity in a number
of ways: it reduces the efficiency of plant nutrient use, damages seedlings, decreases plants’ rooting depth, reduces the
soil’s water-holding capacity, decreases its permeability, increases runoff, and reduces its infiltration rate.
Irrigation-induced erosion begins when water is first
applied to the soil surface where the land slope is sufficient
that the moving water has enough shear force energy to detach soil particles from the soil mass and transport them as
suspended sediment or bed load. Some of the first irrigation
was done in this way by wild flooding [3].

KEY WORDS:
irrigation, surface irrigation, runoff, sediment, erosion

1. INTRODUCTION
Irrigation is a basic and inevitable factor in increasing
and securing the agricultural production in arid and semiarid regions. Irrigation is, thus, essential to profitable crop
production. Irrigation and drainage projects have very important impacts on both agriculture and human life.
On the other hand, soil erosion is acknowledged as a
major environmental problem, threatening sustainable livelihoods around the world. Inappropriate land use and man* Corresponding author

agement is often viewed as the main cause of accelerated
erosion rates. Soil erosion is, thus, one of the main environmental problems in irrigated areas.

Most high-value crops are planted in rows, and to surface irrigate them, small ditches are made parallel to these
crop rows; thus, furrow irrigation has become a common
method.
In general, soil erosion is a three-step process. It begins
with the detachment of soil particles, continues with the
transport of those particles, and ends with the deposition of
soil particles in a new location. Bare soils (soils that lack a
cover of living or dead plant biomass) are highly susceptible
to erosion, even on flat land. There are three main types of
water- induced soil erosion: sheet, rill, and gull [2].
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The topographical structure of Turkey is generally
sloping, high land, and mountainous. In Turkey nearly 63%
of the land has slopes steeper than 15% on average, even
in the coastal areas. The percentage of the land with high
slopes is very high and 48.0% of the soil is on a slope of
20%. High slopes are associated with soil erosion, which
is one of the major problems in Turkey. About 73% of cultivated land and 68% of prime agricultural land are prone
to erosion in Turkey. Areas with moderate or high rates of
precipitation erosion, caused largely by water soil erosion,
are the biggest problems for Turkey. In Turkey, 59% of
land is exposed to severe and very severe soil erosion. In
these lands soil fertility is decreased by about 50% and they
cannot be used economically [4].
GAP, the Southeastern Anatolia Project, in Turkey is
one of the world’s largest and most ambitious regional development projects, which includes a giant water resources
development plan. It includes developing irrigation infrastructure to increase the income in the region through diversified crop patterns including main field and horticultural crops and also secondary crops that require intensive
farm workers, alleviating poverty to some extent. Totally,
1.82 million hectares of land will be irrigated by GAP [5].
Although there are many agronomical and economic benefits, such as this big-scale irrigation project, there will also
be some negative impacts on the environment, such as erosion. Soil erosion is the main threat to the sustainability of
agriculture in the Mediterranean region [6].
In this article, the impacts of soil erosion in irrigated
lands in the GAP region, soil losses, and runoff from some
irrigation districts are presented and discussed.

2. MATERIALs AND METHODS
2.1 Irrigation districts

This study was carried out in three irrigation districts
in the southeastern Anatolia Region of Turkey, Diyarbakır.
These were Çınar-Goksu, Devegeçidi, and P-II. The characteristics of irrigation districts are given below.
Çinar-Göksu reservoir and district: This reservoir
was constructed in 1997 and it has been operated only for
irrigation. The total operation area for irrigation is 3582 hectares (ha). The total capacity of the reservoir is 56.5x106 m3
and the active capacity (operation capacity) is 46.5x106 m3.
The capacity of the main conveying canal is 3,226 m3 sec-1.
Irrigation methods used in the district were mainly surface
irrigation methods and furrow irrigation.
Devegeçidi reservoir and district: The main water
resource for the reservoir is Devegecidi Creek. The watershed of the dam is originated by the surrounding lands,
which have altitudes between 580 and 730 m. The slope of
the lands ranges from 0.5% to 10%. The irrigated areas are
dominated by storage reservoirs (dams) supplying only the
surface waters conveyed through large open channels.

Yearly average precipitation and evaporation are 475 mm
and 897 mm, respectively. In summers, the rainfall ranges
from 0.6 mm through 7.9 mm. In the irrigated areas, the
soils have, in general, clay texture and flat lands. There are
no significant drainage problems. Irrigation water quality
is reasonable and the salinity level is 0.45 dS m-1.
Irrigation reservoir, Devegecidi Dam, and the irrigation scheme were built in 1971. The irrigation scheme was
operated and managed by State Hydraulic Works (DSI),
governmental sector, between 1971 and 1994. The governmental organizations have been mandated to transfer operation and maintenance irrigation systems to the Water User
Organizations (WUOs) of Devegecidi. The main canal
flow is 9.3 m3 sec.-1 It has a gross command area of 10,044 ha.
The average land holding in the irrigation district is 2.5 ha.
Water to the scheme is delivered by means of the main conveyed canal (9.3 m3 sec.-1, max capacity). The irrigation
comprises 47 km of main canals, 13 km of secondary, and
126 km of tertiary canals [7].
Kralkızı dam and P-II irrigation district: This dam
was constructed for electricity production and irrigation in
1998. There are different components of this irrigation district, and P-II is one of these districts. The main irrigation
resource of the P-II District is provided by means of pumping systems from the Kralkizi Dam and open canal systems
are used to convey irrigation water into the irrigation district. The total irrigation area is about 4,758 ha. Most of the
farmers use surface irrigation including furrow irrigation.
2.2 Runoff and mass sediment measurements

A volumetric cup was used for discharge of runoff
based on time. The amount of irrigation water discharge,
which was released to the main canals in the irrigation districts, was measured using an orifice system. To estimate
sediment in the runoff, water was collected using a 1-liter
bottle. The number of samples in the irrigation districts
ranged from 2 to 9 depending on the exit of these irrigation
districts, and all samples represented for each irrigation
district.
The quantity of sediment transported from a small land
area can be, thus, measured by trapping the water and sediment runoff in a catch pit, which is a tank constructed from
plastic.
The runoff samples collected were put into an oven,
thus water in the runoff samples was evaporated and residue in the samples was weighed; thus mass sediment was
calculated for each different discharge of runoff.
The irrigation period and total runoff during the irrigation season were considered when measuring the total
amount of sediment deposited in runoff water. Thus, the
mass of sediment collected from the irrigated area represented the covered area.
Runoff was calculated as discharge of water in exits of
irrigation districts. The total soil loss (mass sediment) was
estimated using the amount of soil mass lost with runoff
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per second and per liter. Thus, total discharge of runoff and
total irrigation period were considered for that. The total
irrigation period was approximately 100 days. Thus, to estimate soil loss, the equation 1 given below was used.
SL = S x R x IP x 3,600 x 24

(1)

Where SL stands for soil losses (in grams); S, sediment, in grams per liter per second (g L-1 sec.-1); R, discharge of total runoff (L sec.-1); IP, irrigation period (100
days); 3,600 (seconds); 24 (hours)

3. RESULTS AND DISCUSSION
3.1 Runoff variations

In the Çınar-Göksu irrigation district, runoff water
samples were collected in 2006. There was no data in 2005.
Runoff discharge of 2 sampling points ranged from 79 to
578 L sec.-1 (Table 1). These runoffs varied considerably
depending on the size of the irrigation area represented by
the outlet of the runoff, crop pattern, land slope, and irrigation methods. The amount of irrigation water of 2,333 L
sec.-1 from the reservoir was given to the irrigation district.
The total runoff from all irrigated areas was 657 L sec.-1.
Thus, the runoff ratio was 28.2% (Table 1, Fig. 1).
In the Devegeçidi irrigation district, the amount of irrigation water of 7,112 L sec.-1 from the reservoir was re-

leased to the irrigation district. In this district, the samples
were collected at 10 different outlets of the irrigation district in 2005. The total runoff from all irrigated areas was
3,014 L sec.-1. Thus the runoff ratio was 42.4%. To estimate the amount of mass sediment from the district area,
samples were also taken from 10 different sampling points
(Table 2, Fig. 1). In 2006, the amount of irrigation water of
9,009 L sec.-1 from the reservoir was released to the irrigation district. Runoff was measured at 5 different places.
The total runoff from all irrigated areas was 2,818 L sec.-1.
Thus the runoff ratio was 31.3%. To estimate the amount
of mass sediment from the district area, samples were taken
from 5 different sampling points. Excessive runoff and erosion from the irrigation district area was attributed to irrigation methods used (flood irrigation), irrigation through
the slope, greater length of furrows, greater water discharge
than infiltration rate of the soil, frequently of irrigation
(shorter irrigation intervals), and tenant farmers in the irrigation district area.
In the P-II irrigation district, the amount of irrigation
water of 6,075 L sec.-1 from the reservoir was given to the
irrigation district. Runoff was measured at a total of 5 points
of the district in 2005. The total runoff from all irrigated areas
was 1,494 L sec.-1. Thus, runoff ratio was 24.6% (Table 3,
Fig. 1). To estimate the amount of mass sediment from the
district area, samples were taken from 5 different sampling
points. To pump this amount of water costs approximately
$600,000. Considering the amount of runoff, approximately
$150,000 is wasted for one irrigation season. In 2006, the

TABLE 1 - Measurement results of runoff and sediment in Cınar-Goksu irrigation district in 2006.
Sampling points
1
2
Total
Totally active irrigation area: 1394 ha.

Mass sediment in runoff
(g L-1)
0,105
0,045

Runoff discharge
(L sec.-1)
79
578
657

Total

Mass sediment loss per unit time
(g sec.-1)
8,295
26,01
34.31

TABLE 2 - Measurement results of runoff and sediment in Degecidi Irrigation District.
Years

2005
Runoff
Mass sediment
discharge
in runoff
Sampling points
(L sec.-1)
(g L-1)
36,6
0,047
1
39
0,009
2
165
0,027
3
191
0,027
4
72
0,009
5
200
0,003
6
138
0,002
7
1706
0,006
8
318
0,006
9
148
0,025
10
Total
3014
Total
Totally active irrigation area : 5800 ha

2006
Mass sediment
Runoff
Mass sediment
loss per unit time
discharge
in runoff
(g sec.-1)
Sampling points
(L sec.-1)
(g L-1)
2112
0,155
1,720
1
105
0,217
0,351
2
39
0,64
4,455
3
61
0,325
5,157
4
401
0,315
0,648
5
Total
2818
Total
0,600
0,276
10,236
1,908
3,700
29.05
Totally active irrigation area : 6400 ha
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Mass sediment
loss per unit time
(g sec.-1)
327,360
22,785
24,960
19,825
126,315
521.300
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TABLE 3 - Measurement results of runoff and sediment in PII irrigation district.
Years

2005
2006
Mass sediment in Mass sediment
Runoff
Mass sediment in Mass sediment
runoff
lost per unit time
discharge
runoff
lost per unit time
Sampling points
(g L-1)
(g sec.-1)
Sampling points
(L sec.-1)
(g L-1)
(g sec.-1)
0,016
239
0,384
1
1,440
1
91,776
0,014
55
0,59
2
2,898
2
32,450
0,008
141
0,748
3
4,696
3
105,468
0,001
88
0,632
4
0,027
4
55,616
0,004
231
0,163
5
2,332
5
37,653
Total
Total
11.390
5
0,21
6
1,050
51
0,041
7
2,091
1.549
0,033
8
51,117
154
0,036
9
5,544
Total
2513
Total
382.770
Totally active irrigation area :5021 ha
Totally active irrigation area : 4582 ha
Runoff
discharge
(L sec.-1)
90
207
587
27
583
1494

FIGURE 1 – Runoff according to the studied years in the irrigation districts.

amount of irrigation water of 7,230 L sec.-1 from the reservoir was given to the irrigation district. The total runoff from
all irrigated areas was 2,513 L sec.-1. Thus the runoff ratio
was 34.8%. (Table 3, Fig. 1). To estimate the amount of
mass sediment from the district area, samples were taken
from 9 different sampling points. To pump this amount of
water costs approximately $650,000. Considering the
amount of runoff, approximately $253,000 is wasted for one
irrigation season depending on energy prices.
Runoff or tailwater (24.6–42.4%) in all irrigation districts was significantly higher. Schwankl et al. [8] calculated the tailwater volume to be 15 to 25 % of the water
applied to an irrigation set.
On the other hand, cotton-cultivated areas ranged from
50 to 98% in all irrigation districts [9]. Cotton is one of the
crops that consume much more irrigation water compared
to other field crops [10]. Cotton is irrigated almost entirely
by surface irrigation. All these reasons might cause the use
of more irrigation water in the irrigation districts.

When water reaches the lowest part, or end, of the
field, “tailwater” runoff begins unless the water is shut off
or the end of the field is blocked with berms to keep the
water in the field. Allowing runoff is a common part of
normal surface irrigation to ensure that sufficient water is
applied at the lowest end of the field. With border irrigation,
this often means that the water must be stopped before it
advances to the end of the field, since water will continue
to advance even after it is turned off. Water will not advance far after a furrow irrigation system is shut off; crops
at the end of the row may be under irrigated water if this
technique is used with furrow irrigation [11].
3.2 Sediment measurements

To estimate the amount of mass sediment from the district area, samples were taken from 2 different sampling
points in the Çınar-Göksu irrigation district. The irrigation
period was approximately 100 days in this irrigation district.
Considering this irrigation period, the total amount of soil
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FIGURE 2 – Amount of soil losses according to the studied years in the irrigation districts.

losses with erosion was calculated as 296.4 tons year (y)-1
(Fig. 2). In addition, sediment losses from this irrigation district on irrigated cropland were 212.6 tons per hectare during one irrigation season. Considering the irrigation period,
100 days, the total amount of soil losses with erosion was
calculated to be 251.0 and 4503.6 tons y-1 in 2005 and 2006
in the Devegeçidi irrigation district, respectively (Fig. 2).
Soil loss in 2006 was higher compared to that in 2005. One
of the reasons might be the higher use of irrigation water in
2006 because discharge of irrigation water released into the
irrigation scheme was 9,009 L sec.-1, while it was 7,112 L
sec.-1 in 2005.
Sediment losses from the fields on irrigated cropland
ranged from 43.3 to 703.7 tons per ha from the fields during one irrigation season. Considering the results that sediment losses from furrow erosion on irrigated cropland
ranged from 0.5 to 142 metric tons per hectare fields during
one irrigation season [12], these soil losses were not acceptable for sustainable irrigation and environmental pollution.
Surface runoff accounted for 50 % or more of the water
applied to 13 fields. These results indicate that furrow
streams were considerably larger than needed. Our observations also indicated that few farmers reduced furrow
stream inflow after setting the water at the beginning of the
irrigation. This practice conserves labor but increases erosion. Furrow streams can be reduced manually or by using
automatic cutback systems. Furrow erosion varied considerably during the irrigation season.
Another reason could be considered for this. The flow
and/or amount of water coming into the reservoir in 2006
was 192x106 m3, while it was 101x106 m3 in 2005 because
the rainfall in 2005 and 2006 was 408 and 566 mm, respectively. Thus a flood occurred in 2006 and some of the water
in the reservoir was released by means of the spillway.
Some areas and canals were exposed to the accumulation
of sediment.

Most of fields in irrigation district areas used surface
irrigation systems such as furrow irrigation or border (or
flood) irrigation. Over-irrigation, in which more water is
applied than can be stored in the crop root zone, can lead
to greater tail-water runoff problems. Thus, under surface
irrigation, water is introduced into furrows or border
checks at the top of the fields. As the water flows
downslope, some of the water infiltrates the soil. Water is
applied in excess of that which infiltrates and the excess
water flows, or advances, across the field.
Furrow irrigation erosion redistributes topsoil by eroding upper ends of fields and depositing sediment on
downslope portions, causing a several-fold topsoil depth
difference on individual fields. Loss of topsoil due to erosion causes the loss of growing areas for crop production.
Sediment in irrigation return flows arises primarily
from furrow erosion and subsequent surface runoff. The
sediment concentration in irrigation return flows varies
widely with time during the irrigation season. Concentrations in the Hansen drain varied from 280 to 14500 ppm,
while concentrations in other drains were as low as 10 ppm.
The seasonal soil loss from fields into drains on a 65,350 hairrigated tract was 4.0 tons ha-1 [13].
When water flows over cultivated land, erosion may
occur. When surface runoff from eroding fields enters a
surface river or stream, it contains sediment. Sediment
losses from furrow erosion on irrigated cropland ranged
from 0.5 to 142 metric tons per hectare during one irrigation season [12].
Furrow erosion can be reduced by: (a) reducing furrow
stream size when water reaches the furrow ends, (b) avoiding irrigation of row crops on slopes that are too steep, (c)
keeping the tail-water ditch shallow and the water in it
moving slowly, (d) installing tail-water control systems,
and (e) using alternate-furrow irrigation [12].
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4. CONCLUSION
The most important problem in the irrigation districts
is environmental damage by soil erosion and soil lost. Runoff and mass sediment losses from these irrigation districts
ranged from 28–42.4 % and 98.4–4503.6 tons for one irrigation season, respectively. These runoff and soil losses are
not acceptable for sustainable irrigation and environmental
pollution.
Sustainable irrigation is at risk due to excessive flooding of lands with inappropriate irrigation methods. Excessive irrigation and soil erosion occurred since the amount
of irrigation water applied to the lands of the farmers was
not measured. Some technically improper practices include: inappropriate irrigation methods, sides of cultivation
and furrow parallel to the land slope, longer furrow lengths,
use of higher discharges than infiltration rate for the lands,
and tenant irrigation instead of property owner irrigation in
the irrigation schemes.
The goal of every irrigator should be to apply the right
amount of water as uniformly as possible to meet the crop
needs. To do this, irrigators need to take into account how
much water is applied during irrigation and where the water goes. Factors affecting furrow erosion are the slope
along the furrow, stream size, residue, surface roughness,
and cropping sequence.
Tail-water return systems, in which tail-water runoff is
collected in a pond and reused, are common in surface-irrigated row and field crops. However, they are not as common in these irrigation districts areas. In addition, there is
no reason the farmers should be used because farmers do
not pay water prices based on the volumetric unit for the
amount of irrigation water applied. In fact, a tail-water return system collects the runoff water in a storage pond until
it can be reused for irrigation on another section of the field
or on other land being irrigated. Reusing the collected water maintains high irrigation efficiency and makes room in
the pond for additional runoff.
The authors have declared no conflict of interest.
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ABSTRACT
The irrigation reuse of municipal and industrial effluents conserves freshwater resources and avoids direct nutrient discharges to surface waters. The sustainability of agricultural reuse programs, however, may be challenged by
changes in phosphorus (P) availability. To understand the
characteristics of P fractions, 130 soil samples were collected around an irrigation drain in May 2009, at the beginning of the growing season. In the study area, total phosphorus (TP) varied from 302.32 to 716.30 mg/kg, residual
P varied from18.21 to 126.08 mg/kg, and Olsen P varied
from 0.71 to 90.04 mg/kg. The relative abundance detected
for nearly every P fraction followed the order Ca-P>residual P>NaOH-Po≈NaOH-Pi>KCl-P. Although NaOH-Pi and
most of the Ca-P fractions contributed markedly to P availability, NaOH-Po and Ca-P contributed more to residual P
when different phosphate sources were added to the soil.
However, the available P in the studied soils represented
only 5.5% of the TP, which was inadequate for the growth
and development of crops. The influence of wastewater irrigation differs significantly at different depths. Wastewater
irrigation is favorable to the transformation of stable P
(NaOH-Po and Ca-P) into available P (NaOH-Pi), and
cancause an increase in residual P in the shallow layer (060 cm), as well as an increase in TP in the middle layer (60110 cm). However, wastewater and groundwater irrigation
is beneficial to the increase in soil P concentration in the
deep layer (110-170 cm). These effects may depend on soil
properties, water cycles and biological processes, among
other factors.
KEYWORDS: Phosphorus transport,soil phosphorus, wastewater
irrigation, groundwater irrigation

for reclaimed wastewaters is irrigation of agricultural, forested, and urban landscapes [2-5]. Effluent reuse allows eutrophication-promoting nutrients to enhance plant growth
and reduce water-quality effects. Phosphorus (P) is a plant
nutrient present in treated sewage effluents, which rarely
affects the daily operation ofmunicipal wastewater effluent
irrigation systems [6].P is not typically considered as a limiting parameter for effluent irrigation because only a small
amount of P is typically added to soil by irrigation with
treated sewage effluents [7-9].
However, soluble P can be easily fixed in soils, resulting in low P availability for plant utilization [10]. P fractionation studies considering fertilizer applications of several years or longer have been conducted to understand P
availability in soil [11].Calcium-bound phosphorus (Ca-P)
is the dominant inorganic form of P [12]. The availability
of P fractions to plants depends on time-varying soil
changes[13]. Despite an increase in the total soil P over the
life of a system, most fields have inadequate plant-available P [14]. After 70 years of irrigating citrus crops with
wastewater from Cairo and Alexandria (Egypt), the surface
soil contained only 10-11 mg/kg Olsen P [15]. Unfortunately, few studies have considered the variation of P fractions in wastewater-irrigated areas.
In northern China, P-deficient soils are widespread.
Although wastewater has beenwidely used as an important
irrigation source in China, relevant studies evaluating the
effects ofreclaimed wastewater irrigation on soil P are
stilllacking. This study aimed to investigate the proportions
and relationships of soil P fractions in wastewater-irrigated
and groundwater-irrigated areas, and to study the transport
and conversion of soil P with respect to spatial and vertical
variationsin soil P fractions.

2. MATERIALS AND METHODS

1. INTRODUCTION
Wastewater effluentsare increasingly being viewed as
potential water supply sources [1]. The major reuse option
* Corresponding author

2.1 Site description

The experimental area is located in the northeastern region of China, downstream of the Xiliao river catchment
(43°38′11″–43°45′50″ N; 122°19′50″–122°31′52″ E). The
site lies in the semi–arid grassland area of the North Tem-
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perate Zone and belongs to the continental monsoon climate, with a mean annual temperature of 5 °C. This region
is arid with an annual water deficit of 350 mm, due to potential evaporation exceeding precipitation. The dry season
spans from November to April, and the wet season spans
from June to September. The dominant vegetation species
is corn.

tection threshold. All parameters were within the limits established by the GB20922–2007 standard and in accordance
with agricultural water quality standards. The COD, BOD5,
TN and TP of irrigation wastewater after 1985 were greater
than those of groundwater; thus, long-term wastewater irrigation can enhance these concentrations in soil.
2.2 Sampling and analysis methods

TABLE 1 - Water quality indices of wastewater and groundwater
Chemical parameter

USW

TSW

Groundwater

pH

7-8

7-8

7-8

COD (mg/L)

568.90

95.55

-

BOD5 (mg/L)

193.50

20.96

TN (mg/L)

113.71

59.15

1.04

TP (mg/L)

6.60

0.04

0.07

2.2.1 Soil collection

*“USW” refers to the untreated sewage from municipal and industrial
wastewater and can reflect the irrigation wastewater level from 1985 to
2007; “TSW” represents treated sewage, which can reflect the irrigation
wastewater level since 2007.

The wastewater treatment plant in Tongliao City treats
approximately 70,000 m3·d–1 of sewage. Most of the
treated effluent flows into the Xiliaoriver, and a smaller
amount is used for the irrigation of suburban farms. Farmers used a primary sedimentation pond to treat effluents
without any biological treatment from 1985 to 2007; after
2007, farmers used a secondary sedimentation pond after
the effluent had been subjected to an anaerobic-anoxicoxic process at wastewater treatment plants. There are no
detailed data regarding the use of wastewater for irrigation
from 1985 to 2007. However, the main quality parameter
levels of TSW (the treated sewage) and groundwater were
just below those of USW (the untreated sewage; Table 1).
All heavy metals in the treated sewage were below the de-

Field soil samples were collected in Tongliao, China,
in May 2009 (Fig. 1), at the beginning of the growing season. In total, 130 soil samples were collected around the
irrigation drain and in the farming area. Most of the soil
samples were taken at 50-m intervals along a 250-m transect that was perpendicular to the direction of the irrigation
drain and was approx. 400 m downstream of the heads of
the furrows. Side-by-side undistributed soil cores were obtained at soil depths of 0-20 cm at the 130 sample sites. An
adequate amount of bulk soil was obtained and sub-divided
for the different types of measurements performed. Six
sampling lines were selected (Fig. 1). Lines 1 and 2 were
located 50 m from the drain on either side, and lines 3 and
4 were located 200 m from the drain on either side. Lines
5 and 6 were perpendicular to the drain. Three sampling
sites (denoted S1, S2, and S3, as indicated in Fig. 1) were
selected from among the sampling points in the southeastern section of the irrigation drain, and they represent the
3 irrigation water types (wastewater, wastewater and groundwater, and groundwater, respectively). The soil cores were
collected at 9 different depths from the top of the soil: 0-20,
20-40, 40-60, 60-80, 80-100, 100-110, 110-130, 130-150, and
150-170 cm. After extraction, soil samples were preserved in
ice-packed coolers until they were transferred to the laboratory and stored in a 4 °C cold room until analysis.

FIGURE 1 - Location of the study site (square-labelled with numbers are sites for study of the vertical distribution of soil properties).
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2.2.2 Soil sample tests

Samples were analyzed for various phosphate characteristics using a UV-VIS spectrophotometer (Shimadzu
UV1800). TP was measured by Mo-Sb colorimetry after
HClO4–H2SO4 digestion. Olsen P was determined by shaking 100 ml of a 0.5 M NaHCO3 solution at pH 8.5 with 5 g
soil for 30 min. The P content of the samples was determined using the manual colorimetric procedure of Murphy
and Riley [16].
Soil P fractions were measured sequentially using a
modified version of the Hedley procedure [17] as follows:
(1) KCl-P (exchanged P): add fresh soil samples (0.5 g
oven-dry equivalent) to 25 ml of 1 mol/L KCl prepared according to Tessien (1993) into a 100-ml capped plastic centrifuge tube (4000 rpm), shaken for 1 h, and centrifuged for
8 min at 25 C; (2) NaOH-Pi and NaOH-Po: resuspended
residue from (1) in 40 ml of a 0.1 mol/L NaOH solution in
a 100-ml capped plastic centrifuge tube (4000 rpm), shaken
for 17 h and centrifuged for 10 min at 25 C; NaOH-Po is
the difference between NaOH-TP and NaOH–Pi; (3) Ca-P:
resuspended residue from (2) in 40 ml of a 0.25 mol/L
H2SO4 solution, shaken for 1 h and centrifuged for 8 min;
(4) Residual P: digested residue from (3) in concentrated
H2SO4 and H2O2; for (2) to (4): the supernatant was filtered
through a 0.20-µmmicropore filter, and the inorganic P
concentration in the filtrate was colorimetrically determined using the molybdate blue method [16]; for (2): the
inorganic P and TP concentrations in the extracts were determined after digesting the extracts in concentrated H2SO4
and H2O2, respectively, and the organic P concentration in
the extracts was calculated as the difference between the
total P concentration and the inorganic P concentration.
2.3 Statistical analysis

Statistical analyses and corresponding graphs were
performed and generated, respectively, using SPSS 10.0
software. Geostatistics software (GS +) was used to assess
the spatial structure of TP, residual P and Olsen P. GS +
features a number of models that can be fitted to estimate
semi-variograms by using a nonlinear square procedure.
The spherical, exponential, and linear models featured in
the program were used in this study. The selection of the
best model was based on the most favorable weighted residual mean square value and was visually fitted to the data
with short lags. Contour maps were developed using the
software program Surfer.

3. RESULTS AND DISCUSSION
3.1 Statistical analysesof P fractions and changes in ratio

In general, the utilization rate of soil P is low (10-25%
of the annual applied P). Thus, large amounts of insoluble
and more stable P (residual P) can be accumulated in soils
with regular P application. The soil P fractions (as percents
of TP) for the studied soils at 6 sites are presented in Fig. 2.

NaOH-Pi and NaOH-Po were the least abundant P
fractions in the soils (Fig. 2). NaOH-Pi constituted between
2.3 and 4.8% of the TP and averaged 3.6% for all the soils
at the 6 sites, whereas NaOH-Pi constituted between 2.2
and 3.9% of the TP and averaged 3.6% for all the soils at
the 6ix sites. However, the percentages of NaOH-Pi and
NaOH-Po were similar for all the soils at the 6 sites. The
availability of soil P to plants depends on the replenishment
of soil KCl-P from other P fractions [18]. NaOH-Pi and
NaOH-Po are believed to be held to Fe and Al complexes
by chemisorption but may be released due to desorption
and may be used by plants when KCl-P is exhausted [19].
In this study, KCl-P concentrations were below the limit of
detection; thus, the KCl-P fraction was negligible. The
NaOH-Pi fractions constituted a greater proportion of the
available P at the study sites.
P accumulation largely occurred in the form of calcium-bound phosphorus (Ca-P), constituting between 60.6
and 93.3% of the TP (representing75.8% of TP on average)
(Fig. 2), which suggests that a high proportion of P occurs
in a stable inorganic form. Many previous studies have
shown that Ca-P is the main P fraction in calcareous soil
[20, 21]. Our results support this conclusion. Diazet al. [22]
indicated that P, adsorbed and precipitated with Ca, represents a more stable fraction than the KCl-P and NaOH-P
fractions [22]. Thus, this fraction is unlikely to contribute
to eutrophication [23], and leaching.
Residual P constituted between 1.4 and 33.0% of the
TP and averaged 17.0% for all the soils at the 6 sites. Residual P as a percentage of TP shows a trend opposite to
that exhibited by Ca-P.Turneret al.[24] indicated that the
residual P pool is a stable chemical fraction, and is composed of lignin and organo-metallic complexes [24]. Crop
plants can only uptake available P, but other fractions of P,
such as NaOH-Po and Ca-P, are depleted due to crop
growth [25]. Pheavet al. [26] indicated that soil reduction
mobilizes P from all pools, including residual P.
The relative abundances detected for nearly every P
fraction were determined to follow the order Ca-P>residual
P>NaOH-Po≈NaOH-Pi>KCl-P. Other scholars have observed this phenomenon as well.It was reported that in Isfahan Province of central Iran, a P fraction order of residual
P>NaOH-P>KCl-P was found [27], and the order residual
P>NaOH-Pi>NaOH-Po was also found in Palampur[28].
Shen and Jiang [29] indicated that the proportions of Ca2P, Ca8-P and Ca10-P were approx. 1-2:10:70 [29]. Thus, we
can calculate that the concentration of Ca2-P, which is an
available P fraction, constitutes only 2% that of TP. According to Fig. 2, NaOH-Pi constitutes only 3.5% of TP.
These results indicate that the available P sources in this
soil represent only 5.5% of TP (approx. 25 mg/kg), which
is lower than the concentration required to support plant
growth and development (30-50 mg/kg) [30]. The soil has
limited bio-availability of P in the study area; therefore,we
should take appropriate measures (such as the application
of N and P fertilizer) to increase the available P and to ensure the normal growth of plants.
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FIGURE 2 -Soil P fractions as percentages of total P for the studied soils at six sites.

TABLE 2 - Pearson correlation coefficients of TP, Olsen P and P fractions
TP

Olsen
P
0.667**
1.000

NaOH‐
Pi
0.774**
0.571**
1.000

NaOH‐Po

Ca‐P

Residual P

TP
1.000
‐0.486**
0.956*** 0.573**
Olsen P
‐0.569**
0.653** 0.365*
NaOH‐Pi
‐0.115NS 0.775** 0.312NS
NaOH‐Po
1.000
‐0.465** ‐0.359*
Ca‐P
1.000
0.347*
Residual P
1.000
n=39. NS: not significant at the P≤0.05 level. *P=0.05; **P=0.01; ***P=0.001

The Ca-P fraction and TP were significantly (P<0.001)
positively correlated, with a Pearson correlation coefficient
of 0.956; these results emphasize that Ca-P is the main
fraction contributing to TP. At a calcareous soil site, similar results were reported [31]. The NaOH-Pi and Ca-P fractions and Olsen P were positively correlated (P<0.01);
these 2 fractions were correlated with P removal by plants

(Table 2). The NaOH-Pi and Ca-P fractions contributed
markedly to P availability when different phosphate
sources were added to the soil, confirming the findings reported in [13]. In all treatments, the organic P fraction
(NaOH-Po) and Olsen P correlated negatively (P<0.01).
Organic P not only constituted a low percentage of TP but
was also not an available P source in these soils.
Residual P and 2 P fractions (NaOH-Po and Ca-P)
were correlated (P<0.05); this finding suggests that NaOHPo and Ca-P contribute more to residual P. Conversely, the
NaOH-Pi fraction did not correlate significantly with residual P (P≥0.05), which suggests that the NaOH-Pi fraction
cannot be converted to residual P and can be used by plants.
In addition, Olsen P was positively correlated with residual
P (P<0.05), which demonstrates that Olsen P and residual
P can be converted into one another.
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These results suggest that there is a dynamic equilibrium process between the P fractions in the soil P cycle,
and that all P fractions can affect and restrict one another.
The Olsen P concentration depends on the distribution and
transformation direction of the other P fractions: the variation of any P fraction can cause an increase or decrease in
Olsen P.
P fractionation varies with soil depth, and significant
differences were observed between S1 (wastewater irrigation), S2 (groundwater and wastewater irrigation), and S3
(groundwater irrigation); see Fig. 3. These differences were
mainly evident in the concentrations of Ca-P and residual P.
In profile S1, the percentage of Ca-P increased with soil
depth, and that of residual P decreased with depth. In profile
S3, the Ca-P percentage was the highest at a soil depth of
100-110 cm. Because S2 is irrigated by wastewater and
groundwater, the variation is complex, and no significant
trends were apparent. When comparing the 3 sampling sites,
it can be concluded that wastewater irrigation can cause an
increase in residual P in topsoil, and can lead to P accumulation in the soil environment. In wastewater-irrigated areas, residual P was gradually converted to Ca-P with increasing depth.
Spatial variation of soil P and effect of wastewater irrigation

The spatial variations in TP and Olsen P were similar,
and these parameters were affected by wastewater irrigation (Fig. 4). Other factors (including soil properties, geography, climate, and farming practices) could affect the spatial distribution patterns of TP, Olsen P and residual P.
In the study area, TP varied from 302.32 to 716.30
mg/kg, residual P varied from 18.21 to 126.08 mg/kg, and
Olsen P varied from 0.71 to 90.04 mg/kg. The concentrations of TP and Olsen P in the northern wastewater-irrigated areas were higher than those in the more southern

groundwater-irrigated areas. Some studies have reported a
relationship between soil TP and wastewater irrigation
time. Plots receiving effluents for 0, 6, 19, and 38 years in
Lubbock, Texas, showed ammonium acetate-extractable P
levels of 21.3, 24.2, 107, and 202 mg/kg, respectively.
Rusanet al. [7] reported Olsen P levels of 10, 15, 40, and
45 mg/kg in different plots after 0, 2, 5, and 10 years of
effluent irrigation, respectively. Our results and those reported in the aforementioned studies suggest that wastewater irrigation can increase TP and Olsen P in soil. Fig. 4
shows that the residual P distribution was irregularly scattered, suggesting that the residual P concentration in topsoil is unrelated to wastewater irrigation. Residual P is affected by many factors, including soil physical and chemical properties, and the P content in soil inputs and the P
uptake of plants.
The vertical distribution trends observed at sites S1, S2
and S3 were different, but the trends of TP, NaOH-Pi, NaOHPoand Ca-P were all similar at any given site (Fig. 5). In profile S1, the TP, Ca-P and NaOH-Po concentrations were the
highest at a soil depth of 40-110 cm, the NaOH-Pi concentration showed the highest value at a depth of 60-80 cm, and
residual P decreased with soil depth. In profile S2, the TP
and Ca-P concentrations increased with soil depth; the
NaOH-Po and NaOH-Pi concentrations showed peak values at 110-130 cm and 130-150 cm, respectively. In profile
S3, TP, NaOH-Pi, NaOH-Po and Ca-P all showed 2 peak
values at depths of 40-60 cm and >130 cm. The residual P
concentration showed the same trend in profiles S2 and S3:
peaks were observed at depths of 40-60 and 110-130 cm,
respectively. However, the largest concentrations of residual P in profiles S1 (136.02 mg/kg) and S2 (122.03 mg/ kg)
were significantly higher than the residual P concentration
in profile S3 (84.19 mg/kg).

FIGURE 3 -Soil P fractions as percentages of total P at different depths at sites S1, S2 and S3 (S1 is irrigated by wastewater; S2 is irrigated
by wastewater and groundwater; S3 is irrigated by groundwater).
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FIGURE 4 -Horizontal distributions of soil properties (including (a) TP, (b) Olsen P, and (c) residual P) in irrigated areas (yellow line represents
wastewater irrigation drain, green line is the boundary between wastewater irrigation zones and groundwater-irrigated areas).

TABLE 3 - Mean values of soil P at different soil depths at sites S1, S2 and S3 (mg/kg)
TP
NaOH-Pi
NaOH-Po
Ca-P
Residual P
S1
366.14
12.42
11.85
228.9
112.97
S2
214.43
8.58
7.63
157.69
40.53
S3
328.56
11.57
14.23
243.79
58.98
Middle layer
S1
437.77
15.72
16.2
346.36
59.49
S2
351.21
15.15
13.01
306.79
16.24
S3
305.65
10.78
10.36
252.39
32.12
Deep layer
S1
313.65
11.44
10.51
270.53
21.15
S2
446.33
14.39
13.90
376.37
64.51
S3
356.61
12.68
13.12
284.00
46.81
*Shallow layer represents a soil depth of 0-60 cm; middle layer represents a soil depth of 60-110 cm; and deep layer represents
a soil depth of 110-170 cm.
Shallow layer

To analyze the effects of long-term wastewater irrigation, the vertical profile can be divided into 3 sections: a
shallow layer (0-60 cm), middle layer (60-110 cm) and
deep layer (110-170 cm), as shown in Table 3. In the shallow layer, TP, the NaOH-Pi and residual P contents follow
the order S1>S3>S2, whereas NaOH-Po and Ca-P follow
the order S3>S1>S2. Wastewater irrigation can cause an

increase in TP and residual P in topsoil, as shown in Fig. 3.
These results also underline the fact that, compared with
that observed in groundwater-irrigated areas, the transformation efficiency of P fractions into stable P (NaOH-Po)
was lower, whereas the transformation efficiency of P fractions into available P (NaOH-Pi) was greater under the
long-term wastewater irrigation conditions. In the middle
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layer, all P fractions, except for the residual P, followed the
order S1>S2>S3. These results indicate that wastewater irrigation can cause an increase in TP in the middle layer. In
the deep layer, all forms of P followed the order S2>S3>S1,
suggesting that wastewater and groundwater irrigation is
beneficial to the increase in soil P content.
The observed P distribution depends on soil properties,
water cycles, biological processes, etc. In the study area, a
large increase in clay content was observed at a depth of
50-90 cm. Clay has a high adsorption capacity and high
moisture content, and thus, it bcan induce an increase in P
content. In addition,the phenomena illustrated in Fig. 5 and
Table 3 may be a consequence of the integrated effect of
different soil moisture regimes and dry/wet cycles induced
by treatments with different irrigation frequencies, inter-

vals, and quantities [32]. Previous studies have reported
that dry/wet cycles may result in the chemical breakdown
of organic matter, thereby increasing P availability [33]. In
irrigated areas, the dry/wet cycles are more striking in clay
soils, which might enhance the mineralization of soil organic matter, thereby increasing P availability. Moreover,
microbiological processes might play an essential role in
the transformation between inorganic P fractions [34]. Relative to those observed in wastewater-irrigated areas,
NaOH-Pi fractions in groundwater-irrigated areas accumulate more easily in soil. The P contained in the NaOH-Pi
fraction may be unstable under fluctuating redox conditions [35]; thus, there may be considerable movement of P
into and out of this fraction depending on the environmental conditions of these soils.

FIGURE 5 - Spatial distributions of TP, NaOH-Pi, NaOH-Po, Ca-P and residual P - (a) TP; (b) residual P; (c) NaOH-Pi; (d) NaOH-Po; (e) Ca-P.
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4. CONCLUSIONS
There is a dynamic equilibrium process among all P
fractions in the soil P system, and all P fractions can affect
and restrict one another. The relative abundance detected
for nearly every P fraction followed the order Ca-P>residual P>NaOH-Po≈NaOH-Pi>KCl-P. NaOH-Pi and a part of
the Ca-P fraction contributed markedly to P availability
when different phosphate sources were added to soil.
Wastewater irrigation has various effects on P. In the shallow layer, the transformation efficiency of P fractions into
stable P (NaOH-Po) was lower than that in the groundwater-irrigated area, whereas the transformation efficiency of
P fractions into available P (NaOH-Pi) was greater under
long-term wastewater irrigation conditions. In the middle
layer, wastewater irrigation can cause an increase in TP,
and in the deep layer, wastewater and groundwater irrigation is beneficial to the down-transformation of P.These results may depend on soil properties, water cycles, and biological processes, among other factors.
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ABSTRACT
The occurrence of redworms in water supplies raises
concerns among consumers regarding the safety of their
drinking water. In this study, the inactivation effects of
three disinfectants, chloramines, chlorine dioxide (ClO2),
and hydrogen peroxide (H2O2), on the redworm (Monopylephorus limosus) in tap water were comparatively evaluated. After inactivation, a Photobacterium phosphoreum
acute toxicity experiment and a zebrafish embryonic development toxicity experiment were conducted to evaluate the
safety of the disinfected water. The results show that chloramines with 4 mg/L residual chlorine has relatively good
effect in killing redworm, and the disinfected water maintains low health risks; in contrast, the tap water is high toxic
after killing redworm with even a low concentration (0.005%)
of H2O2, suggesting that H2O2 is probably not a good disinfectant for controlling redworm in water supply; ClO2 at 68 mg/L level can inactive redworm effectively while the
risk of disinfected water to human health remains low.
Based on the overall results of disinfection effectiveness,
side-effect chemical safety, and practicality, chloramines
and ClO2 appear to be useful in reducing redworm risks in
water supplies.

been found in the tap water of Shenzhen, Guangzhou,
Wujiang, Tianjin, and Shanghai cities in China, and also occur in Essex of Britain and Lowell, Tacoma and Colcord of
the United States [1-10]. The presence of red worms in water supplies raises concerns among consumers regarding
the safety of their drinking water. Thus, inactivation of red
worms in the water system while pose minimal risk to consumers is desired. This paper investigates the killing effect
of chloramine, chlorine dioxide, and hydrogen dioxide on
redworm (Monopylephorus limosus) eggs, larvae, and
adults found in the tap water of Tianjin, China. Because
disinfection byproducts in drinking water may have certain
toxic effects on the human body [2], the chemical safety of
the disinfected water was evaluated using a Photobacterium phosphoreum acute toxicity test and a zebrafish embryonic development test. The purpose is to identify an effective, safe, and economical disinfectant that can improve
the quality of urban water supply and ensure its chemical
safety.

2. MATERIALS AND METHODS
2.1 Experimental organisms

All the experiments using animals in this study were
approved by the Animal Welfare and Ethics Committee of
Tsinghua University (Shenzhen), China (No. 2012-XSZF66).

KEYWORDS:
Redworm; inactivation; tap water; safety

2.1.1 Red Worms

1. INTRODUCTION
“Red worm” is a group of benthic organisms that include various types of annelids (such as tubificids) and insects (such as chironomid larvae) [1]. Red worms are commonly detected in water sources and secondary tanks. They
can grow and distribute in water supply systems. They have
* Corresponding author

The red worms used in this experiment were M. limosus of phylum Annelida, class Oligochaeta, family Tubificidae, and genus Monopylephorus. M. limosus were collected from the tap water of three consumers in Tianjin and
cultivated in the environmental science laboratory of Nankai University [8, 9]. M. limosus eggs (Figures 1A) and
non-hatching larvae (Figures 1B) were picked from the culture dish using tweezers. Healthy eggs whose internal development could be observed were selected by microscopy
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(Leica Company, Germany). M. limosus larvae 3 mm to
5 mm long (Figure 1C) were obtained from newly hatched
eggs. The adults selected were grown to sexually mature
zooids with clitellum from 30 mm to 50 mm in length (average 37 mm) and weighing from 7 mg to 14 mg (Figure 1D).
The samples were aspirated using a dropper and moved into
a culture disk filled with water from a breeding cylinder.

H2O2 inactivation solution: H2O2 solution with an original mass fraction of 30% was dissolved in water to create
inactivation solutions with different mass percentages.
ClO2 inactivation solution: ClO2 release agent was
mixed with water at the same volume, according to the
product manual, to prepare inactivation solutions with different concentrations.
2.3.2 Inactivation of M. limosus adults

FIGURE 1 - The redworm at different stages. A. the redworm eggs
at the stage of granules; B. the redworm non-hatching larvae in egg
cocoon; C. the redworm larvae hatched within 24h; D. the mature
redworm
2.1.2 Luminescent bacteria Photobacterium phosphoreum

P. phosphoreum T3 spp. freeze-dried powder was purchased from the Institute of Soil Science, Chinese Academy of Sciences.
2.1.3 Zebrafish (Danio rerio) Embryos

Adult zebrafish were purchased from a market and fed
in an aquarium (2:1 female to male ratio). The water in the
aquarium was fully aerated and the water temperature was
maintained at 26 °C ± 1 °C. The fish were fed twice daily
with frozen chironomid larvae disinfected using infrared
radiation. The light/dark cycle was 14 h: 10 h. Fish eggs
were collected, and fertilized eggs (embryos) were selected
using a stereo microscope (Leica Company, Germany) after a month of cultivation.
2.2 Chemicals

Chloramine (chlorine water + ammonia water), 30%
hydrogen dioxide (H2O2, analytically pure), and chlorine
dioxide (ClO2) release agent (liquid dual product, Tianjin
Lvyuan Environmental Resources Technology Development Co., Ltd.) were used as the disinfectants. Other reagents were all analytically pure, and the water used for the
experiments was aerated tap water.
2.3 Inactivation Tests
2.3.1 Preparation of inactivation solution

Chloramine inactivation solution: Liquid chlorine was
added into aerated water, followed by ammonia addition
and 10 minutes shaking to prepare a chloramine inactivation solution with different residual chlorine values. The
residual chlorine was measured using Ortho-toluidine visual colorimetry [11,12].

Chloramine inactivation: The initial residual chlorine
concentrations for the chloramine inactivation solutions
prepared were 1.0, 2.0, 3.0, 4.0, and 8.0 mg/L. For each
concentration, 20 red worms were used, and each was
placed in a 100 mL beaker with 40 mL of inactivation solution. In control treatment, individual worms were placed
in 100 mL beakers with 40 mL of water. Each beaker was
wrapped with double layer aluminum foil to have dark conditions, in order to simulate the actual environment in tap
water pipelines. Before testing, organic matter on the body
surface of the red worms was removed as much as possible
by washing with water to prevent it from consuming the
available chlorine in the solution. The experimental and
control beakers were maintained at 20 ± 1 °C. Red worms
are very resilient at 20 °C [12], thus the experiments were
conducted at this temperature to get the best inactivation.
The variations in residual chlorine values were recorded at
0.5 h, 1.0 h, 1.5 h, and 2.0 h intervals. The mortality of red
worms was detected after 2 hours treating. Red worms
were considered dead when their somites were unable to
move independently [13].
H2O2 inactivation: The mass percentages of H2O2 in
the inactivation solution were 0.005%, 0.006%, 0.0075%,
0.01%, and 0.05%. Treatments and controls were set up in
the same manner as for chloramine inactivation. Experimental beakers were wrapped with double layer aluminum
foil to simulate the dark condition in tap water pipelines,
and to prevent volatilization of H2O2. The mortality rate of
red worms was measured after 2 hours.
ClO2 inactivation: The initial ClO2 concentrations in the
inactivation solution were 2.0, 4.0, 5.0, 6.0, and 8.0 mg/L,
respectively. The procedure is the same as that for H2O2
inactivation.
2.3.3 Inactivation of M. limosus eggs and non-hatching larvae

Chloramine inactivation: Chloramine inactivation solutions, with initial residual chlorine values of 2.0, 3.0, and
4.0 mg/L, were prepared. Non-hatching larvae in egg cocoons (Figure 1B) were used for the experiment. Prior to
the experiment, organic matter was removed as much as
possible from the surface of the egg cocoon by washing
with water. For each treatment and control, 10 egg cocoons
were placed in a 100 mL beaker with 40 mL of inactivation
solution or water. Each beaker was wrapped with aluminum foil to simulate the environment in tap water pipelines.
Beakers were maintained at 20 ± 1 °C, and the inactivation
solution was changed every day. The results were observed
using microscopic examination, and recorded. The experi-
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ment was continued until the larva in all egg cocoons either
hatched out or died (approximately 5 to 10 days). Mortalities of the egg cocoons were subsequently calculated. Nonhatching larvae within a cocoon were considered dead
when they did not move within 15-30 s of observation after
gentle agitation of the test solution. The experiments were
conducted with 3 replicates.
H2O2 inactivation: Inactivation solutions of approximately 6%, 3%, 1.5%, 1%, 0.5%, 0.1%, and 0.05% were
prepared. The red worm eggs at the stage of granule (Figure 1A) were used for this experiment. For each treatment,
10 eggs were placed into a 50 mL volumetric flask with
50 mL of inactivation solution or water. The volumetric
flask was used because the small neck of each flask can
help to prevent volatilization of H2O2. The neck of each
flask was tightly plugged and the flask wrapped in aluminum foil to create inactivation conditions without illumination. Flasks were maintained at 20 ± 1 °C. The experiment
was continued for 0.5 h. After that, the damages and mortality of redworm eggs were observed using microscopic
examination, and recorded.

T(%) ＝ [Bioluminescence in disinfected water (mv)/ Bioluminescence in control (mv)]×100%
(1)
To assess the safety of disinfected water, in this study,
mercuric chloride (HgCl2) was used as the reference substance for toxicity, and the T (%) under different HgCl2
concentrations was measured to obtain a standard curves.
The linear regression equation for HgCl2 concentration (C)
versus T (%) based on the standard curve is as follows:
T (%) ＝ 105.23 - 420.59 Cmercuric chloride (r2 ＝ 0.9901) (2)
Based on the standard curve and the linear regression
equation, a toxicity concentration (equivalent to the mercuric chloride concentrations (mg/L)) was adopted to represent and classify the biological toxicity of the disinfected
water (Table 1) [11, 12, 15, 16].
TABLE 1 - The toxicity classification standard of Photobacterium
phosphoreum toxicity test method
Relative
luminosity (T)
(%)
T > 70
50 < T ≤ 70
30 < T ≤ 50
0 < T ≤ 30
T≤0

2.3.4 Inactivation of M. limosus hatching larvae

Chloramine inactivation solutions with initial residual
chlorine values of 1.0, 1.3, 1.5, and 2.0 mg/L were prepared
with water. For each treatment, five larvae were placed into
a 100 mL beaker with 40 mL inactivation solution or water.
Each treatment was replicated 10 times. The experimental
conditions were the same as those described above. The
mortality rate and variations in residual chlorine values
were measured after 2 hours. All larvae that survived after
2 hours were kept in their experimental conditions for one
more day to observe additional mortality. The death criteria
for the larvae were the same as those for the adults.
2.4 Safety of tap water after disinfection of M. limosus
2.4.1 Tap water after disinfection of M. limosus (disinfected
water)

For the safety assessment, tap water after 2-hour inactivation by chloramine (2, 4, and 8 mg/L), ClO2 (4, 8, and
16 mg/L), and H2O2 (0.005%, 0.01%, and 0.02% w/w),
were used. A photobacterium phosphoreum acute toxicity
experiment and a zebrafish embryonic development toxicity experiment were conducted directly to evaluate the
safety of the disinfected water.

Equivalent to the mercuric
chloride concentrations (C)
(mg/L)
C < 0.07
0.07 ≤ C < 0.09
0.09 ≤ C < 0.12
0.12 ≤ C < 0.16
C > 0.16

Toxicity
classification
low
moderate
serious
high
very high

The zebrafish embryonic development toxicity experiment was designed based on the operating instructions of
the Organization of International Economy Cooperation and
Development [14]. Intact zebrafish embryos at the blastula
stage were immersed in the disinfected water or aerated tap
water (as control). Three parallel samples were used for
each concentration. The tested embryos were then placed
in an illuminated incubator at 26 °C ± 1 °C for hatching
with a 14 h: 10 h light/dark cycle. The developmental
stages of the embryos and fish larvae were observed at 24, 12, 24, 36, 48, 60, 72, 84, and 96 h after contamination
using an inverted microscope (Leica Company, Germany).
The end points that indicate toxicity, namely, the survival
rate of embryos or fish larvae, the embryo hatching rate,
heartbeat, and pericardial edema were observed. Deformities among the embryos and fish larvae in the control and
the experimental treatments were documented with a camera mounted on a stereo microscope.

2.4.2 Safety tests

A P. phosphoreum acute toxicity experiment (GB/
T15441—1995) [11] and a zebrafish embryonic development toxicity experiment [14] were used to measure the biological toxicity of the disinfected water.
P. phosphoreum acute toxicity was measured using the
DXY-2 Biotoxicity Analyzer (Institute of Soil Science, Chinese Academy of Sciences, Nanjing, China) by quantifying
the decrease in light emission from the bacteria as a result of
exposure to the disinfected water for 15 min. The relative
luminosity T (%) was calculated based on equation (1):

3. RESULTS AND DISCUSSION
3.1 Inactivation effects of different disinfectants on M. limosus
adults
3.1.1 Inactivation effect of chloramine

The inactivation effects of chloramine solution with
different residual chlorine concentrations on the red worm
adults were shown in Table 2. After 2 h incubation, the inactivation rate of chloramine increased with increasing
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concentration of residual chlorine, showing a dose-depended inactivation pattern. The non-inactivation concentration was found to be 1.0 mg/L, whereas at concentration
of 8.0 mg/L the inactivation rate was high to 100%. Moreover, a persistent inactivation effect was found for chloramine with a function of exposure time. For example, the
inactivation rate in 2.0 mg/L treatment was 25% after 2 h
exposure while these surviving adults died with continuing
exposure.

with increasing ClO2 concentration. For 5, 6, and 8 mg/L
ClO2, the inactivation rate reached or exceeded 40%, 90%,
and 100%, respectively. Similar inactivation effects of
ClO2 were reported on the other kind of red worm, such as
Chironomus kiiensis [17]. ClO2 with low concentration of
2.5 mg/L could kill most of the C. kiiensis after treating for
24 hour.

TABLE 2 - The initial concentrations of disinfections and their redworm inactivation effects in 2 h

3.2.1 Inactivation effect of chloramine

Disinfectants

Initial concentration

chloramines

1 mg/L
2 mg/L
3 mg/L
4 mg/L
8 mg/L
2 mg/L

Inactivation
(%)
0±0
25±5
45±10
75±15
100±0
0±0

4 mg/L
5 mg/L
6 mg/L
8 mg/L
0.005 %

0±0
45±5
90±10
100±0
60±15

0.006 %
0.0075 %
0.01 %
0.05 %

85±5
90±5
100±0
100±0

chlorine
(ClO2)

dioxide

hydrogen peroxide (H2O2)

effects

3.1.2 Inactivation effect of H2O2

The 2-hour inactivation effects of different H2O2 concentrations on adult red worms were also shown in Table 2. Similar to chloramine, the inactivation rates of H2O2 increased
with increasing concentration. It was interesting to find,
even at low concentration of 0.005%, the 2-hour inactivation rate was high to 60 %. The 100% inactivation rate was
found when the mass percentage was increased to 0.01%.
3.1.3 Inactivation effect of ClO2

As shown in Table 2, ClO2 ≤ 4 mg/L did not kill the
red worms; however, the inactivation rate increased rapidly

3.2 Inactivation effect of the disinfectants on M. limosus eggs
and larvae

The inactivation effects of chloramine solution with
different residual chlorine concentrations on the redworm
eggs and larvae were measured (Table 3). The mortality of
eggs and non-hatching larvae increased with increasing
concentration of residual chlorine. At low concentrations
(< 2.0 mg/L), chloramine did not exert any inhibition on
the development of larva in cocoons. At concentration of
2.0 and 3.0 mg/L, only 33.3% of the eggs and non-hatching
larvae were killed. However, at concentration of 4.0 mg/L,
chloramine solution effectively inhibited the development
of the eggs causing completely death. Newly hatched larvae were used to further investigate the inactivation effect
of chloramine solution at low concentrations (Table 3). The
results indicate that the final 2-hour inactivation rate of
chloramine at 1.0 mg/L for larva reached 55%. The inactivation rate would be higher up to 85% with longer exposure of 24 hours. Moreover, the mortality rate at 2.0 mg/L
treatment reached 100 % only after 2 hours of exposure.
These results again suggested that the inactivation effects
of chloramine are related to the dose used and the exposure
time. It is obvious that red worm larvae are more sensitive
than eggs in this experiment, which may reflect the weak
penetrability of chloramine into egg cocoon.
3.2.2 Inactivation effect of H2O2

Inactivation experiments were conducted on red worm
eggs using H2O2 solutions at 6%, 3%, 1.5%, 1%, 0.5%,
0.1%, and 0.05% (w/w). Eggs were killed effectively within
half an hour at 0.05%. The eggs in cocoons immersed in
H2O2 solution shrank by varying degrees and appeared deformed (Figure 2). H2O2 might kill the red worm eggs
through the formation of highly oxidative free hydroxyl

TABLE 3 - The inactivation effects of chloramines solution to redworm Non-hatching (in egg cocoons) and hatching larvae
chloramines solution
(mg/L)
1.0

24 h mortality of Non-hatching larvae in
egg cocoons (%)
nd

2 h mortality of hatching larvae
(%)
55±5

24 h mortality of hatching
larvae (%)
85±10

1.3

nd

70±10

100±0

1.5

nd

90±10

100±0

2.0

33.3±10.2

100±0

100±0

3.0

33.3±10.2

nd

nd

4.0
Note: nd means no detection

100±0

nd

nd
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TABLE 4 - The safety assessment of the disinfected waters based on P. phosphoreum toxicity assay
Disinfectants
chloramines

ClO2

H2 O2

Initial
concentration
2 mg/L

Relative luminosity (T)
(%)
89.87±5.07

Equivalent to the mercuric
chloride concentrations (C) (mg/L)
0.0365

Toxicity
classification
low

4 mg/L

88.24±5.58

0.0404

low

8 mg/L

75.23±2.66

0.0713

moderate

4 mg/L

86.47±5.82

0.0446

low

8 mg/L

78.92±6.45

0.0626

low

16 mg/L

72.07±9.31

0.0788

moderate

0.005 %

21.08±3.66

0.2001

very high

0.01 %

7.91±1.67

0.2314

very high

0.02 %

2.22±0.22

0.2449

very high

radicals and active derivatives [1,18]. It could damage the
permeability of biomembranes and cytomembranes via
ionization by disrupting fatty acid chains. Once the membrane structure is destroyed, its osmotic pressure and permeability change, thereby killing the red worm eggs [19].

FIGURE 2 - The redworm eggs before (A) and after (B) immersing
in H2O2 solution (0.05%, w/w) for half an hour.
3.3 Safety of Tap Water after Killing the Red Worms with Disinfectant
3.3.1 Safety of the chloramine disinfected water

After aeration for 36 hours, the safety of chloramine
disinfected water was tested by a P. phosphoreum toxicity
assay. The results showed that chloramine solutions with
higher residual chlorine resulted in higher toxicity in disinfected water (Table 4). The relative luminosity of P. phosphoreum was 75.2 % at 8 mg/L, which is equivalent to a
moderately toxic mercuric chloride with concentration of
0.0713 mg/L. However, at lower concentration of 4 mg/L,
the disinfected water was only slightly toxic after aeration.
Further test using zebrafish embryonic development toxicity assay showed that the malformation rate and mortality
of zebrafish embryos exposed to high concentration of
8 mg/L were not significantly (t-test, P > 0.05) different
from those of the control. Moreover, during the whole disinfection, only limited amount of disinfection by-products
(such as DBPs) were released, and free chloramine was
continuously emitted [20]. Thus, the toxicity of the tap water disinfected by chloramine solution should be low. Heng
et al. (2003) [21] indicated that the health risk of chloramine for disinfection is lower than that using liquid chlorine.
She and Xiao (2001) also showed that drinking water with
residual chlorine concentrations up to 5 mg/L for 12 weeks
produces no adverse symptoms [22].

3.3.2 Safety of H2O2 disinfected water

The safety of H2O2 disinfected water was also tested
by P. phosphoreum toxicity assay (Table 4). The results
showed that the toxicity of H2O2 disinfected water is high,
and it remains high even after 72 hours of aeration. At low
H2O2 concentration of 0.005%, the disinfected water was
highly toxic equaling to a very high toxic mercuric chloride
with concentration of 0.2001 mg/L. Further testing using a
zebrafish embryonic development assay showed that the all
zebrafish embryos died after 36 hours of exposure to 0.02%
H2O2 disinfected water. At 0.01% and 0.005% H2O2, the
hatching of embryos were prolonged to different extents;
and the hatched larvae exhibited physical deformities (the
pericardium and abdominal were severely edematous) and
died within 24 h (Figure 3). The high toxicity of the H2O2 disinfected water may be related to the hydroxyl radical (-OH)
[23], because H2O2 dissociates in solution. Unlike the other
disinfectants, H2O2 has strong inactivation effects on both
adults and eggs. However, H2O2 disinfected water is highly
toxic (Figure 3), and thus poses a higher health risk to humans.

FIGURE 3 - Effects of H2O2 disinfected water on zebrafish embryos
and larvae. A: control embryo at 36 hpf (hour post-fertilization); B:
dead embryo at 36 hpf; C: control larva, developing normally at 96
hpf; D: larva with pericardium and abdominal edema at 96 hpf.
3.3.3 Safety of ClO2 disinfected water

The toxicity of ClO2 disinfected water after 36 hours
of aeration was measured and the results were shown in
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Table 4. The disinfected water from high concentration
(8 mg/L) ClO2 treatment had low toxicity (Figure 3), equivalent to 0.0626 mg/L mercuric chloride. Further checking
using a zebrafish teratogenicity test revealed that the 8 mg/L
ClO2 disinfected water was not teratogenic to zebrafish,
again suggesting that the toxicity of ClO2 disinfected water
is low. Moreover, considering the toxicity of ClO2 could be
minimized by aeration in the water plant and consumption
in the pipe network. Therefore, although the concentration
of 6 mg/L or 8 mg/L may be slightly high in the redworm
inactivation, their disinfected water still remains low toxic.
Nevertheless, during the actually redworm inactivation operation, the ClO2 dosage should be optimized to maximize
water quality and inactivation effect while minimizing the
health risks.

4. CONCLUSION
The inactivation effects of chloramine, ClO2 and H2O2
on M. limosus eggs, larvae, and adults were compared and
the safeties of the resulting tap water were evaluated. The
key finding are summarized as following: (1) 4 mg/L of
chloramine has an excellent effect on killing M. limosus
adults, eggs, and larvae with very low chemical toxicity
identified for the resulting tap water. (2) Although H2O2
has a significant effect on killing both adults and eggs of
redworms, the resulting water is too toxic thus may pose a
relatively high risk to human health. (3) ClO2 at a range
from 6 mg/L to 8 mg/L is very effective in killing M. limosus and poses low toxicity for the resulting water. These
results suggested that chloramines and ClO2 but not H2O2
probably should be good disinfectants for controlling redworm in tap water. The findings in this paper may be helpful for water treatment plants to better control the redworm
pollution in water distribution systems.
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ABSTRACT
Heavy metals in water-bodies are one of the serious environmental problems in many communities. In this study,
the potential of activated carbon derived from scrap tires
was investigated for adsorption of lead metal cations (Pb2+)
from aqueous solutions. Activated carbon was prepared
from scrap vehicle tires using a thermo-chemical activation
method. Scanning electron microscopy (SEM), BET and
BJH analyses were used to characterize the prepared activated carbon. Batch adsorption experiments were carried
out to determine the effects of initial concentration of the
ions, pH, contact time and adsorbent dosage. Adsorption
isotherms of the metal ions on the adsorbent were measured and correlated with the Langmuir and Freundlich isotherm models. The predominant component of prepared
activated carbon is carbon (76.481%) with 185.046 m2/g
surface area and an average pore diameter of 52 nm. The
results showed that there was a decrease in removal of Pb2+
with increasing contact time, adsorbent dosage and pH. Experimental adsorption data were best fitted by Freundlich
model. In view of the findings, it can be claimed that the
production of the activated carbon from scrap tires can provide a green and cost-effective method for heavy metals
removal.

KEYWORDS:
Activated carbon, adsorption, scrap tire, thermo-chemical

1. INTRODUCTION
Industrialization has increased the environmental pollution through producing huge amounts of wastes. Heavy
metals are classified as the most important environmental
pollutants due to their high toxicity to humans and ecosystems. Some human activities, such as mining, extraction
industries and metal melting, discharge wastewaters con* Corresponding author

taining large quantities of heavy metals like cadmium, lead
and copper [1]. Lead is one of those heavy metals which is
harmful to human health causing different signs, such as
anemia, headache etc. [2]. Different techniques, such as
chemical precipitation, coagulation and flocculation, are
used to remove highly concentrated and heavy metal-containing wastewaters [1, 3]. However, most of them are not
practical enough due to the low concentration of heavy
metals; therefore, these methods should be used along with
supplementary techniques [1].
Ion exchange and membrane filtration technologies
can reduce heavy metal concentrations to acceptable levels
of environmental regulations, but high costs and operational problems are the drawbacks of these methods [3, 4].
During the recent decades, the use of activated carbon in
water and wastewater treatment industries has been considered [5, 6]. Activated carbon had successfully been able to
remove a wide range of pollutants from the environment.
It can also remove most heavy metals [5]. In general, finding economic ways of water and wastewater treatment have
been a controversial issue among experts.
Activated carbon can be produced from raw materials
having high amounts of carbon and small parts of inorganic
matters [7]. The most prevailing ones in this case are wood,
some plants, piceous coal, brown coal, lignin, coconut shell,
fruit shells like nut shells, almond shells, rice husks etc. [8,
9].
Just in Iran, about 250000 tons of scrap tires are produced annually (6.3 kg per capita per year) [10]. The methods used to recycle scrap tires are not efficient enough [10].
Accumulated masses in the environment cause environmental problems and lead to an increase in flies and rodent
numbers; on the other hand, illegally piled scrap tires can
set fires [11]. The positive aspects of using scrap tires to
make new products are cheapness and abundance. One of
the products that can be obtained from the scrap tires is activated carbon. A fixed amount of carbon (about 25% of
mass) and very low levels of volatile ash (>5%) of rubber
are the advantages of the derived carbon [7, 11]. Pyro-oil
and pyro-gas produced beside the pyrolysis of scrap tires
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to produce activated carbon, can be used as a source of renewable energy [7, 8].
Production of scrap tire-derived carbon could have
commercial value in air quality and wastewater treatment
industries, and can be used to store gas, to separate and
treat various pollutants [12]. As a whole, economical profitability and eco-friendly properties are the two main advantages of producing activated carbon from scrap tires [9].
In this study, the ability of prepared activated carbon
in removal of Pb2+ as a heavy metal from aqueous solutions
was investigated.

2. MATERIALS AND METHODS
This experiment involves three separate but sequential
steps: activated carbon production, characterization of activated carbon, and adsorption experiments. Activated carbon was produced by a thermo/chemical method through
the pyrolysis process. Scrap tire samples were pyrolysed
by a muffle furnace (model Exiton). All the experiments
were carried out based on the standard methods mentioned
in reference [13]. The unknown concentrations of Pb2+ solutions were measured by atomic absorption (Analyst 700,
Perkin Elmer). NaOH or H2SO4 solution (1N) was used to
adjust the pH during the experiments (pH-meter, model
PP-50, Sartorius). All the chemicals used in this study were
prepared from Merck and Aldrich companies. Distilled water was prepared by a Fater Electronic water distiller model
2104 (Tehran, Iran). For all batch experiments, glassware
and bottles were washed and rinsed with HNO3 before use,
and then by distilled water. A 301 Sigma centrifuge was
used for sample separation.
2.1. Adsorbent preparation

Scrap tire samples were crushed into 0.2-0.3 cm pieces
and put into KOH solution for 3 h to become activated
(mass ratio for KOH to tire was 4:1). Next, the mixture was
heated up to 110 °C in an oven for 24 h. Then, the tires
were pyrolysed (oven temperature raised to 700 °C during
2 h). The pyrolysis products were washed with 250 ml HCl
solution (0.5 N) at 85 °C for 30 min. In the next step, the
products were washed with water until the pH of water and
carbon mixture reached above 6.9. At last, the final product
was dried at 110 °C for 24 h. The produced samples were
sieved by standard ASTM sieves into 100 mesh (149 µm)
particles and kept for the next usages.

2.3. Adsorption experiments

The adsorption tests were performed in a batch system,
and the effective parameters on the adsorption process including the contact time (30-180 min), pH of solution (2,
4, 6 and 8), adsorbent dosage (0.1-0.6 g), and initial Pb2+
concentration (10-100 mg/L) were studied in different
stages. The speed of stirring was 200 rpm, the temperature was 25±1 °C, and the size of adsorbent particles was
100 mesh. The volume of test solutions was 50 ml and the
adsorbent particles were separated after the Pb2+ removing
process by centrifugation. The tests were performed by
making the other variables constant. To study the isotherm
model fitting, Langmuir and Freundlich models were used.
In order to determine pHZPC, the equilibrium technique
in a batch system was applied [14]. The percent of removed
Pb2+ by activated carbon was calculated from Eq. 1:
Removed Pb2+(%) = [(Ca-C)/Ca]×100

Where, Ca is the initial Pb2+ concentration before addition of the adsorbent and C is Pb2+ concentration after
adsorption, with produced activated carbon, and with Eq.
2, the carbon yield after pyrolysing was calculated.
Carbon yield% = Wac/Wti

(2)

In the equation, Wti is the weight of used scrap tire for
pyrolysing and Wac is final produced activated carbon.

3. RESULTS AND DISCUSSION
3.1. The structural characteristics of the prepared activated
carbon

Based on the conducted analyses, carbon is the main
element (76%) of the structure of the processed activated
carbon (Table 1). The result of this section are consistent
with the findings of other investigators. Teng et al. (2000)
[7], Galvagno et al. (2002) [8] and Mahramanlioglu et al.
(2006) [15] reported on carbon as the main compound of
scrap tire-derived activated carbon. As shown in Table 1,
the specific surface area of prepared activated carbon was
determined 185 m2 g-1 (Table 1).
TABLE 1 - Characteristics of the prepared activated carbon
BET(m2gr-1)
BJH(m2gr-1)
Total pore volume (cm3 gr-1)
pHzpc
Particle size (µm)
Average pore size (nm)

2.2. Characterization of prepared activated carbon

A scanning electron microscope (SEM) of Majlesi
University of Material Engineering (Kv 20.0, take off angle 25.0º and elapsed lifetime 10.0) was used to show the
morphologic properties. Specific surface area, total pore
volume and average pore size were measured by BET (Barret, Brunner and Emerett) isotherm using Belsorp software
(BEL, Japan, Inc.). The distribution size of the pores was
determined by BJH (Barrett, Joyner Halenda) method.

(1)

Components (wt.%)

C
O
Al
K

185.046
146.4
0.58
6.87
<149
52.461
76.481
10.136
7.29
6.093

In the preparation process, the production efficiency of
activated carbon from scrap tires was 32 and 36.5%. A
SEM micrograph of the produced activated carbon is
shown in Fig. 1. Based on the SEM micrograph, processed
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activated carbon has a non-crystalline structure with a wide
range of pore sizes. (Fig. 1).

FIGURE 1 - SEM micrograph of scrap tire derived carbon
3.2. The effect of pH on adsorption process

Adsorption efficiency %

Adsorption experiments were conducted at different
pH values while other parameters were constant. Experiments showed that metal removal efficiency increased with
increasing pH (Fig. 2). Alkaline pH was found as the optimum pH. Meanwhile, the blank solution was used during
the rest of the experiment. Regardless of the different values of adsorption efficiencies, adsorption was observed at
all pHs and metal ions were removed from the solution.
The process can highly be used to remove heavy metals
from effluents at different pH values (Fig. 2).
The pH value is one of the most effective parameters
in adsorption process. Hydrogen ions compete with cations
(adsorbate fraction) in adsorption process [16]. The pH can
also affect adsorbent surface charge. According to other
studies, the pH range for adsorption on different activated
carbons is between 4 and 8 [16-18]; therefore, this range
was determined for the experiments in this study. As can
be seen from Fig. 2, the removal efficiency of lead cations
under acidic conditions was lowest, particularly at pH 2.
100
80

At pH values above pHzpc, the carbon surface has more negative charge and lead as a cation attracts more to the adorbent
surface whereas at pHs below pHzpc, lead cation adsorption
decreased. In the present study, the highest removal efficiency was obtained at pH 8. That is to say, in acidic conditions, H3O+ ions which compete with metal cations are adsorbed on active sites of the adsorbent. When saturating
these sites, the adsorption of metal cations decreased [18].
Mehrasbi et al. (2008) [19] investigated the removal of
heavy metals from an aqueous solution by adsorption on almond shells; their results show that the adsorption values decreased when lowering pH value, and optimum pH was determined to be 5-6 [19]. In this study, almond shells were
separately treated with acidic solution (0.4 mol/L HNO3)
and basic solution (0.4 mol/L NaOH). Kannan and
Rengasamy (2005) [17] studied the adsorption of nickel(II)
ions on different carbons. In this study, it was reported that
the increase in pH increased the removal percentage of Ni(II)
ions which is in accordance with our results [17]. Meena et
al. [12] investigated the efficiency of heavy metal removal
by granular activated carbon; the results show that at pH 4,
bivalence cations like mercury, manganese and cadmium
have the highest removal efficiencies, and up to pH 7, Cd
removal efficiency decreased. But for other 3 bivalence cations (Pb, Ni, Zn), pH 8 was determined as the optimum pH
[12]. The results of this research are consistent with those of
the present study. Increase in adsorption efficiency at pHs
>6 is due to the reaction of metal hydroxide species with the
micropores of activated carbon. The differences in results of
different pH values can be because of the various effects of
pH on adsorbents used in the different studies [2, 19, 20].
Moreover, in the mentioned studies, the concentration of the
metal cations are different from examined concentrations in
this study (more or less than 10 ppm), and this can be another
reason for these differences. At higher initial concentration,
the decrease of adsorption rate resulted in equilibrium time
reduction. Hossein Zadeh et al. (2010) [20] reported that the
most efficient acidic dye removal on scrap tire-derived activated carbon was observed in acidic conditions [20]. In general, according to the obtained results and also to parallel
studies, it is concluded that in adsorption process, the pH
plays a significant role in pollutants removal. That is to say,
the effect of pH on adsorption differs with the types of both
adsorbent and pollutant.
3.3. The effect of contact time on adsorption process

60
40
20
0
2

4

6

8

pH
FIGURE 2 - Effect of solution pH on Pb2+ adsorption: time=60 min.,
Pb2+=10 mg/L, activated carbon 0.1 g

The pHzpc is a parameter that affects the adsorption
efficiency, and it was determined to be 6.87 in this study.

The effect of contact time on removal of Pb2+ by produced activated carbon indicated that with increasing the
contact time, the adsorption rate was increased (Fig. 3).
The metal cations adsorption on activated carbon reached
an equilibrium after 3 h, and after that, the amount of adsorption remained constant. These results show that the initial adsorption on scrap tire-derived activated carbon is a
rapid process which is related to activated carbon structure
(activated carbon pores are classified in the meso range).
The blanks, which were used to show the effects of pH on
removal efficiency in different contact times, removed the
pollutants to some extent but it was negligible (Fig. 3).
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FIGURE 3 - Effect of contact time on removal of Pb2+: activated carbon 0.1 g, pH=8, Pb2+ =10 mg/L

Determining optimum contact time is required to use
an adsorbent for pollutant removal. Thus, the adsorption
efficiency was investigated at different times (30, 45, 60,
90, 120 and 180 min). As can be seen in Fig. 3, for lead,
the greatest amount of adsorption happened up to 30 min,
and after that, amount increased slightly with a constant
trend; this is also mentioned in the study carried out by
Meena et al. (2010) [12]. The reason is that, at first, more
adsorption sites are available and a higher driving force
transferred the solute to the adsorption sites more easily.
But after a while, the number of active sites occupied by
adsorbate were diminished and, consequently, adsorption
rates decreased [12]. This can be related to the tiny structure of pores on the surface of adsorbents (Fig. 1). Since
the adsorption is an equilibrium reaction, the adsorption of
metal cations on the activated carbon continued to reach an
equilibrium. If the active adsorption sites are more accessible to the soluble metal cations or other adsorbate components, less time will be required for the maximum adsorption, and otherwise, it will take more time [20]. Meena
et al. (2010) [12] investigated the removal of heavy metals
on granular activated carbon, the equilibrium time was obtained to be 48 h while it was determined to be 3 h in this
study. In Hossein Zadeh et al. (2010) [20], adsorption of
acidic dyes on activated carbon derived from scrap tire was
studied, and the equilibrium time was measured to be 2 h;
in the study of Kim et al. (2005) [21], the equilibrium time
for Pb and Cu adsorption on brewery biomass was measured to be 60 min which is inconsistent with our findings.
Uzun et al. (2000) [16] found that the equilibrium time for
adsorption of various metal cations on activated carbon
was 130-150 min which was similar to the results of our
study. The difference in our findings is a result of structural
properties of the used adsorbents.

nificant and can be due to the either increase of adsorption
activated sites or general increase in specific surface area
of the adsorbent. These results are consistent with the findings of Meena et al. (2010) [12]. Conversely, in studies
with herbal biomass or other living organisms as adsorbents, the removal efficiency decreased with increasing adsorbent dose, and the results were not the same as in our
study. This decrease can be because of a rise in bioadsorbent concentration which prevents metal cations from adsorbing into the cells. In addition, as the amount of biosorbent increases, the density of cellular compounds increases, and leads to adsorption sites reduction [22], while
for activated carbon it i not like that. Kim et al. (2005) [21]
reported that the adsorption of Pb2+ and Cu2+ increased with
increasing the bioadsorbent dose while for Cd this was
quite opposite [21]. In Elaigwu et al. (2010) [23], the increase in activated carbon dose enhanced the Pb2+ removal
efficiency.

Adsorption efficiency, %

100

100
80
60
40
Experime ntal samples

20

Blank sample s

0
0.1

0.2

0.3

0.4

0.5

0.6

Adsorbent dose, gr
FIGURE 4 - Effect of adsorbent dose on removal of Pb2+: time=180
min., Pb2+ =10 mg/L, pH=8
3.5. The effect of initial concentration of the metallic solution

Lead removal under various initial concentrations did
not show a clear trend but the highest removal efficiency
(%99.166) was observed in a 60 ppm Pb solution. (Fig. 5).
100
.Adsorption efficiency, %

Adsorption efficiency, %
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3.4. The effect of adsorbent dose on adsorption process

Lead adsorption was investigated by using different
amounts of the produced activated carbon (0.1, 0.2, 0.3,
0.4, 0.5 and 0.6 g). As shown in Fig. 4, removal efficiency
increased with increasing adsorbent dose. The Pb removal
efficiency increased from 68.3 to 88.1% (Fig. 4).
Increasing the adsorbent dose (activated carbon) raised
the lead metal cation removal efficiency. This rise is sig-

FIGURE 5 - Effect of initial concentration on removal of Pb2+:
time=180 min., activated carbon 0.1 g, pH=8

The results showed that the adsorption capacity of the
sorbent increased by raising the initial concentration of
metal ions, which may be due to an increase in metal ions
driving force. Under concentrations higher than the optimum level, the adsorption sites get saturated which reduces
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more adsorption capacity and removal efficiency [12].
Meena et al. (2010) [12] results conform to our findings
whereas in Kim et al. (2005) [21] experiments, the results
were quite different.

The results showed that the adsorption isotherms of Pb2+
on activated carbon were better fitted by the Freund-lich
model (0.982<R2). The higher correlation coefficient indicates this (Table 2). Calculated parameters of Pb2+ metal adsorption for each model are summarized in Table 2.

3.6. Adsorption isotherms

Equilibrium studies were conducted in 100-ml conical
flasks at 20 °C. Weighed amounts (0.6 g) of prepared activated carbon were added into conical flasks containing
50 ml Pb2+ solution with 10-100 mg/L concentration. The
samples were agitated with 100 rpm up to 24 h. Then, after
centrifugation, the samples were withdrawn and the equilibrium concentration of Pb2+ was determined.
The equilibrium data were fitted onto 2 common isotherm models, Freundlich and Langmuir. The linear form
of both isotherms are presented in Eqs. 3 and 4:

log qe  log k f 

1
log C e Freundlich isotherm (3)
n

qe = the equilibrium adsorbate concentration on adsorbent (mg/g), and Ce = equilibrium concentration of adsorbate (mg/L).
n and k are 2 constants which describe the properties
of adsorption process at particular temperature.

Ce
1
Ce Langmuir isotherm


qe
qm K qm

(4)

qm = maximum adsorption capacity (mg/g) (Fig. 6).

3.7. Fitting the data with adsorption isotherms

Adsorption isotherms are adsorption characteristics
and equilibrium data describing how pollutants react with
adsorbents. They have a major role in optimizing adsorbent
consumption. In this study, the obtained values from the
experiments were investigated by Langmuir and Freundlich isotherm models. The results showed that the adsorption of the studied metal cations is best correlated by
Freund-lich isotherm. This isotherm expresses adsorption
process onto heterogenous surfaces [6]. Therefore, adsorption activation energy is not equal for all adsorption sites
which resulted in multilayer adsorption for solutes [5]. In
Langmuir isotherm, the maximum adsorption capacity (qm)
for Pb2+ was 8.69 mg/g. The amounts of the 2 parameters n
and k in Freundlich model show the energy consumption
rate. The more 1/n is near zero, the more heterogenous sufaces will be [7]. The results of the isotherm section of our
study are consistent with some studies but inconsistent
with some others. For example, in the study of Seki et al.
[24], Cd adsorption from aqueous solutions was best fitted
by the Freundlich isotherm while Kim et al. [21] and
Ozdemir et al. [25] found that heavy metal adsorption was
more according to Langmuir isotherm.

Langmuir
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2
y = 0,115x + 0,2789
1,6 R² = 0,9607
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FIGURE 6 - Sorption isotherms with fitted models for Pb2+ metal sorption: pH=8, activated carbon=0.6 gr

TABLE 2 - Isotherm parameters for Pb2+ adsorption on the prepared activated carbon
Isotherm model

R2

K

N

qm (mg/g)

Freundlich

0.982

2.259

1.876

-

Langmuir

0.960

3.197×10-2

-

8.695
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4. CONCLUSION
The results showed that there was a decrease in removal of Pb2+ with increasing contact time, adsorbent dosage and pH. The optimum pH was found to be 8 and the
adsorption data were best fitted to Freundlich model.
Activated carbon has been used under different aspects
of environmental issues to remove various pollutants but
the production of commercial activated carbon is costly.
Moreover, the management of solid wastes, especially nonbiodegradable wastes such as scrap tires, is one of the most
common and important environmental issues. Therefore,
preparing activated carbon from scrap tires can be an economic solution to solve the accumulation problems of high
volumes of used tires. On the other hand, there is a wide
range of pollutants in industrial effluents which are discharged into the environment. The best way ever to remove
these pollutants, in terms of low costs, simple design, ease
of operation and insensitivity, is adsorption. Thus, with regard to environmental and economical features, the scrap
tire derived activated carbon can be profitable although further research should be done.
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ABSTRACT
To enhance the photo degradation efficiency for oxytetracycline (OTC), Fe-TiNTs were prepared via a simple
and fast hydrothermal process using TiO2 powder as precursors. A wide range of techniques, such as X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), Brunauer-EmmettTeller (BET) and Ultraviolet-visible spectroscopy (UVvis) were applied to characterize as-obtained Fe-TiNTs.
Moreover, we have studied the photocatalytic properties of
the Fe-TiNTs in the degradation of OTC. The results of our
investigation and analysis have shown that regularly uniform nanotubes were fabricated by the hydrothermal treatment, and they had homogeneous tubular structures and
open ends. UV-vis spectra of Fe-TiNTs demonstrated its
absorption edge had remarkable red shift to the visible light
region. Fe-TiNTs exhibited higher photocatalytic activities
than that of TiNTs and TiO2 powder when they were evaluated to degrade OTC under visible light irradiation.
KEYWORD:
titanate nanotubes; photocatalysis; ion exchange; oxytetracycline.

1. INTRODUCTION
Antibiotics have become a special group of pharmaceuticals used to control and treat infection diseases in human and veterinary medicine [1]. The resulting environmental contamination by the use of antibiotics in a wide range of
human activities has been receiving special attention in recent years. Oxytetracycline (OTC) is a famous broad-spectrum antibacterial agent widely used for treating bacterial infection [2]. And it has been found in a wide range of environmental samples including surface water, groundwater,
wastewater and drinking water [3, 4]. Unfortunately, the
conventional degradation processes are often constrained by
* Corresponding author

the low efficiency and high cost. Recently, the photocatalytic oxidation has been established to be one of the most
prospective technologies for environment remediation and
provided a promising proposal for the transformation and
degradation of OTC [5].
TiO2, due to its nature of chemical stability, environmental-friendliness, and high activity, has been widely
used as a highly-efficient photo-catalyst [6, 7]. Titanate
nanotubes (TiNTs) with a high specific surface area, ionchangeable potentiality, and photocatalytic ability have
been considered for an extensive number of applications
[8, 9]. Therefore, preparation of TiNTs by simple hydrothermal method has caught the attention of the scientific
community. Unfortunately, as is well known, TiO2, due to
its wide band gap (Eg = 3.2 eV), can only respond to ultraviolet light (less than 387 nm), which means a low utilization rate of solar energy [10]. Meanwhile, the low photo
efficiency of TiNTs caused by their wide band gap and
quick recombination of electron-hole pairs limit the practical use of TiNTs as an efficient photocatalyst [11]. Metal
ion [12-15] modified TiNTs will definitely change their
properties, however, as a result of the metal ion modification the structure of the nanotubes can be strongly influenced as well. Recently, many researchers have been reported for the intercalation of alkaline ions [16] and some
transition-metal ions [17] between the layers in the multilayered nanotubes by ion-exchange method. Some groups
incorporated Fe, Ni into TiNTs via a simple hydrothermal
procedure and investigated their electronic, optical, and
magnetic properties [18, 19].
Herein, we for the first time report the photocatalytic
degradation of OTC on Fe-TiNTs under visible-light. FeTiNTs photocatalyst is synthesised via a fast and convenient method under a simple and mild reaction condition.
Furthermore, Fe-TiNTs was characterized by XRD, XPS,
TEM, BET and UV-vis. Moreover, we have also studied
the properties of photoabsorption and photocatalytic degradation of the as-prepared Fe-TiNTs. Then, our study is
necessary and significant for Fe-TiNTs from the value of
practical applications.
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2. MATERIALS AND METHODS

3. RESULTS AND DISCUSSION

All of the reagents were of analytical grade and were
used without further purification and the water used was
been deionized. TiNTs were successfully prepared via the
hydrothermal synthesis as follow: Firstly, 1 g of TiO2 was
added to 60 ml of 8 M NaOH solution, and the mixture was
hydrothermally reacted at 150 °C for 15 h under stirring in
a Teflon-lined stainless steel autoclave. The resulting white
precipitate was washed with 3% HNO3 and finally with
water again to obtain a neutral salt-free product. The nanotubes were dried at 80 °C. We prepared the Fe-TiNTs in
the same procedures as the TiO2 nanotubes except instead
of washing with 3% HNO3 solution, without roasting at a high
temperature, we washed the precipitate with 3% Fe(NO3)3 solution.
2.1 Characterization and measurements.

The products were characterised by X-ray diffraction
measurements performed on an X-ray diffractometer
(XRD, Bruker D8 Advance diffractometer) with Cu-Ka radiation in the range of 10-80° at a scanning rate of 7°min−1.
The morphology of the products was observed by a transmission electron microscope (TEM, JEM-2100). The UVvis diffused reflectance spectra of the samples were obtained from a UV-vis spectrophotometer (UV2550, Shimadzu, Japan), BaSO4 was used as a reflectance standard.
The investigation of the surface of the sample was by an
X-ray photoelectron spectrometer (XPS, PHI-5300). The
Brunauer-Emmett-Teller (BET) surface areas were determined from nitrogen adsorption-desorption isotherms at
77 K (ASAP 2020, Micromeritics, America).
2.2 Photocatalytic degradation of antibiotic.

The photocatalytic properties of the powders were carried out at 298 K in our home-made instruments. The photochemical reactor contains 0.1 g Fe-TiNTs and 100 mL of
20 mg/L OTC aqueous solution. To exclude the influence
of physical adsorption, the reactor was kept into darkness
for 30 min to reach the adsorption equilibrium. The photochemical reactor was irradiated with a 300 W xenon lamp
which was located with a distance of 8 cm at one side of
the containing solution. UV lights with wavelengths less
than 420 nm were removed by a UV-cutoff filter. The sampling analysis was conducted in 15 min interval. The photocatalytic degradation ratio (DR) was calculated by the
following formula OTC absorption concentration was determined using the TU-1800 UV-vis spectrophotometer
(Shanghai AoXi technology Instrument CO., Ltd.) by recording the variations of the absorption band maximum at
λ = 267nm (OTC) .The degradation rate (DR) was calculated by this formula (1):
DR = [(1–Ai/A0)] ×100%.

(1)

Where A0 is the initial absorbency of the OTC antibiotic waste water solution which reached absorbency balance and Ai is the absorbency of reaction solution.

To investigate the crystalline structures of composite
photocatalysts, XRD studies of TiO2 power, TiNTs and FeTiNTs were conducted. Fig.1 exhibits the corresponding
XRD patterns of as-obtained samples. As shown in Fig. 1,
the diffraction peak of TiNTs and Fe-TiNTs both are at 2θ
= 24.5°, 28.6°, 48.3° which can be confidently correspond
to the (110), (130), (200) reflection of the H2Ti3O7. Otherwise, Fe-TiNTs has extra peak at 25.3°which is correspond
to the (101) reflection. XRD results displayed that the TiO2
have been transformed to TiNTs completely and no anatase
or rutile was found in the obtained nanotubes. However, we
can’t find diffraction peak about Fe in the XRD results. XPS
measurement was applied to measure the chemical state of
the elements in Fe-TiNTs samples. As shown in Fig. 2, the
Ti 2p3/2 peaks of the Fe-TiNTs appear at 458.53 eV [20].
The O 1s has a binding energy of 530.48 eV [21]. In addition, the peaks of 709.57 eV and 711.55 eV [22, 23] are
response to the Fe2p3/2 and indirectly indicates that the Fe
exists in the sample.
The typical TEM images of TiNTs and Fe-TiNTs are
presented in Fig. 2. Fig. 2(a) demonstrates the similar microstructure of TiNTs with an outer tube diameter of 10 nm,
inner diameter of 5 nm and a wall thickness of about 2-3 nm.
The smooth nanotubes are hollow and the two terminals are
opening. In Fig. 2(b), the surface of Fe-TiNTs is still
smooth and the tube did not change much after Fe ion exchange treatment which suggested the Fe did not accumulate on the cover of the nanotube [24]. Photo-generated
charge carries can be quickly transferred to the surface of
nanotubes, because walls of these nanotubes are rather thin.
BET results, summarized in Table 1, the surface areas
and bore diameter of Fe-TiNTs, TiNTs, and TiO2 powder
were 174.02, 176.29 and 43.78 m2/g, 5.76, 5.82 and 3.76 Å,
respectively. The surface area was significant increased after
hydrothermal treatment, which was strongly related to the
morphological change from nanoparticles to elongated
nanostructures with hollow tubes. Moreover, the large specific surface area of nanotubes also provides more effective
reaction sites for photocatalysis [25].
To further understand Fe-TiNTs, we have studied the
UV-vis diffused reflection spectra. As shown in the Fig. 3,
the absorption cut-off wavelength for TiO2 is determined
to be about 400 nm, which means TiO2 only absorb ultraviolet (UV) light and transmit visible light. The absorption
spectrum of TiNTs presented in Fig. 3 shows the similar
curve in UV light, but the adsorption is weaker than TiO2.
This phenomena belongs to the blue shift in the UV-vis
wavelength which be attributed to the reduce of the particle
size after the synthesis of nanotube by hydrothermally reacted [26]. In Fig. 3, the absorption edge of the Fe-TiNTs
displays an obvious shift to the visible light region as compared to TiNTs. That may be attributed that Fe exchanged
Ti and formed impurity levels near or above the valence
band resulting in a decrease in band gap energy. Another
reason underlying this phenomenon that Fe 3d electron en-
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FIGURE 1 - XRD pattern (a) of the typically as-synthesized TiO2, TiNTs and Fe-TiNTs sample. XPS spectra of Ti peaks (b), Fe peaks (c) and
O peaks (d) of Fe-TiNTs

FIGURE 2 - TEM images of TiNTs (a) and Co-TiNTs (b).

TABLE 1 - Physicochemical properties of the prepared samples
Samples
TiO2
TiNTs
Fe-TiNTs

Average value of
BET surface area (m2/g)
43.78
176.29
174.02

2350

Average value of
BET bore diameter (Å)
3.76
5.82
5.76
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FIGURE 3 – UV-Vis diffuse reflection absorption spectra of TiO2, TiNTs and Co-TiNTs.

FIGURE 4 - The adsorption-desorption (a) and photocatalytic degradation (b) on tetracycline hydrochloride of two samples: TiO2, TiNTs and
Fe-TiNTs.

ergy levels are higher than that of Ti 3d, leading to the levels emerging in the band gap region between the O 2p and
Ti 3d dominant bands. From this interesting result it can be
considered that the Fe-TiNT material is a hopeful candidate
for solar energy applications [27]
To demonstrate the potential application of Fe-TiNTs
in photocatalytic degradation of OTC and investigate influences of morphology on the photocatalytic activity, we
evaluated the photocatalytic degradation of OTC on FeTiNTs in relation to TiNTs and TiO2 under visible light. As
shown in Fig. 4a, the degradation rates of Fe-TiNTs, TiNTs
and TiO2 are 74.89%, 32.41% and 17.84%, respectively. It
can be concluded that Fe-TiNTs shows the highest visible
light photocatalytic activity. Some reasons are proposed to
account for the high photocatalytic activity of the FeTiNTs: as previously reported, metal ions can introduce
new energy levels of the transition metal ions into the band

gap without changing its valence band edge, which results in
the absorption of visible light for metal modified TiO2 [28].
TOC analysis is an effective method which can be used
to further demonstrate mineralisation of organic pollutants,
especially the properties of the photocatalysts. Figure 4b
showed the degradation of the organic carbon content with
Fe-TiNTs, TiNTs and TiO2 photocatalysts on the degradation of OTC under visible irradiation. TOC contents of different samples decreased in the same order as that of the
photocatalytic degradation curves (Figure 4a) could also be
found out from Figure 4b. However, the removal rate of
TOC is lower than that of the DR. This result is reasonable
due to the degradation data were detected after centrifugation. TOC removal and the degradation curves with similar
trends indicate that photodegradation experiments have
successfully eliminated the effect of physical adsorption
and the photocatalytic activity of different photocatalysts
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was be correctly evaluated. Moreover, widely environmental applications, such as the mineralization, would be implemented by Fe-TiNTs, since OTC the reduced TOC contents suggests.

[5]

Zhao C., Zhou Y., Ridder D. J., Zhai J., Wei Y. M. and Deng
H. P. (2014) Advantages of TiO2/5A composite catalyst for
photocatalytic degradation of antibiotic oxytetracycline in
aqueous solution: Comparison between TiO2 and TiO2/5A
composite system. Chem. Eng. J., 248,280-289.

[6]

Fan W. Q., Bai H. Y., Zhang G. H., Yan Y. S., Liu C. B. and
Shi W. D. (2014) Titanium dioxide macroporous materials
dopedwith iron: synthesis and photo-catalytic properties.
Cryst. Eng. Comm., 16, 116-122.

[7]

Lu C. Y., Guan W. S., Zhang G. H., Ye L. J. and Zhang X.
(2013) TiO2/Fe2O3/CNTs magnetic photocatalyst: a fast and
convenient synthesis and visible-light-driven photocatalytic
degradation of tetracycline, Micro. Nano. Lett., 8, 749-752.

[8]

Chen X., Mao S. S. (2007) Titanium dioxide nanomaterials:
synthesis, properties, modifications and applications, Chem.
Rev., 107, 2891–2959.
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Ou H. H., Liao C. H., Liou Y. H., Hong J. H. and Lo S. L.
(2008) Photocatalytic oxidation of Aqueous Ammonia over
Microwave-Induced Titanate Nanotubes. Environ. Sci. Technol.,42, 4507-4512.

4. CONCLUSION
In summary, Fe-TiNTs were successfully synthesized
via a fast and convenient method under a simple and mild
reaction condition. The obtained nanotubes are hollow and
the two terminals are opening with an outer tube diameter
of 10 nm, inner diameter of 5 nm and a wall thickness of
about 2-3 nm. In addition, we have also studied the morphology and photocatalytic degradation of the as-prepared
Fe-TiNTs through the different characterization testing
technology. Moreover, the photocatalysis of the composites are better than that of TiO2 for the change of structure
and properties.
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ABSTRACT
Characteristics of phosphorus adsorption onto soils
have been studied in many researches to reveal the adsorption capacities and to explore the mechanism of phosphorus behavior in water-sediment interface. In this study, the
land use types in Danjiangkou reservoir riparian area was
investigated in April 2013 before the soon-coming impoundment of Danjiangkou reservoir for the first time. The investigation was implemented between 160m and 170m waterlines, and samples of soil in five different land uses
(cropland, forest land, abandon cropland, grass land, orange
orchard) were taken in the elevations of 160m, 165m and
170m. After the field work, the analysis of chemical components of the soil and the experiments of phosphorus adsorption capacity of these samples were conducted in laboratory. The results showed that: (a) the traditional Langmuir
and Freundlich equations can be well fitted to experiment
data, the Qmax obtained ranged from 141.89~209.96 mg/kg
with an average value of 191.61mg/kg; (b) The values of
EPC0 ranged from 0.05~0.59 mg/L, which were higher
than the liquid phosphate concentrations. This indicated
these samples had a trend of releasing P as a source; (c) the
adsorption capacity and isotherm parameters were influenced by sediment components, especially by the content
of Fe and Al, while surface area and sample elevation
showed no obvious effect in the present system.

KEYWORDS: water-level fluctuations; South-North Water Diversion Project; cropland; sediment; isotherm

1. INTRODUCTION
As an essential element for plants and crops, phosphorus (P) is also one of the most important components of
non-point source pollution. The worldwide application of
phosphatic fertilizers brings great prosperity in agricultural
* Corresponding author

industry though, the excess P entering into water body may
cause eutrophication among other environmental problems
[1]. Agricultural runoff is considered to be the largest
source of phosphate causing eutrophication because of the
overuse of soluble phosphate as a fertilizer [2]. The sediment-water interface such as riparian zone, lakeside zone
or water-level-fluctuate zone are always considered to be
buffer zones when receiving runoff containing P, since
they act as both sinks and sources of P [3,4]. These buffer
zones between the pollutant source areas and the receiving
waters were considered to have potential use in improving
water quality decades ago [5,6] and their effectiveness of
removing P has been confirmed in many later researches
[7]. The study of the buffer zones functioning has persuaded researchers to explore the mechanism of P behavior
in these sediment-water interfaces. As an important approach to reveal the various biogeochemical processes occurring in sediment-water interfaces, the study of adsorption of P has always been concerned. The primary researches of P adsorption during 1950s to 1960s focused on
phosphatic fertilizers in lakes and sediments [8], later experiments confirmed that P was an important limiting factor in eutrophication [9,10].
To study the adsorption characteristics of P, adsorption
capacity was explored by many experiments as an essential
point to predict long-term P availability [11-14]. To reveal
the P adsorption behavior and response in nature, environmental parameters which may affect the adsorption were
always concerned [15-17] and many of the researches focused on the effect of land use types [18,19]. Moreover,
there were researchers found the traditional adsorption
models failed in some way to explain the mechanism, and
then tried to provide new theories and models [20].
The Danjiangkou reservoir is an important drinking
water source protection area and also part of the middle
route for China’s South-to-North Water Diversion Project.
The project has changed some of the land use types and the
water-level-fluctuated zone in this area would be operated
out-of-season due to the impoundment and future discharge. The consequent variations of water levels and the
changing of hydrological regime in this area would make
water quality protection a new challenge in the future. The
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study of potential pollutant and assessment of future risks
would be necessary and appreciated. To explore the P content and retention in this special background, this study focused on P adsorption in typical land uses of Danjiangou.
Batch experiments of adsorption and analysis of soil components were conducted to: (a) investigate the P sorption
isotherm of soils from different land uses and (b) explore
the relationship between p adsorption and soil characters in
this area.

2. MATERIALSAND METHODS

year. The average annual precipitation was 830mm and
70–80 % occurs between April and October. The mean annual temperature ranged from 12~16 ºC. According to the
statistic data in 2010, the land area in Danjiangkou city was
3121km2 including 204.2km2 cultivated land and the forest
cover was 39.9%; the water quality of Danjiangkou reservoir held steady in class II national water quality standard
[21]. The official website of south-to north water diversion
announced the water transfer would be launched in late October of 2014, right after the flood season. The protection
of water quality in Danjiangkou reservoir is becoming well
concerned as the water transfer project has changed both
the hydrological and the environmental conditions.

2.1 Study site

This study was conducted in Danjiangkou reservoir
area(32°11'34''~32°52'40''N，109°23'7''~111°57'55''E)
(Fig. 1). This area belongs to the subtropical monsoon of
the north subtropical zone. The distribution of precipitation
is declining from south to north, shaped by both the topography and the monsoon. The annual precipitation fluctuated from 500mm in low flow year to 1500mm in high flow

2.2 Land use investigation method

The land use investigation of Danjiangkou reservoir
was based on the USGS land use classification system. The
image data used in this study was from HJ-1 with a spatial
resolution of 30m. Geometric correction and atmospheric
correction was conducted before classification. Supporting
data also included DEM, slope and social references of

FIGURE 1 -Map of study site and sampling locations
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Danjiangkou. Land use information was extracted and
practiced by classification and regression tree (CART).
2.3 Sampling and soil analysis

Seven surface soil samples (0~20cm) were taken from
Danjiangkou reservoir including 5 different land use types
(Fig. 1 & Table 1). Samples were taken specifically between the elevations from 160m to 170m because this area
would be the new-born water-level-fluctuated zone since
the dam of Danjiangkou reservoir has been heightened for
China’s South-to-North Water Diversion Project. Soil
components were analyzed by X-ray Fluorescence Spectrometer (Bruker AXS, S4 Pioneer) using standardless quantitative analysis method [22]. Surface area were analyzed by
BET method [23].

flasks with 50mL 0.02M KCl solutions containing 0, 1, 2, 4,
6, 8 and 110 mg/L P in the form of KH2PO4. Then the suspensions were placed in the shaker for 3 hours to achieve the
equilibrium. Subsequently, the solutions were centrifuged at
8000r/min for 5mins and then filtered through a 0.45μm
membrane.
The P concentrations in these filtrates were analyzed
by molybdenum blue colorimetry using a visible spectrophotometer (UNIC, 7200). These experimental conditions
were chosen and optimized after several preliminary experiments.
2.5 Statistic method

Model fitting and curve plotting was performed by using the non-linear trial-and-error regression method.

TABLE 1 - Brief description of sampling sites
Sample
S1
S2
S3
S4
S5
S6
S7

Land use
cropland
cropland
cropland
forest land
abandoned cropland
grass
orange orchard

3. RESULTS AND DISCUSSION

Elevation
160m
165m
170m
165m
165m
165m
165m

3.1 Land use distribution

2.4 Adsorption experiment

Batch adsorption experiments were performed in an
orbit water bath shaker (LSHZ-300A) under 25 ºC. To inhibit the microbial activity, all the samples were heated at
170 ºC for 2h [24].
Equilibrium isotherms were conducted as followed.
For each sample, 2g soil samples (air-dried, ground to pass
a 100-mesh sieve) were placed in a series of conical glass

To study the adsorption characteristics of soils from water level fluctuation area, the land use distribution was investigated between elevations of 152m (current water level in
2013) to 170m (highest water level in the future). The study
area was 1405.83km2 in total, including 504.03km2 water areas. The land use of the study area was varied. Fig. 2 showed
the land use distribution percentage of this area and the water area was taken off in this histogram. Cropland accounted for more than 60% of the total land areas. Respective distribution of bushes, orchard and bare land were
nearly 10%. As the heightening of the dam, basin clearing
has been conducted in this area all along. Field investigation of the study area in April, 2013 found most cropland
had been abandoned. The clearing of orchards and forest
land was also under going by then.

wetland
grass
construction
land
forest land
bare land
orchard
bushes
cropland
0

10
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FIGURE 2 -Distribution of different land use areas
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3.2 Soil components and characteristics

The general physicochemical properties of sediments
were presented in Table 2.
TABLE 2- Composition and BET surface area of samples
Sample

Fe (%)

Al (%)

P (%)

C (%)

BET surface
area(m2/g)

S1

3.931

8.15

0.0605

1.37

31.2732

S2

4.405

9.288

0.0873

0.79

37.6955

S3

3.875

7.846

0.0674

1.83

39.7162

S4

2.436

8.872

0.0867

2.15

1.9339

S5

4.999

10.56

0.0777

0.506

20.0681

S6

4.967

10.22

0.0677

0.559

32.4675

S7

4.951

10.25

0.0533

0.166

37.8823

some other researches [25,28]. However the retention of P
due to Fe and Al was not permanent and these phosphorus
can be released under certain environmental conditions
[29]. The results in our study implied there may be some
other environment factors which promoted the releasing of
phosphorus in some sites.
Another factor affecting the phosphorus retention is
the surface area. Concentrations of BET surface areas of
these sediments ranged from 1.9m2/g~39.7 m2/g, sediment
of forest land had a much smaller surface area than others.
Phosphorus content seemed irrelevant to BET surface area
based on our data.

Generally, carbon concentration in sediments was
highly concerned due to its influence on sediments retention capacity of P. The total C concentration showed the
lowest value of 0.166% in orange orchard sediment and the
highest of 2.15% in forest land sediment. P concentration
in these sediments taken from elevation of 165m were in
decreasing order as cropland＞forestland＞abandoned
cropland＞grass＞orange orchard. The sediment (from orange orchard) which obtained the lowest value of total C
concentration also showed the lowest value of phosphorus
concentration, while the highest values of C and P concentrations were not synchronized. Familiar research in Threegorge reservoir observed synchronization in the highest
values of organic matter and TP content among several
samples, and sample with lowest content of organic matter
showed a second highest TP content [25]. This indicated
that P content in sediments was relevant to the existence of
carbon. However the P retention in sediments was determined by many other complex factors and the relationship
between carbon and phosphorus cannot be an easy correlativity. The content of Fe and Al has been considered as a
main factor that enhances phosphorus retention because of
the high specific surface [26]. The average content of Fe
and Al in these samples were 4.22±0.92 % and 9.31±1.08%
respectively, which were higher than the soil background
values of china [27]. Concentrations of metal elements like
Fe, Ni, and Ti were correlated with each other (p＜0.05),
and metal elements including Fe, Ni, Zn, Ti, and Al were correlated with total C concentration (p＜0.05). According to Table1, Fe+Al content of sediments from different land use at
the same elevation showed a decreasing order as abandoned
cropland＞orange orchard＞grass＞cropland＞forest land.
And the phosphorus concentration of these sediments was
sequenced as cropland＞forestland＞abandoned cropland＞
grass＞orangeorchard. In our study, lower phosphorus
concentration was observed in the sediments group (taken
from abandoned cropland, orange orchard and grass) with
higher contents of Fe+Al. Sediments with higher content
of Fe or Al were observed to obtain more phosphorus in

Moreover, rare earth element Y was also detected in
these samples except for other ordinary elements in soil.
There were articles studied how REEs (rare earth elements)
would affect the behavior of phosphorus and some correlations between some REEs and phosphorus in runoff was
detected [30], while the relationship between element Y
and phosphorus was not found.
3.3 Equilibrium isotherm study

Langmuir model and Freundlich model were widely
applied to study the isotherms of phosphorus adsorption on
soils. The Langmuir model was generally expressed as:

Qe 

Q

Qmax C eq
K L  C eq

(1)

Where Qe (mg/kg) is the amount of adsorbate of adsorbent, Ceq (mg/L) is the equilibrium concentration of adsorbate in solution, Qmax (mg/kg) is the theoretical maximum of adsorption capacity and KL (mg/L)is a Langmuir
constant related to adsorption rate.
The Freundlich equation was expressed as:
1

Qe  K F C eq n Q

K C

(2)

KF and 1/n are purely empirical parameters which
stand for the Freundlich capacity factor and the Freundlich
intensity respectively[31].Qe (mg/kg) is calculated by experimental data as:
Q

‐

Qe 

(C add  C eq )V
w

(3)

Where Cadd is the initially added phosphorus concentration in solution of batch experiments (mg/L); V is solution volume (L); w is dry weight of added sediment (kg);
Experiments data and fitting results of 7 samples were
illustrated in Fig.3 and Table 3. Table 3 shows that adsorption data of S1~S5 and S7 were well fitted to both Langmuir and Freundlich equations with R2 ranging from0.95
to 0.99. In the contrast, adsorption data of S6 can be described fairly by both equations with R2 of 0.92 and 0.88
for Langmuir and Freundlich equations respectively. The
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Langmuir equation gave a Qmax of these samples ranged
from 141.89 to 211.33mg/kg.

Based on the theory of modified isotherm and taking
NAP into account, the modified Freundlich equation [32]
can be described as:

TABLE 3 - Summary of the fitting results of the traditional Langmuir
and Freundlich equations

Sample
S1
S2
S3
S4
S5
S6
S7

Langmuir equation
Qmax
KL
(mg/kg)
206.97
1.26
209.96
1.02
156.76
2.21
141.89
7.03
211.33
0.99
208.12
1.02
206.24
0.29

(9)

Freundlich equation
2

R

1/n

KF

R2

0.98
0.98
0.99
0.99
0.99
0.92
0.98

0.51
0.49
0.52
0.69
0.49
0.49
0.38

83.28
94.56
48.31
18.97
95.89
92.67
145.79

0.95
0.99
0.99
0.97
0.98
0.88
0.98

(10)
(11)
(12)

However, the study of exchangeable P on natural sediments indicated that native adsorbed exchangeable phosphorous (NAP) of sediment also takes part in the process
of adsorption [32] and should be taking into the isotherms.

With the experiment data, modified Langmuir and
Freundlich equations can be applied to describe the relationship between concentration of adsorbate and the
amount of adsorption using non-linear trial-and-error regression method [33].

Taking NAP into account, the modified Langmuir adsorption equation could be written as [29]:

The intersection of y-axes and the regression curves
refers to NAP value and the x-intercept of the model indicates EPC0 value. These two parameters are highlighted
because they play important roles in the retention and release of phosphorus in sediment-water interface. NAP
stands for native adsorbed exchangeable phosphorous, and
EPC0 indicates the critical point of adsorption and desorption. When actual phosphorus concentration in water were
higher than EPC0, the sediment would absorb phosphorus
from water, otherwise the phosphorus obtained in sediments would release.

(4)
Where NAP stands for the amount of total native exchangeable phosphorus (mg/kg) In the case of C add  0 ,

C eq  Ceq0 , the Eq. (4) can be described as:

(5)
Substituted NAP in equation (4) by equation (5) to obtain the modified Langmuir isotherm equation [29]:

(6)
Zero-equilibrium P concentration, which is usually
known as EPC0 refers that there is no net adsorption or release and phosphorus on sediments and in water phase is in
dynamic equilibrium. When

C eq  C add , EPC0 can be

obtained by equation (6) as:

(7)
The partitioning coefficients (KP) can be calculated by:

(8)

Table 4 shows that for sample S2 to S5, adsorption data
were well fitted to both adsorption equations, with all the
R2 value over 0.95. Although the R2 of both Langmuir and
TABLE 4- Summary of the fitting results of the modified Langmuir
and Freundlich equations

Sample
S1
S2
S3
S4
S5
S6
S7

S1
S2
S3
S4
S5
S6
S7
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Modified Langmuir
Fitting results
Qmax
KL
R2
0.84
337.22
0.84
215.02
0.82
0.98
157.71
1.98
0.99
130.26
5.16
0.99
216.86
0.78
0.98
501.40
0.13
0.91
277.26
0.29
0.89
Calculated parameters
NAP
EPC0 KP
109.91
0.41
0.27
12.81
0.05
0.25
5.35
0.07
0.08
9.27
0.40
0.02
14.52
0.06
0.26
328.79
0.26
1.28
50.66
0.06
0.79

Modified Freundlich
1/n
0.019
0.483
0.628
0.885
0.459
0.003
0.002

KF
3048.56
91.89
37.27
11.80
97.53
18410.87
18410.87

R2
0.94
0.98
0.98
0.95
0.98
0.96
0.96

NAP
2997.59
22.13
7.14
7.38
26.11
18339.58
18289.98

EPC0
0.42
0.05
0.07
0.59
0.06
0.27
0.06

KP
7.16
0.42
0.10
0.01
0.46
67.54
285.89
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Freundlich equations were over 0.9 when data of S1,
S6 and S7 were fitted, the inapplicability in these 3 cases
was obvious due to the unreasonably high NAP. The modified Freundlich equation may lack some scientific foundation and appear unsuitable in our cases.
The results of EPC0 ranged from 0.05~0.59 mg/L, S4
from forest land showed the highest EPC0 and S2 from
cropland obtained the lowest EPC0. The values of EPC0 by
modified Langmuir model and modified Freundlich model
were nearly the same, while the NAP values showed some
abnormal values. The abnormal NAP values might indicate
the inapplicability of modified Freundlich model when describing adsorption on complex natural sediments such as
soils.
3.4 Effect of land uses and soil characters

S1 to S7 present different phosphorus adsorption isotherms in Fig.3. The Qmax obtained from Langmuir equation ranged from 141.89~209.96 mg/kg with an average
value of 191.61mg/kg. According to different land use, the
order of adsorption capacity was abandoned cropland＞
cropland＞grass＞orange orchard＞forest land. In the case
of cropland, the adsorption capacity of samples taken at
160m and 165m were nearly the same, while the sample at
170m showed an obvious decrease in Qmax. S1, S2, S5 and
S6 shared a similar Langmuir isotherm with a Qmax about
209mg/kg, while the adsorption capacity of S3 and S4 were
relatively lower. Cluster analysis based on sample components data showed that S2, S5 and S6 can be classified to
one group, while S1, S3 and S4 were classified to the other

group. This result indicates the varied adsorption capacity
of samples is relevant to soil components. Resemblance of
components contributes to similarity in adsorption capacity
and isotherms.
Although the surface area was usually considered to be
responsible for adsorption capacity of absorbent [21,34],
the data of BET surface area showed no correlations with
the parameters of adsorption. However, the soil sample S4
with the lowest adsorption capacity also has a much
smaller BET surface area than other samples. BET surface
area may not influence phosphorus adsorption in an obvious way though, significant decrease in surface area would
affect the adsorption capacity.
The adsorption capacity can be related to many factors
especially when complicate adsorbent such as soil involved. The metal content was considered to be the main
factor that determines soil adsorption capacity, because the
iron/aluminum hydroxides in soil has high specific surface
[26]. Table 5 illustrates the correlations between adsorption parameters and Fe, Al contents in this study.
The parameters obtained from both equations were
generally correlated with Fe content in soil, indicating Fe
content to be an important factor of phosphorus adsorption
in this case. The contribution of Al content to phosphorus
adsorption was present in affecting NAP value. Samples
with more Al resulted in a higher NAP. Generally, samples
with higher content of Fe and Al can adsorb more phosphorus from natural environment to obtain a higher NAP, and
the adsorption capacity of soil will increase with content of
Fe and Al as well.

P adsorbed (mg/kg)

200
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S
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FIGURE 3 -Adsorption isotherms fitted by traditional Langmuir isotherm
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TABLE 5- Correlations between isotherm parameters and hydroxides in sediments

Modified Langmuir

Modified Freundlich

*

Fe

Al

KL

-0.976*

-0.480

Qmax

0.947

0.667

NAP

0.478

0.945

EPC

-0.918

-0.189

KP

0.891

0.733

KF

0.902

0.772

n

-0.907

-0.744

NAP

0.839

0.859

EPC

-0.921

-0.193

KP

0.896

0.765

indicates significance at 0.05 level
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ASSESSMENT OF LIMITING FACTORS FOR POTENTIAL
ENERGY PRODUCTION IN WASTE TO ENERGY PROJECTS
Orhan Sevimoğlu
Istanbul Metropolitan Municipality, Şehzadebaşı Caddesi, 34134 Fatih / Istanbul /Turkey

ABSTRACT
The popularity of landfill gas to energy projects increased worldwide as well as in Turkey in the last two decades due to the importance of renewable energy sources
and the green house gas emission control in environmental
protection. Many Waste-to-Energy (WTE) projects focus
on methods that employ landfill gas (LFG) from landfills
to produce electric power. Most of the projects refer to gas
prognosis models such as USEPA-LandGEM, GasSim,
EPER, and IPCC to determine the installation power capacity. However, problems related to landfill, power generation and energy delivery have limiting factors for landfill gas and energy production. In this study, the limiting
parameters with their assessments are discussed for
Odayeri and Kömürcüoda Sanitary Landfills, Istanbul,
Turkey. To overcome these issues, several improvements
were done such as top surface cover application to both
landfill sites, buffer gas tank installation to minimize the
fluctuation of LFG quality and reduction of leachate water
level via pumping. Accordingly, an increase in the recovery of LFG has been accomplished. The recovery LFG rate
to theoretical extractable LFG rate ratios reached to 75 %
and 60% in 2012 for Odayeri and Kömürcüoda landfills,
respectively.

KEYWORDS:
waste-to-energy, landfill gas, limitations, energy, recovery

1. INTRODUCTION
Municipal solid waste (MSW) is generally disposed in
a sanitary landfill site due to environmental concerns and
public health [1]. Stored MSW produces LFG including
methane, carbon dioxide, and trace gases under anaerobic
conditions. Energy recovery utilizing LFG has been accepted as a widely used application for several decades
around the world [2, 3] as well as in Turkey [4, 5]. The first
power plant utilizing LFG in Turkey was built in Bursa
province at Demirtas landfill in 1997. Since then electricity
production from renewable energy sources in Turkey has
enormously increased due to updates and new regulations

in the energy market [6]. There are 76 sanitary landfill sites
that are used by 1010 municipalities with 16 operating
WTE plants which are forecasted to grow in number in respect to the new subventions given by the government.
These projects are mostly designed based on generally accepted rules and regulations of especially United States
(US) and European techniques. The goals of WTE projects
from an environmental regulations standpoint are the reduction of greenhouse gas emissions to the atmosphere
from landfills [7] and the climate change impact [8], all the
while utilizing methane of LFG in energy production
[9,10]. In order to evaluate the acceptability of these projects, a detailed gas prognosis is needed to check the feasibility for an accurate investment [11]. Provided that the
prognosis of LFG recovery is done incorrectly, the consequence will be failure in terms of cost-benefit analysis of
the project [12]. One of the methods for a high-quality assessment is performing a pump trial on the landfill site [13]
to get an actual LFG flow rate from the landfill site. Another assessment method can be surface emission measurement [14, 15] by which an analogy can be made to flow
rate to evaluate the real potential. On the other hand, mathematical models are mostly used for the evaluation of theoretical LFG potential. The LandGEM (USEPA), GasSim,
EPER, IPCC LFG estimation models are widely used in
many applications of LFG emission. The models require
waste character and empirical parameters to calculate LFG
emission. However, the potential of actual gas production
depends on many factors, especially landfill site conditions
such as the level of anaerobic activity, solid waste contents,
rainfall, surface covering. Besides, the recovery of LFG depends on the design quality of the extraction system and
the performance of the operation as well as management of
the collection system. In many applications, the theoretical
landfill gas potential is calculated by the accepted models,
and then WTE projects are designed based on the estimation of LFG recovery for each year of the project life. The
considered recovery rate of LFG is in the wide range of
90% to 10%. In many cases, the extracted landfill gas volume was lower than the estimated recovery LFG volume
which is misleading for inventors [16].
There are several reasons for low extraction rates of
landfill gas such as poor sanitary landfill site management,
failure to comply with waste storage techniques, lack of accurate characterization of waste and absence of complete
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anaerobic conditions [17]. Inadequate plant design and system operations also limit gas extraction resulting from
leachate accumulation in lateral gas collection pipes, particles and sludge clogging the vertical wells, scale formation
of chemicals in the pipes, deformation and cracking of gas
extraction pipes, and waste sliding with the well.
This study focuses on the major causes of decrement
in LFG recovery rates from landfills when compared with
the estimated theoretical LFG potential. The encountered
problems in the acquisition process of Odayeri and
Kömürcüoda landfill sites in Istanbul were studied to elucidate these problems. The limitation parameters in energy
production were investigated as well.

2. MATERIALS AND METHODS
2.1 The profile of the landfill sites

tribution in the metropolitan area of Istanbul is 63% in European and 37% in Asian side. Approximately 9500 tons of
waste was disposed in Odayeri Landfill, and 5000 tons of
waste was disposed in Kömürcüoda Landfill on daily basis
during 2009. The estimated collected recyclable waste was
about 350 tons per day [20]. The municipal solid waste
characterized by researchers is shown in Table 1 indicating
that about 48-50% of the disposed waste contains food
waste. All the stored waste including organic materials has
the high potential to produce LFG under anaerobic condition after being stored for about 6 months [21]. While
MSW has been stored in the landfill sites in Odayeri and
Kömürcüoda since 1995, the produced LFG was emitted to
atmosphere through the ventilation wells that contributed
to GHG in the atmosphere as well as causing loss of profit
until WTE projects were implemented in both landfill sites
in 2009.
2.2. Theoretical LFG versus recovery LFG

There are two major sanitary landfill sites in the City
of Istanbul: Odayeri (Europe) landfill site (41° 13' 02.9"N;
28° 51' 11.3"E) with total area of 115 ha and 32 million
tons of waste stored and Kömürcüoda (Asia) landfill site
(41° 10' 30.6"N; 29° 22' 16.2"E) with total area of 89 ha
and 15 million tons of waste stored since the established
date of 1995 to early 2009. Odayeri and Kömürcüoda Landfills are located outside the city center with 25 and 55 km
away, respectively.
Municipal waste production rate for each person in Istanbul depends on daily habits, economical poverty, and
social status [18]. In Istanbul, the waste production per capita is about 0.9-1.1 kg/person/day [19]. The population dis-

The environmental impact of the greenhouse gas emission from the landfill sites is considered by the climate
change initiatives due to global warming issue. Mathematical models and software programs to predict greenhouse
gas emission from the sites were developed by United
States Environmental Protection Agency (USEPA), Intergovernmental Panel on Climate Change (IPCC) and other
private organizations. These models are primarily used
to estimate the amount of theoretical LFG emission from
landfill sites. Once energy recovery proposals became
more popular in the utilization of LFG, the WTE projects
expanded around the world especially in the developed
countries to produce renewable energy as well as reducing

TABLE 1 - Istanbul municipal solid waste composition
Componentsa
Paper
Cardboard
Colorful glass
Colorless glass
PET bottles
Plastic bags
Plastic
Sack and similar
Metals (iron)
Aluminum
Other metals
Organics
Diapers
Wood
Electrical Equipments
Batteries
Textile
Tetra-pak
Other combustibles
Ash
Stone, rock, etc.
Total
a
Composition is as w/w
b
[21] Kanat (2010)
c
[32] Arikan and Toroz (1999)

Kömürcüodab (%)

Odayerib (%)

Averageb (%)

Istanbulc (%)

6.27
3.49
2.05
3.01
0.99
8.42
3.21
0.25
0.89
0.45
0.13
56.31
3.72
0.50
0.11
0.02
4.77
0.66
2.62
1.51
0.64
100

11.27
5.56
3.44
3.15
2.05
10.55
3.56
0.45
0.87
0.92
0.00
44.13
4.08
0.53
0.20
0.00
5.80
0.61
1.58
1.17
0.09
100

8.77
4.53
2.74
3.08
1.52
9.48
3.39
0.35
0.88
0.68
0.07
50.22
3.90
0.51
0.15
0.01
5.28
0.64
2.10
1.34
0.36
100

8.4
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2.3
2.3
11
2.3
48
3.2

2.9
6.3
13.2
100
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greenhouse gas (GHG) emissions. Although these models
are used for calculating GHG emissions from landfill sites
to report to climate change departments, WTE project designers also use them to calculate LFG flow rate for the
power plant capacity. The rate of theoretical LFG varies in
calculation due to the range of parameters used for the
models. The estimation of LFG emission rate for Odayeri
and Kömürcüoda Landfills were calculated using the
USEPA Land GEM model. The expectation is that results
should meet the recovery LFG rate.
2.3 Theoretical LFG estimation of the landfill sites

LandGEM is based on a first-order decomposition rate
equation for quantifying emissions from the decomposition
of waste in MSW landfills [22]. This software provides an
uncomplicated approach to estimating landfill gas emissions. Model defaults require empirical data determined by
investigating the landfill directly. The first order decomposition rate equation used to estimate the landfill gas emission and the LFG generation for a given year from cumulative waste disposed up to that year for the Odayeri and
Kömürcüoda Landfills is given below:

QLFG 

n

1

 Mi 

  2kL  10 (e
t 1 j  0.1

0

 kt ij

the waste stored in both landfill sites is 50.22% organic as
reported in Table 1 which is considered as midlevel fast
decaying.
Each of the organic waste categories is assigned a
unique k and L0 pair that is used to calculate LFG generation. The Model’s LFG generation calculations also include an adjustment to account for aerobic waste decay
known as the methane correction factor (MCF), and a fire
constant (F). LFG recovery is estimated by the Model by
multiplying projected LFG generation with the estimated
collection efficiency. The theoretical LFG were calculated
using the parameters established in Table 3.
TABLE 2- Disposed waste amount in both landfill sites
Year
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
Total

) ( MCF ) ( F )

QLFG = annual LFG generation in the year of the calculation (m3/year)
i = 1 year time increment
n = (year of the calculation) - (initial year of waste acceptance)
j = 0.1 year time increment
k = methane generation rate (year-1)
Lo = potential methane generation capacity (m3/Mg)
Mi = mass of waste accepted in the year (Mg)
tij = age of the jth section of waste mass Mi accepted in
the ith year (decimal years, e.g., 3.2 years)
MCF = methane correction factor
F = fire adjustment factor.
Table 2 shows the amount of disposed waste in tons
for both landfill sites. Total LFG generation is equal to
twice the amount of the calculated methane generation.
The model landfill characteristics and the model parameters were set based on the literature values and site specifications. All of the used parameters are summarized in Table 3.
The four organic waste categories grouped according
to waste decay rates which has an impact on the estimation
of LFG in calculations can be listed as: 1. Very fast decaying waste (food waste, other organics), 2. Medium fast decaying waste (e.g. garden waste and green waste), 3. Medium slow decaying waste (e.g. paper, cardboard and textiles), 4. Slow decaying waste (e.g. wood, rubber, leather,
bones and straw). LFG generation rate from composite
waste is estimated based on these categories. For instance,

Odayeri
Metric Tons
524,013
1,112,443
1,521,541
1,775,983
2,220,225
2,282,265
2,205,211
2,281,219
2,452,301
2,848,277
3,145,032
3,469,871
3,469,871
2,970,000
32,278,252

Kömürücüoda
Metric Tons
228,546
628,622
779,389
885,427
965,168
1,037,624
1,013,196
1,032,549
1,099,974
1,314,152
1,459,226
1,620,796
1,639,000
1,642,500
15,346,169

TABLE 3 - Used parameters in the model
k
Lo
MCF
F

Unit
1/year
m3/ton
%

Odayeri
0.065
90
50
1

Kömürcüoda
0.065
90
50
1

Fig. 1 shows the theoretical (potential), estimated recovery (extractable) and recovered (actual extraction) LFG
for Odayeri and Kömürcüoda Landfill Sites. Recovered
LFG is lower than the expected recovery (extractable)
value (60%) used in the gas prognosis calculation. The year
of the calculation used in the model is 35 years.
The calculated total amount of theoretical extractable
LFG volumes for Odayeri and Kömürcüoda Landfills are
1,929 x 106 m3 and 918 x 106 m3 in 35 years, respectively.
2.4. Utilization of landfill gas

It is very important to utilize LFG as soon as the waste
is disposed to landfill. In Istanbul, unfortunately, the LFG
utilization was achieved 14 years after the first waste was
disposed to both landfill sites. Hence, as much as 850 million m3 and 400 million m3 theoretical extractable LFG escaped to the atmosphere causing energy loss and emissions
of GHG to atmosphere which was about 8 million tons and
3.7 million tons equivalent
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FIGURE 1 - Theoretical and practical LFG rates in Odayeri and Kömürcüoda landfills.

CO2 from Odayeri and Kömürcüoda Landfills, respectively. After evaluation and inspection of the utilization of
LFG, the WTE projects were implemented in both landfill
sites. The recovered LFG from both landfill sites are used
for electricity production via gas engines. The vertical gas
extraction wells are placed in the waste body and the ex-

tracted LFG is directed to the gas engines. The selected gas
engines are suitable for electricity generation in both sites
based on LFG quality. Each gas engine has a capacity of
1.4 MW. The installed energy production capacity in 2010
was 18 MW and 7 MW at Odayeri and Kömürcüoda energy
recovery facilities, respectively. The produced electricity is
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transferred to the national grit with a high power transmission line of 34.5 kV.

landfill top covering, and landfill body stability. Major limitation factors seen in both landfill sites are summarized in
Table 4.
3.1.1 Disposed waste character in landfill gas production

3. RESULTS AND DISCUSSION
There are three main areas of the limitations of WTE
projects, categorized based on landfill site, energy conversion and distribution. Fig. 2 gives a schematic description
of these limitations.
3.1 Limitations on LFG production from landfill sites

The LFG production capacity is limited by waste character, compacting and waste height, leachate in the waste,

The characterization of MSW plays an important role
in the estimation of LFG production [19]. The variety of
biodegradable organic materials in waste composition
causes variations in LFG generation rate. Fast biodegradable organic waste (e.g. food waste) generates biogas once
the anaerobic condition is reached [23, 24]. Food waste starts
decomposing in aerobic conditions by the time its being
placed in the garbage until pre-cover or final cover of the
waste. The aerobic process will occur especially during the

Limitations of WTE
Project
Landfill Site

Energy Conversion

Energy Distribution

Waste Character

Gas Extraction and Gas
Collection

Transmission Line

Compacting and Height

Gas Quality

National Grit

Leachate in Landfill

Power Generation
System

Landfill Top Final
Cover
Landfill body stability

FIGURE 2 - Limitations of WTE projects

TABLE 4 - Major limitation factors seen in both landfill sites.
Limitation factors
Waste Characterization
Stored waste depends on the years
Waste compacting
Waste cell height
Landfill daily coverage
Landfill segment coverage
Landfill site final cover
Landfill site leachate collection system
Landfill site rainwater drain system
Air intrusion

Assessments
About 50% waste fast degradable organic waste disposed.
13 years old waste. Fresh wastes produce more LFG than old waste.
Midlevel compacting for both landfill sites.
Changeable in 5-7 m.
Midlevel
Midlevel
The final cover was finalized in 2010 for both landfill sites..
Active bottom leachate collection system..
No surface water collection system on the surface for both landfill sites.
While vacuum to landfill site.
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disposal process due to light compaction and delayed soil
covering, downwards into a depth of two meters or even
more [25]. 90 % of the degradable carbon will be destroyed
during one year in aerobic landfills [26]. A first order
model can be used to calculate the degradation of the organic matter, eg. in the first 3 months nearly 50 % will be
degraded [27, 28]. Therefore, it is very important to consider decomposed organic waste in aerobic conditions for
the right prognosis and to estimate the influence of daily
covering. Early waste decomposing in aerobic conditions
causes potential LFG loss as well. To avoid immediate decomposition the organic matter needs to be collected regularly from the daily top soil cover.
3.1.2 Compacting and height of disposed waste.

Compacting of solid waste is an important factor in biogas generation. Fewer voids in the waste volume increase
the LFG production [29]. Compactors were used in both
landfill sites, however, high quality compaction could not
be achieved due to field problems (rainfall, compactor failure) and high waste load in a short period of time. Another
significant factor is covering the waste with soil as soon as
possible. When the waste remains open to atmosphere in
the landfill site for a long time the biodegradable organic
waste degrades aerobically that causes a loss in LFG production capacity. There is a high waste load in Odayeri and
Kömürcüoda landfills; consequently, considerably less
daily coverage over the waste. The old waste is usually
covered by fresh waste daily. Once the lot is filled with
waste, the top is covered with soil.
The height of the waste in the landfill is another important limitation parameter in the utilization of LFG. The
gas extraction wells can be drilled up to 40 meters. The
height of the waste has reached up to 90 meters in both
landfills, thus it is not feasible to extract LFG below the
extraction wells.
3.1.3. Leachate in landfill

The moisture in the waste encourages bacterial growth
and transports nutrients and bacteria to all areas within a
landfill [30]. The moisture content of 40% or higher, based
on wet weight of waste promotes maximum gas production, especially in a capped landfill [31]. The disposed
waste in both Odayeri and Kömürcüoda landfill sites contains about 50%-70% water [19, 32, 33]. Once the waste is

stored in the landfill site, leachate production rate begins to
increase. In addition, if rain water penetrates into the noncovered landfill site, it increases the leachate flow rate as
well. Unfortunately, both of the landfill sites top surface
final covers were finalized in 2010. The average leacheate
flow rate at Odayeri and Kömürcüoda landfill sites were
about 2100 m³/day and 1000 m³/day, respectively in 2008.
The organic matters dissolve during rainwater infiltration
through the waste and leave the waste with leachate which
causes a decrease in the LFG generation potential due to
the lower organic content of the waste [34]. The leachate
accumulation in the waste body observed in both landfill
sites is over 40 meters high, attributable to a 13 year period
of rainfall on the open landfill site. The high waste height
causes high pressure on the bottom layer causing it to be
more compact.
The LFG collection wells are the most important part
of a WTE plant. High leachate level in the waste body and
high waste body height have a potential on limiting the formation of LFG as well as extraction [35], which in fact
were observed in Odayeri and Kömürcüoda landfill sites.
Once the LFG extraction wells were placed in the waste
body, leachate increased by capillary effect by causing it to
fill the holes in the perforated wells. The remaining water
free perforated wells available for gas extraction during the
vacuum application in Odayeri and Kömürcüoda landfill
sites are 16% and 40% percent, respectively. Hence, high
vacuum should be applied to the wells to extract LFG from
the mass of waste. In order to decrease level of leachate in
the wells, it is discharged by the help of a pump, which
increased the amount of water free perforated wells used in
gas extraction. This additional step brought increased
workload for the maintenance of the wells as well as construction and operating costs, in both landfill sites. Table 5
represents the values of the wells. In order to decrease
leachate in the wells, the submerge pumps were placed in
all the gas extraction wells. The height of the available water free perforated wells increased from 16% to about 30 %
in Odayeri and from 40% to about 45% Kömürcüoda, respectively.
3.1.4. Top cover impermeability

Top cover is an important aspect of gas extraction performance needed for blocking air intrusion into waste body [36].
Anaerobic reactions should be sustained during gas extrac-

TABLE 5 - The values of wells

Average Well depth (m)
Average perforated well height (m)
Average water depth height (m)
Total pipe length in the wells (m)
Total perforated pipe length (m)
Total free slotted pipe length (m)
Closed perforated pipe length with leachate (m)
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Odayeri
35
29,4
24,7
4685,5
3933,5
626,4
84%

Kömürcüoda
23,2
18,8
10,7
2760
2403
1423
40%
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tion period. Oxygen in the air kills methanogenic bacteria
that stop methane production in the landfill. Odayeri and
Kömürcüoda landfills were finally covered with soil after
the LFG extraction wells were placed in 2010. The maximum allowed oxygen level in the extracted LFG is 2% in
both landfill site based on operation experience. The methane ratios in the LFG in both sites are kept in about 4550% for optimum energy production. The fluctuation ratios
of the methane were rarely changing ascribable to the air intrusion and landfill site problems. Higher fluctuation ratios
have negative impact on the gas engine. Therefore, surface
top cover should be sealed with natural soil and clay, geomembrane is also used in some advanced applications [37].
3.1.5. Landfill body stability

Municipal solid waste is stored in the landfill site with
the slope of one-third ratio. The disposed waste, based on
a certain time period, settles down because of the decomposing of fast degradable waste [29], seen in both Odayeri
and Kömürcüoda landfill sites. The accumulation of leachate in the waste body decreases stability especially in the
Kömürcüoda landfill that cause the sliding of the waste.
The unstable landfill site area is inefficient in terms of landfill gas intake [38]. Gas extraction wells were clogged or
cracked (Fig. 3) due to the waste body settlement that required new extraction well installations with additional investment costs [39].
3.2 Energy conversion from landfill gas
3.2.1. Deposit formation in wells

The most important problem encountered in vertical
wells that are used to collect gas is the excessive amounts

of leachate. Remaining motionless for a long time in the
well environment, the leachate goes through various physical, chemical and biological processes and solidifies. At
the end of this process, the already high rate of solids increases even further and leads to the clogging of well casing [40] as well as the pumps resulting in their unavailability from time to time.
There are several types of scale formation in the landfill gas extraction wells in Odayeri and Kömürcüoda Landfills with the first one being the chemicals accumulation on
the surface of imperforated part of the extraction pipe resembling a hard rock. The microbiological activity produces CO2, H2O, NOx, H2S, SOx, which are carried through
the flow of the pipe. These compounds condensate on the
surface of the pipe over 50oC. Although this initial deposit
tries to corrode the polymers of the pipe, salicylic acids,
calcium salts, and alkaline salts that are carried with landfill gas neutralize the radicals and stop the corrosion. Nevertheless these salts accumulate and the deposition occurs
on the surface of the inner pipe between 1 cm to 2 cm, resulting in the reduced diameter, 19% to 36%, of the 20 cm
extraction pipe (Fig 4a).
Another type of formation is the sludge, silt and chemical salts accumulated in the gas extraction wells carried via
leachate [41]. The salt compounds accumulated in the wells
due to chemical equilibrium cause the precipitation inside
the pipe (Fig. 4b). The accumulated sludge in the extraction
pipe depends on the length of the pipe; especially around the
leachate level between 2 m to 6 m. Sludge resists removal
from the pipe via any drain cleaners making it unusable. Extraction well replacements were placed to the sites which
brought in additional construction and operation costs.

FIGURE 3 - Cracked and perforated pipes of LFG extraction wells
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a)

b)
FIGURE 4 - (a) Scale formed in the inner LFG extraction pipe and (b) clogged LFG extraction pipe.

3.2.2. Effects of landfill gas quality on energy production

CH4 and CO2 are the main components of LFG that
also contain trace amounts of compounds such as hydrogen
sulphide, mercaptans, halogenated hydrocarbons, NOx,
and siloxanes [42]. Landfill gas components were analyzed
to determine the parameters mentioned. The landfill gas
samples from both landfills were collected in the metal
canister (by Agrolab) and Tedlar bag (by RUK). After collection, samples were shipped to the laboratory immediately to be analyzed by GC/MS. The compounds were
identified by conventional simple comparison of retention
times using selective detector (FID, ECD, WLD) as well as
by mass spectra. The samples were sent to different laboratories to be analyzed as mentioned in Table 6. Agrolab

and RUK are located in Bruckberg and Longuich, Germany, respectively. Both laboratories use standard measurement techniques and procedures published by German
authority for specific chemical analyses.
There are various methods to remove trace compounds
from LFG, to prevent gas engine damage or failure, available commercially such as adsorption, absorption, deep
chilling, biological removing, catalytic processes and
membranes [43]. The components of LFG withdrawn from
the field must meet the requirements of gas engine to run
at full performance. Additional requirements include sustaining parameters such as gas pressure, methane ratio,
temperature, relative humidity, heating value fluctuation
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and contaminants. Landfill gas quality in both landfill sites
are given in Table 6. Earlier on, the methane ratios were
between 45-50% in both landfill sites.

However, after improvements to the system, the methane ratios increased to over 50%. Methane and other
compound concentrations were detected in variation dur-

TABLE 6 - Quality of landfill gas in Kömürcüoda and Odayeri landfill sites

Laboratory ID

a

Sampling date parameter

b,c,d

Sampling Site
Compounds Name

Units

DL

f

1

2

1

2

Sep‐09

Apr‐11

Aug‐09

Apr‐11

Kömürcüoda LF
Before Gas
Main Pipe
Engine

Odayeri LF
Before Gas
Before Gas
Engine
Engine

Method

e

Oxygen

% (v/v)

0.5

7,7

0,6

3,4

0,9

GC/MS

Nitrogen

% (v/v)

0,5

35

7,7

14,9

4

GC/MS

Carbon dioxide

% (v/v)

0,02

23,1

37

35,1

40

GC/MS

Methane

% (v/v)

0,2

35,4

54,6

46,5

55,1

GC/MS

hydrogen

% (v/v)

0,01

0,01

42

0,01

NM

GC/WLD
GC/FPD

Hydrogen sulfide

mg/m³

0,3

NR

122

260

406

calorific value

Kcal/m³

1000

11,8

19,61

15,6

17,6

DIN 51900

Trichlorofluoromethane (R11)

mg/m³

0,2

<0,2

0,1

<0,2

NM

A, GC/MS

Dichlorodifluoromethane (R12)

mg/m³

0,5

2,2

0,4

1,3

0,4

B, GC/MS

dichlorofluoromethane (R21)

mg/m³

0,5

<0,5

0,3

<0,5

0,2

B, GC/MS

Chlorodifluoromethane (R22)

mg/m³

0,5

5,4

0,4

7,6

0,5

B, GC/MS

1,1,2‐Trichlorotrifluoroethane (R113)

mg/m³

0,2

<0,2

<0,1

<0,2

<0,1

B, GC/MS
B, GC/MS

Vinyl chloride

mg/m³

0,3

4,1

2,7

2,8

4,6

Dichloromethane

mg/m³

0,1

0,3

<0,1

<0,1

<0,1

B, GC/MS

1,1‐Dichloroethane

mg/m³

0,1

<0,1

0,1

<0,1

<0,1

B, GC/MS

1,2‐Dichloroethane

mg/m³

0,1

<0,1

<0,1

<0,1

0,1

B, GC/MS

1,1‐Dichloroethene

mg/m³

0,1

<0,1

<0,1

2,4

0,3

B, GC/MS
B, GC/MS

cis‐Dichloroethene

mg/m³

0,1

8,4

10,5

NR

26,9

trans‐Dichloroethene

mg/m³

0,1

<0,1

<0,1

0,2

0,2

B, GC/MS

Trichloromethane

mg/m³

0,1

<0,1

<0,1

<0,1

<0,1

B, GC/MS

1,1,1‐Trichloroethane

mg/m³

0,1

<0,1

<0,1

<0,1

<0,1

B, GC/MS

Trichloroethene

mg/m³

0,1

2

0,7

5,4

2

B, GC/MS

Tetrachloromethane

mg/m³

0,1

<0,1

<0,1

<0,1

<0,1

B, GC/MS

Tetrachloroethene

mg/m³

0,1

0,6

0,6

1,5

2,1

B, GC/MS

sum fluorine

mg/m³

0,1

3,1

2,9

3,8

4,9

B, GC/MS

sum chlorine

mg/m³

0,1

14

13

25,0

24,9

B, GC/MS

Benzene

mg/m³

0,2

2,6

3,5

4,4

5,1

B, GC/MS

Toluene

mg/m³

0,2

150

204,9

350

518

B, GC/MS

Ethylbenzene

mg/m³

0,1

22

38,2

23,0

36

B, GC/MS

m,p‐Xylene

mg/m³

0,2

39

62,4

37

59,1

B, GC/MS

o‐Xylene

mg/m³

0,2

10

16,3

9,9

15,3

B, GC/MS

Cumene

mg/m³

0,1

1,2

3,4

2,3

4,6

B, GC/MS

Styrene

mg/m³

0,1

1,1

1,3

0,9

2,1

B, GC/MS

Mesitylene

mg/m³

0,1

2

5,3

2,8

6,3

B, GC/MS

1,2,3‐Trimethylbenzene

mg/m³

0,1

4,7

11,1

1,7

19

B, GC/MS

1,2,4‐Trimethylbenzene

mg/m³

0,1

3,8

15,2

7,0

20,7

B, GC/MS

a

1: Agrolab 2: RUK

b

ND : not dedected.

c

NR : not reported.

d

NM : not measured.

e

A is analog VDI 3865 and B: VDI 3865, Bl.4

f

DL: Detection limit
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TABLE 7 - Siloxanes commonly measured in LFG

Siloxanes
Decamethyltetrasiloxan (L4)
Dekamethylcyclopentasiloxan (D5)
Dodecamethylcyclohexasiloxan (D6)
Hexamethyldisiloxane (L2)
Hexamethyl-(cyclo)-trisiloxane (D3)
Octamethylcyclotetrasiloxan (D4)
Octamethyl-trisiloxane (L3)

Chemical Formula
C10H30Si4O3
C10H30O5Si5
C12H36O6Si6
C6H18Si2O
C12H18O3Si3
C8H24O4Si4
C8H24Si3O2

ing the application which is not a desired condition. Therefore, the landfill gas parameters were stabilized by placing
buffer tanks before the gas engines. Constructing an intermediate buffer storage tank to ensure that stable and homogeneous gas is being sent to the gas engine is a suitable
method to avoid any failure. The variation of major components in LFG impacts engine performance and reduces
energy production rate [44]. Unused LFG is stored in a
buffer tank to be used in energy production at a later time.
Optimal compensation of fluctuations increases gas engine
availability and components lifetime. Two 16000 m3 and
one 16000 m3 buffer tanks were installed in both Odayeri
and Kömürcüoda WTE plants, respectively.
3.2.3. Limitations on power generation systems

The gas engines are affected by the compounds in the
landfill gas during energy production. Especially the siloxanes in landfill gas hamper to the engine in energy production [45]. Siloxanes contain silicon atoms attached to
VOCs [43]. Common siloxane derivatives in LFG of both
sites are shown in Table 7. Siloxanes are especially problematic in landfill gas to energy projects since they result
in deposit formation in gas engines [46] and effect engine
performance [47]. When LFG containing siloxanes are
burned in the combustion chamber, siloxanes are converted
into silicates (SiO2 or SiO3) [48] causing accumulation at
various points of the combustion system. Siloxane in the
presence of gas is usually deposited as a layer of white
powder that causes mild stratification in the internal parts
of a combustion engine [46].The deposit formation resulted in untimely engine cleaning, failure of gas engines,
high engine lube oil consumption, low lube oil filter life,
valve damages for gas engines in both Odayeri and
Kömürcüoda landfills. Gas engine failure during energy
production or early maintenance period results in loss of
energy production. The longer maintenance period or failure time, the higher the loss of energy production.
3.3 Limitations on power distribution

A major aspect of a WTE project is delivering the electricity to the end users continuously. However, short circuits caused by birds perching on the energy voltage line
that carry the energy to the national grit were seen in both
Odayeri and Kömürcüoda landfills. The produced energy
not being able to be delivered to the national energy grit
causes loss of profit. The local transformer system has

Odayeri
Average (mg/m³)
<0.5
3.18 ± 0.61
<1.0
1.95 ± 0,40
<1.0
5.93 ± 0,88
<0.5

Komurcuoda
Average (mg/m³)
<0.5
2,6
<1.0
0,6
<1.0
4,3
<0.5

faults from time to time resulting in the interruption of energy delivery to the national grit as well. The failure period
is at least one hour or more. For instance, a delay of one hour
in energy production in Odayeri and Kömürcüoda cause loss
of profit as a result of unproduced 18000 kwh and 7000 kwh
energy, respectively. During the failure period, burning of
LFG in the burner instead of being emitted to atmosphere is
the most appropriate method in order to optimize LFG extraction from the landfill. If the withdrawal of LFG from the
field is halted, it may result in burst of piping systems that
was previously experienced in both landfill sites.
3.4 Considerations on landfill gas potential for future applications

Any landfill may have a potential in producing energy
by utilizing LFG. However, only the correctly identified
parameters used in a selected prognosis model lead to the
ideal estimation of production of gas. Furthermore, accurate gas emission estimation helps make appropriate investments. Even if all investments are in a position to meet
the operating costs, it is also important to collect LFG in
such a way that environmental damage thru the release of
LFG to the atmosphere is minimized thus reducing greenhouse gas emissions.

4. CONCLUSIONS
Generating electricity from landfill gas is a widely
used method worldwide. The benefits of generating electricity from LFG can be two fold. Firstly, it helps avoid the
contribution of greenhouse gases to the atmosphere formed
in landfills and secondly, LFG is utilized as a fuel in different revenue-generating energy systems.
A successful WTE project reaches its targets by following these steps: 1) A mathematical gas prognosis is
done to see if the landfill is suitable for a WTE project. 2)
Landfill site is inspected with static tests to see the influence on gas production such as bad compaction, waste
height, steep slopes, high water table, shallow areas and
leachate accumulation. 3) Site pumping test is applied in
the field to see if real LFG is carried out over a certain period of time using a full scale collection system for at least
three months.
Mathematical or experimental LFG gas prognosis is
used for construction of energy conversion facilities in the
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feasibility phase. The installation capacity of a facility is
determined by calculating recovered LFG, utilizing a recovery constant. The recovered LFG rate is used for calculating installation capacity of the energy conversion facility. In many applications, field LFG extraction rate is usually lower than the estimated recovery LFG rate. The absence of accurate estimations in WTE projects prevents
them from being income-generating projects. Even when
the recovered LFG is estimated accurately, operational
problems are often encountered such as engine damage and
clogging of the wells. Problems related to landfill site,
power generation and energy delivery are limiting factors
for landfill gas and energy production. Some of these problems occur naturally and they can be reduced by taking
necessary measures.
LFG production and collection systems as well as energy production and distribution systems of a WTE project
should be checked regularly for it to continuously produce
high-performance energy and be revenue-generating. As
was the case in Odayeri and Kömürcüoda WTE applications, parameters were established and collected regularly
and analyzed for optimum energy production. The estimated amount of LFG to be recovered in both landfills was
determined by taking 60% of the value of the prognosis
model. The actual recovered LFG rates were below the estimated prognosis values. The recovered LFG ratio for
Odayeri in 2009, 2010, 2011, 2012 were 13%, 34%, 38%
and 75 % respectively and for Kömürcüoda in 2010, 2011,
2012 were 40%, 40%, 60%, respectively. The recovery
rates increased once the actual operating conditions improved after the first year.
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ABSTRACT
In this study, soil samples were taken from 32 different
locations from two different soil depths (0-30 and 30-60
cm) and 16 physical and chemical soil properties were assessed through factor analysis (FA) and geographical information systems (GIS). FA revealed 5 factors for the surface soil depth (0-30 cm) explaining 79.58% of total variation in data set. These factors were entitled as factor 1
“soil water holding capacity”, factor 2 “microelement
availability”, factor 3 “organic matter”, factor 4 “soil reaction” and factor 5 “soil salinity”. FA for the subsurface
depth (30-60 cm) revealed 4 factors explaining 75.14% of
total variation in data set. These factors were entitled as
factor 1 “nutrient availability–soil reaction relationship”,
factor 2 “soil water holding capacity”, factor 3 “organic
matter” and factor 4 “soil salinity”. A total of nine spatial
distribution maps were prepared for these factors by using
the factor scores obtained from FA for both soil depths.
Significant similarities were observed in both factor components and spatial distribution patterns of both soil depths.
It was concluded that FA with various soil properties used
as multiple variables might reveal significant hidden information about soil properties and yield highly valuable outcomes for the management and planning of precise agricultural practices.

KEYWORDS: Precision agriculture, factor analysis, geographical
information systems, soil properties, alluvial lands

1. INTRODUCTION
Precision agriculture represents the approaches allowing the implementation of environment-friendly methods
and techniques in agricultural production activities. Parallel to developments in global positioning systems (GPS),
* Corresponding author

farmers have started to be aware of the advantages brought
by the implementations carried out in agriculture through
considering the spatial differences. Knowledge about the
factors exhibiting spatial and temporal variations plays a
significant role for optimum profit, sustainability and environmental protection. Knowledge and technology-based
precision agriculture are used to analyze and manage such
factors and recently has a wide range of application in agricultural practices [1]. Precise agricultural implementations are basically composed of accurate analysis of present
conditions and performance of implementations in accordance with the present needs. Precision agriculture integrates developing technologies into agricultural production
and covers the practices aiming maximum gain and taking
the environmental protection principles into consideration
together with various low-cost inputs [2].
Multivariate statistic is a general term defining the statistical methods allowing the analysis of two or more factors together [3]. In multivariate statistical analysis, there
are multiple interrelated variables in a system. The applications of multivariate analytical methods such as cluster
analysis (CA), FA and principle component analysis
(PCA) to environmental data have tremendously increased
and yielded meaningful information. FA is a multivariate
statistical technique used to get less and unrelated variables
by using multiple interrelated variables. CA and PCA have
been widely used in soil surveys [4-6]. FA and GIS have
also together been used in several studies investigating soil
characteristics [7, 8] Shan et al. [9] carried out a study to
find out the heavy metal source of soils and used multivariate statistical techniques and GIS together. Soil samples
were taken from 149 different points in that study and 11
different soil parameters were determined. Researchers determined anthropogenic factor as factor 1, lithogetic factor
as factor 2 and prepared spatial distribution map of each
factor.
The present study was conducted to present the benefits and advantages brought by combined use of FA and
GIS in planning and management of precision agriculture
implementations.
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2. MATERIALS AND METHOD
2.1 Study area and sampling

The study area is located within the Black Sea Coastal
Region of the Samsun province (between 41º30’- 41º45’
latitude and 35º30’-36º15’ longitude) in the northern Turkey (Figure 1). Soils are formed over alluvial deposits of
Kizilirmak River at various elevations and classified as
Typical Ustifluvents, Chromic Haplusterts and Vertic Haplustepts [10]. Bafra plain has a mild climate with annual
average temperature of 14.4 °C and annual precipitation of
802.6 mm. The main rock of Bafra Plain and close surroundings are composed of Mesozoic Tertiary and quaternary lands. Quaternary lands are composed of alluvial and
terrace depots. The alluvium over the flood plains along the
Kızılırmak crossing the plain in North-south direction and
other streams are silty and gravelly and he gravels are
mostly composed of volcanic rocks and lime stones. The
soils of Bafra Plain may be broadly characterized as deep,
alluvial delta and colluvial terrace-alluvial fans. These are
young soils extremely variable, ranging from sandly loans
to heavy clays. Particularly paddy and tomato, pepper,
melon, watermelon and eggplant are grown in Bafra Plain.
Over these lands, generally surface gravity irrigation methods and randomly sprinkler and drip irrigation method are
used in irrigations. Since Bafra Plain is close to sea, there
is a drainage problem in some sections of the plain.

Global positioning (GPS) device was used to locate the
soil sampling points. The distance between soil sampling
points was 70 m. Disturbed soil samples were taken from
0-30 cm and 30-60 cm soil depths. Since horticultural crops
are grown over the research site of the present study and
rooting depths of most of these crops are within the initial
60 cm soil layer, soil samples were taken from these
depths. Samples were air dried at laboratory and sieved
through 2 mm sieve to make them ready for analyses. Soil
texture was determined by Bouyoucos hydrometer method
[11]; lime content was determined with Scheibler calcimeter [12]; organic matter content was determined in accordance with Smith-Weldon method [13]; soil pH [14] and
electrical conductivity [15] were determined in 1:2 soilwater mixture; Kjeldahl method was used to determine the
total nitrogen [16]; available phosphorus was determined
by Olsen method [17]; extractable potassium (Kext) was determined in accordance with Soil Survey Staff [18]; DTPAextracted solution was used to determine available iron,
copper, zinc and manganese in an atomic adsorption device
[19]. The analyses on entire soil characteristics were performed in three replications and the data set was used
through taking the arithmetical mean of these replications.
2.2 Principle component and spatial analysis methods

Soil samples were taken from 32 different locations
and 16 different physical and chemical analyses were per-

FIGURE 1 - Location of Study Area and Distribution of Sampling Points
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formed on these samples. Analyses results were assessed
through FA and GIS. FA is a multivariate statistical technique and uses multiple interrelated variables to derive unrelated new variables. It includes dimension reduction and
dependence elimination phases and brings together p number of interrelated variables of a case and tries to find less
unrelated new (common) variables [20]. While finding the
number of principle components, the ones with an eigen
value over 1 are selected. This method has been utilized in
assessment of soil data in several studies [21, 22]. In FA,
resultant factors are assessed as: f > 0.75 strong, 0.50< f
<0.75 medium and 0.30 < f <0.50 weak [23]. In FA of the
present study, varimax rotation was employed to reduce the
number of factors through maximizing the variations of
factor loads. Statistical analyses were performed by using
SPSS 21 software.
For unsampled locations, kriging is considered as an
optimal method of spatial prediction that provides a superior liner unbiased estimator for spatially varying quantities
[24]. Various researchers have used Geographic Information System (GIS) to investigate a wide range of soil and

water properties [25-26]. To explore the spatial distribution
of FA results, ordinary kriging method was used with PC
software ArcGIS 10.0.

3. RESULTS AND DISCUSSION
3.1 Definition of descriptive statistics

Descriptive statistics for surface (0-30 cm) and subsurface (30-60 cm) soil depths are provided in Table 1 and
assessment of soil characteristics with regard to threshold
values of these parameters in plant production are provided
in Table 2.
Considering the average values, soil texture of surface
and subsurface depths was classified as clay (Table 1).
While field capacity (FC) of the surface depth varied between 25.26-39.18%, permanent wilting points (PWP) varied between 11.85-22.60%. EC values of the surface depth
varied between 0.23-0.51 dSm-1 and a salinity problem was
not observed in surface depth considering the threshold

TABLE 1 - Descriptive statistics for soil samples of surface (0-30 cm ) and subsurface (30-60 cm) soil depths.
Soil properties

Unit

Min.
Max
Mean
S.D.
CV (%)
Skewness
Kurtosis
Transformation
Surface depth (0-30 cm)
Sand
%
9.27
24.12
15.23
4.15
27.24
0.49
2.12
Normal
Clay
%
33.88
58.10
48.73
6.51
13.36
-0.76
2.85
Lognormal
Silt
%
27.98
43.95
36.04
3.53
9.78
-0.19
3.20
Normal
FC
%
25.26
39.18
32.55
3.37
10.34
-0.28
2.28
Normal
PWP
%
11.85
22.60
17.41
2.60
14.94
-0.34
2.62
Normal
EC
dS m-1
0.232
0.511
0.344
0.073
21.35
0.56
2.33
Lognormal
pH
7.44
8.12
7.91
0.16
2.00
-1.25
4.70
Lognormal
OM
%
0.52
2.55
1.73
0.50
28.62
-0.59
2.84
Lognormal
%
3.88
8.54
6.53
1.20
18.37
-0.17
2.12
Normal
CaCO3
Ntotal
%
0.03
0.13
0.09
0.02
28.62
-0.59
2.85
Lognormal
Feav
mg kg-1
14.89
32.76
22.19
4.46
20.08
0.14
2.35
Normal
Cuav
mg kg-1
3.77
6.50
4.79
0.64
13.34
0.49
3.03
Normal
mg kg-1
0.31
1.16
0.60
0.26
42.82
0.80
2.35
Lognormal
Znav
Mnav
mg kg-1
9.52
21.23
14.18
3.24
22.87
0.66
2.47
Lognormal
Kext
cmol(+) kg-1
0.37
1.09
0.71
0.14
19.88
-0.04
3.98
Normal
Pav
mg kg-1
7.57
46.40
16.80
7.53
44.81
2.18
9.06
Lognormal
Subsurface depth (30-60 cm)
Sand
%
8.63
25.87
17.24
5.08
29.48
0.23
1.76
Normal
Clay
%
31.32
55.78
44.58
6.36
14.26
-0.17
2.66
Normal
Silt
%
30.94
51.41
38.18
4.79
12.54
0.77
3.12
Lognormal
FC
%
25.40
40.00
33.75
4.63
13.73
-0.21
1.91
Normal
PWP
%
11.97
23.60
18.47
2.93
15.88
-0.30
2.45
Normal
EC
dS m-1
0206
0.541
0.350
0.087
24.96
0.52
2.41
Lognormal
pH
7.57
8.18
7.97
0.12
1.51
-1.05
5.27
Lognormal
OM
%
0.30
2.06
1.48
0.42
28.16
-0.98
3.35
Lognormal
CaCO3
%
4.66
8.93
6.93
1.10
15.93
-0.01
2.11
Normal
Ntotal
%
0.02
0.10
0.07
0.02
28.16
-0.97
3.35
Lognormal
Feav
mg kg-1
17.87
61.06
25.32
7.78
30.71
3.07
15.05
Lognormal
Cuav
mg kg-1
4.25
7.29
5.40
0.69
12.83
0.57
3.12
Lognormal
Znav
mg kg-1
0.34
1.25
0.65
0.27
42.16
1.09
2.92
Lognormal
mg kg-1
12.25
22.21
16.90
2.53
14.99
-0.01
2.36
Normal
Mnav
Kext
cmol(+) kg-1
0.34
1.19
0.70
0.16
23.03
0.36
4.51
Normal
Pav
mg kg-1
6.25
47.88
15.90
7.64
48.02
2.55
11.09
Lognormal
FC: Field Capacity; PWP: Permanent Wilting Point; OM: Organic Matter; Ntotal: Total Nitrogen; Feav: Available Iron; Cuav: Available Copper; Znav:
Available Zinc; Mnav: Available Manganese; Kext: Extractable Potassium; Pav: Available Phosphorus. S.D: Standart Deviation
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TABLE 2 - Threshold values for soil properties
Soil properties

Units

Very Low

Low

Moderate

High

Very High

References
Ülgen and Yurtsever [27]

OM

%

0-1

1-2

2-3

3-4

>4

CaCO3

%

0-1

1-5

5-15

15-25

>25

Ülgen and Yurtsever [27]

EC

dS m-1

0-2.0

2-4

4-8

8-16

16 <

Ülgen and Yurtsever [27]

Ntotal

%

<0.045

0.045-0.09

0.09-0.17

0.17-0.32

>0.32

FAO [37]

Fe av

mg kg-1

< 0.2

0,2-4,5

>4,5

Zn av

mg kg-1

0.2

0.2-0.7

0.7-2.4

2.4-8.0

>8.0

Lindsay and Norvell [38]
FAO [37]

Mn av

mg kg-1

<4

4-14

14-50

50-170

>170

FAO [37]

Kext

cmol(+) kg-

<0.13

0.13-0.28

0.28-0.74

0.74-2.56

>2.56

FAO [37]

P av

mg kg-1

<2.5

2.5-8.0

8.0-25

25-80

>80

FAO [37]

Cu av

1

mg kg

-1

<0.2

>0.2

values for soil salinity. Soil pH values of the surface depth
varied between 7.44-8.12 and soils in general had slightly
alkaline reaction [27]. Organic matter (OM) content of the
surface depth varied between 0.52-2.55% and total nitrogen (Ntotal) content varied between 0.03-0.13%. Considering the threshold values, both OM and Ntotal values varied
among very low, low and medium levels. With regard to
maximum and minimum values, soils of the surface depth
were considered as limey and medium limey; available
phosphorus (Pav) levels were at low, medium and high levels; extractable potassium (Kext) levels were medium and
high. With regard to maximum and minimum values of micro nutrients, soils of surface depth were not deficient in
available iron (Feav) and copper (Cuav); zinc (Znav) and
manganese (Mnav) levels were low and medium. With regard to coefficient of variation (CV) of soil characteristics
of the surface depth, clay, silt, FC, PWP, pH and Cuav contents exhibited slight variation; sand, EC, OM, CaCO3, Ntotal, Feav, Mnav and K contents exhibited moderate variation;
Znav and Pav contents exhibited high variation. According
to classification of CV by Wilding [28], an attribute with a
CV ≤ 15% is deemed slightly variable, between 16 and
35% moderately variable, and CV > 36% highly variable.
Various other researchers also reported slight, moderate and
high CV values of soil characteristics [29-32]. In addition,
Tsegaye and Hill [33], Aimrun et al. [34], and Mousavifard
et al. [35] reported a lower variance of soil pH compared to
other soil chemical attributes. The pH values are a log scale
of proton concentrations in the soil solution and there would
be much higher variability if soil acidity was expressed in
terms of proton concentrations directly [36].
While FC of the lower level varied between 25.4040.00%, PWP varied between 11.97- 23.60%. Soil pH and
EC values of the lower level were similar to values of surface depth and subsurface depth soils were also had slight
alkaline reaction and they were unsaline. OM and Ntotal
content of soils decreased with increasing soil depths but
the values were classified in similar levels with the surface
depth based on threshold values. Considering the maximum and minimum values for OM and Ntotal, soils of the
subsurface depth distributed within very low, low and medium levels. While the soils of the subsurface depth were

Follet [39]

classified as limey and medium limey with regard to
CaCO3 contents; they were classified in low, medium and
high classes with regard to Pav content; in medium and high
classes with regard to Kext contents. On the other hand, with
regard to micro element threshold values, entire micro nutrient values of the subsurface depth soils were classified
within the same classes with the soils of the surface depth.
With regard to CV values of the subsurface depth soils,
clay, silt, FC, pH, Cu av and Mn av contents exhibited slight
variation; sand, PWP, EC, OM, CaCO3, Ntotal, Feav and Kext
contents exhibited moderate variation; Zn av and P av contents exhibited high variation.
3.2 Factor Analysis

Before the factor analysis, suitability of soil characteristics for normal distribution was tested by KolmogorowSimirnow test and transformations were applied to nonnormally distributed data sets. The data sets subjected to
transformations and applied transformation methods are
provided in Table 1.
Correlation coefficients between the variables of the
data set should be evaluated and Kaiser-Meyer Olkin
(KMO) should be performed to assess the availability of
data set for factor analysis. In this study, correlations between soil characteristics were determined and KMO test
was performed to assess the availability of data sets of both
soil layers for factor analysis. The correlation between the
variables should be over 0.30 to perform factor analysis.S
uitability of the data set about soil properties of surface and
subsurface depths soils for FA was assessed based on Kaiser-Meyer-Olkin (KMO) value. While Sharma [40] classified the suitability of the data set with a KMO value of 0.9
for FA as perfect; the values between 0.8-0.5 were classified as very good, good, medium and weak; a value below
0.5 was classified as not suitable for FA. KMO value of the
present study was above 0.5 and such a value indicated that
data set on soil properties of both soil depths was suitable
for FA.
At the end of FA on surface soil depth, 5 factors had
an eigen value ≥1 and these factors represented 79.58% of
total variation in data set (Table 3).
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TABLE 3 - Rotated factor patterns of four factors after varimax rotation (0-30 cm)
Parameters
Clay

PC1
0.888

PC 2
0.044

PC 3
0.238

PC 4

PC 5

-0.153

-0.165

PWP

0.879

0.042

0.042

0.240

0.033

FC

0.866

0.079

0.174

0.195

0.241

Sand

-0.800
0.724

-0.074

-0.314

0.228

-0.223

Kext

0.325

0.259

-0.147

-0.267

Silt

-0.700

0.007

-0.071

0.014

0.568

Feav

0.150

0.852

-0.068

0.042

0.209

Mnav

-0.167

-0.059

0.010

-0.169

CaCO3

-0.168

0.823
-0.670

-0.181

0.304

-0.020

Znav

-0.048

0.613

-0.062

-0.524

0.169

Cuav

0.327

0.573

0.276

0.016

0.081

OM

0.300

0.040

0.921

0.070

-0.083

0.077

-0.076
-0.095
0.917
1.20

Ntotal

0.315

0.062

pH

0.088

-0.037

0.916
0.057

Pav

0.278

0.420

-0.377

0.938
-0.479

EC

0.058

0.116

-0.096

-0.149

Eigen value

5.468

3.183

1.532

1.349

Total variance (%)

34.176

19.896

9.574

8.433

7.503

Cumulative variance (%)

34.176

54.073

63.646

72.08

79.582

-0.006

Bold and italic values indicate strong (> 0.75) and moderate (0.75 – 0.50) loadings, respectively

Factor 1 was able to explain 34.18% of total variation
in data set. In this factor, clay, PWP and FC were strong
positively represented, sand was strong negatively represented, Kext and silt were respectively medium positively
and negatively represented. Considering the soil properties
assigned as variable in this factor, it was observed that generally physical soil properties related to water holding in
soil were assigned as the variables. Clay content with positive impacts on water holding capacity had positive factor
loading, but sand and silt contents with negative impacts
on soil water holding capacity had negative factor loadings.
Thus, considering the factor components and relationships
among them, this factor was entitled as “soil water holding
capacity”. The spatial distribution of the scores for factor 1
(soil water holding capacity) are shown in Figure 2. For
each factor, higher values were indicated by darker colors
and lower values were indicated by lighter colors.
Spatial distribution map of the factor indicated high
water holding capacities of the soils over the southern, eastern and south-eastern sections of the study area, on the
other hand indicated low water holding capacities of the
soils over the northern and north-westerns sections of the
study area. Therefore during the precise agricultural practices to be implemented over the study area, it was recommended for the areas with low water holding capacities that
either more frequent irrigations should be applied or
measures should be taken to improve water holding capacities of the soils through improving organic matter contents.
Factor 2 was able to explain 19.90% of the total variation in data set. In this factor, Feav and Mnav were strong

positively represented; CaCO3 was medium negatively
represented; Znav and Cuav were medium positively represented. Considering the soil properties assigned as factor
components, the factor was entitled as “microelement
availability”. The negative relationship between microelements and CaCO3 contents indicated increasing microelement availability with decreasing CaCO3 contents. Feav,
Cuav, Znav and Mnav are the essential micro nutrients for
plant growth and development. [41] reported that availability of micro nutrients were especially sensitive against variations around the soils and indicated the soil properties
like OM, pH, CaCO3, clay, silt and sand content as the significant factors effecting micro nutrient contents of the
soils. The spatial distribution of the scores for factor 2 (microelement availability) are shown in Figure 2. The spatial
distribution map of the factor indicated heterogeneity in
microelement availability over the study area. Microelement availability was found to be high over the southern
sections of the study area and low over the western and
northern sections of the study area. Therefore during the
precise agricultural practices to be implemented over the
study area, it was recommended for the areas with low microelement availability levels that foliar micro nutrient
treatments might improve the availability of microelements.
Factor 3 was composed of OM and Ntotal components
and was able to explain 9.57% of total variation in data set.
Thus, this factor was entitled as “organic matter”. Spatial
distribution map of the factor indicated low OM levels over
the south-western and north-western sections of the study
area and high OM levels over the south-eastern and north-
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FIGURE 2 - Spatial distribution maps of the factors (0-30cm)

eastern sections of the study area (Figure 3). Therefore during the precise agricultural practices to be implemented
over the study area, it was recommended for the areas with
low OM contents together with low water holding capacities that plant production activities to improve OM contents
might also improve water holding capacities.
Soil pH was assigned as the variable in factor 4 and it
was able to explain 8.43% of total variation in data set. The
factor can be defined as “soil reaction”. The spatial distribution map of factor 4 indicated high pH levels over the
north, north-eastern and north-western sections of the
study area and low pH levels over the south, south-western
and south-eastern sections of the study area (Figure 3).
When the spatial distribution map of factor 4 was assessed
together with the spatial distribution map of factor 2 (microelement availability), it was observed that maps revealed significant information about the relationships between microelement availability and pH values. The north,
north-eastern and north-western sections of the study area
with high pH values had lower microelement availability
levels and the southern sections with low pH values had
increased microelement availability levels. Similar to findings of the present study, Chhabra et al. [42] reported decreased Feav and Mnav levels with soil pH, increased Cuav

level with clay and OM content and increased Feav levels
with sand content. The distribution map of factor 2 supports the earlier recommendation of “foliar application of
micro elements” to be made to improve the availability of
microelements according to distribution map of factor 2.
Factor 5 including soil EC was able to explain 7.50%
of total variation in data set. Considering the soil property
assigned as variable, the factor was entitled as “soil salinity”. Spatial distribution map of the factor indicated low
EC values over northern and north-eastern sections of the
study area and high EC values over southern and southwestern sections of the study area which may create a salinity risk over these sections. Maximum and minimum EC
values of surface and subsurface soil depths did not indicate a salinity problem for the study area. However, intensive agricultural practices over the study area, seasonal
changes in irrigation water quality, evaporation from soil
surface and possible drainage problems because of intensive irrigations may eventually result in a salinity problem.
Although currently a salinity problem does not exist over
the study area, a leaching water requirement should be calculated and added to irrigation water to reduce the soil salinity during the implementation of precise agricultural
practices.
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TABLE 4 - Rotated factor patterns of four factors after varimax rotation (30-60 cm)
Parameters

PC1

PC 2

PC 3

PC 4

Znav

0.811

0.110

0.109

-0.040

Feav

0.750

0.141

0.546

-0.007

Cuav

0.719

0.288

0.189

0.155

Pav

0.717

0.134

0.418

-0.134

CaCO3

-0.706

-0.130

0.193

-0.039

pH

-0.615

0.364

0.481

-0.008

FC

0.106

0.920

-0.175

0.177

PWP

-0.010

0.903

0.031

0.090

Kext

0.455

0.707

-0.141

-0.230

Silt

-0.292

-0.664

0.235

0.097

Ntotal

-0.057

0.333

-0.860

-0.029

OM

-0.057

0.333

-0.860

-0.029

Mnav

0.297

0.067

0.550

-0.389

Sand

0.151

-0.135

0.121

-0.868

EC

0.365

-0.211

0.317

0.694

Clay

0.099

0.608

-0.274

0.621

Eigen value

4.556

3.94

1.851

1.675

Total variance (%)

28.472

24.627

11.57

10.471

Cumulative variance (%)

28.472

53.099

64.669

75.14

Bold and italic values indicate strong (> 0.75) and moderate (0.75 – 0.50) loadings, respectively

At the end of FA on subsurface soil depth, 4 factors
had an eigen value ≥1 and these factors represented 75.14%
of total variation in data set (Table 4).
Factor 1 explained 28.47% of total variation in data set.
In this factor, Znav and Feav were strong positively represented, Cuav and Pav were medium positively represented,
CaCO3 and pH were medium negatively represented. Considering the soil properties assigned as variable, the factor
was entitled as “nutrient availability–soil reaction relationship”. The spatial distribution of the scores for factors is
shown in Figures 3. The spatial distribution map of factor
1 indicated higher values for nutrient availability levels
over the southern, south-western and south-eastern sections of the study area and lower values over the northern,
north-western and north-eastern sections of the study area.
Opposite signs of factor loadings of nutrients and pHCaCO3 indicated increasing nutrient availability with decreasing pH and CaCO3 contents and vice versa. When the
spatial map of factor 4 representing the variations in soil
reactions of surface depth and map of factor 1 representing
the relationships between nutrient availability and soil reaction were assessed together, it was recommended while
deciding about precise agricultural practices on nutrient
availability that not only the horizontal variations but also

the vertical variations in soil properties should be taken
into consideration since nutrient availability–soil reaction
factor had the highest value in subsurface depth soils of the
southern, south-western and south-eastern sections of the
study area with the lower soil reaction values in surface
depth. Besides the horizontal variations, vertical variations
in pH should also be investigated to benefit from the micro
nutrients at uppermost level in fields over which precise
agricultural practices are to be implemented. Considering
the variations in pH values with the depths in detail, it was
observed that increasing pH values were observed with increasing soil depths. Two factors were considered to be effective to have increasing pH values. The first one is the
leaching of cations to lower depths in alkaline soils through
the irrigations. The second is the increasing water tables
because of intensive irrigations over alluvial soils. Therefore, water table rises should be prevented and more efficient irrigation management should be practiced to prevent
the increases in pH levels of lower soil depths of the sites
over which precise agricultural practices are to be implemented.
In factor 2 of the subsurface depth, FC and PWP were
strong positively represented, K was medium positively
represented and silt was medium negatively represented.
The factor was able to explain 24.63% of the total variation
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FIGURE 3 - Spatial distribution maps of the factors (30-60cm)

in data set. Considering the soil properties assigned as variables in this factor, it was observed that the factor generally included the information about water holding capacity
of soils. Thus, as it was in surface depth, the factor was also
entitled as “soil water holding capacity” in subsurface
depth. When the spatial distribution maps on soil water
holding capacity factors of surface and subsurface depths
are assessed together, it was observed that same regions
had the minimum and maximum values. Thus in precise
agricultural practices to be implemented over the study
area, decisions on soil water holding capacities should include both the horizontal and vertical variations, so the recommendations made for the soil water holding capacity of
the surface depth are also valid for the subsurface depth.

In factor 3 of the subsurface depth, OM and Ntotal were
strong negatively represented and Mnav was medium positively represented. The factor was able to explain 11.57%
of total variation in soil properties. Such a negative relationship for OM, Ntotal and Mnav has not been explained in
previous literatures. Thus, considering the soil properties
assigned as variable, a proper title was not assigned to this
factor. However, spatial distribution map of the factor indicated that lower factor values over the southern, northern,
eastern and south-eastern sections of the study area were
actually high in soils since they were represented by negative factor loadings. Combined assessments of spatial maps
for factor 3 of surface depth in which OM and Ntotal were
represented by positive factor loadings and factor 3 of sub-
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surface depth in which OM and Ntotal were represented by
negative factor loadings revealed that low and high OM
and Ntotal values were observed in surface and subsurface
depths of the similar sections of the study area. Although
Mnav was assigned as a variable in factor 3 of the subsurface depth, OM and Ntotal were determinants of the factor
based on factor loadings of determinant factors. The factor
which was not assigned with any titles initially may then
be assessed as “organic matter” factor. Since the soil properties assigned to factor 3 of both soil depths and their distributions in spatial distribution maps were similar to each
other, precision agricultural practices should take both horizontal and vertical variations in OM contents into consideration.

and vertical variations in soil characteristics. It was proved
in this study that combined use of FA and GIS might reveal
successful outcomes for the implementation of precise agricultural activities. Thus, these methods may also be used
in larger-scale studies toward the planning of precise agricultural practices. Considering current international trends,
it is evident that sustainable development is only possible
through the performance of right implementations at right
time in right places.

Factor 4 of the subsurface depth was able to explain
10.47% of total variation in soil properties. In this factor,
sand was strong negatively represented; EC and clay were
medium positively represented. Considering the soil properties assigned as variables, the factor was entitled as “soil
salinity” as it was in factor 5 of the surface depth. Such a
title was also supported by similar high and low values at
similar sections of the study area in both surface and subsurface depths soils. It was recommended in precise agricultural practices that both horizontal and vertical variations in soil salinity of both depths should be taken into
consideration.
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PHOTOSYNTHETIC ACTIVITY OF Microcystis IN
FISH GUTS AND ITS IMPLICATION FOR FEASIBILITY
OF BLOOM CONTROL BY FILTER-FEEDING FISHES
Zhicong Wang, Zhongjie Li, Yiyong Zhou and Dunhai Li*
Key Laboratory of Algal Biology, Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan 430072, P.R. China

ABSTRACT

1. INTRODUCTION

In a background of increasingly frequent and intensive
Microcystis blooms occurred in eutrophic lakes, many
countries, particularly China, have used filter-feeding fish
to control algal blooms according to non-traditional biomanipulation theory. However, there is little information
concerning the potential photosynthetic activity of cyanobacteria in the guts of planktivorous fishes. To make a scientific assessment of this algal control technology, we
evaluated the effects of digestion by two fish species, silver
carp and bighead carp, on the growth potential of Microcystis blooms in terms of photosynthetic activity, metabolic activity, up-floating velocity, morphological size, and
toxin production. The results showed that: 1) the potential
photosynthetic activity of Microcystis dropped significantly in fish foreguts after ingestion, but gradually increased and recovered in the midgut and hindgut; 2) digestion by planktivorous fish could significantly decrease the
colonial size and up-floating velocity of Microcystis; 3) selective digestion by bighead carp caused a sharp rise in cellular microcystin levels; and 4) Microcystis retained a high
growth potential after digestion by filter-feeding fish. These
results indicate that planktivorous fish could be used for
controlling blooms due to the degree of digestion and long
retention of Microcystis in fish guts, but the controlling effect was limited because the potential photosynthesis activity of algae gradually recovered along the gut sections
and the digested algae could grow normally after subsequent release into lakes. In addition to being less effective
at controlling algal blooms than silver carp, the digestion
process in bighead carp might confer an advantage to toxic
Microcystis species.
KEYWORDS: Microcystis bloom; filter-feeding fish; microcystin;
photosynthetic activity.

* Corresponding author

Eutrophication is an increasingly serious problem in
freshwater ecosystems, and can be accompanied by frequent cyanobacterial blooms, which, particularly for species producing the toxin microcystin, may be extremely
harmful to aquatic ecosystems and human health [1-3].
Several methods for bloom control are currently available
and employ engineering [4, 5], physical [6, 7], chemical [8,
9] or biological methods [10]. Some researchers observed
that water blooms were dissipated in lakes stocked with filter-feeding fish, which led to the conclusion that grazing
pressure by planktivorous fishes is a key factor in eliminating water blooms from lakes [11]. Previous studies also
suggested that cyanobacterial blooms consumed by planktivorous fish, could result in compositional changes of the
phytoplankton community [12]. Also some researchers have
reported the change of photosynthesis in Microcystis colonies after gut passage through crucian carp and koi carp
[13]. But this research studied the algae outside the guts of
fish. Furthermore, the fishes studied are not planktivorous
fishes. Therefore, we think it is valuable and interesting to
investigate the photosynthetic activity, growth potential,
morphological changes and microcystin content of Microcystis in the guts of planktivorous fishes.
The silver carp (Hypophthalmichthys molitrix) and the
bighead carp (Aristichthysnobilis) are the main species for
freshwater fishery and aquaculture in China [14]. Aided by
a filter-feeding organ comprised of gill rakers, a gill rakernetwork, palatal rugae and a gill raker tube [15], most
bloom-forming cyanobacterial colonies can be consumed
by silver carp and bighead carp. Algae sized 8-100 μm can
be filter-fed by silver carp, while those sized 17-3,000μm
can be consumed by bighead carp [16]. However, most colonial Microcystis cannot be completely digested by planktivorous fishes due to their cell wall composition that includes cellulose and pectic substances. Therefore, the digestion of Microcystis colonies in the gut is sometimes referred to be as “pseudo-digestion” because only the algal
colony morphology is changed after digestion, and thus intact algal cells are excreted back to the lake water driven
by continuous consumption and/or intestinal peristalsis.

2384

© by PSP Volume 24 – No 7. 2015

Fresenius Environmental Bulletin

The chlorophyll fluorescence parameters which showed
the potential photosynthetic activity of higher plants and algae were used as important indicators for algal cell vitality
and the survival state of Microcystis in fish guts. Therefore,
our study focused on the effects of planktivorous fishes on
the bloom-forming genus Microcystis in terms of (1) changes
in colony size, photosynthetic activity and metabolic activity
in various fish gut sections; (2) gut sections in which algal
cells are digested; (3) the effects of digestion on Microcystis community structures and microcystin content; and
(4) whether Microcystis that has been digested and excreted back into lake water can serve as a source for subsequent blooms. Our analysis could reveal the mechanism
and efficiency of bloom removal promoted by planktivorous fishes.

104 to 106 algal cell/ mL for measurement of chlorophyll
fluorescence parameters. Five representative gut sections
were chosen to assess the composition change of differentsized Microcystis colonies, and these gut sections were renumbered as I (numbers 1-3), II (numbers 8-10), III (numbers 15-17 for silver carp and numbers 16-18 for bighead
carp), IV (numbers 21-23 for silver carp and numbers 2325 for bighead carp) and V (numbers 28-30 for silver carp
and numbers 31-33 for bighead carp). Microcystis in the
above-mentioned sections I, III and V (representing the
foregut, midgut and hindgut, respectively) were collected
for measurement and analysis of the up-floating velocity,
colony composition, autofluorescence, biochemical composition and microcystin content.
2.2 Up-floating or sinking velocity of Microcystis colonies

The average floating velocities of Microcystis colonies
were measured as described previously [18], and the velocities were used to evaluate colony buoyancy.

2. MATERIALS AND METHODS
2.1 Gut content analysis

From September 1-6, 2011, 30 silver carp and 30 bighead carp were randomly collected from the large shallow
eutrophic Lake Taihu (China), having the specific location
N31°14′10″, E119°57′1″. The basic characteristics of the
sampled fish are shown in Table 1. The open fishing season
for silver carp and bighead carp as designated by the Taihu
Basin Authority (Ministry of Water Resources, contact number: +86 021-65425171) is September 1st to January 30th
of the subsequent year. Since the experiments were carried
out during the open fishing season, no specific permissions
were required. The fishes used were collected with nets, and
then carefully dissected so that the guts could be sampled
according to the steps described in the next paragraph. Because these two kinds of filter-feeding fish are not protected
species and are common food sources, no approval was
needed from an Institutional Animal Care and Use Committee (IACUC) or equivalent animal ethics committee.
The foregut contents were collected from the proximate end of the intestine to the middle of the first loop [17].
The hindgut contents were collected from the middle of the
last loop to the anus, and the mid-gut was between the foregut and hindgut. The entire gut was sampled and divided
into 30 equal portions for silver carp or 33 equal portions
for bighead carp, and sequentially numbered 1 to 30 or 1 to
33 from foregut to hindgut. The digestive residues in each
gut portion were immediately removed and suspended in
5 ml distilled water before further dilution with water to

2.3 Microcystis colony size determination

Microcystis colony morphology was investigated based
on previous studies [9]. After dilution with 5 mL of distilled
water, 0.1 ml sample was assayed for phytoplankton number
and type using a light microscope. By measuring the longitudinal axis length of each Microcystis colony, colonies
were divided into eight types based on the single colony
size: 3–5, 5–10, 10–20, 20–40, 40–100, 100–300, 300–900
and >900 μm. To evaluate the effect of filter-feeding on
algal colony size, the total number of Microcystis cells in
different gut sections was normalized to 1×108 cell/mL,
such that all above-mentioned algal colonies could be compared between any two sections where the total cell number
was the same.
2.4 Chlorophyll fluorescence

The chlorophyll fluorescence parameters of the numbered gut contents were measured with PAM2100 (PulseAmplitude-Modulation Chlorophyll Fluorescence 2100;
WALZ, Germany) [18]. The Fv/Fm was obtained from measurements taken with a light less than 0.15 μmol photons·
m-2·s-1 after incubation in the dark for 10 min. Maximum
photochemical efficiency of PSII (Fv/Fm), actual photochemical efficiency of PSII (ÖPSII), photochemical quenching (qP)
and non-photochemical quenching (qN) were automatically
measured under an active light (AL) with an intensity of
256 μmol photons·m-2·s-1 following adaptation for 5 min.

TABLE 1 -Basic characteristics of sampled planktivorous fishes
Fish

Silver carp (n=30)

Bighead carp (n=30)

Body length (cm)

39.88 ± 3.47 (36.0-43.5)*

39.80 ± 2.26 (37.5-45.0)

Total length (cm)

46.75 ± 4.43 (42.0-51.0)

46.95 ± 2.47 (44.5-53.0)

Body weight (kg)

1.58 ± 0.31 (2.5-3.8)

1.70 ± 0.22 (2.8-4.3)

*The data in parentheses are the lower and upper limits of the measurements.
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2.5 Fluorescence microscopy

Microcystis sampled from fish guts were diluted with
distilled water and immediately placed in a refrigerator at
4 °C and analyzed within 24 hours. The morphological and
fluorescence features of Microcystis colonies were observed using a fluorescence microscope (Nikon ECLIPSE
E600, Japan), and images were recorded using a microscopic photograph system (Pixera, USA).
2.6 Re-culture of Microcystis sampled from fish gut

Microcystis collected from various gut sections was recultured in conical flasks filled with BG11 medium [19] to
evaluate its photosynthetic activity and growth potential
under suitable simulated conditions. The initial Microcystis
biomass was set to 2.0×105 cell/L, then cultured under a
12:12 LD (Light: Dark) cycle at 30 ± 2 °C with a light intensity of 60 μmol photons s-1 m-2 provided by cool white
fluorescent tubes. Cell growth was measured based on
changes in cell concentration and Fv/Fm.
2.7 Microcystin extraction and quantification

To evaluate changes in the microcystin content after
filter feeding by fish, approximately 4 g wet weight of Microcystis was divided into two equal parts, with one part
used to measure the dry weight after freeze-drying to a constant weight, and the other used to determined microcystin.
Microcystin in the wet algal sample was extracted and measured according to methods reported by Xiao et al. [20].
2.8 Carbohydrate and protein content

Soluble carbohydrate content was measured according
to the phenol-sulfuric acid method reported by Kochert
[21], and soluble protein was determined by the method of
Coomassie Brilliant Blue G-250 proposed by Bradford
[22], with bovine serum albumin used as a standard.
2.9 Statistical analysis

The analysis of variance (ANOVA) was used to examine whether there were significant differences among each
physiological or ecological parameter of Microcystis sampled from different gut sections. The parameters include
the up-floating velocity, photosynthetic activity, biochemical component content and intracellular microcystin content of Microcystis. Results of all tests were considered sig-

nificantat 95% confidence if p< 0.05 for a given F statistical test value.

3. RESULTS
3.1 Up-floating velocity of Microcystis in different gut sections

After being filter-fed and digested by planktivorous
fishes, the up-floating velocities of Microcystis colonies
significantly decreased (Table 2). Using the foregut as the
standard value, in both silver carp and bighead carp the Microcystis colony buoyancy in hindguts showed a larger decrease than the midgut (p< 0.01).
3.2 Microcystis colony size changes in different gut sections

The distribution of Microcystis colonies in different
gut sections of silver carp and bighead carp is shown in
Fig.1. The numbers of small colonies (single cells and 525μm) were significantly higher (p< 0.05) in the gut sections as compared to that found in lake waters (Fig. 1a, b).
Silver carp showed smaller colonies, including single cells
and 5-25 μm colonies that were mostly located in the hindgut while large colonies (25-900 μm) were distributed in
the foregut and midgut. In contrast to silver carp, the distribution pattern of different-sized Microcystis in gut sections from bighead carp showed no significant difference
in the distribution pattern of small colonies (single cells
and 5-25 μm) among all gut sections, while compared with
the foregut and midgut, large colonies (25-900 μm) increased significantly in the hindgut, especially near the cloacal pore.
3.3 Chlorophyll fluorescence parameters in rapid light curves
(RLCs)

Fv/Fm values of Microcystis in all gut sections from
planktivorous fishes were lower than that in lake water
(0.44-0.46). For silver carp, the photosynthetic activity of
Microcystis from the foregut to hindgut showed a significant increase as suggested by rETRmax (r = 0.460, p <
0.01), ΦPSII (r = 0.378, p < 0.05) and qP (r= 0.350, p>
0.05) (Fig. 2a-f). Fv/Fm increased in the foregut and
reached relatively stable values. The declining non-photochemical quenching (qN), which is related to excess excitation, suggested that there was a certain degree of recovery
for photosynthetic reaction centers.

TABLE 2 - Changes in Microcystis floating velocity in different fish gut sections
Silver carp

Bighead carp

Fish
Foregut

Midgut

Hindgut

Foregut

Midgut

Hindgut

Up-floating rate (cm/min)

1.02±0.11

0.57±0.08

0.33±0.07

0.96±0.06

0.52±0.09

0.38±0.04

Buoyancy decrease (%)

—

44.11***

67.65***

—

45.83***

60.42***

* **

Note: Bars represent SD of means, n = 9. , , and
respectively.

***

indicate values that differ significantly from the others at P <0.05, P <0.01 and P <0.001,
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FIGURE 1 - The distribution of various sized Microcystis colonies in different gut sections of silver carp (a) or bighead carp (b). Columns
represent means, and error bars are not shown, n = 9.*, **, and *** indicate a significant quantity difference of various colonies between the
foregut and other gut sections or in lake water at p<0.05, p <0.01 and p<0.001, respectively.

FIGURE 2 - Microcystis chlorophyll fluorescence parameters (a) rETRmax, (b) Ik, (c)Fv/Fm, (d) ΦPSII, (e) qP and (f) qN plotted against specific
gut-section number (i) in different gut sections of silver carp. k values denote the slope of the regression line of photosynthetic parameters
versus specific gut section number. The correlation coefficient (r) and significant level (p) are presented in each figure.
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FIGURE 3 - Microcystis chlorophyll fluorescence parameters (a) rETRmax, (b) Ik, (c)Fv/Fm, (d) ΦPSII, (e) qP and (f) qN plotted against specific
gut-section number (i) in different gut sections of bighead carp. k values are as described for Fig. 2. The correlation coefficient (r) and significant
level (p) are presented in each figure.

FIGURE 4 - Changes in cell density (a, c) and Fv/Fm (b, d) in Microcystis re-cultures sampled from different silver carp (a, b) and bighead carp
(c, d) gut sections.
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The photosynthetic activity of the digestive residues
from bighead carp also showed an increase along the intestinal tract that was similar to that of silver carp (Fig. 3a-f).
The increasing degree indicated by k, especially the Fv/Fm
(k = 0.003), was more apparent for bighead carp compared
to silver carp (k = 0.00002). However, qN was relatively
stable in all gut sections from both types of fish.
3.4 Re-culture of Microcystis sampled from gut

The results of re-culture of Microcystis sampled from
different gut sections of silver carp and bighead carp are
shown in Fig. 4. For silver carp, there were obvious differences in the growth curves and Fv/Fm changes in the foregut, midgut and hindgut, while no apparent differences
were observed for bighead carp. Comparing the midgut and
hindgut of silver carp, Microcystis from the foregut showed
a significantly higher specific growth rate (μ) (p< 0.01, and
μ are 0.317, 0.176 and 0.237 d-1 in hindgut, midgut and
foregut, respectively) and cell concentration (ρ) (p< 0.01,
and ρ are 7.480, 6.380 and 2.627 in hindgut, midgut and
foregut, respectively). Also for silver carp, after re-culturing for 5 days, the Microcystis photosynthetic activity
(Fv/Fm) from the midgut was restored to the same level as
that in the foregut. However, the Fv/Fm recovery of Microcystis from the hindgut was very slow and stable at 80% of
the maximal value (0.42) after 12 days of re-culture. For
bighead carp, digestion appeared to have no effects on
these parameters as observed by re-culturing (Fig. 4 c, d).
3.5 Microcystis autofluorescence in different gut sections

The morphology of Microcystis colonies sampled from
different gut sections was observed by light microscopy

and fluorescence microscopy (Fig.5 and 6). In the foregut
of silver carp, Microcystis colonies showed strong autofluorescence, which weakened along with the decrease in
colonial size observed in the midgut and hindgut (Fig.5).
Some M. flos-aquae colonies showed pigment bleaching and
autofluorescence loss while M. aeruginosa and M. wesenbergii still had a relatively strong autofluorescence, which
indicated that some Microcystis species, such as M. flosaquae, were more vulnerable to digestion and diminished
metabolic activity.
In contrast, for bighead carp there was no obvious miniaturization of Microcystis colonies in the midgut and hindgut as compared to the foregut, and the outer edge of the colonies was clear and their autofluorescence relatively strong
(Fig. 6). These results suggested that the digestion effect of
bighead carp on Microcystis colonies was weaker than silver carp.
3.6 Biochemical components and microcystin content of Micro-

cystis in different gut sections

Significant differences in microcystin (MC-RR/ MCLR) content between the foregut and other gut sections
from silver carp and bighead carp were observed (Fig. 7).
Compared to the foregut in silver carp, the MC-RR and
MC-LR in the midgut were significantly (p< 0.05) decreased by 23.6% and 28.0%, respectively, and in the hindgut they were further (p< 0.005) decreased by 51.6% and
53.6%, respectively. However, for bighead carp, the MCRR and MC-LR in the midgut were respectively increased
by 129.9% (p< 0.05) and 145.3% (p< 0.01), and further respectively increased by 228.0% and 219.2% over that in
the foregut.

FIGURE 5 - Light and fluorescence microscopy of various Microcystis (M. flos-aquae, M. aeruginosa and M. wesenbergii) colonies in different
gut sections from silver carp. Panels (a), (b) and (c) show light-microscopic photographs of the foregut, midgut and hindgut, respectively, while
panels (d), (e) and (f) are fluorescence-microscopic photographs of the foregut, midgut and hindgut, respectively.
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FIGURE 6 - Light microscopy and fluorescence microscopy of various Microcystis (M. flos-aquae, M. aeruginosa and M. wesenbergii) colonies
in different gut sections from bighead carp. Panels (a), (b) and (c) show light-microscopic photographs of the foregut, midgut and hindgut,
respectively, while panels (d), (e) and (f) are fluorescence-microscopic photographs of the foregut, midgut and hindgut, respectively.

FIGURE 7 - Microcystin contents (a) and physiological components (b) of Microcystis in different gut sections. Bars represent SD of means, n
= 9. *, **, *** indicate a significant difference between the foregut and midgut or between the foregut and hindgut at P <0.05, P <0.01 and P
<0.001, respectively.

The algal biochemical composition is shown in Fig. 7b.
In silver carp the hindgut showed a significant decrease (p<
0.05) in soluble protein and carbohydrate contents. For bighead carp, the carbohydrate contents in the midgut and the
hindgut were significantly lower (p< 0.05) than that in the
foregut, and protein content decreased, albeit to a non-significant level (p> 0.05).

4. DISCUSSION AND CONCLUSION
Because results from reports on the capacity of silver
carp and bighead carp to control cyanobacteria blooms
have been contradictory, we evaluated several morphological, ecological, and photosynthetic indictors to determine
how these fish species affect Microcystis blooms (Table 3).
Our results suggested that planktivorous filter-feeding fish
do indeed have some effects on Microcystis colonies. The
photosynthetic activities of algae in fish guts were lower
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than those growing in lakes, which could have resulted
from the decomposition and digestion related to gastrointestinal microorganisms and digestive enzymes, respectively.
The quantity of small-sized Microcystis in the guts of
planktivorous fish was significantly larger compared to
that in lake water. The decreasing Microcystis colony size
in the foregut can be mainly attributed to the filtering effect
of the gill rakers [23] or grinding by the pharyngeal teeth
[24], and the increase in small-sized colonies in the midgut
and hindgut might be caused by the digestion process [25].
Potential photosynthetic activities of Microcystis colonies
in silver carp gut were analyzed by chlorophyll fluorescence [26], and the results showed that the digestion process had almost no effect on the activity of M. aeruginosaand M. wesenbergii while significantly decreasing
the activity of M. flos-aquaeas indicated by the observed
decrease in fluorescence intensity and bleached pigment.
The reason why M. flos-aquae might be more prone to lose
activity during the digestion process could be because there
is a higher proportion of bound water as suggested by an
apparently higher level of transparency in the gelatinous
envelope of algal colonies as compared to other Microcystis species.

The nutrient composition of algal residues in different
gut sections of planktivorous fishes was also analyzed. In
silver carp the carbohydrate and soluble protein contents
were significantly lower in the hindgut than those in the foregut, while there were no significant differences between the
foregut and midgut of the bighead carp (Fig. 7b). This result
suggested that some algal nutrients could be digested and absorbed by planktivorous fishes, with digestion and absorption mainly occurring in the hindgut section for silver carp,
which might be attributed to decreased enzyme activity
caused by the relatively low pH present in the silver carp
foregut [33]. And this decline of enzyme activity along the
guts might be the main reason for the slowest recovery of
Microcystis growth in the foregut. However, for algae in various gut sections of bighead carp, photosynthetic activities
and nutrient contents of the Microcystis residues showed no
significant changes. These digestion differences between silver carp and bighead carp might be attributed to the gut
length (the ratio of gut length and body length was 5.33 and
3.93 measured for silver carp and bighead carp, respectively,
as reported by Ni & Jiang [23]) and differences in digestive
enzymes between these two fishes [34]. In addition, these
two fish species have different community structures of intestinal microorganisms [35], which might also contribute to
the above-mentioned digestion differences.

TABLE 3 – Comparison of the efficiency of using filter-feeding fish to control cyanobacterial bloom from the present study and previous
studies
Fish species used
for algal control
Tilapia esculenta
Silver carp
Bighead carp
Silver carp
Bighead carp

Algal species
monitored
Bacillariophyta
Cyanophyta
Chlorophyta
Cyanobacteria
Chlorophyta
Euglenophyta
Microcystis
(Cyanophyta)
Euglena

Lake name
or number

Main monitoring indicators

Algal control
effect

Lake Victoria
(Kenya, Africa)

Algal biomass in all fish gut sections

Not effective for
cyanobacteria

[27]

17 lakes (China)

Algal biomass in all fish gut sections

Not effective for
cyanobacteria

[23]

Lake Donghu
(China)

Algal biomass in all fish gut sections

Effective

[28]

Reference

Silver carp
Bighead carp

Microcystis
(Cyanophyta)

Lake Donghu
(China)

Algal biomass in water column

Silver carp
Bighead carp
Silver carp
Bighead carp
Tilapia esculenta

Microcystis
(Cyanophyta)

Lake Donghu
(China)

Algal species and biomass in water
column

Not effective
under high algal
density
Significant
efficiency

Microcystis
(Cyanophyta)

Man-made eutrophic
lake (India)

Algal count and chlorophyll-a in the
gut content or aquaria

Only effective for
silver carp

[29]

Silver carp

All species in phytoplankton community

Villerest Reservoir
(France)

Algal biomass
Algal size
Fish biomass

Not effective

[30]

Silver carp

All species in phytoplankton community

Saidenbach Reservoir (Germany)

Algal size
Algal biomass

Silver carp
Bighead carp

All species in phytoplankton community

Enclosures in
Yuqiao reservoir
(China)

Algal species and biomass in enclosures

Silver carp
Bighead carp

Microcystis
(Cyanophyta)

Taihu Lake (China)

Silver carp
Bighead carp

Microcystis
(Cyanophyta)

Taihu Lake (China)

Algal consumption in gut sections of
fish
Algal colony buoyancy
Algal colony size
Algal photosynthesis
Re-culture of Microcystis in gut
Algal autofluorescence
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Effective in
trophical lake
with bloom
Effective for Microcystis but not
for total algal biomass
Only effective
for silver carp
Not significant
effective

[25]
[11]

[31]

[32]
[12]
Present
study
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Chlorophyll fluorescence parameters are widely studied and applied as indicators of photosynthetic activity
[36]. The measurements here showed that Microcystis photosynthesis gradually increased from the foregut to the
hindgut in both kinds of planktivorous fish studied here,
which would appear to contradict the conclusion that some
algae lost metabolic activity in the hindgut of silver carp
(Fig. 5c, f). This contradiction could have two explanations. On the one hand, chlorophyll fluorescence measurements are based on the average photosynthetic activity of
single intact algal cells containing chlorophyll [18, 37], and
the average photosynthesis increased due to some Microcystis species such as M. flos-aquae being bleached and inactivated after digestion, which results in complete loss of
autofluorescence while other Microcystis species maintained a high level of photosynthesis. On the other hand,
photosynthetic activity might slightly increase due to the
decreased digestive enzyme content in the hindgut that is
related to the re-absorption process, which is consistent
with previous research [33, 34, 38]. Therefore, some recovery of photosynthetic activity along the foregut to hindgut
should be expected.

Although they had no significant removal effects on
blooms, the filter-feeding of planktivorous fishes could
postpone the occurrence of Microcystis blooms for two reasons: 1) algae cannot grow well in fish guts due to the lack
of light and nutrients as well as exposure to digestive stress;
and 2) the up-floating velocity of residual Microcystis decreased, such that light becomes a limiting factor for excreted Microcystis colonies since they are suspended in the
water column rather than floating on the water surface.
Therefore, we conclude that, to a certain extent, the filterfeeding by planktivorous fishes, and in particular silver
carp, could alter the morphology (i.e. decrease colony
size), decrease the up-floating velocity, and inactivate photosynthesis by Microcystis colonies. These changes could
decrease the frequency and intensity of Microcystis
blooms, which may explain the disappearance of blooms in
eutrophic lakes such as Lake Donghu [11, 24] after stocking with some planktivorous fishes.

Microcystin contents in various gut sections were determined, and the results showed that the microcystin content per gram dry weight decreased significantly in the
midgut and hindgut of silver carp, but increased significantly in the midgut and hindgut of bighead carp after digestion, as compared with those in the foregut. However,
some previous reports indicated that filter-feeding by
planktivorous fish led to a decrease in the microcystin content [17]. In our study, digestion in silver carp could result
in decreased microcystin content due to a selective digestion of toxic Microcystis such as M. flos-aquae (Fig. 5c),
which may relatively increase the proportion of non-toxic
Microcystis and alter the ratio of toxic to non-toxic Microcystis. Our studies also showed an additional ecological
risk, wherein stocking of bighead carp in blooming lakes
could result in selective digestion of nontoxic Microcystis
that may increase the number of toxic Microcystis in the
water column.
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CELLULAR LOCALIZATION OF COPPER AND ITS
TOXICITY ON ROOT TIPS OF HORDEUM VULGARE
Junran Wang, Qiuyue Shi, Jinhua Zou, Ze Jiang, Jiayue Wang, Hangfeng Wu, Wusheng Jiang and Donghua Liu*
Tianjin Key Laboratory of Animal and Plant Resistance, College of Life Sciences, Tianjin Normal University, Tianjin 300387, China

ABSTRACT
Copper (Cu) localization and cell damage in Hordeum
vulgare root tips under Cu stress by means of electron microscopy with energy dispersive X-ray spectrum analysis
(EDXA), propidium iodide (PI), Carbol Fuchsin and silver
staining and indirect immunofluorescent microscopy were
investigated. The results indicated that the mitotic index
(MI) in the root tips decreased significantly by increasing
the concentration of Cu. Cu accumulated in the meristem
and disturbed cell division, inducing C-mitosis, anaphase
bridges (two types) and chromosome stickiness, which resulted in the inhibition of root growth. Cu had toxic effects
on nucleoli in root tip cells. It could induce some particles
containing argyrophilic proteins scattered in the nuclei and
extruded from nucleoli into cytoplasm. Using indirect immunofluorescent microscopy, we found that the two nucleolar proteins, nucleolin and fibrillarin, were translocated
from nucleolus to nucleoplasm and cytoplasm. Data from
EDXA showed that the mature, elongation and meristem
zones in the root tips could absorb Cu ions. The Cu level in
meristem zone in the root tips was higher, suggesting that
it could be considered as a primary target of Cu toxicity.
There was a clear correlation between Cu content and cell
damage in root tips of H. vulgare. The degree of cell damage increased with prolonged period of treatment.

The nucleolus is a nuclear structure, responsible for ribosome biogenesis and transcription [8]. It can be selectively stained by silver as it contains a set of acidic, nonhistone proteins. It has been reported that nucleoproteins,
detected by silver staining and described as “silver-stained
particulate material”, is extruded into the cytoplasm in the
root tip cells of plants exposed to Cu [9–10]. However, limited information is available about the nature of these silver-stained particles and the effects of Cu on nucleolus and
nucleoproteins, especially what types of nucleoproteins are
scattered in the nuclei or extruded into the cytoplasm under
Cu stress.
Cu toxicity in plants has been known for a long time
[2, 10–13]. The comprehensive evaluation of toxic effects
of Cu on microlocalisation, and cell division, especially on
nucleoli in the root tip cells of H. vulgare has not been reported before. The objective of this study was to try to provide direct evidence of Cu toxic effects on H. vulgare root
tips under Cu stress from Cu localization and cell damage
(cell mitosis and nucleoli) aspects by means of electron microscopy with EDXA, PI, Carbol Fuchsin and silver staining and indirect immunofluorescent microscopy.

2. MATERIALS AND METHODS
2.1 Culture condition and copper treatment

KEYWORDS: Hordeum vulgare; copper (Cu); Cd-localization; nucleoprotein; cell division; cell damage

1. INTRODUCTION
Plants are very sensitive to Cu both the deficiency and
the excess [1]. High Cu levels in soil can be phytotoxic,
causing deleterious effects both morphologically and physiologically [2–5]. Root tip systems of various plants have
been used for the assessment. This is because the root tips
are often the first to be exposed to chemicals spread in nature in soil and water [6]. H. vulgare is well known as an
excellent model plant and a useful biomarker for the detection of heavy metal pollution in the laboratories [7].
* Corresponding author

Healthy seeds and equally-sized seeds of H. vulgare
were collected and used for the present investigation. Before starting the experiments, they were soaked in distilled
water for 24 h, and then germinated in moistened gauze in
the dark at 23
for 12 h. The seedlings were grown in
plastic containers at 23 for 24 h, producing roots reaching about 0.6 cm length. Fifteen seedlings each treatment
were selected and grew in a growth chamber under controlled climatic conditions: 15 h light / 9 h dark at 23-25 ºC
diurnal cycle, 80% relative humidity. They were treated
with the different concentrations of Cu solutions (1, 10 and
100 μM) for 24, 48 and 72 h. The test liquids were renewed
regularly every 24 h. Cu was provided as copper sulfate
(CuSO4 · 5H2O) manufactured by Sigma. Cu stock solution was prepared in distilled water. The solutions were
aerated by pump, which connected to the containers with
pump lines. Control seedlings were grown in distilled wa-
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ter alone. The length of roots were observed, measured and
recorded at the end of each time interval (24 h). All treatments were done in three replicates.

with 4% (w/v) paraformaldehyde in phosphate-buffered
saline (PBS, pH 7.0) for 1.5 h in darkness at room temperature and then they were washed with the same buffer. The
methods are described in more detail [17].

2.2 Carbol Fuchsin-staining and silver-staining

Twenty root tips in each treatment group were cut
every 24 h, respectively. They were fixed in 95% ethanol
and acetic acid (3:2) for 1 h and hydrolyzed in 1 M hydrochloric acid, 95% ethanol and 99.8% acetic acid (5:3:2) for
5 min at 60 °C. Then the tips were squashed in Carbol
Fuchsin solution [14] for counting the cell mitosis and observing the variation of chromosome. For the observation
of changes in nucleolus, the root tips were squashed in 45%
acetic acid and stained with silver nitrate after the slide was
dry [9].
In order to obtain mitotic index (MI), approximately
3,000 cells (about 1,000 cells each slide) were observed
each treatment group at the end of each time interval.
2.3 Propidium iodide staining

To visualize the damaged root tip cells of H. vulgare
induced by Cu, the intact root tips from the seedlings exposed to 100 μM Cu for 1, 3, 6, 12, 24 and 48 h were
stained with PI (PI, P4170; Sigma, Sigma-Aldrich, Buchs,
Switzerland), according to Koyama et al. [15] as modified
from Jones and Senft [16]. PI provides red fluorescence of
nuclei in damaged cells, as PI has very low penetrability
across intact membranes. The fluorescence density was
calculated using “Analyse and Measure” function of the
Image J software (NIH, Bethesda, MD, USA) to analyze
distribution in the intact root tips of H. vulgare seedlings
under Cu stress.
2.4 Sample preparation for scanning electron microscope

Elemental distribution and composition of experimental plants was determined from samples of freeze-dried
root materials. Ten root samples of 1 cm length were cut
from the root tips of H. vulgare exposed to 100 μM Cu for
48 h and rapidly frozen in liquid nitrogen and lyophilized.
Cross-sections of the roots (about 1 mm) were coated by
gold using the sputter/coater (EMITECH K550X, Quorum
Group, England). The energy dispersive X-ray microanalytical studies were carried out using scanning electron microscopy (FEI Nova NANOSEM 230, Oregon, USA) provided with EDXA (Genesis Apollo 10, EDAX, USA).
EDAX spectra were collected by 20 KV and X-ray detector
equipped with a super ultra thin window. The collection
time of spectra was 30-40s. The Cu composition in the
roots was showed by wt% (weight percent), which means
that concentration percent on the basis of weight (or mass)
of a particular element relative to the total elements weight
(or mass).
2.5 Indirect immunofluorescent microscopy

For the visualization of nucleolin and fibrillarin, meristematic zones of root tips from control and seedlings of H.
vulgare treated with Cu 100 μM 48 h were cut and fixed

2.6 Statistical analysis

Each treatment was replicated 3 times for statistical validity. SPSS computer software was used for statistical
analyses (SPSS Japan Inc., Shibuya, Tokyo, Japan) and
SigmaPlot 8.0 software was used for mapping. Any differences between treatments were determined using one-way
analysis of variance (ANOVA) and t-test was used to determine the significance at P < 0.05.

3. RESULTS
3.1 Cellular localization of Cu

The evidence from EDXA revealed cellular localization of Cu in the root tips, as well as Wt% of Cu in localization sites in H. vulgare exposed to 100 μM Cu for 48 h
(Fig. 1). The levels of Cu on the surfaces of the different
regions, mature zone, elongation and meristem zone, were
1.54, 3.79, and 1.80 Wt%, respectively (Fig. 1A–C), which
exhibited that elongation zone was one of Cu main accumulation and poisoning sites. In transverse section of the
mature zone, the Cu content in epidermal cells of the root
tip was the lowest (1.2 Wt%) when compared with cortical
cells (2.13 Wt%) and vascular cylinder cells in the center
of roots (1.54 Wt%) (Fig. 1D–F). EDXA spectra revealed
that Cu was found in all cortical cells after Cu stress. Distribution of Cu in these cells was detected in both cytoplasm and cell walls. The vascular tissues were also storage
sites of Cu, where they were mainly located in the cell
walls. Data from transverse section of the meristem zone
(Fig. 2 A–D) showed a low Cu accumulation in the protoderm cells (0.8 Wt%) and high contents in internal cell of
meristem such as, ground meristem (5.41 Wt%) and procambium (4.02 Wt%). From a transverse section point of
view, the Cu level in meristem zone was high in comparison with mature zone (Fig. 1D–F; Fig. 2A–D).
3.2 Effects of Cu on cell damage

To visualize damaged root tip cells induced by Cu, the
root tip cells of H. vulgare exposed to 100 µM Cu for 0, 1,
3, 6, 12, 24 and 48 h were stained with PI. Red fluorescence
is an indicator of cell damage, as PI enters cells. The toxic
effects of Cu on cell damage in root tips of H. vulgare varied with the different treatment times (Fig. 3). Weak fluorescence was observed in control roots (Fig. 3A), suggesting there were some cell damages in root tips during the
plant growth period, although the root tip cells without Cu
treatment. The low level of fluorescence intensity was observed in the cells after 1 h Cu treatment, indicating that Cu
could induce the cell damages as early as 1 h Cu exposure
(Fig. 3B). The fluorescence intensity was more pronounced
with prolonged exposure (Fig. 3B-G). Data from the fluorescence density analysis by Image J software could con-
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FIGURE 1 - EDXA spectrum taken from the site of the SEM micrographs, showing Cu localization in different zones of root tip cells in H.
vulgare exposed to 100 µM Cu for 48 h. A–C. Showing Cu localization on the surfaces of elongation, meristem and mature zones. A. Mature
zone. B. Elongation zone. C. Meristem zone. D–F. Showing transverse section of the mature zone. D. Epidermal cells. E. Cortical cell wall. F.
Vessel cells. Red “*”site of the analysis.

2396

© by PSP Volume 24 – No 7. 2015

Fresenius Environmental Bulletin

FIGURE 2 - EDXA spectrum taken from the site of the SEM micrographs, Cu localization in meristem zone in root tip cells of H. vulgare
exposed to 100 µM Cu for 48 h. A. Showing transverse section of meristem zone. B. Protoderm cells. C. Ground meristem. D. Procambium.
Red “*”site of the analysis.

FIGURE 3 - Micrographs of roots from H. vulgare exposed to 100 µM Cu using PI. Red fluorescence due to PI entering cells is an indicator of
cell damage, showing status of cell death of the roots exposed to 100 μM Cu for 0, 1, 3, 6, 12, 24 and 48 h, respectively. Scale bar=200 µm
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chromosome bridges were noticed. First, anaphase bridges
involved one or more chromosomes (Fig. 5B-D). Second,
sticky bridges were observed only after 48 h treatment with
10 to 100 µM Cu (Fig. 5E-F). Chromosome stickiness
arises from improper folding of the chromosome fiber into
single chromatids and chromosomes become attached to
each other by subchromatid bridges. The frequency of cells
with chromosome stickiness progressively increased with
increasing Cu concentration and prolonged duration of
treatment. Two types of chromosome stickiness were observed. First, sticky chromosomes at anaphases were noticed in the root tips exposed to higher concentrations of
Cu (mainly at above 10 µM) (Fig. 5G). Second, the sticky
chromosomes at metaphases (Fig. 5H) in root tips exposed
to 10 and 100 µM Cu. Besides, chromosome fragments
were also noted in some root tip cells.
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FIGURE 4 - PI fluorescence density in the intact roots exposed to
100 μM Cu for 0, 1, 3, 6, 12, 24 and 48 h treatment time.

firm the findings (Fig. 4). The cell damage increased significantly with prolonged treatment time (P < 0.05).
3.3 Effects of Cu on mitotic index

The MI values for each group were given in Table 1.
The MI rate decreased significantly (P < 0.05) with increasing concentrations of Cu and prolonged treatment
time when compared with control. This fited well with the
below mentioned effects of Cu on root growth. The MI
could be correlated with the rate of root growth, suggesting
that the inhibition of root growth resulted from inhibition
of the cell division.
TABLE 1 - Effects of Cu on mitotic index (%) in the root tip cells of
H. vulgare
Treatment
Time (h)

Treatment (μM）
Control

1
a

20.28±0.34

10
b

9.07±1.35

100
c

3.5 Effects of Cu on nucleoli

Normally, the diploid nucleus of H. vulgare contains
one or two nucleoli (Fig. 6A). The effects of Cu on nucleoli
varied with the different concentrations of Cu solutions used.
Three phenomena were observed after Cu treatments.
Firstly, nucleoli in the root tips exposed to 1 µM Cu for 48 h
or 10 µM Cu for 24 h were irregular (Fig. 6B). Big swollen
nucleolus occupied large areas of the nucleus was also
noted (Fig. 6C-D). Secondly, some tiny silver-stained particles were observed together with the main nucleolus/nucleoli in the nucleus of some root-tip cells exposed to 10 µM
Cu for 48 h or 100 µM Cu for 24 h (Fig. 6C-D), and the
amount of the particulates increased progressively (Fig.
6E-F). Thirdly, nucleoli were aggregated into irregular
shapes and nearly was occupied the whole nucleus after increasing Cu concentration and prolonged treatment time.
Some silver-stained particles were leached out from the nucleus to the cytoplasm after 10 µM Cu for 72 h or 100 µM
Cu for 48 h (Fig. 6G-I).
3.6 Effects of Cu on nucleoproteins

d

24

23.81±0.63

48

19.92±0.47a

16.02±0.92b

8.71±0.36c

7.52±1.97

6.77±0.33d

72

14.29±0.47a

13.22±0.87a

7.33±0.22b

5.05±0.04c

3.4 Effects of Cu on chromosome morphology

The mitotic anomalies in root tips of H. vulgare exposed to different Cu concentrations were shown in Fig. 5.
The mitotic preparation from root tips of Cu treated seeds
exhibited several chromosomal abnormalities such as Cmitosis, chromosome bridges and chromosome stickiness.
C-mitosis was observed in the root tip cells of all treated
groups after exposure to Cu. The severely condensed chromosomes were randomly scattered in the cell (Fig. 5A). Cu
had C-mitotic effects as its main effects at low dose (1 µM)
for 24 h treatment. Chromosome bridges at anaphase were
due either to breaks in chromosomes or chromatids (often
resulting in fragments) or to chromosome stickiness (disturbing the normal cell division). In the roots treated with
Cu studied, anaphase bridges were observed. Two types of

In order to investigate, in more detail, the localization of
nucleoproeins in the root tip cells after Cu stress, immunofluorescence localizations of nucleolin and fibrillarin were
carried out in the present investigation. The antibodies used
could produce positive reactions with two nucleolar proteins
above. Obvious toxic effects on the two nucleoproteins in
the root tip cells of H. vulgare treated with 100 µM Cu in
comparison with control cells. Nucleolin was marked with
FITC and produced green fluorescent signal under confocal microscopy. Nucleolin in control cells of H. vulgare
was localized in the nucleolus (Fig. 7A1–A4). On treatment with 100 μM Cu for 24 h, it migrated from the nucleolus to the nucleoplasm (Fig. 7B1–B4), and on the way
from nucleoplasm to cytoplasm (48 h) (Fig. 7C1–C4). Prolonging the treatment time (72 h), the nucleolin were scattered in the cytoplasm (Fig. 7D1–D4). Fibrillarin was also
observed using the green fluorescent signal. The intracellular distributions of fibrillarin were very similar to nucleolin using confocal laser scanning microscopy. Fibrillarin
is normally present only in the nucleolus in untreated con-
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FIGURE 5 - The effects of Cu on chromosomal morphology in root tip cells of H. vulgare. A. C-metaphase (1 μM Cu, 24 h). B–D. Chromosome
bridges (10 μM Cu, 24 h). E–F. Sticky chromosome bridges (10 μM Cu, 24 and 48 h). G. Sticky chromosome at anaphase (10 μM Cu, 72 h). H.
Sticky chromosome at metaphase (100 μM Cu, 48 h). Scale bar=10 μm.

FIGURE 6 - Effects of Cu on nucleoli in root tip cells of H. vulgare. A. Control cell. B. Showing irregular nucleoli. B. Showing swollen nucleolus
occupied large areas of the nucleus. C–D. Showing big swollen nucleolus, which occupied large areas of the nucleus. E–F. Showing silverstained particles together with the nucleolus scattered in the nucleus. G-I. Showing silver-stained materials extruded from the nucleus into the
cytoplasm, the particulates aggregated into irregular shapes and nearly occupied the whole nucleus. Scale bar=10 μm.
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FIGURE 7 - Simultaneous detection of nucleolin after incubation with primary anti-nucleolin antibody and secondary antibody conjugated
with FITC (green), and of DNA after incubation with DAPI (blue) in the same single optical section using confocal microscopy. (A1,B1,C1,D1)
Nucleolin detection; (A2,B2,C2,D2) DNA detection; (A3,B3,C3,D3) Merged image of “nucleolin detection” and “DNA detection”;
(A4,B4,C4,D4) bright field image. (A1–A4) Nucleolin in nucleolus of control cells; (B1–B4) The migration of nucleolin from the nucleolus to
the nucleoplasm in cells treated with 100 μM Cu for 24 h; (C1–C4) Nucleolin on the way from nucleoplasm to cytoplasm in the cytoplasm of
cells treated with 100 μM Cu for 48 h. (D1–D4). Nucleolin scatted in the cytoplasm. Scale bar=10 μm.

trol cells of H. vulgare (Fig. 8A1–A4). In comparison with
control cells, it was transferred from nucleolus to nucleoplasm (Fig. 8B1–B3). Fig. 8C1–C3 it was showed on the
way from nucleoplasm to cytoplasm. Finally fibrillarin was
scattered in the cytoplasm in some cells (Fig. 8D1–D3).

3.7 Effects of Cu on growth

Effects of Cu on root growth of H. vulgare varied with
the different concentrations of Cu used (Fig. 9A). The root
growth per day decreased with increasing Cu concentration
and prolonged treatment time. Cu inhibited the root growth
significantly (P < 0.05) at all concentrations (1 to 100 µM
Cu) during the entire treatment (72 h) in comparison with
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control. At 10 and 100 µM Cu, the root length was strongly
inhibited after 24 h of treatment and there was no any root
growth at 10 and 100 μM Cu during the whole period of
treatment.

The effects of Cu on the morphology of the roots of H.
vulgare also varied with the different Cu concentrations
(Fig. 9B). At 1 μM Cu, the morphology of the roots was
more or less the same as control during the whole treatment
(72 h). At 10 to 100 μM Cu, the root tips were browning,
twisting, stunted and reduction of lateral roots.

FIGURE 8 - Simultaneous detection of fibrillarin after incubation with primary anti-fibrillarin antibody and secondary antibody conjugated
with FITC (green), and of DNA after incubation with DAPI (blue) in the same single optical section using confocal microscopy. (A1,B1,C1,D1)
Fibrillarin detection; (A2,B2,C2,D2) DNA detection; (A3,B3,C3,D3) Merged image of “fibrillarin detection” and “DNA detection”;
(A4,B4,C4,D4) bright field image. (A1–A4) Fibrillarin in the nucleolus of control cells; (B1–B4) Migration of fibrillarin from the nucleolus to
the nucleoplasm. (C1–C4) Fibrillarin on the way from nucleoplasm to cytoplasm. (D1–D4) Fibrillarin scattered in the cytoplasm. Scale bar=10
μm.
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FIGURE 9 - Effects of Cu on root and seedling growth of H. vulgare. A. Root length. B. Seedling growth. Vertical bars denote SE. Values with
different letters differ significantly from each other (n = 10, P < 0.05).

Cu is an essential nutrient for plants and plays an irreplaceable role in the function of a large number of enzymes
catalyzing oxidative reactions in a variety of metabolic
pathways [18]. However, it can induce severe damage to
plant growth and development when absorbed in large
amounts [19]. The root is the most sensitive and accessible
part of the plant to Cu stress. Inhibition of root growth is
typical symptoms of Cu toxicity. Barley seeds grown in
different concentrations of Cu showed a significant decrease of root growth and mitotic index and higher number
of chromosomal abnormalities. The MI, characterized by
the total number of dividing cells in cell cycle, has been
used as a parameter to assess the cytotoxicity of heavy metals in monitoring environmental pollution [20]. In the present study, we determined that the MI in root tip of barley
decreased significantly by increasing the concentration of
Cu (see Table 1). The mitotic cells decreased in the root
tips of H. vulgare, indicating that Cu was accumulated in
the meristem where it disturbed cell division. Thus, it is
clearly that the inhibition of the root growth resulted from
inhibiting the cell division of root tips. This fits well with
the above mentioned effects of Cu on root growth.

to metal interference with cell division, including inducement of chromosomal aberrations and abnormal mitosis
[24–26]. Chromosomal aberrations are changes in chromosome structure resulting from a break or exchange of chromosomal material. Based on the results of the present investigation, it is quite clear that Cu is capable of inducing
such cytological abnormalities as c-mitosis, bridges, stickiness, fragments, etc. The frequency of abnormalities increases, in most cases, as the concentration of the metal increases. The results from the present investigation are in
agreement with the findings by Agarwal et al. [27], Jiang
et al. [28] and Liu et al. [29], but with some differences. 1)
Chromosome bridges exhibiting stickiness were observed
in the treatment with 10 Cu µM for 48 h. 2) Anaphase configuration with chromosome bridges exhibiting disintegration was found only after 72 h of treatment with 100 µM
Cu. The chromosomal bridge aberrations and chromosome
stickiness appeared in the root tips exposed to higher concentration of Cu (100 µM) are lethal and probably lead to
cell death. C-mitosis more often observed in low concentration of Cu, in which the chromosomes spread irregularly
over the cell, may be due to disturbance of the spindle apparatus. This kind of chromosomal aberration reflects
slight or moderate cytological toxicity.

Chromosome aberrations have been used as a measure
of reproductive success and as a method for the detection
of possible genetic damage by environmental agents (such
as herbicides, insecticides, fungicides and heavy metals in
plant for many years [21]. Plant chromosomes are easy to
analyze in terms of size, morphology and number, and respond to treatments with toxins at an early stage [22].
Chromosomal aberrations and proportion of mitotic phases
can be accepted as indicators of genetic damage induced
by stress conditions and the anaphase–telophase chromosome aberration assay has been shown to be highly reliable
in genotoxicity testing [23]. Several authors reported that
the inhibition of root elongation caused by Cu may be due

The nucleolus is well known as the site of transcription
of ribosomal genes and further transcript process [30],
which also contains a set of acidic, nonhistone proteins that
bind silver ions and are selectively visualized by silver
methods. It is well known that silver impregnation is regarded as a specific stain of the nucleolus. To better understand the nucleolar cycle and the nucleolar organization,
the silver staining technique has been widely used in cytological studies in both animals and plants. The results in
this work showed that Cu could induce toxic effects on nucleoli, causing some particulate silver-stained material
containing the argyrophilic proteins scattered in the nuclei
and some particles extruded from the nucleus into the cy-

4. DISCUSSION
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toplasm. The results here are similar to those under Cu
stress described by Liu et al. [31] for the effects Cu on the
nucleolus of Allium cepa root tip cells, Jiang et al [25] for
Cu on Helianthus annuus, Jiang et al. [28] for Cu on Zea
mays and Liu et al. [29] for Cu on Allium sativum, but with
a few differences. (1) There are not so many nucleolar particles containing the argyrophilic proteins scattered in the
nuclei and large amount of the materials extruded from the
nucleus into the cytoplasm in the present study, when compared with the findings of Liu et al. [29, 31]. (2) Cu has
weak toxic effect on nucleolus in root tip cells of H. annuus
and Z. mays [25, 28], where the nucleolar material is only
scattered in the nucleus, and not extruded from the nucleus
into the cytoplasm when compared with the results here.
Thus, the toxicity of Cu on the nucleoli varied with different species plants. The phenomenon Cu induced in the present investigation is in line with the previous findings, indicating that besides Cu some other metal ions can affect
toxic effects on nucleolus in the same way, such as aluminum (Al) [32], cadmium (Cd) [17] and lead (Pb) [20, 33].
Some reports indicated that the extrusion of nucleolar material containing argyrophilic proteins from the nucleus into
the cytoplasm may be correlated with damage to the nuclear
pore complex (NPC) proteins, causing the NPC to lose selectivity [34]. However, the mechanism needs to be studied
further. Although there are some reports concerning Cu toxic
effects on nucleolus in plant root tips, they hardly indicated
what kinds of proteins involved in those reports.
The nucleolus has long been known playing important
roles in the regulation of many fundamental cellular processes [35–36]. It is well known that the nucleolus contains
several kinds of proteins. Nucleolin and fibrillarin are major nucleolar proteins conserved in all eukaryotic organisms [37]. They are multifunctional proteins involved in
different cellular aspects like chromatin organization and
stability, DNA and RNA metabolism, assembly of ribonucleoprotein complexes, cytokinesis, cell proliferation
and stress response [37, 38]. Evidence obtained using indirect immunofluorescent microscopy in the present investigation revealed that the two nucleolar proteins, nucleolin and fibrillarin were localized in nucleoli in control
groups. However, under Cu stress the two nucleolar proteins presented abnormal nucleoplasm and cytoplasmic
location in the nucleoli of H. vulgare root tips, which confirmed the observation with the silver impregnation studies here. Recent investigations indicated that heavy metals such as Cd and Pb could induce nucleolar proteins,
nucleophosmin, nucleolin, and fibrillarin migrated from
nucleolus to nucleoplasm and cytoplasm in root tip cells
of Vicia faba [17] and Allium cepa [20]. Qin et al. [39,
40] and Zhang et al. [41] also reported that Al had the
same toxic effects on nucleolus in root tip cells of V. faba
and H. vulgare. These observations are in good agreement
with the findings here, suggesting that nucleolus is a center to sense stress and can coordinate the stress response.
Thus nucleolar morphology, composition and function
will change upon stress [42].

EDXA following freezing of the plant sample has been
employed systematically in biological sciences to localize
ions in cellular compartments, to monitor ion distribution
changes during physiological processes, to determine the
behavior of toxic ions incorporated by cells, and thus can
provide information on mechanisms of metal toxicity and
tolerance [43–45]. EDXA was used to determine Cu localization in root tips of H. vulgare exposed to Cu in this
study. The results here can be summarized as follows. 1)
The three zones, mature, elongation and meristem zone can
absorb Cu ions. 2) In mature zone, root hairs are found only
in the region of maturation of the root, and they are outgrowths at a tip of the plants roots. They have a large surface area, which makes absorbing both water and minerals
more efficient using osmosis. Once Cu enters the roots, it
easily penetrates the root through the cortical tissue and is
translocated to the above-ground tissues. This can explained why the level of Cu in mature zone is low when
compared to meristem zone. 3) From a transverse section
point of view, the Cu level in meristem zone is high in comparison with mature zone (Fig. 1D–F; Fig. 2A–D), suggesting that root tip meristem of plants is a primary target of
Cu accumulation and toxicity. Meristem cells are small and
have thin walls without differentiation. These cells have
not yet differentiated and have poor transport capacity up.
Thus, excess Cu can easily induce damage of cell construction. Evidence here shows Cu toxic effects on meristem
cells under Cu stress, causing obviously toxic characteristics, such as low MI, chromosome aberrations, damage of
nucleolus and production of large damaged cells. The results also confirmed indirectly the previous results reported
by Liu et al. [26] where they found that excess Cu could
cause adverse effects on garlic meristem cells after 1 h treatment with Cu, increasing dictyosome vesicles in number,
forming of cytoplasmic vesicles containing electron dense
granules, altering mitochondrial shape, disrupting nuclear
membranes ect. Due to Cu toxicity on meristem, the cell
division was affected, leading to the mitotic cells decreased
and interphase cells increased.
PI, an intercalating agent and a fluorescent molecule
with a small molecular mass of 668.4 Da that can be used
to stain DNA, has been considered as a alternative agent to
study cell membrane damage [46]. The amount of PI entering into cells reflects the degree of cell membrane damage,
and morphological changes in the cells may be related to
damage to the integrity of the cell membrane [47]. Here,
we can confirm that Cu has toxic effect on the cell membrane damage in the root tip cells of H. vulgare using PI
staining. The cell damages were observed mainly in the
meristem and elongation zone of root tip exposed to Cu for
1 h (Fig. 3). The data from PI staining here are in good
agreement with the evidence obtained from EDXA in the
roots of H. vulgare under Cu stress, indicating that there is
a clear correlation between Cu content and cell damage in
root tips of H. vulgare. At the cellular level, Cu toxic effects at excess Cu concentrations is oxidative stress caused
by the increased concentration of reactive oxygen species
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(ROS), such as superoxide anion (O2.-), singlet oxygen
(1O2), hydrogen peroxide (H2O2) and hydroxyl radical
(OH-) [48]. ROS can damage all biomolecules where lipid
peroxidation of the cell membranes is one of the most important effects. Its selectivity is lower, due to damage to the
cell membranes, leading to membrane breakage and leakage of the cell contents [11, 49–50]. At higher level of
malondialdehyde (MDA) in plants shows injury to functional membrane during Cu stress [50]. Data from the present investigation (unpublished) indicated that Cu could induce the increase of the MDA content in roots of H. vulgare exposed to Cu when compared to control, indicating
that Cu like other environmental stresses can generate the
production of a powerful oxidation which in turn brings
about lipid peroxidation [51].

5. CONCLUSION
Root tips of plants are the most sensitive organ to environmental stresses. Excessive Cu has often caused poisoning and environmental contamination. The findings of
the present study confirm that Cu ions can be absorbed in
mature, elongation and meristem zone in the root tips of H.
vulgare under Cu stress. Root apical meristems play a key
role in the immediate reaction to stress factors by activating
signal cascades to the other plant organs. Due to high level
of Cu in meristem zone, it can be considered as a primary
target of Cu accumulation and toxicity, which disturbs cell
division, induces chromosomal aberrations and abnormal
mitosis, decreases MI and eventually results in inhibiting
the root growth. Cu can also affect nucleolus and nucleolar
proteins in the root tip cells, causing the two nucleoproteins, nucleolin and fibrillarin, migrated from nucleolus to
nucleoplasm and cytoplasm. There is a clear correlation between Cu content and cell damage in root tips of H. vulgare. H. vulgare is a good model plant, with many advantages such as low cost, ease of storage and handling,
excellent chromosome conditions, and ease of observing
abnormal phenomena of chromosomes, nuclei, and nucleoli affected during mitosis. The data obtained here give
more detailed information on qualitatively and quantitatively harmful effects at the microscopic level, which is
very useful to understand the detoxification and tolerance
mechanisms of Cu-induced toxicity.
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ABSTRACT
The aim of this study was to investigate the influence
of bulking agent volumetric ratio on the stability and maturity parameters in composting process of anaerobically
digested sludge (ADS) with different aeration strategies.
Two main influencing factors including aeration method
(aerated static pile and windrow process) and proportion of
green plant wastes (GPW) and ADS (1:1, 2:1 and 3:1, GPW:
ADS) were investigated through the evaluation of physicochemical and biological parameters during the 83 days of
composting. Heavy metals concentration, germination index (GI), and microbiological indicators were also determined in the final products. The results showed that windrow method was superior to the aerated static piles, since
the former enhances the composting process by favoring
organic matter (OM) stabilization. Based on these results it
appears that windrow method with 2:1 mixture of GPW:
ADS was best for ADS composting due to the highest OM
degradation ability and maximum GI in the final product.

KEYWORDS: Compost, Green plant wastes, Wastewater sludge,
Static pile composting, Windrow composting

1. INTRODUCTION
Wastewater sludge (WS) is a by-product and insoluble
residue remaining following wastewater treatment. Inappropriate management of WS could lead to major public
health and environmental concerns due to high amounts of
pathogens and heavy metals [1-3]. With the increased production of WS, there is a great need to develop low cost
* Corresponding author

and high efficiency processes for recycling of this waste as
an alternative to dumping and incineration [4]. WS is a
good candidate for composting and subsequently for agricultural purposes since its pH is neutral to slightly alkaline
and its organic matter (OM) can vary from 50% to 70% of
the total solids content and rich in both phosphorus and nitrogen [4-6]. Composting of WS is a biological process
which converts OM to stabilized humic substances through
mineralization with a significant reduction (40-50%) in volume [4, 7]. In composting process pathogens can be killed
by heat generated in the thermophilic phase [7]. Furthermore, final product of composting process could act as a
soil conditioner or fertilizer.
However, the high heavy metal content of WS compost is a major limitation for land application of this end
product. WS also has a compact structure because of its high
moisture content even if a dewatering treatment is used [12, 5]. Many studies have verified that WS alone generates
poor quality compost [1, 4, 8]. Due to the high moisture
content and low C/N ratio of WS they need to be mixed
with some materials as bulking agents which absorb the
moisture and provide sufficient porosity and air permeability for composting of WS [4, 5, 9]. A long list of waste
materials (e.g. municipal refuses, agricultural residues, animal manures and forest wastes) have been proposed as
bulking agents in several studies [1, 2, 10, 11], but the most
widely used materials are fibrous carbonaceous and lignocellulosic materials with low moisture content such as wood
chips, straw and sawdust. These lignocellulosic materials
have also the ability to uptake heavy metals and reduce
heavy metals availability.
However, the type of bulking agent and the volume ratio of WS to bulking agent could strongly influence the
property of composting process and mineralization [5]. For
instance, Chazirakis et al. [12] investigated the effects of
different mixture ratios of sewage sludge, organic fraction
of municipal solid waste (OFMSW) and yard trimmings
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(YT) on the performance of windrow composting process.
Their results showed that the 3:1:2 mixture of OFMSW:
SS: YT was the most beneficial in composting. Using a
forced-aeration static pile composting process, Luo et al.
[13] reported that increasing volumetric mixing ratio of
bulking agent to sewage sludge in compost piles improved
the temperature rising rate and shortened the composting
cycles. However, due to the feedstock differences as well
as the extensive diversity of composting situation (e.g. facility-scale, aeration schemes, temperature, pH and moisture content), the results of these studies are often incomparable. Therefore, composting process and compost product quality should be evaluated in different areas. Compost
quality is closely related to its stability and maturity. Several physico-chemical and biological parameters such as
temperature, OM reduction, nitrogen compounds evolution, C/N ratio, specific oxygen uptake rate, and germination index (GI) have been proposed for evaluating compost
stability and maturity [1, 3-5, 14].
The green plant wastes (GPW) such as grass and leaves
are lignocellulosic materials which could be used as readily
available and low-cost bulking agents in composting of
WS. However, up to now, a small number of researches
have been considered the application of GPW for composting of WS [15, 16]. Furthermore, in many studies, composting process of WS was performed in windrows or reactors, and little information is available about the aerated
static pile composting of WS [11, 13, 17]. The objective of
this study was to evaluate the feasibility of composting of
dewatered anaerobically digested sewage sludge (ADS) for
sustainable management of these organic wastes in a semiarid area. Therefore, this study was performed to: 1) compare the performance of two aeration methods for composting of ADS, 2) determine the influence of using different
ratios of GPW as a bulking agent on the performance of the
composting process through evaluation of common stability and maturity indices, and 3) evaluate the quality of final
products.

2. MATERIALS AND METHODS
2.1. Experiment establishment
2.1.1. Composting materials

plant (Isfahan, Iran). The green plant wastes (a mixture of
grass clippings, tree leaves, foliage and small twigs) were
used as a bulking agent in this study. Physico-chemical
characteristics of the feedstocks and initial characteristics
of the mixture ratios (1:1, 2:1 and 3:1, GPW: ADS) are
shown in Table 1.
2.1.2. Pilot specifications

Composting experiments were carried out at the uncovered composting platform. In order to survey the conditions
of ADS composting, 3 piles were prepared by blending the
GPW with ADS at different ratios (v/v: based on the raw
matter) in two trials including aerated static pile (ASP) and
windrow (W) process. GPW and ADS mixed thoroughly
with a front-end loader to obtain GPW: ADS ratios of 1:1
(ASP1, W1), 2:1 (ASP2, W2) and 3:1 (ASP3, W3). A pile
containing ADS without any addition (ASP0, W0) was also
used as a control in both trials. The approximate dimensions of the piles were as follows: width: 2.5 m; height:
1.25 m; length: 3–4 m and they were trapezoidal in shape.
In the ASP, a perforated plastic pipe was laid under the
composting piles and blowers were employed to supply air
at a rate of about 0.5 L/kgOM.min throughout the composting process. For the windrows, mechanical turning used for
aeration and the piles were turned every 7-10 days during
the composting process with a front-end loader.
2.2. Physicochemical analysis and respirometric activity

Samples were collected weekly from the piles for analyzing of physico-chemical parameters and respirometric
activity. Each composting sample consisted of three subsamples collected from different points of each pile to ensure representative sampling. For measurement of temperature, rod thermometer was inserted into the middle of each
pile at different locations and from different directions. pH
of compost samples was measured in a 1:5 slurry (w: v)
using a pH meter (Eutech pH1500, Singapore). The moisture content was determined by oven-drying of compost
samples at 70±5°C for 24 h [18]. The organic matter content was measured as volatile solids (VS) at 550°C for 2 h
in a muffle furnace and the carbon content (%C) was calculated from the ash content, according to the following
formula [19, 20]:

The dewatered anaerobically digested sewage sludge
was obtained from the South Isfahan wastewater treatment

%C = (100-%Ash) / 1.8

TABLE 1 - Physicochemical parameters for ADS and GPW, and initial characteristics of the mixture ratios (1:1, 2:1 and 3:1, GPW: ADS)
Parameter
Moisture content (%)
OM content (%DW)٭
pH
Organic carbon (%DW)
Total nitrogen (%DW)
C/N ratio
٭dry weight

ADS
77.8±3.1
52.8±3.9
7.6±0.4
29.3±7.9
2.50±0.29
11.7±0.6

GPW
51.5±5.2
85.3±15.4
47.4±6.8
0.50±0.07
94.8±8.5
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1:1 mixture
64.7 ± 4.2
63.8±9.1
7.6±0.2
35.4±5.9
2.14±0.18
16.6±5.3

2:1 mixture
60.3±4.7
70.6 ±4.5
7.6±0.3
39.2±4.2
1.40±0.25
28.0±2.6

3:1 mixture
58.0±3.8
77.4±7.2
7.5±0.2
43.0±4.1
1.04±0.13
41.3±3.9
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Total Kjeldahl nitrogen (TKN), ammonium nitrogen
-N) and nitrates nitrogen (
-N) contents were as(
sayed as described by the US Department of Agriculture
and US Composting Council (2001) [18], and their concentrations determined by DR5000 Spectrophotometer (Hach
Co. USA). Respirometric activity was determined by specific oxygen uptake rate (SOUR) of the compost samples.
The maximum rate of oxygen uptake was measured using
a dissolved oxygen sensor (5740sc Galvanic Membrane,
Hach Company, USA) in an aqueous suspension of 3-8 g
compost (wet weight) in 500 ml distilled water, at 30°C.
SOUR was determined from the slope of oxygen level decrease according to the method described by Lasaridi and
Stentiford (1998) [14].
2.3. Final compost quality assessment

To assess the final compost quality, analysis of microbial indicators, heavy metals content and cress seed germination were performed on samples were taken from each
pile at the end of the composting process (day 83). Microbial analyses including fecal coliforms and Salmonella
were carried out according to Standard methods [21], and
results expressed on a dry mass basis. In order to determine
the available fraction of heavy metals including Cd, Cu, Pb,
Cr, Ni, and Zn in final compost, the water-soluble fraction
of heavy metals was digested and determined by flame
atomic absorption spectrometry (Varian SpectrAA220FS,
Australia). The seed germination bioassay was evaluated
in the final samples according to the method of Tiquia et
al. [22].

3. RESULTS AND DISCUSSION

windrow and static pile, respectively. This can be explained by higher porosity and improved moisture of these
piles as a consequence of the higher proportion of bulking
agent [5]. The control piles, without bulking agent, did not
show any significant variation in temperature. Moreover,
the temperature of 1:1 piles not only increased slowly but
also decreased rapidly which could be explained by an inhibition effect on microorganism’s activity caused by high
moisture content. Faster increase of the temperature and
longer periods of thermophilic phase for the mixtures with
higher ratios of GPW reflect the greater content of easily
biodegradable C-fractions in 2:1 and 3:1 mixtures and also
indicates high capability of GPW for preserving heat.
These results confirm the hypothesis that the self-heating
ability is directly associated to the feedstocks characteristics [4, 12]. The duration of thermophilic phase also depends on the chemical composition of feedstocks [4]. The
temperature of 2:1 and 3:1 mixtures exceeded 55°C on day
13-19 and lasted for more than 15 days which be enough to
ensure sanitization of composted materials [1].
Comparison of Fig. 1a and 1b shows that the temperature of the W piles not only increased faster, but also lasted
longer time in comparison to the static piles. Therefore, as
well as the feedstock composition, the aeration method also
has a considerable effect on duration of thermophilic phase
in the composting process. By days 47–54, the temperature
in piles decreased gradually, reaching a second mesophilic
phase and maturation process took place during the last
stage of composting. At the end of process, after 83 days
of composting, the temperature remained at 31°C in all of
the mixtures.
3.2. Mineralization of OM

3.1. Temperature evolution

Graphs in Fig. 1a and 1b show the temperature variations of the composting piles as a function of the waste
mixtures and aeration methods. Temperature follows a typical temperature profile of organic waste composting for all
mixtures [1, 23]. However, variation in mixing ratios caused
different thermophilic temperatures. Throughout the experimental period, the ambient temperature ranged from 24 to
39°C. Initially the temperature of the compost mixtures
was in the mesophilic phase and near to the ambient temperature. Temperature increased to 40–50°C in 2 weeks
(start of the thermophilic phase), reached between 55 and
65°C in 4-5 weeks (except for ADS: GPW, 1:1) as a consequence of the vigorous biodegradation of the easily biodegradable OM. As shown in Fig. 1a and 1b, after the start
of composting, the temperatures increased in both trials;
however, the rate of rise, as indicated by the gradient of the
curves, was much faster in the windrow method than ASP.
As have been reported, due to the lack of heat exchange in
the static piles, a longer time is needed for OM stabilization
in ASP process [1, 15].
As shown in Fig. 1a and 1b, higher temperatures (66
and 63°C) were achieved in the 2:1 and 3:1 mixtures in

Reduction of OM is mainly caused by microbial activity which significantly influences the composting process
and quality of the final product [5, 24]. In both trials, the
OM values decreased mainly in the initial stages of the
composting process, which is related to the thermophilic
phase and mineralization process. The decrease of OM
content in ASP was 12.9%, 44.2%, and 59.2% for 1:1, 2:1,
and 3:1 mixtures, respectively (Fig. 1c). While the OM
content reduction for W mixtures was 18.2%, 65.3%, and
54.4% for the 1:1, 2:1, and 3:1 piles, respectively (Fig. 1d).
The 1:1 mixtures showed a lower mineralization rate than
the other piles. This can be explained by the greater activity
of microorganisms in 2:1 and 3:1 piles, which used a large
quantity of easily biodegradable compounds in these mixtures. The remaining OM content at the end of the process
was 55.6%, 39.4%, 31.6%, 52.2%, 24.5% and 30.3% for
ASP1, ASP2, ASP3, W1, W2 and W3 mixtures, respectively, which indicated a good stability condition in 2:1 and
3:1 mixtures for both trials. Tognetti et al (2007) reported
that OM content in the products of co-composting municipal organic waste with biosolids (at ratios of 1:1, 2:1, and
3:1 municipal organic waste /biosolids) ranged between
39% and 45%. The remained OM content in the final compost of Rihani et al. [1] study also was higher than our com-
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(a)

(b)

(c)

(d)
FIGURE 1 - Temperature (a and b) and OM content evolution (c and d) during composting of ADS and GPW. (ASP0, ASP1, ASP2, and ASP3:
aerated static piles of control, 1:1, 2:1, and 3:1 mixtures, respectively. W0, W1, W2, and W3: windrows of control, 1:1, 2:1, and 3:1 mixtures,
respectively).
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posts (49.7%-58.3%), which may be due to the type and
proportion of the bulking agent, stabilization degree of WS
and composting duration. The results suggest that the degradation of OM under W method was greater than that under ASP, signifying a lower microbial activity in the latter
and consistent with the higher temperatures observed in the
W piles during the thermophilic phase. The reason might
be the content of oxygen with a higher value in windrow
system for aerobic microorganisms, whereas the activities
of aerobic microorganisms were limited by lack of enough
oxygen during static composting. By increasing distance
from the aeration pipes in the static piles, a smaller amount
of oxygen reaches to the microbial population and therefore due to the lack of turning, the outer layers have insufficient oxygen for microbial activity. Moreover, there was
less moisture content within the W piles due to the turning,
which improved the aeration and microbial activity.
3.3. Other physico-chemical parameters

To assess the effectiveness of composting process, the
C/N ratio is frequently used, as it may show the compost
stability [1, 4, 12]. Apparently, the characteristics of feedstock have a significant effect on C and N profiles [4, 24].
The addition of GPW as bulking agents increases the C/N
ratio in the optimal range (between 25:1 and 35:1) for wellorganized composting. According to Table 2, the C/N ratio
presents a descending trend for both ASP and W compost.
At the beginning of process, the C/N ratio of 1:1, 2:1, and
3:1 mixtures was 16.6, 28, and 41.3 respectively, and at the
end of composting period reached about 11.7, 10.5, and
10.8 in ASP and 10.6, 12.2, and 10 in W piles, which is
similar to that obtained by Rihani et al. [1] and Tognetti et
al. [24]. Researchers have suggested different ideal C/N ratios from lower than 12 to 25 in final product; however, the
optimum value is often related to the initial feedstock. For
example, Wong et al. [24] and Tognetti et al. [25] reported
that compost may be considered mature when the C/N ratio
is lower than 17 and 20, respectively. At the end of process,
once the readily available carbon compounds were declined, the C/N ratio steadily decreased to less than 15 in
all mixtures, which is qualified as finest compost which can
be used in agricultural land [12, 25].
Moisture content of initial mixtures, in both aeration
methods, varied depending on the bulking agent ratios and
was in a range of 60–70%, which seems to be appropriate
for composting [26]. At the thermophilic phase of composting the moisture was gradually decreased, principally
due to the evaporation of water as a result of biological heat
production [12], and at the final day (83rd day) of the process reached 32.7-37.6% and 20.7-26.3% in ASP and W
piles, respectively which indicates that no intensive biological process can take place in such low moisture contents
[1].
In the initial stage of composting the pH decreased
slightly due to the formation of acids resulted from the decomposition of OM. Afterward, intense activity of proteolytic bacteria and degradation of short chain fatty acids

along with the transformation of organic nitrogen to ammonia were led to increase in pH [1, 12]. Thereafter,
through ammonia volatilization and its oxidation to nitrates
by the action of nitrobacteria [1], the ammonia content and
thus the pH gradually decreased in both trials and reached
to neutrality at the end of the composting process (values
between 7.5 and 8). These results are consistent with the
results of Rihani et al. [1] and Tognetti et al. [24]. They
reported that the decrease of pH at the final stage of composting indicates the production of humic matter which
acts as buffer. The composts obtained from 2:1 and 3:1
mixtures showed pH values that were suitable from an agricultural point of view, and were within the range of values currently found for this type of waste [1, 5, 12]. The
trend of this parameter during composting was similar in
all the composting piles regardless of the proportion of
bulking agent or the aeration method. Therefore it can be
concluded that bulking agent ratio did not have a significant influence on pH, which confirmed results of Ponsa et
al. [4], but in contrary to the findings of Yanez et al. [27].
Compare with other organic wastes, ADS is characterized by its high nitrogen content, and the nitrogen occurring mostly in the organic form [5]. The quantity and form
of nitrogen present in compost is important in determining
the product quality [1, 12, 28]. The addition of bulking
agent had a diluting effect on total kjeldahl nitrogen (TKN)
content, since the value for 3:1 mixtures (1.04%), with
lower amounts of ADS, was lower than in the 1:1 mixtures
(2.14%), which is consistent with the Yanez et al.(2009)
results [4]. TKN in the products was 2.65%, 2.09%, and
1.62% for 1:1, 2:1, and 3:1 ASP, respectively, and 2.73%,
1.12%, and 1.97% for the 1:1, 2:1, and 3:1 W, respectively
which have a good compliance with the findings of
Tognetti et al. [24]. A decrease in TKN may be expected
due to the mineralization of nitrogen and transformation to
ammonia and afterward nitrates [12]. However, this trend
was not observed and the TKN concentration during composting remained constant or even increased in some piles
by the end of process. The TKN increase generally was
observed in the piles in which the OM reduction had been
particularly observed, which is compatible with the results
of Banegas et al. [5] and Chazirakis et al. [12]. Banegas et
al. [5] and Rihani et al. [1] reported that because of the OM
mineralization and consequent decrease of weight in the
mass being composted, there is an increase in total nitrogen
concentration in terms of dry weight.
The nitrogen is mostly metabolized to ammonium
(ammonification) during composting [1]. Tognetti et al.,
[24] reported that during the composting process, the ammonium content decreased and nitrate concentration increased. High initial ammonium contents were observed in
the primary stages of composting process. The solubilization of the ammonia led to the formation of ammonium and
an increase in the pH values in the composting mixtures.
However, ammonium concentration decreased from 1131,
624, and 596 mg/kg at first day to 320, 143, and 146 mg/kg
in 1:1, 2:1, and 3:1 ASP, respectively and from 1219, 766,
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and 485 mg/kg to 286, 166, and 204 mg/kg in 1:1, 2:1, and
3:1 W, respectively at the final day of composting. The decrease in ammonium content was mainly due to the stimulation of nitrification and immobilization by microorganisms and partly caused by volatilization of gaseous ammonia, as a result of slight alkaline pH of the compost. The
highest initial concentrations of ammonium corresponded
to the 1:1 treatments, but all treatments reached similarly
low values at the end of composting process. The 2:1 mixture in W method showed the highest ammonium depletion. Apparently, the concentrations of this parameter were
below the recommended value (< 400 mg/kg) for the stable
compost [24], which shows a stabilized compost product in
all mixtures at the final stage.
The concentration of nitrate was very low at the beginning of the composting process and increased after 83 days of
composting from 69, 64, and 111 to 467, 268, and 376 mg/kg
in 1:1, 2:1, and 3:1 ASP, respectively and from 83, 86, and
58 to 545, 508, and 444 mg/kg in 1:1, 2:1, and 3:1 W, respectively at the end of process. An increase in the nitrate
concentration was observed, but this increase in 2:1 and 3:1
piles for both trials, was low compared to the ammonium
depletion. The 1:1 piles yielded higher nitrate content in
the final composts than the 2:1 and 3:1 mixtures, which
probably was the result of the higher amount of ADS in the
1:1 piles with higher amount of organic nitrogen. Comparing the piles, nitrification process was favored in W mixtures. The degree of stability and maturity of the compost
is also related to the NH /NO ratio (nitrification index),
which ratios lower than 0.5 is indicative of mature compost
[1]. NH /NO ratio decreased from 5.35-9.75 and 8.368.92 in the initial mixtures to 0.39-2.72 and 0.33-1.92 for
ASP and W, respectively (Table 2). According to the
NH /NO ratio the 2:1 W and 3:1 ASP piles with ratio of
0.33 and 0.39 have the greatest maturity, respectively.
3.4. Respiratory activity

The respiration activity in terms of SOUR is widely
used to monitor microbial activity and OM decomposition
during composting [14, 27]. The changes in SOUR over

TABLE 2 - Evolution of C/N ratio and
Days
1
8
13
19
26
33
41
47
54
68
83

ASP 2:1
28
24.5
23.4
18.4
17.1
16.2
14.1
13.6
13.6
12.1
10.5

C/N ratio
ASP 3:1
41.3
31.7
24.6
22.1
19.8
20.2
19.1
15.6
13.8
11
10.8

W 2:1
28
23.9
18.9
16.6
12.3
10.8
11.7
11.3
14.5
12.9
12.2

time are shown in Fig. 2. In our study the SOUR of raw
ADS was between 10.8-13.5 mg O2 g VS-1 h-1. According
to Gomez et al.(2006), the SOUR of raw WS may vary in
the range of 10 to 20 (or more) mg O2 g VS-1 h-1, but an
effectively processed compost should display a value of
less than 3 mg O2 g VS-1 h-1 following two months of processing [29]. An increase in the respiration rate was observed in the early stages of composting. The highest
SOUR values were recorded during the thermophilic decomposition phase due to the higher microbial activity. Afterward, SOUR decreased in 2:1 and 3:1 mixtures, as did
temperature and OM content, indicating a decrease in biodegradable OM. At the latest stage of composting process
(days 54-83), a slightly increase of SOUR was observed for
both trials, which may be attributed to the degradation of
slowly biodegradable compounds [27]. Comparing the
piles, it seems that higher SOUR values were achieved in
the thermophilic phase for W (Fig. 2).
However, during composting of 1:1 and control mixtures the SOUR did not change significantly in the thermophilic phase, and only a slight increase in SOUR occurred
after 30-40 days of composting (data not shown). In addition, final SOUR values in control and 1:1 mixtures were
higher than those established in the standards for mature
composts (0.5–1.5 mg O2 g VS-1 h-1) which confirms the
low biological activity in these piles and unfinished composting process [2, 18]. In the 1:1 mixtures, with higher
proportion of ADS, microbial activity may hindered due to
the inhibitory effect of reducing compounds as a consequence of anaerobic digestion [5]. These results suggested
that biological activity in 2:1 and 3:1 mixtures were higher,
since SOUR is usually considered as an indicator of the
microbial activity of the compost. Furthermore, at the final
stage of composting, the mixtures in windrows showed
lower SOUR values than the static piles (Fig. 2), which can
be explained by the higher microbial activity in the windrows as a consequence of better supplying of oxygen and
faster stabilization in the windrows. Although the 3:1 and
2:1 mixtures had a similar final SOUR close to 1 mg O2 g-1
VS h-1, only W, with a SOUR of 1.2-1.3 mg O2 g-1 VS h-1,

/

W 3:1
41.3
36.2
26.5
23.3
19.4
18.3
15.8
16.7
15.5
12.9
8.5
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ratio during composting process

ASP 2:1
9.75
6.07
4.19
4.12
2.21
1.42
1.37
1.32
0.81
0.63
0.53

NH /NO ratio
ASP 3:1
W 2:1
5.35
8.92
4.44
7.80
3.28
5.81
1.91
4.32
1.68
2.18
1.59
1.91
1.43
1.66
1.04
1.42
0.67
1.30
0.67
0.70
0.39
0.33

W 3:1
8.36
5.62
5.23
1.97
1.82
1.43
1.30
0.97
0.91
0.69
0.46
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FIGURE 2 - SOUR variations for ASP and W mixtures with 2:1 and 3:1 proportions of GPW: ADS. (ASP2 and ASP3: aerated static piles of
2:1 and 3:1 mixtures, respectively. W2 and W3: windrows of 2:1 and 3:1 mixtures, respectively).

TABLE 3 - Microbial indicators, Heavy metals and GI in the final compost products (after 83 days of composting)
Aerated static piles
Control
1:1
2:1
Total coliforms a
21.43
23.47
39.8
3.06
3.06
3.06
Fecal coliforms a
ND
ND
ND
Salmonella b
c
1280
720
690
Zn (mg/kgDW )
Cu (mg/kgDW)
365.7
280.6
10
Ni (mg/kgDW)
108.2
87.5
73.7
Pb (mg/kgDW)
114.8
102.1
98.3
Cd (mg/kgDW )
4.6
1.9
1.8
Cr (mg/kgDW)
110.3
84.3
71.1
G I (%)
0
20
80
a
(MPN/gDW), b(MPN/4gDW), c dry weight, ND = not detected

had a value lower than the limit established to qualify the
compost as stable product [18]. However, the effectiveness
of this parameter for the evaluation of stability in compost
is controversial, since different trends have been found depending on the aeration method and starting feedstocks [3,
24]. SOUR evolution in the mixtures was also dependent
on the GPW: ADS ratio and non-similar trends were found
for different mixtures, which confirms the results of Yanez
et al. [4].
3.5. Quality assessment of the composted sludge

Seed germination bioassay is commonly used as a
compost maturity test. The seed germination test helps us
to establish the efficiency of the composting process for removal of phytotoxic substances. The results of phytotoxicity analysis are presented in Table 3. No inhibitory effect
on seed germination being observed in 2:1 and 3:1 mixtures at different aeration methods. Results showed that the

3:1
94.9
3.67
ND

Control
3.67
3.06
ND

490
164.8
62.7
80.8
1.2
63.1
80

1240
319.2
163
160.4
6.1
103.4
0

Windrows
1:1
2:1
244.9
3.64
ND
3.06
ND
ND

3:1
ND
ND
ND

720
131.3
113.7
88.3
1.76
40.7
30

430
89.4
61.3
72.2
1.28
31
90

470
104.2
81
79.5
1.35
32.1
100

cress seeds were not germinated in control samples due to
the phytotoxic effect of inhibiting substances such as ammonia and other toxic substances derived from the anaerobic digestion. In the 2:1 and 3:1 mixtures this toxic effect
would be diluted by the higher proportion of bulking agent.
The results revealed that germination percentage in 3:1 and
2:1 piles was over 50%. It should be noted that this percentage in the W mixtures was higher than that obtained in
ASP (Table 3). The 2:1 mixture in windrows showed the
highest germination index value, presumably due to the appropriate mineralization.
One of the major concerns in land application of WS
compost is the presence of high concentrations of heavy
metals, which can penetrate the soil and may affect soil
properties, plant growth and human health [1, 8, 30]. As
described by several studies, the most important heavy
metals which are present in WS are including lead (Pb),
zinc (Zn), cadmium (Cd), chromium (Cr), copper (Cu), and

2412

© by PSP Volume 24 – No 7. 2015

Fresenius Environmental Bulletin

nickel (Ni) [1, 8]. Concentration of these heavy metals in
the end-product of composting piles has been evaluated as
shown in Table 3. Heavy metals concentration of compost
products were found in levels lower than the international
limits approved by USEPA (1995) [31], due to the fact that
the main load of the treated wastewater was municipal sewage. According to these limits, all composts could be classified as type A compost. Some studies [8, 30] confirmed
that the concentration of heavy metals in municipal WS
compost is in the acceptable limits. Heavy metals are much
less soluble at high pH levels of compost, making them less
bioavailable in soil [8]. Other studies [1, 8] have demonstrated that the types of composting, raw materials, and
bulking agents are major parameters could influence the
metal concentration in composted materials. Smith [8] has
reported that aerobic composting processes compared to
other waste stabilization methods increase the complexation of heavy metals in organic residuals and limiting their
solubility and bioavailability in soil.

dian, Mr. Rabierad, Mr. Amini, and Ms. Javadi, from Isfahan Water and Wastewater Co., for technical support and
Mr. Farrokhzadeh, Ms. Vahid Dastjerdy, and Ms. Hatamzadeh for their assistance in supplying laboratory facilities
of this research and valuable advice.

One of the problems posed by the direct use of WS in
agriculture is the risk of plant and human contamination by
pathogens [1, 5]. For compost sanitation, the EPA recommended a limit of 103 MPN g-1 (dry weight) for fecal coliforms and 3 MPN 4g-1 (dry weight) for Salmonella [31].
The results of our study revealed that the density of these
indicators in all the final composts was below the limits
(Table 3). As shown in Table 3, the material in control pile
was also sanitized, probably due to reduced moisture and
solar disinfection. The results revealed that both composting processes are quite efficient in the removal of indicator
and pathogenic microorganisms. Even though efficient reduction of pathogens was achieved in both systems, windrow method, due to the higher temperatures with longer duration, is a more reliable method to achieve USEPA [31]
class A compost requirements.

4. CONCLUSIONS
The present study showed that W method was superior
to the ASP for ADS composting. Application of GPW, as
a low cost bulking agent, in 2:1 and 3:1 ratios of GPW:
ADS strongly enhanced the OM mineralization through
moisture reduction, improved air distribution, and better
microbial activity. A high degree of stability and maturity
was achieved in 2:1 (GPW: ADS) W in terms of OM content reduction, final SOUR value, NH /NO ratio, C/N ratio, and GI. The final compost product was also well sanitized as a result of the high temperatures achieved.
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ADSORPTION OF CARMINE ON ETHYLENEDIAMINE
MODIFIED PEANUT HUSK FROM AQUEOUS SOLUTION
Yinghua Song*, Xi Zhang, Mei Ye, Hui Xu and Jianmin Ren
Department of Chemistry and Chemical Engineering; Chongqing Key Lab of Catalysis &
Functional Organic Molecules, Chongqing Technology and Business University, Chongqing 400067, China

ABSTRACT
A new adsorbent was synthesized from peanut husk, an
agricultural by-product, in which epichlorohydrin was used
as a cross-linking agent and ethylenediamine as a modification agent. Factors affecting the adsorption behavior of this
adsorbent for carmine in aqueous solution, namely, pH value,
adsorption time, temperature and initial carmine concentration were evaluated through experiments in a batch system. It was concluded that the maximal adsorption capacity
of this adsorbent for carmine was 95.2 mg / g at 303 K,
which was improved 17.6 times as much as that of the unmodified peanut husk. The Langmuir isotherm model can
provide a better description for the adsorption equilibrium
when it was compared with the Freundlich equation under
the conditions of the present study. In order to examine the
controlling mechanisms of the process, kinetic equations of
the mass transfer and chemical reaction, the Largergren first
order model, the pseudo-second order model and the intraparticle diffusion model were used to correlate the experimental data. It was found that the intra-particle diffusion is
the significant controlling step under the experimental conditions but it was not the unique one and it accompanied
with chemical reactions. It showed that the peanut husk
modified with ethylenediamine had good performance for
removal of azo-dye and can be used as a highly efficient
biomass adsorbent to treat dyes-containing wastewater.

KEYWORDS: peanut husk; ethylenediamine; modification; adsorption; carmine

1. INTRODUCTION
Synthetic dyes are widely used in various industries,
such as paper, textiles, leather, plastics, printing and cosmetics. The discharged colored wastewater not only causes
serious environmental issues, but also hazards human beings’ health due to their toxicity and carcinogenicity [1, 2].
Such effluent must be treated before discharged into the
environment. But many synthetic dyes are difficult to be
* Corresponding author

degraded because of their complex aromatic species and
xenobiotic properties. Among the most useful dyes, there
is carmine that is used as an additive in pharmaceutical tablets and capsules, in confectionery items and etc. It has
been shown that carmine may cause increasing risk of cancer and many other diseases due to its carcinogenic and
mutagenic characteristics.
There are many physical and chemical processes available to remove dyes, such as advanced oxidation, combined chemical and biochemical process, adsorption membrane filtration, aerobic and anaerobic digestion. Nowadays activated carbon works as adsorbent to remove dyes
in most commercial systems because of its high adsorption
ability. But the processing costs are still expensive. So people try to develop cheaper and effective adsorbents to remove dyes and find an alternative method from different
starting materials such as bagasse pith [3], rice husk [4],
clay [5], sawdust [6], hen feather [7], polar leaf [8], papaya
seed [9], and etc.
Peanut husk, an agricultural by-product available in
large quantity in China, is often burned and discarded directly, which produced waste gas and dust. Fortunately, a
possible solution to utilize peanut husk as an adsorbent has
been found to remove contaminants in waste water. Peanut
husk was introduced directly as a low-cost adsorbent for
the efficient removal of Sunset Yellow dye in aqueous solution [10]. However, raw peanut husk cannot be used as a
good natural adsorbent due to two major limitations.
Firstly, on its contact with water, there is a leaching of yellowish color into solutions; secondly, on its prolonged contact with water, peanut husk tends to scatter. Researchers
have studied the removal of heavy metals [11], phenol [12]
and dyes [13, 14] by partially carbonized peanut husk or by
activated carbon from peanut husk. The purpose of this
work was to produce a new adsorbent from peanut husk
chemically modified with ethylenediamine and the adsorption of carmine on it was investigated. The experiments
were done in the same batch system to evaluate the adsorption capacity of the adsorbent, and the adsorption of carmine was studied on account of the initial carmine concentration, pH, adsorption time and temperature. The equilibrium of adsorption was modeled with the Langmuir and the
Freundlich isotherms. The kinetic parameters and intraparticle diffusion were also determined for this process.
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The adsorption capacity q (mg·g-1) was calculated as
follow:

2. MATERIALS AND METHODS
2.1. Preparation of Ethylenediamine Modified Peanut Husk
(EMPH)

The peanut husk used in this study was purchased from
a farmers’ market in Chongqing, Rep. of China. The peanut
husk was first washed copiously with distilled water to remove dust and impurities and dried at 60 in an air circulating oven. In order to receive uniform modification and
reproducible results, the peanut husk was sieved into 4060 meshes before modification. 2.0 g (dry weight) of
the raw peanut husk was mixed with a solution of NaOH
(45 mL, 1 mol·L-1) and epichlorohydrin (30 mL), then the
mixture reacted for 2 h at (45 ± 1) . The biomass residue
was rinsed with distilled water and oven-dried.
Then 2.0 g (dry weight) of the epichlorohydrin crosslinked peanut husk was heated at 55 with 100 mL of sodium carbonate solution (0.1 mol·L-1) and 2.5 mL of ethylenediamine for 90 minutes. The peanut husk (EMPH) modified
with ethylenediamine was washed thoroughly with distilled
water, filtered and then oven-dried and stored in a desiccator.
The general reaction scheme can be expressed as [15, 16]:
O

O
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OH + Cl

CH2

CH

CH2

NaOH
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O

CH2

CH

CH2

OH
NH2CH2CH2NH2 , NaCO3 Cell
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CH2
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CH2

NHCH2CH2NH2

q

2.3. Batch adsorption studies

Batch adsorption experiments were conducted in
100mL conical flasks containing 0.1 g of EMPH and carmine solutions (30 mL) of the desired concentration at constant temperature. The flasks were oscillated on a shaker at
constant 150 rpm shaking rate for given time. Samples
were taken out from mixture and centrifuged and the supernatant liquid was analyzed spectrophotometrically at
508 nm to determine the residual dye concentration in the
system. All the experiments were carried out twice in parallel and average values were calculated further. For kinetic studies, a series of flasks for each initial concentration
were prepared, each data point at pre-determined time interval was obtained from an individual flask and therefore,
no correction was necessary due to withdrawal of sampling
volume. For isotherms studies, a series of solution containing 30 mL of carmine in the range of 250 - 1000 mg·L-1
were prepared. EMPH (0.1 g) was added to each solution
and then the mixtures were agitated at temperature of 293,
303 and 313K respectively for 24 h.

(1)

where c0 and ct are the initial concentration and the
concentration at t moment (mg·L-1); v is the volume of carmine solution used (L); and m is the mass of the dry EMPH
used(g).
2.4. Adsorption isotherms

The Langmuir and the Freundlich isotherms are the
most widely used isotherms since they can be applied to a
wide range of adsorbate concentrations. The linear form of
the Langmuir equation is generally accepted in the following variation:

ce
1
c

 e
qe K L qmax qmax

(2)

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

1
ln qe  ln k F  ln Ce
n

2.2. Chemicals

Stock solution was prepared by dissolving 1.0 g of carmine dye in 1000 mL of twice-distilled water. The test solutions were prepared by diluting the stock solution to the
desired concentration. All reagents used in this study were
of analytical reagent grade and used without further purification. The initial pH was adjusted to the pre-determined
value (2.00 - 12.00) ± 0.10 using NaOH or HCl solutions
prior to the addition of adsorbent.

v (c0  ct )
m

(3)

where kF (L·mg-1)and n (dimensionless) are the Freundlich adsorption isotherm constants, indicating the capacity
and intensity of the adsorption, respectively.
2.5. Adsorption Kinetics

In order to examine the controlling mechanism of this
process, pseudo-first order, pseudo-second order and intraparticle diffusion kinetic equations were used to correlate the
experimental data. The pseudo- first order kinetic model was
suggested by Lagergren [17] for the adsorption of solid/liquid systems and its integrated form is given below:

ln(q e - q t ) = lnq e - k1t

(4)

where qt(mg·g-1) is the adsorption capacity at time t
(min-1) and k1 (min-1) is the rate constant of the pseudo-first
adsorption.
The kinetic data were further analyzed with Ho’s
pseudo-second order kinetics model [18] expressed as:

1
t
t


qt qe k 2 qe2

(5)

The adsorption process follows generally three consecutive steps of external diffusion, intraparticle diffusion and
actual adsorption. One or more of these steps control the
adsorption kinetics altogether or individually. The kinetic
data were also be analyzed by intraparticle diffusion kinetics model [19] to determine the rate controlling step:
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qt  k p t 1 / 2  C

(6)

where kp (mg·min-1/2·g-1) is the intraparticle diffusion
rate constant and C (mg·g-1) is a constant, k2 (g·mg-1·min-1)
is the rate constant of the pseudo-second order adsorption.
For elucidation of the adsorption rate controlling
mechanism, the Wünwald-Wagner intraparticle diffusion
model was also proposed to give the intraparticle diffusion
coefficient, D(cm2·s-1) [20]:

lg(1 

qt
6
4 2 D
)  lg( 2 ) 
t
qe

2.303d 2

ture 303K. According to the results (Fig. 2), the removal of
carmine was faster in initial 150 minutes and then became
slower and finally reached equilibrium at approximately
1200 minutes. During initial stages, a large number of vacant sites were available on the surface of EMPH and the
adsorption of carmine was very quick. Then the adsorption
process became slower due to gradual occupancy of these
sites. With increasing time, the occupation of the remaining vacant sites was more difficult due to increased repulsive forces between dye molecules and bulk solution.

(7)

100

where d (cm) is the mean particle diameter.
qt / mg.g

-1

80

3. RESULTS AND DISCUSSION
3.1. Effect of initial pH of solution

The pH value of the solution was an important factor
that must be considered in the adsorption process. The initial pH of the working solutions was adjusted to between
pH 2.0-12.0 by addition of diluting HCl or NaOH solution.
The effect of pH on the adsorption of carmine was shown
in Fig. 1.
As shown in Fig. 1, a sharp decrease in the adsorption
capacity occurs as the pH of the initial solution was increased from 2.0 up to 4.0, beyond which the adsorption
capacity remains almost constant. For the subsequent studies, pH 2.0 was selected as an optimal pH value.
The higher adsorption capacity of carmine at low pH
may be due to the enhanced protonation of -NH2 at the surface of the EMPH. It contributed to the preferential adsorption of the negative dye ions to positive active sites and facilitates the diffusion process in the working solution. As
increasing pH, protonation reduces and electrostatic repulsive force becomes dominant, which inhibits the diffusion
and adsorption of carmine on EMPH.
100

qe / mg.g

-1

80
60
40
20
0

2

4

6

pH

8

10

12

14

FIGURE 1 - Effect of pH on the adsorption of carmine (T = 303K, c0
= 396.3 mg·L-1, contact time = 24 h, rpm = 150)
3.2. Effect of contact time

Removal of carmine by EMPH was performed with
three different initial carmine concentrations at tempera-

60

□ 563.3 mg·L-1
■410.7 mg·L-1
○254.1 mg·L-1

40
20
0

300

600
900
t / min

1200

FIGURE 2 - Effect of contact time on the adsorption of carmine (T =
303K, pH = 2.0, rpm = 150)

Fig. 2 also shows that the equilibrium capacity of EMPH
increased from 71.48 to 86.15 mg·g-1 as increasing initial concentration of carmine because the initial carmine concentration provides an important driving force to overcome all mass
transfer resistance. The increase of loading capacity of EMPH
with increasing carmine concentration may also be derived
from the higher interaction between carmine and EMPH.
3.3. Adsorption isotherm parameters

The experimental adsorption isotherms of EMPH at
different temperatures are depicted in Fig.3. According to
Fig.3, the adsorption of carmine onto EMPH was enhanced
by increasing the temperature from 293 K to 313 K at different initial dye concentration. The Langmuir and the
Freundlich adsorption isotherms were used to evaluate the
adsorption equilibrium data. The Langmuir plot of ce / qe
against ce yields straight lines (Fig.4). The isotherm constants and correlative coefficients were tabulated in Table 1.
The correlative coefficient R2 values in Table 1 confirm
that the adsorption equilibrium data fitted very well with
the Langmuir model under the studied conditions. This indicates uniform adsorption and strong dye-adsorbent interactions over the surface of the adsorbent. The maximum
monolayer capacity of EMPH is determined as 87.7, 95.2
and 101.0 mg·g-1 for 293, 303 and 313 K, respectively,
which suggests an endothermic process. The values of
Freundlich constant, kf, increased with increasing temperature and showed easy uptake of carmine by EMPH. All n
values were found to be greater than 1, which indicated a
favorable adsorption condition during the process.
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FIGURE 3 - Adsorption isotherms of Carmine on EMPH at different
temperatures (pH = 2.0, contact time = 24 h, rpm = 150)

FIGURE 4 - Linear fit of the Langmuir isotherm

TABLE 1 - Langmuir and Freundlich isotherm constants of carmine on EMPH.
Langmuir constants
Freundlich constants
qmax / mg · g-1
KL / L· mg-1 R2
n
kf
R2
293
87.7
15.0
0.9989
5.2
86.4
0.9623
16.3
303
95.2
0.9964
5.3
99.0
0.9880
313
101.0
24.8
0.9980
7.9
101.3
0.9687
1.0
5.4
0.9991
3.3
6.75
0.7968
303*
(303*——Isotherms regression data of the unmodified peanut husk at 303 K)
T/K

Table 1 also showed that the maximal adsorption capacity of EMPH for carmine was 95.2 mg · g-1 at 303 K,
which was improved 17.6 times as much as that of the unmodified peanut husk (5.4 mg · g-1).

20

3.4. Kinetic parameters of adsorption

10

t / qt

□ 563.3 mg·L-1
■410.7 mg·L-1
○254.1 mg·L-1

5
0

500

1000
t / min

1500

2000

FIGURE 5 - Pseudo-second order adsorption kinetics

100

-1

80

qt / mg.g

In order to investigate the adsorption process of carmine onto EMPH, the pseudo first-order, the pseudo second-order and the intraparticle diffusion model were used
to correlate the experimental data of Fig.2.
The values of k1 ,qeq and correlative coefficients of the
pseudo first-order model were listed in table 2. Low correlative coefficients and a large difference of equilibrium adsorption capacity (qe) between the experiment and calculation reveal a poor fit to the experimental data, which indicate that the film mass transfer can be ignored under the
present experiment conditions.
The rate constant k2, the qe value and correlative coefficient R2 of the pseudo-second order kinetics were calculated from the linear plots of t/qt against t (Fig.5) and the
results were given in table 2. The correlative coefficients
are all greater than 0.99 and the calculated qe values are
also very close to the experimental data, which indicated
that the pseudo-second order model can provide a perfect
fit to the experimental data. The adsorption of carmine onto
EMPH can be considered as a chemical reaction between
carmine and EMPH based on electron exchange or charge
sharing [21].
The possibility of intraparticle diffusion cannot be overlooked because of the long adsorption equilibrium time in

15
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20
0

0

5
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15 20 25
1/2
1/2
t / min

30

35

40

FIGURE 6 - Intra-particle diffusion model plots at different initial
concentrations
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TABLE 2 - Statistical results of the application of the kinetic models
254.1
3.9
39.3
0.9536

Initial carmine concentration / mg·L-1
410.7
3.7
35.7
0.8589

3.3
73.5
0.9987
26.6
2.0
0.9588

3.6
82.6
0.9992
36.8
2.0
0.9706

563.3
2.8
29.3
0.9252
4.2
88.5
0.9996
49.3
1.8
0.9684

5.2

4.1

3.4

-0.5877
0.9568

-0.7016
0.9561

-0.7202
0.9557

71.8

81.0

87.4

Model
First order kinetic

k1 (10-3)
qe,cal
R2

Rate constant, min-1
Equilibrium capacity, mg·g-1
Correlation coefficient

Second order kinetic

k2 (10-3)
qe,cal
R2
kp
C
R2

Rate constant, g·mg-1·min-1
Equilibrium capacity, mg·g-1
Correlation coefficient
Rate constant, mg·min-1/2·g-1
Intercept
Correlation coefficient
Effective diffusion coefficient,
cm2·s-1
Intercept
Correlation coefficient
Experimental data of the
Equilibrium capacity, mg·g-1

Intraparticle diffusion
Wünwald-Wagner
intraparticle diffusion

D (10-10)
R2

qe,exp

the present study. For obvious illustration of this, intraparticle diffusion model was proposed to describe the adsorption process (Fig.6). The time dependence of qt in
Fig.6 could presented two straight lines which could be
well fitted linearly. The multi-linearity suggested that the
intraparticle diffusion was dominant in carmine adsorption.
The qt in the first portion showed a rapid increase with
time, which was attributed to the rapid external diffusion
of dyes to the surface of EMPH. The second portion corresponded to the intraparticle diffusion effect. The values of kp,
C and correlation coefficients were also shown in Table 2. It
is found that correlation coefficients for the intraparticle diffusion model were all greater than 0.95. However, the linear plots did not pass through the origin of coordinates,
which indicated that the intraparticle diffusion was not the
sole rate-controlling step. A similar finding was observed
for the adsorption of methylene blue by polar leaf and the
adsorption of sunset yellow by peanut husk [8,10].

intra-particle diffusion, accompanying with chemical reactions. The results of the study indicated EMPH can be used
as an effective adsorbent for dye removal.
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Table 2 also listed the calculated results of WünwaldWagner intraparticle diffusion model. The values of the internal diffusion coefficient fall well within the magnitudes
reported in literature [20], which suggested that the adsorption of carmine should be governed by intraparticle diffusion mechanism.
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