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A STUDY INTO SOLIDIFICATION OF
MUNICIPAL SOLID WASTE INCINERATOR FLY ASH
IN LOW-CLINKER SLAG CEMENTITIOUS MATERIALS
Huatang Yu1, Wenshi Liu1, Ian Beadham2, Yun Deng3 and Haobo Hou1,*
1

School of Resource and Environmental Sciences, Wuhan University, Wuhan 430079, China
2
Manchester Metropolitan University, Oxford Road, Manchester M15 6BH, UK
3
Nanjing University, Nanjing 210093, China

ABSTRACT
Both the chemical composition and leachability of
heavy metals in fly ash from a municipal solid waste incinerator (MSWI) were monitored over a period of 28 days.
The leachability of heavy metals from fly ash did not exceed the toxicity characteristic leaching procedure (TCLP)
regulatory limit (5 mg/l) except in the cases of Pb
(25.12 mg/l) and Cr (45.66 mg/l). X-ray diffraction
demonstrated that solidified products in the fly ash included C-S-H gel, ettringite class minerals, and Friedel’s
salt. In-corporation of 20% fly ash into portland cement
reduced the strength of the cement by 28.4% after 7 days
and by 31.2% after 28 days, compared with a control sample without fly ash. Scanning electron microscopy indicated that higher levels of hexagonal platy calcium hydroxide
crystals were present in a cement sample with 80% MSWI
fly ash than in a corresponding sample with 20% fly ash.
Ettringite class minerals were also present at higher levels
in the 80% fly ash sample and had a finer, needle-like
structure. A sequential extraction test further suggested
that Cr and Pb may pass from unstable to stable states in
the solidification / stabilization process.

KEYWORDS: Slag cementitious materials with low clinker; MSWI
fly ash; Solidification/Stabilization; Heavy metals

1. INTRODUCTION
Waste incineration is of paramount importance to both
central government and pollution control scientists in China,
as it combines a rapid reduction in waste volume (70–
90%) with significant energy recovery [1]. However, incin* Corresponding author

eration also produces fly ash as a by-product, typically
amounting to 2% - 5% of the original mass of the waste.
Fly ash is classified as a hazardous substance under National Standards in China and also under the European
Waste Catalogue due to the enrichment of heavy metals
(e.g. Cd, Cr, Cu, Ni, Pb) [2] present in the ash, which
occurs during the evaporation - condensation process. Organochlorine compounds are also enriched in fly ash, and
levels of dioxins in the ash must be closely monitored [3].
It is therefore essential for MSWI fly ash to undergo treatment before it can be reused as a constituent of cementitious materials.
At present, conventional methods for MSWI fly ash
treatment rely on high temperature processing (including
melting, vitrification and sintering), chemical stabilization,
acid extraction, or solidification to form cementitious materials. Compared with the other three processes, incorporation of fly ash into clinker, the major component of cementitious materials, is the most economical and also is
much easier to operate. In so-called fly ash cement, or
'green cement', the sintered limestone / clay mix used to
make clinker, is partially replaced by fly ash.
Clinker is produced via a highly energy-intensive process which depletes natural resources and pollutes the environment. The massive demand for clinker imposed by
the construction industry has encouraged research into
alternative low-clinker cements with a reduced carbon footprint. Qiao et al. [4] have shown that the strength of cement
is reduced when some of the clinker in cement is replaced by
fly ash, and confirmed previous findings [5-7] that the
presence of heavy metals in the ash retards the hydration
of cement. Qiao's group tackled this problem by combining the fly ash with Ca(OH)2 and flue gas desulphurisation (FGF) sludge. The combination of fly ash, Ca(OH)2
and FGF prevented weakening of the cement and also
reduced leaching of metals to an acceptable level for endof-life disposal of cement in landfill [4]. Research is also
underway into finding more cost-effective sources of fly
ash as replacements for clinker. Aubert et al. [8] have
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identified municipal incinerators as a widely available and
economical source of fly ash of suitable quality for blending into cementitious materials.

2. MATERIALS AND METHODS
2.1 Materials

All chemicals used were of analytical grade and purchased from Shangfeng Chemical Company (China). Water
was distilled for all experiments.

Slag, a by-product of the iron and steelmaking industry, provides another important alternative cementitious
material, with a much more uniform composition than fly
ash. Moreover, slag-based cement can make up 50 to 80%
of the mass of concrete, whereas fly ash is only used to
the extent of 20 to 30% [9]. Slag may be used either alone,
or with a low content of clinker, and it is anticipated that
the introduction of slag cementitious materials will significantly reduce global greenhouse gas emissions [10].
Clinker content in 'slag cementitious material with low
clinker' (SCMWLC) is 25%, a level lying between the
clinker content in portland slag of 12-18% (usually 15%)
and that of 8-15% in gypsum cement (typically 10%).
The hydration products of SCMWLC include calcium
silicate hydrate, the same hydration product formed in
common cement, as well as a significant quantity of
ettringite [11]. Hills et al. [12] have reported that the delaying effect of heavy metals on the formation of ettringite
could be limited by the presence of gypsum. Ettringite is
capable of tolerating a significant degree of compositional
modification without altering its structure. Correspondingly, Cr, Pb and other heavy metals can be stabilised within ettringite via a process of isomorphous replacement
[13]. Zhang et al. [14] and Lan et al. [15] have successfully exploited isomorphous replacement within ettringite to treat wastewater containing heavy metals. Although solidification / stabilization of metals has also
been demonstrated for MSWI fly ash incorporated in
SCMWLC [1, 11] reports on this subject are scarce.

The composition (mass ratio) of the SCMWLC used
in this study was: 63% slag, 20% clinker, 8% gypsum, 6%
limestone and 3% homemade excitant. The mixture was
ground in a laboratory ball mill for 15 minutes. The residual solid remaining on an 80µm square hole sieve amounted
to 1.2% of the ground material and the Blaine specific surface value of the samples was 370 m2/kg. The chemical
composition of the SCMWLC was tested by XRF spectrometry (S4 PIONEER, Germany) and the data are recorded in Table 1.
The MSWI fly ash samples were collected from the
bag-filter of an electrostatic precipitator in Shenzhen Municipal Environmental Sanitation Complex. The chemical
composition of the MSWI fly ash was tested by XRF spectrometry (S4 PIONEER, Germany) and the results are presented in Table 1. The major mineralogical phases in the
ash, halite (NaCl), sylvite (KCl), calcite (CaCO3), α-quartz
(α-SiO2) and anhydrite (CaSO4), were determined using an
X-ray diffractometer (D/MX-IIIA, Japan) and are depicted
in Figure 1. After digestion in a (1:10:8 v/v/v) solution of
concentrated perchloric, nitric and hydrofluoric acids, the
heavy metal content of the MSWI fly ash was determined
inductively by coupled plasma-atomic emission spectrometry according to ASTM D6357-00a [16].

In this study, slag was used in combination with a small
amount of clinker, gypsum and homemade active excitant
(consisting of Na2CO3, NaOH, Na2SO4, KAl(SO4)2·6H2O
and K2CO3) to make SCMWLC suitable for solidifying /
stabilising MSWI fly ash. The compressive strength of the
solidified bodies was measured and the leachability of
heavy metals from the SCMWLC determined for 4 different percentages of fly ash, ranging from 10 to 40%. These
samples were compared with a control SCMWLC containing no fly ash, and the compressive strength and composition of each sample was recorded as curing occurred
over the course of 28 days. The hydration products of the
solidification / stabilization process were studied using Xray fluorescence spectrometry (XRF) and scanning electronic microscopy (SEM) to monitor the solidification
process microscopically. Stabilization of heavy metals
was studied using sequential extraction.

FIGURE 1 - XRD patterns of MSWI fly ash

TABLE 1 - Chemical composition of SCMWLC and MSWI fly ash (% dry weight)
Materials
SCMWLC
MSWI fly ash

w (CaO)
45.7
30.5

w (SiO2)
25.0
10.5

w (Al2 O3)
10.9
4.31

2964

w (Fe2O3)
2.51
2.11

w (MgO)
2.64
2.58

w (SO3)
5.85
7.65

w (Cl)
0.63
16.1
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TABLE 2 - Heavy metal content of MSWI fly ash (mg/kg)
Heavy metals
content

Ag
120

As
104

Ba
178

Cd
95

Cr
272

In a fumehood, MSWI fly ash (500 mg) in a teflon
crucible was first treated with deionized water (2-3 drops)
followed by hydrofluoric acid (8 ml), nitric acid (10 ml)
and perchloric acid (1 ml) and then heated to 100 °C for
1h. The temperature was then increased to 120 °C for
15 min until evolution of white smoke had ceased. Next,
the crucible was removed from the heat, and treated with
nitric acid (4 ml) and perchloric acid (1 ml). The contents
of the crucible were evaporated to a paste, then treated with
dilute nitric acid (5 ml) and warmed to 40 °C until the paste
had dissolved (10 min). The contents of the crucible were
further diluted with nitric acid (1%, 10ml) and then transferred into a volumetric flask, which was made up to 50 ml
with nitric acid (1%). Finally, the acidic liquor was filtered,
and the filtrate analysed by coupled plasma-atomic emission spectrometry. The results are recorded in Table 2.
2.2 Methods

MSWI fly ash was added into SCMWLC at ratios of
0%, 20%, 40%, 60% and 80% by dry weight, in samples
designated H0, H20, H40, H60 and H80, respectively.
These samples were mixed with 40% water (w/w ratio)
and then compacted into (7.07cm)3 cubic metallic moulds.
The SCMWLC samples were allowed to set under ambient
conditions, and then the hardened pastes were removed
from their moulds and cured for 28 days at 20 °C with a
relative humidity of 95%.
On days 7, 14 and 28, representative samples were
taken to measure compressive strength, using a Universal
Material Testing Machine (CRS-UTM200MA, China). Each
sample was placed on an uniaxial platform and gradually
pressurized to the point of sample breakage. The crushed
debris of the samples was used to determine the leachability of heavy metals by the TCLP method [17]. Mercury
concentrations were determined by cold vapour atomic
absorption spectroscopy (F732-G, China), while other
heavy metals were determined by inductively coupled
plasma atomic emission spectroscopy (PerkinElmer Optima 4300 DV, USA). Hydration of the samples of debris
was terminated by addition of ethanol and the debris was
then dried at 40 °C for 6 h. A portion of the treated debris
was analyzed using SEM (JSM-5610LV, Japan), while a
second portion was first ground with acetone in an agate
mortar until it passed through a 45 µm sieve and then
analyzed by XRD (D/MX-IIIA, Japan).
Stabilization of heavy metals was studied using the
sequential extraction method described by Tessler et al.
[18]. Using Tessler's method, a series of extractants with
pHs ranging from neutral to strongly acidic were used to
separate metal ions from the debris to establish the con-

Hg
195

Pb
1100

Se
95

Cu
525

Zn
4302

Mn
2984

centration of each metal, and assess its potential for leaching.
The extractants used were: (i) Exchangeable Metals –
magnesium chloride (8 ml, 1.00 M (aq), pH 7.0) at room
temperature for 1 h; (ii) Metals Bound to Carbonates –
sodium acetate (8 ml, 1.00 M (aq), adjusted to pH 5.0
with acetic acid) at room temperature for 2 h; (iii) Metals
Bound to Fe-Mn Oxides – NH2OH-HCl (20 mL, 0.04 M
in 25% (v/v) acetic acid at 96 ± 3 °C for 2 h); (iv) Metals
Bound to Organic Matter - HNO3 (3 mL, 0.02 M) and 30%
H 2O 2 (5 mL) adjusted to pH 2 with HNO3, at 85 ± 2 °C
for 2 h, then a second 30% H2O2 aliquot (3 mL, adjusted to
pH 2 with HNO3,) at 85 ± 2 °C for 3 h, NH4OAc (5 mL,
3.20 M) to prevent adsorption of extracted metals into the
oxidized sediment in 20% (v/v) HNO3(5 mL) added after
cooling for 30 min; (v) digested by HF-HClO4 (4mL,
1:1(v/v) ) at 96 ± 3°C for 1 h.
3. RESULTS
3.1 Compressive strength

Compressive strength was plotted as a function of curing time for each of the solidified compositions, as shown
in Figure 2. The compressive strength of H0 had reached
28.2 MPa after 7 days, and increased to 36.0 MPa after
28 days, indicating that the slag was sufficiently activated.

FIGURE 2 - Compressive strength development of solidified products

As expected, for H0, the control sample without fly
ash, compressive strength increased from 1 MPa at time
zero to 36.0 MPa by day 28. However, incorporation of
MSWI fly ash reduced compressive strength considerably. For a sample containing 20% fly ash (H20), compressive strength was reduced to 71.6%, compared with H0
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after 7 days and to just 68.8% after 28 days. Introduction
of 80% fly ash (H80) reduced compressive strength to
90%, compared with H0 after 7 days, and to just 68.8%
of the strength of H0 after 28 days. It is likely that this
reduction in strength occurs as a result of decreased levels
of cementitious materials and increased levels of inorganic salts, which disrupt or delay hydration, including
chlorides and heavy metals. Some research groups have
reported that MSWI fly ash exhibited pozzolanic activity,
however any improvement in compressive strength from
pozzolanic reactions was found to be negligible, compared with the detrimental effects of heavy metals [19,
20]. Nevertheless, the compressive strength of H80 after
28 days remained above 1.2 MPa, exceeding the minimum landfill requirements of the U.S. Environmental Protection Agency.
3.2 Leachability of heavy metals

In heavy metal leachability tests, concentrations of
Ag, As, Se, Hg and Cu remained below the detection
limits, while Ba and Cd did not exceed TCLP regulatory
limits. Only Pb and Cr were present at levels exceeding
the TCLP threshold (Table 3). Ma et al. [21] reported a
similar finding that stabilization of Cr and Pb was less
effective than for Cd. Since high levels of Pb and Cr were
detected in our leachability tests, these metals were monitored in order to determine the effectiveness of the stabilization process under varying conditions of curing time
and composition.

3.3 Solidification products

The XRD patterns of the crushed solidified products
of SCMWLC (Figure 3) and SCMWLC containing 80%
MSWI fly ash cured over different periods of time, are
shown in Figure 3. The solidified products of SCMWLC
over corresponding periods of time were similar and contained mostly ettringite (C3A·3CaSO4·32H2O) and calcite
(CaCO3), together with calcium silicate hydrate gel (C-SH), which forms as a result of hydration, and increases the
compressive strength of the cement. However, the products containing 80% MSWI fly ash were more complex
(Figure 3) with varying amounts of NaCl, SiO2 and CaCO3, which are ordinarily present in MSWI fly ash, as
well as C-S-H gel and ettringite (C 3A·3CaSO 4·32H 2O)
formed during solidification. In addition to these minerals, the cured SCMWLC sample with 80% MSWI fly
ash also contained varying amounts of Friedel’s salt
(C 3 A·CaCl 2 ·10H 2 O) and Ca(OH) 2 .

TABLE 3 - Leaching concentration of heavy metals from MSWI fly
ash (mg/l)
Heavy metals
Ag
As
Se
Hg
Cu
Ba
Cd
Pb
Cr

Leaching
concentration
< 0.007
< 0.136
< 0.136
< 0.5
< 0.089
15.44
0.66
25.12
45.66

TCLP regulatory
limits
5
5
1
0.2
15
100
1
5
5

The leaching concentrations of Pb and Cr from
crushed solidified products of varying compositions cured
over varying periods of time are listed in Table 4. The
leaching concentrations of both Pb and Cr increased as
the content of MSWI fly ash was increased, but decreased
as more time was allowed for curing.
TABLE 4 - Leachability of Pb and Cr in the solidified products at
different stages (mg/l)
Samples
H20
H40
H60
H80

7d
0.345
0.471
0.982
1.430

Pb
14d
0.236
0.384
0.434
1.000

28d
0.213
0.293
0.409
0.663

7d
0.543
1.598
2.259
2.583

Cr
14d
0.259
0.548
0.662
2.246

28d
0.207
0.329
0.342
0.671

FIGURE 3 - XRD pattern of solidification products: left, products
of H0; right, products of H80

Until day 7 of the curing, no ettringite was formed
and the major products in H80 were Friedel’s salt and
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calcium hydroxide. However, by day 14, ettringite was
formed and levels of Friedel’s salt had increased, while
NaCl could no longer be detected. In fact, from day 14
until day 28, levels of ettringite remained as high as those
in H0, the sample without MSWI fly ash. It can be concluded that the introduction of MSWI fly ash suppressed
the formation of ettringite during the early stage of curing,
but had an insignificant effect on the levels of ettringite in
the later stages. The higher content of chloride in the fly
ash promoted the formation of Friedel’s salt, another
ettringite-class mineral which is beneficial for the strengthening of cement. Overall, as hydration progressed, the
levels of C-S-H gel and ettringite class minerals increased, with a corresponding increase in compressive
strength and reduction in heavy metal leaching.

fied H80 was much higher than in H20. However, the
increase in fly ash also introduced heavy metals into the
cementitious material, inhibiting hydration of the cement
clinker. The inhibition of hydration left residual CaO in
H80, while the liquid phase remained saturated with
Ca(OH)2, giving rise to ettringite class minerals with finer
crystalline structure [22].

Previous reports into the use of fly ash from circulation fluidized bed combustion (CFBC) indicated that
Friedel’s salt was absent after solidification of the clinker
[1, 17, 18]. The authors suggested that gypsum, which is
present in the clinker, readily reacts with Friedel’s salt to
form more stable hydrated calcium sulfoaluminates, such
as ettringite. CFBC fly ash contains large amounts of gypsum, while the SCMWLC used in this study contained only
8% gypsum, which is insufficient to promote the conversion of Friedel’s salt into ettringite.
In H0, calcium hydroxide had disappeared by day 7
of the solidification. However, in H80 Ca(OH)2 was still
present on day 28, as a result of the retarding effect of
heavy metals on clinker hydration. Ca(OH)2 has a layered
crystal structure, in which individual layers are connected
by hydrogen bonds. The hydrogen bonds between each
layer contribute very little to overall strength, and have a
net effect of reducing the strength of samples containing
MSWI fly ash. However, the level of Ca(OH)2 gradually
decreased as curing time increased, indicating continuation of the pozzolanic reaction. It is conceivable that the
strength of the samples would increase and that heavy
metal leaching would further decrease with increased
curing time.
The effects of MSWI fly ash on microstructure in the
solidified samples are represened in Figure 4, which depicts SEM analyses of specimen surfaces from H20 and
H80 after curing for 28 days. In H20 a dense gel-like composition favours a relatively thick needle-like ettringite structure in the cured solid. In contrast, with H80, in which
ettringite comprises a much larger percentage of the structure, the needles of ettringite are finer and crystallize in
radial patterns around the particles of slag.
SEM revealed a greater abundance of hexagonal platy
calcium hydroxide crystals in H80 cured for 28 days than
in the corresponding sample from H20, corroborating the
XRD analysis (Figures 1 and 3) already described. The
presence of chloride ions and gypsum in the MSWI fly
ash led to increased levels of ettringite and Friedel’s salt in
the solidified SCMWLC-MSWI after curing. As a consequence, the density of ettringite class minerals in solidi-

FIGURE 4 - SEM images of samples cured over 28 days: (a) H20;
(b) H80
3.4 Solidification/stabilization mechanisms

In the five steps of the sequential extraction method,
heavy metals in 5 different mineral states were extracted,
namely: metals from the water-soluble exchangeable state
(State 1), the carbonate bound state (State 2), the Fe-Mn
oxides bound state (State 3), the organic combination
bound state (State 4) and the residual state (State 5). Heavy
metals in State 1 adhere to the solid surface via diffusion
and outer layer complexation. In State 2, heavy metals
exist in the form of precipitated and co-precipitated carbonates. Heavy metals in State 3 are generally adsorbed on
Fe-Mn oxides, while in State 4 the metals exist in combination with organic materials. Finally, in Stage 5 the metals
generally exist as secondary silicates and other stable minerals. In general, the heavy metals in the first three states
may undergo leaching in weakly acidic environments, and
are considered unstable. The latter two forms are only
susceptible to leaching under strongly oxidizing or highly
acidic conditions, and are considered to be stable [23].
In MSWI fly ash, Pb and Cr exist in unstable forms
that can leach out from the ash in weakly acid environments.
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TABLE 5 - Contents of Pb and Cr in the original MSWI fly ash and after 28-day curing H80 (w %)
Heavy metals

State 1

State 2

State 3

State 4

State 5

State 1+2+3

Pb in fly ash
Cr in fly ash
Pb in 28-d H80
Cr in 28-d H80

1.61
1.81
0.47
0.91

61.1
46.6
15.1
12.4

11.7
12.4
30.0
34.9

3.66
2.97
36.9
26.8

21.9
36.3
17.5
24.9

74.4
60.8
45.6
48.2

74.4% of the Pb and 60.8% of the Cr were removed from
the fly ash in the presence of weak acid (Table 5) indicating a serious risk of toxic effects from MSWI fly ash.
However, after solidification over 28 days, the leaching of
these metals had decreased to 45.6% (Pb) and 48.3% (Cr).
Partial stabilization of Pb and Cr within the structure had
taken place during curing, demonstrating that hazardous
effects from toxic metals can be limited by incorporation
into SCMWLC.
The rate of leaching of heavy metals from cementitious materials is limited by diffusion. It is expected that
at higher compressive strength, which typically correlates
with greater density, diffusion will occur with greater
difficulty [24]. In this study, the leachability of Pb and Cr
decreased as compressive strength increased, in line with
the expected relationship. After 7 days, the leaching of Pb
and Cr from H80 did not exceed 6% in either case, while
the decrease in compressive strength of H80 remained
below the detection limit.

salt, favouring isomorphous replacement and hence stabilization of heavy metals.
However, studies into the long-term stability of solidified bodies derived from SCMWLC-MSWI are required in
order to determine applicational safety. Further experiments are also necessary to elucidate the micro-mechanism
of curing in the presence of several mineral components,
and thereby, the exact process of stabilization.
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GIS-BASED ECOLOGICAL EVALUATION FOR LAND-USE
SUITABILITY: THE CASE OF TONG'AN DISTRICT, XIAMEN, CHINA
Lihong Peng*, Ming Li and Likui Fang
College of the Environment & Ecology, Xiamen University, Xiamen, 361005, China

ABSTRACT
Land suitability evaluation is a major component of
assessment of regional development planning and a reliable basis for the appraisal of construction land. A case
study has been conducted in Tong'an District, Xiamen,
using GIS and AHP methods to evaluate the ecological
suitability of regional construction land development. On
the basis of the evaluation results, some suggestions are
proposed for the proper use of land in the development
planning of Tong’an District, Xiamen, and a reliable
scientific basis is provided for the planning of land-use
and development.
KEYWORDS:
Geographic Information System (GIS), Analytic Hierarchy Process (AHP), urban developmental land, ecological suitability

1 INTRODUCTION
Land suitability evaluation is an essential part of rationality evaluation for regional development planning and
a significant basis for determining the scale and intensity of
land development [1]. GIS-based land suitability analysis
is commonly used for various purposes, such as suitability
evaluation of animal and plant habitats in ecological studies, suitability evaluation for agricultural production, assessment and planning for landscapes, environmental impact
assessment, and regional planning, etc. [2, 3]. In comparison, domestic land suitability evaluation with the use of
GIS is mainly conducted upon farmlands, but rarely upon
built-up lands.
Based on the integrated use of AHP, GIS and other
relevant technologies, the results of the study presented in
this paper reveal an evaluation on ecological suitability of
land for construction in the target area. The scale and intensity of land development as well as the land-use suitability
for regional development in the target area are determined,
revealing possible restraining factors of regional development. Focusing on land suitability evaluation, this paper,
therefore, aims to provide a scientific basis for land-use

* Corresponding author

planning and land development, and crucial references for
policymakers in land-use planning [4].
2 MATERIALS AND METHODS
2.1 Study site

Tong’an District is located in the northern part of Xiamen on the south-eastern coast of Fujian Province. It is the
foreland of the Golden Triangle of Southern Fujian, which
comprises Xiamen, Zhangzhou and Quanzhou cities, bordered by Anxi and Nan’an of Quanzhou in the north, Jimei
of Xiamen in the south, Changtai of Zhangzhou in the west,
and Xiang’an of Xiamen in the east. The terrains of Tong’an
District are complex and varied. The northern part is highly
elevated as compared to the south-eastern region, and is
mainly dominated by hills and mountains. However, the
south-eastern part has a lower altitude, with apparent
fluctuation in platforms and alluvial plains. The southern
part faces Tong’an Bay, which is essentially composed of
marine sediments. The urban area of Tong’an and its middle section are plains formed by the alluviation of two rivers,
and the eastern and northern areas of the urban area are hilly
lands. In this district, mountains cover an area of 422 km2,
and only about 95 km2 of the district is used for farming
activities. The whole district is located within the subtropical maritime monsoon climatic zone, with warm spring,
cool autumn, and no extreme weather conditions in winter
and summer. The district has an average annual temperature of 21 °C, an average annual precipitation of 1440 mm,
and an average annual sunshine time of 2031 h.
This paper, therefore, studies the features of land-use
in Tong’an District, Xiamen, as well as other regions,
encompassing an area of 155 km2, excluding the northern
mountainous area within the district. To be specific, the
land types within the target area are as follows: current
built-up area (42.85 km2), prime farmlands (21.7 km2), other
farmlands, gardens and forests (59 km2), waters (8.1 km2),
village and county lands for construction (6.8 km2), and
levelled lands (16.55 km2).
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2.2 General methods and analysis

GIS is an integrated technique which combines geoinformatics, computer science, cartography and engineering, etc. Based on traditional scientific analysis, GIS establishes a linkage between graphical data and attribute
data, and can process spatial query and analysis, such as
space retrieval, topological spatial overlay analysis and
spatial model analysis, etc. [5]. Based on the relevant techniques of GIS, this paper draws up a procedure chart for
ecological suitability analysis of construction land (Fig. 1).
2.2.1 Selection of evaluation units

this paper follows the principle of selecting (1) the dominant factors; (2) indices that possess apparent discrepancies and critical values; (3) quantifiable indices; (4) relatively independent indices [7]; and (5) easily accessible
indices.
In selecting indices for ecological suitability evaluation, engineering geology, geomorphology, hydrometeor,
natural ecology, anthropogenic influence, etc. should all
be taken into consideration. Based on the principle of
index selection, this paper makes use of the following
indices: geomorphology, natural ecology, cultural heritage, and anthropological influence.

Generally, there are four main methods for the identification of the evaluation units, including major factor
value superposition method, dominant factor determining
method, homogeneous region method, grid method, and
blank cell map method [6]. In order to guarantee the precision of ecological suitability evaluation of construction
land, this paper adopts the grid method, which sub-divides
the units and the target area into 27,556 evaluation units,
each having a unit size of 75 x 75 cm.

2.2.3 Grading of evaluation indices

2.2.2 Screening of evaluation factors

Geomorphology: Construction and development in
a city with a gentle topography are not only economical for
investment but also advantageous to layout, compared to

Different types of land evaluation require the use of
different index systems. In order to select the optimal
index system for achieving the purposes of the evaluation,

Collection of Maps
Division of Units

Spatial Database
Combination

Preliminary
Work

After selecting the evaluation indices according to the
influence of their variability on the ecological suitability
of construction lands, the indices are sub-divided into four
grades: suitable, fairly suitable, fairly unsuitable, and unsuitable. The grading standards of the indices are shown in
Table 1. The values of each grade are as follows: unsuitable (0 point), fairly unsuitable (3 points), fairly suitable (6
points), and suitable (10 points).

Field Investigation

Evaluation
Index System

Classification
of Suitability

Evaluation
Result

Selection of
Evaluation Indices

Delphi
AHP

Attribute Database

Determination of
Index Weights

Evaluation of
Single Factors

Overlaying Analysis
of Multiple Factors

Comprehensive
Suitability
Evaluation

Classification Map for
Comprehensive Suitability
Evaluation of Construction lands

Classification Map for Evaluation of Single Factors
FIGURE 1 - Procedure chart

TABLE 1 - Index grading standards for land suitability evaluation.
First grade indices

Second grade indices

Grading standards
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Landform
Cultural heritage preservation areas
Soil and water loss
Land-use
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construction in hilly areas. Urban construction in mountainous areas not only requires more funds and engineering measures, but also faces restrictions in urban formats
and development directions. Considering the landforms,
elevation distribution, current state, and planned land-use
conditions, suitability measures are divided according to
elevation values into the following levels: unsuitable for
construction(≧200m), fairly unsuitable for construction
(60-200 m), fairly suitable for construction (30-60 m) and
suitable for construction (30 m).
Cultural Heritage: According to “The Program for
the Preservation of Historical Architecture in Xiamen”, the
main heritage preservation area in Tong’an District is the
“Confucian Temple - Puqian Ancient State Highway” historical building complex in the old town of Tong’an, and land
identified as unsuitable for development is the “Confucian
Temple - Puqian Ancient State Highway” core preservation
zone. This particular zone consists of two parts: the first
part being the “Confucian Temple – Dadao Palace” historical architecture belt, bounded by the creek on the southwest and the Shuang Creek on the southeast, with an area
of approximately 0.0502 km2 under protection, and the
second part being the Yuekou “Puqian Ancient State
Highway” at Datong, bounded by Dongyue Road on the
east, the town’s eastern ring road on the northeast, the
planned road on the northwest, and the planned pathway on
the south, with an area of approximately 0.1652 km2 under
protection. Land identified as fairly unsuitable for development is the area within the preservation zone where
development is restricted. This particular area is bounded
by Dongyue Road and the town’s eastern ring road on the
east, Shuangxi Road and the planned road on the west,
Sanxiu Road and Nanmen Road on the north, and the
planned pathway on the south, covering approximately
0.2444 km2. For the purposes of this paper, protected heritage sites at the city, county and district levels are designated as land unsuitable for development, and all other
land is designated as fairly suitable for development.
Natural Ecology: Soil and water loss has a direct bearing on construction and development in a region. Regions
with less soil and water loss are more suitable for construction and development while regions with more soil and
water loss require higher construction and safety standards,
more funding and more project safety measures. In view
of the current levels of soil and water loss in the target area,
as revealed by this study, the ecological suitability of the
area is classified into the following levels: intense/extremely
intense - unsuitable for construction; moderate - fairly unsuitable for construction; slight - fairly suitable for construction; and none - suitable for construction.
Anthropological Influence: The current state of landuse may have a significant impact on the scale of construction land and the layout of the city. Considering their
function values and ecological services, prime farmlands,
watersheds, wetlands and forests are not suitable for de-

velopment and construction. Likewise, water-bodies, farmlands, plowed lands and grass lands are fairly unsuitable for
development and construction. On the other hand, dry lands
are generally suitable for construction, and the current construction lands, bold lands and other unused lands shall be
prioritized when planning for urban development and construction.
2.2.4 Determining weight values of evaluation indices

A combination of Delphi and AHP is adopted to determine the weight values of evaluation indices [8, 9]. First,
relevant experts are invited to decide the importance of
each evaluation index with the Delphi method and establish
a judgement matrix between each two indices. The exponential scale values are shown in Table 2. Through calculations using AHP, the CR value of the matrix obtained is
less than 0.1, which indicates that the matrix has satisfactory consistency. Final weight values of the indices are
shown in Table 3.
TABLE 2 - Exponential scale
Exponential
scale value (aij)
1
3
5
7
9

Importance of i
compared with j
Equally important
Slightly more important
Apparently more
important
Much more important
Definitely more
important

Remarks
aji is the reciprocal
of aij in the matrix;
2, 4, 6 and 8 are
medians
between
successive judging
levels

TABLE 3 - Index weights of suitability evaluation
Evaluation indices
Geomorphology
Cultural heritage
Natural Ecology
Anthropogenic Influence

Weight value
0.277
0.096
0.161
0.466

2.2.5 Evaluation of land suitability levels

Using the exponential sum method, land-use suitability is graded into 4 levels. The suitability values of each
unit of the different indices are multiplied by the weight
values and then summed up for the final suitability values.
According to the range of the values, threshold values are
(expressed as a, b, c) established. Accordingly, the regional
lands are classified into 4 levels: lands unsuitable for construction (S≤a), lands fairly unsuitable for construction
(b≥S>a), lands fairly suitable for construction (c≥S>b),
and lands suitable for construction (S≥c). The formula (1)
for calculating the ecological suitability of construction
lands is as follows:
(1)
where, S is the comprehensive value of an evaluation
unit, n is the number of indices, Wk is the weight value of
the kth index, and Vk is the evaluation value of the kth
index.
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The ecological suitability levels of construction lands
have been found to be as follows:
- Unsuitable lands for construction (S≤a): Extremely restrictive lands, which would be strongly influenced by
ecological or anthropological factors.
- Lands fairly unsuitable for construction (b≥S>a): Fairly
restrictive lands may be influenced by ecological or anthropological factors, or may only meet construction
requirements after certain engineering measures are
taken.
- Lands fairly suitable for construction (c≥S>b): Restrictive lands which may meet construction requirements
only if the characteristics of the land can be improved
with certain engineering measures. However, moderately unfavourable changes will be observed after being
used for a specified purpose for an extended period of
time, which might lead to ecological/environmental
damage, resulting in declining efficiency of the lands.
- Lands suitable for construction (S≥c): Lands that can be
used for construction for extended periods of time, or
lands which are subject to only minor restrictions and
whose construction will not damage the ecological environment, or lower productivity or benefits [10].
3 RESULTS AND DISCUSSION
3.1 Results of ecological suitability analysis

The classification results of the indices for the ecological suitability evaluation of construction lands are
shown in Figs. 2 to 5. In this study, the indices are calculated first using the weighted method, and then ARCGIS
is used to get the construction suitability values of each
plot of land, which are found to range from 1.79 to 10.
After consulting some experts, 5.4, 6.6 and 8.5 are set as

values of a, b and c, being the threshold values for suitability level classification. Finally, using the spatial analysis
function of ARCGIS, the comprehensive suitability classification of the study region is accomplished as shown in
Fig. 6.
Figure 6 indicates that the spatial analysis for construction lands of each suitability level in the study area is
fairly clear. Lands unsuitable for construction, 36.45 km2
in total, mainly consist of water-bodies, wetlands and
prime farmlands. In such areas, certain structural adjustments are needed prior to large-scale construction activities (e.g. constructions involving prime farmlands). Lands
fairly unsuitable for construction (13.65 km2 in total)
mainly consist of farmlands, mountainous areas with a
variety of complex topography, and areas with severe soil
and water loss, where ecological and environmental protection ought to be strengthened, and urban development
should be controlled (e.g. the exploitation on farmlands
for construction purposes should be reduced to the barest
minimum) in order to preserve local agriculture. Lands
fairly suitable construction (63.27 km2 in total) are mainly
peripheral areas with moderate slopes, including areas
with gentle topology and slight soil and water loss, where
moderate development can be carried out with relevant
protection measures in light of the limiting factors. The
remaining areas of the region are lands suitable for construction, 41.63 km2 in total, and mainly consist of the
currently developed lands. These areas require relatively
lower capital costs and cause less ecological environment
damage, and thus, such areas are the prior areas for regional development.
3.2 Evaluation of land-use planning of the target area

Judging from the ecological suitability evaluation results of construction lands, there are some disadvantages

FIGURE 2 - Land-use suitability grading levels for the geomorphology in the target area.
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FIGURE 3 - Land-use suitability grading levels for heritage preservation areas and the neighbouring areas in the target area.

FIGURE 4 - Land-use suitability grading levels for soil and water loss in the target area.

FIGURE 5 - Grading levels of current land-use suitability in the target area.
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FIGURE 6 - Grading of comprehensive land-use suitability of the target area.

associated with land-use development planning of the
target area. Firstly, the development scale of construction
land is too large, which surpasses the ecological suitability evaluation results. Secondly, the planning land types
are not very reasonable, mainly perceived in the northeastern land plots of the planning region. The evaluation
results indicate that those land plots are mainly mountains
and prime farmlands, which are not suitable for construction. Therefore, some adjustments are recommended for
those land plots, and the prime farmlands should be retained to develop ecological agriculture
3.3 Further discussion

The integration of AHP and multi-factor index overlay makes the comprehensive land-use suitability analysis
more objective and rational. And this Tong'an case study
provides a good example of transferability, which is a key
attribute of an adaptable land suitability evaluation system.
However, there are still some aspects of this evaluation
system that need revising, further development, and be
worthy of discussion.
On the one hand, the framework of the suitability
evaluation in this paper rests heavily on availability and
quantifiability of the data. Correspondingly, the specific selection of indicator data imposes an effect on the
evaluation results in a degree. On the other hand, the selection and classification of suitability analysis indicators are
especially closely related to the features of the target study
area. Besides, along with the specific selection of indicators, there are often necessary differences among the methods of grading and value-determining of indicators in different case studies. Therefore, it is strongly suggested and
in great need that a comprehensive, fundamental and generally accepted land-use suitability evaluation system should
be built.
Apart from the improvement of suitability analysis system, it is equally important to come up with more dynamic

and complex indicators to replace some of the present
factors so as to achieve a more thoroughly and in-depth
suitability evaluation of land development.
Last but not least, considering the ultimate purpose of
suitability evaluation, it is of crucial importance to organically and effectively incorporate the productive evaluation
results into the practical land-use development
4 CONCLUSIONS
City development is closely related to lands, especially to the rational and intensive use of lands. At present,
unreasonable structures, low efficiency, and low intensity of
land-uses are common in cities across China, which have
resulted in a tremendous waste of land resources. In light
of the features of land-use in the target region, this paper
selects geomorphology, natural ecology and anthropogenic
influence as the evaluation indices, which should be taken
into full consideration in the study of evaluation of land
ecological suitability. The study results indicate that:
- Evaluation results based on multiple indices, instead
of single factors, tend to be more scientific.
- The use of AHP eliminates potential evaluation errors
that may result from subjective judgment.
- The dynamic changes of each ecological environmental
unit, which is achieved by the spatial analysis function
of GIS, make the evaluation of regional construction
land suitability more effective.
The study results of the target area, namely, the planned
area under the “Regional Development Program of Tong’an,
Xiamen”, indicate that the analysis and evaluation have
been properly conducted and, therefore, can provide guidance for the partition of the ‘Four Zones’ in the study area
and help to improve the rationalization and intensification
level of regional land-use, thus providing the scientific
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basis for land-use planning and land exploitation in regional development.

ACKNOWLEDGEMENTS
We would like to thank the Environmental Protection
Bureau of Tong’an District and Tong’an Land Development Corporation for the resources and supports they
have provided. Also, the authors are grateful to the kind
colleagues from the College of the Environment & Ecology of Xiamen University for their constructive comments and great assistance to the project.
The authors have declared no conflict of interest.

REFERENCES
[1]

Steiner, F., McSherry, L. and Cohen, J. (2000) Land suitability analysis for the upper Gila River watershed. Landscape
and Urban Planning 50, 199-214.

[2]

He, Y., Chen, Y., Yang, P., Wu, W., Yao, Y. and Li, Z.
(2009) An overview and perspective of alien land suitability
evaluation study based on GIS technology. Journal of Progress in Geography 28, 898-902.

[3]

Harvey, F. and Chrisman, N. (1998) Boundary objects and
the social construction of GIS technology. Environment and
Planning 30(9), 1683-1694.

[4]

Jacek, M. (2004) GIS-based land-use suitability analysis: a
critical overview. Progress in Planning 62(1), 3-65.

[5]

Liu, C., Lu, W., Jin, X. and Zhou, Y. (2004) Assessment on
the suitability of unused land resources based on geographic
information system in the course of land exploitation and arrangement: taking Liucheng County in Guangxi Province as
an example. Resources and Environment in the Yangtze Basin 3, 333-337.

[6]

Wang, Y., Song, Z. and Wu, P. (2008) Evaluation of the suitability of urban land based on GIS. Journal of Anhui Agriculture Science 36, 2487-2489.

[7]

Chen, S., Liu, Q., Yu, S. and Lin, Z. (2002) The evaluation of
land resource suitability in Jin'an District of Fuzhou City
supported by GIS. GEO-Information Science 1, 61-64.

[8]

Grace D. (2000) Physiotherapy for the relief of male lower
urinary tract symptoms: a Delphi study. Physiotherapy 86(8),
413-426.

[9]

Li, Z., Zeng, G. and Zhang, H. (2007) The integrated ecoenvironment assessment of the Red Soil Hilly Region based
on GIS: a case study in Changsha City, China. Ecological
Modeling 202(3-4), 540-546.

[10] Chen, J., Liu Y. and Liang, H. (2008) Environmental Impact
Assessment of the Development Planning of Dalian City
(2003-2020).

Received: December 10, 2012
Revised: March 15, 2013
Accepted: May 27, 2013

CORRESPONDING AUTHOR
Lihong Peng
College of the Environment & Ecology
Xiamen University
Xiamen, 361005
P.R. CHINA
E-mail: lhpeng@xmu.edu.cn
FEB/ Vol 22/ No 10a/ 2013 – pages 2970 – 2976

2978

© by PSP Volume 22 – No 10a. 2013

Fresenius Environmental Bulletin

EFFECTS OF SUBLETHAL CONCENTRATIONS OF
COPPER, ZINC AND CADMIUM, APPLIED SINGLY AND
IN MIXTURE, ON SOME HEMATOLOGICAL PARAMETERS
OF OREOCHROMIS NILOTICUS (L., 1758).
Servet Duran* and Cahit Erdem
University of Çukurova, Faculty of Science and Letters, Biology Department, 01330 Balcalı, Adana, Turkey

ABSTRACT
The aim of the present study was to determine the effects of copper, zinc and cadmium, applied singly and in
mixture, on hematocrit levels, erythrocyte area, erythrocyte nucleus area, and on erythrocyte numbers of Oreochromis niloticus after exposure to metals over 24, 48 and
96 hours.
Hematocrit levels were determined using microhematocrit methods. Erythrocyte numbers were counted under
a light microscope, and the areas of erythrocytes and
nucleus were determined under the microscope from
blood spread evenly on a slide and stained.
Hematocrit levels showed an increase under the effect
of a metal mixture after 96-h exposure while erythrocyte
numbers increased compared with the control under the
effect of metals, except 24-h exposure to copper. Erythrocyte and erythrocyte nucleus areas were not affected by
metal exposure during the exposure periods. Stability in
erythrocyte numbers with increasing exposure periods
might be due to the action of homeostatic mechanisms.

KEYWORDS: Copper, zinc, cadmium, mixture, hematological
parameters, Oreochromis niloticus

Nutrients utilized, respiration gases, metabolic residues and foreign materials are carried through the blood
stream and, hence, changes in the metabolic and physiologic activities and the effects of toxic substances reveal
themselves in blood parameters. Since heavy metals are
absorbed through gills and the digestive track, and then
carried to various tissues through blood streams, changes
in blood parameters are widely used in assessing heavy
metal toxicity [2].
Hematological parameters are important in determining physiological changes under stress conditions. Gills
and digestive track are the main two uptake routes of heavy
metals in fish [3]. In both ways, metals pass to the blood
stream and show their adverse effects in this tissue. Hence,
blood parameters are frequently used to determine the
physiological and biochemical changes that may take place
under stress conditions.
Determination of blood parameters in fish husbandry
is important for foreseeing and preventing possible diseases hence increasing production. It is also important for
the determination of the physiological and metabolic status
of the organisms under any stress factor.
Hematocrit levels, erythrocyte numbers, erythrocyte
and erythrocyte nucleus areas of O. niloticus were determined after exposing the animals to 5.0 ppm Cu, 5.0 ppm
Zn, 1.0 ppm Cd, and their mixtures for periods of 24, 48
and 96 hours.

1 INTRODUCTION
Heavy metals, Cd, Hg and Pb, are known to have no
biological function and they are toxic, even at very low
concentrations. Some other heavy metals, such as Cu, Zn
and Fe, are necessary for the functioning of biological
systems at low concentrations and should be taken via
food. However, over a certain concentration, these metals
also accumulate in tissues, cause metabolic and physiologic alterations, and even mortality [1].
* Corresponding author

2 MATERIALS AND METHODS
O. niloticus, 16.9 ± 1.13 cm in length and 71.95 ±
1.21 g in weight, were used as the experimental material.
The animals were adapted to controlled laboratory conditions in glass aquaria 50 x 120 x 50 cm over 1 week.
Five glass aquaria of the same size were used in the
experiments taking into account the metals studied. 120 L
of 5.0 ppm Cu or Zn and 1.0 ppm Cd solutions were
added into the first three aquaria. The same amounts of
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their mixture (5.0 ppm Cu+5.0 ppm Zn+1.0 ppm Cd)
were added into the fourth one, and only tap water was
added into the fifth one used as control.
Copper (CuSO4.5H2O) and zinc sulphate (ZnSO4.5H2O)
as well as cadmium chloride (CdCl2.H2O) were used in the
preparation of experimental solutions. Tri-sodium citrate
was added into solutions in order to prevent the precipitation of metals [4].
Experiments were run in triplicate with 3 fish in each
replicate. Hence, 9 fish were placed into each aquarium
(45 fish in total). Central aeration system was used to
aerate the experimental aquaria. Fish were fed once a day
with market fish pellets (Pınar, Pellet No. 2) at amounts
of 2 % of the total biomass.
Experimental solutions were refreshed every 24 h for
possible variations in metal concentrations due to adsorption and precipitation. Some physical and chemical parameters of the experimental aquaria are given below:
Illumination: 12 h light/ 12 h dark
Temperature: 25 ± 1 °C
Total Hardness: 268.7 ± 4.8 mg CaCO3 L-1
Total Alkalinity: 319 ± 0.5 mg CaCO3 L-1
Dissolved Oxygen: 6.46 ± 0.6 mg L-1
pH: 7.57 ± 1
Three fish removed from each aquarium were anesthetized with ethylene glycol monophenyl ether, washed
with tap water and dried using Whatman paper. Blood
samples were obtained by vertical cutting of the caudal
peduncle. Erythrocyte numbers were counted under a light
microscope [5], while hematocrit levels were determined

using microhematocrit methods [6]. Erythrocyte and erythrocyte nucleus areas were measured under a research
microscope (Nikon H550 – L) using dispersed slides and
Giemsa dying [7]. After measuring the long and short
margins of at least 150 erythrocytes, their nucleus areas
were determined using the following formula:
Area =
where, L.M. = long margin and S.M. = short margin.
Data were analyzed by Analysis of Variance and Student Newnan Keul’s Procedure using SPSS 16.0 pocket
program [8]. Arcsine transformation was applied to percentages of hematocrit data for statistical analysis.
3 RESULTS
There was no significant difference in percentage
hematocrit levels in any of the metal-exposed fish compared with control fish at any exposure period (P>0.05),
except in fish exposed to the metal mixture for 96 h (Table 1). When each metal was compared with the control
and metal mixture separately, hematocrit levels did not
change in Cu-, Zn- and Cd-exposed fish after 24 h (P>
0.05), decreased after 48 h, and increased again after 96 h
of exposure in the metal mixture (P<0.05).
Effect of metals on erythrocyte and erythrocyte nucleus areas are given in Tables 2 and 3, respectively. Metals
singly and in mixture had no significant effect on neither
erythrocyte nor nucleus areas during the exposure periods
tested (P>0.05).

TABLE 1 - Percentage hematocrit levels in O. niloticus exposed to copper, zinc, cadmium and their mixture for 24, 48 and 96 hours.
EXPOSURE PERIOD
(hours)
CONCENTRATION (ppm)
24
48
96
X ± Sx *
*
X
±
Sx *
X ± Sx
Control
37.26 ± 1.23 a
38.06 ± 0.59 a
34.75 ± 0.30
5 ppm Cu
34.85 ± 0.70 a
35.86 ± 0.40 a
35.46 ± 0.20
5 ppm Zn
36.47 ± 0.52 a
33.62 ± 0.41 a
32.33 ± 1.54
1 ppm Cd
32.76 ± 2.51 a
31.51 ± 0.56 a
34.21 ± 1.60
Mixture of Cu + Zn + Cd
35.86 ± 0.87 a
35.32 ± 0.89 a
39.03 ± 1.09
* SNK; Letters a and b show differences among exposure periods. Data shown with different letters are significant at the P<0.05 level.
X ± Sx : Mean ± Standard Error

a
a
a
a
b

TABLE 2 - Effects of copper, zinc and cadmium and their mixture on erythrocyte area (µm²) of O. niloticus.

CONCENTRATION (ppm)
Control
1 ppm Cd
5 ppm Zn
5 ppm Cu
Cd+Zn+Cu
For abbreviations: see Table 1.

24
X ± Sx *
0.70 ± 0.01 a
0.72 ± 0.02 a
0.85 ± 0.12 a
0.70 ± 0.04 a
0.72 ± 0.04 a
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EXPOSURE PERIOD
(hours)
48
X ± Sx *
0.70 ± 0.04 a
0.75 ± 0.01 a
0.73 ± 0.02 a
0.66 ± 0.02 a
0.72 ± 0.03 a

96

X ± Sx
0.71 ± 0.01
0.73 ± 0.03
0.68 ± 0.03
0.71 ± 0.10
0.69 ± 0,05

*
a
a
a
a
a
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TABLE 3 - Effects of copper, zinc and cadmium and their mixture on erythrocyte nucleus area (µm²) of O. niloticus.

CONCENTRATION

(ppm)

24

X ± Sx
Control
1 ppm Cd
5 ppm Zn
5 ppm Cu
Cd+Zn+Cu
For abbreviations: see Table 1.

EXPOSURE PERIOD
(hours)
48
*
X ± Sx
0.12 ± 0.04 a
0.13 ± 0.06 a
0.12 ± 0.04 a
0.13 ± 0.01 a
0.13 ± 0.09 a

0.11 ± 0.01
0.12 ± 0.07
0.12 ± 0.09
0.12 ± 0.02
0.11 ± 0.05

*
a
a
a
a
a

96

X ± Sx

0.12 ± 0.04
0.13 ± 0.06
0.12 ± 0.04
0.13 ± 0.14
0.12 ± 0.03

*
a
a
a
a
a

TABLE 4 - Effects of copper, zinc and cadmium and their mixture on erythrocyte numbers of O. niloticus (106 cells/mm3).

CONCENTRATION

EXPOSURE PERIOD
(Hours)
48
X ± Sx *
1.18 ± 0.45 a
0.55 ± 0.25 a
0.82 ± 0.68 a
1.15 ± 0.25 a
1.52 ± 0.78 a

(ppm)
24

X ± Sx
Control
1 ppm Cd
5 ppm Zn
5 ppm Cu
Cd+Zn+Cu
For abbreviations, see Table 1.

0.49 ± 0.18
1.77 ± 0.04
0.91 ± 0.32
0.56 ± 0.40
1.22 ± 0.28

*
a
b
a
a
a

Effects of metals and their mixture on erythrocyte
numbers after 24, 48 and 96 h are given in Table 4. Erythrocyte numbers increased after 24-h exposure under the
effect of metals and their mixture, except Cu, compared
with the control (P<0.05). This increase was highest for
Cd exposure, followed by the metal mixture and Zn exposure. Erythrocyte numbers returned to their control levels
after 48 and 96 h of exposure to metals and their mixture
(P>0.05). No significant exposure period-dependent difference was observed in erythrocyte numbers of fish exposed to metals and their mixture, except for Cd at 48 h.
4 DISCUSSION AND CONCLUSIONS
Toxic chemicals enter fish mainly through gills and the
gastrointestinal system, and were carried to various tissues
by the blood stream. Hence, their first structural and functional disorders can be observed in blood cells and erythropoietic tissues [9]. Swelling in erythrocytes and vacuole
formation in erythrocyte nucleus and in cytoplasm was
observed in Cyprinus carpio exposed to Cd and Pb [10].
Lead increased morphological anomaly in erythrocytes and
caused nuclear malformation in C. carpio which were the
most pronounced hematological alterations induced by Pb
[11].
The hematocrit level is an important blood parameter
since it reflects the oxygen carrying capacity of blood and
function of erythropoietic tissues [12]. Sublethal concentrations of Zn decreased erythrocyte numbers and hematocrit levels in Clarias lazera and Tilapia zillii [13], whereas
Cu exposure increased erythrocyte numbers and hematocrit

96

X ± Sx
0.56 ± 0.05
1.30 ± 0.46
0.64 ± 0.53
0.45 ± 0.17
0.93 ± 0.44

*
a
b
a
a
a

levels in C. carpio and O. mossambicus [14]. Hematocrit
levels in O. niloticus were the same as in control fish exposed to Cu, Zn, Cd and their mixture at the concentrations
and exposure periods tested, except in fish exposed to the
metal mixture for 96 h.
Blood transfers respiration gases and hormones among
the tissues and acts in the removal of metabolic wastes.
Exposure to 0.125 mg L-1 Cu over 96 h had no effect on
erythrocyte numbers in O. mykiss whereas 0.5 mg L-1. Cu
was shown to increase erythrocyte numbers in various fish
species [15].
Gill and Epple [16] reported that the erythrocyte nucleus is the target organelle in metal toxicity. Changes in
shape and volume of blood cells are specific indicators of
toxic chemicals among which erythrocyte and erythrocyte
nucleus size, and structural deformations can be mentioned [17].
Witeska [9, 10] studied changes in erythrocyte morphology in C. carpio fingerlings exposed to 10 ppm Pb, 5 ppm
Cu, 10 ppm Cd and 20 ppm Zn for 3 h. Condensation in
chromatin material, nucleus deformation, vacuole formation in cytoplasm, and swelling of erythrocytes were
observed at all metals, except Cu.
Erythrocyte and erythrocyte nucleus areas showed an
increase in Hoplias malabaricus exposed to methylmercury,
inorganic lead, and tributyltin chloride for 70 days [18].
Exposure to Cu, Zn, Cd and their mixture had no effect on
erythrocyte and erythrocyte nucleus areas in O. niloticus at
the concentrations and exposure periods tested; this might be
due to the low concentrations of metals and short exposure
periods.
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CHARACTERISTICS OF UP-WELLING ALGAL BLOOM AND
HYPOXIA EVENTS IN THE WESTERN BLACK SEA IN 2010
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1
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ABSTRACT
The year 2010 was characterized by extreme hydrometeorological events. In situ sea water temperature, salinity, dissolved oxygen, chlorophyll a and the atmospheric
wind stresses at the Constanta shore station (44014’ N,
28038’E) and on the Romanian Black Sea shelf were used
to study the up-welling, algal bloom and hypoxia events
that occurred in 2010. The highly productive zones in the
Western Black Sea coast are usually associated with the
up-welling phenomena which contribute to the heterogeneous distribution of chlorophyll-a, suspended and dissolved organic matter. The occurrence and extent of these
events during 2010 are validated with MODIS – AQUA
satellite images (Sea Surface Temperature (SST), Chl_a)
and with the results of the regional forecast system for the
Western Black Sea. The unusual high values of air temperatures recorded in the summer of 2010 and the limited
deep water mixing lead to the high values of sea water
temperature (26-28 °C) favoring the strong algal bloom
on the southern part of the Romanian Black Sea Coast. The
low oxygen concentration (a minimum of 34.80 µM
recorded at Constanta) was measured from the coast up
to 16 km offshore in the sea upper layer, causing the local
hypoxia event observed in the shallow water near the coast.
KEYWORDS:
Black Sea, up-welling, algal bloom, hypoxia, wind

1 INTRODUCTION
The Black Sea is a unique marine environment, representing the largest semi-enclosed and anoxic basin in the
world, where only the upper layer is oxygenated due to the
permanent pycnocline which separates the Cold Intermediate Layer (CIL) from the deep layer. The Black Sea detailed
description on the types of climatology, water masses, and
general circulation can be found in review papers and in
* Corresponding author

monographs [1-9], and detailed chemical, biological features and ecology for the entire Black Sea basin in [10]. The
Black Sea due to a large drainage basin is subject to a considerable anthropogenic impact, and the severe changes in
the ecosystem have been studied over the last decades [11].
The medium-scale processes on the Romanian continental shelf are conditioned by the coast line configuration and the specific features of bottom topography. The
mixing processes are essential in determining the stability
of the existing stratification, the sources and redistribution
mechanisms of nutrients, the factors taking part in new
production and eutrophication processes.
Coastal upwelling occurs when wind-driven Ekman
transport moves the sea surface waters away from the coast,
and these waters are replaced by cold and nutrient-rich deep
waters. In the Western Black Sea, the up-welling phenomena are more frequent during the early summer period [12],
when the upper mixed layer is relatively shallow. The
coastal up-welling regions are typical for the areas where
both advection and mixing processes play important roles
in the sea water mass movement and transformation of
water properties [13].
Dissolved oxygen is an important parameter for the
assessment of the ecosystems` functionality and behavior.
The strong vertical gradients of the oxygen concentration
in the coastal waters is a combined result of physical processes and the biological activity, influenced by water
temperature and salinity, nutrient concentration, circulation and mixing. The strong thermohaline stratification of
the shelf waters during the summer limits the vertical
mixing, leading to the occurrence and intensification of
hypoxic, and even anoxic phenomena.
Hypoxia is a phenomenon affecting the coastal waters
all over the world, with severe consequences for marine
life [14] by influencing biogeochemical cycles and inflicting negative effects on marine ecosystems (mortalities in
benthic fauna, fishes, habitat loss, even changes in ecosystem equilibrium). In the coastal ecosystems, the main factors driving to hypoxia can be natural (in semi-closed basins, with restricted water mass exchanges), human pres-
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sure (intake of nutrients, especially river input), or may be
the result of the interaction between natural and anthropogenic processes [15].

that occurred in the littoral area. Data were collected along
one East Constanta transect on 44°10' N with 4 stations:
CT1, CT2, CT3, and CT4 (Fig. 1).

In the last decade, the Romanian coastal area has
been subject to several physical, chemical and biological
processes associated with climate changes and anthropogenic pressures. This paper presents the significant role
played by the sea-atmosphere interaction on the occurrence
and temporal extent of several extreme events in 2010: upwelling, algal bloom and hypoxia. The physical, chemical
and biological seawater parameters on the Romanian shelf
are analyzed and validation of the events is done with satellite data and results of the regional forecast system based
on the Princeton Ocean Model.

The water samples (for physical, chemical and biological analysis) were collected from standard depths using
1.7-L Niskin bottles.

2 MATERIALS AND METHODS
The low sea surface temperature, high salinity and
dissolved oxygen concentration are used as indicators for
the coastal up-welling phenomena. Seawater samples have
been collected daily at one station located in Mamaia bay
(44014’ N, 28038’ E) since 1959 by the National Institute
for Marine Research and Development “Grigore Antipa”
Constanta Romania (NIMRD) (Fig. 1).

The seawater temperature was measured with reversible thermometers, one hundred degree accuracy (the
values are corrected using the standard formula). The
seawater salinity was determined on board and in the
laboratory using the Mohr – Knudsen method with 0.02
PSU accuracy, and the oxygen concentrations using the
Winkler method [16].
For chlorophyll a measurements, variable volumes
(0.5 – 2 L) of seawater were filtered through Whatman
glass-fiber filters GF/F (nominal pore size 0.7 µm), immediately after sampling. The filters were preserved frozen
(-20 ºC) until subsequent analyses, which were performed
within a month. Pigments were extracted with 90% acetone and measured with a Cecil 2020 spectrophotometer, concentrations being calculated using the SCORE UNESCO equations [17].
Phytoplankton samples were preserved with 4% formaldehyde seawater buffered solution. Qualitative and
quantitative phytoplankton determinations were performed
by prior employment of the sedimentation method [18] to
concentrate the samples. After 20 days, the samples were
decanted down to 15 – 20 ml. The taxonomic identification of species and counting of cells in 0.1-ml fractions of
each sample was carried out under a ZEISS inverted microscope, using objective lens of 40x for nanoplankton
(less than 15-20 µm) and of 10x or 20x for larger cells.
The cell biovolume was calculated using relevant morphometric measurements of phytoplankton cells and approximation by corresponding geometric shapes according to
Edler [19].
The distributions of sea temperature and salinity along
the Romanian inner shelf waters were constructed using
Golden Software Surfer 8 (with kriging gridding method).
Grads software was used for displaying the regional model
outputs (temperature, salinity, and velocity and sea surface topography).

FIGURE 1 - Coastal and inner shelf stations in the Western Black Sea.

A regular seasonal cruise (Fig. 1) was carried out in
the Western Black Sea inner shelf on-board of the R/V
“Steaua de Mare I” in May 2010, including one East
Constanta transect on 44°10' N with 6 stations: CT1 28°41' E, CT2 - 28°47' E, CT3 - 28°54' E, CT4 - 29°08' E,
CT5 - 29°22' E and CT6 - 29°31' E.
In July, a special cruise was performed in order to determine the intensity and coverage of the ecological events

The MODIS – AQUA satellite images for SST and
Chl_a were obtained, based on username and password,
from the Marine Portal of the National Space Agency of
Ukraine [22].
2.1 Regional Model

The Princeton Ocean Model [20, 21] has been adapted
to the coastal regions of the Black Sea by the Marine Hydrophysical Institute team (Sevastopol, Crimea) [22-24].
Detailed description of the basin-scale Black Sea nowcasting and forecasting system are available in the literature [25-27]. The regional models are running in the Black
Sea oceanographic institutes.
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Regional model for the Romanian shelf is characterized by the domain between 28.512° - 32.484°E and
44.019° - 46.597°N, output frequency - 6 h, horizontal
grid - 1 km with 324x289 points resolution, vertical grid 26 sigma levels, surface forcing – 6-h fluxes (from the
ALADIN atmospheric model of Romanian National Meteorological Administration), boundary conditions being
provided by basin–scale circulation model from Marine
Hydrobiological Institute of Ukraine (MHI) which is
integrated for the entire Black Sea Basin.
The forecast system currently produces forecasts one
time a day with analysis at 00:00 UTC. The hind-cast
length (prior to the forecast start) is 1 day, and the forecast time period is 3 days.
The outputs from the regional model are sea surface
elevation, currents, sea temperature and salinity. The last
three parameters are available for the considered sea surface (2.5 m), but also for the depths of 10 m, 50 m, 100 m
and 200 m (the results for the North–Western Black Sea,
at the surface, are available at [28]).
3 RESULTS AND DISCUSSION
In 2010, extreme hydro-meteorological events were
recorded on the Romanian near-shore Black Sea, as salinity in 2010 ranged between 0.50 PSU (Sulina Station,
in front of Danube Delta mouths) and 18.63 PSU (on the
Romanian shelf). The minimum values were recorded at
the surface, near the coastal area, due to the influence of

Danube river input, wind regime (northern winds carrying
less saline waters from the Danube River) and precipitations. The seawater temperature ranged between 0.8 °C
(Sf. Gheorghe Station) and 27.8 °C (Vama Veche Station,
southern coastal area).
The upwelling phenomenon was caused by predominant western and south-western winds [11], and lasted
about 30 days (6 May - 3 June). It was followed by strong
summer algal blooms and an hypoxic event that lasted for
more than one month (from 25 July to 29 August) with
severe ecological impact in the coastal area of the Western Black Sea (Fig. 2, Fig. 13).
At the Mamaia Station, the sea surface temperature
dropped by 8.3 °C within 10 days (from 17.8 °C on 6 May
2010 to 9.5 °C on 17 May) (Fig. 2). The sea surface salinity
and concentrations of dissolved oxygen recorded during
this period had a minimum of 7.43 PSU and 195.40 µM,
respectively (on 6 May), and a maximum of 19.09 PSU (3
June) and 342.60 µM on 26 May.
The research cruise carried out shortly after the upwelling event, during May 2010 (Fig. 1), showed that the sea
surface temperature and salinity distributions (Fig. 4) were
characteristic for this phenomenon: very cold (9.25 °C) and
high saline waters (17.75 PSU) in the near-shore station
(CT1), and a south-western oriented stream of warm
(18.15 °C) and low salinity waters (14.98 PSU) in the
mid-shelf area. The MODIS - AQUA data revealed a
similar pattern in Sea Surface Temperature (Fig. 5).

FIGURE 2 - Distribution of sea surface temperature, salinity and dissolved oxygen at Constanta Bay, during May – September 2010.
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FIGURE 3 - Wind rose for 1 – 31 May 2010 at Constanta (hourly data).

FIGURE 4 - In-situ data on NW shelf of the Black Sea, cruise on 20 May 2010.

The wind regime before the upwelling was favorable
to generate the event. In the first decade of May, more
than 50% of the time, the wind blew from E and SE,
while during the oceanographic measurements, 50% of
the directions were from W and SW, with an additional
25% wind from SE (Fig. 3). Even though the wind velocities were moderate to fair, their persistence generated a
slow offshore circulation pattern in the shallow upper
layer of the NW shelf.
The Ekman transport is perpendicular to the coast line
when the wind blows parallel to the land but, on the Romanian Black Sea Coast, the small depths generate an
Ekman transport almost in the same direction of the wind
which favored the extent of the influence of upwelled
waters over an about 2 km wide alongshore zone
For the analysis of the parameters’ vertical distribution, three offshore stations (CT4, CT5, and CT6) were
selected (Fig. 6). The minimum water temperature recorded at the surface was 13.96 °C at CT4 and the horizontal gradients (W-E) reached 0.04 °C/km, as compared

FIGURE 5 - Results of MODIS – AQUA: SST data during the upwelling phenomena (14 May 2010) [22]
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FIGURE 6 - In-situ data on the Constanta section, cruise on 20 May 2010.

FIGURE 7 - Results of Regional Model: SST, SSS and current during the upwelling phenomenon (15 May 2010).

to only about 0.006 °C/km in the inner shelf region (CT1
to CT3 stations). The vertical gradients (from the sea
surface down to the bottom) for the selected stations had
the maximum at CT4 (0.24 °C/m) and the minimum at
CT6 (0.114 °C/m). The salinity distribution had very similar features, roughly oriented cross-slope and associated
with the overall circulation pattern (Fig. 4, Fig. 6) with
horizontal gradients of 0.002 PSU/km and 0.24 PSU/m
from the sea surface down to 20 m at CT6.
The distribution of the Sea Surface Temperature and
Salinity is consistent with the results of the regional model
for the Romanian Black Sea shelf. The differences between the results of the forecasted sea parameters and in-

situ data from the research cruises carried out in May 2010
consist only in the over-evaluation of the salinity by the
model with approximately 1.00 PSU and under-evaluation
of the sea surface temperature with 4 °C (Fig. 7). The influence of the land is well described by the model with a
good forecast of the sea parameters at the Danube mouths
and the near-shore area.
3.1 Algal bloom and hypoxia

Romanian coastal waters generally show a late winter/
early spring diatoms` bloom (February – March), closely
related to the intense mixing processes during the cold
season [29-33].
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In 2010, the summer Chl_a high values were recorded in June (16.93 µg/L – Table 1, Fig. 8) and in August
(54.03 µg/L - Table 1). The high discharges of the Danube and prevailing northerly winds favored strong diatom
blooms in mid-July [32]. The high Chl_a concentrations
recorded in August were most likely due to the interference of phaeopigments resulting from very strong Noctilluca blooms observed during this summer [33], taking into
account that the thrichromatic method does not differentiate
between chlorophyll and phaeopigments [34].
In the coastal waters, especially in the areas with limited circulation (the case of Romanian coastal waters), the
hypoxia phenomenon manifests a sharp decrease of the
oxygen concentration also in deep waters.
The annual average of the dissolved oxygen recorded
at the Constanta site, in normal conditions, ranged between
289.9 µM (1998) and 374.9 µM (2007). The low values of
oxygen determined in coastal waters of the Constanta section (44°10’ N) during the cruise (27 – 28 July 2010)
show that the depletion in oxygen is observed down to
the depth of 35 m (Fig. 9c). Also, in the littoral waters
(at Mamaia Bay), the dissolved oxygen started to decrease from 8th July but the oxygen dropped dramatically
by 191.60 µM within 24 h (from 226.40 µM on 27 July to
34.80 on 28 July); subsequently, it increased on the next
day, 29 July, to 227.30 µM (by 192.50 µM) (Fig. 2). For
the same period, high values of the sea temperature were
recorded with uniform distribution from the surface
(26.70 °C) to 10m depth (23.20 °C) at the CT3 station,

and low salinity from 8.78 PSU at the surface CT 2 to
14.76 PSU in 10 m depth at CT4) (Figs. 9 a, b).
The periodic modification of the thermal balance at
the air – water interface is responsible for the evolution of
sea surface temperature. The salinity variations at the Romanian Black Sea shore have a less obvious periodic character due to the various phase lags between their causes:
continental runoff, precipitation, evaporation, water exchange through the Bosphorus strait, and main circulation
pattern.

FIGURE 8 - Results of MODIS AQUA: chl_a data (15 June 2010)
[22].

FIGURE 9 - In-situ data on East Constanta section, cruise of 27-28 July 2010.
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Taking these topics into considerations, for the local
extreme events, such as hypoxia, the circulation model for
the north-western part of the Black Sea (Fig. 10) predicts
well the SST along Constanta section (44° 10' N), but the
SSS had values of 6 PSU higher than the measured ones
(at the CT4 - 44°10' N, 29°08' E - the salinity at the surface
was 10.95 PSU and the forecasted value was 16.8 PSU).
For the 20-m level (Fig. 11), the differences between
the measured and forecasted values of the sea temperature
and salinity are negligible, varying between 1 – 2 °C for
the temperature and 0.5 – 0.7PSU for salinity.
The high Danube flow, as well as the predominant
northern winds lead to the formation of a mixed surface
layer that moved southwards (with low salinities, high

turbidity, rich in nutrients and organic substances) favoring the appearance of the fresh water plume (10 – 20 km
wide) between the Danube’s mouths and Constanta. In the
mixed layer, unusual high values of the sea temperature
were recorded, 26 – 28 0C (Fig. 8, Fig. 12). The phytoplankton total density of 8.3 million cells·L-1 was observed in the first half of July, dominated by the species
Thalassionema nitzschioides (abundance of 5.89 million
cells L-1) and Nitschia delicatissima (about 1.03 million
cells·L-1). In the second half of the month, significant
developments of the phytoplankton at the Constanta shore
station were not recorded, but some changes were recorded only in terms of the dominant species Glenodinium
paululum (2.10 million cells·L-1) and Nitschia tenuirostris
(2.07 million cells·L-1).

FIGURE 10 - Forecast results of the regional model at the surface, 27 July2010.

FIGURE 11 - Forecast results of the regional model at 20 m depth, 27 July 2010.
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TABLE 1 - Chlorophyll a at the daily monitoring station, Mamaia
Bay, during the algal bloom and hypoxia events (2010).

FIGURE 12 - SST (MODIS - AQUA data) during hypoxia event on
24 August 2010 [22].

Date

Chl a (µg/L)

07.06.2010

1.97

15.06.2010

16.93

21.06.2010

14.19

28.06.2010

8.53

06.07.2010

16.78

13.07.2010

8.54

19.07.2010

7.15

26.07.2010

6.31

02.08.2010

5.91

09.08.2010

54.03

12.08.2010

32.84

14.08.2010

16.40

16.08.2010

32.97

19.08.2010

3.53

23.08.2010

37.98

30.08.2010

13.49

13.09.2010

12.14

4 CONCLUSIONS
The 2010 upwelling phenomenon in the Western
Black Sea is a result of the western and south-western
winds which favored the eastward movement of sea water
masses. Due to the upwelling event, the near-shore water
masses were replaced by the offshore waters (cooler,
higher salinity), and the sea surface temperature dropped
by 8.3 °C within 10 days. These waters, rich in nutrients,
favored the algae bloom.
A high Chl_a concentration of 16.93 µg/L (revealing
the algal bloom) was recorded in June, as a result of nutrient-rich deep waters reaching the coastal area during the
upwelling event.

FIGURE 13 - Benthic fauna affected by hypoxia along the Southern
Romanian coastline (Mamaia resort) on 29 July 2010 (NIMRD photos).

The benthic organisms, with reduced mobility,
trapped by these waters, have been subjected to a slow
suffocation, followed by the agony and significant mortality of species, such as mullets, dragons, scorpions, large
flatfish, shrimps and mollusks. Dead fish and those in
agony, carried by the currents to the shore, formed discontinuous deposits (Fig. 13), north of Constanta city
(Mamaia resort), in Constanta, and less in the south
(Eforie, Costinesti and 2 May resorts).

The oxygen depletion (from 226.40 µM to 34.80 in
24 h) after the algae bloom event (middle to end of June)
led near-shore, to an episodic but strong hypoxia phenomenon, recorded in July 2010. As an effect of low
oxygen concentration in the littoral Black Sea waters
significant mortality of species, such as mullets, dragons,
scorpions, large flatfish, shrimps and mollusks, was recorded.
The satellite data are essential for observing the special phenomena that occurred in coastal areas, but also to
observe the spatial coverage of the events, taking into
consideration that the oceanographic cruises take time to
be organized and incur high costs.
The regional circulation model for the north-western
Black Sea is used for operational prognostic purposes,
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and the forecasted hydrological fields were compared to
the real data gathered in 2010. The model predicts not
only the normal situations, but also, as was shown, the
overall pattern of short-term transient events, such as upwelling and hypoxia conditions.
The authors have declared no conflict of interest.
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ABSTRACT
The main objective of this study was to investigate
the phosphorus (different forms) removal efficiency of
constructed wetlands using fly ash brickbat from domestic
sewage around south lake of Wuhan city, China. Results
reveal that total dissolved phosphorus was the main component of total phosphorus in raw water, whereas the soluble reactive phosphorus was present as the main component. Soluble reactive phosphorus removal was well accomplished through the adsorption and deposition of substrates, and its removal efficiency has reached above 97%.
Particulate phosphorus removal was unsatisfactory due to
the buffer conditions of substrates, and its removal efficiency was nearly 50%. The concentration of other forms
of phosphorus in total dissolved phosphorus e.g. dissolved
organic phosphorus and condensed phosphate was less
than 0.05 mg/L in raw water, and was not remarkable. The
concentration of total phosphorus in effluent was less than
0.5 mg/L and particulate phosphorus was its main component. Fly ash brickbat filter material could serve well
for removal of phosphorus from raw water if phosphorus
is present in soluble reactive phosphorus form.
KEYWORDS: Constructed wetland; domestic sewage; fly ash
brickbat; phosphorus forms

1. INTRODUCTION
Phosphorus is one of the most common chemical components present in various wastewaters. Phosphorus in
water can be classified into total phosphorus (TP), particulate phosphorus (PP), total dissolved phosphorus (TDP),
soluble reactive phosphorus (SRP), orthophosphate, and
condensed phosphate [1]. Phosphorus is the main stimulating factor to the growth of algae and other hydrophytes
* Corresponding author

responsible for eutrophication in various freshwater bodies. Phosphorus removal by constructed wetland is a simple and cost effective way, where various filter materials,
wetland plants and microorganisms play significant roles
in removal process. Various studies have been conducted
on dephosphorization effects of different substrates. Zhao
et al. (2008) [2] used dewatered alum sludge as reed bed
substrate to investigate its phosphorus removal efficiency
from rural domestic sewage, and noticed over 90% removal efficiency. Heal et al. (2005) [3] used ochre collected from mines in phosphorus adsorption test, where
they found over 93% removal. Phosphorus removal effects of 8 different substrates were examined in Zhang et
al. (2007) [4] where they noticed steel slag as efficient filter
media for both TDP and PP and anthracite poor performance by anthracite. The vermiculite was also found to be
very effective for PP but poor for TDP removal. It was found
that P removal by substrates was co-determined by their
physical and chemical properties [4]. Wu et al. (2011) [5]
studied the removal efficiency of TP and SRP by multiple
substrates, where the average removal rates of SRP by steel
slag and anthracite were 96.29% and 92.14%, respectively,
and anthracite was a comparably suitable substrate for
enhancing P removal in constructed wetland in consideration of its long-term effect and the pH value of the effluent.
Many other researchers such as Dunne et al. (2012) [6],
Bojcevska and Tonderski (2007) [7] noticed the limited
removal efficiency of FAB for TDP, whereas there was
significant removal efficiency in case of PP. It can be concluded from various previous studies that constructed wetland’s P removal efficiency relies on various filter media
along with other operating conditions.
Many researchers, such as Mao and Song (2006) [8]
found that fly ash brick filter material has significant
phosphorus-sorption capacity. They noticed 79.1~89.7%
TP removal efficiency of constructed wetlands using fly
ash bricks as filter media. Wang et al. (2011) [9] studied
single fly ash brick substrate and a mixed substrate with
lime and fly ash, and found that single fly ash brick filter
media substrate was more effective than mixed filter sub-
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strate. This study proved fly ash brick as effective phosphorus-sorption filter material. A comparative study between fly ash brickbat (FAB), gravel and shale shows that
FAB has most effective TP removal efficiency [10]. Many
researchers focused on removal of TP from constructed
wetlands using FAB but only few have paid attention on
removal of its various forms. Hence, the current study
mainly focused on TP removal by FAB, along with its
various forms like TDP, PP and SRP. In this paper, industrial solid waste FAB was used as filter substrate in constructed wetland to study the removal of different P
forms, and domestic sewage around South Lake in Wuhan
was used as raw water.

lected from a sewage drainage outlet near South Lake of
Wuhan city. For the initial research work, simulated
wastewater prepared by adding mono potassium phosphate
in tap water was used to investigate the removal efficiency of FAB filter material.
This study was focused on removal efficiency of CWs
using FAB as filter substrate. The main forms of the P investigated in this study were TP (total phosphorus), TDP
(total dissolved phosphorus), PP (particulate phosphorus),
SRP (phosphorus in TDP that can produce phosphormolybdenum blue through chemical reaction with molybdate), and OFP (other forms of P in TDP, mainly soluble
organo-phosphorus and condensed phosphate).

2. MATERIALS AND METHODS
The fly ash brickbat (FAB) material was used as
substrate in constructed wetland (CW) units in the current
study. The main composition of this material was as follows: SiO2 31.10%, CaO 20.77%, Al2O3 16.85%, Fe2O3
3.72%, MgO 0.65%, and K2O 0.76%. This filter material
was obtained from Wuhan Chenjian New Wall Material
limited company of Wuhan city, China. FAB was filtered
by suitable sieves after a simple crushing process to make
its particles to the required size. Three parallel CW units
were installed with different sizes of substrate material.
The first CW was filled with 16-32 mm size of gravel
material, whereas the second and third wetland units were
filled with 8-16 mm and 4-8 mm gravel material. Fig. 1 is
showing the different sizes of filter material used in substrates of CW units.
Each of the wetland units were made of 10-mm PVC
material and divided into intake zone, reaction zone, and
catchment zone for even distribution of water. The exit
valves were set up between catchment and discharge zone
to regulate the water level in wetland units. Available water
depth in filter substrate was managed properly between 0.50.6 m, whereas hydraulic load was set to 0.4 m3/m2·d. The
inlet water used in CWs for current investigation was col-

(a) first order

(b) second order

(c) third order

FIGURE 1 - Sizes of filter material in substrates of constructed
wetland units.

TP, TDP and SRP were analyzed with Mo-Sb Anti
spectrophotometric method [11]. P concentration was determined by UV-2000 UV-VIS spectrophotometry. The numerical value of PP is equal to the difference between TP and
TDP, whereas the numerical value of OFP is equal to the
difference between TDP and SRP values.
3. RESULTS AND DISCUSSION
3.1 Phosphorus removal from simulated wastewater

Phosphorus concentration in influent and effluent of
constructed wetland units using simulated wastewater
used as raw water is shown in Fig. 2.

FIGURE 2 - P removal from simulated wastewater.
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The concentration of P in influent was nearly 3 mg/L,
while after enhanced removal by FAB, wetland P concentration was lower than 0.01 mg/L in effluent. The removal
efficiency was over 99.7%, which indicated excellent
dissolved P efficiency by FAB substrate constructed.

3.2 Phosphorus removal from domestic sewage

Phosphorus concentrations in influent and effluent of
CW units using domestic sewage as raw water are presented in Figs. 3-6, respectively.

FIGURE 3 - TP removal from domestic sewage wastewater.

FIGURE 4 - TDP removal from domestic sewage wastewater.

FIGURE 5 - SRP removal from domestic sewage wastewater.

2995

© by PSP Volume 22 – No 10a. 2013

Fresenius Environmental Bulletin

FIGURE 6 - PP removal efficiency from domestic sewage.

Figure 3 reveals that the concentration of TP in influent
was 1.806-2.185 mg/L, whereas that of TP in the effluent,
after enhanced removal by FAB substrate CW units, was
0.403-0.451 mg/L (0.423 mg/L average). The removal efficiency of TP ranged between 76.79-80.85% with an average
of 79.29%. It is clear from Fig. 4 that when the concentration of TDP in influent was 1.171-1.412 mg/L, its content
in effluent was 0.025-0.053 mg/L (0.040 mg/L average),
and removal efficiency was in the range of 95.45-98.02%
(96.92% average). This trend demonstrated the satisfactory TDP removal effect of FAB CW units. The concentration of SRP in influent was 1.140-1.379 mg/L, whereas
0.009-0.030 mg/L (0.023 mg/L average) in effluent, and
removal efficiency was between 97.54-99.27% (98.17%
average). Similar as TDP, virtually all SRP in domestic
sewage wastewater can be removed by FAB CWs. Figure 6
shows that the concentration of PP in influent was 0.6340.778 mg/L, and after enhanced removal by FAB CWs, its
concentration in effluent was 0.350-0.405 mg/L (0.383 mg/L
average). The removal efficiency of PP ranged between
44.89-51.79% with 48.20% average removal. The removal

effect of FAB CWs was limited compared with that of
TDP and SRP removal.
3.3 Phosphorus components in influent and effluent

The concentrations of various P components in influent and effluent of FAB wetland units and their comparison are presented in Figs. 7-9, respectively.
Figure 3 reveals that the concentration of TP in influent was around 2 mg/L, and in effluent, it was around
0.423 mg/L. From Figs. 7-9, it could be observed that
TDP accounted for 63.83% of TP with an average concentration of 1.31 mg/L, whereas PP was presented with a relatively small proportion (average of 0.74 mg/L). The SRP
accounted for 62.42% in TP, while OFP was in quite small
proportion with a concentration lower than 0.05 mg/L. For
P in effluent, PP accounted for 90.61% of TP, while TDP
in small proportion and SRP occupied only 5.52% of TP,
whereas OFP accounts for nearly 3.87% of TP. It can be
concluded from the data that the main component of P in
influent was SRP, while its main component in effluent
was PP.

FIGURE 7 - Average (mean) concentration of phosphorus components in influent.
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FIGURE 8 - Average (mean) concentration of phosphorus components in effluent.

FIGURE 9 - Comparison between the concentrations of various phosphorus components in influent and effluent.

3.4. Discussion

TP in sewage can be classified into TDP and PP, where
TDP includes ortho-phosphate, soluble organo-phosphorus
and condensed phosphate. SRP in TDP mainly refers to
ortho-phosphate and a small amount of other P compounds
easily hydrolyzed to produce ortho-phosphate. OFP mainly
refers to soluble organo-phosphorus and condensed phosphate. It could be observed from Fig. 9 that the main component of TP in influent was SRP, where its main component was PP, which very well demonstrated the fact that P
removal by FAB was mainly the removal of SRP contents, and this trend is in consistency with the findings of
Zhang [4] and Wu [5]. Such results may be connected with
the physicochemical properties of substrates, as solids generally absorb certain solutes in a solid-liquid mixed system [5].
The results from this study reveal that phosphate was adsorbed to the surface of FAB material, and then, further
moved inwards through pores on the surface. FAB (shown
in Fig. 1) has a relatively high surface area and porosity,
which makes it easier to have adequate contact and physical absorption with phosphate. The main components of

FAB were SiO2, CaO, Al2O3, and a small amount of
Fe2O3, where the abundant Ca, Al and Fe elements could
have chemical reaction with phosphate radicals in SRP,
phosphate depositing on the surface of FAB. Thus, it
could be concluded that SRP removal by FAB wetland
was accomplished through the adsorption and deposition of
substrates. Figs. 5 and 2 demonstrate that removal rates
were 98.17% of SRP from domestic sewage wastewater
and 99.7% of phosphate from simulated wastewater. The
main component of phosphate was also orthophosphate,
similar with SRP component. This phenomenon further
verified the satisfactory SRP removal effect by FAB filter
substrates. Since the SRP contents dominated in TDP composition, the removal of TDP was very effective by FAB
wetland units (Fig. 7). The concentration of OFP was less
than 0.05 mg/L in influent similar as dissolved organic
phosphorus and condensation phosphate, and their influence on P removal was not remarkable. PP was the total P
contained in suspended particles, and it is generally believed
to be removed by physical intercept of substrates. Only half
of PP was removed after the intercept and filter of sub-
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strates, with a high content of 0.383 mg/L in effluent (Fig. 6),
which proved a poor PP removal effect by FAB substrate
CW. In order to effectively remove PP which mainly
contained suspended solids, the pretreatment facilities like
primary clarifiers should be set in application to relieve
PP treatment load. Meanwhile, a long-term accumulation
of suspended solids in wetland may cause a blocking,
even a system breakdown, which makes it necessary to
minimize the suspended solid load in influent for the
purpose of lengthening the treatment operation of CWs. It
can be concluded on behalf of the above discussions that
CWs using FAB as filter substrates can effectively remove phosphate with SRP as its main content from
wastewater.
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4. CONCLUSIONS
Domestic sewage around South Lake in Wuhan, China was used as raw water to study the removal efficiency
of CWs for different P forms. The results demonstrated
that in the raw water, TP was 2 mg/L, TDP was 1.31
mg/L, while PP was present in a relatively small proportion. It is also found that the SRP was the dominating
component in TDP composition. Phosphorus removal by
FAB substrate CWs was due to the removal of SRP components by the adsorption and deposition of substrates.
PP removal was completed unsatisfactorily through the
physical buffer of substrates, and its removal efficiency
was very low (50%). The concentration of other forms of
P in TDP e.g. dissolved organic phosphorus and condensed phosphate was less than 0.05 mg/L in influent, and
removal of these components was not remarkable. The
concentration of TP in effluent was lower than 0.5 mg/L
with PP as the main component. The FAB filter material
has been demonstrated to be a value-added material as a
potential low-cost substrate medium in CWs for removal
of SRP.
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removal efficiency of different media and macrophyte in
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ABSTRACT
The characterization and pretreatment of three Chinese fly ashes were investigated to exploit their potential
utilization in zeolite synthesis. A detailed study of the
chemical and mineralogical composition, morphological
analysis, physical properties, and thermal stability was
conducted. The effect of weight ratio (sodium hydroxide:
fly ash) on fly ash alkaline fusion pretreatment was also
studied. The results obtained demonstrate that fly ash ZF-2 is
suitable for direct zeolitization. To synthesize high ionexchange capacity zeolites, both fly ash ZF-1 and ZF-2
could be pretreated by alkaline fusion with the optimum
weight ratio of 0.8 and 0.9 respectively. The hypothesis
was supported by zeolite synthesis experiments.

KEY WORDS:
fly ash; characterization; pretreatment; zeolite

1 INTRODUCTION
Fly ash is a waste residue generated from electric power
plants. In 2009, approximately 375 million tons of fly ash
were produced in China, and this mass is predicted to increase. A substantial amount of fly ash produced from
coal power stations is disposed of in landfills and ash
ponds. Disposal of the increasing amount of fly ash will
soon become too costly to be viable and will pose a serious environmental problem. The improper disposal of fly
ash can also cause contamination and health issues, because of its enrichment in potentially toxic trace elements
that condense from the flue gas.
However, coal fly ash is non-hazardous and is safe
for human health when managed properly. Coal fly ash
has been studied extensively for decades by universities
and government regulatory agencies. An increasing number of studies have shown it to be a resource that is yet to
be utilized fully. Coal fly ash can be used beneficially in a
* Corresponding author

variety of applications, for example as an adsorbent for
NOx removal from flue gases [1],or with high unburned
carbon content it can also be used in mercury removal [2].
To date, fly ash has been used widely in concrete and
cement manufacturing. Fly ash containing cementitious
calcium compounds and a reactive glass could possibly be
used in Portland cement products [3, 4].
Recently, many potential high value-added applications of fly ash have been discovered, especially in the
synthesis of high cation exchange capacity (CEC) zeolites.
Some fly ashes with high SiO2 and Al2O3 content can be
used in zeolite synthesis. Since the initial studies by Holler and Wirsching [5], many researchers have proposed
different hydrothermal conversion routes for the synthesis
of different zeolites from fly ash [6-10]. Along with the
development of synthesis methods, intensive research has
been carried out on the potential application of zeolites
synthesized from fly ash [11-15]. Zeolitization of fly ash
is therefore very promising. Up to now, the zeolitization
of fly ash has been based on a hydrothermal alkali treatment that can be conducted by two methods: the classic
alkaline conversion (the direct conversion) and fusion
methods [16]. Although the classic alkaline conversion
process is very simple, it is difficult to synthesize zeolites
of high CEC using this method. The fly ash should be
characterized completely to exploit its potential utilization
in direct conversion, as different conditions during the coal
combustion processes yield different coal fly ash properties [17]. The main limitation of the classic alkaline conversion for synthesizing zeolites from fly ash is that it is
difficult to dissolve Si and Al from the fly ash particles at
the reaction temperature. To solve this problem, a fusion
method was proposed. By introducing an alkaline fusion
stage before classic zeolite synthesis, high CEC zeolites
such as Zeolite A and Zeolite X were synthesized [10, 18,
19]. To date, most experiments have been performed using
pre-fusion treatment focused on the final zeolite product
and pre-fusion treatment and zeolitization in one step. In
most articles, researchers used the pre-fusion products
directly for zeolition. Limited studies have been conducted
on the alkaline fusion pretreatment of fly ash affecting its
crystalline phases and the optimum mass ratio of fly ash
and alkaline reagent. Alkaline reagent addition is for disso-
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lution of Si and Al from fly ash material such as quartz
and mullite. Alkaline pretreatment and zeolite conversion
in one step may lead to extra alkaline consumption with
other fly ash particles not containing Si and Al. It is therefore necessary to study the effect on the crystalline phases
in the alkaline fusion pretreatment of fly ash and the optimum mass ratio of fly ash and alkaline reagent. Prefusion treatment may influence coal fly ash differently because different conditions during coal combustion processes
yield varying properties. The alkaline fusion stage is more
costly than direct conversion because additional alkaline
reagent is required. To exploit its potential utilization in
zeolite synthesis, the optimal weight ratio of alkaline to
fly ash should be studied based on detailed characterization of the fly ash.
In our work, the characterization and pretreatment of
three Chinese fly ashes were investigated to exploit their
potential utilization in zeolite synthesis. First, a detailed
study of the chemical and mineralogical composition,
morphological analysis, physical properties, and thermal
stability was conducted. Second, The effect of weight
ratio (sodium hydroxide:fly ash by weight) on fly ash
alkaline fusion was studied.
2 MATERIALS AND METHODS
2.1 Materials and chemical reagents

Three types of coal fly ash were collected from three
different coal-fired power plants. The fly ashes samples
were labeled as follows: ZF-1 from the Linhe Power Plant
in Inner Mongolia; ZF-2 from the Baotou Power Plant in
Inner Mongolia; ZF-3 from the Huaneng Power Plant in
Beijing. All reagents used were analytical grade.
2.2 Fly-ash characterization
2.2.1. Chemical and mineralogical characterization

The carbon and sulfur contents in the fly ashes were
determined using a LECO CS344 elemental analyzer. Fly
ash chemical composition was determined on a Philips type
PW2404 fluorescence X-ray spectrometer.
The fly ash samples were homogenized and dried for
24 h at 105°C. Mineralogical compositions were determined
using an X-ray diffractometer D8 advance powder diffractometer with Cu Kα radiation. Quantitative X-ray diffraction
(QXRD) analysis was conducted following the reference
intensity method (RIM) described by Chung [20-22]. The
RIM has been applied to QXRD analysis of fly ashes by
Medina [23]. Diffraction patterns were collected at 5–90°
using Cu Kα radiation with a step size of 0.028°, and
CaF2 as internal standard. Samples composed of 7.5 g of
fly ash and 2.5 g of CaF2 were prepared and analyzed by
XRD. The 2-theta peaks of 3.35 for quartz, 3.39 for mullite and 3.15 for fluorite were selected, and their corresponding areas were measured. The crystalline and amorphous phase content was determined according to the
following:

Dilution factor (%) = 100/Fly ash in sample
Crystalline phase (%) = ((APhase × fluorite, %)/
(AFluorite × Kphase)) × dilution factor
Amorphous phase (%) = 100 −∑crystalline phases
where APhase and AFluorite are the areas of the chosen
peaks of the corresponding phases and the internal reference, respectively; Kphase is the proportionality constant of
1.75 and 0.15 for quartz and mullite, respectively.
2.2.2. Physical properties

Particle size distributions were determined using a
Malvern Mastersizer 2000 Particle Size Analyzer. To
determine the surface area and specific volume, the samples were first degassed at 350°C and then subjected to
nitrogen adsorption. The study was performed using a
Quantachrome NOVA4200e instrument. The specific area
was calculated using the multipoint BET equation and pore
volume calculated from the maximum adsorption amount
of nitrogen at P/Po ≈ 0.98.
2.2.3 Morphological analysis

The morphology of different crystalline phases identified by XRD was inferred by combining the results obtained from scanning electron microscopy (SEM) and energy
dispersive X-ray (EDX). Samples were coated with gold and
analyzed with a Hitachi S-4800 Scanning Microscope.
2.2.4. Thermal stability

Thermal stability was determined by gravimetric (TG)
and differential thermal analysis (DTA) and differential
scanning calorimetry (DSC) using Setaram Labsys Evo
TG-DTA/DSC equipment. The sample was heated under
a nitrogen atmosphere from room temperature to 1200°C
at 10°C min−1. To explain the energy and mass changes
observed as a consequence of this heating, different samples were heated for 4 h at 400, 600, 800, and 1000°C and
then analyzed by XRD.
2.3 Alkali fusion pretreatment of fly ash

Ten grams of each fly ash was mixed and ground
with sodium hydroxide at different weight ratios (sodium
hydroxide:fly ash by weight) to obtain a homogeneous
mixture. The fly ash-sodium hydroxide ratios used during
the experiments was varied from 0.1 to 1.2.The mixture
was then heated in a corundum crucible in air at 600°C
for 2 h before being washed by distilled water to pH 10.
The solid was separated by filtration and then dried for 24 h
at 105°C. The obtained product was called the fused fly
ash. XRD analysis was conducted to determine its mineralogical composition.
2.4 Zeolition of fly ash
2.4.1 Synthesis by the direct method

Dry fly ash (10 g) was added to 80 mL of aqueous
NaOH (3 mol/L). This mixture was placed into a stainless
autoclave. Hydrothermal treatment was carried out at 140°C
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for 6 h. After hydrothermal treatment, the precipitated
samples were extracted and washed with distilled water
until the pH of the samples was approximately 9. Samples
were dried at 100°C for 12 h.

TABLE 2 - Elemental analysis of fly ashes studied (wt %)
Fly ashes
ZF-1
ZF-2
ZF-3

Carbon
0.6
0.14
0.05

Sulfur
0.07
0.28
0.76

2.4.2 Synthesis by the fusion method

Fly ash ZF-1 (10 g) was mixed with 9 g NaOH powder. The resultant mixture was homogenized by milling
and thermally treated at 600°C for 2 h. Fused products
were cooled, added to a stainless autoclave with 90 mL of
aqueous NaOH (1 mol/L) and then crystallized at 90°C
for 10 h. After hydrothermal treatment, the precipitated
samples were extracted and washed with distilled water
until the sample pH was approximately 9. The samples
were dried at 100°C for 12 h.
3 RESULTS AND DISCUSSION

Results obtained from XRD (Fig. 1) reveal that the
fly ashes consist mainly of a major vitreous phase (halo
registered between 2θ = 15 and 35°) and for some, minor
crystalline phases (quartz, mullite, hematite, bassanite and
some TiO2). Fly ash ZF-1 presented a high mullite and low
quartz peak intensity. Quartz was found in fly ash ZF-2. It
was observed that fly ash ZF-2 also contains mullite and
bassanite. Mullite and quartz were not found in fly ash ZF-3,
which contains bassanite, hematite, and TiO2. High mullite
and quartz content have an adverse effect on zeolite
synthesis by the classic alkaline conversion method, as it is
difficult to dissolve Si and Al from mullite and quartz under classic alkaline conversion reaction conditions [16].

3.1 Fly ash characterization
3.1.1 Chemical and mineralogical composition

Table 1 shows the chemical composition of the fly
ash samples studied. The most abundant oxides in the fly
ashes are those of Si, Al and Ca followed by Fe, Mg, Na,
K and Ti. The total silica and alumina content in both fly
ashes ZF-1 and ZF-2 is greater than 75 %. All fly ashes
have a CaO content below 15 %, except for fly ash ZF-3
that has a CaO content of 15.43 %. High CaO content
adversely affects zeolite synthesis [24]，so fly ash ZF-3
with high CaO content may not be suitable for utilization
in zeolite synthesis. Unburned carbon in the fly ash contributes the main surface area to fly ash, and the carbon
can be activated to further increase the fly ash adsorption
capacity [3]. However, the elemental analysis (Table 2)
shows that these percentages are all lower than 1 %.
FIGURE 1 - Fly ash XRD spectra.
TABLE 1 - Fly ash chemical composition (wt %)
Fly ashes
ZF-1
L.O.I.a
0.81
SiO2
48.76
Al2O3
39.23
Fe2O3
4.89
MgO
0.92
CaO
2.75
Na2O
0.21
K2 O
0.74
MnO
0.046
TiO2
1.25
P2 O5
0.35
SiO2/Al2O3
1.24
a
L.O.I. = Loss on ignition.

ZF-2
0.43
57.45
20.56
7.51
1.14
8.57
1.21
2.05
0.1
0.88
0.092
2.79

ZF-3
0.03
49.24
19.13
10
1.57
15.43
1.57
1.76
0.22
0.84
0.12
2.57

Table 3 presents the mineralogical composition of fly
ashes. Fly ash ZF-2 and ZF-3 were found to be fly ashes
with high amorphous material contents. High amorphous
SiO2 and Al2O3 content is important characteristics that
indicate high fly ash reactivity in direct conversion processes, such as zeolite synthesis, alumina and silica extraction, among others [23]. Therefore, fly ash ZF-1 is not
suitable for zeolitization by the classic alkaline conversion method because of its low amorphous material contents. But as it has a high SiO2 and Al2O3 content, fly ash
ZF-1 can be utilized in zeolitization by the fusion method.
ZF-3 may be unsuitable for zeolite synthesis because of

TABLE 3 Fly ash mineralogical composition
Fly ashesa
ZF-1
ZF-2
ZF-3
a
Average; area units (au).

Quartz (au)

Mullite (au)

Quartz (%)

Mullite (%)

6.82
19.5
0

4.63
0.57
0

3.88
11.58
0

30.69
3.78
0

3001

Amorphous SiO2
(%)
36.23
44.8
49.24

Amorphous
Al2O3 (%)
17.19
17.84
19.13
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FIGURE 2 - SEM images of fly ashes: ZF-1 (A), ZF-2 (B), and ZF-3 (C).

FIGURE 3 - Morphology of main phases in fly ashes: unburned carbon (A), mullite (B), quartz (C), and bassanite (D).
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FIGURE 4 - EDX chemical analysis determined in main fly ash phases: unburned carbon (A), mullite (B), quartz (C), and bassanite (D).

its high CaO content. The amorphous silica and alumina
contents of ZF-2 are higher than that of Puertollano, which
has proven to be a successful fly ash in zeolitization by
the classic alkaline conversion method [9]. So fly ash ZF2 is suitable for conventional zeolite synthesis.
3.1.2. Morphological analysis

SEM images in Fig. 2 show the fly ash morphology.
All three fly ashes were composed mainly of spherical
hollow particles. Other phases with different shape, size
and texture were identified by SEM and analyzed by
EDX. Particles in fly ash ZF-1 with high carbon content
were identified as unburned carbon, as shown in Fig. 3A
and Fig. 4A. Additionally, irregular agglomerations shown
in Fig. 3B were identified with high alumina and silica
contents (Fig. 4B). Particles with similar alumina and silica
contents have been reported in literature as mullite [25].
Quartz was present as irregular particles in fly ash ZF-2
(Fig. 3C) with high silicon and oxygen content (Fig. 4C).
High calcium content detected by EDX analysis (Fig. 4D)
on the rough surface of the particle in fly ash ZF-3, shown
in Fig. 3D, suggests that this particle corresponded to
bassanite detected by XRD.

3.1.3 Physical characterization

Particle size distribution is the physical characteristic
of fly ashes that most affects its reactivity. The fineness of
fly ashes is affected fundamentally by the degree of pulverization of the coal, as well as by the thermal process
and type of electrofilter installed at the power station.
Table 4 shows the physical properties of the fly ashes.
According to the results, all fly ashes have a small specific surface and pore volume. The particle-size distribution
of fly ashes used is between 200 and 1 µm. Fly ash ZF-3
was found to be composed of very fine particles; 10 % of
the particles were less than 1.36 µm, 50 % were less than
6.19 µm, and only 10 % of the material was greater than
28.14 µm. All the fly ashes had a Gaussian asymmetric
monomodal distribution, as shown in Fig. 5. Considering
the small particle size of the fly ashes, dust generation
should be prevented during fly ash transportation and
storage, as 28.76 and 65.00 % of fly ash ZF-2 and ZF-3
particles, respectively, were PM10 particles (particle size
less than 10 µm). These sized particles are breathable and
potentially dangerous to human health.

TABLE 4 - Physical properties of fly ashes
Fly ashes
Perc10 (µm)
Perc50 (µm)
ZF-1
11.84
83.03
ZF-2
3.6
28.14
ZF-3
1.36
6.19
BET specific surface area (BETSA); Percentiles (Perc)

Perc90 (µm)
197.31
142.62
28.14

3003

BETSA (m2/g)
1.2
2.3
1.0

Pore Volume (cc/g)
0.002
0.004
0.002
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reaction temperature. An alkaline fusion pretreatment was
required to decompose mullite and quartz. So ZF-1 should
be pretreated by alkaline fusion before zeolitization. ZF-2
can be used to synthesize zeolite directly, but if ZF-2 is
used to synthesize high ion-exchange capacity zeolite, it
should be pretreated by alkaline fusion before zeolitization.
XRD spectra of the fused fly ashes are shown in Fig. 8.
The diffraction intensity for hydrosodalite increased
with increase in weight ratio of alkaline to hydrosodalite
(A)

(B)

FIGURE 5 - Particle size distribution of fly ashes and accumulated
fraction.
3.1.4. Thermal stability

The stability of the fly ash phases was determined from
20–1200 °C to assess the changes in crystalline phase such
as quartz and mullite without addition of alkaline reagent.
Results from TG and DSC analysis are shown in Fig. 6.
To explain the energy and mass changes observed as a
consequence of heating, different samples were heated for
4 h at 400, 600, 800, and 1000°C and then analyzed by
XRD. TG and DSC analysis showed ZF-1, ZF-2 and ZF-3
were stable, and had no obvious mass change from 100 to
800°C. Results obtained from XRD (Fig. 7) also revealed
that the crystalline components of the fly ashes showed no
obvious change from 100 to 800°C. However, higher
temperatures led to the formation of sodium aluminum
silicate in ZF-1 and kyanite in ZF-2 and ZF-3. The peak
intensities of mullite and quartz in ZF-1 and ZF-2 from 20 to
1000°C were similar, so it could be assumed that the mullite
and quartz treated at temperatures of 20°C < T < 1200°C
without any additive were very stable.

(C)

3.2 Alkali fusion pretreatment of fly ash

As has been discussed previously, the mullite and
quartz phase were found in fly ash ZF-1 and ZF-2. It is
difficult to dissolve Si and Al from these particles at the

FIGURE 6 - Thermal analysis of fly ashes: ZF-1 (A), ZF-2 (B), and
ZF-3 (C).
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some peaks of zeolite x appeared. Zeolite could therefore
be synthesized only through fusion-pretreatment. Based on
the economics and effectiveness, the optimum mass ratio of
alkaline to fly ash ZF-1 is 0.8, and within this mass ratio,
zeolite x could be synthesized directly without hydrothermal
synthesis.
The diffraction intensity of mullite and quartz in fly
ash ZF-2 decreased with increase in alkaline weight (Fig.
8B). When the weight ratio of alkaline to fly ash was 0.9,
the prominent mullite peak nearly disappeared and the
prominent quartz peak was very weak. The diffraction
intensity of mullite at a weight ratio of 1.0, 1.1 and 1.2
was very similar to that at a weight ratio of 0.9, but the
alkaline weight increased by 11 % to 33 %. Additionally,
the prominent peak of hydrosodalite was very weak at a
weight ratio of 0.9. Based on economics and effectiveness,
the optimum weight ratio of alkaline to fly ash ZF-2 is 0.9.
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FIGURE 7 - Thermal stability of fly ashes and their dependence on
temperature: ZF-1 (A), ZF-2 (B), and ZF-3 (C).

(Fig. 8 A). The zeolitization efficiency of hydrosodalite is
lower than that of amorphous silica and alumina, but it can
be utilized in zeolite synthesis. So the dissolution of mullite
and quartz were studied mainly in the fly ash alkali fusion
pretreatment process. The diffraction intensity of mullite
and quartz decreased with increase in weight of alkaline.
When the weight ratio of alkaline to fly ash was 0.7, the
prominent quartz peak nearly disappeared and the prominent
mullite peak was very weak. When the mass ratio of
alkaline reagent to fly ash increased from 0.7 to 0.8–0.9,
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FIGURE 8 - XRD spectra of fused fly ashes: ZF-1 (A) and ZF-2 (B).
3.3 Zeolitization of fly ash

To verify characterization results, fly ashes ZF-1, ZF-2
and ZF-3 were used to synthesize zeolite. Fig. 9 shows
results from zeolition without pretreatment. Fly ash ZF-1
was converted to phillipsite; No zeolite apperared during the
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without pretreatment; ZF-1 is not suitable for zeolitization
directly because of its low amorphous material contents;
ZF-3 may not be suitable for zeolite synthesis because of
its high CaO content. To synthesize high ion-exchange
capacity zeolites such as NaX, NaA zeolite, both fly ash
ZF-1 and ZF-2, could be pretreated by alkaline fusion.
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FIGURE 10 - XRD spectra of zeolition products of fly ash ZF-2
after fusion pretreatment.
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Characterization of the three Chinese fly ashes was
performed to exploit their possible utilization in zeolite
synthesis. Chemical and mineralogical characterization of
the fly ashes revealed that fly ash ZF-2 was suitable for
zeolitization without pretreatment because it has high
amorphous SiO2 and Al2O3 content. ZF-1 is not suitable
for zeolitization directly because of its low amorphous
material contents. ZF-3 may not be suitable for zeolite
synthesis because of its high CaO content. To synthesize
high ion-exchange capacity zeolites such as NaX, NaA
zeolite, both fly ash ZF-1 and ZF-2, could be pretreated
by alkaline fusion to dissolve the mullite and quartz. XRD
results suggest that the optimal weight ratio of alkaline to
fly ash ZF-1 is 0.8, and in this weight ratio zeolite x could
be synthesized directly without hydrothermal synthesis.
The optimal weight ratio of alkaline to fly ash ZF-2 is 0.9.
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ABSTRACT
The results of chemical and mineralogical composition of cohesive soils of Tirana area, as well as the effects
on some chemico-physical properties are presented in the
paper. The investigations were completed from 2000 to
the end of 2010 in the Tirana region, Albania. The physical and mechanical tests were carried out for all cohesive
soil specimens, while the chemical and mineralogical test
was done for the representative soil types from the studied
areas. Some correlations between chemical-mineralogical
compositions and clay activity as well as liquid limit
could be shown. In this paper, the effects of chemicalmineralogical composition on physical-mechanical properties, based on correlations between chemical and mineralogical elements with physical properties (as Atterberg
limits), clay activity and mechanical properties (as cohesion parameters) were examined.

* Corresponding author

written about the effects of mineralogy and chemistry on
geotechnical properties of cohesive soils. In Albania are
found many areas with such problematic soils, on which are
caused serious damages in engineering objects (1-2 storey
buildings, roads etc). Therefore, the effect of chemicalmineralogical compositions on physical mechanical properties of cohesive soils has been the subject of project
investigations [8-10] carried out between 1996 and 2011.
This work analyzes the mineralogical and chemical composition (major elements), as well as some physical-mechanical
properties of cohesive soils found in Tirana river terraces.
Further, we present our experimental data related to
mineralogical, chemical composition and some physicalmechanical properties. Finally, we thoroughly examined
the effects of mineralogical and chemical composition
on physical-mechanical properties of cohesive soils.
2. MATERIALS AND METHODS

KEYWORDS: cohesive soils, chemical and mineralogical composition, physical and mechanical properties, effects.

1. INTRODUCTION
The physical-mechanical behaviors of cohesive soils
such as swelling, shrinkage, cracking and reduction of geotechnical properties are very important features that play
major roles in civil engineering fields. The physicalmechanical behaviors of soils are dependent on geotechnical parameters, which are closely related to their chemical and mineralogical compositions, as well as their formation history. The cohesive soils consist of high
amounts of clay fraction with montmorillonite and illite
contents, are very problematic according to foundations of
engineering’s objects because they have low geotechnical
properties resistance parameters (cohesion and internal
angle friction) and high compressibility. Many authors [5,
12] have

Tirana area is composed by expansive soils; during hot
periods, they undergo cracks (1.5-1.8 to 2.0 m deep), and
during wet seasons, they increase their volume by swelling processes. 107 boreholes with depths 10-15 up to 20 m,
223 pits (4.5-5.5 m deep) are used for geotechnical studies of Tirana area. 182 undisturbed cohesive soils samples
were collected in different depths of these boreholes and
pits. The samples were subjected to a variety of tests and
analyses for the determination of physical-mechanical and
chemical-mineralogical properties. The test methods used
are in accordance with American Standards ASTM [1-3].
X-ray diffraction method, classic chemical analysis, the
grain size analysis done by sieving, and hydrometer tests
(ASTM D 422) [1], Atterberg limits (liquid and plastic
limits) [1] carried out by using, respectively, Cazagrande
test and tolling method [1], which is done according to
ASTM D 2435, and the cohesion parameters which are
found by usage of shearing box test-ASTM D 3080 [13],
were used in clay minerals determination. In this paper,
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the results of tests are in-depth studied and completed for
chemical, mineralogical, grain size, Atterberg limit, and
cohesion properties.
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FIGURE 1 - Map of Albania and sample locations [9].

FIGURE 2 - The XRD diffractograms of selected soil samples from Tirana-Vora area.

3. RESULTS AND DISCUSSION
3.1. Mineral composition

X-ray diffraction method was used for the determination of clay minerals of the cohesive soils. 27 samples

from Tirana area (Fig. 2) were analyzed in Ferrara University, Italy [9]. The values of X-ray diffraction test
results of most typical clay soils are presented in Table 1.
According to mineralogical composition of TiranaVora area, illite was found as predominant mineral com-
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TABLE 1 - Mineralogical composition of cohesive soils (%).
Sample no.
1
2
8
10
11
13
17
18
22
23
29
30
32c

Montmorillonite
20
40
26
13
6.0
38
7.0
4.0
15
21
23
23

Illite
20
25
15
10
13
10
10
10
44

Chlorite
15
30
8.0
9.0
17
24
18
26
15
35
22
-

Calcite
10
13
17
17
18
20
10
6.0

ponent, followed by chlorite minerals, all varying from 15
to 35%. In some zones of Tirana area, montmorillonite
(15-35%) was found. Among non-clay minerals in Tirana
cohesive soils, calcite (10-20%), quartz (17-30%), feldspar
(7-20%), clinoclore (3-20%), and also biotite (low amounts)
were found. As we know, the clayey soils dominated by
montmorillonite will adsorb water much better than clayey
soils consisting of non-expansive clays (kaolinite, mica
and vermiculite).
3.2. Chemical composition

The chemical components of cohesive soils include
major oxides (CaO, Fe2O3, FeO, MgO, Al2O3, SiO2, Na2O,
K2O) which play an important role in physical and mechanical soil properties. The chemical compositions of cohesive soils were determined by using standard classic chemical analysis methods, such as wet digestion and flame emission photometry (K, Na). 69 soils samples were analyzed in
Tirana-Vora area, and their chemical composition is presented in Table 2.
TABLE 2 - Chemical composition of cohesive soils in Tirana-Vora
area (%).
Sample no.
1
2
3
7
10
16
18
19
21
28
30
31

CaO
5.96
5.61
12.09
12.62
1.05
0.82
8.94
1.75
1.23
1.05
4.03
19.28

MgO
4.91
5.04
4.28
3.15
2.02
2.01
2.77
2.64
2.39
2.4
2.64
3.19

Fe2O3
3.0
2.44
2.95
2.38
4.92
3.67
3.99
6.17
3.97
4.64
3.44
2.98

FeO
2.12
3.37
1.62
1.51
0.57
0.75
1.29
0.57
2.51
1.33
1.58
1.44

Na2O
1.52
1.52
1.43
1.52
1.39
1.56
1.15
1.19
1.19
1.15
1.69
0.85

K2 O
1.76
2.2
1.76
1.44
1.68
1.88
1.76
1.65
2.12
1.94
2.03
1.76

Quartz
20
25
22
40
30
30
22
20
22
25
26
25
17

Feldspar
7.0
15
25
13
17
20
10
10
12
18
20
7.0

Biotite
10
-

Clinochlore
20
18
3.0
-

3.3. Physical properties
3.3.1 Grain size analysis

Standard Test Method, ASTM D422-63 [3], sieve and
hydrometer tests [3] were used for grain size analysis of
182 soil specimens in Tirana area. Based on the Unified
Soil Classification System [14], inorganic silts and very fine
sands (ML type), inorganic clays (CL type), sandy and
silty clays (CL type) were found. In coarser fractions of
>2 µm, quartz, calcite and feldspar predominated in the
soils of Tirana-Vora area. In addition, biotite and geotite in
decreasing abundance occurred with small amounts in
some samples. Among the phyllosilicates, illite (Hydromica)
and clay minerals predominated. The finer fraction (<2 µm)
consisted of clay minerals, especially of montmorillonite,
illite and chlorite etc. (Table 1). It is very important to
emphasize that soil amounts with grain sizes smaller than
0.075 mm varied from 65.0-70.0% to 80.0-94.24%. The
clay fractions (<2 µm) observed in soil samples in both of
the areas ranged from 10 to 20-32%.
3.3.2 Atterberg limits

The Atterberg limit tests were carried out with 182
soil samples of Tirana area. The Atterberg limits include
the liquid limit (LL) and plastics limit (PL). Also, a very
important property for geotechnical studies of soils is the
plasticity index (Ip).
3.3.2.1 Liquid limit

The chemical analyses of cohesive soil samples show
that major chemical elements have a range of variation in
composition from one to another morphological site. From
chemical test results, it was found that the cohesive soils
of morphological site of Limuthi stream, located in northwest part of Tirana area, were characterized by higher
amounts of “CaO” among other chemical elements of
whole Tirana area.

Liquid limit was determined by using Casagrande
test. The test results are shown in Table 3. The liquid limit
values are quite different in Tirana-Vora area. In most of
this area, values were 40.24-48.26%, but in some other
places, lower (30.10-32.11%) and higher values (53.1760.20 up to 65.45%) were analyzed. Generally, the liquid
limit values were observed at different depths in most
parts of the studied area (different morphological units
like terrace of Tirana, Terkuza and Lana River as well as
the terrace of Limuthi stream). The laboratory results
indicate that liquid limit values in each morphological
unit have small variations, but wide variations at different
morphological sites due to the different chemical composition and clay mineral types present in each soil sample,
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even in the same particle size distribution. Based on
USCS [14], the results obtained from this test exhibit that
cohesive soils of Tirana-Vora area are intermediate to
high plasticity clay.

but, in some areas, the soils are characterized by high clay
activity indices “Ia”; this means that the montmorillonite
and illite clay minerals predominate in the cohesive soils
of Tirana area.

3.3.2.2 Plastic limits - Standard test method

3.3.4 Cohesion

The plastic limit was determined by rolling out a thread
of the fine portion of a soil on a flat, non-porous surface.
The plastic limit values were observed in both areas as
shown in Table 3. They varied from 20.77 to 31.79% for
Tirana-Vora soils. The variation of plastic limit values
from one morphologic site to the other is related to chemical and mineralogical composition. Grim [5] pointed out
that montmorillonite and illite have higher plastic limits,
whereas kaolinites have generally lower values.

The shear strength is a very important geotechnical
property of a soil, and it is necessary to be used when an
engineering object is planned and built on the soils. The
strength of cohesive soils consists in two resistance parameters: the cohesion which depends only on void ratio
and water content, and a frictional contribution, dependent only on normal effective stress. Both are needed for
geotechnical conditions of construction sites in order to
find out the bearing capacity for foundations and determine the slopes stability, etc. The Standard Test Method
for Direct Shear Test of Soils under Consolidated Drained
Conditions - ASTM D 3080 [13] was used in the studied
area for determination of these properties. The cohesion
in Tirana-Vora area varied from 5-15 Kpa up to 41-48
(Table 3), which means that Tirana’s soils are soft [6].

3.3.2.3 Plasticity index

Plasticity index (Ip) is the difference between liquid
and plastic limit. It is important to emphasize soil’s plasticity index (Ip), which is widely used in engineering
classification systems. It is used as indicator of soil expansive behavior. The soils of Tirana area present low
upto intermediate plasticity indices (7.21-8.54% to 16.8919.44% and, in few cases, higher values of 24.36-28.07%)
(Table 4).
3.3.3 Clay activity

The clay activity “Ia” of a soil is the ratio of plasticity
index (Ip) divided by the percent of clay-sized particles
(<2 µm) of the soils sample [15]. From the Ia values the
dominant clay type of a soil sample can be predicted.
High activity signifies large volume change when wetted
and large shrinkage when dried. Soils with high clay
activity “Ia” are classified as very reactive chemically. Skepton [15] pointed out that the activity of clay “Ia” of less than
0.75 is considered as inactive, between 0.75 and 1.25 the
clay is called normal, for “Ia” greater than 1.25, it is considered to be active.
TABLE 4 - Physical-mechanical properties of cohesive soils in
Tirana-Vora area (%).
Sample
no.
1
2
3
7
8
9
10
16
18
19
21
28
30
31

LL

PL

Ip

Ia

36.18
36.27
33.41
29.31
60.2
53.17
47.71
46.17
34.88
44.58
48.26
46.42
37.94
41.59

28.97
22.24
23.07
20.77
31.79
28.81
27.83
24.742
23.11
26.64
28.82
29.22
24.39
25.68

7.21
14.03
10.34
8.54
28.07
24.36
19.88
21.43
11.78
17.94
19.44
17.20
13.55
16.41

1.05
1.11
1.10
1.24
1.07
1.02
0.86
0.69
0.69
1.07
0.83
0.80
0.75
1.10

Clay &
silt
65.85
97.85
80.68
57.30
84.94
90.56
79.07
81.18
80.39
78.65
89.05
93.71
87.76
86.63

Cohesion
15
30
5
35
33
27
36
20
34
33
35
41
25
48

The clay activity index “Ia” of Tirana area (Table 3)
ranged from 0.8-1.25, and in some sites, it was 1.3-1.45.
The clays activity values “Ia” of soils are generally normal

3.4. Effect of chemical-mineralogical composition on engineering properties

The physical-mechanical behaviors of cohesive soils,
such as swelling, shrinkage, cracking and some other geotechnical properties, which can be reduced during interaction with water, and are very important features that play
major roles in civil engineering fields. The physicalmechanical behaviors of soils are dependent on geotechnical
parameters, which are closely related to their chemical and
mineralogical compositions, as well as formation history.
The mineralogy is fundamental to understand geotechnical properties, even though mineralogical determinations are not for many geotechnical investigations [7]. The
chemical-mineralogical composition of cohesive soils, especially of clays, has a great influence on physical-mechanical
properties of cohesive soils. Fine-grained soils differ according to grain-size distribution, types and amounts of various
clay minerals and chemical composition. The chemical
characteristics of the cohesive soils and clays are mainly
dependent on the chemistry of the main minerals, cementing materials, as well as adsorbed cations and anions on
the surfaces of clay minerals. Mitchell [7] has shown that
the swelling and other geotechnical properties of the soil
are controlled by the chemical composition of soil materials and water. More swelling would occur in soils having
large contents of exchangeable Na+ ions than in those with
large contents of Ca2+ or Mg2+ ions. The cohesive soils,
which are rich in clay fraction, montmorillonite and illite
contents are very problematic according to engineering
objects foundations, because they have low geotechnical
properties (strength etc.) and high compressibility. They
have caused serious damages in engineering objects (1-2
storey buildings, roads etc.) built in Albania. Many authors
[7, 12] have written about the effects of mineralogy and
chemistry on geotechnical properties of cohesive soils.
Evaluation of chemical-mineralogical composition of cohe-
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sive soils is very important with regard to construction
sites of engineering objects. We explained the effects of
chemical–mineralogical composition on physical-mechanical
properties based on correlations between chemical and mineralogical composition with physical properties (Atterberg
limits, clay activity and mechanical properties (cohesion
parameter). In correlations of chemical, mineralogical,
physical and mechanical properties, we used the homogeneous soils according to grain size distribution and consistency conditions. Generally, the soil grain sizes consist
of clays 10.0-35.0%, silts 70.0-85.0% and sand fractions
5.0-18% to 30.0-35.0%, including “CL-ML group” [14].
Related to consistency, they belong to soft to medium soils
[4]. The laboratory test results [8-10] of cohesive soils
show that chemical-mineralogical compositions have
influenced the physical-mechanical properties. In Figs. 3,
4, 5 and 6, the relationship between major chemical elements of Al2O3, SiO2, CaO, Fe2O3, FeO, MgO, Na2O and
K2O on physical properties as liquid limit (LL), plastics
limit (PL), plasticity index (Ip) and clay activity “Ia” are
shown. Firstly, we were analyzing the effect of the chemical composition to liquid limit (LL), plastics limit (PL) and

plasticity index (Ip). From these relationships, it was seen
that increase of SiO2, CaO, FeO and MgO contents on
cohesive soils caused a reduction of the liquid limit (LL),
plastics limit (PL) and plasticity index (Ip) properties. The
correlation dependencies established between very wide
oxide constituents are characterized by high correlation
coefficients (0.82-0.93). Figure 3a shows the relationship
of SiO2 content on liquid limit; the increase of SiO2 content
reduced the liquid limit (LL). This relationship is expressed
by equation LL = 78.1-0.83 SiO2 + 78.1 and r2 = 0.91. SiO2
is mainly derived from sand and silt fractions, and partially from the clay fraction. That is why the SiO2 content has
a negative relationship with the parameters related to the
clay content, such as LLs (Fig. 3a). Al2O3 is much related
to clay contents. Therefore, it shows a positive correlation
with LL (Fig. 3c). The relationship is expressed by equation LL = 3.77 Al2O3 – 22.8 and r2=0.90. CaO content in
the cohesive soils plays an important role and improves in
geotechnical properties. The increment of CaO in soils is
accompanied by a reduction in LL, PL and Ip values.
The relationship
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FIGURE 3 - Relationship between liquid limit (LL) and chemical constituents.

FIGURE 4 - Relationships between plastic limit (PL) and chemical constituents.

between them is expressed by equations LL= 46.0-1.3 CaO
(r² = 0.82), PL = 28.6 – 0.72 CaO (r² = 0.82), Ip= 17.6 –
0.66 CaO + 17.6 (r² = 0.93) for Tirana-Vora soils (Figs. 3e,
4c, and 5e). Therefore, nowadays, the hydrated high calcium limes are used for stabilization of expansive soils improving their strength for road construction purposes.
Figures 3g, 4e, and 5b show the dependencies between LL, PL and plasticity index (Ip), and the amount of
MgO content for the Tirana-Vora soils while Figs. 3 3k,
4b, and 5c indicate the relationship between LL, PL and Ip
as well as FeO content for Tirana-Vora soils. As is shown,
LL, PL and Ip values tended to fall with the increment of
MgO and FeO amounts; that means, the geotechnical properties of the soils will be improved by increase of these
oxides.
Their relationships are expressed by linear equations
LL = 55.35-4.0⋅MgO (r² = 0.82), PL = 55.4 – 4.0 ⋅ MgO
(r² = 0,82), Ip = 29.0 – 4.47 MgO (r² = 0.85) for Tirana,
and LL = 40.2 – 3.6 MgO (r²= 0.92), PL = 4.5 Fe2O3 4.54 (r² = 0.906) for Vora soils. The relationships of LL,
PL and Ip to FeO contents are expressed by linear equation LL = 49.4 – 6.1 FeO (r² = 0.83), while dependencies
of Ip to FeO of Tirana-Vora soils are related by power
function Ip = 16.4 FeO-0.98 (r² = 0.88); that means, increase
of FeO has a hard negative effect to Ip. From relationships
between LL, PL and Ip, and Fe2O3, Na2O and K2O contents is concluded that increments of Fe2O3, Na2O and

K2O amounts cause increasing LL values. The equations
of these relationships are LL = 7.7 Fe2O3 + 12.4 (r² =
0.92), PL = 2.7 Fe2O3 + 15.1 (r² = 0.90), Ip = 3.9 Fe2O3 +
1.1 (r² = 0.83) for Tirana-Vora soils (Figs. 3b, 4a and 5a)
and LL = 8.9 Fe2O3 – 26.0 (r² = 0.90), PL = 4.51 Fe2O3 4.54 (r² = 0.9). According to Na2O and K2O, the dependencies are LL = 27.2 K2O – 9.4 (r² = 0.82), LL = 8,32
Na2O + 35.8 (r² = 0.93), PL = 19.7 K2O - 12.156 (r² =
0.81), PL = 7.2 Na2O + 11.6 (r² = 0.85), Ip = 17.3 K2O –
17.1 (r² = 0.84), Ip = 5.86 Na2O+ 11.12 (r² = 0.91) (Figs. 3d,
3i, 4d, 4f, 5d and 5f).
The presence of these oxides is more dominant than as
components of cement materials. Therefore, the contents of
Fe2O3, Na2O and K2O oxides show positive correlations. A
high correlation is found between oxides of CaO, MgO,
FeO, Fe2O3, Na2O and K2O and clay’s activity (Ia). In Fig. 6,
the relationship between clay’s activity (Ia) and main chemical oxides of Tirana-Vora soils is given. As can be seen, the
clay’s activity (Ia) has a linear relation to these oxides,
characterized by a high correlations coefficient (r2 = 0.780.96). The increment of Fe2O 3, Na2O and K 2O oxides
amounts is associated with the increase of clay’s activity (Ia),
and, on the contrary, with CaO, FeO and MgO contents,
where their increment values had influence on reduction of
clay’s activity (Ia). These dependencies are related by the
following formulas: Ia = 1.12-0.04 CaO + 1.12 (r² = 0.85),
Ia =1.22–0.17 MgO (r² = 0.96), Ia = 1.1 – 0.1 FeO (r² =
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0.96), Ia = 0.143 Fe2O3 + 0.2 (r² = 0.86), Ia = 0.55Na2O +
0.37 (r² = 0.81), and Ia = 0.58 K2O + 0.07 (r² = 0.78).
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FIGURE 5 - Relationship between plastic index (IP) and chemical constituents.

FIGURE 6 - Relationship between clay’s activity (Ia) and chemical constituents.
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FIGURE 7 - Relationships between liquid limit (LL) and clays and non-clay minerals.

FIGURE 8 - Relationships between clay activity “Ia”, plastics limit (PL), plastics index (Ip) and clays and non clays minerals.
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FIGURE 9 - Relationship between chemical constituents, clays minerals and cohesion property

Besides the chemical effects, herein we are considering
the influence of mineral composition, especially montmorillonite, illite, chlorite and non-clay minerals as calcite and
quartz in physical-mechanical properties. To explain it,
we take into consideration relationship between LL, Ia, PL,
Ip and cohesion (C) with clay’s minerals such as montmorillonite (Mo), illite (IL), chlorite (CHL), as well as nonclay minerals, such as calcite (CaCO3), quartz (Q), which
are shown in Figs. 7-9. The relationships between these
properties exhibit high correlations (r2=73-89). It may
generally be stated that increase of Mo, IL and CHL contents caused an increase of LL, PL, Ip, Ia but decreased the
cohesion (C) of soils. On the contrary, the increase of nonclay minerals, such as calcite (CaCO3) and quartz (Q),
caused a reduction of LL, PL, Ip, Ia but an increment of
cohesion (C) value.
The relationships between these properties and clay
and non-clay minerals are expressed by equations: Ia =
0.01 Mo + 0.59 (r² = 0.81), Ia = 0.027 CHL+ 0.60 (r² =
0.81), Ia = 1.38-0.0123 Q (r² = 0.77), Ip= 0.56 Mo + 4.96,
(r² = 0.84), Ip = 0.3 IL + 7.0 (r² = 0.89), Ip = 0.38 CHL +
2.24 (r² = 0.88), Ip = 22.1- 0.72 CaCo3 (r² = 0.83), PL =
0.36 Mo + 18.81 (r² = 0.84), PL = 51.753 – 1.15 CaCo3 (r²
= 0.80), and PL = 0.43 IL + 27.30 (r² = 0.89).
From laboratory test results is proven that chemical
compositions influence mechanical properties of cohesive
soils (the cohesion). Murthy [11] indicated that soils with
adsorbed “Na” cations are relatively more plastic at low
water contents and possess smaller shear strength than
soils with adsorbed “Ca” cations. In Fig. 9, the relationship between cohesion "C" and chemical constituents CaO,

MgO, Fe2O3, Na2O, K2O, and mineralogical clays (montmorillonite) for Tirana-Vora soils is demonstrated. From
these dependencies is concluded that increase of montmorillonite minerals and CaO, MgO, Fe2O3 oxides increased the
cohesion "C" whereas Na2O and K2O oxides reduced it.
They have a linear relationship with high correlation coefficients (r2= 0.73-0.79), and are expressed by equations C =
1.50·CaO + 16.47, C = 4.39 MgO + 9.23, C = 6.97 Fe2O10.5, C = 73.67 - 30.85 Na2O and c = 74.62-24.44 K2O.
Finally, it is very important to emphasize that cohesive
soils, according to above-mentioned properties, are to be
examined for chemical-mechanical composition which plays
an important role in influencing physical and mechanical
properties, such as liquid limit (LL), plastics limit (PL),
plasticity index (Ip), clay activity “Ia” and the cohesion (C).
4 CONCLUSIONS
The chemical-mineralogical compositions of cohesive
soils and, especially, of clays, greatly influence physicalmechanical properties of cohesive soils.
The cohesive soils, rich in clay fraction, montmorillonite and illite content, are very problematic according to
engineering object foundations, because they have low
geotechnical properties (strength etc.) but high compressibility, causing serious damages in engineering objects (12 storey buildings, roads etc.) built in Albania.
Generally, the soil grain sizes consist of clay 10.035.0%, silt 70.0-85.0% and sand fractions 5.0-18% to
30.0-35.0%, including “CL-ML group” [14].
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The laboratory test results of studied cohesive soils
show that chemical-mineralogical compositions have influence on the physical-mechanical properties, where the
correlation dependencies were established between very
wide oxide constituents characterized by high correlation
coefficients (0.78-0.93).
From relationships of chemical-mineralogical compositions and physical and mechanical properties, the following aspects are concluded:
• The increasing of SiO2 content reduces the liquid limit
(LL).
• The increasing of Al2O3 oxide is causes increasing of
the liquid limit (LL).
• The increment of CaO in soils is accompanied by a
reduction in liquid limit (LL), plastics limit (PL) and
plasticity index (Ip) value.
• The liquid limit (LL), plastics limit (PL) and plasticity
index (Ip) values fall with the increment of MgO and
FeO amounts; that means, the soils geotechnical properties will be improved by increase of these oxides.
• The increments of Fe2O3, Na2O and K2O contents
cause increasing liquid limit (LL), plastics limit (PL)
and plasticity index (Ip) values.
• The increment of Fe2O3, Na2O and K2O oxide amounts
is associated with the increase of clay’s activity (Ia); on
the contrary, incremented CaO, FeO and MgO contents
have influence on reduction of clay’s activity (Ia).
• The mineral composition (montmorillonite, illite, chlorite, and non-clay minerals such as calcite and quartz)
have high influence on physical-mechanical properties.
• The increases of montmorillonite, illite and chlorite
contents cause an increase of liquid limit (LL), plastics limit (PL), plasticity index (Ip), clay activity (Ia)
but a decrease in cohesion (C) of soils.
• The increase of non-clay minerals, calcite (CaCO3)
and quartz (Q), causes a reduction of liquid limit (LL),
plastics limit (PL), plasticity index (Ip), clay activity
(Ia) but an increment of the cohesion (C) value.
• Increasing montmorillonite mineral and CaO, MgO,
Fe2O3 oxides affect the cohesion "C" increasing it,
whereas Na2O and K2O oxides reduce it.
The authors have declared no conflict of interest.

[3]

American Society for Testing and Materials (1994) Annual
Book of ASTM Standard, Standard test methods for laboratory determination of particle size analysis of soil, D 421 and D
422, 04008, Philadelphia.

[4]

Bell, F. G. (2007) Properties and Behaviour of Soils and
Rocks, Engineering Geology, Second Edition, ButterworthHeinemann, Linacre House, Jordan Hill, Oxford OX2 8DP,
UK, p. 201-276.

[5]

Grim, R. E. (1962) Applied Clay Mineralogy, McGraw-Hill,
New York.

[6]

Look, G. B. (2007) Handbook of geotechnical investigation
and design tables Published by: Taylor & Francis/Balkema
P.O. Box 447, 2300 AK Leiden, Netherlands, p 77-90.

[7]

Mitchel, I. J. (1993) Fundamental of soils behavior, John
Wiley and Sons, New York, p. 35-82, (third edition).

[8]

Muceku, Y. (2011) Engineering geology mapping for motorway’s planning and design in Albania. AJNTS JournalAlbanian Sciences Academy 2, 137-150.

[9]

Muceku, Y. (2005) Chemical-mineralogical composition and
physical-mechanical properties of soils. The study of cohesive
soils behavior under static and dynamic load for urban development of Tirana-Vora region, Ph. D. thesis, Polytechnic University of Tirana, Albania. pp. 107-127, 135-157, 184-210.

[10] Muceku, Y. (2003) The engineering geological mapping for
urban development and planning of Tirana-Durresi-Kavaja
region, scale 1:25000, Geological Survey of Albania, Tirana,
pp.2-185.
[11] Murthy, V. N. S. (1977) Soil Mechanics and Foundation Engineering. Dhanpati Rai & Sons, Nai Sarak, Delhi, 763 p.
[12] Ohtsubo, M., Egashira, K. and Kashima, K. (1995) Depositional and post-depositional geochemistry and its correlation
with the geotechnical properties of marine clays in Arlake
Bay, Japan. Geotechnique 45, 509-523.
[13] Prakash, S. (1996) Shear testing of soils, Fundamental of
Soils Mechanics, Shamsher Prakash Foundation, Anand
Kutir, 1111 Duane Avenue, Rolla, Misssouri 65401, USA, p.
327-335.
[14] Samtani, C. N. and Nowatzki, E. A. (2006) Unified Soil Classification System, (ASTM D 2487), Soils and Foundations, National Highway Institute, Reference Manual – Volume I, 3-25
[15] Skempton, A. W. (1953) The colloidal activity of clays, proceedings 3rd International Soils Mechanics and Foundation
engineering, London, Vol. 1, p. 57.

Received: March 25, 2013
Accepted: May 23, 2013

CORRESPONDING AUTHOR
REFERENCES
[1]

American Society for Testing and Materials (1994) Annual
Book of ASTM Standard, Standard test methods for laboratory determination of liquid limit, plastic limit and plasticity
index of soil, D 4318, 04008, Philadelphia.

[2]

American Society for Testing and Materials (1994) Annual
book of ASTM standard. Standard test methods for laboratory determination of swelling pressure of soil, D 2435, 04008,
Philadelphia.

3019

Ylber Muceku
Institute of Geosciences
Water, Energy and Environment
Polytechnic University of Tirana
Tirana
ALBANIA
E-mail: y.muceku@geo.edu.al
FEB/ Vol 22/ No 10a/ 2013 – pages 3006 - 3015

© by PSP Volume 22 – No 10a. 2013

Fresenius Environmental Bulletin

ACCLIMATION OF ANAEROBIC SLUDGEDEGRADING 1,1-DICHLOROETHYLENE (1,1-DCE)
UNDER DIFFERENT SUBSTRATE CONDITIONS
AND THE BIODEGRADATION KINETICS
Shizong Wang and Qi Yang*
School of Water Resources and Environment, China University of Geosciences, Beijing 100083, P.R. China

ABSTRACT
In order to investigate the anaerobic sludge degradation of 1,1-DCE under different substrate conditions, models
were proposed to simulate the degradation kinetics of 1,1DCE in anaerobic sludge. Bacterial community in anaerobic sludge was identified. The results showed that under
the same initial substrate concentrations, methanol was
the most effective substrate for 1,1-DCE degradation with
maximum specific utilization rate, 0.0145±0.0001 µg
DCE/mg.VSS.hr), followed by glucose, sodium lactate
and sodium acetate; the maximum specific utilization
rates for glucose, sodium lactate and sodium acetate were
0.0142±0.0003, 0.0125±0.0001 and 0.0118±0.0002 µg
DCE/ mg.VSS.hr)), respectively. The inhibition constants
of 1,1-DCE on VC transformation (KID) were in the range
of 367.9±10.9 to 596.8±20.8 µg for different substrates,
suggesting that 1,1-DCE had significant inhibitory effects
on VC dechlorination. The mechanisms of 1,1-DCE degradation under different conditions were discussed.

1,1-DCE is one of the chlorinated organic compounds, which is widely used as a monomeric intermediate in the production of flexible films for food packaging
[5]. 1,1-DCE has been listed as priority pollutant by the
United States Environmental Protection Agency due to its
toxicity [6]. Many studies have been conducted to investigate 1,1-DCE degradation process. The anaerobic bacterium, Dehalococcoides ethenogenes, was used to study
the degradation of 1,1-DCE. The results showed that
1,1-DCE could be effectively utilized by Dehalococcoides
ethenogenes, and high removal rates were obtained [7, 8].
The experiments for the in situ co-metabolism treatment
of 1,1-DCE, 1,1-DCA and 1,1-TCA was performed with
butane-utilizing microorganisms. A field study for in situ
aerobic co-metabolism of 1,1-DCE bioaugmentation with
a butane enrichment was conducted. Later, the results of
two studies suggested that 1,1-DCE was effectively transformed and removed for more than 80% [9, 10].

Chlorinated organic compounds have a wide range of
application, such as solvents, degreasing agents, and intermediates in chemical synthesis. Contamination of groundwater with chlorinated aliphatic hydrocarbons is of great
concern because of their toxicity and suspected carcinogenicity [1-3]. Among the methods that have been used to
treat the polluted sites, bioremediation is proving itself to
be a cost-effective strategy for both ex situ and in situ
removal of chlorinated solvents [4].

Modelling the degradation kinetics is always important
because it may improve our understanding of degradation
reaction, and may help to optimize the design of reactors
for bio-remediation [11]. Nowadays, various models have
been developed to describe the degradation kinetics of
chlorinated organic compounds. A model which incorporated both product toxicity and competitive inhibition was
proposed to simulate the degradation of TCE in the presence
of growth substrate [12]. Garant and Lynd [13] showed that
competitive kinetics for complete reductive dechlorination
of tetrachloroethylene (PCE) achieved better model fits of
the experimental data than non-competitive inhibition.
Arcangeli and Arvin [14] developed the model of TCE cometabolic biodegradation by toluene-oxidizing, which fitted
the experimental data well. In addition, Cupples et al. [15]
developed the model that included competitive inhibition
between cDCE and VC. However, all the studies and models
for DCE degradation focused on the degradation kinetics
with single bacteria. Relatively less information is known
about the anaerobic sludge degradation kinetics of 1,1-DCE.

* Corresponding author

It was the purpose of this work to investigate the anaerobic sludge degradation of 1,1-DCE, respectively, with

KEYWORDS: Substrate, vinyl chloride, ethylene, kinetics models,
bacterial community

1 INTRODUCTION
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TABLE 1 - The arrangement of anaerobic sludge acclimated to 1,1-DCE.
Reactor

Substrate

1

Volume (mL) of addition of 1,1-DCE saturated solution
Day 1
Day 4
Day 7
Day 10
Day 13
Day 16
12
0.12
0.12
0.12
0.24
0.24
0.24
2
methanol
0.12
0.12
0.12
0.24
0.24
0.24
3
glucose
0.12
0.12
0.12
0.24
0.24
0.24
4
sodium lactate
0.12
0.12
0.12
0.24
0.24
0.24
5
sodium acetate
0.12
0.12
0.12
0.24
0.24
0.24
1
Substrate is simultaneously added to the solution with the addition of 1,1-DCE. Concentrations of each substrate are 700 mg/L.
2
No substrate is added to the reactor.

methanol, glucose, sodium lactate and sodium acetate as
substrates to simulate the degradation kinetics of 1,1-DCE
under different conditions, and to quantify the influence
of 1,1-DCE on vinyl chloride (VC) by using the models.
2 MATERIALS AND METHODS
2.1 Chemicals and medium

1,1-DCE (99%) was purchased from the National
Standard Material Center, Beijing, China. Methanol
(99.5%), glucose (99.7%), sodium acetate (99.5%) and sodium lactate (99.0%) were purchased from Maya High Purity
Chemical Company, Shenzhen, China. All the chemicals
used in the growing medium were of analytical grade. All
the water used for dilution was from a water purification system purchased from Guan Cheng Corp., Sichuan,
China.
2.2 Anaerobic sludge

In this study, anaerobic digested sludge of Beijing
Municipal Wastewater Treatment Plant was used. The
value of mixed liquor suspended solids (MLSS) was
17.87 g/L, that of volatile suspended solids (VSS) was
11.94 g/L, and the ratio of VSS to SS was 66.7%.
About 400 ml anaerobic sludge was incubated in an
anaerobic batch reactor (650 ml) and fed with synthetic
wastewater (190 ml) containing 1,1-DCE and different
substrates. 10 ml of medium was added to the reactor.
Medium was made up of inorganic salts and trace elements
proportionately (1000:1 of inorganic salt to trace element).
The pH was around 7.2 in the reactor, which is the optimum
one of DCE degradation [16]. The reactor was located in a
constant temperature incubator (35 °C). The course of
acclimation was arranged in Table 1. The inorganic salts
and trace elements used in the experiments are described
in our previous study [17].

ACT T-3'). The PCR reaction mixture contained 10 µl of
5×PCR buffer, 5 µl of MgCl2 (25 mmol/L), 1 µl of dNTP
(10 mmol/L), 2 µl of forward or reverse primers, and 0.5 µl
of Taq polymerase (2U/µl). Concentration of the primer
was 30 ng. Sterilized distilled water was added to make up
to a total volume of 50 µl. Amplification was performed in
a Biometra thermal cycler as described in the previous
study [19]. Bacterial community was identified on the basis
of the sequences of 16S rRNA gene sequences.
2.4 Kinetics experiments

The degradation experiments of 1,1-DCE under different substrate conditions were conducted in a 150-ml anaerobic batch reactor containing 100 ml acclimated anaerobic
sludge. The initial concentrations of 1,1-DCE and substrate
were 1000 µg/L and 700 mg/L, respectively. Reaction was
initiated in a constant temperature incubator (35 °C).
Maintenance consisted of pH adjustment (7.2±0.2) with 10
M NaOH. Samples were collected with a gastight syringe
periodically, and then flowed through a 0.45-µm filter
membrane to a 2-ml headspace vial. The headspace vial for
kinetics analysis was preserved with a Teflon rubber septum and kept at 4 °C until analysis [20]. All the samples
used in kinetics analysis were collected in triplicate.
2.5 Kinetic model

A modified model [Eq.(1)] based on the previous
models was developed to state the anaerobic sludge degradation kinetics of 1,1-DCE under different substrates.

-

dC
=
dt

kC CVSS C
S
KC (1 +
)+C
KS

(1)

The modified Monod model [Eq.(2)] was used to
simulate the degradation of substrates as follows:

-

2.3 Sequences of 16s rDNA gene for polymerase chain reaction

In order to understand the anaerobic sludge degradation of 1,1-DCE under different substrate conditions, the
bacterial community structure of the acclimated anaerobic
sludge was identified. The extraction method of genomes
of bacteria in the anaerobic sludge was used as described
in the previous study [18]. The presence of bacterial 16S
rRNA was tested through polymerase chain reaction (PCR)
by using an universal primer (5'-AGA GTT TGA TCM
TGG CTC AG-3' and 5'-TAC GGY TAC CTT GTT ACG

Day 19
0.24
0.24
0.24
0.24
0.24

dS kS CVSS S
=
dt K S + S

(2)

The generation of VC was simulated by a modified
model [Eq.(3)] and the generation of ethene was simulated by a modified model [Eq.(4)] according to the previous
study [21]:
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dCV
=−
dt

kV CVSS CV
C
CV + KV (1 +
)
K ID

+

kC CVSS C
S
KC (1 +
)+C
KS

(3)

© by PSP Volume 22 – No 10a. 2013

dCE
=
dt

Fresenius Environmental Bulletin

kV CVSS CV

(4)
C
CV + KV (1 +
)
K ID
where, C is the aqueous 1,1-DCE concentration
(µg/L); CVSS is the concentration of volatile suspended
solids (mg/L); kC is the maximum specific utilization
rate (µg DCE/ (mg.VSS.hr)); KC is the 1,1-DCE halfsaturation constant (µg/L); S is the aqueous substrate
concentration (mg/L); kS is the maximum specific utilization rate (substrate/mg cell-day); KS is the substrate halfsaturation constant (mg/L); CV is the aqueous VC concentration (µg/L); CE is the aqueous ethene concentration
(µg/L); kV is the maximum specific utilization rate (µg VC/
(mg.VSS.hr)); KV is the VC half-saturation constant
(µg/L); KID is the inhibition constant for 1,1-DCE on VC
transformation (µg).
Parameters KS for different substrates were determined
in previous experiments conducted with only substrate in
acclimated anaerobic sludge [22]. KC, kC, and KID were
obtained by nonlinear regression methods in Matlab 7.0.
2.6 Analytical methods

1,1-DCE was analyzed by a gas chromatograph (GC)
equipped with a capillary column (0.25 mm inner diameter,
1.4 µm film thickness) and a flame ionization detector.
Column, injector, and detector temperatures were maintained at 100, 240and 240 °C, respectively. Nitrogen was
employed as carrier gas at a flow-rate of 20 ml/min. The
detection limit for 1,1-DCE was 0.05 µg/L. The aqueous
1,1-DCE concentration was calculated by GC analysis of
headspace samples, as previously described [23]. In order
to ensure the equilibrium of 1,1-DCE between gas and
liquid phase prior to the GC analysis, the headspace vials
were shaken at 160 rpm on an orbital shaker at 35 °C for
40 min.
The concentration of methanol was measured by the
aforementioned GC. Column, injector, and detector temperatures were maintained at 60, 250 and 300 °C, respectively. The detection limit for methanol was 0.5 µg/L.
Methane was determined by the aforementioned GC.
Column, injector, and detector temperatures were maintained at 55, 90 and 90 °C, respectively.
Glucose concentration was measured by SBA-40 biosensor analyzer. Sodium lactate concentration was obtained
by HPLC (Waters 1525). The HPLC was equipped with a
C-18 reverse-column and a variable wavelength UV absorbance detector operated at 210 nm. The mobile phase
used a 1:1:998 mixture of formic acid, dicyclohexylamine
and water. Column temperature was 28 °C.
Sodium acetate concentration was detected by the
aforementioned HPLC. Water was used as mobile phase.
The operated absorbance was 210 nm. The pH of 2.15 was
maintained by phosphate buffer solution. Column temperature was 30 °C.
The concentration of chloride ions was detected on a
Dionex System ion chromatography with an electron capture

detector (IC-900). The ions chromatographic system consisted of a Laboratory Data Control (LCD) liquid pump
which delivered eluent at a constant flow-rate of 2.6 ml/min
through a Dionex 3×150 mm anion pre-column and a
Dionex 3×500 mm anion separator column, and a sample
injector with a 20-µl sample loop.
3 RESULTS AND DISCUSSION
3.1 Kinetic experimental results

Degradation activity of bacterial community in anaerobic sludge was improved after a period of acclimation.
As is reflected in Fig. 1, increase of 1,1-DCE initial concentration resulted in the decrease of 1,1-DCE removal
rate, which suggested that biological activity decreased at
1000 µg/L 1,1-DCE. However, the bacterial community
was adopted to the tested concentration after a period of
time. Also, the removal rate of 1,1-DCE gradually increased
but finally kept invariant, which indicated that bacterial
community in anaerobic sludge had stable activity. Thus,
the acclimated anaerobic sludge could be used to conduct
the kinetics experiment.
The differences of the experimental results between
1,1-DCE with and without additional substrate were evident. Figure 1 shows that the removal rates of 1,1-DCE
with additional substrate were higher than that of 1,1DCE without substrate, which suggested that external
substrates enhanced the degradation activity of bacterial
community. In the previous study, Vallecillo et al. [24]
who investigated the anaerobic biodegradation of 2,4,6trichlorophenol and found that the addition of acetic acid
stimulated the degradation activity of microorganism,
which was consistent with the results of this study.
As reflected in Fig. 1, the removal rates of 1,1-DCE
with additional substrate ranged from 80.6 to 85.9%. In the
previous study, the removal rate of 1,1-DCE was about
83% by bioaugmentation with butane-utilizing microor-

FIGURE 1 - DCE removal efficiencies with acclimation times in
batch experiment with anaerobic sludge: (◆) DCE; (■) methanol
and DCE; (▲) glucose and DCE; (●) sodium lactate and DCE; (━)
sodium acetate and DCE.
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ganisms [9, 10]. Shim et al. [25] showed that the removal
rate of 1,1-DCE was only 37% with the mixtures of PCE
and 1,1-DCE, possibly caused by the effect of PCE on
1,1-DCE and the difference in bacteria. Another study
presented that 1,1-DCE was eventually consumed by
Dehalococcoides ethenogenes, and its removal rate reached
100% [26]. This difference in removal rate was caused by
the difference of the bacterial community. In summary,
comparing the performance of the bacterial community with
the other cultures reported in the relevant studies, it could
be found that the bacterial community under additional
substrate conditions in this study had good activity of
degrading 1,1-DCE.
Figure 2(a) shows the degradation of 1,1-DCE without additional substrate. The concentration of 1,1-DCE
decreased with time. But the concentration of chloride in
the solution increased with time, which suggested that
dechlorination of 1,1-DCE occurred under no additional
substrate. However, compared with the degradation of

FIGURE 2(c) - DCE dechlorination kinetics with glucose as the
primary substrate by anaerobic sludge: (◆) DCE; (▲) VC; (●)
ethene; (■) chloride concentration. The solid lines represent model
simulations.

FIGURE 2(a) - DCE dechlorination kinetics with DCE as the carbon
source by anaerobic sludge: (◆) DCE; (▲) VC; (●) Ethene; (■)
Chloride concentration. The solid lines represent model simulations.

FIGURE 2(d) - DCE dechlorination kinetics with sodium lactate as
the primary substrate by anaerobic sludge: (◆) DCE; (▲) VC; (●)
ethene; (■) chloride concentration. The solid lines represent model
simulations.

FIGURE 2(b) - DCE dechlorination kinetics with methanol as the
primary substrate by anaerobic sludge: (◆) DCE; (▲) VC; (●)
ethene; (■) chloride concentration. The solid lines represent model
simulations.

FIGURE 2(e) DCE dechlorination kinetics with sodium acetate as
the primary substrate by anaerobic sludge: (◆) DCE; (▲) VC; (●)
ethene; (■) chloride concentration. The solid lines represent model
simulations.
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1,1-DCE with additional substrate (Fig. 2), the degradation rate of 1,1-DCE without additional substrate was very
slow. In addition, the concentrations of vinyl chloride (VC)
and ethene were determined in the experimental process.
Figure 2 shows that the concentrations of VC and ethene
increased over the time course, and then remained unchanged. The yields of VC and ethene for 1,1-DCE with
additional substrates were approximately 540 µg/L and
180 µg/L, respectively. The lowest yields of VC and ethene
occurred with DCE as carbon source, and were 182 and
48 µg/L, respectively.
The degradation of 1,1-DCE and generation of VC
and ethene were simultaneously modelled by the aforesaid kinetics equations. The experiments using only substrate in the acclimated anaerobic sludge were conducted
to determine the kS and KS. values for different substrates
solved by Eq. (2) as shown in Table 2. The modified Monod
model [Eq. (2)] model was used to simulate the degradation
of 1,1-DCE without additional substrate [Fig. 2(a)]. For
1,1-DCE with additional substrate, the degradation of 1,1DCE was simulated by the Eq.(1). For products, Eq. (3)
incorporated the effect of 1,1-DCE on VC and Eq.( 4)
were used to model the generation of VC and ethene,
respectively. Fitting of Eqs. (1) and (3) to these data permitted estimation of kC, KC and KID. All the relevant parameters of 1,1-DCE with additional substrate are shown
in Table 3.
TABLE 2- Kinetic parameters for different substrates.
kSa (mg substrate/
KSa (mg/L)
(mg. VSS hr)
methanol
0.00725
154.4
glucose
0.00743
200.1
sodium lactate
0.00679
310.9
sodium acetate
0.00657
275.3
a
kS and KS are averages of measurements (only substrate)
Substrate

3.2 Modeling and kinetic parameters

A kinetic model included competitive inhibition satisfactorily describing the degradation of 1,1-DCE with different substrates. In addition, to keep the anaerobic conditions in the reactor, time interval of taking samples was
determined to 12 h. However, competitive inhibition may
occur within 12 h. Although competitive inhibition was
not directly observed from Fig. 2, it can be easily seen from
the simulations that the model incorporating competitive
inhibition fitted the experimental data well (Fig. 2). The

correlation coefficients and standard deviations between
experimental data and simulated data are shown in Table 4,
which further demonstrated that the model used in this
study was suitable for the actual situation.
TABLE 4 - Relevant statistical parameters
Substrate
1,1-DCE

Methanol
Glucose
Sodium
lactate
Sodium
acetate

Simulated
object
1,1-DCE
VC
Ethene
1,1-DCE
VC
Ethene
1,1-DCE
VC
Ethene
1,1-DCE
VC
Ethene
1,1-DCE
VC
Ethene

Correlation
coefficient (R2)
0.997
0.982
0.999
0.999
0.981
0.969
0.999
0.987
0.972
0.999
0.990
0.981
0.999
0.996
0.984

Standard
deviation
0.203
0.126
0.037
0.306
0.195
0.064
0.316
0.199
0.064
0.323
0.191
0.070
0.351
0.201
0.078

Table 3 shows that the values of kC of 1,1-DCE with
additional substrate were higher than that of 1,1-DCE
without substrate, and the values of KC of 1,1-DCE with
substrates were all lower than that of 1,1-DCE without
substrate, which suggested that additional substrate improved the degradation activity of bacterial community.
On the other hand, the lower KC and higher kC for 1,1DCE with external substrates explained the observed
accumulation of the intermediate VC. Although the yields
of VC and ethene were almost the same for 1,1-DCE with
different substrates, the values of kC had a big difference.
The maximum value of kC was 0.0145±0.0001 (µg DCE/
(mg VSS hr)) obtained with methanol as the substrate.
The values of kC for sodium lactate and sodium acetate
were roughly equivalent and lower than that for the other
two substrates. The reason was probably that the degradation enzyme produced in the reaction had lower affinity
for sodium lactate and sodium acetate than for both other
substrates. Semprini et al. [10] showed that the kC for 1,1DCE was 126 µg/mg TSS hr), being far greater than the
maximum value of kC in our study because of the bioaugmentation bacteria had stronger degradation ability of 1,1DCE than those in this study. On the other hand, the differences between VSS and TSS also affected the values of
kC. The value of KC obtained by Semprini et al. [10] was
143.6 µg/L, which was lower than that in this study, con-

TABLE 3 - Degradation kinetic parameters under different conditions.
Coefficients

1,1-DCE

1,1-DCE and methanol
kCa (µg DCE/ mg.VSS.hr)
0.0041±0.0002
0.0145±0.0001
KCa (ug/L)
642.4
397.6
KID a (µg)
596.8±20.8
367.9±10.9
a
kV (µg VC/ (mg VSS hr) 0.000416±0.00002 0.00206±0.00002
KVa (µg/L)
288.1±16.8
253.5±12.5
a
the values of all the parameters are the averages of measurements.

1,1-DCE and
glucose
0.0142±0.0003
420.8
370.1±11.2
0.00207±0.00002
302.5±14.7
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1,1-DCE and
sodium lactate
0.0125±0.0001
400.2
385.6±13.9
0.00244±0.00003
250.37±11.8

1,1-DCE and
sodium acetate
0.0118±0.0002
490.4
436.2±16.3
0.00283±0.00002
232.4±12.6
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firming that the removal rate of 1,1-DCE was faster than
that in this study.
Obviously, 1,1-DCE was most effectively transformed
with methanol as substrate, followed by glucose and sodium acetate. The lowest transformed capacity occurred with
sodium acetate. The reason was that methanogens existed
in the anaerobic sludge which can directly utilize the
methanol in the beginning of the reaction. Glucose can
be easily consumed for cell synthesis by the bacterial
community. Subsequently, the bacterial community was
able to degrade the 1,1-DCE rapidly. Due to the similar
initial concentrations of 1,1-DCE, the yields of VC and
ethene were almost identical for different substrates, except for sodium acetate. The yields of VC and ethene for
sodium acetate were slightly more than for the other substrates. The reason was that the initial 1,1-DCE concentration with sodium acetate as substrate was more than that
with other substrates.
For product VC, the impact of 1,1-DCE to VC was
mainly reflected in the value of KID. Inhibition constants
(KID) reflected the affinity of inhibitors for their target and
were an indication of that concentration of the inhibitor at
which effects became important. In this study, the values
of KID ranged from 367.9±10.9 to 596.8±20.8 µg. The
inhibition constants of each substrate were almost equal to
their respective half-saturation constants, which was consistent with the results previously reported [27]. Cupples
et al. [15] presented that the value of KID in their study
was 349.2±106.7 µg, which was in the same range with the
value of KID in this study. The impact of VC to 1,1-DCE
was not considered in this model as a result of the low
concentrations of VC. Actually, DCE has a more inhibitory effect on VC dechlorination than vice versa according to a
previous study [15]. Their study showed that the inhibition
constants for the VC effect on DCE were 756.6±145.5 µg;
it means that VC could not have significant effect on DCE
until the concentration of VC reached levels >756.6±145.5
µg. The concentrations of VC in this study were much lower
those affecting DCE. Thus, the model without incorporated VC effect on DCE was appropriate.
3.3 Bacterial community analysis and mechanism discussion
of 1,1-DCE degradation

The bacterial community under different substrate
conditions is shown in Table 5. It could be seen the anaerobic sludge under different substrates all contained
Syntrophobacter sp. and Smithella sp., which could
utilize the small-molecule organic compounds, such as
acetic acid and propionate [28, 29]. Desulforhabdus sp.,
Desulfobacca sp. and Desulfomonile sp. were mesophilic
sulfate reducing bacteria under anaerobic conditions. The
three bacteria could utilize the low-molecular organic acid
as the carbon source, and further produced hydrogen [30,
31].

teroidetes could utilize the organic compounds by hydrolysis [32]. Another study showed that chlorinated ethenedegrading cultures contained Bacteroidetes [33]. For 1,1DCE with additional methanol, Methyloversatilis sp. could
oxidize methanol according to a previous study [34].
Ochrobactrum sp. could utilize the ammonia acid, organic
acid and carbohydrates as carbon source [35]. Treponema
sp. could be used to treat TCE contaminants [36]. For 1,1DCE with additional glucose, Staphylococcus sp. could
utilize the glucose [37]. For 1,1-DCE with additional sodium lactate, Magnetobacterium sp. and Pseudomonas
fluorescens sp. were reported as the dechlorination bacteria [38, 39]. Desulfovibrio sp. was found under sodium
lactate and sodium acetate conditions. The bacteria could
be used to dechlorinate polychlorinated biphenyls [40].
For 1,1-DCE with additional sodium acetate, Thermovirga sp. could utilize amino acids and few organic acids
[41]. The previous study showed that Delftia sp. could
efficiently degrade chloroaniline as growth substrate [42].
Aminobacterium sp. was reported as the dechlorinating
bacterium of polychlorinated biphenyl [40]. In summary,
synergy of bacterial combination communities is the reason of 1,1-DCE degradation under different conditions.
Further studies conducted by the pure bacteria are needed
to investigate the specific role of each of the bacteria in
degrading 1,1-DCE.
TABLE 5 - Bacterial community under different conditions
Substrate
Methanol
Glucose
Sodium
lactate
Sodium
acetate

Bacteria community
Methylophilus sp., Smithella sp., Syntrophobacter sp.,
Desulforhabdus sp., Desulfomonile sp.
Syntrophobacter sp., Desulfobacca sp., Methyloversatilis sp., Ochrobactrum sp., Desulfobacterium sp.,
Smithella sp., Treponema sp.
Syntrophobacter sp., Desulforhabdus sp., Desulfobacca
sp., Desulfomonile sp., Smithella sp., Staphylococcus sp.
Magnetobacterium sp., Syntrophobacter sp., Smithella
sp., Pseudomonas fluorescens sp., Desulfovibrio sp.
Syntrophobacter sp., Thermovirga sp., Delftia sp.,
Smithella sp., Desulfovibrio sp,, Aminobacterium sp.

For 1,1-DCE without additional substrate, Fig. 2(a)
shows that the concentration of chloride increased with time,
which suggested that dechlorination of 1,1-DCE occurred.
Thus, the possible mechanism for 1,1-DCE degradation
without substrate was anaerobic dechlorination. For 1,1DCE with additional substrates, the removal rate of 1,1DCE increased efficiently. Previous studies have shown
that the known mechanism of chlorinated organic compounds under anaerobic conditions is anaerobic cometabolism [43-48]. In their study, they found that the additional
substrate enhanced the removal ability of bacteria, which
is consistent with this study. Thus, the possible mechanism of 1,1-DCE degradation with additional substrate
was anaerobic cometabolism.

For 1,1-DCE without additional substrate,
Methylophilus sp. was identified, which is member of
Bacteroidetes. The previous study showed that Bac-
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4 CONCLUSIONS

ethene to ethene by a two-component enzyme pathway. Appl.
Environ. Microb., 64 (4), 1270-1275.

This study presents the anaerobic degradation of 1,1DCE under different substrate conditions. The results of
this study have demonstrated that the external substrate
could increase the removal rate of 1,1-DCE; methanol
was the most effective substrate for 1,1-DCE degradation
under identical initial substrate conditions; 1,1-DCE had
significant effect on the VC transformation. The model
incorporating competitive inhibition could predict well
the degradation kinetics of 1,1-DCE by anaerobic sludge;
the generation of VC and ethene were simulated well by
the mentioned model. In addition, the bacterial community under different conditions in anaerobic sludge was
identified, which would be of interest to better manage
bacterial communities for pollution treatments using reactors.
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MODEL DATA VERSUS REAL DATA: HAVE THEY
MATCHED IN REVISITED MERCURY CONTAMINATED
COASTAL LAGOON (RIA DE AVEIRO, PORTUGAL)?
Sizenando N. Abreu*, Ana I. Lillebø, Amadeu M.V.M. Soares, António Nogueira and Fernando Morgado
Department of Biology & CESAM - University of Aveiro, Campus Universitário de Santiago, 3810-193 Aveiro, Portugal

ABSTRACT
Back in 1994, several studies on mercury accumulation in the Laranjo Basin allowed the use of a mathematical model (EcoS) to estimate mercury concentration and
mercury distribution on the surface sediments along the
Esteiro de Estarreja channel and to predict mercury dispersion in following decades. The aim of this study is a
long-term evaluation of the mathematical model, comparing model data predicted to 2007 (obtained back in 1995
as “the future scenario”) and field data obtained in 2007.
Results show that field data from 2007 are in agreement
with the model scenarios for 2005-2010 when considering
the Hg accumulation in downstream areas of the Estarreja
channel. As predicted by the model, field data suggests a
dilution/lixiviation process in the contaminated sediments
surface in conjugation with a deposition/ressuspension
downstream movement of contaminated particles towards
the lagoon. However, ECoS predictions still underestimates mercury accumulation for the first 2000 m. Longterm evaluation of Ria de Aveiro enhances modelling as a
useful toll predicting “future scenarios” concerning mercury contamination and recovery time.

KEYWORDS: ECoS, estuarine modelling, mercury, model data,
Ria de Aveiro, sediment

1 INTRODUCTION
Mercury (Hg) still is one of the most hazardous contaminants present in the coastal environment and it is included in the list of high priority environmental pollutants within the OSPAR Convention, for the Protection
of the Marine Environment of the North-East Atlantic
(http://www.ospar.org/); the US Environmental Protection
Agency (http://www.epa.gov/); the Commission of the
* Corresponding author

European Communities, namely through the Directive
2000/60/EC establishing a framework for Community action
in the field of water policy, the Directive 2006/11/EC on
pollution caused by certain dangerous substances discharged
into the aquatic environment of the Community, the
Community Strategy Concerning Mercury (COM(2005) 20
final), and the Directive 2008/105/EC on environmental
quality standards in the field of water policy, amending and
subsequently repealing Council Directives 82/176/EEC,
83/513/EEC, 84/156/EEC, 84/491/EEC, 86/280/EEC and
amending Directive 2000/60/EC of the European Parliament
and of the Council.
The Ria de Aveiro is a temperate shallow coastal lagoon (45 km-length; 10 km-wide) located along the Atlantic Ocean on the northwest coast of Portugal (40º38’N,
8º 44’W). In this system, Laranjo Basin (Figure 1) is an
inner shallow area with 2 km2 that is historically contaminated with mercury (e.g. [1]). During last century, from the
1950s until 1994, the Laranjo received a highly contaminated effluent, along the Esteiro de Estarreja, discharged
from a mercury cell chlor-alkali plant located in Estarreja
industrial complex. The industrial activity resulted in an
accumulation of about 33 t of Hg in Ria, from which 82%
remained in the Laranjo entirely in the particulate fraction, i.e. sediment-associated (e.g. [1,2]).
In many countries, the anthropogenic sources of mercury have been reduced due to the application of legal
instruments. However, Hg contaminated sediments resulting from historical contamination are still cause for concern
in coastal systems all over the world (e.g. [1, 3- 5]). Thus,
due to the deleterious effects of Hg on ecosystem functions
and human health, the assessment of mercury contamination in the Laranjo, namely along the channel that received
the industrial effluent from a chlor-alkali electrolysis industry discharge (Esteiro de Estarreja) continues to be of
concern. In this context, attempts have been made to understand the processes affecting the historical load of
mercury (e.g. [1,2]).
Mathematical models are powerful tools for organizing scientific information, for extracting new information
from data, namely the state of the contamination process
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(e.g. the equilibrium or non-equilibrium state) and also as
management tools [6]. One example is the commercialised
model ECoS – Estuarine Contaminant Simulator, [7, 8].
Briefly, this model allows highlighting the physicochemical implications concerning the use and conservation of
estuaries. EcoS contains a segmented physical mixing
model, viewed on-screen in cross-section, that accounts for
the transport and dispersal of contaminants by river flow
and tides, water solubility, degradation, disequilibria, airwater exchange, partitioning onto suspended particulates
and water-sediment interactions, being the chemical behaviour of the contaminant by the distribution coeficient (Kd)
– salinity relationship [9]. ECoS major aspect includes the
water column, unconsolidated sediment bottom, suspended
particulate matter (SPM), and contaminants (either dissolved
or adsorbed to SPM). The user-variable components include
up to 50 longitudinal segments of the water column with an
upstream-downstream alignment. In the presented application of the ECoS model, the model domain starts from the
freshwater end (X= 0 m, head) and extends to the Estarreja
channel mouth (X=4200 m) to an inner lagoon (Laranjo),
both opens boundaries. Along the channel gradient, salinity
is governed mainly by seawater inflows driven by tides but
also by fresh water inputs. Water velocities are computed
with cross section areas and tidal currents. For a more
detailed description of the model please see Abreu et al. [2].
Back in 1994, several studies of mercury accumulation
in the Laranjo Basin, already allowed to use the model
ECoS to estimate mercury accumulation on the surface
sediments along the Esteiro de Estarreja channel [2].
According to the authors, the model adequately reproduced
the dispersion of Hg-contaminated sediments observed in
the field. As described in Abreu et al. [2] mercury transport
in ECoS considered only the channel (I-dimensional model),
and the variables that were used and calculated (such as
salinity, suspended particulate matter (SPM), water velocity,
water depth and Hg concentrations) were averaged over the
width and depth of the channel (average per channel section). In the ECoS Hg is distributed between dissolved
fraction and SPM, being the distribution between the two
fractions ruled by the equilibrium ratio (Kd) of Hg concentration on the particles to that in the water. During the
period under simulation, high-energy events such as river
floods and strong currents were not considered. Thus, the
use of ECoS allowed estimating mercury accumulation in
the Laranjo sediments and recovery time, under the considered conditions. In fact, Abreu et al. [2], observed that
the amount of mercury accumulated in the surface sediments inside the Esteiro de Estarreja increased linearly until
1985, reaching its maximum, and that after 1994 (due to the
application of legal instruments) the decrease is accelerated.
However, authors concluded that sediment recovery, which
initially occurred at a relatively fast rate, could take a few
decades to reach levels comparable to local background
mercury concentration (0.05-0.07 µg g-1) [2, 10]. The aim
of this study is to evaluate the modelled scenarios, i.e., to
compare the scenario predicted for 2007 (obtained back in

1995 as “the future scenario”) and field data obtained in
2007 (the actual “future scenario”).
2 MATERIAL AND METHODS
2.1 Sampling procedure

In November 2007, surface sediment samples were
collected along a narrow and shallow channel (circa 5-8 m
wide and maximum 3m depth, and approximately 4.5 km
long), named the Esteiro de Estarreja. Considering the
distance from the point source, sediments samples were
collected at the following distances: 300 m, 1100 m, 1400 m,
1900 m, 2400 m, 2500 m, 3000 m, 4000 m and also
immediately after the outlet to the Laranjo basin (5000 m)
(Figure 1). At each sampling site surface (± top 10 cm) samples were collected with a grab (1 kg approximately) and
transported to the laboratory in plastic bags.
2.2 Sample treatment and analytical procedure

In the laboratory samples were homogenised by hand,
cleaned from fauna and shells and air-dried. After drying,
sediments were disaggregated and sieved first through
a 1 mm mesh sieve and then sieved using a 63µm sieve
for the determination of total Hg contend in the sediment
fine fraction (<63µm), following the procedure by Abreu et
al. [1]. Hg was quantified by atomic absorption spectrometry
after integrated pyrolysis of samples (without pre-treatment)
using a mercury analyser model AMA 254 (Leco) [11]. In
order to assess the accuracy and precision of the analytical
methodology, analysis of certified reference materials
were carried out (NIST-SRM, with 39.7±0.9 ng g-1 Hg, on
a dry basis), in parallel with samples. Precision of the
measurements, determined on replicate of SRM ranged
between 1.3% and 4.7%. All mercury quantifications were
done, at least, in triplicate and always with blank procedures run in parallel.
3 RESULTS AND DISCUSSION
The average concentration of Hg-accumulated in sediment fine fraction (<63µm) determined in 1994 [2] and in
2007 are shown in Figure 2, including the spatial distribution of mercury concentrations along the Esteiro de
Estarreja. Results show that from 1994 to 2007 the concentration of Hg-accumulated decreased significantly (95%,
p<0.01; one way ANOVA after data log standardization) at
the channel sections closer to the Estarreja industrial complex, i.e., at the upstream areas, less than 2000 m from the
point source. However, at the Esteiro de Estarreja downstream areas, between 3000 to 5000 m from the point source,
Hg-accumulated increased. Even so, the concentration of
Hg-accumulated in the upstream areas (range 60-146 µg
g-1) is still significantly higher than the maximum values
(66-83 µg g-1) recorded in downstream areas (95%,
p<0.01).
The significant differences (95%, p<0.01) of Hg concentrations, according to the distance from the chlor-alkali
electrolysis industry discharge point, reinforce the anthro-
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pogenic source of Hg as the main driver ruling mercury
distribution along the channel.
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FIGURE 1 – The Laranjo Basin, the Esteiro de Estarreja and the location of the chlor-alkali electrolysis industry, in Ria de Aveiro (Portugal).

FIGURE 2 – Spatial distribution of sampling sites, and mercury concentration (µg g-1) in sediment fine fraction (<63µm) collected in 1994
and in 2007, along Esteiro de Estarreja and inside Laranjo.
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FIGURE 3 – Field and model ECoS simulated data of concentration (µg g-1) of Hg-accumulated in surface sediments along Esteiro de Estarreja: simulation with samples collected until 1994, predictions for 1995, 2005 and 2010, and evaluation with samples collected in 2007.

Figure 3 shows the 1994 and 2007 field data and
model ECoS simulated data (prediction for 1995, 2005
and 2010) of concentration of Hg-accumulated in surface
sediments along Esteiro de Estarreja. The model simulation with samples collected in 1994 shows that the model
predictions (scenario for 1995) underestimate mercury
accumulation for the first 2000 m and overestimates mercury accumulation in downstream areas of the channel
[2]. These differences were attributed by the authors to
specific conditions not considered in the simulation (e.g.
discontinuous freshwater inputs, floods, deposition and
ressuspention rates). For “future scenario analysis”, after
1994, a condition of zero mercury discharge was imposed
to the model: ECoS predicted a decrease in the first ten
years and recovery could be considered noticeable in one
decade (scenario for 2005). However, the peak of mercury
would slowly progress towards downstream (scenario for
2010), and even after fifty years, ECoS predicted a peak
of mercury in the sediments at the end of the channel due
to the transfer downstream of contaminated sediments [2].
Field data from 2007 are in agreement with the model
predictions (scenarios for 2005 and 2010) when considering the Hg accumulation in downstream areas of the
channel. However, the model ECoS predictions still underestimates mercury accumulation for the first 2000 m.
As predicted by the model, from 1995 the peak of mercury along the channel has moved downstream decreasing
mercury concentrations from a maximum of 350µg g-1 to
values around 60 µg g-1, indicating a decrease in mercury
contamination but not decreasing to 1µg g-1. This fact can
be related to the model running set conditions, i.e., assum-

ing no mercury discharges after 1994 [2]. Even though the
chlor-alkali electrolysis industry plant located in Estarreja
industrial complex reduced mercury discharges, following
the application of the legal instruments, the conversion to
cell technology (mercury free) occurred only in 2002. Residual mercury discharges and occasional releases of contaminated particles from the inside of the industrial pipeline may explain the residual tail of mercury contamination and the recovery time delay. In addition, this area is
located upstream the connection to the nearby Antuã river
(2000 m) which is a source of uncontaminated particles
and freshwater.
The recovery state is sustained by comparing data
from the 80’s and 90’s with data from the last decade
studies, summarized in Table 1. In addition a review of
the system assessment [1], also indicates a decrease in
mercury contamination.
TABLE 1 - The maximum concentration of Hg (µg g-1) in surface
sediments of the Esteiro de Estarreja (Estarreja) and of Laranjo
basin (Laranjo).
Location
Estarreja
Estarreja
Estarreja
Estarreja
Laranjo
Laranjo
Laranjo
Laranjo
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Distance from Hg
point source (m)
(point source) 0
1500
1450
3700
≥ 4200
≥ 4200
≥ 4200
≥ 4200

Surface sediments
(µg Hg g-1, dwt)
850
500
435
377
100
50
52
77

Reference
[12]
[13]
[12]
[12]
[13]
[14]
[15]
[16]
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Overall field data indicate a recovery in surface sediments, showing mercury concentrations decreasing near
levels predicted by the model ECoS. Field data clearly
show a deposition/ressuspension downstream movement
of the organic matter enriched fine sediments (<63µm) as
the main via of mercury associated to contaminated particles towards the Laranjo Basin. The downstream movement of mercury maximums along the channel (that directly receives the industrial effluent discharge) appear to
be slower than model evaluation predicted.
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4 CONCLUSIONS
Summing-up, the recovery from mercury accumulation in the Laranjo Basin appears to be longer than initially predicted. In addition, recovery is conditioned by intrinsic system physical and chemical changes, ruled by
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One of the limitations of the present model application
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floods and strong currents but that should be taken into
consideration in future scenarios namely in the context of
climate change.”
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UNDER THE CANOPY OF INVASIVE ALGA Caulerpa racemosa
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ABSTRACT

1 INTRODUCTION

Sediments under the invasive alga Caulerpa racemosa
var. cylindracea were investigated in the southern Adriatic Sea (Priježba Cove, Pelješac Peninsula, Croatia). To
identify the potential impact of Caulerpa racemosa var.
cylindracea on granulometric composition, organic matter,
organic carbon, total nitrogen, phosphorus content and
redox potential, we investigated sites where the alga has
developed the densest canopy in relation to sites unaffected
with the alga. Vertical distribution of sediment particles
along the cores showed highest variability in surface layers
at invaded sites related to control that indicates changes in
environmental conditions during the sedimentation. Prevailing coarse grains in surface sediments at invaded sites
can be attributed to alga’s capacity to trap sediment particles as well as to coastal weathering and transporting
process. Organic carbon (C-ORG), total nitrogen (N-TOT)
and total phosphorus content (TP) was also elevated in the
surface sediment at invaded sites. C-ORG/N-TOT and CORG/TP ratios as well as negative redox-potential indicated the origin of the organic matter from marine
seagrasses captured by the canopies and its degradation
under the anoxic conditions. Statistical analyses emphasized the differences between invaded and control sites in
Priježba Cove, and indicated gravel and sand contents,
total phosphorus and redox-potential as the key parameters
con-tributing to the presented differences.

The green alga Caulerpa racemosa var. cylindracea
(Sonder) Verlaque, Huisman & Boudouresque (here after
C. racemosa), as an invasive species [1], was recorded for
the first time in the Adriatic Sea in Croatia in 2000 [2, 3].
The competitive success of this species, shortly after its
appearance, was assigned to the ability of adaptation to
different depths and environmental conditions in the water column as well as to different types of substrate such
as tide pools, on pebbles, rocks, dead Posidonia oceanica
(here after P. oceanica) “matte”, sand and mud [4]. C.
racemosa was found in polluted waters as well as inside
relatively pristine areas [5, 6]. C. racemosa can establish
highly abundant colonies in most of the habitats modifying the composition of the benthic communities that result
in decrease of total macrophyte cover [7-9] or changing the
macroalgal diversity and vegetational characteristics of the
epiphytic macroalgal assemblage on P. oceanica rhizomes [10]. This invasive alga may form compact multilayered mats up to 15 cm thick that trap sediment material
thus possibly contributing to the siltation of the assemblages [2, 11, 12]. The main mechanism of its invasion is
overgrowing by dense canopy that result in large particle
retention capacity per structure surface area [13].

KEYWORDS: sediment, grain size, carbon, nitrogen, phosphorus, redox-potential, Caulerpa racemosa var. cylindracea

There are numerous papers that comprise C. racemosa
taxonomy, morphology, seasonal dynamics, reproduction
cycle, ecological impacts of this invasive species on the
benthic communities [3, 4, 14, 15]. However, still limited
information is available concerning the characteristics of
sediments below the C. racemosa canopy [12, 16, 17] or
the effects of particle trapping and hydrodynamics near
the seabed [13].

* Corresponding author

In this paper we investigated the variability of biogeochemical parameters in the sediments (granulometric
composition, organic matter, organic carbon, nitrogen,
phosphorus content and redox potential) at the sites where
C. racemosa has developed the densest canopy in relation
to unaffected sites. In order to determinate the potential
impact of C. racemosa on “natural” ratios between car-
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bon, nitrogen and phosphorus as well as to the origin of
organic matter, vertical distribution of all parameters in
sediment cores at invaded and non-invaded sites were also
studied.

control bare sandy site with no algae at all (REF), approximately 500 m distanced away, was sampled as well. The
depth of the investigated sites was as follows: site A and
A-REF 14 m; site B and B-REF 13 m, and REF site 7 m,
while temperature and salinity of seawater ranged from
19.5 to 19.9°C and 38.4 to 38.6, respectively.

2 MATERIALS AND METHODS
2.2 Sampling methods and laboratory analyses
2.1 Sampling area

Field research has taken place in October 2004 at Priježba Cove (Pelješac Peninsula, Adriatic Sea) by RV “Bios”
(Fig. 1). The Bay (average depth; 32 m) is exposed to
strong hydrodynamics and is not affected by human activities. The sampling date was chosen to coincide with the
annual maximum development of C. racemosa to assess
its highest impact.
Well developed meadow of the seagrass P. oceanica
was formed at the seabed of the Bay from 5 to 30 m
depth. Inside the meadow a few sandy and rocky areas (at
10-20 m depth) were present. C. racemosa was observed
approximately 1000 m distanced away from the coastline
in the investigated area at water column depths of 0-50 m.
On the edge of P. oceanica meadow C. racemosa has
formed dense canopy, penetrating inside the meadow to
around 1 m. Inside the continuous P. oceanica meadow,
C. racemosa was not frequent. However, on the sandy
bottom surrounded by P. oceanica meadow, C. racemosa
has developed a dense patchy colony and completely
covered the seagrass rhizomes at the centre of the colony.
Two sites of P. oceanica covered with the densest
canopy of the C. racemosa were chosen: the dead mats of
P. oceanica (A) and the sandy bottom surrounded by
seagrass P. oceanica meadow (B). Each “infected” site
was compared with a control site not affected by C. racemosa distanced away 10–20 m (A-REF, B-REF). Another

Sediment samples for granulometric and chemical
analysis were collected by SCUBA-divers using transparent plastic tubes (approximately 20 cm long and 8 cm in
diameter) which were vertically inserted into the sediment
to preserve an undisturbed core. The sediment cores in
duplicates for the determination of redox-potential were
capped with rubber caps and immediately emerged on
board. Redox-potential (EH) in sediment cores was measured „in situ” by vertical penetration of Pt electrode with
Ag/AgCl reference electrode, with quinhidrone buffer solutions in pH=4 and pH=7 prepared according to Metrohm.
For determination of granulometric composition, organic
matter (OM), carbonates (CA), organic carbon (C-ORG),
total nitrogen (N-TOT), as well as total and inorganic
phosphorus contents (TP, IP), each sampled core was
divided into slices-subsamples (1 cm thick), frozen (at
-40°C) and freeze dried (Christo Alpha 1-5) until the
laboratory analysis. The granulometric composition of
gravel (>2 mm) and sand (0.063-2 mm) particles was
determined by sieving. Obtained values were used for
generating of cumulative granulometric curves. Silt (0.0040.063 mm) and clay (<0.004 mm) particles content were
determined from the curves. Granulometric parameters:
mean size (Mz), sorting (So), skewness (Sk) and kurtosis
(Kg) were calculated according to Folk and Ward (1957)
[18]. Sediment type was determined according to Folk’s
classification [19]. Gravimetrical methods were used to
determine OM and CA contents [20, 21].

FIGURE 1 - Location of sampling area (Priježba Cove, 42°47’32,08’’N; 17°44’27,53’’E marked by the arrow)
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Organic carbon and total nitrogen content were determined using CHNS-O analyzer (EA 1110, CE instruments). Before the analyses, freeze-dried sediment samples were grounded and prepared according to Ujiié et al.
(2001) [22] by acidification of the sediments with HCl to
remove carbonates.
The contents of TP and IP in sediments were estimated according to Aspila et al. (1976) [23], while certified
reference sediments PACS-2 (Canadian Institute for National Measurement Standards NRC-CNRC), and BCR-684
(European Commission Community Bureau) were used for
method evaluation.
2.3 Statistical analysis

Non-parametric Spearman rank order correlations were
used to assess the relationships between granulometric,
chemical and physical parameters. The significance of differences in those parameters was tested via non-parametric
Kruskal-Wallis test (K-W), followed by the post hoc Dunn’s
Multiple Comparison test to compare individual pairs of
sites. The analysis were performed using the statistical
package StatSoft Inc. (2000) STATISTICA (http//www.
statsoft.com).
Analysis of similarities (ANOSIM), hierarchical cluster analysis (CLA) and multi dimensional scaling (MDS)
ordination were used to illustrate relationships between
the variables at different sites in the layer of 0-3 cm depth.
To reveal similarities between sites, the Euclidian distance was computed on standardised and log (x+1) transformed data matrix for the following parameters: So,
gravel, sand, silt, clay, OM, N-TOT, C-ORG, IP, TP and
EH. The log transformation was used to meet the assumption of normality and down-weight the extreme observations. To show the contribution of granulometric and chemical variables to the dissimilarities among the sampling sites,
similarity percentages analysis (SIMPER) was performed
on the standardised and log-transformed data matrix, with
the cut-off for the low contribution fixed at 90%. This
analysis identified parameters that were principally re-
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3 RESULTS AND DISCUSSION
The coarse fractions had the highest percentages in
sediments of all sites, in relation to negligible portions of
fine sized grains (Table 1). The vertical distribution of all
granulometric fractions (gravel, sand, silt and clay) in
sediment cores at the investigated sites are in detail presented in Fig. 2.
Gravel content ranged from 5 to 90% at A-REF and B
sites, respectively. Average values were from 11 to 22%
for all sites except for site A with an average gravel content of 49%. Wider ranges at sites A and B, in comparison
to other sites, could be explained by the highest gravel
content in the surface sediment layer at site B (0-1 cm),
and in deeper sediment at site A (9-10 cm depth) (Fig. 2,
Table 1). Kruskal-Wallis test (K-W test) of differences in
vertical distribution of gravel was significant between site
A and A-REF; A and B sites (p<0.001), as well as between A and B-REF but at lower significant level (p<
0.05).
Sand was the dominant particle size with average
values from 50 to 88% for all sites, with the lowest average at site A (Table 1). Wider ranges at A and B sites are
consequence of vertical distribution of sand in sediment
cores at site A that is inversely to gravel content (higher
sand content in surface layer) and at site B where higher
portions of sand were in deeper sediment layers (Fig. 2,
Table 1). However, those differences were not significant
(K-W test p>0.05), due to high vertical variability within
the station. The only statistically significant difference
was found between sites A and A-REF (K-W test
p<0.001). Similar ranges and averages of sand content at
referential sites were result of relatively equal distribution
of sand particles along the cores (K-W tests; p>0.05).
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sponsible for the sample grouping in the ordination analysis. The above mentioned analyses were performed using
the statistical package Primer 5 (version 5.2.9) [24].
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FIGURE 2 - Vertical distribution of granulometric fractions (gravel, sand, silt and clay) in the sediment cores at five investigated stations in
Priježba Cove
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TABLE 1 - Investigated parameters presented as average value ± standard deviation and ranges in the sediments at five investigated stations
in Priježba Cove (granulometric composition, CA, OM, C-ORG, N-TOT, TP, EH, the ratios of C-ORG/TP and C-ORG/N-TOT determined in
sediments)
Station
A

A-REF

B

B-REF

REF

48.5±18.9
13.8-80.0
49.6±18.6
19.0-83.2
0.74± 0.58
0.1-2.1
1.2±0.8
0.4-2.9
2362±1278
870-5098
1.8±0.3
1.3-2.6
-0.05±0.15
-0.32-0.2
1.4±0.4
1-2.6
89±6
81-96
4.0±2.5
1.2-9.1
4.21±1.65
1.36-6.38
0.49±0.17
0.24-0.77
0.038±0.005
0.005-0.044
-222±115
-276-85
9.5±1.9
5.7-11.9
355±89
274-449

11.3±5.5
4.5-18.2
87.5± 5.4
80.8-94.5
0.6± 0.2
0.5-1.0
0.6±0.2.
0.5-1.0
822±186
660-1097
1.1±0.1
1.0-1.3
0±0.04
-0.06-0.05
1.0±0.1
1-1.1
89±2
85-91
2.0±0.1
1.8-2.1
0.79±0.35
0.45-1.38
0.21±0.02
0.18-0.23
0.023±0.001
0.022-0.024
15±80
-130-93
4.4±1.5
2.9-6.9
107±41
81-155

17.4 ±23.5
6.5-90.0
73.6 ±20.7
9.0-83.2
3.6 ±1.4
0.2-5.1
5.4±2.0
0.8-7.9
1682±3710
467-13454
1.7±0.2
1.5-1.9
0.2±0.24
-0.01-0.86
0.9±0.3
0.6-1.5
88±5
76-96
3.4±1.0
2.7-6.6
1.26±1.19
0.47-4.87
0.12±0.10
0.05-0.42
0.045±0.026
0.031-0.097
-72±73
-115-85
12.1±1.9
7.4-16.7
116±22
90-130

14.9 ±6.1
5.8-25.6
75.8± 5.8
65.4-82.2
3.7± 0.9
2.5-5.0
5.6±1.4
4.0-8.0
451±123
274-675
1.8±0.3
1.4-2.2
-0.32±0.1
-0.45-(-0.16)
1.2±0.5
0.9-2.3
77±5
71-82
13.6±10.5
5.0-32.8
2.93±1.48
1.74-5.35
0.23±0.13
0.11-0.48
0.033±0.007
0.027-0.040
40±44
40-83
16.5±5.8
7.3-22.5
327 ±121
217-457

22.1±7.1
12.4-32.4
77.2±7.0
67.2-86.6
0.3 ±0.1
0.1-0.4
0.4±0.2
0.1-0.7
1081±222
793-1464
1.5±0.3
1.1-1.8
-0.2±0.1
-0.32-(-0.07)
1.3±0.2
1-1.4
88±13
61-98
1.6±0.32
1.3-2.3
0.88±0.18
0.63-1.18
0.13±0.03
0.08-0.17
0.022±0.001
0.020-0.022
130±44
73-180
8.4±1.7
6.1-10.5
94±11
81-102

Parameter
Gravel (%)
Sand (%)
Silt (%)
Clay (%)
Mean size (µm)
Sorting
Skewness
Kurtosis
Carbonates (%)
Organic matter (%)
C-ORG (%)
N-TOT (%)
TP (%)
Eh (mV)
C-ORG/N-TOT
C-ORG/TP

Fine grained particles content (silt and clay) ranged
from 0.1 to 5.1% for silt and 0.1 to 8.0% for clay (Fig. 2)
with highest content in sediments at B and B-REF sites,
respectively. The highest difference in vertical distribution among sites was found between B and REF site as
well as between B-REF and REF (K-W test p<0.001).
Vertical distribution of sediment particles along the
cores of investigated sites showed highest variability in
surface layers at sites A and B invaded with C. racemosa
related to the reference sites. This indicates significant
changes in environmental conditions during the sedimentation especially between site A and other sites. The main
difference was in prevailing of gravel particles that can be
explained as a consequence of C. racemosa’s ability to
trap sediment particles during its high vegetative growth.
Previous studies of C. racemosa also show higher coarse
grained particle content in sediments trapped inside the
canopy [2, 12, 16]. However, the granulometric composition of sediments below the canopy is not reported at all.
Detailed examinations of particle trapping rates among
the all Caulerpa species show for C. racemosa the largest
particle retention capacity per surface area structure [13].

The content of gravel particles in sediments at investigated Priježba Cove area is mostly result of coastal weathering and its transportation process in the deeper area. This
could be an explanation for the high level of gravel content
in sediment surface layer at site B. On the other hand at
site A, C. racemosa was surrounded by P. oceanica meadow
that reduced input of those particles in the sediment.
According to Folk’s classification [19], prevalent sediment type at investigated sites was gravelly sand (in 20
subsamples), followed with sandy gravel (12 subsamples)
and gravelly muddy sand (11 subsamples), while slightly
gravelly sand and gravel were determined only once.
Mean grain size (Mz) ranged from medium sand (270
µm at B-REF station) to pebble (13454 µm in 0-1 cm interval at B station) with average value of very coarse sand
(1503.8±2084.2 µm) (Table 1).
Statistically significant correlation was established
between Mz, gravel and sand content (Table 2), that is
due to prevailing coarse grained particles in sediments at
investigated sites.
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TABLE 2 - Spearman rank order correlation between granulometric parameters (mean size, Mz; sorting, So; skewness, Sk; kurtosis, Kg),
granulometric composition (gravel, sand, silt and clay), carbonate (CA), organic matter (OM), total nitrogen (N-TOT), organic carbon (CORG) and total phosphorus (TP) content in sediment samples (N=46) (Correlations printed in bold are significant at p<0.05)
Mz
0.29
0.56
-0.29
0.87
-0.85
-0.31
-0.27
-0.06
0.11
0.22
0.28
0.91

So
Sk
Kg
Gravel
Sand
Silt
Clay
OM
CA
N-TOT
C-ORG
TP

So

Sk

Kg

Gravel

Sand

Silt

Clay

OM

CA

N-TOT

C-ORG

-0.02
0.50
0.48
-0.56
0.29
0.29
0.45
-0.17
0.01
0.25
0.43

-0.39
0.39
-0.34
-0.31
-0.27
-0.36
0.40
0.24
0.14
0.66

0.00
-0.02
0.16
0.10
0.57
-0.31
0.20
0.15
-0.16

-0.98
-0.33
-0.31
-0.02
0.17
0.36
0.37
0.82

0.13
0.12
-0.13
-0.02
-0.37
-0.46
-0.86

0.99
0.72
-0.76
-0.05
0.31
-0.03

0.70
-0.72
-0.03
0.35
0.01

-0.87
0.28
0.54
0.15

-0.15
-0.42
-0.05

0.89
0.41

0.53

Sediment was mainly poorly sorted (sorting range:
1.0-2.6), with exceptions in subsamples at site A (3-4 cm
and 8-9 cm) and at B-REF (0-1 cm) where sediment sorting (So) was very poorly (>2) (K-W test: between A and
A-REF p<0.001; B and A-REF, B-REF and A-REF p<0.01).
On the other hand, the highest values of So were in sediments with prevailing sand particles that was in accordance to significant correlation between So and sand content
in sediments (r=-0.56; Table 2). Low So values indicate
different origin (terrigenous and biogenic) of settled particles in investigated sediments of Pelješac Peninsula [25].
Recent investigations of the sediments below the
seagrass meadows on the west coast of Sardinia also indicated to poor sorted sediment [26]. Curve skewness (Sk)
in investigated sediments ranged from -0.45 to 0.86 at BREF and B station, respectively (Table 1). Negative values indicated the existence of fine grains in investigated
sediment sample. Kurtosis (Kg) was in the range from very
platykurtic (0.58 at site B) to very leptokurtic (2.56 at site
A) with dominating leptokurtic and mesokurtic curves.
Carbonate content (CA) in sediments varied between
61 and 98% at A and REF stations, respectively, without
clear vertical pattern (Fig. 3, Table 1). Relatively low CA
ranges are obvious for all sites except for REF, where the
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widest range was result of highest CA variability along
the sediment core (Fig. 3). The lowest CA average was at
B-REF site and statistically significant differences were
found among B-REF site and other sites (KW p<0.05).
CA content >60% were also determined in sediments at
shallower coastal stations along the east Adriatic coast [21,
27]. Carbonate content in sediments at north-west part of
the Priježba Cove reported here, were due to geological
origin of sediment that was partly derived from weathering of Cretaceous and Eocene carbonate rocks [25], and
partly from remains of skeletal parts or fragments of organisms mostly abundant in a coarse-grained fraction. Negative correlations between CA and fine grained particles were
obtained, while the absence of correlation between CA and
coarse sized grains was found (Table 1). That indicates the
presence of noncarbonated particles in coarser granulometric fraction and is in accordance with previously reported data for the middle Adriatic [27]. According to
investigations of sediment collected inside the P. oceanica meadows in different Mediterranean sites biogenic
carbonates were associated with sand fraction [28].
The organic matter content (OM) ranged from 1.2 to
32.8% at A and B-REF sites, respectively (Fig. 3, Table 1).
Lower averages at A, A-REF, B and REF sites (1.6 - 4.0%)
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FIGURE 3 - Vertical distribution of carbonate (CA), organic matter (OM), organic carbon (C-ORG) and total nitrogen (N-TOT) content in sediments at five investigated sites in Priježba Cove
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are in the range of OM reported for the middle Adriatic
sediments [27]. Highest OM average (13.6±10.5%) and
maximum at B-REF site were due to seagrass remains
observed in surface sediment layers (≤4 cm). This finding
is consistent with results of Como et al. (2007) [29], who
also explain sediment enrichment with organic matter and
organic carbon by persistence of seagrass leaf litter. Significant correlation was obtained between OM and finegrained particles such as silt and clay (Table 2). Similar
result is reported for fine-grained sediments at the Middle
Adriatic [27].
Organic carbon content (C-ORG) in sediments ranged
between 0.45 and 6.38% at sites A-REF and A, respectively (Figure 3, Table 1). Elevated C-ORG content at
invaded sites and site B-REF was particularly identified in
surface sediment layer (≤4 cm), similar to OM (Fig. 3).
Significant differences in vertical distribution were found
at site A in reference to sites A-REF, B and REF (K-W:
p<0.01). C-ORG values in sediments at those three stations are in accordance with data reported for the middle
Adriatic off-shore sediments (0.3-1.8%) [27, 30, 31]. Wide
range of C-ORG, as we found at sites A, B and B-REF, was
also determined in the middle and north Adriatic sediments
(0.5-10.1%) but in the anthropogenic influenced coastal
areas where increased input of organic matter to water
column was detected [32]. According to Holmer et al. (2009)
[17] similar organic enrichment was found in Mallorca,
Spain where C-ORG content in sediments with Caulerpa
species was up to 11 times higher than at sites unaffacted
of the algae.
Total nitrogen content (N-TOT) varied from 0.05 to
0.77% (at invaded sites A and B) with highest average
value and variability at same site as for C-ORG content
(site A). N-TOT values at five investigated sites in Priježba Cove reported in this paper were higher than values
found in the middle Adriatic sediments (0.02-0.15%) but
were more similar to values in the sediments of eutrophicated coastal area [32]. Increased values of C-ORG and
N-TOT contents at sites invaded by C. racemosa (A, B)
%TP (d. w.)
0.00 0.02 0.04 0.06 0.08 0.10

and station B-REF could be assigned to high quantity of
Posidonia oceanica leaves found in the sample.
Total phosphorus content (TP) in sediments ranged
between 0.005 and 0.097%, while higher average values
were found at A and B related to other sites (Fig. 4, Table 1).
Differences in vertical distribution were obtained between
site B vs. A-REF and REF sites (K-W test: p<0.05). Determined TP contents are generally lower than the average
phosphorus content of 0.041±0.013 found in the middle
Adriatic sediments [33]. However, our findings are in accordance with TP ranges obtained in sediments beneath the
meadows of green macroalgae Ulva and Enteromorpha in
Spain [34]. The highest TP content found in surface layer
at site B is within the range previously determined in the
Adriatic marine environments of higher trophic status, as
well as in the fine-sized sediments of the open sea [33].
Inorganic and organic phosphorus (IP and OP) content in investigated samples was also determined and their
concentrations in surface sediment layer (0-1 cm), as well
as their portions in total phosphorus are shown in Figure 4.
Calculated IP portion in TP in sediments, ranged from 54
to 99% at site B and control sandy REF site, respectively.
According to previous investigations in the middle Adriatic Sea area the similar range of IP portion is estimated
in sandy sediments [33]. Higher OP portion at sites affected with Caulerpa racemosa and at Posidonia oceanica
meadows can be result of the organic material trapped
inside the canopy or from seagrass leaves. The content of
TP in P. oceanica leaves was estimated at 0.06-0.19%
[35], or in some green algae leaves at up to 10 times higher
values than was recorded in the sediment [34]. High TP
content in the surface layer, at sites A and B-REF and
especially at site B in Priježba Cove, was also in accordance with elevated C-ORG, N-TOT and OM contents in
the same samples (Fig. 3 and 4, Table 1). Additionally,
statistical analysis showed significant positive correlation
between TP and gravel content (r=0.82) that is in discrepancy with previously reported correlations among TP and
fine-sized particles in middle Adriatic sediments [33]. The
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FIGURE 4 - Vertical distribution of total phosphorus content (TP) in the sediment cores (a), concentrations of inorganic and organic
phosphorus (IP and OP) in the surface sediment layer of (0-1 cm) (b), and their portions in TP at five investigated sites in Priježba
Cove (c)
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lack of correlations between TP and fine-sized particles
during our investigation could be caused by the coarser
material captured in the canopy of C. racemosa that dominated in the surface sediment layer at invaded sites.
Redox potential (EH) in the investigated sediments
ranged between -276 and 180 mV with more negative
values at infected sites A and B (Fig. 5, Table 1). Minimum EH in these sediments is among the lowest EH recorded for the middle Adriatic Sea area, including the
sediments under the fish farm cages [32]. Extremely negative potential indicates high concentrations of sulphide ions
(S2-) as well as degradation of organic matter in the absence
of oxygen [36]. As reported by Holmer et al. (2009) [17],
the presence of Caulerpa species in P. oceanica meadows
also coincided with enhanced sulfate reduction rates and
increased pools of sulfides in the sediments. The main
distinction in EH vertical profiles among the investigated
sites in Priježba Cove was depth of redox-cline. At sites
invaded with Caulerpa racemosa (site A and B), redox-cline
was established in the surface sediment layer (0.5-1 cm),
while at other investigated sites positive EH was up to 3 cm
sediment depth or along the whole sediment core (Fig 5).
Statistical analysis showed significant difference in vertical distribution only between site A vs. B-REF and REF
site (K-W: p<0.05, p<0.01, respectively).

FIGURE 5 - Vertical profiles of redox potential in sediments at five
investigated sites in Priježba Cove

Molar ratios of organic carbon, total phosphorus and
total nitrogen (C-ORG/TP and C-ORG/N-TOT) were also
calculated in order to investigate potential impact of the
Caulerpa racemosa on the origin of organic matter in the
sediments. The atomic ratios of C-ORG/N-TOT in sediments at all investigated stations ranged from 2.9 to 22.5
at A-REF and B sites, respectively (Table 1).
Average ratio was higher at invaded sites A and B
and at B-REF, which was similar to C-ORG content distribution (Table 1). Vertical variability of this parameter
at invaded site A and referent stations A-REF and REF is
shown in Figure 6. According to Stein (1991) [37], Vil-

lares and Carballeira (2003) [34], the value of C-ORG/NTOT ratio >10 indicates to the origin of organic matter
from the marine seagrasses. Higher C-ORG/N-TOT ratios
found at invaded sites are probably consequence of
seagrasses remains captured by the canopies of C. racemosa, or seagrass debris found in sediment core at BREF.
Organic carbon and total phosphorus ratio (C-ORG/TP)
in investigated sediment samples ranged from 81 to 457.
High values were recorded at sites A and B-REF (Fig. 5,
Table 1). According to Algeo and Ingall (2007) [38], the
ratio of C-ORG/P in marine sediments is strongly influenced by benthic redox conditions, since oxygen exhaustion enhances preservation of organic carbon and diffusive loss of remineralized phosphorus. Furthermore, the
ratio of C-ORG/TP higher than 200 indicates the remineralization process of phosphorus forms (that implicates
anoxic conditions), or elevated input of organic carbon
into the sediments [38]. This association between sedimentary C-ORG/TP and redox state of investigated sediments was particularly evident at site A through decreased
EH with depth that indicates the anoxic pathways of degradation of organic material accumulated below the canopy [38, 39]. In contrast to the invaded site A, measured
values of EH at control sites (A-REF and REF) were almost constantly positive (Fig. 5 and 6). On the other hand,
the relationship between the above referred parameters at
sites B and B-REF were less pronounced, which were
most likely influenced by the extremely high values of TP
and C-ORG in the surface sediment layer (Fig. 3 and 4).
In order to clearly demonstrate the relationships between the granulometric, chemical and physical variables
and reveal the similarities between the investigated sites,
analysis of similarities (ANOSIM), hierarchical cluster
analysis (CLA) and multi dimensional scaling (MDS) ordination methods were applied. Following parameters were
included in those analyses: sorting, gravel, sand, silt, clay,
organic matter, total nitrogen, organic carbon, inorganic
and total phosphorus and redox potential. However, due
to the particular importance of surface sediment in processes of accumulation and degradation of organic matter
in sediments [33], we reduced the data matrix to the surface sediment samples of 0-3 cm depth.
Two-way nested ANOSIM test confirmed significant
differences between the samples at investigated sites
(Global R=0.607; p=0.001). The separation of the three
main groups and further distinction of the subgroups was
confirmed by the hierarchical cluster dendrogram (Fig. 7).
Within the first group, the highest similarity was established between control sites (REF, A-REF and B-REF)
including 2-3 cm of sediment core at invaded site B. The
second group comprised of the surface sediment (0-1 cm)
at site B and surface sediment of 0-2 cm at site A. The
sediment layer of 2-3 cm at invaded station A was clustered separately in the third group (Fig. 7).
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Similarity percentages analysis (SIMPER) identified
gravel and sand contents, total phosphorus and redox po-
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FIGURE 6 - Vertical profiles of the ratios of organic carbon and total nitrogen (C-ORG/N-TOT), organic carbon and total phosphorus (CORG/ TP) and redox potential (EH) in sediment core at sites A, A-REF and REF in Priježba Cove

FIGURE 7 - Dendrogram of the sampling layers (denoted by Roman numerals) at five sites in the Priježba Cove, using group average clustering from Euclidian distance similarity on standardised and log transformed data matrix of selected granulometric, physical and chemical
variables (I, 0-1 cm; II, 1-2 cm; III, 2-3 cm)
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FIGURE 8 - MDS ordination of the sampling layers (denoted by Roman numerals) with selected granulometric, chemical and physical parameters represented as superimposed bubbles increasing in size with increasing content of gravel, sand, OM, C-ORG, TP contents and
redox potential values at five sites in Priježba Cove based on standardised and log transformed Euclidian distance similarity matrix (I, 0-1
cm; II, 1-2 cm; III, 2-3 cm)

tential among the key parameters regardless of the sampling site. Average similarity within the sites was always
higher at the referent sites in comparison to invaded ones.
Cross comparison of the investigated parameters revealed
further spatial distinction in the characteristics of sediments. The lowest dissimilarity of 4.79% was found between sites A-REF and REF. The analysis identified gravel
and sand content, TP, IP and OM as the top five parameters
contributing to the observed differences accounting for
73.71% of the total. On the other hand, the highest dissimilarity of 40.36% was recorded between sites A and
REF (Fig. 8). The five most responsible parameters for
such separation were EH, TP, C-ORG, OM and sand content (64.72%). Therefore we have chosen these three sites
for detailed analysis of the origin of organic matter as
shown in Fig.5.

Similarity among the sampling layers at five investigated sites are illustrated in the MDS ordination diagram
derived from the Euclidian distance similarities matrix
based on standardized and log (X+1) transformed selected
parameters (Fig. 8). Concerning the granulometric composition of sediment, gravel content contributes to dissimilarity between sites due to its increased content at site B (01 cm), site A (2-3 cm) related to sediment layers at other
investigated sites. Low sand content in the surface sediment layer (0-1 cm) at site B distinguishes this sample
compared to others. Clay and organic matter content are
higher in sediments of referential sites, while the total phosphorus is more represented at sites invaded with Caulerpa
racemosa. The C-ORG content strongly contributes to distinction of sediment layers between invaded and control
sites, as well as within each investigated site. Redox potential was more negative at site A and in surface layer at site
B related to positive values at referential sites.
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4 CONCLUSIONS
Variability of biogeochemical parameters along the
sediment cores was highest in surface layer at sites invaded
with C. racemosa related to unaffected sites that indicates
changes in environmental conditions during the sedimentation.
Prevailing coarse grains in surface sediments at invaded sites can be attributed to high Caulerpa’s retention
capacity to trap sediment particles as well as to coastal
weathering and transporting process.
Organic carbon, total nitrogen and phosphorus content
were elevated in the surface sediment layer at invaded sites
related to control. C-ORG/N-TOT and C-ORG/TP ratios as
well as negative redox potential at invaded sites indicated
the origin of organic matter from marine seagrasses
captured by the canopies and its degradation under hypoxic
and anoxic conditions.
Statistical analyses emphasized the differences between invaded and control sites and indicated gravel and
sand contents, total phosphorus and sediment redox-potential
as the key parameters contributing to the presented differences.
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FLUORESCENCE AND HETEROGENEITY
ANALYSIS FOR CHARACTERIZING COMPOSITION
AND DISTRIBUTION OF DISSOLVED ORGANIC MATTER
FROM SURFACE WATER AND SEDIMENT PORE WATER
IN TYPICAL ESTUARINE TRIBUTARIES
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ABSTRACT
Composition and distribution of dissolved organic
matter (DOM) from surface water and sediment pore water
was investigated by fluorescence spectroscopy with fluorescence regional integration (FRI) analysis and heterogeneity analysis in estuarine environments in Liaohe
River basin, China. Aromatic protein materials were the
major components for DOM in both waters, which consisted of small-molecular size and low level of aromatic
carbon. While the content of fulvic- and humic-like materials was low, these materials contained macro-molecules
and high level of aromatic. The abundance of soluble microbial byproducts was the lowest one. The components
of DOM from the surface water rendered decreasing gradients from tributaries to confluent estuary, while this
trend was not obvious in the pore water due to sediment
dredging in the tributaries. The fulvic- and humic-like materials and microbial byproducts were more significant discriminant parameters of spatial variation than aromatic protein
materials.

KEYWORDS: Excitation-emission matrix; fluorescence regional
integration; heterogeneity analysis; dissolved organic matter;
tributary estuary

sediments may partly reflect regional changes in land use
and climate [1, 2]. DOM played a vital role in the biogeochemistry of organic carbon, nitrogen and phosphorus [3, 4].
Fluorescence excitation-emission matrix (EEM) spectroscopy has been widely utilized to characterize DOM of
aquatic environments, which can provide detailed information with a selected spectral wavelength [5-7]. However,
the analysis of fluorescence EEM spectra in the previous
literatures was generally limited to visual identification of
peaks or ratios of peak intensities, which cannot determine
the heterogeneity of DOM. Fluorescence regional integration (FRI), a potentially useful technique in the characterization of complex DOM, can be utilized to the integration
of the volume on the different excitation-emission regions
in the EEM spectroscopy [8-10]. This may provide additional insight into the optical characterization of DOM as
well as their environmental dynamics.
Therefore, in the present study, FRI was used to characterize DOM of surface water and sediment pore water
in the estuarine. The main objectives were to (i) analyze the
typical fluorescence components of DOM from surface
water and sediment pore water in estuarine tributaries
using EEM spectroscopy combined with FRI analysis; (ii)
to validate the utilization of the technique for distinguishing maturity of DOM by the hierarchical cluster analysis
and discrimination analysis.

1 INTRODUCTION

2 MATERIALS AND METHODS

The tributary estuaries transport and transform dissolved
organic matter (DOM) from terrestrial to aquatic environments [1]. Transfer of DOM between water column and
* Corresponding author

2.1 Study area

Liaohe River, one of the seven largest rivers in China,
its mainstream is mostly located in Liaoning Province
(Fig. 1). The river extents 1430 km, and covers an area of
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FIGURE 1 - The locations of Liaohe River basin and the estuarine tributary

TABLE 1 - Water quality data of surface water and pore water

Sites
1
2
3
4
5
6
7
8
9
10
11
12

pH
7.93
8.02
8.73
8.25
8.25
8.31
7.92
8.57
7.78
8.45
7.97
7.52

EC
(µm cm-1)
461
528
636
452
410
465
437
596
435
505
447
430

Surface water
DOC
TN
(mg L-1) (mg L-1)
20.37
42.32
21.52
40.87
16.07
29.70
15.13
4.56
13.43
2.96
7.91
6.21
9.55
4.06
13.4
2.91
8.54
5.11
8.87
4.06
9.03
4.51
11.57
4.56

NH3-N
(mg L-1)
8.42
5.39
3.08
2.13
1.60
1.72
2.85
1.19
1.78
1.66
1.90
3.02

0.229 million km2, and its mean annual runoff is approximately 12.6 billion m3. The river basin experiences a
temperate continental monsoon climate with an average
annual rainfall of 350-1,000 mm, and an annual temperature around 4-9 °C [11]. The estuary, a confluence of
three tributary rivers located in the midstream of Liaohe
River, i.e. Wanquanhe River, Xixiaohe River and
Yangchanghe River, covers 200 ha (N 42° 8'-42°9', E
123°28'57-123°31') (Fig. 1).
2.2 Sample collection and physico-chemical analyses

Twelve sampling sites were distributed from the tributaries to confluence estuary (Fig. 1). Surface water samples were collected in prewashed (10% of nitric acid and

pH
7.61
7.71
7.72
9.76
7.48
9.31
7.63
7.96
7.73
8.17
8.78
8.56

EC
(µm cm-1)
471
476
490
436
495
405
475
491
478
448
450
471

Pore water
DOC
TN
(mg L-1) (mg L-1)
20.26
21.32
35.04
10.50
13.87
8.88
11.03
2.96
10.51
1.51
15.27
7.66
10.56
2.04
12.38
2.14
15.62
2.18
13.5
1.84
12.36
2.65
23.93
4.12

NH3-N
(mg L-1)
9.54
2.73
2.61
1.82
0.71
2.25
1.78
1.48
0.36
1.30
1.30
3.08

Milli-Q rinsed) glass bottles and kept on ice until back to
laboratory (within 6 hours) in May, 2012. Surface sediment was collected to a depth of 0-5cm. The pore water
was extracted from the sediment without exposure to air
using a core barrel technique [12]. All surface water and
pore water samples were filtered through 0.45 µm Whatman glass fiber filters and stored frozen (-20 ºC) in amber
glass vials until analyzed. The pH values and EC values
were measured by the portable meter (Thermo Orion Star,
U.S.A.). Dissolved organic carbon (DOC) and total nitrogen (TN) were analyzed with a TOC analyzer (Analytic
Jena multi N/C 3100 TOC, Germany). Colorimetric
method was used for NH3-N analysis. Table 1 lists basic
parameters of water quality.

3049

© by PSP Volume 22 – No 10a. 2013

Fresenius Environmental Bulletin

2.3 Fluorescence spectroscopic analyses

Fluorescence spectroscopy was obtained using a Hitachi Fluorescence Spectrophotometer (F-7000). Excitation and emission slit widths were set to 5 nm and PMT
Voltage to 700 V. EEM was determined by scanning excitation wavelengths from 200 to 450 nm and detecting the
emitted fluorescence between 280 and 550 nm [13]. All
spectra were subtracted from their respective procedural
blanks.

(Fig. 3). This behavior indicated that aromatic protein materials were considered as the major representative components for DOM, which consisted of small-molecular size
and low level of aromatic. The Pi,n in the region IV was
the lowest among the five regions in the surface water, so
was in the pore water. This behavior proved a lower microbial activity, which mainly due to low temperature in spring.
The Pi,n in a given region exhibited higher variability among

2.4 FRI analyses

The FRI approach proposed by Chen et al. [9] was employed to characterize the five excitation-emission area volumes to relative regional areas. The normalized excitationemission area volumes (Φi, n and ΦT, n, e.g., i, n and T, n
refer to the value of region i and the entire region) were
calculated, and the percent fluorescence response were
then determined using Pi, n = 100×Φi, n/ΦT, n.
2.5 Statistical analyses

Hierarchical cluster analysis was applied to spectroscopic parameters deduced from the EEM spectra with the
FRI method for distinguishing composition and maturity
of DOM from the estuary tributaries [14]. Discriminant
analysis was performed to confirm the clusters determined
by the hierarchical cluster analysis and evaluate the viability
of the parameters [15, 16]. All statistical analyses were performed using SSPS 16.0 and OriginPro 8.0 for Windows.
3 RESULTS AND DISCUSSION
3.1 FRI analyses

Five distinct fluorescence peaks exhibited in the EEM
spectra of the surface water and pore water samples (Fig.
2a), which were defined as: Peak A – fulvic-like (λex/em =
220-240/380-420 nm); Peak C – fulvic-like (λex/em = 310340/400-450 nm); Peak B – tyrosine-like (λex/em = 210230/280-320 nm); Peak T1 – tryptophan-like (λex/em = 270290/330-350 nm), and Peak T2 – tryptophan-like (λex/em =
215-235/340-360 nm) [9]. Surface water and pore water
were rich in fulvic-like material which might be allochthonous or autochthonous influenced by source and season [17, 18]. The T2 and B peaks were associated with
aromatic protein and could indicate contaminants from
wastewater. T1 was relative to soluble microbial byproducts and could characterize the presence of a bioavailable
labile organic substrate or the product of microbial [19,
20]. The EEM was divided into five regions according to
excitation and emission wavelength boundaries (Fig. 2b).
Region I and II presented tyrosine- and tryptophan-like compounds respectively, region III denoted fulvic-like materials,
region IV revealed soluble microbial by-products, and Region V was associated with humic-like material [9, 10].
The average relative abundance (%) of the region I
and II was prominently higher than those of the other
three regions in the surface water, so was the pore water

FIGURE 2 - EEM spectroscopy (a) and EEM regions (b) obtained
using consistent excitation and wavelength boundaries.

FIGURE 3 - Average relative abundances (%) of five FRI regions
calculated for DOM of pore water and surface water fractions.
Standard derivative across all samples were shown.
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the surface water than that among the pore water, which
attributed to DOM in the surface water was more diluted
and mixed than the latter.
The abundance of Pi, n for the five regions in all surface
water and pore water samples was summarized in Fig. 4.
In a given sample site (except for sites 1, 2 and 3 where
Wanquanhe River flew into the estuary), the Pi, n in the
five regions were higher in the pore water than those in
the surface water. This behavior indicated that the content
of DOM fractions in the pore water were more abundant
than in the surface water. In the sediment-water interface,
DOM fractions were upward into pore water through sediment release, besides downward through surface water. In
the surface water, Pi, n for the five regions at sites 1 to 4 was
almost higher than that at the other eight sites. This behavior indicated that the contents of DOM fractions in Wanquanhe River and Xixiaohe River, where a large amount of
municipal wastewater and industrial wastewater is loaded,
were richer than those in the estuary. However Pi, n at site 5
was the lowest among the twelve sites, indicating that
Yangchanghe River was in a far lower trophic state than the
other two tributaries and with better water quality (See
Table 1). In the pore water, Pi, n at sites 1 and 4 was the
highest, followed by sites 5, 7 to 12, and sites 3 to 4. Due
to the high trophic state in Wanquanhe River and Xixiaohe
River, organic plant residues accumulated in the sediment
were decomposed. Sediment dredging activities within the
tributary estuary of Wanquanhe River reduced organic
matter fractions.
3.2 Hierarchical cluster analyses

Due to the distinct differences of Pi, n for the five regions between surface water and pore water, hierarchical
cluster analysis was performed in both segments. In the
surface water, hierarchical cluster analysis yielded a den-

drogram classifying the 12 sampling sites into three groups
at the rescaled distance < 3, and the difference among the
groups was significant (Fig. 5a). Group 1 contained sites
1 and 2 located in Wanquanhe River, Group 2 consisted
of sites 3 and 4 located in the tributary estuaries of Wanquanhe River and Xixiaohe River, group 3 included sites
5 to 12 located in the confluent estuary, except for site 5
located in tributary estuary of Yangchanghe River. This
distribution indirectly revealed a spatial gradient of the
content of DOM fractions from tributary rivers to confluent estuary. Furthermore site 5 was not clustered into
Group 1, indirectly indicating that the content of DOM
fractions in Yangchanghe River was lower than that in the
other tributary rivers. In the pore water, hierarchical cluster analysis also generated a dendrogram classifying the
12 sites into three groups at the rescaled distance < 2, and
the difference between the groups was significant (Fig. 5b).
Group 1 comprised with sites 1 and 4 located in Wanquanhe
River and Xixiaohe River, Group 2 consisted of sites 2, 3
and 6 located in the tributary estuaries of Wanquanhe River
and Xixiaohe River (except for the site 6), Group 3 included sites 5, 7 to 12 located in the confluent estuary,
except for Site 5 locating in tributary estuary of
Yangchanghe River. Group 3 showed that the abundance
of organic fractions in the tributary estuary of Wanquanhe
River was similar to Site 6, indirectly proving that the
sediment dredging occurred in the tributary estuary
3.3 Discriminant analyses

The variation of the abundance of Pi, n for the five regions in the surface water and pore water was assessed by
discriminant analysis, with clusters based on the hierarchical cluster analysis. The objectives of the discriminant
analysis were to test the significance of discriminant functions and determine the most significant P i, n associated

FIGURE 4 - Pi, n of DOM from surface water samples (a) and pore water samples (b).
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FIGURE 5 - Spatial clustering of the sampling sites of the surface water (a) and pore water (b)

TABLE 2 - Standardized canonical discriminant function coefficients b, c
Mean

Surface water

Pore water

Predicted Group Membership
Original

Count

%

Cross validateda

Count

%

Predicted Group Membership

results

1

2

3

Total

1

3

3

Total

1

2

0

0

2

2

0

0

2

2

0

2

0

2

0

2

0

3

3

0

0

8

8

0

0

8

7

1

100.0

0.0

0.0

100.0

100.0

0.0

0.0

100.0

2

0.0

100.0

0.0

100.0

0.0

66.7

33.3

100.0

3

0.0

0.0

100.0

100.0

0.0

0.0

100.0

100.0

2

2

0

0

2

1

1

0

2

0

0

1

1

2

2

1

1

3

0

0

0

8

8

0

1

6

7

100.0

0.0

0.0

100.0

100.0

0.0

50.0

50.0

100.0

0.0

50.0

50.0

100.0

100.0

0.0

66.7

33.3

100.0

0.0
0.0
100.0
100.0
100.0
0.0
14.3
85.7
100.0
a. Cross validation is done only for those cases in the analysis. In cross validation, each case is classified by the functions derived from all cases other
than that case.
b. 100.0% (Surface water) and 91.7% (Pore water) of original grouped cases correctly classified.
c. 91.7% (Surface water) and 66.7% (Pore water) of cross-validated grouped cases correctly classified

with the differences among clusters. In the surface water,
Wilks’ lambda, the Chi-square for each discriminant function changed from 0.003 to 0.694 and from 2.560 to 39.591,
at p < 0.0002, revealing that the discriminant analysis was
credible. The standard discriminant analysis mode gener-

ated the canonical discriminant functions containing Pi, n
(Tables 2 and 3), which produced the classification results
correctly assigning 91.7% of the cases using the Pi, n. The
higher absolute values of variable coefficients in the
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standardized canonical discriminant functions were
more
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TABLE 3 - Standardized canonical discriminant function coefficients b, c
FRI

Function
Surface water

Pore water

1

2

1

2

Region I

-2.613

-0.905

0.131

0.416

Region II

-2.164

3.197

0.300

0.166

Region III

-8.973

-16.935

1.710

-6.722

Region IV

20.569

-4.801

-0.368

-2.150

Region V

12.482

17.956

-1.510

7.028

TABLE 4 - Cross-validated in the casewise statistics
Surface water
Sites

Actual group Predicted Group

Pore water

P(D>d | G=g)
p

P(D>d | G=g)

df P(G=g | D=d) Actual group Predicted Group

p

df P(G=g | D=d)

1

1

1

0.000 5

1.000

1

1

0.000 5

1.000

2

1

1

0.000 5

1.000

2

3**

0.000 5

1.000

3

2

2

0.000 5

1.000

2

2

0.000 5

1.000

4

2

3**

0.000 5

1.000

1

1

0.000 5

1.000

5

3

3

0.000 5

1.000

3

3

0.000 5

1.000

6

3

3

0.230 5

1.000

2

2

0.230 5

1.000

7

3

3

0.158 5

1.000

3

3

0.158 5

1.000

8

3

3

0.000 5

1.000

3

3

0.000 5

1.000

9

3

3

0.652 5

1.000

3

2**

0.652 5

1.000

10

3

3

0.244 5

1.000

3

3

0.244 5

1.000

11

3

3

0.385 5

1.000

3

3

0.385 5

1.000

3

0.781 5

1.000

3

3

0.781 5

1.000

12
3
** Misclassified case

significant [21]. Thus the discriminant analysis suggested
that Pi, n. in the region III, IV and V were very significant
for discriminating DOM of spatial variation.
In the pore water, the Chi-square for each discriminant
function changed from 0.045 to 0.311 and from 8.175 to
21.664, at p < 0.02, proving that the method for the pore
water had a lower discriminatory ability than that for the
surface water. The mode presented the corresponding classification results, correctly assigning 66.7%, and showed
that Pi, n. in the region III and V were significant discriminant parameters of spatial alteration.
Based on the results, hierarchical cluster analysis provided a classification of dissolved organic matter of surface water and sediment pore water in the estuary that
aided in revised design of sampling site. The site 2 should
be upward along Wanquanhe River, while the site 4 should
be downward along Xiaomahe River. The site 9 could be
cancelled to save corresponding costs.

tion, which had small-molecular size and low level of
aromatic carbon. However, macromolecules and high level
of aromatic, i.e. fulvic- and humic-like materials were relatively few. The soluble microbial byproducts were the least.
The content of components of DOM from the pore water
was distinctly higher than that from the surface water. A
decreasing gradient of the content of DOM from the surface water occurred rendered from the tributary to confluent estuary through the hierarchical cluster analysis, but
this trend did not appear in the pore water. The fulvic- and
humic-like materials and microbial byproducts were more
feasible to discriminate spatial variation than aromatic
protein materials according to the discriminant analysis.
The results of heterogeneity analysis for components deduced from EEM with fluorescence regional integration
revealed spatial variation between the surface water and pore
water, indicating that the EEM with fluorescence regional
integration was a reliable technique for characterization of
DOM in surface water and sedimentary environments.
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REPELLENT ACTIVITY OF
THREE ESSENTIAL OIL COMPONENTS (CINEOLE,
TERPINEN-4-OL AND ALPHA-PINENE) AGAINST NYMPHS
OF Blattella germanica L. AND Supella longipalpa Fabricius
Emre Oz*, Samed Koc, Atila Yanikoglu and Huseyin Cetin
Akdeniz University, Faculty of Science, Department of Biology, 07058 Antalya, Turkey

ABSTRACT
The aim of this research was to evaluate the repellent
activity of three essential components (cineole, terpinen4-ol, alpha-pinene) against 10-15 days-old (2nd or 3rd
instar) nymphs of Blattella germanica L. and Supella
longipalpa Fabricius with Y-tube olfactometer. When all
essential oil components were compared on the basis of
repellent activity against B. germanica nymphs, cineole
was the most repellent component at all times and there
was no statistical significant difference between terpinen4-ol and alpha-pinene. The highest repellency (96.4%) for
cineole was seen at 20th min. Cineole was also more statistically significant repellent than the other two components against S. longipalpa nymphs. As a result, all components showed repellent activity against both cockroach
species and exhibited no significant time dependent repellent activities (P>0.05).
KEYWORDS: Alpha-pinene, Blattella germanica, Cineole, Repellent activity, Supella longipalpa, Terpinen-4-ol

1 INTRODUCTION
Cockroaches are potential mechanic vector and transmit pathogenic organisms like bacteria, viruses, fungi and
protozoa [1,2]. Also they are sources of human allergens
[3]. Blattella germanica L. (German cockroach) and Supella longipalpa Fabricius (Brown-banded cockroach) are
the most common cockroach species in Antalya, Turkey
and they prefer warmer and drier areas in homes, hospitals, restaurant’s kitchens, waste treatment plants and food
processing plants. They are highly productive insects and
have a shorter metamorphosis period than other cockroach species. Food of both animal and plant origins and
non-food objects such as papers and glue for book bindings are also food sources for these cockroaches [4].
* Corresponding author

Chemical insecticides especially organophosphates,
phenylpyrazoles and synthetic pyrethroids have been used
for cockroach control all around the world. In recent years,
extensive insecticide usage of these products has led to the
development resistance in cockroaches, as well as the negative effects on human health, many non-target species and
environment [5,6]. Thus, researchers tended to find alternative environmentally friendly and ecologically safe repellent compounds for cockroach control.
Essential oils are complex mixtures of secondary metabolites, which are monoterpenes, phenols, alkaloid and
sesquiterpens [7]. They have been used in so many different areas e.g. spices, perfume, soap, detergent, toothpaste
and traditional treatments. Also insecticidal and acaricidal
properties of these oils and their major components have
been researched against many invertebrate species by
researchers. They found that plant essentials oils and
extracts inhibit the feeding, decrease egg production, and
negatively affect the development and survival of many
species of insects and acarines [8-11]. Also, many studies
about antibacterial, antioxidant, and anticancer activities
were done [12-14].
The use of plant extracts as repellents is an ancient
knowledge. This practice is basically done with compounds
that have odor or irritant effects such as chili and garlic
[15]. There are a lot of studies about repellent and fumigant activity of essential oils and their components against
cockroaches. For example, Thavara et al. [16] used seven
essentials oils extracted from Boesenbergia rotunda (L.)
Mansf., Citrus hystrix DC., Curcuma longa L., Litsea
cubeba (Lour.) Pers., Piper nigrum L., Psidium guajava
L. and Zingiber officinale Roscoe plant species and tested
repellent activity against Periplaneta americana L., B.
germanica and Neostylopyga rhombifolia (Stoll). They
reported that C. hystrix had high repellent activity against
test cokroaches. Appel and Mack [17] found that Juniperus virginiana L. essential oil was repellent to B.
germanica in Ebeling choice-box tests but was not repellent to P. Americana and Periplaneta fuliginosa (Ser-
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ville). Essential oils of grapefruit, lemon, lime and orange
from the citrus family Rutaceae demonstrated repellent
activity against three cockroach species B. germanica, P.
americana and P. fuliginosa [18]. Liu et al. [19] reported
that Cyperus rotundus L., Eucalyptus robusta Sm. essential
oils and alpha-pinene, 1,8-cineole components have strong
repellency against nymphs of the German cockroaches.
According to our literature survey, there were only
three articles about fumigant and repellent activity against
cockroach species from Turkey. Tunaz et al. [20] reported
that allyl isothiocyanate (compound of horseradish) and
the essential oil of Allium sativum (L.) (Liliales: Liliaceae) at the concentration of 2.5 and 5 µl/L of air, respectively had fumigant activity, while the essential oils of
Thymus vulgaris (L.) (Lamiales: Lamiaceae), Oregano
dubium (L.) (Lamiales: Lamiaceae), Allium cepa (L.)
(Liliales: Liliaceae), and Rosemarinus officinalis (L.)
(Lamiales: Lamiaceae), and their components eugenol,
carvacrol, and citronella at the concentration of 5 µl/L of
air did not show any insecticidal activity. Deveci et al.
[21] studied repellent activity of essential oil and hexanic
extracts obtained from the leaves and fruits of Schinus
molle L. against Blatta orientalis L. (oriental cockroach)
and found that only hexanic extract obtained from the leaf
showed good repellency. Recently, Oz et al. [11] studied
the fumigant activity of essential oils obtained from three
Lamiaceae plants; Mentha longifolia L. subsp. typhoides
(Brig.) Harley, Dorystoechas hastata Boiss. & Heldr. ex
Bentham and Origanum minutiflorum O. Schwarz et. H.
Davis against B. germanica nymphs and found that D.
hastata essential oil was the most effective essential oil.

5 L cylindrical plastic cages, provided with cracker and a
cotton ball saturated with water in plastic cups. Cardboards were placed in 5 L cylindrical plastic cages as
shelter (diameter 4.5 cm x height 10 cm). In the experiments; 10-15 days-old (2nd or 3th instar) nymphs of B.
germanica and S. longipalpa cockroaches were used.
2.3 Repellent activity assays

Repellent activity assays were carried out according
to the method described by Koc et al. [22] with minor
modifications. Repellent activities of essential oil components were tested using the apparatus, Y-tube olfactometer, presented in Figure 1. Y-tube olfactometer (iner diameter 5 cm) which were made from glass consists of three
arms, one of them repellent arm, the other one control arm
and the last one main arm. Also device has a air pump
which is connected to main arm. The ends of all arms
were covered with gosh filters that allows free air movement while preventing insect escape.

Therefore, the aim of this research was to evaluate the
repellent activity of three essential oil components (cineole,
terpinen-4-ol, alpha-pinene) against 10-15 days-old (2nd or
3rd instar) nymphs of B. germanica and S. longipalpa with
Y-tube olfactometer.
2 MATERIALS AND METHODS
2.1 Essential oil components

Three commercial essential oil components were evaluated for repellent activity against two cockroach species
nymphs (B. germanica and S. longipalpa) under laboratory
conditions. Alpha-pinene (purity %99), terpinen-4-ol (purity %96) and cineole (purity %>95) were purchased from
Sigma Aldrich Co. (St. Louis, MO, USA).
2.2 Test cockroaches

B. germanica population was collected at the Garbage
Treatment Plant in Kemer, Antalya in 2009 and S. longipalpa population was collected at the Campus of the Akdeniz University, Antalya in 2009. These cockroaches were
maintained in our laboratory for 3 years without exposure
to any known insecticides. The colonies were maintained
at 26±2 °C temperature, 60±10% relative humidity and
photoperiod of 12:12 hr. The cockroaches were kept in

FIGURE 1 - Test apparatus: Y-tube olfactometer. A: Y-tube arms,
B: angle between the arms, C: main arm of the Y-tube, D: insect
introduction, arrow: direction of air flow, E: pump connection [22].

As an application dose, 100 µl essential oil component was applied on a blotting paper and placed to the
inner side of one gosh filter. The other was control gosh
filter and nothing was applied there.
Fifteen cockroach nymphs were used for each test
and all tests were replicated three times. After applying
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essentials oils, we waited to reach their fragrances to main
arm for approximately one minute. Then the air pump was
operated after cockroaches were released into the hole of
the apparatus. For repellency of the tested essential oil
components, the number of cockroaches in each arm was
counted and noted at 10 minutes intervals until 60
minutes. Insects were allowed to make a choice among
the treated arm, controlled arm or the main arm.
Cockroaches were put out of the olfactometer when
the experiment was finished. Test apparatus was cleaned
with acetone after each experiment and left to dry in order
to avoid any fragrances. Tests were conducted at 26±2 °C
temperature, 60±10% relative humidity and photo period
of 12:12 hr in an insectarium in the Vector Ecology and
Control Laboratory, Biology Department, Akdeniz University.
2.4 Statistical analysis

The number of cockroaches in each arm were noted
and then converted to percent repellency (PR) according
to the formula PR=(Nc−Nt)/(Nc+Nt)×100 where Nc stands
the number of cockroaches in control arm; Nt stands the
number of cockroaches in treated arm [22]. Cockroaches
that remained in the main arm were not taken into account.
The average percent repellency was analyzed using the
SPSS program, version 19, for ANOVA. Means were
compared with the Duncan Multiple Range Test (P>0.05).
3 RESULTS AND DISCUSSION
When all essential oil components were compared on
the basis of repellent activity against B. germanica nymphs,
cineole was the most repellent component at all times and
there was no statistical significant difference between terpinen-4-ol and alpha-pinene. The highest repellency (96.4%)
for cineole was seen at 20th min. Terpinen-4-ol and alphapinene exhibited 77.8% and 70.3% the maximum repellent activity at 40th and 50th min, respectively. There was
no statistical difference between times and repellent activity (Table 1).
According to our literature survey, there is only one
manuscript about repellent activity of essential oil com-

ponents against B. germanica. In this article, Liu et al.
[19] reported that C. rotundus, E. robusta essential oils
and alpha-pinene, 1,8-cineole components have strong
repellent activity against nymphs of the German cockroaches.
Same activity of these components against other
cockroaches and insect species were studied by researchers. Ngoh et al. [23] found that alpha-pinene exhibited
50% repellency to P. americana at 58.46 µg/cm2 concentration. Tunc and Erler [24] reported that terpinen-4-ol
had 60±10.6% repellent activity to Tribolium confusum at
92.4 mg/L air concentration. The repellent activities of
Cryptomeria japonica (Pinaceae) essential oils obtained
from four different plant parts and six components against
adults of two mosquitoes species, Aedes aegypti L. and
Aedes albopictus (Skuse) were studied by Gu et al. [25].
They reported that C. japonica essential oil obtained from
its leaf and (-)-terpinen-4-ol exhibited best repellency
against both mosquitoes. Also, Suthisut et al. [26] were
tested repellent activity of essential oil from rhizomes of
Alpinia conchigera Griff, Zingiber zerumbet Smitt, Curcuma zedoaria (Berg.) and their major components (terpinen-4-ol, alpha-pinene, 1,8-cineole, camphene, camphor, alpha-humulene, isoborneol and beta-pinene) against
adults of Sitophilus zeamis Motschulsky and Tribolium
castaneum (Herbst). They found that only A. conchigera
essential oil and terpinen-4-ol showed repellent activity
against both insects. But in our experiments both terpinen4-ol and alpha-pinene have repellent activity against cockroaches. The essential oil of Nepeta cataria L., contains
two isomers of nepetalactone, E,Z-and Z,E-nepetalactone
was tested by Peterson et al. [27] for repellent activity to
adult male German cockroaches, in a choice-test arena.
The authors reported that E,Z-Nepetalactone was the most
active of the compounds tested, being significantly more
active to this cockroach than equivalent doses of DEET,
the essential oil, or Z,E-nepetalactone. At the same time
the mature leaf essential oil of same plant were tested and
exhibited significant repellency to German cockroaches
[28]. Repellent activity of the Osage orange tree (Maclura
pomifera (Raf.) Schnied.) fruit oil and extracts on B. germanica was examined in a choice arena, and the extracts
were found to be repellent [29].

TABLE 1 - Repellent activities of cineole, terpinen-4-ol and alpha-pinene against B. germanica nymphs (Percent repellency±SE).
Exposure times
(min)
Cineole
Terpinen 4-ol
Alpha-pinene
10
95.4 ± 1.1 ax, Cy
69.5 ± 3.9 a, B
62.8 ± 9.6 a, B
20
96.4 ± 2.5 a, C
68.9 ± 2.3 a, B
57.2 ± 5.1 a, B
30
94.8 ± 2.5 a, C
74.9 ± 5.6 a, B
64.9 ± 5.4 a, B
40
94.6 ± 3.7 a, C
77.8 ± 4.9 a, BC
68.4 ± 5.1 a, B
50
93.3 ± 4.7 a, C
76.2 ± 6.8 a, BC
70.3 ± 4.7 a, B
60
95.0 ± 3.5 a, C
72.3 ± 6.9 a, B
69.3 ± 4.7 a, B
x
:Means within a column for each concentration followed by the same lowercase letter are not significantly different (P>0.05).
y
:Means within a line for each time period followed by the same uppercase letter are not significantly different (P>0.05).
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TABLE 2 - Repellent activities of cineole, terpinen-4-ol and alpha-pinene against S. longipalpa nymphs (Percent repellency±SE).
Exposure times
(min)
Cineole
Terpinen 4-ol
Alpha-pinene
10
88.9 ± 5.6 ax, By
90.5 ± 9.5 a, B
79.3 ± 11.6 a, B
20
90.5 ± 4.8 a, C
64.7 ± 11.3 a, B
53.3 ± 3.3 a, B
30
90.5 ± 4.8 a, C
48.0 ± 19.9 a, B
74.5 ± 12.8 a, BC
40
90.5 ± 4.8 a, C
43.0 ± 16.9 a, B
58.9 ± 7.5 a, B
50
90.5 ± 4.8 a, C
42.2 ± 13.1 a, B
74.5 ± 12.8 a, C
60
86.0 ± 0.3 a, C
51.1 ± 14.1 a, B
72.4 ± 13.9 a, BC
x
:Means within a column for each concentration followed by the same lowercase letter are not significantly different (P>0.05).
y
:Means within a line for each time period followed by the same uppercase letter are not significantly different (P>0.05).

In addition, many researches about contact toxicity
and, fumigant activity of plants essential oils on B. germanica were done by authors. For example, Lee et al. [30]
found that cineole caused 100% mortality at 50 µg/ml air
against five stored–product pest insects, including B. germanica. Jung et al. [31] reported that (1S)-(-)-alpha-pinene
and (1S)-(+)-alpha-pinene had insecticidal activity to adult
females of B. germanica. According to another research
made by Phillips and Appel [32] the most toxic essential oil
components to B. germanica were 1,8-cineole, (-)-menthone,
(+)-alpha-pinene, (-)-beta-pinene, and S-(-)-limonene.
As far as we know, this is the first research indicating
repellent activity of components on S. longipalpa. According to our results, cineole is more significant repellent
than the other two components against S. longipalpa
nymphs. In spite of no statistically significant repellency between the other two components till 40th min, alphapinene is more repellent than terpinen-4-ol at 50th min as
statistical (Table 2).
As a result, all components showed repellent activity
against B. germanica and S. longipalpa nymphs and exhibited no significant time dependent repellent activities
(P>0.05). Cineole showed the highest repellent activity on
both cockroach species. Therefore, according to our results plant essential oil components may be useful as a
repellent in homes or other areas against B. germanica and
S. longipalpa.
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REMOVAL OF AMMONIA NITROGEN BY GRANULAR
ACTIVATED CARBON AND MICROWAVE RADIATION (GACMW)
Li Peng, Yao Chen and Wenju Jiang *
College of Architecture and Environment, Sichuan University, Chengdu 610065, China

ABSTRACT

such effluents is steam-stripping [4], in which aeration and
steam

Wastewater with high ammonia nitrogen concentration is treated by air stripping in most cases as it is difficult to treat with biological processes. For energy saving,
granular activated carbon (GAC) and microwave (MW)
radiation was combined in this study, in a continuous flowthrough system (GAC-MW), to remove ammonia nitrogen
from experimental wastewater. The results showed that
GAC-MW was effective and can achieve consistent removal of 94% of ammonia without additional aeration. The
mechanism was investigated by observing the removal
effects of GAC and MW independently. This demonstrated
that the GAC temperature rise in the MW field, and the
subsequent transfer of boiling heat to the fluid in steams
was the key ammonia removal mechanism. We also varied
the operating conditions; increased pH and MW power, decreased inflow rate and initial ammonia concentration, and
improved the ammonia removal rate. The optimal GAC
bed size for our specific flow-rate was determined by MW
penetration depth into the GAC medium and the contact
time between the GAC and the test fluid. The removal
efficiency declined from 99% to 83% over 31-h exposure
in extended operation. The changes in GAC properties included a decrease in specific surface area and increased
GAC macropore volume, which maintained high removal
efficiency throughout the extended operational period.

KEYWORDS:
Ammonia nitrogen, continuous flow-through system, enhanced
boiling heat transfer, granular activated carbon, microwave

1 INTRODUCTION
Ammonia nitrogen in high concentrations is commonly present in landfill leachate and industrial
wastewaters from tanneries as well as coke, textile and
fertilizer plants [1]. The low C/N ratio of them leads to the
suppression of microorganism activity in biological treatment systems [2, 3]. A commonly used method for treating

* Corresponding author

are applied after pH adjustment. However, steam-stripping
towers consume large amounts of energy for heating and
aeration, and the final effluent ammonia concentration often
remains too high. Consequently, new technologies with high
removal efficiency and low energy consumption need to
be explored.
Microwave (MW) has developed rapidly in recent years
because of its quick action, low energy requirements,
and freedom from contamination [5]. In MW only systems,
ammonia removal efficiencies of 93% could be achieved at
the bench-scale [6], and 80% at pilot-scale [7], under optimum conditions in a sequencing batch reactor with aeration.
Although minimal adsorption of ammonia by activated carbon (AC) has been observed [8], AC undergoes a
much greater temperature increase with MW radiation than
any other materials [9], and its porous structure generates
steams which substitute for aeration. A patent combining
AC with MW for ammonia removal has been reported [10].
In this batch system, AC powder and wastewater are premixed and reacted in MW achieving high ammonia removal without aeration, but separation of AC powder
from the effluent after treatment was needed.
To enhance treatment capacity and reduce energy
consumption, we proposed a continuous through-flow system, combining granular activated carbon (GAC) and MW
(GAC-MW). Herein, the GAC is applied in a fixed-bed
MW reactor, which helps to maintain a stable high temperature field, without the need for AC separation or aeration.
The feasibility and mechanism of ammonia removal by
GAC-MW systems are discussed, and the action of the
main removal factors investigated. Finally, the changes in
GAC properties after extended use of the GAC-MW system were examined.
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2 MATERIALS AND METHODS
2.1 Chemicals

Ammonium chloride was used as the source of ammonia nitrogen. De-ionized water was used for the preparation of solutions. All reagents were of analytical grade.
GAC made from walnut shell with 2 mm diameter
(previously produced in our laboratory [11]) was washed
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FIGURE 1 - Schematic diagram of the GAC-MW (1 - microwave oven, 2 - fixed bed of GAC, 3 - wastewater, 4 - treated water, 5 - quartz
glass tube, 6 – flow-rate meter, 7 - H2SO4 solution, 8 - off-gas treatment, 9 – thermometer).

by diluted acid and de-ionized water, to remove ash and
soluble impurities, and then oven-dried at 105 °C for 24 h
prior to use.

(ZXF-06). The GAC macropore space was measured using
the mercury intrusion method (AotoPore IV 9500V 1.07).

2.2 Procedures and equipment

3 RESULTS AND DISCUSSION

A microwave oven with a microwave chemistry reactor
(MCL-2, 550 W, 2450 MHz) was used as MW source. The
reactor housing was a quartz glass tube (diameter 35 mm)
filled with GAC to a height of 80 mm to create a fixed bed.
It was continuously irradiated in the MW oven, while
wastewater was pumped though from top to bottom. The
off-gas was extracted and passed through two conical flasks
containing 100 ml 0.5 M H2SO4 to collect the removed
ammonia. The system was adjusted to be in steady-state
operation before each experiment.
The initial pH of the solution was adjusted with 2.5 M
NaOH. The inflow rate was controlled by a flow-meter
(LZB-3, Yuyao Industry Automatic Meter Factory, China),
and outflow temperatures were measured with a mercuryin-glass thermometer.
The GAC samples were defined as GAC-0, 1, 3, and
GAC-8 according to their treatment times in hours (0, 1,
3, and 8, respectively). The GAC-MW operating parameters were MW power, 500 W; flow-rate, 20 ml/min; initial
ammonia nitrogen concentration 2000 mg/L; and pH 11.

3.1 Removal of ammonia in the GAC-MW system

A stable ammonia removal rate of 94% was achieved
with combined GAC-MW treatment (Fig. 2). By comparison, the removal using MW or GAC alone, under the
same conditions was minimal.
With MW alone, the hydraulic residence time (HRT)
of wastewater was less than 3 seconds, and the temperature of the outlet water was almost the same as the inflow,
indicating minimal heating. This compares to 3 to 10 min
of radiation time in a sequencing batch reactor [6, 7]. MW
alone in the continuous system was not effective, thus MW
energy plays a small direct role in the ammonia removal
process.

2.3 Analysis

GAC is known to have excellent adsorption capacity
for almost all substances. In our experiment with GAC alone,
the initial ammonia removal rate rises sharply reaching 20%
after 10 seconds, declining thereafter, and approaching zero
after 30 min. The saturation adsorption capacity of GAC for
ammonia nitrogen is about 6 mg/g. The result confirmed
that the ammonia adsorption capacity of the GAC bed
alone had little influence on ammonia removal.

The test wastewater ammonia nitrogen concentration
was measured by UV spectrophotometry (UV1100, Shanghai Precision Scientific Instrument Co. Ltd, China) based on
the conventional Nesslerization method. The inflow and
outflow pH were measured with a pH-meter (pHS-25,
Shanghai Leici Instrument Factory, China).
The specific surface area and pore distribution of the
GAC treatments (0, 1, 3, and 8) were detected using N 2
isotherms at 73 K in an automatic adsorption instrument

The water temperature increase through GAC-MW
was 44 K, rising from 299 K at the inlet to 303 K at the
outlet. Because of the short reactor residence time, this
temperature increase is unlikely to be from direct MW
fluid heating, but was caused by MW heating of the GAC,
leading to the observed removal of ammonia. The process
was believed to be similar to that of an ammonia stripping
method [12], except that no aeration was applied to the
liquid.
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FIGURE 2 - Removal rates of GAC, MW and GAC-MW separately (2000 mg/L ammonia nitrogen, pH 11, 500 W MW radiation, GAC bed
with a height of 80 mm and diameter of 35 mm).

Enhanced ammonia removal is aided by the porous
structure of GAC; it changes a part of the flowing solution into steam and jet out under MW radiation, enhancing
heat transfer efficiency [13], and offering steams constantly. Hence, the combined action of GAC-MW on
ammonia removal in wastewater is related to GAC energy conversion and heat transfer to the flowing liquid, instead of organic pollutant adsorption and catalysis observed in other applications of the technique [14].
3.2 Optimization of operational parameters

ammonia volatilization by driving the equilibrium of
reaction (1) to molecular ammonia. At pH 11, 98.2% of
ammonia nitrogen is in the form of NH3, which is approximately equal to the 94% removal observed in GAC-MW
system. This implies that the majority of the NH4+ was
converted to volatile molecular ammonia in the GACMW test solution at pH 11.
+

NH 3 + H 2O ↔ NH 4 + OH −

(1)

[ NH 3 ]
+
[ NH 3 ] + [ NH 4 ]

(2)

α NH =
3

3.2.1 Effect of initial pH

Ammonia nitrogen removal efficiency is highly sensitive to pH (Fig. 3). As pH increases, the removal rate is
enhanced significantly.
The equilibrium between soluble ammonium ions
NH4+ and dissolved molecular ammonia NH3 in
wastewaters is controlled by pH (Fig. 3) [15]. In reaction
(2) αNH3 is the distribution coefficient for NH 3 . High
pH favors

The theoretical molecular ammonia content at pH 10
and pH 9 is obviously greater than the observed removal
rate. The reactor outflow pH values were less than those
of inflow (10, 9.2 and 8.4; for inflow pH 11, 10 and 9,
respectively). This reduction results from OH- consumption and NH3 removal, and we infer from this that there
was a downwards vertical pH gradient in the GAC bed.
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FIGURE 3 - Influence of pH on ammonia removal and distribution coefficients of NH3 and NH4+ at different pH at 20 °C.
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This led to a reduction in transfer efficiency, with
NH4+ to NH3 decreasing sharply, thus accounting for the
difference between the theoretical distribution and the
observed removal rates. The hydraulic residence time may
also have been too short to complete the reaction.
3.2.2 Effect of influent flow-rate

In our continuous GAC-MW system, flow-rate was an
important factor; the greater the flow-rate, the lower the
removal efficiency (Table 1).
TABLE 1 - Removal rates in different parameters.
Parameters (unit)
Flow-rate (ml/min)
Removal rate
MW power (W)
Removal rate
Initial concentration (mg/L)
Removal rate

10
99%
200
61%
2000
94%

Value and removal
20
30
94%
80%
350
500
85%
94%
5000
10000
89%
75%

40
45%

Increasing flow-rate shortens the reactor residence
time (9, 7, 5, and 3 seconds for 10, 20, 30, and 40 ml/min,
respectively), and leads to efficiency of heat transfer from
GAC to the liquid is reduced, but not in proportionality.
Hence, the longer the residence time of wastewater in the
GAC bed, the higher the removal rate the system can achieve
for a given set of operating conditions.
3.2.3 Effect of MW radiation power

Three levels of MW power (200, 350, and 500 W) input were investigated (Table 1), and while it was obvious
that a higher removal of ammonia nitrogen occurred at a
higher MW power, the relationship was not proportional.
The temperature of the experimental wastewater solutions rose rapidly with the application of MW radiation
and maintained a stable level when flowing though the
GAC bed at a given rate. The outflow temperature varied
in accordance with the MW power (331 K for 200 W, 341 K
for 350 W and 343 K for 500 W). As the fluid exposure to
radiation in the GAC-MW was limited to 5 seconds, the
molecular movement of wastewater would not be significantly enhanced compared with the typical 3-min exposure
time encountered in a sequencing batch reactor [6, 7].
Hence, we believe that sensible-heat exchange from the
GAC to the flowing liquid was the main form of excitation
for ammonia removal.
3.2.4 Effect of initial ammonia concentration

We investigated ammonia removal rates in the GACMW system at different initial ammonia concentrations
(Table 1). In our experiments, significant ammonia removal by the GAC-MW system was achieved, even with
an initial ammonia concentration of 10,000 mg/L. As GAC
bed, flow-rate and MW power were settled, heat and
steams generated were fixed, so that, with increasing initial
concentration, came a decrease in the removal efficiency.
The experimental results suggest that, compared with
the impact of pH, inflow rate, and MW power, the effect of

the initial ammonia concentration was relatively small. The
elevated initial concentrations may require a longer reaction
time to achieve complete evaporation of the ammonia.
3.2.5 Effect of GAC bed size

Our experimental tube design meant that the GAC
bed took the form of a cylinder. Hence, the discussion of
the effect of the GAC bed size on removal is classified in
terms of diameter and height. It has been reported [16]
that increased reactor volume can enhance MW heating
efficiency. Diameter influenced the MW adsorption and
energy conversion. Bed height determined the wastewater
residence time, and the energy transfer from the GAC to
the flowing water.
Ammonia removal was greater with a smaller GAC
bed diameter (Fig. 4a). In general, a greater GAC volume
should lead to greater MW energy conversion and heat
transfer to the test solution. In our experiments, however,
MW penetration ability was limited by the bed diameter;
microwave penetration into water is limited [17]. Ammonia removal was decreased by 40% with an increase in
GAC diameter from 35 to 45 mm. However, the difference
in removal between 19 to 35 mm GAC diameters was only
5%. This implies that the penetration depth limitation for
our cylindrical GAC bed was around 35 mm (diameter),
for MW input of 500 W. This indicates that the GAC bed
with a 45-mm diameter was not completely heated. This
may, in part, have been due to heat dissipating into the
unheated area further reducing the heat transferred to the
liquid, leading to a lower efficiency of ammonia removal.
In conclusion, increased reactor diameter may raise the
total amount of heat the GAC captures from MW, but the
removal efficiency falls. Beyond a certain diameter, MW
penetration depth begins to limit energy transfer to GAC,
and hence, the heat transferred to the liquid, and ammonia
removal efficiency.
The greater the GAC bed height, the greater the removal rate (Fig. 4b). Removal was enhanced by 55% with
an increase in height from 40 to 80 mm, but only 5% from
80 to 120 mm (which increased the residence time from
3–5 seconds to 5–8 seconds). To save material and shorten
the reaction time, 80 mm GAC height would be optimal
under the conditions of this experiment.
GAC bed size clearly plays an important role in ammonia removal in MW. The diameter and height must be
optimized to balance the energy transfer to the GAC, and
heat delivery to, and residence time of the flowing water.
From our experiments, the optimal GAC bed size consisted of a diameter of 35 mm and height of 80 mm. With
MW radiation power 500 W, 2000 mg/L initial ammonia
concentration, and wastewater flow of 20 ml/min, a removal rate of 94% was achieved.
3.3 Effects of an extended operation period

In our extended experiment, the efficiency of GACMW on ammonia removal was > 90% for up to 10 h, and
about 85% from 10 to 31 h (Fig. 5). This implies that the
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FIGURE 4 - Influence of GAC bed diameter and GAC bed height on ammonia removal.

FIGURE 5 - Removal efficiency with extended exposure.

GAC-MW system could maintain a stable level of efficiency
in treating ammonia for a relatively long time. The slight
drop in efficiency after 10 h may be due to obvious loss of
mass [18]. To achieve steady and high removal efficiency,
we suggest 10 h as the optimal practical utilization time
for GAC in MW.

from the GAC to the liquid. These two effects cancel-out,
so that the decline in ammonia removal efficiency is minimal over the extended period of operation.
TABLE 2 - Characteristic variation of GAC.
Sample

3.4 Changes in GAC properties with exposure time

GAC physical properties change when exposed to extended periods of operation in the GAC-MW system
(Table 2). As reaction time elapses, liquid converted into
steam jet out of the system. This weakens and removes
adhesive binding to the GAC, in turn, causing micropore
collapse and the loss of some carbon particles with the
flowing water. This results in a reduction of surface area,
and the average pore radius becomes larger, as observed
in other studies [19]. After 8 hours, the surface area decreased by approximately 83%, but removal efficiency
declined by only 5%. The reason for this lack of deterioration in removal efficiency is due to the macropores.
Boiling heat transfer enhancement is only established on
surfaces where pores are large enough to allow liquid inflow.
Hence, a greater macropore volume can lead to improved
heat transfer. Loss of GAC due to oxidization decreases
GAC energy conversion into heat; meanwhile, increased
macropore volume provides a greater heat transfer area

GAC-0
GAC-1
GAC-3
GAC-8

Surface area Average pore radius Macropore volume
(m2/g)
(nm)
(cm3/g)
564.80
1.56
0.1203
266.2
2.34
0.1476
111.1
3.24
0.1713
96.67
20.8
0.2287

Our examination of GAC characteristics helped to
provide information on changes in GAC structure and
evidence for inferences about heat transfer mechanisms,
suggesting ammonia removal was not dependent on adsorption by GAC, or heating by MW, but on heating performance of GAC in the MW field.
4 CONCLUSIONS
To explore the removal of a high concentration of
ammonia nitrogen in wastewater by GAC-MW in a continues flow-through system, a fundamental examination of
feasibility, mechanisms, optimal conditions and performance
over extended periods was completed.
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For conditions of 2000 mg/L ammonia nitrogen, pH
11, 500 W MW radiation, the GAC-MW system achieved
a consistently high level (approximately 94%) of ammonia
removal. Based on the results of our comparison of GAC
and MW independently, the removal mechanism relies
upon the temperature rise of GAC in the MW field, and
enhanced transfer of boiling heat from the GAC to the liquid.
With increased pH or MW radiation power and decreased wastewater flow-rate or initial concentration, removal efficiencies greater than 94% could be achieved.
The optimal GAC bed-size, for our specific flow-rate of
20 ml/min, was 35 mm (diameter) × 80 mm (height). These
dimensions provided adequate MW energy to heat transformation, and sufficient contact time between the fluid
and the GAC bed to ensure near complete ammonia removal.
Ammonia removal efficiency with this GAC-MW
technique was stable over an extended period of operation,
being greater than 90% in the first 10 h, and above 80% in
the remaining 31 h, for the given conditions. We believe
that 10 h is an optimal time for practical utilization of the
technique.
The examination of GAC properties with increasing
reaction exposure times showed a decrease in specific surface area, and an increase in macropore volume. The
changes in these properties effectively canceled each other
out, such that the high removal efficiency was maintained
throughout the test.

[8]

Rodrigues, C.C., de Moraes Jr., D., da Nóbrega, S.W. and
Barboza, M.G. (2007) Ammonia adsorption in a fixed bed of
activated carbon. Bioresource Technology 98, 886–891

[9]

Jin, Q.H, Dai, S.S and Huang, K.M. (1999) Microwave
chemistry, Science Press, Beijing, pp13-16.

[10] Yao, Y., Zhou, J. and Gao, L. (2011) A method of ammonia
nitrogen treatment in wastewater. Chinese Patent,
CN102001721-A
[11] Chen, J., Chen, Y., Jiang, X., Peng, J.F. and Jiang, W.J.
(2012) Characterization of pyrolusite-modified activated carbon prepared from walnut shell and the application of flue
gas desulfurization. Fresenius Environmental Bulletin 21,
2901-2907
[12] Bonmati, A. and Flotats, X. (2003) Air stripping of ammonia
from pig slurry: characterization and feasibility as a pre- of
post-treatment to mesophilic anaerobic digestion. Waste
Management 23, 261–272.
[13] Chen, Z.X. (1996) Study on dynamics of enhanced boiling
heat transfer of the powder porous surface. Chemical Engineering (China) 24 (4), 47-53
[14] Bo, L.L., Quan, X., Chen, S., Zhao, H.M. and Zhao, Y.Z.
(2006) Degradation of p-nitrophenol in aqueous solution by
microwave assisted oxidation process through a granular activated carbon fixed bed. Water Research 40(16), 3061–3068
[15] Lin, L., Chan, G.Y.S., Jiang, B.L. and Lan, C.Y. (2007) Use of
ammoniacal nitrogen tolerant microalgae in landfill leachate
treatment. Waste Management 27, 1376–1382.
[16] Barringer, S.A., Davis, E.A., Gordon, J., Ayappa, K.G. and
Davis, H.T. (1994) The effect of sample size on microwave
heating rate: comparison of oil and water. AIChE Journal 40,
1433
[17] Wang, H.N., Hao, P.W. and Xue, L. (2011) Laboratory evaluation of microwave heating method for hot in-place recycling. Journal of Testing and Evaluation 39(6), 1070-1077

The authors have declared no conflict of interest.

[18] Sun, W.Q. and Yu, C.Y. (2010) Study on temperature raising
behavior of modified activated carbon in microwave field.
Drying Technology and Equipment 8(3), 100-104

REFERENCES
[1]

Jung, J.Y., Chung, Y.C., Shin, H.S. and Son, D.H. (2004)
Enhanced ammonia nitrogen removal using consistent biological regeneration and ammonium exchange of zeolite in
modified SBR process. Water Research 38, 347–354.

[2]

Mecler, H., Nutt, S., Marvan, I. and Sutton. P. (1984) Combined treatment of coke plant wastewater and blast furnace
blow down water in a coupled biological fluidized bed system. J. Water Pollution Control Federation 56, 192–198.

[3]

Qian, Y., Wen, Y. and Zhang, H. (1994) Efficiency of pretreatment methods in the activated sludge removal of refractory compounds in coke-plant wastewater. Water Research
28, 701–710.

Received: April 12, 2013
Accepted: June 06, 2013

[4]

Ghose, M.K. (2002) Complete physico-chemical treatment
for coke plant effluents. Water Research 36, 1127–1134.

CORRESPONDING AUTHOR

[5]

Peng J.H., Liu B.G., Zhang L.B., Zhou, J.W, Xia, H.Y. and
Zhang, Z.B. (2011) Research status and trend of hightemperature microwave metallurgy reactor. The Chinese
Journal of Nonferrous Metals 21(10), 2607-2615

[6]

Lin, L., Yuan, S.H., Chen, J., Xu, Z.Q. and Lu, X.H. (2009)
Removal of ammonia nitrogen in wastewater by microwave
radiation. Journal of Hazardous Materials 161, 1063-1068.

Wenju Jiang
College of Architecture and Environment
Sichuan University
Chengdu 610065
P.R. CHINA

[7]

Lin, L., Chen, J., Xu, Z.Q., Yuan, S.H, Cao, M.H., Liu,,H.C
and Lu, X.H. (2009) Removal of ammonia nitrogen in
wastewater by microwave radiation: A pilot-scale study.
Journal of Hazardous Materials. 168, 862–867

3068

[19] Ania, C.O., Menendez, J.A., Parra, J.B. and Pis, J.J. (2004)
Microwave induced regeneration of activated carbons polluted with phenol. Carbon 42, 1383-1387

Fax: 86-28-8540 5613
Email: wenjujiang@scu.edu.cn
FEB/ Vol 22/ No 10a/ 2013 – pages 3053 – 3058

© by PSP Volume 22 – No 10a. 2013

Fresenius Environmental Bulletin

UNDERSTANDING THE WATER CHALLENGE OF
JIANGSU PROVINCE: ANALYSIS OF THE WATER FOOTPRINT
CHANGES IN JIANGSU PROVINCE DURING 2003-2010
Xiao-Bai Zhou1,2, Ning-Hong Zhang1, Yong Zhang1, Zhi-Chun Niu1 and Hong-Xia Yu2,*
1

Environmental Monitoring Center of Jiangsu Province, Nanjing 210036, China
2
School of the Environment, Nanjing University, Nanjing 210046, China

ABSTRACT
In order to develop a proper method for water management, we must know the water sustainable development
status. Therefore, the water footprint, an index reflecting
the water consumption was used to analyze the water resource sustainable development status of Jiangsu Province.
Results showed that although the average value of water
supply surpassed the water requirement during 2003-2010,
Jiangsu Province still had the problem of water shortage
during the drought years of 2004, 2006 and 2009. 4.5×10105.6×1010 m3 of virtual water in this region was exported
through agricultural exports, and the external water dependency of this region was 0. Conflicts between water
supply and water requirement will be increased with the
increase of population, the development of economy and
the urbanization. Therefore, suggestions such as increasing water diversion from Yangze River, collecting and
storing the rainfall, carrying out the water saving techniques, treating the wastewater, reducing the virtual water
exportation by improving industrial and commercial policies were put forward to decrease the regional water stress.
Considering the relatively low virtual water quantity contained in the daily diet of Jiangsu residents and their health,
the idea that reducing the water consumption through
changing food pattern was not recommended.

KEY WORDS:
water footprint, water scarcity, virtual water, real water

sion of cities. However, the development of the province
increased the water demand and the water pollution over
the past decades, and finally increased the pressure on the
water environmental security. Therefore, it’s important to
make use of the evaluation criteria to characterize the
water resource status over time.
Many metrics have been developed for estimating
and mapping the water resource status worldwide, and the
water footprint is considered as a promising metric since
it is easily understood and could be applied in management. The water footprint, which was first put forward by
Hoekstra in 2002 [1], is defined as a parameter describing
the total volume of freshwater (including real water and
virtual water) consumed in production and services. The
water footprint could be used to describe the use of water
resource and the mismatching between regional water
availability and regional water resource transport, quantify the water shortage and provide some methods to balance regional water supply and water demand. Nowadays,
the water footprint is widely used in water scarcity countries for developing reasonable national water resource
development policies [2, 3].
In this paper, the water footprint of Jiangsu Province
during the period of 2003-2010 was calculated, and the
water sustainable status was evaluated. The virtual water
cost of the agricultural production and wastewater dilution were quantified. The study is to figure out the causes
of gap between supply and demand of the water resource,
and provide some water resource management suggestions to ensure the sustainable development of the water
resource in Jiangsu Province.

1. INTRODUCTION

2. MATERIALS AND METHODS

Jiangsu is a coastal city in eastern China, which is rich
in water resource. Its adequate rainfall and surface water
runoff are helpful to the rapid development of agriculture
and industry, the fast growth of population and the exten* Corresponding author

The water footprint, which describes the total water
resource consumed by residents, is composed of the real
water used, the net virtual water import and the gray water. The water footprint of Jiangsu Province is calculated
based on the methodology described in previous studies
[1, 4], and the formulas are as follows:
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WFP = WU + NVWI + GW = AWU + IWU + DWU +
EWU + VWI – VWE + GW
(1)
In which, WFP stands for the water footprint of the
region (m3 yr-1); WU denotes the real water utilization;
NVWI stands for the net virtual water import; GW is the
gray water. AWU, IWU, DWU and EWU stand for the
water used in agriculture, industry, domestic life and
environment respectively. VWI and VWE stand for the
virtual water import and export of the region.
GW =max GWi =max (PEi/ PCi)

(2)

In the equation above, GW stands for the gray water,
while PE and PC stand for the emission concentration and
standard concentration of each pollutant.
National environmental, ecological and social data,
such as precipitation, annual runoff, population, residents’
consumption, industrial production, trade and investment
were obtained from "Jiangsu Statistical Yearbook" (http://
www.jssb.gov.cn/jstj/tjsj/tjnj/). The data of water diversion, wastewater discharge and water quality of river were
collected from the "Jiangsu Province Water Resources
Bulletin" (http://szyzx.jswater.gov.cn/csxw/ztxx/szygb/
index. html). The most important crop and livestock
products have been selected, and their virtual water values
were obtained from the previous studies of Hoekstra and
Hung (2002) [5]. The virtual water contained in the aquatic products was obtained in the study of Zimmer and
Renault (2003) [6]. The difference between the agricultural output and its consumption is considered as the trade
volume of the products. The virtual water value of a tree
is the summation of the tree evapotranspiration and the
lowest water requirement in the soil [7]. The data of industrial water and domestic water were collected in the
statistical yearbook. And the environment-consumed water
was calculated according to the water evaporation of all
the aquatic system.
The water footprint is a model for calculating the regional water requirement. It could be used to evaluate the
water sustainable status of the region in combination with
the water resource availability. The water scarcity and

water dependency are two commonly used indexes for
water sustainability evaluation. Water scarcity is an index
describing the water sustainable utilization status [5]. The
formulas are as follows. When water scarcity is between 0
and 100 percent, the region is in a water sustainable status, however when water scarcity exceeds 100 percent,
cases harmful to water security, such as underground
water mining and water quality deterioration will happen.
WS = (WU + GW) / WA ×100

In which, WS denotes the regional water scarcity (%),
and WA stands for the water availability (m3 yr-1) of the
region.
Water dependency (WD) is an index reflecting the
level to which a region relies on foreign water resources
[5]. The formulas of WD are as follows:
WD = NVWI / WFP
WD = 0

if NVWI≥0

if NVWI<0

3.1 The water footprint of Jiangsu Province during 2003-2010
3.1.1 Real water utilization (WU)

The water used in agriculture mainly consists of crop
cultivation, livestock feeding, forest consumption and
fishery consumption. Figure 1 gives the quantity of water
used in Jiangsu Province during 2003-2010, and the contribution of different industries. The water consumption,
which increased with time (Y = 2×109 X – 4×1012),
ranged from 1.07×1010 to 1.22×1010 m3 during 2003-2010.

DWU

10.00

IWU

10

3

Quantity of water (10 m )

EWU

AWU-fishery

8.00

AWU-forest
AWU-livestock

6.00

AWU-crop
4.00
2.00
0.00
2005

2006

(5)

3 RESULTS AND DISCUSSION

12.00

2004

(4)

Economic development, population increase, city expansions, and unreasonable industrial structures and external trade could cause the unsustainable use of water
and threaten the water environmental security. Therefore,
the correlation relationship method was used to analyze
the effect of the population, the urban population rate,
total GDP, GDP of different industries, fixed assets, external trade, and the investment in wastewater treatment
on the water footprint and the water scarcity of the region.

14.00

2003

(3)

2007

2008

2009

2010

FIGURE 1 - Real water use (WU) of Jiangsu Province in 2003-2010
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The agricultural production accounted for a large percentage of the water resource (83.3%-84.8%). The crop
cultivation had the largest share of the fresh water, followed by fishery and livestock consumption.
3.1.2 Regional trade of virtual water

Studies of Hoekstra and Hung (2002) [5] and Chapagain and Hoekstra (2003) [8] showed that the virtual water trade of crop and livestock accounted for around 90%
of the total global virtual water trade. Therefore, the virtual water trade in crop and livestock was calculated in
our study. Since fishery is one of the important industries
in Jiangsu Province, the virtual water flow of fishery was
also calculated in our study. A lot of virtual water was
exported through the exportation of the agricultural products in Jiangsu Province each year, and the average annual virtual water exportation was 4.9×1010 m3 (Table 1).
3.1.3 Gray water footprint

Organic pollutants and excessive fertilization are
main pollutants causing the degradation of the water quality of Jiangsu Province. In our study, water quality monitoring indexes, COD and NH3-N were used to represent
organic pollutants and nutrient pollutants respectively. The

highest allowable concentrations of COD and NH3-N in
the aquatic system of China are 40 mg L-1 and 2 mg L-1
respectively. The volume of water used for pollutants dilution was shown in Fig. 2. Results showed that the volume
of water required by both organic pollutants and nitrogen
pollutants initially increased and then decreased, reaching
the highest value in 2005. The quantity of water demand
for the nitrogen pollutants dilution was much higher than
that of the organic pollutants dilution, so the water consumption of the nitrogen dilution was used as gray water.
3.1.4 Water footprint

According to the above results, the water footprint of
Jiangsu Province during the period of 2003-2010 ranged
from 9.3×1010 to 1.0×1011 m3, in which the gray water accounted for 25.7-28.2% of the total water demanded. The
water footprint of the residents was about 1330 m3cap-1y-1,
and the average CWRF (per capita water requirement for
food) was 419 m3cap-1y-1.
3.2 Water resource security evaluation

Water resource security evaluation is mainly based on
two factors which are the water demand and the water
availability. The available water in Jiangsu Province in-

TABLE 1 - Virtual water contained in the exported agricultural products of Jiangsu Province during 2003-2010 (1010m3)
2003
1.13
0.27
0.40
0.37
0.23
0.10
0.42
0.20
0.16
-0.03
1.24
4.49

2004
1.12
0.32
0.38
0.51
0.24
0.09
0.38
0.19
0.15
-0.03
1.37
4.72

2005
1.28
0.37
0.38
0.42
0.20
0.08
0.42
0.16
0.14
-0.03
1.37
4.79

2006
1.37
0.42
0.38
0.41
0.20
0.08
0.42
0.14
0.14
-0.04
1.53
5.05

Organic pollutants

4.50

2007
1.35
0.54
0.33
0.21
0.16
-0.04
0.36
0.15
0.18
-0.04
1.50
4.70

2008
1.40
0.56
0.36
0.22
0.17
-0.02
0.36
0.21
0.18
-0.03
1.59
5.00

2009
1.45
0.57
0.40
0.26
0.17
-0.03
0.41
0.22
0.21
-0.08
1.67
5.25

Nitrogen pollutants

4.00

10

3

Quantity of water (10 m )

Products
Rice
Wheat
Vegetable
Oil plants
Pork
Red meat
Eggs
Fruit
Poultry
Milk
Fish
Total

3.50
3.00
2.50
2.00
1.50
1.00
0.50
0.00
2003

2004

2005

2006

2007

2008

2009

2010

FIGURE 2 - The volume of water used in pollutant dilution in Jiangsu Province during 2003-2010

3071

2010
1.56
0.60
0.45
0.23
0.15
-0.04
0.43
0.25
0.25
-0.04
1.73
5.57
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TABLE 2 - Water scarcity of Jiangsu Province during 2003-2010

Year
2003
2004
2005
2006
2007
2008
2009
2010

Water utilization (1010m3)
Regional virtual water
Virtual water exporconsumption
tation
6.27
4.48
6.29
4.72
6.30
4.81
6.45
5.07
6.49
4.70
6.51
5.00
6.57
5.25
6.68
5.57

Gray water
(1010m3)
3.50
3.65
4.25
4.16
3.73
3.49
3.24
3.15

cludes its precipitation and the net income of the water
from the rivers flowing through the region. According to
the Statistical Year Book of Jiangsu Province, the average
water availability is 1.72×1011 m3 with the highest data
fluctuation of 38% (Table 2). The average water scarcity
was 90% during the period of 2003-2010, indicating that
the water in this region could be used sustainably. When
the water availability was lower in 2004, 2006 and 2009,
the water scarcity exceeded 100%. Linearly analysis
showed that the water scarcity was negatively correlated
with the water availability (Y = -5×10-12 +1.7411, R2 =
0.987). More than 4.9×1010 m3 of water is exported in this
region each year, so the external water dependency of the
region was 0.
3.3 Factors influencing the water utilization

The correlation relationship analysis showed that the
economic development (GDP), the population increase
and the urbanization were positively correlated with the
regional virtual water consumption (RVW, p < 0.001),
water exportation (p < 0.01) and water use (WU, p < 0.01),
indicating that all the three factors increase the pressure
on the water resource: when the GDP increased by 1 billion
yuan, the RVW increased by 1.5×105 m3 (R2=0.954), the
water exportation increased by 3.1×105 m3 (R2=0.805), and
the WU increased by 4.6×105 m3 (R2=0.903); when the
population increased by 1 million, the RVW increased by
9.1×108 m3 (R2=0.973), the water exportation increased
by 1.9×109 m3 (R2=0.780), and the WU increased by
2.8×109 m3 (R2=0.888); when the citizen rate increased by
1%, the RVW increased by 3.3×1010 m3 (R2=0.941), the
water exportation increased by 7.3×1010 m3 (R2=0.835),
and the WU increased by 1.1×1011 m3 (R2=0.921). The
economic development (GDP), the population increase and
the urbanization had no relationship with the water footprint or gray water. The gray water was positively correlated with the water footprint (p < 0.01), while the RVW
had no relationship with the water footprint. Although the
gray water only took up 36.1% of the water footprint, it
significantly influenced the water footprint. This probably
because that the data of the RVW were stable. The water
availability was negatively correlated (p < 0.01) with the
water scarcity as we mentioned above, indicating that the
water scarcity was mainly influenced by the precipitation
and the water inflow. The investment on the wastewater

Water footprint
(1011 m3)
0.98
0.99
1.06
1.06
1.02
1.00
0.98
0.98

Water availability
(1011 m3)
2.38
1.33
1.94
1.55
1.92
1.59
1.44
1.65

Water scarcity
rate
60.0%
110.0%
79.3%
100.9%
77.7%
94.1%
105.0%
93.3%

treatment had no relationship with the water utilization,
water footprint, gray water or water scarcity.
4 DISCUSSION
The water footprint index is always used for evaluating the water resource security of arid areas, such as Africa
and northwest of China, where the available water resource
could hardly meet the demands of domestic living and production, and virtual and real water needs to be imported to
maintain the balance between the water demand and the
water supply [2, 9]. Humid areas are always suggested to
produce and export water-intensive products so as to guarantee the global water security [10] and their own water
security problems are always ignored. In our study, although the mean volume of the water availability was
higher than the water demand during 2003-2010, shortage
of water resource still happened in Jiangsu Province in
2004, 2006 and 2009, with the highest water shortage of
1.34×1010 m3. The water scarcity mainly occurred in the
years of water deficiency, and the water scarcity was
negatively related to the water availability during the year
of 2003-2010, indicating that the uneven temporal distribution of the water resource was an important reason for
water shortage. The high water requirement was another
reason for the water shortage. In this paper, the water requirement consists of RVW, gray water, and virtual water
exportation. According to the table 2, the internal water
footprint was lower than the water availability during 20032010, which indicates that the available water in the region
could meet the local water requirement, but could not
meet the requirement of the virtual water exportation in
the dry years. In addition, the gray water accounted for
36.1% of the water footprint, indicating that the water
pollution should be another reason for the water shortage.
The unbalance of water supply and requirement
would result in the shortage of water resource and deterioration of water quality. The regional population, GDP and
the urbanization were positively related with the water
requirement. With the development of economy and society, the pressure on water resource of Jiangsu Province
will increase. Therefore, it is necessary to develop some
methods to protect the water security of the region. The
suggestions, such as water diversion, water saving and
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industrial adjustment are put forward to deal with the
conflicts between the water demand and the water supply.
4.1 Increase of water availability

It is necessary to increase the water supply to meet
the water requirement. Both rainfall and surface water
could be used as the water resource, and the rainfall was
the primary water resource of the region, taking up about
60% of total water availability. However, rainfall is unevenly distributed in time. Collecting and storing the rainwater during the years with rich rainfall could partly alleviate
the water shortage in drought years. Besides, Rockström
et al. [11] demonstrated that rainwater harvesting could
increase the utilization efficiency of the rain water. Another way to lighten the water scarcity in drought years is
to increase the water diversion. Yangze River, with the
annual runoff of 8×1011 m3 (Datong monitoring station),
is considered as a huge water resource. The water diversion from Yangze River nowadays is less than 1/50 of the
total water quantity, so it is possible to increase the water
diversion without damaging the environmental security of
the Yangze River.
4.2 Saving water consumption

Saving the water consumption includes reducing the
water used in production and reducing the consumption of
the products containing virtual water.
Efforts such as strengthening water-saving awareness,
establishing a reasonable water price system and applying
water-saving irrigation technologies play a key role in increasing real water use efficiency. Investigations indicated
that higher water prices could not only reduce the waste of
the water resource, but promote the development of water-saving technologies. Water-saving irrigation techniques
could also reduce the regional water demand by increasing
the water utilization efficiency in agricultural production
[12]. Data showed that the water-saving irrigation rate
takes up 34.7% of the total cultivated land in Jiangsu
Province, which is relatively low compared with that of
developed countries such as the USA, Germany and France
(about 50-60%). It can be expected to reduce water requirement of agriculture by increasing the water-saving
irrigation rate.
4.3 Anti-pollution and pollutant treatment

The wastewater treatment could decrease the amount
of gray water. The wastewater treatment has already been
concerned by the government, and the investment in the
wastewater treatment ranged from 7.4×108 to 2.0×109
yuan. Although no correlation was observed between the
water quality improvement and the wastewater treatment
investment, the gray water has decreased since 2006
which confirmed the effect of the wastewater treatment.
The gray water of Jiangsu Province has reached 3.6×1010
m3 accounting for 36.1% of the total water footprint.
Thus, it has great potential to decrease the water requirement of the region by increasing the wastewater treatment
investment and controlling the total mass of pollutants.

4.4 Modifying industrial and trade structures

The water resource security situation of Jiangsu Province could be improved by changing industrial structures
and import and export trades to some extent [15, 16]. Lots
of water-intensive industries, such as crop cultivation and
livestock feeding were developed in Jiangsu Province
because of its abundant water resource. During 20032010, the total water footprint related to agricultural production summed up to 8.7×1010-1.0×1011 m3, among which
4.5×1010-5.6×1010 m3 virtual water was exported through
agricultural product exportation. Although some economic
benefits were brought by the agricultural product production and exportation, the water security in this region was
endangered. Since the water use co-efficient (the water
intake to produce one monetary unit of production) of industry is lower than agriculture, it could reduce the water
requirement without any economic loss to decrease the proportion of agriculture and increase the proportion of industry.
To produce the crops with lower virtual water instead of
the ones with higher virtual water is another way to lighten
the water resource stress. Different crops have different
water contents. For example, virtual water contents of rice
and wheat are 1320 m3/t and 690 m3/t respectively. If the
wheat cultivation is encouraged, the agricultural water
consumption will be decreased without threatening the
food security. Additionally, the development of water saving
industries will be promoted and the water consumption of
Jiangsu Province will be reduced by increasing the importation of water-intensive products.
It is widely recognized that food consumption patterns
have a great effect on water requirements [13]. Therefore,
taking water-saving food is supposed to be a way to improve the regional water resource security situation. However, it may not be a good choice for Jiangsu Province, for
the virtual water in food consumption of residents of Jiangsu was 419 m3cap-1y-1, which is lower than the virtual water
in subsistence food for energy and nutrients of 505-730
m3cap-1y-1 [14]. Nutrient intake may be further reduced if
residents switch to the food with less virtual water.
5. CONCLUSION
Despite of a relative rainy climate, the water-footprint
showed that Jiangsu Province still suffered a temporal
water shortage and possible water pollution. The water
stress was attributed to the insufficient water supply and
the high quantity of water requirement in drought years.
The population explosion, the economic increase and the
urbanization development would further increase the requirement of the water quantity. Therefore, the methods,
for example, increasing the water diversion from Yangtze
River, collecting and storing rainfalls, carrying out the
water-saving concept, treating pollutants and improving
industry and trade policies, which could increase the water availability and decrease water consumption were proposed. Considering the people’s health of Jiangsu Prov-
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ince, reducing the virtual water of food consumption was
not recommended in our study.
The water footprint calculated in our study was conservative on one hand (for the virtual water contained in
the industrial raw material and transportation was not
taken into account), but it was overestimated on the other
hand (for Jiangsu Province is a humid region in China,
and the virtual water contained in crops should be lower
than the average value). Further studies should focus on
the evaluation of the virtual water contained in the products in Jiangsu Province, so as to increase the accuracy of
the results and make a better estimation of the water sustainable status of the region.
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ABSTRACT
A study of the surface charge of humic acids aggregates has been investigated to focus on those physical
properties that have a high impact on their chemical reactivity such as the Zeta potential and others as the particle
diameter, the polydispersity, the conductivity and mobility of these humic substances in absence and in the presence of pesticides. For this purpose, the effect of pH and
ionic strength on these properties has been considered,
thereby making use of specific properties of humic substances colloidal aggregates, and more specifically humic
acids (one type of humic substances). A destabilization
effect on the system was observed when we included pesticides with a greater effect for carbofuran than for metalaxyl.

Carbofuran is one of the most toxic carbamate pesticides (Scheme 1), which is used extensively in agriculture
as a systemic insecticide. It is sprayed directly onto plants
and soil to control beetles, nematodes, and rootworm on
corn, rice, potatoes, grapes and other foodstuffs [10, 11].

Carbofuran.

KEYWORDS: Zeta potential, carbofuran, metalaxyl, humic acids,
surface charge, particle size, colloidal aggregates, organic matter.

1 INTRODUCTION
Humic acids (HAs) improve soil characteristics by
increasing the soil porosity, and thus they favour the air
and water circulation in the soil. It is well known that
humic substances also add organic matter and, in consequence, spur the action of the root system [1]. They
change the soil characteristics, favouring the ion exchange
and the absorption of nutrients, increasing the solubility
of metal components by the carboxylic and phenolic groups
forming chelates [2-5]. In fact, this load is distributed
throughout the molecule that will cause strong intramolecular repulsions. The protonation of amine groups may lead
to positive charges but, compared with the negative charge,
can be considered negligible. So, HAs have a very important influence on the cation exchange capacity
[6]which plays a main role on soil fertility.
Organic matter in soil facilitates the adsorption mechanisms of hazardous substances such as pesticides. Organic
amendments, also, increase the degradation of fumigants
and decrease volatilization of the pesticides [7-9].
* Corresponding author

Metalaxyl.
SCHEME 1 - Chemical structures of the pesticides analysed in the
present work.

Metalaxyl is a phenylamide fungicide (Scheme 1).
This systemic insecticide is sprayed directly onto soil or on
the foliage and it is used to control oömycetes and downy
mildew [12, 13].
Some pesticides remain active for years, while others
are degraded only in a few days. This requires the study
of the catalytic role of HAs as colloidal aggregates on
decomposition processes of various pesticides. Recent
studies showed that the presence of micellar aggregates
[14-16] can significantly change the kinetic processes of
degradation of some of these xenobiotics, being especially
important the role of the HAs in various processes of
environmental interest [17-19]. The aim of this work is to
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analyze if the presence of pesticides could decrease the
stability of these natural systems.
2 MATERIALS AND METHODS
2,2-dimethyl-2,3-dihydro-1-benzofuran-7-yl methyl carbamate (carbofuran) and N-2,6-dimethylphenyl-N-methoxyacetyl-DL-alanine methyl ester (metalaxyl) were obtained
from Sigma–Aldrich (Steinheim, Germany). Sodium hydroxide, nitric acid and acetonitrile were Panreac reagents
(Barcelona, Spain). Methanol was Poch reagent (Gliwice,
Poland). Humic acids used in this study were isolated
from soil using the method described elsewhere [20]. All
aqueous solutions were prepared by weight using doubledistilled water. All reagents were of the maximum commercially available purity, and none required further puriﬁcation.
Zeta potential, polidispersity, conductivity, mobility
and the particle size determination were measured using a
Malvern Zetasizer by dynamic light scattering. One factor
that exerts the greatest influence on the Zeta-potential (ζ)
value is the pH, being desirable to provide not only this
value but also the pH of which has been determined. Variables were examined in the entire pH range of 6-12 with
a Malvern MPT-2Autotitrator. The preparation of the
sample before it is inserted into the instrument is paramount. Each type of sample material has its own ideal
range of sample concentration for optimal measurements.
The concentration of HAs samples was studied in the range
of 0.005-0.8 g·L-1. The pesticide concentration used in each
experiment was 5.00 x 10-3 M. Once reaction media were
prepared, the corresponding amount of pesticide was added,
previously dissolved in acetonitrile (for carbofuran) or
methanol (in the case of metalaxyl). Later we proceeded to
the measurement of the different variables. So, the process
of making a measurement starts after running the specific
software.
All experimental data were exported and subsequently
treated for analysis by different commercial software provided by Microsoft and Systat Software. When filling the
cell there are several actions to consider; some that applies to all cells and other actions that are only applicable
to the measurement type and the cell chosen. Note that to
obtain different variables it must be entered before some
variables such as the refractive index of our medias. In order
to resolve this aim we have used a refractometer (1.33),
other physical and chemical parameters were ordered by the
experimental instruments, for example our dispersant (water) such as the viscosity (0.8872 cp), the dielectric constant
(78.5). All experiments were measured at 25 °C.
3 RESULTS AND DISCUSSION
Zeta potential is a physical-chemical parameter to describe electrostatic interactions and ion adsorption between
charged particles [21]. The excess of electrical charge at the

interface is responsible for surface conductance and it is a
good parameter to evaluate the stability of colloids. It was
determined that there is a correlation between some physical
and chemical characteristics of natural colloidal aggregates
(from extracts of soil’s humic substances) as pH changes,
conductivity and especially Zeta potential.
If all particles in suspension have a high negative or
positive Zeta potential then they will tend to repel each
other, and consequently there will not be a tendency to
flocculate. However, if the particles have low Zeta potential values then there is no force to prevent the particles
coming together and flocculate. General division line between stable and unstable suspensions is generally taken at
either +30mV or -30mV. So, particles with a ζ more positive than +30mV or more negative than -30mV are normally considered stable [22]. According to the literature [23],
we could consider that we are in a natural colloidal aggregate formed by the humic substances dispersion in water.
It is well known that the stability of humic substances
aggregates is strongly influenced by the pH. In fact, the
increase of the pH value and the humic acids concentration of the dispersion increase the stability of our micellar
aggregate system. Only when the HAs concentration is
lower than 5.00 x 10-3 g·L-1 values of Zeta potential greater than -30 mV were found, which means instability of
colloids (Figure 1).
In the range of pH 6.5 and 12 and for concentration of
humic acids greater than 5.00 x 10-3 g·L-1, the ζvalue is
always lower than -30 mV. These values are decreasing
on increasing pH and HAs concentration respectively,
more concretely with a value around -60 mV for colloids
that contains 0.8 g·L-1 humic acids concentration
Figure 2A shows the influence of HAs concentration
at a constant pH (as an example at pH=9). The effect
observed is due to the increase of the surface charge related with deprotonation of phenolic and carboxylic groups
present in the humic acids. These groups will be equivalent
to the polar head-group in the “traditional” surfactants [24].
The presence of carbofuran implies a decrease in the
colloids stability. This decrease is increased when the humic acids concentration decreases in the colloid (Figure 1B).
At low HAs concentration, [HAs]=0.02 g·L-1and pH=6.7,
the presence of carbofuran implies an increase of 20% the
ζ value (-44.8 mV in the absence and -36.2 mV in the
presence of carbofuran respectively). Similar values were
found when pH values are increased (at pH=8.5 the stability decreases approximately around to 15%, at more basic
pH values it decreases between 18 and 20%, respectively). Note that the presence of carbofuran at low HAs concentrations could imply a floculation/coagulation process
because Zeta potential values are near 30 mV. We must
underline that this process will be related not only to the
presence of carbofuran but also to the presence of its
hydrolysis products [25].
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FIGURE 1 - Influence of humic acids concentration on the Zeta
potential. A) In absence of pesticide. B) In the presence of carbofuran. C) In the presence of metalaxyl.[HAs]=0 g·L-1 (); [HAs]=
0.005 g·L-1(); [HAs]=0.01 g·L-1 (); [HAs]= 0.02 g·L-1 (q);
[HAs]=0.04 g·L-1(Ø); [HAs]=0.1 g·L-1 (s); [HAs]=0.2 g·L-1 (¢);
[HAs]=0.4 g·L-1 (£); [HAs]=0.6 g·L-1 (¿); [HAs]=0.8 g·L-1 (¯).

FIGURE 2 - Influence of humic acids concentration on the Zeta
potential at pH=9. A) In absence of pesticide. B) In the presence of
carbofuran. C) In the presence of metalaxyl.
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As we increase the humic acids concentration different variation upon the stability of the natural colloidal
aggregates in the presence of carbofuran was observed. For
example at [HAs]=0.4 g·L-1 and at pH=7.8 the Zeta potential
value studied shows a decrease from -50.0 mV to -45.4 mV,
around 9.2 % of destabilization of the media. However at
[HAs]=0.6 g·L-1 and at pH=7.4 the Zeta potential value
studied shows a decrease around 2%, from -53.1 mV to
-52.4 mV. Figure 2B shows the influence of HAs concentration at a constant pH (at pH=9). In this sense, a clear
trend was observed in which the increase of the concentration of humic acids decreased the destabilization of
colloidal aggregate. The OH- presence caused the basic
hydrolysis of carbofuran and this hydrolysis was inhibited
by the presence of humic acids. It implies that the most
destabilizing factor of the natural colloidal aggregates
composed by humic substances was associated not directly by the presence of pesticide but to the hydrolysis products thereof.

modifying some of its properties associated with its colloidal nature. The inclusion of carbofuran shows greater
destabilization on the system than the metalaxyl inclusion
(Figure 3). This behaviour can be explained in terms of
hydrophobicity of the different xenobiotics. The value of
logP for carbofuran and metalaxylare were 2.32 and 1.65
respectively [26].

Since with the increase of the HAs concentration, the
hydrolysis process slows down and, consequently the
conversion rate of carbofuran in its degradation products.
According to the results of the Figure 1C, the presence of metalaxyl implied a decrease in the colloids stability too. This decrease was increased when the HAs
concentration decreased in the colloid. In fact, at pH=6.8
values and HAs concentration of 0.02 g·L-1, the presence
of metalaxyl implied that Zeta potential decreased from 44.8 mV to -39.9 mV, which represents a 10% decrease
of aggregate stability. This behaviour was observed in all
pH range studied, and a decrease of 12 % at pH=9.3
(ζ=44.8 mV to ζ=-39.3 mV) and around 17% at pH=11.9
(ζ=42.7 mV to ζ=-35.4 mV) was observed. Whereas, in
all cases the influence of metalaxyl was lower than of
carbofuran. Even when the carbofuran levels were near to
values that could cause problems of flocculation/coagulation
of the system.

FIGURE 3 - Variation of Zeta potential and influence of the pesticide in the humic colloidal aggregates.[HAs]=0.02 g·L-1: in absence
of pesticide (), in the presence of carbofuran (¢) and in the presence of metalaxyl (s)

Increasing the HAs concentration, variations were
appreciated on the effect in the media that implies the
presence of metalaxyl. The observed behaviour at high
humic acids concentrations, with values ranging around 36% of destabilization, implied a system destabilization
significantly lower than at [HAs]=0.02 g·L-1. For example, with [HAs]=0.2 g·L-1 and pH=6.5, the Zeta potential
value varied from -46 mV (in absence of pesticide) to
44.5 mV (in the presence of metalaxyl). When increasing
the pH, a slight increase in the destabilization around 5%
(from -46.4 mV to -44.1 mV) was observed. Finally at
basic pH lowest values (at pH=11.9, -46.5 mV in absence
and -44.9 mV in the presence of metalaxyl respectively)
the system destabilization remained around 4%. Figure 2C
shows the Zeta-potential variation and the influence of HAs
colloidal aggregates at pH = 9 in the presence of metalaxyl.

Finally, the study of other physical and chemical parameters to characterize these humic substances colloidal
aggregates has been investigated, both in the absence and
in the presence of pesticides (the particle size, the conductivity, the polidispersity and the mobility), within no significant changes associated of the pesticide inclusion in
these natural colloidal aggregates media.

To sum up, the pesticide addition causes a destabilization of the humic colloidal aggregates in solution, thus

The greatest value for carbofuran implies that the interaction between the agricultural xenobiotic and HAs is
stronger than the corresponding one between metalaxyl
and the natural aggregate colloid. Consequently, carbofuran penetrates deeply inside the micelle considering that
the main driving force of the association of these humate
aggregates is hydrophobic/hydrophilic force. For these two
reasons we could assume that the structural distortion of
micelle is more important in the presence of carbofuran,
and this fact will justify the stronger effect upon micellar
aggregate stability observed.

4 CONCLUSIONS
The colloidal behaviour of the humic acids in the
presence of pesticides can be significantly influenced by
the solution pH. In fact, modification in the ζ have been
observed, the appearance of pesticides in the medias analyzed causes a decrease of the stability of natural aggregates colloidal, more pronounced at lower humic acids
concentrations. The inclusion of carbofuran has a greater
effect on the system than the metalaxyl inclusion.
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GASEOUS TOLUENE REMOVAL BY A
TWO-STAGE ADSORPTION-PLASMA HYBRID SYSTEM
Xiaoqing Dang*, Jiayu Huang, Li Cao and Yuxiang Zhou
School of Environmental and Municipal Engineering, Xi’an University of Architecture and Technology, Xi’an, Shanxi 710055, PR China

ABSTRACT
In this paper, a two-stage adsorption-plasma hybrid
system was used to remove toluene. When the adsorbed
toluene level is low, toluene can be completely oxidized.
For a high adsorbed toluene amount, toluene emission is
observed in oxidation stage. It was demonstrated that oxygen plasma exhibited the better oxidation effect without
nitrogen oxide formation compared with the oxidation
effect by air plasma. It was deduced that ozone and other
radical species (·OH, HO2·, etc.) derived from water played
the dominant role in the oxidation of the adsorbed toluene.
A linear relationship was also observed between CO production and ozone consumption in the oxidation stage. In
addition, we proposed a kinetics model to describe the
oxidation behaviors of adsorbed toluene. It was observed
that the decomposition of the adsorbed toluene was consistent with two-stage L-H model in plasma oxidation
stage. It was deduced that the two stages are successively
controlled by the formation rate and diffusion of reactive
species, respectively.

KEYWORDS: Toluene removal, adsorption, plasma, hybrid system, ozone, kinetics model

the plasma region in a zeolite-combined reactor. A twostage adsorption-plasma system of adsorption of toluene,
and NTP oxidation of the adsorbed toluene was studied
by Mok et al. [10]. In the system, the only byproduct of
toluene oxidation was ozone withγ-alumina pellets as
adsorbent. Zhao et al. [11, 12] reported that after introducing catalyst, complete oxidization of low-concentration
formaldehyde can be realized in a cycled storage-discharge
system, namely, the two-stage adsorption-plasma system.
Kuroki et al. [13] reported that gas circulation and oxygen
plasma was adopted to increase utilization of untreated
ozone in their adsorption-plasma system.
Despite the excellent performance of adsorptionplasma hybrid system, the underlying mechanisms of the
dominant role of chemical species and kinetics model involved in the oxidation of the adsorbed toluene by plasma
are not understood well yet.
In this work, γ-alumina pellets were selected as adsorbent materials. The main objective of this work is to
investigate the roles of ozone and other oxygen radicals in
the oxidation of the adsorbed toluene and to present a plausible mechanism. In addition, we also propose a kinetics
model to describe the behaviors of the oxidation of the
adsorbed toluene by plasma based on the experimental
data.
2 MATERIALS AND METHODS

1 INTRODUCTION
Due to the detrimental influence on human health and
indoor environment, volatile organic compounds (VOCs)
are strictly regulated in many countries [1]. Therefore, it is
necessary to develop more effective and economical techniques for the treatment of VOCs. Over the last two decades, extensive studies have been carried out on nonthermal plasma (NTP) techniques for VOCs control [2-6].
To improve VOCs removal efficiency and abate by-products
in NTP process, many studies have been oriented towards
the combination of NTP with adsorption [7, 8]. Oh et al.
[9] reported that gaseous toluene was hardly decomposed
by ozone, whereas the oxidation of adsorbed toluene was
enhanced by ozone as well as oxygen species derived from
* Corresponding author

Figure 1 shows a schematic diagram of the experimental system. AC high voltage powers at 50Hz and 16.5
kHz are employed for the generation of non-thermal
plasma in the experiment. The simulated gaseous toluene
is generated in a toluene generator by injection pump
(LSP02-1B), which is immersed in a water-bath (temperature kept at about 100 °C). Then, it is mixed with oxygen
and nitrogen in the mixing chamber, forming a desired
concentration of gaseous toluene exhaust.
The plasma reactor consists of a tungsten discharge
wire (o.d. 0.8 mm) and a quartz cylindrical tube (i.d.
21.5 mm, length 300 mm). It is covered with a copper sheet
that has a length of 60 mm, which acts as a ground electrode. The packed-bed plasma reactor is filled with spherical γ-alumina pellets (diameter 3-3.5 mm, BET surface
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FIGURE 1 - Schematic diagram of the experimental system.

In the experiment, removal efficiency, COx yield, CO2
selectivity and carbon balance are calculated as follows:
removal efficiency(%) =
CO x yield(%) =

ms − md
×100
ms

[CO2 ] + [CO ]
ms × 7

× 100

[CO2 ] ×100
[CO2 ] + [CO]
[CO] + [CO2 ] ×100
carbon balance(%) =
( ms -md ) × 7

CO2 selectivity(%) =

FIGURE 2 - Two-stage treatment system for toluene removal.

area: 320 m2/g). The volume and mass of γ-alumina pellets filled in the reactor is 21.7 cm3 and 16 g, respectively.
In the experiment, the NTP reactor operates in two
consecutive stages, i.e., adsorption-storage stage and oxidation-regeneration stage (shown in Fig. 2). In the adsorption stage, toluene is temporarily stored in adsorbent by
adsorption. When the adsorbent bed reaches a desired
amount, the oxidation stage begins. Stored toluene in
adsorbent is oxidized to CO2 and H2O by air plasma (or
oxygen plasma) in the oxidation stage. The composition
of the gas flow before or after the reactor is determined by
a Fourier-transform infrared spectrometer (FT-IR, Nicolet
Antaris IGS, Thermo Scientific Company, USA) equipped
with a gas cell of 2-m optical path and a TGS detector is
used. Gaseous component is measured at 1.66-s intervals
by averaging 2 scans with a resolution of 0.5 cm-1. The
voltage applied to the NTP reactor is measured with a
1000:1 high voltage probe (P6015A, Tektronix) and a
digital oscilloscope (DPO3054, Tektronix). The discharge
power of NTP reactor was determined by Liassajous
charge-voltage figure.

(1)
(2)
(3)
(4)

where, ms is the total amount of adsorbed toluene (in
mM) in the adsorption stage, md, [CO2] and [CO] are the
total amounts of toluene, CO2 and CO (in mM), respectively, generated during the oxidation stage by plasma.
Note that the total amounts of toluene, CO2 and CO are
obtained by integrating the outlet concentration with time.	
 
3 RESULTS AND DISCUSSION
3.1 Effect of adsorbed amount on toluene oxidation by plasma

Figure 3 shows the effect of the adsorbed amount on
toluene oxidation as a function of treatment time. It was
observed that after plasma discharge, the concentrations of
CO2, CO and toluene were increased abruptly but then
dropped. The emission of toluene demonstrated that the
adsorbed toluene was not fully converted into carbon
oxides. It may be mainly attributed to insufficient reactive
species supply for toluene oxidation during plasma oxidation stage under specific energy density conditions. In
addition, the plasma desorption was mainly caused by highenergy electron impacts, which has been successfully used
for gas concentration in many cases [14-17]. The two-stage
system was appropriate to decompose a diluted concentration of adsorbed toluene. As shown in Fig. 3, the CO2 concentration curve showed a long tail. It was inferred that
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FIGURE 3 - CO2, CO and toluene concentrations as a function of treatment time with different adsorbed amounts of toluene during the
plasma oxidation stage (Adsorption stage: (a) ms = 0.88 mM, (b) ms = 1.50 mM; oxidation stage: O2 at 1,200 ml/min, discharge power = 30 W, AC
high voltage power supply at 16.5 kHz).
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the adsorption of CO2 on γ-alumina pellets was stronger
than that of CO [18].
Figure 4 illustrates COx yield, CO2 selectivity, carbon
balance and removal efficiency in the plasma oxidation
stage. It was observed that COx yield, CO2 selectivity,
carbon balance and removal efficiency were decreased
with an increasing adsorbed amount of toluene. When the
adsorbed toluene amount was 0.18 mM, COx yield, CO2
selectivity, carbon balance and removal efficiency approached 100%, suggesting that adsorbed toluene was
totally converted into CO2 and H2O. Compared to the
oxidation performance of 0.18 mM adsorbed amounts,
COx yield, CO2 selectivity and carbon balance with 1.5
mM adsorbed amounts were decreased by 30%, 20% and
18%, respectively. Therefore, the lower adsorbed amount
in adsorption stage can achieve a better oxidation performance.

3.2 Effect of background gas on toluene oxidation by plasma

Figure 5 shows the effect of background gas on the oxidation performance of the adsorbed toluene by plasma. As
shown in Fig. 5, the maximum concentrations of CO and
toluene in oxygen plasma were lower than those in air
plasma. That indicated that the adsorbed toluene in oxygen
plasma exhibited a better oxidation effect that that in air
plasma. Figure 6 shows COx yield, CO2 selectivity, carbon
balance and removal efficiency in the plasma oxidation
stage. When background gas was oxygen during oxidation
stage, COx yield, CO2 selectivity and carbon balance were
75%, 86% and 86%, respectively. Compared to air background gas, the three indexes with oxygen plasma were
increased by 15%, 13% and 6%, respectively. That can be
attributed to more reactive species generated in oxygen
than in air. NOx production was also suppressed significantly using oxygen plasma, as shown in Fig. 12.
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3.3 The contribution of ozone in the oxidation of the adsorbed toluene

Figure 7 shows the oxidation products as a function
of treatment time during the plasma oxidation stage. The
concentration curves of CO2, CO and H2O showed the
same changing tendency during the plasma oxidation
stage implying that adsorbed toluene was converted into
CO2, CO and H2O during the oxidation stage. Due to the
high adsorbed amount of toluene, toluene emission was
produced by plasma desorption during plasma oxidation
stage. That can be eliminated by decreasing the adsorbed
amount during adsorption stage. As shown in Fig. 7,
ozone concentration was increased abruptly to the peak
and then decreased rapidly. After concentration of oxidative products (CO2, CO and H2O) reached the maximum
value, ozone concentration was increased slowly to a

stable and final value. It can be deduced that ozone played
an important role in the oxidation of the adsorbed toluene.
For a further investigation of the contribution of
ozone for the oxidation of the adsorbed toluene, ozone
variation process has been divided into three stages: decline stage (I), rising stage (II and stable stage (III), as
shown in Fig. 8. To avoid thermal decomposition of
ozone, plasma was generated with a 50Hz high voltage
(Fig. 7). In this experiment, it was assumed that the ozone
peak concentration (corresponding to the value of 310 s)
was the real ozone concentration by plasma discharge,
which was not consumed within a very short time. Therefore, ozone consumption amount (ΔO3) at a certain moment
can be obtained by subtracting the real time concentration
with the peak value, as shown in Fig. 8.
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Figure 9 shows the concentration curves of ozone
consumption amount (ΔO3) and carbon oxides as a function
of treatment time during plasma oxidation stage. The
changing trends of carbon oxides, such as CO, CO2 and
COx, and ozone consumption amount were accordant with
each other. At a certain energy density, the larger ozone
consumption amount was, the higher was the concentration of carbon oxides formed during the plasma oxidation
stage. It implied that ozone participated in the plasma oxidation process. It can be explained by the following radical
reaction equations.

Figure 10 shows the relation between ozone consumption amount and carbon oxides concentration during
the plasma oxidation stage. A linear relationship between
CO concentration and ozone consumption amount was found
in the whole stage of plasma oxidation. It suggested that
CO generation was mainly contributing to ozone oxidation. However, CO2 concentration was nonlinear to ozone
consumption amount in stages I and II, but they showed
linear relationship in stage III. In stage I, as ozone consumption amount was increased, the increase rate of CO2
concentration turned slow. In stage II, as ozone consumption amount was decreased, CO2 concentration was increased firstly and then decreased. The reason may be due
to the fact that in addition to ozone oxidation, other reactive species (·OH etc.) should not be neglected for toluene
oxidation during plasma oxidation. As shown in Fig. 7,
water content was gradually increased by oxidation reaction in plasma oxidation stage, which consumed partially
ozone. Due to the electronegativity of water molecules,
high-energy electrons collide with water vapor molecules
and generate negative ions. It affected the formation of
high-energy electrons and suppressed partially ozone formation. It can be inferred that water molecules may provide
other reactive species (·OH, HO2·, etc.) for toluene oxidation. The main radical reaction equations were summarized as follows:

O3 + C7H8 → CO2+CO+H2O

(5)

H2O+e → H· + ·OH+e

(12)

O3 + e → O2+O· +e

(6)

H·+O3 → ·OH+O2

(13)

O3 → O( D) +O2

(7)

·OH+O3 → HO2·+2O·

(14)

O·+ C7H8 → CO2+CO+H2O

(8)

O3+ HO2· → 2O2 +·OH

(15)

O3+* → O*+ O2

(9)

C7H8+·OH → CO2+H2O

(16)

1

O·+C7H8 → CO2+CO+H2O

(10)

As time went on, water content was decreased gradually to a low level in the late stage II. Consequently, with
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In the experiment, the oxidation of the adsorbed toluene by plasma was the process that reactive species could
migrate from gas phase to the surface of adsorbent, and
then react with adsorbed toluene. The process was similar
to gas-solid photocatalytic oxidation reaction. Therefore,
we attempted to adopt Langmuir-Hinshelwood model to
roughly describe the behavior of the oxidation of the
adsorbed toluene during plasma oxidation stage, which
was commonly used for kinetic analysis of gas-solid photocatalytic oxidation reaction.
According to the model, the kinetic equation was
shown as follows:
ln(Ct/C0)=-kt

(17)

where, Ct and C0 were the residual toluene concentration and initial adsorbed toluene in adsorbent (in mM
toluene per g adsorbent); k was apparent rate constant (in
s-1); t was treatment time (s).

ln(Ct/C0)

3.4 Kinetic study
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FIGURE 11 - The fitting curve of experimental data by L-H model
(data quoted from Fig. 3a).

Figure 11 shows the kinetics model fitting of the oxidation process of the adsorbed toluene by L-H model. It
was observed that adsorbed toluene decomposition was
consistent with two-stage L-H model in plasma oxidation
stage. As shown in Fig. 11, the whole process of adsorbed
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toluene decomposition by plasma could be obviously
divided into two stages. In the first stage, according to a
high concentration of the adsorbed toluene on the external
surface of adsorbent (γ-alumina), it was deduced that the
reaction rate depended largely on reactive species formation rate by plasma. Till the end of the first stage, the
residual toluene adsorbed on the external surface of adsorbent, i.e., the surface of large pores, mesopores and minipores, was decreased to a very low concentration level.
Consequently, the toluene adsorbed on internal surface of
adsorbent, i.e., micropores, was not decomposed effectively
by direct electron impact, but it was effectively decomposed by active oxygen species. Reactive species diffusion
in micropores may be the controlling step for adsorbed
toluene decomposition in the last stage. It is well-known
that the diffusion resistance in internal pores was greater
than that in external ones. Therefore, the apparent rate
constant of the last stage was lower than that of the first
stage. As shown in Fig. 11, the apparent rate constant of
the first stage was approximately three times of that of the
last stage. According to the calculation, it took only half
of the treatment time to achieve approximately 75% of the
oxidation of the adsorbed toluene in the first stage. Therefore, it can be inferred that to achieve a short treatment
time, micropore adsorbent was not very potential for practical use of the two-stage system.

ance was achieved when adsorbed toluene amount was at
a low level. In addition to ozone byproduct, a small amount
of N2O was produced. Considering the above problems, it
is preferable to use oxygen as the background gas for the
oxidation of the adsorbed toluene.
4 CONCLUSION
A two-stage system of toluene removal including toluene adsorption and the oxidation of the adsorbed toluene
by NTP has been investigated. It was found that a better
oxidation performance could be achieved with a low
adsorbed toluene amount in the adsorption stage. Toluene
emission was observed in oxidation stage for a high adsorbed toluene amount. In plasma oxidation stage, ozone
and radical species (·OH, HO2·, etc.) derived from water
played dominant roles in the oxidation process of the
adsorbed toluene. A linear relationship between CO concentration and ozone consumption amount was found in
the whole stage of plasma oxidation. It was also observed
that adsorbed toluene decomposition was consistent with
two-stage Langmuir-Hinshelwood model in plasma oxidation stage. The reaction rate of the two stages largely
depended on the formation rate and the diffusion of reactive species, respectively.
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AND SPECTRAL INDICES FROM GREEN BEAN CANOPY
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ABSTRACT
Thermal imaging and spectral data are potential tools
that can be used to determine plant water stress. The objectives of this study were to combine thermal and spectral
indices to determine water stress, and to estimate yield and
investigated traits via these indices for green bean
(Phaseolus vulgaris L. cv. Gina) under different water
stress levels using stepwise multiple linear regression
(SMLR) analysis. The performance of various reference
surfaces for Crop Water Stress Index (CWSI) computation
was also tested. A field experiment was conducted in
Çanakkale, Turkey in 2012 consisting of four irrigation
treatments, full irrigation (unstressed) and three stress
levels applying 25%, 50%, and 75% of full irrigation. To
conclude, it was found that the green bean plant was very
susceptible to water stress. In determining water stress,
Water Band Index (WBI), Normalized Difference Vegetation Index (NDVI), Soil-Adjusted Vegetation Index
(SAVI) and Simple Ratio (SR) from the spectral indices
tested were found to be highly useful in the discrimination
of all treatments. CWSI based on the artificial reference
(CWSIa) from thermal indices performed well in discrimination of water stress. Statistical differences were found
between wet and dry reference surfaces. Considering both
accuracy and ease of measurement in determining references, the use of thermal indices based on artificial references and empirical methods was found to be more useful.
The highest R2 value between yield, investigated traits and
indices was between chlorophyll readings (ChlR) and indices with 0.82 according to SMLR. As a result, it can be
said that the combined use of thermal and spectral indices
can be used as a potential indicator of water stress in
green bean.

KEYWORDS: Water stress; irrigation, thermal imaging; spectral
reflectance; green bean

* Corresponding author

1 INTRODUCTION
Since water stress is one of the basic factors limiting
crop production, direct estimation of symptoms arising
from water stress in plants is an important aim of remote
sensing [1]. For this reason, much research has been carried out by agriculturists, biologists and botanists on determining water stress in plants by remote sensing [2-4].
Leaf temperature varies with leaf transpiration. When
evapotranspiration of the plant decreases, the canopy
temperature increases in water stressed plants [5, 6]. As
the plant transpires, the temperature of the leaf falls to
less than the air temperature because energy coming to
the surface of the plant is used in evaporating water.
When water in the soil is reduced, making water uptake
by the plant less, transpiration slows, and the stomata in
the leaves slowly begin to close, so the exchange of latent
heat between the leaf surface and the atmosphere slows
down. In this situation, incoming solar energy does not
cause transpiration but an increase in the surface temperature of the leaf. When leaf temperature exceeds the air
temperature, transpiration has become very slow [7, 8].
Since plant canopy temperature is related to the water
status of the plant and soil, this can be used as an irrigation management tool and measured noninvasively by
remote sensing [9]. However, increasing of canopy temperature is the result not only of the plant’s water status
but also of soil–biosphere–atmosphere interactions [10].
For this reason, measurement of leaf temperature alone is
insufficient to determine water stress [11].
The Crop Water Stress Index (CWSI) was defined by
Idso et al. [12] and modified by Jones [13], who suggested that dry and wet reference surfaces could be used to
determine the upper and lower baseline under conditions
of zero and maximum transpiration in similar environments. In this case, the effect of environmental conditions
is minimized and water status is the main factor in determination of index value [14]. Thermal imaging is a powerful technique for diagnosing and quantifying plant
stress, a technique primarily used to study plant water
relations and specifically, stomatal conductance [15].

3088

© by PSP Volume 22 – No 10a. 2013

Fresenius Environmental Bulletin

Spectral reflectance can be used to detect plant water
stress. Changes in leaf chlorophyll content and water status
in particular are a good indicator of stress [15, 16]. However, recognizing changes in crops brought on by water
stress by the use of absolute reflectance measurements may
not be sufficient. Hence, spectral vegetation indices can be
calculated from the reflectance values. A spectral vegetation index is a quantity obtained directly or by rationing,
differencing, or otherwise transforming spectral reflectance data to represent plant canopy characteristics [5].
Although there have been many studies on detecting
water stress using an infrared thermometer [17-19], there
are few studies aimed at determining water stress by
thermal imaging and spectral data. Combined use of these
two techniques is suggested by Jones and Leinonen [20]
and Jones and Schofield [15]. Baluja et al. [21] reported
that while the relationship between thermal indices and
water status parameters could be considered a short-term
response, spectral indices probably reflected the result of
cumulative water deficits along the season, hence a longterm response.
This study aimed to combine thermal and spectral indices to determine water stress and also to estimate yield
and investigated traits of green bean (Phaseolus vulgaris
L. cv. Gina) by these indices under different water stress
levels. In addition, the performance of different reference
surfaces for CWSI computation was tested.
2 MATERIALS AND METHODS
2.1 Study Site and Experimental Design

The experiment was conducted at the Dardanos Agricultural Experiment Station of Çanakkale Onsekiz Mart
University, Çanakkale, Turkey (40° 08´ N, 28° 20´ E) in
2012. The green bean seed (Phaseolus vulgaris L. cv.
Gina) was sown (60x10 cm) on 12 May 2012. The soil at
this location is alluvial and has a sandy loam and sandyclay loam structure. Field capacity and wilting point in the
root zone of the soil were 215 mm and 122 mm, respectively. Mean air temperatures and total rainfall in the growing
season (May to August) were 24 °C and 106 mm, based on
meteorological data. Irrigation water used in the experiment had a pH of 7.5 and electrical conductivity of 1.1
dS/m.
The field experiment consisted of four different irrigation treatments with three replicates in randomized block
design. These treatments were full irrigation (I-100), for
which lack moisture in the soil was completed to field
capacity in the root zone (60 cm), and three different stress
levels applied in varying proportions (25%, 50%, 75%) of
full irrigation, corresponding to I-25, I-50 and I-75 in this
study, respectively. Plants were irrigated using the drip
irrigation system when the soil water content decreased to
approximately 40% of available soil water. Soil water content at 0–30, 30–60 and 60–90 cm soil depths were continuously monitored by moisture sensors (10HS, Decagon

Devices, Inc., USA) in the I-100 treatment and by the gravimetric method in other treatments. Green bean evapotranspiration (ET) in each treatment was calculated according
to water budget method [22]. The first measurements were
taken on the 48th day after sowing and continued until 104th
day after sowing.
2.2 Yield

All plants in each plot except those exhibiting edge
effects were harvested on a weekly basis. Yield was calculated as tons per hectare by weighing the harvested green
beans. The first harvest was on 60th day after sowing and
this continued throughout the experiment period.
2.3 Investigated Traits

Leaf area index (LAI), the total one-sided area of leaf
tissue per unit of ground surface area, was determined using
an LAI-2000 plant canopy analyzer (Li-Cor, Inc., Lincoln,
NE, USA). Leaf area measurements were made under
cloudless sky and within ±2h of solar noon. A view restrictor of 315° was used in all measurements. One abovecanopy reading was taken immediately before and in the
same direction as a set of four below-canopy readings (at
the soil level). Readings of LAI were taken from all four
sides of each of three plants, for a total of 12 below-canopy
readings per plot [23]. This measurement was repeated
twice.
Leaf chlorophyll content was measured in the green
bean plant leaves using CM 1000 chlorophyll meter
(FieldScout, Spectrum Technologies, Inc., Plainfield, IL)
Measurements were made with the same brightness value
(BV=4) throughout the growing season. Chlorophyll
readings (ChlR) were taken between 13:00 and 14:00
(within 2h after solar noon) before every two irrigation
applications throughout irrigation period.
Relative water content (RWC) was calculated using
Equation (1) [24]. Fresh weight (FW) of the sample
leaves was recorded in the field and leaves were then
immersed for about 24 hours in distilled water inside a
closed petri dish. After the leaves were removed, surface
water was blotted-off and the turgid weight (TW) recorded. Samples were dried in an oven at 70 °C to constant
weight (approx. 48 hr) and the dry weight (DW) was
obtained.

RWC =

FW − DW
TW − DW

(1)

All of the investigated traits was measured in three
plants for each plot.
2.4 Spectral Measurements

Spectral reflectance on the canopy was measured with
a portable spectroradiometer (FieldSpec HandHeld 1 Pro,
Analytical Spectral Devices, Boulder, CO, USA) which
recorded a reflectance of between 325 and 1075 nm.
Reflectances were measured on the basis of one measurement per two irrigations, as per the chlorophyll meter
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readings before irrigation. The 25° field of view attachment to the instrument was used to view an area in about
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TABLE 1 - Spectral indices used in this research.
Spectral indices

Primary sensitivity

Equation

Literature

Water Band Index (WBI)

Leaf water content

R
WBI = 900
R970

[16]

Floating Water Band Index (fWBI)

Leaf water content

Normalized Difference Vegetation Index (NDVI)

Chlorophyll

Soil-Adjusted Vegetation Index (SAVI)

Chlorophyll

SAVI =

Simple Ratio Index (SR)

Chlorophyll

SR =

Structure Independent Pigment Index (SIPI)

Carotenoid
Chlorophyll

Photochemical Reflectance Index (PRI)

Photosynthetic radiation use
efficiency

R900
min( R930−980 )
R − R680
NDVI = 800
R800 + R680
fWBI =

(1 + 0.5)(R800 − R670 )
( R800 + R670 + 0.5)

R900
R680
( R − R445 )
SIPI = 800
( R800 − R680 )
( R − R570 )
PRI = 531
( R531 + R570 )

[26]

[16]
[27]

[5]

[28]

[29]

Ri: reflectance at i wavelength in nm.

23 cm diameter in the centre of each sample covering
approximately 50 cm above the canopy of the canopy on
three plants in each plot. The instrument was pointed in a
perpendicular direction to the surface of the target, that is,
at nadir view angle. Each spectral reflectance was obtained after radiance measurement using a standard white
reference panel (Spectralon, Labsphere, Sutton, NH, USA).
Before each measurement, the instrument was optimized for
integration time to allow for maximum allowable signal
without saturation. Measurements were taken as quickly
as possible (approximately one hour) at similar times of
day under full sun. All spectra were collected under cloudless sky and within ±2h of solar noon [25].
Spectral reflectance indices, sensitive to leaf water status and leaf pigments that had changed due to water stress,
were calculated using the equations given in Table 1.
2.5 Thermal measurements

Thermal images of the plants were taken from each
plot using an infrared thermal camera (FLUKE Ti27
model, FLUKE, USA) with a resolution of 240x180 pixels within a waveband of 8-14 µm. The camera has a
standard infrared lens with an angular field of view of
23°x17° (46°x34° with wide-angle infrared lens). The
camera measures temperature in the range of -20 – 600
°C. The thermal sensitivity of the camera is ≤0.05 °C at
+30 °C with a spatial resolution of 1.67 milliradians.
Images were manipulated by SmartView software and
exported to MS Excel for further analysis. The background temperature required for calculation of object
temperatures was estimated as the radiative temperature
of a crumpled aluminum foil sheet placed with emissivity
set at 1.0 [6]. The emissivity for the green bean canopy
was adjusted to 0.98 [30]. Measurements were made from

a height of about 2.3 m and in an area of 2.5 m2 with a
wide-angle lens in parallel with other measurements.
Three different rectangular areas (minimum 10,000
pixels in central part of canopy) within a thermal image
were selected to enclose the leaves of several plants for
determination of average canopy temperature. In addition,
other rectangular areas were selected to determine dry and
wet reference temperatures within the same image. All
areas selected by eye were exported to MS Excel to determine mean temperature of the canopy and references.
Temperatures of the dry and wet references were used as
thresholds and any pixels in the image outside the dry-wet
threshold range were excluded from analysis [6]. Then,
the mean temperature of the canopy was determined.
All thermal images were acquired on clear days with
minimal wind conditions (<2 m/s). Ambient air temperature (Ta) was obtained from an aspirated psychrometer
(Aryavet, model ZL-176, Turkey). Psychrometer measurements were taken in a shaded location about 1.5 m
above the ground. Modified crop water stress index (CWSI)
and stomatal conductance index (IG) were calculated using
the mean canopy and reference temperatures by Equation
(2) and (3), respectively [13].

CWSI =
IG =

(Tcanopy − Twet )
(Tdry − Twet )

(Tdry − Tcanopy )
(Tcanopy − Twet )

(2)

(3)

where Tcanopy was canopy temperature obtained from
the thermal image, and Twet and Tdry were temperatures of
the wet and dry reference surfaces within same image,
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respectively. Images of wet and dry reference leaves were
taken for each plot at the time of image acquisition of
normal leaves. Various types of Tdry and Twet reference
surfaces in Equation (2) and (3) were compared.
Method 1:

In this method, petroleum jelly and water were used to
determine the temperature of the reference surfaces according to Jones et al. [6]. The leaves of three plants were
sprayed with water on both sides to simulate the condition
of a fully transpiring leaf approximately 1 minute before
imaging acquisition to estimate temperature of the wet
reference (Twet). In addition, leaves of another three plants
were covered with petroleum jelly to simulate the condition
of a non-transpiring leaf for estimation of the dry reference
leaf (Tdry) [6]. CWSI and IG values calculated using these
reference temperatures were considered to be CWSIp and
IGp, respectively.
Method 2:

This method utilized empirical determination of the
temperatures of the reference surfaces. Twet was calculated
using Equation (4) [31, 32] and Tdry was estimated by adding 5 °C to the measured dry bulb temperature [33, 34].

Twet ≈ Ta −

es (Ta ) − ea
Δ +γ

(4)

where Ta is air temperature (°C), es is saturated vapor
pressure (Pa) at Ta, ea is actual vapor pressure (Pa), Δ is
slope (Pa/°C) of the saturated vapor pressure vs. temperature curve evaluated at Ta, and γ is the psychometric constant (Pa/°C). CWSI and IG values calculated using these
reference temperatures were considered to be CWSIe and
IGe, respectively.
Method 3:

Temperatures of artificial surfaces were used as the
reference in this method. Twet and Tdry were the average
temperatures of artificial wet (wetted gray felt surface)
and dry (dry gray felt surface) references that acted as a
substitute for the well-watered base line temperature and
non-irrigated base line temperature of Idso et al. [35],
respectively [32]. CWSI and IG calculated using these reference temperatures were considered to be CWSIa and IGa,
respectively.
2.6 Statistical analysis

SPSS version 13.0 (SPSS, Inc., Chicago, IL, USA) was
used to carry out the statistical analysis. The data were
subjected to analysis of variance. Means were compared
using Duncan’s Test at p<0.05. Stepwise multiple linear
regression analysis (SMLR) was performed at p<0.05 significance level to determine the relationships between all
traits and stress indices. SMLR analysis was performed in
three different ways:
Analysis 1: Predictors are CWSIp, IGp and spectral indices

Analysis 2: Predictors are CWSIe, IGe and spectral indices
Analysis 3: Predictors are CWSIa, IGa and spectral indices
The root mean square error (RMSE) was calculated to
estimate the deviation between the estimated and measured
values. Eight measurements taken throughout the experiment were used in the statistical analysis.
3 RESULTS AND DISCUSSION
3.1 Evapotranspiration and Yield

Evapotranspiration and yield values obtained resulted
being negatively correlated with water stress treatments
(Table 2). The highest and lowest values were obtained in
I-100 and I-25 treatments, respectively. The differences
between treatments were found significant statistically.
Depending on different irrigation levels, the maximum total evapotranspiration and yield were found to be
804 mm and 22.74 t/ha, respectively. Similar results have
been found by other researchers, i.e. 868 mm and 26.17
t/ha [36], and 904 mm and 30.37 t/ha [37]. Variations
between the studies may be due to climatic conditions,
cultural processes and bean varieties.
TABLE 2 - Evapotranspiration (ET) and yield of green bean according to treatment.
Treatment
I-100

ET (mm)

Yield (t/ha)

804

22.74 A

I-75

656

15.66 B

I-50

519

7.46 C

I-25

379
4.09 D
Note: Capital letters refer to differences between irrigation treatments.
3.2 Spectral Indices

The values of all indices (except SIPI) increased
when the water stress level decreased (Table 3). In terms
of discrimination stress levels, WBI, NDVI, SAVI and SR
provided promising results. The PRI index was useful in
discrimination of only I-25, showing that this index was
able to distinguish only severe stress levels. Therefore, it
can be concluded that PRI is not a useful index in discrimination of water stress levels for this study. However,
in the other studies stated that PRI can be used to discriminate water stress at other plant species [38-41]. This
shows that responses to water stress of spectral indices
can be change according to plant species. Shiyabayama et
al. [42] reported that for rice, use of spectral reflectance
measurements in the near and middle-infrared region and
the indices derived was an appropriate method for determining water stress. Penuelas et al. [2] stated that spectral
indices such as NDVI could be used in determination of
water and nitrogen stress in sunflowers. Fujiwara et al.
[43] indicated that in soybeans, the most sensitive spectral
region to water stress was the near-infrared region.
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TABLE 3 - Changes of spectral indices according to treatment.
Treatment
WBI
fWBI
NDVI
I-100
1.10 A
1.11 A
0.82 A
I-75
1.08 B
1.09 B
0.77 B
I-50
1.07 C
1.08 B
0.72 C
I-25
1.04 D
1.05 C
0.58 D
Note: Capital letters refer to differences between irrigation treatments.

SAVI
0.64 A
0.59 B
0.53 C
0.42 D

SR
11.24 A
9.05 B
6.67 C
4.07 D

SIPI
1.04 C
1.05 BC
1.07 B
1.14 A

PRI
-0.04 A
-0.04 A
-0.04 A
-0.05 B

TABLE 4 - Comparison of reference temperatures.
Method
Tdry (°C)
Twet (°C)
1
35.0 B
26.8 A
2
36.1 A
23.5 C
3
33.1 C
24.8 B
Note: Capital letters refer to differences between irrigation methods.

Difference (°C)
8.2 B
12.6 A
8.3 B

TABLE 5 - Changes in Tc-Ta and thermal indices.
Treatment
Tc-Ta
CWSIp
CWSIe
CWSIa
IGp
IGe
I-100
-1.1 C
0.42 C b
0.52 C a
0.53 D a
1.54 A ns
0.96 A ns
I-75
-0.8 C
0.48 C b
0.53 C b
0.70 C a
1.23 B a
0.90 A b
I-50
0.3 B
0.55 B c
0.62 B b
0.81 B a
0.91 B a
0.63 B b
I-25
1.7 A
0.64 A c
0.74 A b
0.94 A a
0.61 C a
0.36 C b
Mean
0.52 c
0.60 b
0.75 a
1.07 a
0.71 b
Note: Capital letters refer to differences between irrigation treatments, lower-case letters denote differences between methods.

3.3 Thermal Indices

The temperatures of dry and wet references used to
calculate thermal indices, and the indices derived from
them, are shown in Table 4 and 5, respectively.
It was found that all Tdry and Twet values were statistically different from each other in this study. Leionen and
Jones [44] reported that since their energy balance differed from the real leaves, thermal and radiative properties of the artificial reference surfaces may therefore differ
from those of real plants. Methods 1 and 3 were found to
be similar in terms of differences between Tdry and Twet,
thus showing that the reference calculation method used is
important. In fact, the mean values of the thermal indices
were completely different from each other (Table 5). In
all treatments, the lowest values were in CWSIp, while the
highest values were obtained in CWSIa. Among all indices, the I-25 and I-50 treatments were notably different
from each other according to calculation methods. It was
observed that the highest and lowest values were found in
IGp and IGa, respectively.
In terms of water stress detection capability, use of
Tc-Ta, CWSIp, CWSIe and IGe values did not provide
sufficient findings for discrimination between the I-100
and I-75 treatments. However, the CWSIa index provided
statistically acceptable results in the discrimination of all
treatments. Jones [45] reported that the IG index can be
considered as a good indicator of a plant’s photosynthesis
and transpiration. In our study, the IG index increased with
increasing evapotranspiration of the green bean canopy
(Table 2). Cohen et al. [33] used an artificial reference
surface to determine Twet, and added 5 °C to Tair to esti-

IGa
1.18 A ns
0.49 B c
0.26 B c
0.08 B c
0.55 c

mate Tdry. In their study, four irrigation levels were applied and, in agreement with our study, CWSI values
calculated using these reference surfaces were found to be
between 0.10 and 0.58, with statistical differences occurring once the stress level increases. Hence, the results of
Cohen et al. agree with our study.
Grant et al. [46] reported that thermal imaging could
be used to distinguish irrigated and non-irrigated grapevine plants and be a useful tool for determining water
stress. Stoll and Jones [47] also reported that thermal
imaging was a useful tool to distinguish differences between water stress treatments in vines. Ben-gal et al. [14]
stated that there was no statistically significant difference
between CWSI values calculated analytically and empirically (artificial surface for Twet, Tair+5°C for Tdry). O'
Shaughnessy et al. [32] reported that CWSIe separated
the water stress of cotton and soybean; however, there
were no differences between I-100 and I-67 treatments. The
results of this study and our study are in agreement.
In research involving one fully irrigated and two deficit treatments, Jimenez-Bello et al. [48] found that Persimmon canopy temperatures were different based on
treatment and that the lowest temperature was obtained
from the control treatment. Fuentes et al. [49] reported
significant correlations between thermal indices and water
stress parameters. Baluja et al. [21] reported that the best
relationship in terms of R2 was between thermal indices
computed empirically (using Tdry as Tair+5 °C and Twet by
energy balance yield) and the physiological parameters of
vines. In cotton, Padhi et al. [50] indicated that the IG
index calculated using method 2 decreases as the water
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stress increases. The lowest and the highest values of TcTa were obtained from non-water-stressed I-100 and full
water stressed I-25 treatments, respectively. The difference between treatments was found to be 2.7 °C.
Hashimoto et al. [51] determined sunflower canopy
temperatures using an infrared thermal camera. In their
study, they stated that the temperature of the water-stressed
plant was 3-5 °C higher than that of the non-stressed
plant. Akkuzu et al. [17] and Camoglu [19] reported a difference of 2.7 °C between Tc-Ta values in olives irrigated at
100% of crop evapotranspiration and those non-irrigated.
3.4 Regression Models between Yield and Indices

Changes of the coefficients of determination (R2) between yield and indices are shown in Table 6. The details
of resulting models are provided in the following Table 7.
All of the R2 values were statistically significant at
p<0.001 level (Table 6). In the models, CWSI was em-

ployed as thermal index, while SR and NDVI were employed as spectral indices. It was seen that the highest R2
and the lowest RMSE values were obtained in Analysis 2
(Table 6 and 7). This shows that the equation obtained
from Analysis 2 can be used to estimate green bean yield.
These findings indicate that yield can be accurately predicted by means of thermal and spectral indices. In previous studies, Fernandez et al. [52] reported that yield in
wheat could be predicted by NDVI. Strachan et al. [26]
also reported that yield relating to nitrogen and water
stress could be predicted with spectral indices. Chang et
al. [53] developed a model to predict yield in maize using
green, red and NIR bands and NDVI and GNVDI indices,
and found R2 values of between 0.17 and 0.85. O’ Shaughnessy et al. [32] concluded that there was a linear relationship between CWSIe and soybean and cotton yield with
R2 values ranging between 0.06 (CWSIe and cotton yield
in 2008) and 0.88 (CWSIe and soybean yield in 2004).

TABLE 6 - Changes of R2 of regression models between yield and indices
Analysis

Model
1
1
2
1
2
2
1
3
2
***: p<0.001, n=96

Predictors
CWSIp
CWSIp, SR
CWSIe
CWSIe, SR
CWSIa
CWSIa, NDVI

R2
0.34***
0.61***
0.53***
0.65***
0.46***
0.65***

Adjusted R2
0.33
0.61
0.52
0.64
0.45
0.64

R2 Change
0.34***
0.28***
0.53***
0.12***
0.46***
0.19***

TABLE 7 - The resulting regression models between yield and indices.
Analysis
1

2

3

Model
Constant
CWSIp
SR
Constant
CWSIe
SR
Constant
CWSIa
NDVI

Regression Coefficients
13.86
-19.39
1.13
24.51
-30.97
0.86
-0.61
-14.41
32.88

Standard Error
2.56
3.65
0.14
3.70
4.80
0.15
4.53
2.39
4.61

RMSE (t/h)
3.37

2.76

2.98

TABLE 8 - Changes of R2 of regression models between LAI and indices
Analysis

Model
Predictors
1
SAVI
2
SAVI, fWBI
3
SAVI, fWBI, NDVI
1 and 2
4
SAVI, fWBI, NDVI, SIPI
5
SAVI, fWBI, NDVI, SIPI, WBI
6
SAVI, NDVI, SIPI, WBI
1
SAVI
2
SAVI, fWBI
3
SAVI, fWBI, NDVI
3
4
SAVI, fWBI, NDVI, SIPI
5
SAVI, fWBI, NDVI, SIPI, WBI
6
SAVI, NDVI, SIPI, WBI
7
SAVI, NDVI, SIPI, WBI, CWSIa
ns
: not significant, *: p<0.05, **: p<0.01, ***: p<0.001, n=96
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R2
0.62***
0.70***
0.72***
0.75***
0.77***
0.77***
0.62***
0.70***
0.72***
0.75***
0.77***
0.77***
0.78***

Adjusted R2
0.61
0.69
0.71
0.77
0.76
0.76
0.61
0.69
0.71
0.74
0.76
0.76
0.76

R2 Change
0.62***
0.08***
0.02**
0.03**
0.02**
0.00ns
0.62***
0.08***
0.02**
0.03**
0.02**
0.00ns
0.01*
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TABLE 9 - The resulting regression models between LAI and indices.
Analysis

1 and 2

3

Model
Constant
SAVI
NDVI
SIPI
WBI
Constant
CWSIa
SAVI
NDVI
SIPI
WBI

Regression Coefficients
-8.97
11.38
-13.49
-12.67
27.19
-8.44
-0.76
11.30
-13.41
-11.54
26.08

3.5 Regression Models between Leaf Area Index and Optical
Indices

Changes of R2 values between leaf area index (LAI)
and optical indices are shown in Table 8 and the details of
resulting models are given in Table 9. All of the R2 values
obtained were significant statistically. Difference between
R2 values of model 5 and 6 was not significant. However,
CWSIa was added to model 7 in analysis 3 and change of
R2 was significant (Table 8). Therefore, model 6 and 7
were selected for analysis 1-2, and analysis 3, respectively.
It could be seen that none of the thermal indices calculated according to analyses 1 and 2 was included in the
regression equations between LAI and indices. In Analysis 3, in addition to SAVI, NDVI, SIPI and the WBI spectral indices, the CWSIa index was included in the equation
(Table 9). In this case, the value of R2 slightly increased.
However, considering the fact that a thermal camera is
necessary to calculate the CWSIa index, use of the equation including only spectral indices may be suggested to
estimate LAI. In previous studies, significant relationships
were found between LAI and spectral indices. Fernandez
et al. [52] reported a positive relationship between LAI
and the SR, NDVI indices and that these indices could be
used to estimate LAI. Joel et al. [54] stated that in water
and nitrogen stressed sunflowers, LAI exhibited a strong

Standard Error
5.10
1.89
2.38
3.49
3.83
5.02
0.38
1.86
2.34
3.48
3.81

RMSE (m2/m2)

0.36

0.35

relationship with the NDVI index (R2 = 0.92) and a linear
relationship with SR (R2=0.78). Strachan et al. [26] found
that the R2 value between LAI and NDVI was 0.85 in
corn. Borzuchowski and Schulz [55] stated that R2 values
between LAI and spectral indices were 0.33 for barley
and 0.60 for sugar beet according to SMLR analysis.
3.6 Regression Models between Chlorophyll Readings and
Indices

Changes of R2 values between chlorophyll readings
(ChlR) and indices are shown in Table 10. The details of
resulting models are provided in the following Table 11.
All of the R2 values obtained were significant statistically.
The change in R2 value between model 3 and 4 for analysis 1 was insignificant. The difference between R2 of
model 4 and 5 was also not significant. According to
these analyzes, the highest R2 values and least predictors
were obtained in models 4, 7 and 5 (Table 10). Therefore,
these models were selected to estimate ChlR.
In prediction of ChlR, thermal indices were not included in the model obtained by Analysis 1 (Table 11).
The R2 value in this case was lower than that of other
models. In analyses 2 and 3, thermal indices were also
employed in the equation and R2 values increased. Accordingly, the models derived from these analyses can be

TABLE 10 - Changes of R2 of regression models between chlorophyll readings and indices
R2
0.66***
0.72***
0.75***
0.75***
0.66***
0.73***
0.78***
0.80***
0.80***
0.81***
0.82***
0.66***
0.75***
0.80***
0.82***
0.82***

Analysis

Model
Predictors
1
NDVI
2
NDVI, WBI
1
3
NDVI, WBI, SIPI
4
WBI, SIPI
1
NDVI
2
NDVI, CWSIe
3
NDVI, CWSIe, fWBI
2
4
NDVI, CWSIe, fWBI, SIPI
5
CWSIe, fWBI, SIPI
6
CWSIe, fWBI, SIPI, Ige
7
CWSIe, fWBI, SIPI, Ige, SR
1
NDVI
2
NDVI, CWSIa
3
3
NDVI, CWSIa, WBI
4
NDVI, CWSIa, WBI, SIPI
5
CWSIa, WBI, SIPI
ns
: not significant, *: p<0.05, **: p<0.01, ***: p<0.001, n=96
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Adjusted R2
0.65
0.71
0.75
0.75
0.65
0.72
0.77
0.79
0.79
0.80
0.81
0.65
0.74
0.79
0.81
0.81

R2 Change
0.66***
0.06***
0.03**
0.00ns
0.66***
0.07***
0.05***
0.02**
0.00ns
0.01*
0.01*
0.66***
0.09***
0.05***
0.02**
0.00ns
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TABLE 11 - The resulting regression models between chlorophyll readings and indices.
Analysis
1

2

3

Model
Constant
WBI
SIPI
Constant
CWSIe
IGe
fWBI
SIPI
SR
Constant
CWSIa
WBI
SIPI

Regression Coefficients
-174.16
896.06
-504.00
385.39
-406.66
-93.51
460.59
-329.88
3.22
-118.72
-78.60
780.16
-385.70

Standard Error
198.32
123.61
78.14
207.99
104.07
37.24
133.72
83.33
1.42
172.25
13.96
109.14
70.94

RMSE (unitless)
14

12

13

TABLE 12 - Changes of R2 of regression models between relative water content and indices
R2
0.48***
0.54***
0.57***
0.48***
0.54***
0.58***
0.60***
0.63***

Analysis

Model
Predictors
1
SAVI
1 and 2
2
SAVI, NDVI
3
SAVI, NDVI, WBI
1
SAVI
2
SAVI, NDVI
3
3
SAVI, NDVI, WBI
4
SAVI, NDVI, WBI, Iga
5
SAVI, NDVI, WBI, Iga, CWSIa
*: p<0.05, **: p<0.01, ***: p<0.001, n=96

Adjusted R2
0.47
0.53
0.56
0.47
0.53
0.56
0.58
0.61

R2 Change
0.48***
0.06**
0.03**
0.48***
0.06**
0.04**
0.02*
0.03**

TABLE 13 - The resulting regression models between relative water content and indices.
Analysis
1 and 2

3

Model
Constant
SAVI
NDVI
WBI
Constant
CWSIa
IGa
SAVI
NDVI
WBI

Regression Coefficients
9.02
69.13
-48.89
57.51
12.14
8.38
2.37
69.63
-45.56
45.02

Standard Error
18.90
10.36
10.99
20.60
18.44
2.84
0.64
9.77
10.42
19.83

used to allow a more accurate estimation. Use of the equations can be considered as an alternative in order to obtain
information about chlorophyll content in circumstances
where chlorophyll meter readings are not available. Previous studies have also reported that varying chlorophyll
content in leaves significantly affects reflectance values.
Buddenbaum et al. [56] also stated that decline of leaf
chlorophyll was well monitored using spectral data. Fernandez et al. [52] reported that SR indices could be used
in estimating chlorophyll content. Fujiwara et al. [43]
observed the relationship between chlorophyll and the
reflectance values in soybeans under water stress conditions and found a strong relationship between reflectance
values in the near infrared region and chlorophyll values.
Bannari et al. [57] studied the relationship between chlorophyll content in wheat and spectral readings, and reported a linear relationship between the SIPI, MCARI and

RMSE (%)
2.48

2.18

TCARI indices with R2 values of 0.62, 0.41 and 0.41,
respectively.
3.7 Regression Models between Relative Water Content and
Indices

Changes of R2 values between relative water content
(RWC) and indices are shown in Table 12. The details of
resulting models are provided in the following Table 13. All
of the R2 values obtained were significant statistically. The
highest R2 values were obtained in last models (Table 12).
Therefore, these models were selected to estimate RWC.
Only SAVI, NDVI and WBI indices were employed
in the equations obtained according to analyses 1 and 2
(Table 13). It was observed that addition of thermal indices to the equation derived from Analysis 3 increased the
R2 value from 0.57 to 0.63. The RMSE obtained in this
case was also lower. According to this finding, it is thought
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that the combined use of both thermal and spectral indices
is more appropriate for estimating RWC. Jones and Leinonen [20] also emphasized that a combination of infrared
thermography with other spectral reflectance may assist in
obtaining better results in the detection of water stress in
plants.
There are numerous studies showing that plant water
status can be predicted using thermal and spectral indices.
Roth [58] found that changes in the water condition of
cotton plants could be monitored using reflectance measurements taken with a ground-level spectroradiometer.
Strachan et al. [26] reported a linear relationship between
leaf and vegetation water content in maize and the fWBI
indices, and found R2 values of 0.78 and 0.85, respectively. Jones et al. [3] investigated various spectral bands
(950-970 nm, 1150-1260 nm, 1450 nm, 1950 nm, and
2250 nm) and five spectral indices (WI, NDVI, SIPI,
fWBI and WI/NDVI) to find a method of obtaining the
best estimate of plant water content in maize, spinach and
green beans at different levels of water stress. They found
that the best estimates were provided by 1450 nm reflectance data for maize and green beans (R2=0.67 and 0.50),
and by 950-970 nm reflectance data for spinach (R2=0.94).
Cohen et al. [33] found that R2 values between CWSI and
leaf water potential (LWP) measured as an indicator of
leaf water status were between 0.79 and 0.90 depending
on measurement dates. Möller et al. [34] computed CWSI
using temperatures from the centre of the canopy, Twet
from the artificial wet surface, and Tdry from air temperature plus 5 °C. They reported that R2 values for the CWSI
to develop stem water potential relationship were obtained between 0.52 and 0.91. In Ben-Gal et al. [14], R2
values between LWP and CWSI, according to analytical
and empirical approaches, were found to be 0.52 and 0.41,
respectively. O’Shaughnessy et al. [32] found R2 values
between CWSIe and LWP in a range of 0.82 to 0.93. Padhi
et al. [50] reported that R2 values between LWP and canopy temperature obtained by thermal images were found
between 0.84 and 0.90. Jimenez-Bello et al. [48] also found
these values as 0.17 and 0.81. Baluja et al. [21] reported
that thermal and multispectral imagery using an unmanned
aerial vehicle allowed the assessing and mapping of water
status spatial variability within a vineyard, enabling them
to estimate CWSI with an R2 value of 0.52 (p<0.05) between thermal indices and leaf water status. The highest
R2 between spectral indices (NDVI) and leaf water status
was obtained at 0.68 (p<0.05). Results obtained from
these studies are similar to those of our study.

stress. In particular, the crop water stress index calculated
based on the artificial reference (CWSIa) performed well
in discrimination of water stress. This shows that the
CWSIa index can be reliably used for this purpose.
There were statistical differences between the determination methods of Tdry and Twet. Significant differences
were also found between thermal indices calculated on the
basis of the references. When accuracy and ease of measurement are considered in determining the references, use
of thermal indices based on artificial references and empirical methods were found to be more useful. However,
in a situation where canopy temperature rapidly changes
due to meteorological conditions, care should be taken
when calculating the indices.
Significant relationships were found between yield,
investigated traits and indices. R2 values in the regression
models ranged from 0.57 (between LWC and indices) to
0.82 (between ChlR and indices). This shows that indices
can be used potentially to determine the characteristics of
plant water stress accurately.
As a result of this research, it can be said that water
stress and its related symptoms can be detected successfully with the help of thermal and spectral indices and that
these indices, calculated using both remote sensing techniques, can be used as a reliable indicator of water stress
in green bean. Finally, it can be concluded that the combined use of a thermal camera and spectroradiometer may
provide a non-destructive, non-contact and user friendly
optical tool for the assessment of water stress level.
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ABSTRACT
Water quality monitoring is a matter of utmost importance to maintain the quality of potable sources in
rapidly growing areas. Recognizing the factors that have
an impact on the quality of water source is vital. To assess
the impact of population growth on groundwater quality
for drinking, a study was undertaken in a capital city of
eastern India. Based on density of residents, the study
area was grouped into five clusters; covering all clusters a
sum of fifty-eight samples from drinking water sources
was collected and characterized by relevant water quality
parameters. The nonparametric Kruskal – Wallis χ2 was
significant for all the parameters and a transition of NO3
and K from densely to sparsely inhabited area had become
evident from multi-comparison test and subsequently denoted the effect of population density on drinking water
quality parameters in the study area.

KEYWORDS: Population growth, Groundwater quality, Urban
2
India, Kruskal – Wallis χ , Multi-comparison test

1 INTRODUCTION
Water quality protection and maintenance is one of the
major issues in environmental research. Monitoring water
quality gives information to ensure suitability of a water
source for its designated use. Assuring good quality of the
water for drinking is prerequisite for well being of a civic
society. In Asia, the urban population has grown by 53%
per annum [1] that means to trigger up the demand for new
settlement, energy, land and water, infrastructural build-up
and thereby mounting the pressure on natural resources. If
astute measures has not undertaken on time, receiving
tainted water for drinking is the impending reality of our
heavily urbanized future. The process of urbanization modi* Corresponding author

fies natural hydrological situation, intensifies run-off, pollutant loading and wastewater discharge, decrease river
base flow and subsequently magnifies the anthropogenic
impact on the environment [2]. Water quality degradation
due to urban growth and industrialization has described at
several places around the World [3-6]. Extensive abstraction of water from underground aquifer beyond its recuperation capacity hastens the transportation of chemicals /
pollutants through infiltration; overburden it with unfavorable substances and consequently limits its utility in
various water use sectors. Arsenic contamination at shallow aquifer level has been observed in the urban areas of
Punjab [7]. Nitrate contamination of groundwater due to
seepage from septic system has been experienced in Austin, Tacoma, and Washington [8]. Consequences of anthropogenic activities on the quality of underground aquifer are reported from Thanjavaur city of south India [9],
Varanasi in north India [10, 11] and Solapur, in central
India [12]. Elevated presence of NO3, Fe, F, Cl and SO4
in groundwater is obtained at Puri, an acclaimed tourist
place in eastern India [13]. Underground aquifer once gets
adulterate then costs heavily to restore purity even after
prolonged treatments and management practices. Groundwater is therefore at risk; prevent it from degradation needs
strategic planning as it will be the major available drinking water source in our forthcoming future [14]. Water
quality fluctuates with seasons, varies across the spaces
due to geogenic make-up and anthropogenic intervention.
Selection and analyses of water samples for recognizing
the impact of factor/s, which predominantly influences the
water quality are most crucial to organize the activities
under water quality management. The effect of land use
change on different water quality parameters are well
demonstrated at regional and watershed scale at many
places [15-19] where baseline data were available and
data comparison makes effective for further planning and
related activities. In general, under water abundant region,
availability of primary dataset on water quality is hardly
available or available in grey literature during the developmental phases; data interpretation thus becomes a challenge.
Bhubaneswar, the capital of Orissa is a fast growing
city in eastern India. It has rapidly expanded, converted
more and more unused land, forest-cover, and ranch to
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public settlement like residential colony, offices, malls and
commercial complexes. The city accommodated 219211
residents in 1981, 411542 in 1991 and 648032 in 2001 with
an average density of 2359, 3299 and 4800 resident/km2
respectively. Groundwater is one of the important potable
water sources, needs priori attention to maintain its quality during growing period of the city. No comprehensive
information on drinking quality of groundwater at different localities is available. Disproportionate population
growth with limited land mass put up stresses on water quality and the impact is not well defined or understood because
it depends on physiography, socio-economic conditions
and administrative set up at a particular local context.
Population growth is one of the integral components
of urban spread, manifests developmental status of a city
under Indian context. The purpose of the study is to describe the use of nonparametric statistics and multicomparison test for assessing the impact of population size
on groundwater quality including its present status in a
growing city of India.

2 MATERIALS AND METHODS
The study area is located at 20012′42′′N latitude and
85 47′18′′E longitude, 45 m msl altitude and covered
135 km2 geographical area. It receives 1450 mm (mean)
annual rainfall, temperature ranges from 16 to 40oC, enjoys
humid tropical climate, and underlain by laterized Athgarh
sandstone at east and alluvium at south – eastern part [20].
0

2.1 Sample collection and analysis

In respect of number of residents residing per unit area (million / km2), the study area was distributed into five
clusters designated as ‘very dense’ (D1, 0.025 – 0.02),
‘dense’ (D2, 0.02 – 0.015), ‘moderately (D3, 0.015 – 0.01),
medium (D4, 0.01 – 0.005) and low dense’ (D5, 0.005 –
0) populated area [21]. Random sampling method was
followed for collecting groundwater samples from various
localities across the study area where residential establishments, commercial complexes and public offices have

MAP OF BHUBANESWAR CITY
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FIGURE 1 - Sampling locations in the study area
TABLE 1 - Analytical methods and the equipment used for sample analyses
Tested parameters
pH
Conductivity
Chloride
Sulfate
Nitrate
Fluoride
Sodium, Potassium
Calcium, Magnesium
Iron

Methods followed
Electrometric
Electrometric
Argentometric titration
Turbidimetry
Kjeldhal method
Fluoride electrode
Flame emission
Titration by EDTA
Colorimetric (using o-phenanthroline)

Equipment used
pH Meter (Metlar, 120 pH meter)
Conductivity Meter
Nephelometer (Systronics, 331 E).
Gerherdt Nitrogen analyzer (Model: KB20)
Ion selective electrode meter (Orion, 720A+)
Flame Photometer (Systronics, FPM 20)
Visible Spectrophotometer (Systronics, Spectronic 20)

TABLE 2 - Population density and distribution of water samples collected in Bhubaneswar city
Category*

Area km2

Very dense area

Administrative units*

Id. No. of collected water
samples

5.27

Population Density
(per sq km)
Range*
20000 – 25000

Ward 8, 15, 28, Unit-28, Unit-7, Unit-14

Dense area

17.78

15000 – 20000

Moderately
dense area

19.25

10000 – 15000

Medium
dense area

69.97

5000 -10000

Low dense area

22.92

0-5000

Ward 5, 9, 11, 23, Unit-2, Unit-3, Unit-9, Unit-11,
Unit-30
Ward 10, 12, 16, Unit-8, Baramunda Bus Terminal
Surrounding Area, Unit-6 (Ganga Nagar, Bapuji
Nagar)
Unit-4 (Bhouma Nagar), Unit-30, Unit-31 (Buddha
Nagar), Forest Park Area, Ram Mandir Area
Damana, Gadakan, Mancheswar, Vanivihar, Unit-13,
Unit—15, Unit—16, Unit—17 (Nayapalli Area),
Koradakanta, Unit—35,
Tankapani Road, Unit—29, Kedargouri Area, Bindusagar Area, Lingaraj Nagar Area, Mahabhoi Sasan
Unit-22, Unit-20, Unit-19, Khandagiri, Udaygiri,
Aiginia, Dumuduma, Begunia, Jadupur, Ransinghpur, Bharatpur, Sampur, Ghatikia, Ekamrakanan, Chandrasekharpur, Sikharchandi, Patia

21, 22, 23, 26, 27, 32, 33, 34,
35, 36, 37, 41, 43, 45, 49, 50,
53, 54, 55, 56, 57
5, 8, 19, 20, 24, 44
3, 4, 6, 10, 14, 15, 16, 17, 18

2, 9, 12, 13, 25, 30, 31, 39,
42, 46

1, 7, 11, 28, 29, 38, 40, 47,
48, 51, 52, 58

*Source: http://www.orissa.gov.in/forest&environment/ [21]

come up inconsistently over space. A total of 58 water
samples covering all localities, was collected from bore well
with a depth varied from 9 to 75 m below surface, at
household / business centre / office / commercial complex,
where the source was mainly utilized for drinking, washing and related household activities. The number of samples collected under D1 was 21, 6 in D2, 9 in D3, 10 in
D4 and 12 under D5 populated area (Table 2). After drawing off water from the well for few minutes, the sample
was collected in sterile and dried polypropylene bottle of
500 ml capacity and with 2/3 drops of ultra pure sulfuric
acid (36N) at pH ≤ 2.0 for NO3-, and hydrochloric acid
(12N) for Fe2+ ion analyses in separate containers. To obtain the maximum possible change of relevant water quality
attributes, sampling was done during February – March 2008
i.e. at pre-monsoon period and were tested for relevant
water quality parameters following the procedures (Table 1)
outlined by APHA [22].
2.2 Data analyses

tive statistics and simple correlation (r) among the variables. Assuming the variation was not due to varied population sizes from where the samples collected in the study
area as null hypothesis, the nonparametric Kruskal –Wallis
test, which is independent on pattern of distribution was
performed [23, 24]. It is a useful technique [25] for the
sample (N) size >20 and also known as ‘Analysis of variance by ranks’. The Kruskal –Wallis test statistic H was
calculated as
(1)

=

Where ni is the no. of observations in the group i.e. N
is the total no. of observations in all groups,

and Ri is the sum of ranks of ni in ith group. The assigned
rank was crosschecked by
= N (N+1)/2. For tied
ranks, a correction factor (C) was introduced and the
corrected H value (Hc) was computed [26] as follows:

Data generated per sample were first arranged under
respective population density clusters, analyzed for descrip-
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=

(3)
(4)

Where ti is the number of ties in the ith group, and m
is the number of groups of tied ranks.
Data were then tested for homogeneity of ranks.
Whenever a significant H-value was obtained from the
Kruskal – Wallis test (1), a post hoc analysis for multiple
comparisons was performed at α=0.05. Number of observations (ni) was not same across the population density
clusters (Table 2) therefore the test suggested by Dunn
[27] for nonparametric multiple comparison with unequal
sample sizes, was carried out. All statistical analyses were
done in Statistical Analysis Software (SAS) package,
version 9.0.
3 RESULTS AND DISCUSSION
Data pertaining to water quality attributes presented
in Table 3, reflect that the samples were acidic to neutral
in reaction with low salinity value. Calcium preceded by
Na and Fe in cationic sequence while Chloride headed the
anionic suite followed by Sulfate and Nitrate ions. Based
on permissible limits of drinking water quality attributes
[28, 29], 53% of the samples was found unfavorable by pH
(6.5 – 8.5) and Fe (0.3 – 1.0 mg/l), and 18.96% by NO3
content (45 – 100 mg/l). Nitrate concentration was high in
1/5 of the samples collected from bore well having a
depth of ≤20 m from ground surface. Besides, K and EC
also exceeded their respective threshold levels in 17.24 and
10.34% samples respectively.
3.1 Impact of population growth on water quality

A high to low value of water quality attributes is evident without maintaining any consistent trend with population size, from ‘very dense’ to ‘low dense’ clusters
(Table 3). Nitrate (NO3) concentration was highest under
‘D1’, Fe in ‘D2’ and K in ‘D3’ populated areas. Kruskal –
Wallis χ2 was significant for all the parameters at P <0.05
level that means null hypothesis got rejected and the al-

ternative hypothesis i.e. the variation in samples due to
change in population sizes across the places from where it
collected, became true. Among the estimated eleven water
quality attributes, pH did not change much with population density classes; the concentrations of Na, Ca, Mg, F,
Cl and SO4 varied but not exceeded their corresponding
thresholds prescribed under drinking water quality guidelines (Table 3) and hence not considered for multi comparison test statistics.
The multi – comparison analysis of the rest four parameters illustrated in Fig. 2, reveals that EC in ‘D2’ was
at a par with ‘D1’, ‘D3’ and ‘D4’ but differed with ‘D5’.
Iron concentration under ‘D3’ was different from ‘D1’
and ‘D5’; K at ‘D1’ was dissimilar with ‘D2’, ‘D3’, and
‘D5’ category. Nitrate concentration however distinctly
varied between ‘D1’ and ‘D4’ / ‘D5’. Thus, the change
pattern of EC and Fe across the population density clusters was not evident but more or less visible in K and
nitrate concentration. The EC was however not much
deviated (10.34%) from its prescribed threshold but not
Fe, which incoherently varied with population density
classes. An elevated presence of Fe in groundwater is
widespread in Orissa [30]. High iron concentration is due
to the presence of Fe – oxyhydrochloride, it reduces to
produce soluble Fe+2 species under reduced environment
[20]. Presence of Fe in groundwater may therefore be due
to geogenic influence rather than population size variation.
Disposal of human excreta and other forms of
wastewaters in septic tank / cesspool is a common practice in urban areas. This wastewater is emptied to municipal sewerage system through drainage network. If the
drainage channels are not properly covered or lined, frequent spillover especially during rainy season spread the
wastes on surface, liquid seeps into vadose zone and contaminates the quality of underground aquifer. Skewed
habitation, unplanned structures, lack of infrastructural
services for collection, transportation, treatment, and disposal of domestic wastewater induce deterioration of water
quality as observed in Lake Ömerli reservoir in Turkey
[31]. Con-

TABLE 3 - Trend of water quality (Mean ± standard error) attributes across the population density clusters
Variables
pH
EC (dS/m)
Fe(mg/l)
Cl (mg/l)
Na(mg/l)
K(mg/l)
NO3(mg/l)
F(mg/l)
Ca(mg/l)

Threshold levels
for drinking
water*
6.5 – 8.5
0 – 0.3
0 – 1.0
0 – 250
0 – 200
0 – 10
0 – 45
0 – 1.5
0 – 30

High density area
(D1)
5.87 ± 0.10
0.19 ± 0.02
4.59 ± 0.67
66.19 ± 2.44
26.67 ± 1.74
9.40 ± 1.34
110.68 ±12.7
0.08 ± 0.01
26.05 ± 2.18

Dense area
(D2)
5.56 ± 0.07
0.34 ± 0.06
5.96 ± 0.67
69.74 ± 6.67
27.67 ± 2.70
17.67 ± 3.92
17.74 ± 3.05
0.13 ± 0.01
26.72 ± 2.41
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Population density clusters
Moderately dense
Medium dense
area (D3)
area (D4)
5.36 ± 0.14
5.73 ± 0.12
0.14 ± 0.03
0.11 ± 0.02
13.21 ± 1.62
6.50 ± 1.29
58.51 ± 4.99
56.74 ± 2.99
23.38 ± 2.46
19.10 ± 2.02
3.81 ± 0.48
6.25 ± 1.14
16.16 ± 3.08
4.27 ± 0.63
0.10 ± 0.01
0.07 ± 0.01
18.04 ± 1.50
17.64 ± 2.25

Low dense area
(D5)
5.65 ± 0.13
0.02 ± 0.01
4.27 ± 1.00
44.33 ± 2.32
11.50 ± 1.21
2.54 ± 0.42
3.28 ± 0.82
0.06 ± 0.001
12.02 ± 1.43
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Mg(mg/l)
0 – 10
6.23 ± 0.39
SO4(mg/l)
0 – 500
10.81 ± 1.20
*Prescribed by WHO (2004) [29] and ISI (1991) [28]

4.80 ± 0.44
9.65 ± 1.26
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7.65 ± 1.09
6.30 ± 1.77

6.36 ± 0.93
8.85 ± 1.30

4.40 ± 0.45
3.37 ± 0.47
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tamination of groundwater by NH4 and NO3 ions at Warri
river plain due to growing activities of urbanization was
reported from Nigeria [32]. The degree of contamination
due to septic tank system may go up to 3 acres from one
fourth of an acre [33]. Accumulation of Na, K, Fe and Mg
was also noticed at sewage-dumped sites in Nigeria [34],
but the magnitude of load varies depending upon volume
and nature of discharge, waste treatment facility and local
climate.
Simple correlation (r-value) among the water quality
parameters (Table 4) reflects their interdependence e.g.
NO3, which positively correlated with pH in three of five

population density clusters that may due to its role to act
as terminal electron acceptor, and promoting microbial
growth under anaerobic environment [35]. Excessive
intake of NO3 (>100 mg/l) could disrupt oxygen transportation and develops methaemoglobinaemia in infants, gastrointestinal cancer and related physiological disorders in
adults [36]. Correlation between K and Cl, and Na indicate its role to control salt balance except in ‘low density’
populated area (Table 2). Potassium as such is not harmful but elevates blood K level, causes abnormal breakdown of protein molecule and renal dysfunction in human
body at extreme concentration level [37, 38].

FIGURE 2 - Transition of particular water quality attributes with population density clusters

TABLE 4 - Simple correlation (r – values) among water quality attributes under different population density clusters
Attributes

pH

EC (ds/m)

K(mg/l)
NO3(mg/l)

0.46a

0.76b
-

-

0.83b

K(mg/l)
K(mg/l)
NO3(mg/l)

0.67a

-

K(mg/l)
0.80b
a
NO3(mg/l)
0.65
a
and b are significant at P < 0.05 and <0.01 levels

Fe (mg/l)
Very dense (D1)
-0.43a
Dense (D2)
Moderately dense (D3)
Medium dense (D4)
-
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Cl (mg/l)

Na (mg/l)

K(mg/l)

0.70b
-

0.79b
-

0.62b

0.81a

-

-

-

0.63

a

-

0.85b
-

0.83b
-

-
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The study helps to generate first hand information on
the impact of population size on water quality parameters.
Impacted parameters thus emerge as essential attributes to
monitor at periodic interval and undertaking necessary
measures for maintaining their respective threshold concentration level/s to ensure good quality water for drinking purpose.
4 CONCLUSION
The effect of population growth and allied activities
are not environment – friendly in all segments, unless
addresses, providing quality services for the essentials
remain impractical. Under the circumstances of nonavailability of baseline data, applying nonparametric
statistics, the effect of population growth on drinking
quality of water was recognized and a transition of NO3
and K concentration from intense to sparsely populated
area was specified. The study thus provides an outline for
recognizing the impact of population growth on particular
water quality attributes and helps in structuring activities
for monitoring and restoring drinking water quality of the
concerned area.
The authors have declared no conflict of interest.

[1]

UN – United Nation, (2009) Department of Economic and
Social Affairs, population division, population estimates and
projection section, World urbanization prospects – The 2009
revision, http://www.unpopulation.org

[2]

Olivers, F., and DeFee, B. B. (2007) Urbanization and its effect on runoff in the Whiteoak Bayou watershed. Texas,
Journal of American Water Resource Association, 43(1), 170
– 182.
deSherbinin, A., Carr, D., Cassels, S., and Jiang, L. (2007)
Population and environment, Annual Review of Environmental Resources, 32, 345 – 373

[4]

Duh, J. D., Shandas, V., Chang, H., and George, L. A. (2008)
Rates of urbanization and the resiliency of air and water quality, Sciences of Total Environment, 400(1–3), 238 – 256.

[5]

Nixon, H. and Saphores, J. D. (2007) Impacts of motor vehicle operation on water quality in the US – cleanup costs and
policies, Transportation Research Part D Transportation and
Environment, 12(8), 564 – 576

[6]

Wang, J. Y., Da, L. J., Song, K., and Li, B. L. (2008) Temporal variations of surface water quality in urban, suburban
and rural areas during rapid urbanization in Shanghai, China,
Environmental Pollution, 152 (2), 387– 393.

[7]

Nickson, R. T., McArthur, J. M., Shrestha, B., Kyaw-Myint,
T. O., and Lowry, D., (2005) Arsenic and other drinking water quality issues, Muzaffargarh district, Pakistan, Applied
geochemistry, 20(1), 55 – 68.

[8]

Nagarajan, R., Rajmohan, N., Mahendran, U., and Senthamilkuma, S. (2010) Evaluation of groundwater quality and
its suitability for drinking and agricultural use in Thanjavur
city,Tamil Nadu, India, Environmental Monitoring and Assessment, 171, 289 – 308.

[10] Raju, N. J., Ram, P. and Dey, S. (2009) Groundwater quality
in the lower Varuna River basin, Varanasi district, Uttar Pradesh, India. Journal of Geological Society of India, 73, 178–
192.
[11] Umar, R., Khan, M. M. A., and Absar, A. (2006) Groundwater hydrochemistry of a sugarcane cultivation belt in parts of
Muzaffarnagar district, Uttar Pradesh, India. Environmental
Geology, 49, 999–1008
[12] Naik, Pradeep K. Tambe, Jivesh, Dehury, A., Biranchi, N.,
and Tiwari, Arun N. (2008) Impact of urbanization on the
groundwater regime in a fast growing city in central India,
Environmental Monitoring and Assessment, 146, 339–373.
[13] Vijay, R., Khobragade, P. and Mohapatra, P. K. (2011) Assessment of groundwater quality in Puri City, India: an impact of anthropogenic activities. Environmental Monitoring
and Assessment, 177, 409–418.
[14] Foster, S. S. D. (2001) The interdependence of groundwater
and urbanization in rapidly developing cities. Urban Water,
3, 185 – 192
[15] Conway, T. M., (2007) Impervious Surface as an Indicator of
pH and Specific Conductance in the Urbanized Coastal Zone
of New Jersey, USA, Journal of Environmental Management,
85, 308 – 316
[16] Coskun, H. G. (2009) Remote Sensing and GIS Techniques
for Temporal evaluation of environmental Impacts on major
drinking water dam and basin of metropolis Istanbul, Fresenius Environmental Bulletin, 18(3), 261 – 269

REFERENCES

[3]

[9]

Silva, S. R., Ging, P. B., Lee, R. W., Ebbert, J. C., Tesoriero,
A. J., and Inkpen, E. L. (2002) Forensic application of nitrogen and oxygen isotopes in tracing nitrate sources in urban
environments, Environmental Forensics, 3, 125 – 130

3106

[17] Dougherty, M., Dymond, R. L., Grizzard, T. J., Godrej, A.
N., Zipper, C. E., and Randolph, J. (2006) Quantifying Long
Term NPS Pollutant Flux in an Urbanizing Watershed, Journal of Environmental Engineering, 132(4), 547 – 554.
[18] Tong, S.T.Y. and W. Chen, (2002) Modeling the Relationship between Land Use and Surface Water Quality, Journal
of Environmental Management, 66, 377 – 393.
[19] Tu, J., Xia, Z., Clarke, K. C., and Frei, A. (2007) Impacts of
Urban Sprawl on Water Quality in Eastern Massachusetts,
USA. Journal of Environmental Management, 40, 183 – 200.
[20] Mehta, B. C., Das S. and Srivastava, S. K. (1994) Environmental hazards of high iron in groundwater of Bhubaneswar,
In the Proceedings of Regional Workshop on Environmental
aspects of Groundwater Development held from Oct 17 – 19,
1994 at Khurukshetra, I- 50 - 57.
[21] www.orissa.gov.in/forest&environment/
Environmental
management plan (EMP) for Bhubaneswar, Chapter – 4, Social and economic aspects, 38 – 51 (last visited on September
3, 2013)
[22] APHA (1995) Standard methods for the examination of water
and wastewater analysis, American Public-Health Association, 19th Ed, Washington D. C., USA.
[23] Keselman, H. J., Rogan, J. C. and Feir-Walsh, B. J. (1977)
An evaluation of some non-parametric and parametric tests
for location equality, British Journal of Mathematical and
Statistical Psychology, 30, 213 – 221.
[24] Krutchkoff, R. G. (1988) One-way fixed effects analysis of
variance when the error variances may be unequal, Journal of
Statistical Computation and Simulation, 30, 259 – 271.
[25] Boehnke, K. F. (1984) F- and H - test assumptions revisited,
Educational and Psychological Measurement, 44, 609 – 617

© by PSP Volume 22 – No 10a. 2013

Fresenius Environmental Bulletin

[26] Zar, J H, (1984) Biostatistical Analysis, 5th Ed., PrenticeHall, Englewood Cliffs, NJ.
[27] Dunn, O. J. (1964) Multiple comparisons using rank sums,
Technometrics, 6, 241- 252.
[28] ISI, Indian Standard Specification for drinking water, IS:
10500 (1991) New Delhi.
[29] WHO - World Health Organization (2004) Guidelines for
drinking water quality Vol. 1, #rd Ed, Geneva.
[30] Smedley, P. L. (1991).Groundwater quality problems in
coastal Orissa, India, British Geological Survey Technical
Report, WD/91/48R, pp 33.
[31] Akkoyunlu A. (2002) Water quality assessment of Ömerli
dam reservoir (Istanbul, Turkey), Fresenius Environmental
Bulletin, 11 (4), 208 – 217
[32] Ibe, K. M., and Agbamu, P. U., (1999) Impact of Human activities on Groundwater quality of an alluvial aquifer, a case
study of the Warri River, Delta state, sw, Nigeria, International Journal of Environmental Health Research, 9(4), 329 –
334.
[33] Yatas, M. V. (1985) Septic tank density and Groundwater
contamination, Groundwater, 23, 586 -591.
[34] Nduka, John K. C., Orisakwe, O. E., Ezenweke, L. O.,
Abiakam, C. A., Nwanguma, C. K., Maduabuchi, U., and
John–Moses, (2006) Metal Contamination and Infiltration into the Soil at Refuse Dump Sites in Awka, Nigeria, Archives
of Environmental & Occupational Health, 61(5), 197 – 204
[35] Focht, D. D., and Visstraete, W. (1977) Biochemical ecology
of nitrification and Denitrification, Journal of Advances Microbial Ecology, 1, 135 – 214
[36] McDonald, A. T. and Kay, D. (1988) Water Resources: Issues and strategies, Longman Scientific and Technical, Harlow UK
[37] Paolo, R. (2002) Effects of excess calcium load on the cardiovascular system measured with electron beam tomography
in end-stage renal disease, Nephrology Dialysis Transplantation, 17, 332 – 335.
[38] Shils, Maurice E. (1988) Magnesium in health and disease,
Annual Review of Nutrition, 8, 429 – 460.

Received: January 29, 2013
Revised: May 06, 2013; July 11, 2013
Accepted: July 16, 2013

CORRESPONDING AUTHOR
Madhumita Das
Principal Scientist
Directorate of Water Management (ICAR)
Chandrasekharpur, Bhubaneswar
751 023 Orissa
INDIA
E-mail: mdas6@yahoo.com

3107

© by PSP Volume 22 – No 10a. 2013

Fresenius Environmental Bulletin

FEB/ Vol 22/ No 10a/ 2013 – pages 3089 – 3095

3108

© by PSP Volume 22 – No 10a. 2013

Fresenius Environmental Bulletin

AN UPDATE OF WATER CLEANUP ONTO
CLINOPTILOLITE RICH TUFF - VIA THE PAST TO THE PRESENT
Eva Chmielewská*
Comenius University, Faculty of Natural Sciences, Department of Environmental Ecology, Bratislava, Slovak Republic

ABSTRACT
The topic of this paper is to review some results of
laboratory and field applications of clinoptilolite-rich tuff,
deposited at the Slovakian repository, which have been
achieved in the last 25 years. Since this research is extended, the overview is limited and highlighting only those
results, which concern the surface treated, and thus, the
broadened adsorption properties of clinoptilolite-rich tuff
incl. the results realized in pilot applications. The zeolite
ion exchange pilot installation (ZIEPI) with a hydraulic
loading rate of 900 L h-1 was situated at the field experimental facility of Water Research Institute in Vajnory,
during autumn 1986. Ammonia removal from tannery
wastewater using the clinoptilolite-rich tuff with chemical
regeneration and regenerant recovery by air stripping was
carried out during several months in 1987 at the mixed
Wastewater Reclamation Facility in TOMA, Share Holding Company, Otrokovice (Moravia region of former
Czechoslovakia).
KEYWORDS: clinoptilolite-rich tuff, ammonia removal, ion exchange, regenerant recovery, water purification, air stripping,
surface treated clinoptilolite by ODA-surfactant, alginate pelletized
zeolite, inorganic nutrients removal

1 INTRODUCTION TO THE
HISTORICAL BACKGROUND OF ION
EXCHANGE AND ADSORPTION PHENOMENA
The topic of ion exchange and adsorption has been
passed through an interesting historical and scientific
development, since the first synthetic aluminum-based ion
exchanger, prepared probably in 1903 by the two German
chemists Harms and Rupler, advanced into current technological maturity. Nevertheless, only scarce references
have been found until 1850 when Thompson and Way,
two English chemists, discovered „basic principles of
cation exchange“ by observations of soils. Materials responsible for those phenomena were chiefly described by
Lemberg and Wiegner as clays, glauconites, zeolites and

* Address of the author when the field experiments were accomplished:
Water Research Institute, L. Svobodu 5, 842 15 Bratislava, Slovak
Republic,

humic acids. Also, at the beginning of the 20th century,
namely in 1935, two English chemists, Adams and Holmes,
discovered the ion exchange properties in crushed phonographic records, what enabled later on to synthesize in
Europe organic ion exchangers, called resins. Both inventors have been recognized for the first time in history because of their scientific contribution to the phenomenon of
ion exchange [1, 2].
If the process of ion exchange may remain for the
globe history as being discovered in the year 1850, it has
not been certainly applied as an industrial separation process untill 1905, when the German inventor Richard Gans
demonstrated it as unique process for water softening as
well as removal of iron and manganese from waters. About
50 years passed, mainly after WW II, when an extensive
development of the new organic ion exchangers, e.g. sulfonated and aminated copolymers of styrene and divinyl
benzene with superior stability and easier recovery or regeneration, fabricated usually in oil refineries or petrochemical
companies, enabled to expand rapidly all the ion exchange processes for plenty of industrial applications [2].
Nevertheless, the higher thermal and radiation resistance of some natural zeolites in regard to synthetic ion
exchange resins and their excellent selectivity to large
weakly hydrated cations and noxious radioisotopes allowed to combine a development of entirely new technological applications of natural zeolites in the next decades.
This phenomenon has not generally displaced competitive
synthetic ion exchangers for in that time existing environmental applications but, on the opposite, initiated a development of entirely new processes for which the synthetic
resins have not been well suited [3, 4] .
Although the zeolites possessed outstanding ion exchange properties, they have not found any significant use
commercially as ion exchangers until the early 1960´s.
This was largely due to the lack of availability and lack of
knowledge about their properties. The first environmental
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application was developed by Ames in 1961 for the treatment of high level alkaline wastes from the Purex Processing of spent nuclear fuel. Some later environmental
application of natural clinoptilolite by Ames and Mercer
concerned the excellent ammonium ion selectivity of
clinoptilolite and led in the early 1970´s to the development of the ammonium removal process for municipal
wastewater. These authors, together with The Plant Engineering Service CH2M-Hill, proposed a tertiary treatment
unit for Battelle Northwest/ South Tahoe Public Utility
District to protect the quality of the Truckee river in California. The regional facility became fully operational in
the early 1980´s and remained under operation since that
time as only one natural zeolite working industrial facility
of the world [4-8].
Consequently to the above short historical excurse,
and on the base of encouraging results of a Slovakian clinoptilolite-rich tuff producer (Zeocem Company), achieved
since the 1980s, the topic of this paper is to review the author´s most recognized efforts contributing to water cleanup
innovation by using the natural zeolite clinoptilolite.
2 PILOT APPLICATIONS OF
CLINOPTILOLITE-RICH TUFF IN
NATIVE (SURFACE UNTREATED) FORM
2.1 Ammonia removal from drinking water using the ion
exchange technology with clinoptilolite rich tuff incl. mass
recycling loop

The zeolite ion exchange pilot installation (ZIEPI) with
a hydraulic loading rate of 900 L h-1 (~ 13 bed volumes
(BV) per h) was situated at the field experimental facility of
the Water Research Institute in Vajnory, the closed vicinity of Bratislava, during the autumn 1986 (Table 1). This
pilot facility treated the tap water which was enriched by
ammonium chloride to the initial concentration of 1 mg
ammonium per L. Two pressure steel columns operating
in series, each one filled with 70 L or 56 kg of clinoptilolite-rich tuff of size-granulation 0.4-1 mm, as the part of
the above described pilot facility, provided the drinking
water purification with high efficiency for several weeks.
The bottom of each column was filled with 14 L of about
3 mm grain-sized sand as the drainage support layer.
TABLE 1 - Technological data for pilot plant in
Vajnory and wastewater treatment facility in Otrokovice.
Water type
Flow-rate in L/h across the zeolite
bed (ZB)
Volume in L of zeolite in 1 ZB
Time of operation cycle by 1 ZB in
ammonium removal process (hrs)
Time of regeneration of 1 ZB with
2% NaCl (hrs)
Total volume of regenerants treated
by air stripping (m3)
Treated volume of water during
1 operating cycle (m3 )

Wastewater Drinking water
900
900
70
20

70
90

2.5

2

0.75

1.8

18

81

Air consumption for ammonia
removal by air stripping (m3/L)

20

3.8

The zeolite filters were operated in downflow mode
during the common working service but upflow mode
during the chemical regeneration. For the chemical regeneration of the loaded zeolite filter, 2% NaCl solution of
pH ~ 9 was used. Two hours lasted the chemical regeneration requiring approximately 25 BV of 2% NaCl solution. To regenerate a zeolite filter by 85%, or to elute the
ammonia from the loaded zeolite bed by this effectivity,
was satisfactorily for maintaining a solid time schedule
and the required water quality.
To provide a permanent running of the whole facility
(ZIEPI) and the uninterrupted water purification, ammonia-exhausted regenerants, thereafter, needed to be recovered by means of air stripping, to be able again for the use
of filter regeneration. The HDPP plastic tower (total height
6.5 m) assembled from 6 modules of the ground-plane
measures (980 x 650 mm) was applied for ammonia stripping. To strip ammonia out of the regenerant brine, a large
quantity of air through the tower was necessary; therefore,
the design of the stripping tower was improved by installation of two lateral air blowers at its bottom module (each
one with the blowing capacity of 450 L per second). Stripping ammonia out of the exhausted regenerant solutions
was then processed in countercurrent tower configuration,
by which the entire air flow entered the bottom, while the
treated regenerant was pumped to the top (with the same
hydraulic loading rate as into the ZB, i.e. 900 L h-1) and
fell across the vertical wave-like shaped laminated slats to
the bottom of the tower. The whole regenerant volume
was air-stripped without the mass closed loop operation,
because the ZIEPI with the rather low operation capacity
did not affect the surrounding air quality at that time significantly. The entire volume of regenerants (1800 L) was
recycled through the tower during 150 min to decrease the
initial ammonia concentration of 50 mg L-1 to less than 10
mg L-1. In the first stripping cycle, 47% of ammonia was
removed; therefore, also the second stripping cycle was
necessary. The major factors which affected design and
process performance of the air-stripping tower were the
tower configuration, the air flow, and the pH. For recovery
of 1 L of regenerant solution, 3.8 m3 air was necessary. To
maintain pH at ~ 11 of regenerant solution in stripping
process, and to compensate some loss of sodium ions in
regenerant effluents, addition of NaOH into effluents was
provided regularly during the operation of ZIEPI.
Under the above described operation, the one zeolite
column was able to treat 85 m3 of drinking water with
enhanced ammonium concentration up to the limited value
of 0.5 mg L-1, what means that the 4 days-operated zeolite
filter removed 81 g of ammonium from the whole treated
volume of water. The operation principle of two pilot zeolite columns (zeolite beds (ZB)) was as follows: Single
or one ZB was under the operation service till the ammonium concentration in effluent reached the limited
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value of 0.5 mg L-1, and then, the second new ZB was
connected with the first one in series to load the capacity of
the first ZB totally. When the first ZB was loaded to its
maximum capacity, the column was disconnected from
the operation in series and regeneration was started, while
the second ZB operated as single column. There was
sufficient time for regeneration of the ammonium-loaded
ZB and to prepare it for the sequenced operation in the
next process of drinking water purification. The longer
operated ZB was used as joined by in series always at the
influent end, and backed up by another ZB with lower
loading level. Using this strategy of operation, the number
of bed volume throughputs during the operation service
was increased effectively by about 50%.
A half-hour lasting ZB backwashing, using the tap water, with about 30% bed expansion followed the chemical
regeneration with alkaline NaCl solution additively, due to
the necessity of pH decrease of the treated water filtered
through the ZB, left after its contact with the alkaline
brines [9, 10].
2.2 Ammonia removal from tannery wastewater using the
clinoptilolite-rich tuff with chemical regeneration and regenerant recovery by air/steam stripping

increased the ion exchange capacity of zeolite considerably
(approximately 10 times higher with regard to the drinking water purification).
Three columns operation (two ZB under stream while
the third ZB being regenerated) as well as much more
complicated management of the entire ZIEPI valving and
piping was required at this wastewater treatment facility.
Compared to the sufficiently long, i.e. 4 days lasting,
drinking water service of ZB, ammonia removal from the
wastewater by ZB reached the limited value of 3 mg L-1
in the effluent already after 15 h. Consequently, the time
of regeneration incl. ammonia stripping was necessary to
be shortened to keep the entire operation system permanently running [11]. Therefore, the 3-fractional regeneration and adequate ammonia stripping process used for
regenerant recovery and recycling in this zeolite ion exchange pilot installation was proposed. Only the highest,
with ammonia mostly concentrated elutriant was stripped
in air stripping tower. Ammonia stripping process was
intensified and considerably shortened by the injection of
mixed hot waste steam and air (1:3) at the bottom of the
tower against the regenerant solution pumped to the top
of this tower. The stripped ammonia was proposed to get

Similar operation with the same hydraulic loading rates
through the zeolite beds as by the drinking water purification units was used for ammonia removal of mixed tannery
and sewage sludge wastewaters at Shoe Manufactury Wastewater Reclamation Plant in Otrokovice (former Czechoslovakia) in the 1987 (Table 1, Fig. 1) [10-12]. A higher ammonium concentration in wastewater (average 50 mg L-1)
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FIGURE 1 - Photograph of the pilot plant (ZIEPI) in Otrokovice (former Czechoslovakia) from the year 1987.
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FIGURE 2 - Principle sketch of zeolite ion exchange plant using the clinoptilolite-rich tuff, chemical regeneration and recovery of ammonia
by air stripping proposed for the whole capacity of sewage treatment in Svit – Otrokovice.

absorbed into water to produce agricultural fertilizers. For
the recovery of 1 L of highly concentrated elutriant (regenerant solution), 20 m3 of air was necessary (Table 1).
After several months of ZIEPI operation, the Centroproject Zlin provided, based on the submitted pilot experimental data, some economic calculations for model capacity of treated wastewater (6000 m3 per day [13]. At
that time, the investment for the construction of zeolite
ion exchange and regeneration & air stripping recovery
units for the proposed capacity was calculated to 550,000
Euro, whereas the investment for ammonia removal by
means of biological nitrification-denitrification method
was estimated to be 700,000 Euro. Nevertheless, the operation costs of ion exchange technology using natural
zeolite per 1 m3 of treated water was a bit higher than

those of the comparable biological nitrogen removal using
nitrification-denitrification method. In conclusion, the
examined technology of zeolitic ion exchange appeared
technically and financially competitive to the traditional
biological methods.
TOMA industrial facility and the whole municipality
in Otrokovice delivers up to 55,000 m3 of wastewaters per
day, while conventionally treating a volume of 18,000 m3
per day (200 L per second); therefore, the process of zeolite ion exchange incl. regeneration and air stripping by
mass closed loop operation was designed for the entire
capacity according to the process layout in Fig. 2. The
proposed wastewater treatment plant consisted of three
series of zeolite beds (ZB) or pressure columns; each of
the sets was composed of 5 ZB (1 pentade), with 8 tons
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zeolite per bed. The set of 5 ZB was proposed to operate
simultaneously. A large air stripping tower (total volume
of 140 m3) with the same elutriant loading rate as the ZB
filtration rates, i.e. 40 L per second, was proposed to
provide elutriant recovery, while consuming 80 m3 air per
second, by regeneration & air stripping of 1 ZB lasting
not longer than 3 h.
3 INORGANIC PHOSPHATE REMOVAL
POTENTIALLY FOR WATER BODIES
WITH NUTRIENTS OVERBURDEN
(LABORATORY SETUP)
Currently, many physicochemical techniques like
chemical precipitation, membrane processes, filtration and
coagulation for phosphate removal are available; however,
they suffer from many disadvantages like high cost, salt
content in the effluent, necessities of chemical sludge disposal, etc. Based on those disadvantages, several commercial (GEH and slovakite) as well as domestic natural (clinoptilolite-rich tuff and montmorillonite) adsorbents for
phosphate removal (laboratory-scale examination) have
been chosen. Granulated ferric hydroxide (GEH104) developed at the Department of Water Quality Control, Technical University Berlin, is an approved commercial adsorbent manufactured by GEH Wasserchemie GmbH & Co.
KG Osnabrück (Germany). The main components of
GEH are akaganeite (ß–FeOOH) and goethite (αFeOOH). The product has the specific surface area of
about 220 m2/g, water content of 45%, bulk density 1.2
g/cm3, and a price of 3750 Euro per ton. The domestic
natural clinoptilolite (repository Nižný Hrabovec at the
eastern Slovakia) was chosen on the base of its low-price
availability in the local market (15-35 Euro per ton for
size-granulation of 0.3-1 mm), due to its sufficiently large
surface area (~ 60 m2/g), the highest one among the other
natural products, its rigidity and surface functionality. Slovakite decodes a commercial adsorbent manufactured by
IPRES inžiniering, s.r.o. Bratislava from domestic dolomite, bentonite, diatomic clays, alginate and zeolite, justified only with clinker and final pressurizing. Slovakite is
purchased for about 700 Euro per ton. The bulk density of
this product equals 2.1 g/cm 3 (BET surface of 23
m 2 /g). The Al-Mg–montmorillonite-rich bentonite
originated from the deposit Stará Kremnička – Jelšový
Potok in the Slovak Republic, which is the most popular
and long mined ore of the country. Montmorillonite from
the montmorillonite-rich bentonite was obtained after
sedimentation and purification procedures [14, 15]. The
price of the montmorillonite on the market ranged between
30-80 Euro per ton. Its surface area (BET) reaches the
value of 240 m2/g, and the bulk density of montmorillonite
is about 2.0 g/cm3.
A continuous or well mixed batch reactor was firstly
used to study and compare the adsorption performance of
the above 4 materials. Such experimental configuration
offers a number of potential advantages like long contact

time, upon which a high particle load is derived or the
mixing controlled to reduce an external mass transfer effect. Based upon batch mode results, the highest effectivity in phosphate removal was reached by the montmorillonite and GEH products, while the uptake capacity of the
slovakite and clinoptilolite-rich tuff reached about 30%
lower values.
The differences in uptake capacities between the above
4 selected adsorbents may be explained as follows: While
the phosphate adsorption onto clinoptilolite-rich tuff proceeds by the mechanism of surface accessible extra-framework cations Ca2+ and Mg2+, undergoing then the calcium
and magnesium phosphate precipitation, the adsorption
onto GEH product proceeds by means of linkage of anionic phosphate with cationic Fe3+ of akaganeite structure,
probably by much stronger covalent bonding. It must be
pointed out simultaneously, that volcanic rock of clinoptilolite type contains a framework of narrow 4- and 5membered SiO44- and AlO 45- tetrahedral rings as well as
broad 8- and 10-membered tetrahedral rings constituting intra-framework micropores (channels) of 0.33 x
0.46 nm, 0.3 x 0.76 nm, 0.26 x 0.47 nm dimensions,
enriched by mobile H2O molecules; moreover, it contains
due to the presence of other minerals overgrowing the
active matrix thoroughly (volcanic glass, feldspar, cristobalite, clay, quartz), much broader external pore openings
and various interparticle voids, which probably worked as
phosphate blocking centres, too. Based on the S(BET)
analysis performed, the BJH average pore diameters of the
examined natural clinoptilolite sample was determined in
the range of 9.2-20 nm [10]. On the base of the ionic
diameter of non-hydrated PO43-, i.e. 1.196 nm, only interlamellar space of the montmorillonite structure (interlayer
distance of about 1.2 nm) approaches to that dimensions,
and thus, potentially supports phosphate intercalation
mechanism by this process studied [15]. Finally, phosphate adsorption onto slovakite is assumed to proceed
again by linkage of phosphate to plenty of alkaline earth
cations present in its natural dolomite and clay constituents. Despite to predicted covalent bounds in this case,
respectively, much smaller surface area in regard to GEH
product does not allow to consider the slovakite for such
an effective adsorption material as the GEH product is.
On the other hand, column dynamic or packed bed
mode examination of the 4 above adsorbents preferred
mostly GEH product; consequently, to covalent bonding
of pollutants, especially onto large surface oxyhydroxide.
4 LABORATORY-SCALE EXAMINATIONS
OF SURFACE TREATED CLINOPTILOLITERICH TUFF
4.1 Efforts for broadening water pollutant removal with hydrophobized and pelletized clinoptilolite-rich tuff

The cost-effective repositories of zeolitic and other
mostly siliceous minerals like volcanic perlite have forced
Slovakia to the forefront of EU countries, which stresses
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to focus on further research, prospective activities, and
fabrication of new, innovative and sustainable zeolitic or
other siliceous products. The volume of mining, processing and export of such commodities abroad is supposed to increase. Natural clinoptilolite, opposite to a
conventional activated charcoal or synthetic ion exchange
resin, posesses a solid skeleton based on Al and Si polyoxides, a sufficiently large hydrophilic, polar, microporous,
temperature- and radiation-resistant surface, a lower mechanical attrition, and better hydraulic properties than
activated charcoal. Based on these facts, the main objective of our study was to develop such zeolite-composed
(hybridized) adsorbents, which potentially improve or
broaden their adsorption performance towards the selected, even hydrophobic or anionic pollutants like phenols
and azo dyes. As proven so far, surface charging or templating of these materials with carbonaceous substances,
including application of sol-gel methods, had the major
influence for broadening of zeolite adsorption properties
[17-20].
Nowadays, some updated or other than the abovementioned zeolitic applications related to water treatment
and purification processes are available by hundreds.
However, recent literature reported the state of the art,
mainly in zeolite surface modification, using the hydrophobization (sol-gel technique for coating the zeolitic
surface by different surfactants), or peletization of zeolite
matrices with some biopolymeric eco-friendly carbohydrates [16-20]. Nevertheless, since the last decade by our
investigations, several new surface-modified or hybridized
zeolite adsorbents have been successfully synthesized
whose performance and favourable, much extended adsorption properties towards aqueous pollutants have been
achieved (mostly with the octadecylammonium surfactant
coated clinoptilolite-rich tuff).
A laboratory setup was used to examine the uptake of
mono- and polyatomic single or mostly double-charged

anions like chromate, arsenate, nitrate, sulphate, phosphate, halogenides, and some organic substances like azo
dyes (acid red, indigo carmine) and phenol from aqueous
model solutions by the octadecylammonium [hereafter
ODA]-modified, carbonized or alginate-pelletized clinoptilolites. Removal efficiencies of such surfacefunctionalized clinoptilolites towards above water pollutants were compared and evaluated with the other low-cost
natural or commercial adsorbents, like activated charcoal,
pyrolysis char, lignite and expanded perlite, respectively
(Fig. 3). Surface functionalization of the native zeolite was
done due to its cation exchange behavior, which is usually
not or only negligible adsorbing aqueous anions or organic
substances. Ammonium and some heavy metals selectivity
of clinoptilolite species is generally known; however, for
the current study purpose, it has been lowered [10]. The
domestic natural clinoptilolite was chosen as the interface
carrier on the base of its low-price availability at the local
market, cost effectiveness, and due to its sufficiently large
surface area, the highest one among the other natural products, its rigidity and surface functionality [20]. Among all
above postmodified zeolitic adsorbents, the highest capacity data demonstrated Fe alginate gel–zeolitic adsorbent towards nitrate ions with a maximum capacity of 89.3 mg/g,
and then, this composite adsorbent, respectively, towards
sulphate ions with maximum capacity of 79.4 mg/g.
While Fe(III) cationic sites were responsible for electrostatic bounding forces between pollutant oxyanions and
pelletized biosorbent in the process studied, Ca ions
were responsible for cation exchange in the Ca–alginate
zeolitic pellets. The best adsorption performance towards
the examined oxyanionic pollutants and adequate rigidity
of the adsorbent has proven the product with alginate to
zeolite weight ratio 1:2 [20]. Thus, the recent far-reaching
advantages in the development of zeobiopolymeric pellet
synthesis may provide, perspectively, an unprecedented
opportunity to develop more effective and environmentalsustainable adsorbents.
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FIGURE 3 - Comparable pKD coefficient for various adsorbents and environmental pollutants.
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METHYL PARATHION REDUCES AGGRESSIVE
BEHAVIOUR OF MALE BETTA SPLENDENS
Sofyan Alyan*
United Arab Emirates University, P.O. Box 15551, Al Ain, United Arab Emirates

ABSTRACT
A previous work has indicated that fighting fish behaviour of Betta splendens can be used as a bio-indicator
of heavy metal pollution. In this article, the effect of methyl parathion on the fighting behaviour of male Siamese
fighting fish was investigated. The frequency and duration
of opercular erection were taken as indicators of male
aggressiveness towards another male. All male fish were
housed in glass jars for 1-2 weeks prior to experiments.
Sixteen naive males were randomly assigned to two experimental groups: methyl parathion (5 mg/L) and control. Males were placed in their respective treatment jars
for 24 h, and then, each male was paired with another
male of matching size in an 30x25x25 cm aquarium. The
aquarium had an opaque divider to keep the two males
separate for 10 min of acclimation period. The divider was
then removed and behavioural measurements were taken
for another 10 min. The results showed that fish placed in
methyl parathion had significantly lower aggressive behaviour, as indicated by lower frequency and shorter duration
of opercular erection. It can be concluded that aggressive
behaviour of male Betta splendens is a suitable bio-indicator
of organophosphate pollution.
KEYWORDS: organophosphate water pollution, Siamese fighting
fish, bio-indicator

1 INTRODUCTION
Male Siamese fighting fish (Betta splendens, Regan,
1910) are known for their high aggression towards other
males who enter their territories [1, 2]. The aggressive displays are easily induced and quantifiable under laboratory
settings. Previous work has shown that aggressive behaviour of male Siamese fighting fish can be used as a bioindicator of heavy metal water pollution [3]. In particular,
the opercular expansion seems to be very sensitive to contaminants. In male-male aggressive encounters, males frequently face off one another while erecting their gill cover
(operculum) maximally for various periods of time. This
* Corresponding author

behaviour has been used frequently in scoring aggressive
behaviour of Betta splendens encounters [4-6]. The opercular display is energetically costly, because it severely
limits the ability of fish to ventilate their gills and extract
oxygen from water; thus, it appears to be an honest signal
of aggression in this species [6-8].
Use of behaviour as a bio-indicator has grown in popularity recently for several reasons. Behaviour represents the
integrated response of physiological conditions to environmental conditions. Thus, environmental degradation is
expected to manifest in behavioural responses [9]. In addition, behaviour is non-invasive, inexpensive, and sometimes more powerful than other methods [10-12]. On the
other hand, behaviour can be highly variable and difficult
to measure [9, 10].
The present work was designed to investigate the sensitivity of the male Betta’s aggressive behaviour to organophosphates. Organophosphates are the most commonly
used pesticides around the world [13-15]. In this study,
methyl parathion, one of the mostly used synthetic organophosphates [15-17], was investigated.
2 MATERIALS AND METHODS
2.1 Subjects

Naive male Betta splendens were purchased from a
local supplier. Males were dark-red or dark blue in colour.
Males ranged in size from 3.4 to 4.9 cm (measured from
the tip of the upper jaw to the caudal peduncle using a
Vernier calliper; mean ± s.d. = 3.618 cm ± 0.204, n = 50),
and had a mean weight of 1.549 g ± 0.284 s.d. Each male
was kept in a glass jar (10 cm length x 8 cm width x 15 cm
height) at 25-27 °C on a 12-h light/dark cycle for 1-2 weeks,
until it was transferred to the experimental aquarium. Each
jar was wrapped in aluminium foil to prevent visual access
to other fish. A few Betta® flakes were given to each
male every day.
The test aquaria were filled with tap water that had a pH
around 8, and a total hardness (CaCO3) between 45-55 mg/L.
2.2 Experimental Procedures

Naive Betta males were randomly assigned to one of
two treatments: water and methyl parathion. For the ex-
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periments, each male was kept in a jar containing 400 ml
of either water or methyl parathion (5 mg/L) for 24 h. The
next day, the experimental male was placed in an aquarium (30x25x25 cm) that had a divider making two equal
compartments. Another control male, matched in size to
the experimental male, was also placed in the aquarium.
After a 10-min habituation period, the divider was removed
and behaviour was scored for an additional 10 min. A total
of 8 experimental and 8 control males were used for each
treatment, making a total of 32 males used in the experiments.
2.3 Data Collection

Behaviour of the experimental male was observed
and the number and duration of opercular expansions
made by the experimental male over the second 10 min
period of the trial. The data were analysed using t-test.
3 RESULTS
Figure 1 shows the results obtained from the experiment. The males in water treatment expanded their opercula significantly more times than males in methyl parathion treatment (unpaired t-test, t = 3.24, p = 0.0059).
Similarly, males in water treatment held their gills erected
for longer periods of time than the males in parathion
treatment (unpaired t-test, t = 5.22, p = 0.0001).
It is worth noting-that the experimental fish in the
methyl parathion treatment showed normal swimming and
avoidance behaviour during the 10-min encounter tests. In
addition, the same males were kept for two weeks after
concluding the experiments, with no mortalities.

4 DISCUSSION AND CONCLUSION
The results indicate that the aggressive opercular expansion display of male Siamese fighting fish was significantly impaired when fish were placed in water contaminated with 5 mg/L methyl parathion.
When considered with previous findings that opercular expansion is sensitive to metal pollution [3], the present results clearly indicate the suitability of using Betta
splendens aggressive behaviour as a general bio-indicator
of water pollution.
Several components of the aggressive behaviour of
male Betta splendens are very easy to track and quantify
[4]. As indicated in the introduction, opercular expansion
display is becoming a favourite, because it seems to be an
honest signal of aggression level in this species [7]. The
impairment of opercular display does not seem to result
from the inability to open the gill cover, since some of the
treated fish can still display it, albeit at a very low frequency. Also, the treated males’ swimming behaviour
seems to be intact, since the treated fish sometimes lashed
towards or away from the control male. The impairment
seems to be a result in the neural mechanism/circuit mediating aggressive behaviour. Abrahams et al. [7] concluded that impairment of opercular display would result
from any chronic stress imposed on the individuals. Removing the stressor would restore the normal display
behaviour, which was seen in this experiment, after moving the fish back to clean water after the end of the experiments. The present findings are in accordance with
such conclusion.

FIGURE 1 - The mean ± S.D. rate of opercular expansion counts and duration for the different experimental treatments (P indicates treatment of methyl parathion, and W indicates water treatment; The table below shows the mean rate of counts (number of opercular expansions/10 min) and duration of opercular expansion per 10 min).
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In conclusion, the present findings support the use of
male Betta splendens aggressive behaviour as a general
biomarker of water pollution. As stated above, using
clearly defined behavioural endpoints that can be assessed
within 24 h makes the Betta splendens an ideal biomarker.
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