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DETERMINATION OF TRACE ELEMENTS
IN ANTI-INFLUENZA VIRUS MUSHROOMS
Jerzy Falandysz and Małgorzata Drewnowska*
Institute of Environmental Sciences & Public Health, University of Gdańsk, 63 Wita Stwosza 63 Str, 80–308 Gdańsk, Poland

ABSTRACT
Mushrooms are relatively rich in mineral constituents,
and some wild growing species are specifically abundant in
certain trace elements sequestered in flesh, e.g. Se. Nevertheless, several articles, including those recently published,
contain dubious data on Se and other minerals composition
of mushrooms with concentrations too high to be credible.
Selenium is a spectacular example of element, for which
erroneous analytical results were published and repeated.
Other examples of unreliable data published relate to Hg,
Fe, and rare earth elements in mushrooms. Data on Se and
some metals in Ganoderma lucidum, Cordyceps militaris,
Kuehneromyces mutabilis, Inonotus hispidus and Collybia
maculate are discussed below in the light of typical Se
concentrations determined using validated methods, as
reported by other authors. In the light of a mounting number of suspicious data on Se and certain other trace elements in mushrooms, the need for reliable analytical approaches is highlighted. The choice of inappropriate analytical techniques for Se measurements, such as flameAAS, lead to imprecise results.

recorded in wild grown, cultivated, and Se-enriched mushrooms. A majority among nearly 190 species of edible
mushrooms examined worldwide contained <1 µg Se/g
dry weight (dw) corresponding to <0.1 µg Se/g fresh
weight, or much less, although there are a few exceptions
[9]. The Goats’-foot (Albatrellus pes-caprae) mushroom
with 41-370 µg Se/g dw is the species richest in Se among
fungi examined. Two other species of Albatrellus family,
i.e. A. ellisii with 43-96 µg/g dw and A. flettii with 23-24
µg/g dw are also abundant in Se [9, 10]. Of the most popular edible wild-grown mushrooms, the King Bolete (Boletus edulis) is also considered to be abundant in Se and, on
average, it contains ~20 µg Se/g dw (maximum up to 70
µg/g dw). Some species of the genus Boletus, such as B.
pinicola, B. aereus, B. aestivalis, B. erythropus, and B.
appendiculus, can also accumulate considerable amounts
of selenium [9, 11-13].
In this review, data on Se, Cr, and Fe in 5 species of
mushrooms, i.e. G. lucidum, C. militaris, K. mutabilis, I.
hispidus and C. maculate, are discussed in the light of typical
Se concentrations determined using validated methods.
2. TRACE ELEMENTS IN
ANTI-INFLUENZA VIRUS MUSHROOMS

KEYWORDS: Trace elements; food; fungi; medicinal mushrooms;
selenium; wild foods

2.1. DATA ON SELENIUM

1. INTRODUCTION
Mushrooms can efficiently accumulate mineral compounds and certain elements in their flesh (e.g. vanadium
accumulation by Amanita muscaria) [1, 2]. In several articles
on trace elements in mushrooms, erroneous data were
published on minerals sequestered in fruiting bodies. The
biased analytical data published gave a false picture on the
composition and nutritional value of mushrooms with respect to minerals [2-5]. This was stated recently that “suspicious of poor analytical quality of published elemental
results have been mounting over the years“ [6, 7]. Data
relating to Se in Ganoderma lucidum, Cordyceps militaris,
Kuehneromyces mutabilis, Inonotus hispidus, and Collybia maculate, reported recently [8], are the highest ever
* Corresponding author

Selenium has a significant health impact on humans and
animals. Hence, all data reported on Se content (and forms)
in food, food supplements, medicines, as well as human
and animal body fluids and tissues need to be accurate.
Selenium is needed in a specific amount and preferable
chemical form for expression of several selenoenzymes.
Compared to other essential trace elements, such as Cu,
Fe, Mg, and Zn, non-metal Se is needed in a much smaller
dose. As reported by Rayman [14], the current recommended dietary daily intake of Se for humans is 57 µg
(range 30-85 µg) but this, sometimes, can be insufficient
for the expression of selenoprotein-P, which is considered
to play a particular role in scavenging peroxynitrite and is
required for the transport of Se, and for certain brain functions. A high-adequate intake rate of Se is approximately
that of 100-200 µg Se/day. Hence, an intake of 57 or 200 µg
Se/day means, respectively, around 1 and 3.3 µg Se dai-
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ly/kg body mass for a 60-kg person. A particularly good
Se source in the diet is needed to provide as much as 200
µg Se/day required. This is because the staple foods (rice,
potatoes, maize, wheat, barley, cow’s milk and its products) usually contain <50 ng Se/g fresh weight and less in
fats, fruits and beverages. Meats and fish are richer in Se
than these vegetarian foods [14, 15]. Hence, cheap edible
mushrooms rich in Se, present in proper chemical form,
can be a good nutritional alternative. Efforts are undertaken
in the world to produce Se-enriched cultivated mushrooms,
such as the most commonly available Agaricus bisporus,
Oyster Mushrooms (Pleurotus ostreatus), Pleurotus florida, King Trumpet (Pleurotus eryngii), Shitake (Lentinula
edodes) and Varnished Polypore (Ganoderma lucidum)
[9, 16].
Ganoderma lucidum, called Varnished Polypore,
Lacquered Bracket, and Mushroom of Immortality is
available in China both from wild and, in recent years,
mainly from cultivated sources. The Se content of Varnished Polypore was examined earlier by Zhao et al.
[16], who stated “common G. lucidum containing hardly
any Se”. Nevertheless, G. lucidum is able to bioconcentrate
Se from cultures enriched with inorganic Se (sodium selenite) at rates of 100, 150, 200, and 250 µg Se/g substrate.
This fungus absorbed ~20-30% of added Se and transformed it into organic Se (64.6-69.8% in proteins) with
total Se contents of fruiting bodies, respectively, of
27.9±0.4, 42.6±0.13, 44.6±0.4 and 72.4±0.4 µg/g dw
[16]. Those values are substantially lower than reported in
G. lucidum in another study (Fig. 1).
Cordyceps militaris, called Orange Caterpillar Fungus or Caterpillar Killer, is a tiny fungus which is protected in Europe. The European mushrooms’ books describe
this species as inedible [17]. In China, C. militaris is a
cultured fungus that is used in chicken, and Cordiceps
militaris soup. C. militaris and C. sinensis (more expensive
and probably not cultured) are both parasitic fungi that are
fruiting out of moth larvae or pupas, and, in Asia, are of
similar medicinal value. The C. sinensis apart from medicinal supplements is used with chicken or meat soup.
Apart from recently published data [8], there is no other
information available in literature on Se content of C.
militaris.
Kuehneromyces mutabilis (synonyms: Pholiota mutabilis), called the Sheathed Woodtuft, is an edible mushroom (only caps), that is common and emerges in dense
clusters on stumps or trunks of deciduous trees. Mandić et
al. [18] determined Se by hydride generation atomic absorption spectroscopy (HG-AAS) in K. mutabilis collected in Croatia, and found this element in concentrations ca.
1,100-fold smaller compared to the recent result by flameAAS (Fig. 1).
Inonotus hispidus, called the Shaggy Bracket or
Shaggy Polypore, is a fungus and a plant pathogen,
which attacks apple and other broad-leaved trees. This
species is inedible, but known from traditional medicine.
Selenium content of I. hispidus, determined by validated

method using chemical derivatization and gas chromatography (GC), is much smaller compared to the recent result
by flame-ASS (Fig. 1).
Collybia maculata (synonyms: Rhodocollybia maculata), called the Spotted Collybia or Spotted Toughshank, is a
common inedible mushroom. Borovička & Řanda [2]
determined Se by instrumental neutron activation analysis
(INAA) in C. maculata collected in Czech/Slovakia Republics and found this element in concentrations ca. 170-fold
smaller compared to the recent result by flame-ASS (Fig. 1).
The 5 species of mushrooms of medicinal importance, discussed above, are popular in China. No details
were given where (at the selenoferous or typical, i.e. nonselenoferous sites) and when the mushrooms examined [8]
were collected. The sample size for each species was probably six (n=6), but it is not clear whether 6 meant: 6 specimens (fruiting bodies), 6 composite samples, or 6 instrumental measurements of the same sample. For example, the Cordyceps militaris is a tiny fungus and to obtain
2 g of dried sample, hundreds of fruiting bodies have to
be used (collected from the wild or, more easily, from a
commercial culture). It was unclear whether G. lucidum,
K. mutabilis, I. hispidus and C. maculata were obtained
from the wild or from culture.
It is unlikely that high Se content of G. lucidum, C.
militaris, K. mutabilis, I. hispidus and C. maculata was
because the examined fungi were Se-enriched. In a study
by Zhao et al. [16], the highest concentration of Se for Seenriched G. lucidum was 72.4±0.4 µg/g dw, and level of
substrate fortification was 250 µg Se/g. An examination
of all fortification levels, from 100 to 250 µg Se/g, showed
that the element up-take rate by G. lucidum was between
~20 and 30%.
In light of a mounting number of suspicious data on
Se and certain other trace elements in mushrooms, the
need for reliable analytical approaches is highlighted [9].
Selenium in the 5 species of fungi, mentioned above as
used in traditional Chinese medicine, was determined by
flame atomic absorption spectroscopy (F-AAS) at 196
nm. F-AAS is usually not recommended for Se determination, because it lacks sensitivity. A choice of inappropriate analytical methods of Se measurement, such as FAAS, leads to imprecise results. The high Se concentrations reported for G. lucidum, C. militaris, K. mutabilis, I.
hispidus and C. maculata could simply be a result of
using an inappropriate technique (Fig. 1), and this should
be improved. A more advanced instrumental analytical
technique is inductively coupled plasma atomic emission
spectroscopy (ICP-AES), that uses argon plasma and gives
a much higher temperature for atom excitation. Even ICPAES determination of Se in mushrooms and other biological samples has limitations, especially in combination
with an inadequate method of sample preparation (incomplete digestion). This is due to common, non-spectral interferences, that are difficult to control and can lead to biased
or imprecise results [13]. A similar problem occurs in the
ICP-AES determination of Hg in mushrooms [19].
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FIGURE 1 - The values of Se concentrations (left bars) reported in Ganoderma lucidum, Kuehneromyces mutabilis, Inonotus hispidus and
Collybia maculata by flame AAS [8], and, respectively, data obtained by well-validated methods (right bars) [2, 18, 20]; the result for G.
lucidum is for Se-enriched mushrooms that emerged in a substrate fortified with 100 µg Se/g [16].

Moreover, to avoid interferences and maintain good
sensitivity, a common procedure is pre-separation of Se
from digested mushroom matrix before instrumental determination of element’s content.
2.2 DATA ON CHROMIUM

Chromium content is also elevated in G. lucidum
(31.9±2.3 µg/g dw), C. militaris (101±10.1 µg/g dw), K.
mutabilis (21.8±1.3 µg/g dw), I. hispidus (10.2±3.1 µg/g
dw), and C. maculata (51.3±2.1 µg/g dw) [8]. Chromium
concentrations determined in several mushroom species
by more suitable instrumental techniques, such as ICPMS (mass spectroscopy), generally gave rise to smaller
values. Examples of typical values for Cr concentrations
in representative sets of fruiting bodies are within the
range 0.13-1.5 µg/g dw in Paxillus involutus; 0.18-3.0
µg/g dw in Amanita muscaria; 0.12-2.1 µg/g dw in Leccinum scabrum; 0.09-1.3 µg/g dw in Macrolepiota procera;
0.06-0.60 µg/g dw in Boletus edulis [11, 21-24]. Chromium concentrations in several species of mushrooms collected in Spain, determined by ICP-AES, ranged from
0.88 to 6.2 µg/g dw in hymenophores, and from 0.72 to
6.1 µg/g dw in the rest of the fruiting bodies [25]. Studies
in Poland using ICP-AES gave results from 0.18±0.05 to
1.8±0.3 µg Cr/g dw in caps of P. involutus, from 0.10 to
2.1 µg/g dw in caps of Suillus grevillei, from 0.33±0.06
(0.25 to 0.42) µg/g dw in caps of S. variegates, from
<0.01 to 0.44±0.12 µg/g dw in caps of M. procera, and
0.27±0.05 (0.21 to 0.41) µg/g dw in caps of L. griseum
[26-30].

In recent studies, Cr content determined by ICP-AES
in wild mushrooms was relatively low, i.e. (µg/g dw)
4.0±0.4 in Boletus tomentipes, 2.8±1.5 in Boletus griseus
(L. griseum), 0.45±0.31 in Boletus speciosus, 5.6±1.6 in
Pulveroboletus ravenelii, 5.9±3.6 in Morchella deliciosa,
1.5±0.9 in Lactarius hygrophoroides, 6.3±2.3 in Leucopaxillus giganteus, 0.65±0.37 in Macrocybe gigantea,
2.5±1.2 in Melanoleuca arcuata, 1.5±1.0 in Mycena
haematopus, and 2.6±0.9 in Tricholoma matsutake [31,
32]. These reports show much lower Cr contents in mushrooms, when compared to data by Wang and Hou [8]. In
the F-AAS determination of Cr, the interfering effects are
caused by Ca, Mg, Mn, and very severe by Fe; they can
be also from Co, Ni, anionic, and acidic matrices [33].
Hence, inadequate choice of an analytical method may be
the source of dubious data of Cr contents in mushrooms
and it needs to be improved.
2.3. DATA ON IRON

Iron content determined by F-AAS in Collybia maculata was 274±22.2 µg/g dw [8]. In other studies, the reported Fe content of C. maculata was 48 µg/g dw (Finland) and 43.6 µg/g dw (Czech/Slovak Republics) [2, 34].
Borovička and Řanda [2] have already discussed the problem of some erroneous data published on Fe content in
mushrooms. Content of this element is, with a few exceptions, relatively low, and data obtained by ICP-HRMS
and ICP-AES for numerous species usually showed values <100 µg/g dw [35, 36].
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4. CONCLUSIONS
Analytical chemistry highly matters in biological
trace element research, and substantial care needs to be
taken when using flame atomic absorption spectroscopy
(F-AAS) for determination of Se, Cr, and Fe in mushrooms, due to low sensitivity and background interferences leading to imprecise and erroneous results.
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THE ROLE OF NON-THERMAL LOW
ELECTRIC TREATMENT ON THE ELIMINATION
OF CHLOROPHENOLS FROM HUMAN BODY
Harun Parlar* and Albrecht Friess
Department for Chemical-Technical Analysis and Chemical Food Technology,
Technische Universität München, Weihenstephaner Steig 23, 85354 Freising-Weihenstephan, Germany

ABSTRACT
In this work the effects of non-thermal low electric
treatment on the excretion of toxicologically relevant
chlorophenols from 10 probands was investigated. After the
treatment with PowerTube QuickZap (level 3, for 21 min
minimum) the blood and urine samples were examined for
chlorophenols including their metabolites, such as chlorophenolglucoronides. The obtained results showed a significant elimination of these substances in all investigated
proband samples after the therapy. These findings point
out that there is a possibility to eliminate these hazardous
substances rapidly from the human body using low electric treatment.

KEYWORDS: low electric treatment, chlorophenoles, excretion.

1. INTRODUCTION
Chlorophenols are toxicologically risky substances
and can exist in all humans living especially in middle
Europe [1–9]. The sources of these substances are wood
protection products, available on the European market in
the years between 1970 and 1980 [10–12]. Within different studies, it was demonstrated that these products were
significantly contaminated by these hazardous compounds
[6, 7]. Analytical measurements of blood and urine samples
from different areas in Germany confirmed these findings
of contamination [8, 11]. In order to rapidly eliminate these
substances from the human body, different methods were
applied, but without significant success [11].
In this work we determined the extraction rates of
these substances from the human body by applying
PowerTube QuickZap technology. The electric field was
produced from the therapeutic device Powertube
QuickZap from Fritonex AG (Switzerland), which is
intended for the electric stimulation of nerves. It is primarily used for

* Corresponding author

self-treatment of different symptoms [16]. Recently, a proteomic study on the cellular responses to non-thermal low
electric field in yeast revealed that a stress protein, homoserin dehydrogenase, was over-expressed [17, 18].
2. MATERIALS AND METHODS
All experiments with probands were carried out in
Turkey because of the strong restrictions and rules in
Germany concerning “Human Experiments”. The organization of the study in Turkey were accomplished by the
Dr.Y.Z.P-Consulting Ltd- Muvezzi Cad. Akademik
Palas.Besiktas-Istanbul. Blood was sampled from the
probands on an empty stomach and immediately stabilized afterwards using a citrate buffer for avoiding coagulation. 10 ml of blood were taken two-times by venipuncture. For sampling the urine, at first the morning-urine
was taken, which, however, delivered no satisfying information about metabolization, because it showed that the
glucoronides contained in the urinary bladder were hydrolyzed to chlorophenols. For this reason, an additional
urine sample was taken one hour after the first sampling
of the morning-urine, when the bladder was completely
empty, to obtain a representative urine sample. The sample was stored at −20 °C without further stabilization. All
samples were frozen in super-clean sealed glass vessels,
as losses of chlorophenols can be expected when applying
plastic- or metal-composed containers. After applying the
PowerTube device for 21 min at level 3, the blood and
urine samples of all probands were analyzed once again for
their chlorophenol and chlorophenolglucoronide content.
For the analysis of substances, high resolution gas
chromatography (HRGC) was applied, in the following
mode: Detector: 63Ni-ECD; injection: Split/Splitless; separation column: DB 1701; carrier gas: N2 (3 ml/min); split
gas: N2 (27 ml/min); make-up-gas: N2 (30 ml/min); split
ratio: 1:10; injector temperature: 230 °C; detector tempera-
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ture: 280 °C; temperature program: 80 – 175 °C (4 °C/min),
175 – 220 °C (15 min); injection volume: 1 µl. In the
following the retention times (Rt) of the chlorophenolacetates are listed (Table 1); the stability, response factors
and calibration curves were determined for all chlorophenolacetates, and the parameters determined fulfilled all
requirements for a successful quantification of chlorophenolacetates.
After liquid-solid extraction and determination of the
recovery rates, the chlorophenols contained in blood and
urine samples of 10 probands with characteristics as outlined in Table 2 were determined. From these probands,
each three blood and urine samples were taken and ana-

lyzed with HRGC-ECD, and in cases necessary also with
HRGC-MS.
3. RESULTS AND DISCUSSION
In Table 3 the results of the chlorophenol measurements of blood and urine samples according to proband
are listed, whereby a differentiation was made between
prior and after application of PowerTube QuickZap technology. For a better illustration, the results of the chlorophenol concentrations in blood and urine of each proband
are additionally depicted in Figure 1.
For proband No. 1, the initial concentration of the total pentachlorophenol content in blood was ca. 16 µg/kg
prior to the treatment. About 1/3 of this amount belongs

TABLE 1 - Retention times (Rt) of investigated chlorophenolacetates.
Substance
3,4-Dichlorophenolacetate
2,4/2,5-Dichlorophenolacetate
2,3-Dichlorophenolacetate
2,4,6-Trichlorophenolacetate
2,3,6-Trichlorophenolacetate
2,3,5-Trichlorophenolacetate

Rt (min)
10.24
10.79
11.97
12.88
14.61
14.78

Substance
2,4,5-Trichlorophenolacetate
2,3,4-Trichlorophenolacetate
2,3,5,6-Tetrachlorophenolacetate
2,3,4,6-Tetrachlorophenolacetate
2,4,6-Trichlorophenolacetate
Pentachlorophenolacetate

Rt (min)
14.99
16.62
17.98
18.13
21.07
22.07

TABLE 2 - Individual characteristics of the probands
Proband-No.
Characteristic
1
62 years of age, smoker, male
2
66 years of age, smoker, female
3
33 Years of age, non-smoker, female
4
40 Years of age, smoker, female
5
34 Years of age, non-smoker, female
All probands were healthy and in good condition.

Proband-No.
6
7
8
9
10

Characteristic
33 Years of age, non-smoker, male
38 Years of age, non-smoker, female
16 Years of age, non-smoker, female
18 Years of age, non-smoker, female
30 Years of age, smoker, male

TABLE 3 - Chlorophenol concentrations (in µg/kg) in blood and urine samples according to each proband.
Proband-No.: 1

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach)
Free
1,2 ± 0,1
6,3 ± 0,2
0,2 ± 0,1
0,0 ± 0,0
12,0 ± 0,3

Glucoronide
0,5 ± 0,1
2,7 ± 0,3
0,3 ± 0,1
1,3 ± 0,1
3,7 ± 0,2

Morning urine
Free
0,7 ± 0,1
2,9 ± 0,2
1,0 ± 0,1
0,0 ± 0,0
4,3 ± 0,4

Glucoronide
1,0 ± 0,1
4,5 ± 0,2
0,1 ± 0,1
0,0 ± 0,0
38,0 ± 1,2

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach);
Time of urine deliverance
Free
1,1 ± 0,1
6,0 ± 0,3
0,0 ± 0,0
0,0 ± 0,0
11,7 ± 0,4

Glucoronide
0,3 ± 0,1
2,7 ± 0,3
0,2 ± 0,1
1,1 ± 0,1
3,5 ± 0,2

First urine sample
after morning urine
Free
0,4 ± 0,1
1,5 ± 0,2
0,3 ± 0,1
0,0 ± 0,0
2,4 ± 0,4

Glucoronide
1,3 ± 0,1
5,5 ± 0,2
0,7 ± 0,1
0,0 ± 0,0
39,4 ± 1,2

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol

Blood after therapy; 1,5 h
Free
3,0 ± 0,2
8,8 ± 0,3
2,2 ± 0,2

Glucoronide
1,0 ± 0,1
3,3 ± 0,3
0,5 ± 0,1

Urine after therapy; 1,5 h
Free
Glucoronide
1,2 ± 0,1
2,2 ± 0,1
2,3 ± 0,2
8,5 ± 0,4
1,4 ± 0,1
3,1 ± 0,3
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1,5 ± 0,1
15,8 ± 0,5
Blood after therapy; 24 h
Free
1,2 ± 0,2
2,5 ± 0,2
1,0 ± 0,1
0,3 ± 0,1
8,2 ± 0,3

2,4 ± 0,2
5,0 ± 0,2
Glucoronide
0,0 ± 0,0
1,2 ± 0,1
0,0 ± 0,0
0,0 ± 0,0
2,1 ± 0,2

1,2 ± 0,1
6,3 ± 0,2
Urine after therapy; 24 h
Free
0,0 ± 0,0
1,0 ± 0,1
0,3 ± 0,1
0,0 ± 0,0
1,7 ± 0,2

1,2 ± 0,1
44,5 ± 1,6

Glucoronide
0,0 ± 0,0
0,4 ± 0,2
1,1 ± 0,2
1,3 ± 0,3
3,0 ± 0,3

Morning urine
Free
0,2 ± 0,1
5,0 ± 0,2
0,0 ± 0,0
0,0 ± 0,0
8,2 ± 0,6

Glucoronide
0,2 ± 0,1
9,0 ± 0,3
0,4 ± 0,1
0,0 ± 0,0
27,0 ± 1,1

Glucoronide
0,2 ± 0,1
4,5 ± 0,3
0,8 ± 0,2
0,0 ± 0,0
25,0 ± 1,2

Glucoronide
0,7 ± 0,1
1,5 ± 0,2
0,0 ± 0,0
0,0 ± 0,0
12,5 ± 0,5

Proband-No.: 2

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach)
Free
0,0 ± 0,0
0,9 ± 0,1
2,9 ± 0,3
0,3 ± 0,1
19,2 ± 0,5

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach);
Time of urine deliverance
Free
0,0 ± 0,0
0,8 ± 0,1
2,7 ± 0,1
0,2 ± 0,1
18,0 ± 0,4

Glucoronide
0,0 ± 0,0
0,3 ± 0,1
0,7 ± 0,2
1,0 ± 0,1
2,2 ± 0,2

First urine sample
after morning urine
Free
0,2 ± 0,1
2,3 ± 0,2
0,2 ± 0,1
0,0 ± 0,0
4,3 ± 0,3

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood after therapy; 1,5 h
Free
2,1 ± 0,2
3,2 ± 0,4
4,0 ± 0,4
1,7 ± 0,2
25,3 ± 1,5

Glucoronide
1,0 ± 0,1
1,7 ± 0,2
2,3 ± 0,2
2,9 ± 0,3
6,3 ± 0,4

Urine after therapy; 1,5 h
Free
Glucoronide
0,8 ± 0,2
1,2 ± 0,2
5,1 ± 0,4
12,0 ± 0,4
1,2 ± 0,1
0,6 ± 0,2
1,0 ± 0,1
1,2 ± 0,1
9,4 ± 0,7
44,5 ± 1,7

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood after therapy; 24 h
Free
0,0 ± 0,0
0,0 ± 0,0
1,2 ± 0,1
0,0 ± 0,0
7,1 ± 0,3

Glucoronide
0,0 ± 0,0
0,2 ± 0,1
0,3 ± 0,1
0,6 ± 0,2
1,7 ± 0,2

Urine after therapy; 24 h
Free
0,0 ± 0,0
0,0 ± 0,0
0,0 ± 0,0
0,0 ± 0,0
1,2 ± 0,2

Glucoronide
0,0 ± 0,0
3,2 ± 0,4
0,0 ± 0,0
0,0 ± 0,0
10,0 ± 0,6

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach)
Free
0,2 ± 0,1
5,1 ± 0,2
6,2 ± 0,2
2,0 ± 0,1
15,8 ± 1,6

Glucoronide
0,1 ± 0,1
3,0 ± 0,4
3,8 ± 0,4
2,2 ± 0,2
2,7 ± 0,2

Morning urine
Free
0,1 ± 0,1
4,7 ± 0,4
0,0 ± 0,0
1,2 ± 0,1
7,4 ± 0,6

Glucoronide
0,3 ± 0,1
8,7 ± 0,3
0,5 ± 0,2
1,1 ± 0,2
22,5 ± 1,8

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach);
Time of urine deliverance
Free
0,1 ± 0,1
4,7 ± 0,3
3,5 ± 0,3
1,0 ± 0,1
11,8 ± 1,2

Glucoronide
0,0 ± 0,0
2,9 ± 0,4
3,2 ± 0,5
2,0 ± 0,4
2,1 ± 0,4

First urine sample
after morning urine
Free
0,0 ± 0,0
3,1 ± 0,3
0,0 ± 0,0
0,0 ± 0,0
4,2 ± 0,4

Glucoronide
0,0 ± 0,0
6,7 ± 0,4
0,0 ± 0,0
0,0 ± 0,0
20,4 ± 1,9

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol

Blood after therapy; 1,5 h
Free
0,4 ± 0,2
6,3 ± 0,4
7,4 ± 0,4

Glucoronide
0,2 ± 0,1
5,7 ± 0,3
6,0 ± 0,3

Urine after therapy; 1,5 h
Free
Glucoronide
0,2 ± 0,1
0,8 ± 0,2
3,1 ± 0,2
10,3 ± 0,3
3,5 ± 0,2
14,5 ± 1,0

Proband-No.: 3
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3,2 ± 0,2
17,5 ± 1,8
Blood after therapy; 24 h
Free
0,0 ± 0,0
2,1 ± 0,2
1,5 ± 0,2
0,0 ± 0,0
9,2 ± 0,8

1,9 ± 0,2
4,0 ± 0,2
Glucoronide
0,0 ± 0,0
1,7 ± 0,2
1,2 ± 0,2
0,0 ± 0,0
1,0 ± 0,1

1,7 ± 0,2
7,8 ± 0,4
Urine after therapy; 24 h
Free
0,0 ± 0,0
1,5 ± 0,2
0,0 ± 0,0
0,0 ± 0,0
2,8 ± 0,4

6,5 ± 0,5
38,2 ± 2,0

Glucoronide
0,1 ± 0,1
3,0 ± 0,4
0,0 ± 0,0
1,4 ± 0,3
2,0 ± 0,2

Morning urine
Free
0,3 ± 0,1
7,2 ± 0,4
0,0 ± 0,0
0,0 ± 0,0
5,2 ± 0,2

Glucoronide
0,3 ± 0,1
10,0 ± 0,6
0,0 ± 0,0
2,8 ± 0,2
12,6 ± 0,8

Glucoronide
0,0 ± 0,0
6,9 ± 0,3
0,0 ± 0,0
1,5 ± 0,3
15,6 ± 0,8

Glucoronide
0,0 ± 0,0
3,7 ± 0,3
0,0 ± 0,0
0,0 ± 0,0
8,7 ± 0,8

Proband-No.: 4

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach)
Free
0,5 ± 0,2
6,5 ± 0,4
0,0 ± 0,0
0,7 ± 0,2
6,5 ± 0,4

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach);
Time of urine deliverance
Free
0,0 ± 0,0
5,3 ± 0,3
0,0 ± 0,0
0,5 ± 0,2
6,2 ± 0,4

Glucoronide
0,0 ± 0,0
2,0 ± 0,4
0,0 ± 0,0
1,1 ± 0,2
2,0 ± 0,2

First urine sample
after morning urine
Free
0,0 ± 0,0
6,4 ± 0,5
0,0 ± 0,0
0,0 ± 0,0
5,2 ± 0,4

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood after therapy; 1,5 h
Free
1,5 ± 0,3
10,2 ± 0,4
1,3 ± 0,1
1,7 ± 0,2
12,0 ± 0,4

Glucoronide
0,4 ± 0,1
4,5 ± 0,3
0,8 ± 0,2
2,3 ± 0,3
6,9 ± 0,6

Urine after therapy; 1,5 h
Free
Glucoronide
0,7 ± 0,2
1,2 ± 0,3
8,2 ± 0,6
15,2 ± 1,2
1,0 ± 0,1
1,0 ± 0,1
1,5 ± 0,3
1,9 ± 0,6
7,5 ± 0,8
28,0 ± 1,0

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood after therapy; 24 h
Free
0,0 ± 0,0
1,7 ± 0,2
0,0 ± 0,0
0,0 ± 0,0
3,4 ± 0,2

Glucoronide
0,0 ± 0,0
1,0 ± 0,1
0,0 ± 0,0
0,4 ± 0,1
1,0 ± 0,1

Urine after therapy; 24 h
Free
0,0 ± 0,0
2,1 ± 1,3
0,0 ± 0,0
0,0 ± 0,0
1,5 ± 0,2

Glucoronide
0,0 ± 0,0
4,9 ± 0,5
0,0 ± 0,0
0,0 ± 0,0
5,2 ± 0,4

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach)
Free
1,5 ± 0,3
0,6 ± 0,2
0,7 ± 0,3
0,6 ± 0,2
1,2 ± 0,1

Glucoronide
0,4 ± 0,2
1,0 ± 0,1
0,5 ± 0,2
0,7 ± 0,2
1,2 ± 0,1

Morning urine
Free
0,5 ± 0,1
0,7 ± 0,2
0,2 ± 0,1
0,5 ± 0,2
1,2 ± 0,2

Glucoronide
1,3 ± 0,2
2,1 ± 0,3
0,2 ± 0,1
0,8 ± 0,2
4,9 ± 0,3

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach);
Time of urine deliverance
Free
1,2 ± 0,2
0,3 ± 0,1
0,3 ± 0,1
0,2 ± 0,1
0,6 ± 0,2

Glucoronide
0,2 ± 0,1
0,7 ± 0,2
0,2 ± 0,1
0,2 ± 0,1
0,7 ± 0,2

First urine sample
after morning urine
Free
0,2 ± 0,1
0,4 ± 0,1
0,0 ± 0,0
0,3 ± 0,1
0,8 ± 0,2

Glucoronide
0,6 ± 0,2
1,4 ± 0,4
0,2 ± 0,1
0,4 ± 0,1
3,2 ± 0,3

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol

Blood after therapy; 1,5 h
Free
2,1 ± 0,4
1,2 ± 0,2
1,0 ± 0,2

Glucoronide
0,4 ± 0,1
1,6 ± 0,4
0,5 ± 0,1

Urine after therapy; 1,5 h
Free
Glucoronide
1,0 ± 0,2
3,0 ± 0,3
0,5 ± 0,1
2,1 ± 0,4
0,8 ± 0,2
1,6 ± 0,3

Proband-No.: 5
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0,4 ± 0,1
1,2 ± 0,2
Blood after therapy; 24 h
Free
0,2 ± 0,1
0,5 ± 0,1
0,0 ± 0,0
0,0 ± 0,0
0,2 ± 0,1

0,4 ± 0,1
1,6 ± 0,4
Glucoronide
0,1 ± 0,1
0,8 ± 0,2
0,0 ± 0,0
0,0 ± 0,0
0,2 ± 0,1

0,2 ± 0,1
1,2 ± 0,2
Urine after therapy; 24 h
Free
0,1 ± 0,1
0,4 ± 0,1
0,0 ± 0,0
0,0 ± 0,0
0,5 ± 0,1

0,7 ± 0,2
12,5 ± 0,6

Glucoronide
0,2 ± 0,1
4,3 ± 0,3
0,5 ± 0,1
2,0 ± 0,2
4,6 ± 0,4

Morning urine
Free
0,5 ± 0,1
8,3 ± 0,3
0,0 ± 0,0
0,0 ± 0,0
7,6 ± 0,6

Glucoronide
0,5 ± 0,0
12,0 ± 0,6
0,0 ± 0,0
4,0 ± 0,4
20,2 ± 0,8

Glucoronide
0,0 ± 0,0
10,2 ± 0,6
0,0 ± 0,0
2,1 ± 0,3
20,1 ± 1,0

Glucoronide
0,6 ± 0,2
1,0 ± 0,2
0,0 ± 0,0
0,0 ± 0,0
1,9 ± 0,3

Proband-No.: 6

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach)
Free
0,6 ± 0,2
7,1 ± 0,4
1,0 ± 0,1
1,0 ± 0,1
10,5 ± 0,8

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach);
Time of urine deliverance
Free
0,0 ± 0,0
7,4 ± 0,4
0,0 ± 0,0
0,8 ± 0,2
9,2 ± 0,5

Glucoronide
0,0 ± 0,0
3,2 ± 0,5
0,0 ± 0,0
1,9 ± 0,3
5,4 ± 0,4

First urine sample
after morning urine
Free
0,0 ± 0,0
8,4 ± 0,6
0,0 ± 0,0
0,0 ± 0,0
8,9 ± 0,3

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood after therapy; 1,5 h
Free
2,5 ± 0,4
15,4 ± 0,6
3,4 ± 0,2
2,5 ± 0,4
18,0 ± 1,0

Glucoronide
0,7 ± 0,3
6,8 ± 0,4
1,0 ± 0,1
3,4 ± 0,4
10,2 ± 0,6

Urine after therapy; 1,5 h
Free
Glucoronide
1,0 ± 0,2
3,0 ± 0,6
11,2 ± 0,6
21,0 ± 1,2
1,7 ± 0,3
1,5 ± 0,2
4,5 ± 0,6
5,9 ± 0,6
14,0 ± 1,0
33,5 ± 1,2

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood after therapy; 24 h
Free
0,0 ± 0,0
2,1 ± 0,2
0,0 ± 0,0
0,0 ± 0,0
4,2 ± 0,4

Glucoronide
0,0 ± 0,0
1,2 ± 0,2
0,0 ± 0,0
0,0 ± 0,0
2,1 ± 0,3

Urine after therapy; 24 h
Free
0,0 ± 0,0
3,4 ± 0,4
0,0 ± 0,0
0,0 ± 0,0
3,5 ± 0,3

Glucoronide
0,0 ± 0,0
3,9 ± 0,6
0,0 ± 0,0
0,0 ± 0,0
6,1 ± 0,3

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach)
Free
0,2 ± 0,1
6,1 ± 0,3
8,2 ± 0,4
1,9 ± 0,3
21,1 ± 0,7

Glucoronide
0,1 ± 0,1
4,2 ± 0,6
4,9 ± 0,5
2,1 ± 0,3
1,7 ± 0,3

Morning urine
Free
0,0 ± 0,0
5,8 ± 0,4
0,0 ± 0,0
1,9 ± 0,3
8,9 ± 0,6

Glucoronide
0,4 ± 0,2
10,2 ± 0,6
0,8 ± 0,2
1,2 ± 0,2
31,0 ± 1,6

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach);
Time of urine deliverance
Free
0,0 ± 0,0
5,9 ± 0,5
7,8 ± 0,6
1,0 ± 0,1
16,8 ± 0,8

Glucoronide
0,0 ± 0,0
2,9 ± 0,3
3,7 ± 0,4
2,0 ± 0,2
1,4 ± 0,6

First urine sample
after morning urine
Free
0,0 ± 0,0
3,8 ± 0,4
0,0 ± 0,0
0,0 ± 0,0
10,6 ± 0,6

Glucoronide
0,0 ± 0,0
7,1 ± 0,3
0,0 ± 0,0
0,0 ± 0,0
28,4 ± 2,0

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol

Blood after therapy; 1,5 h
Free
1,0 ± 0,1
7,8 ± 0,4
10,2 ± 0,8

Glucoronide
1,2 ± 0,2
6,0 ± 0,4
5,8 ± 0,4

Urine after therapy; 1,5 h
Free
Glucoronide
0,2 ± 0,1
1,8 ± 0,2
6,8 ± 0,4
11,0 ± 0,5
1,6 ± 0,2
2,7 ± 0,3

Proband-No.: 7
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3,5 ± 0,3
25,0 ± 1,2
Blood after therapy; 24 h
Free
0,0 ± 0,0
2,0 ± 0,2
3,2 ± 0,4
0,0 ± 0,0
9,2 ± 0,4

3,9 ± 0,6
5,8 ± 0,8
Glucoronide
0,0 ± 0,0
1,7 ± 0,6
2,8 ± 0,2
0,0 ± 0,0
0,0 ± 0,0

2,8 ± 0,3
14,6 ± 0,8
Urine after therapy; 24 h
Free
0,0 ± 0,0
2,5 ± 0,5
0,0 ± 0,0
0,0 ± 0,0
2,8 ± 0,2

3,1 ± 0,5
37,0 ± 2,2

Glucoronide
0,0 ± 0,0
3,0 ± 0,3
5,2 ± 0,6
2,3 ± 0,3
1,6 ± 0,3

Morning urine
Free
0,0 ± 0,0
7,5 ± 0,5
0,0 ± 0,0
2,0 ± 0,2
9,3 ± 0,6

Glucoronide
0,0 ± 0,0
12,6 ± 0,8
1,2 ± 0,2
0,9 ± 0,3
34,2 ± 1,8

Glucoronide
0,0 ± 0,0
8,2 ± 0,4
0,0 ± 0,0
0,0 ± 0,0
30,2 ± 1,6

Glucoronide
0,0 ± 0,0
6,9 ± 0,3
0,5 ± 0,1
0,0 ± 0,0
6,0 ± 0,6

Proband-No.: 8

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach)
Free
0,0 ± 0,0
10,2 ± 0,4
8,1 ± 0,3
2,0 ± 0,2
24,0 ± 0,8

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach);
Time of urine deliverance
Free
0,0 ± 0,0
6,0 ± 0,5
8,1 ± 0,7
0,0 ± 0,0
19,6 ± 0,8

Glucoronide
0,0 ± 0,0
3,0 ± 0,4
3,5 ± 0,5
0,0 ± 0,0
1,0 ± 0,2

First urine sample
after morning urine
Free
0,0 ± 0,0
4,2 ± 0,04
0,0 ± 0,0
0,0 ± 0,0
10,2 ± 0,8

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood after therapy; 1,5 h
Free
1,6 ± 0,4
8,0 ± 0,6
16,0 ± 0,8
8,4 ± 0,4
30,0 ± 1,6

Glucoronide
1,5 ± 0,3
6,2 ± 0,6
8,2 ± 0,4
4,3 ± 0,7
8,2 ± 0,4

Urine after therapy; 1,5 h
Free
Glucoronide
0,2 ± 0,1
2,0 ± 0,2
7,4 ± 0,6
13,5 ± 1,3
3,0 ± 0,4
4,2 ± 0,6
2,9 ± 0,3
4,0 ± 0,5
11,2 ± 0,4
42,0 ± 2,0

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood after therapy; 24 h
Free
0,0 ± 0,0
2,2 ± 0,2
3,8 ± 0,4
0,0 ± 0,0
12,0 ± 0,6

Glucoronide
0,0 ± 0,0
1,9 ± 0,4
3,2 ± 0,4
0,0 ± 0,0
0,0 ± 0,0

Urine after therapy; 24 h
Free
0,0 ± 0,0
2,8 ± 0,6
0,0 ± 0,0
0,0 ± 0,0
3,4 ± 0,4

Glucoronide
0,0 ± 0,0
7,2 ± 0,4
0,6 ± 0,2
0,0 ± 0,0
8,2 ± 0,8

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach)
Free
1,4 ± 0,2
0,8 ± 0,2
0,8 ± 0,2
0,8 ± 0,2
1,6 ± 0,4

Glucoronide
0,6 ± 0,2
1,6 ± 0,4
0,6 ± 0,2
0,8 ± 0,2
1,4 ± 0,2

Morning urine
Free
0,6 ± 0,2
0,8 ± 0,2
0,2 ± 0,1
0,6 ± 0,2
1,4 ± 0,2

Glucoronide
1,4 ± 0,2
2,4 ± 0,4
0,2 ± 0,1
0,8 ± 0,2
5,5 ± 0,5

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach);
Time of urine deliverance
Free
1,4 ± 0,2
0,5 ± 0,2
0,0 ± 0,0
0,4 ± 0,2
0,8 ± 0,4

Glucoronide
0,2 ± 0,1
0,8 ± 0,2
0,0 ± 0,0
0,2 ± 0,1
1,4 ± 0,4

First urine sample
after morning urine
Free
0,2 ± 0,1
0,4 ± 0,1
0,0 ± 0,0
0,2 ± 0,1
1,0 ± 0,2

Glucoronide
0,8 ± 0,4
1,8 ± 0,6
0,0 ± 0,0
0,2 ± 0,1
3,4 ± 0,4

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol

Blood after therapy; 1,5 h
Free
2,4 ± 0,4
2,0 ± 0,4
1,5 ± 0,3

Glucoronide
0,6 ± 0,2
2,0 ± 0,2
0,9 ± 0,3

Urine after therapy; 1,5 h
Free
Glucoronide
1,8 ± 0,4
4,6 ± 0,6
0,8 ± 0,2
2,7 ± 0,5
0,9 ± 0,3
2,0 ± 0,4

Proband-N.: 9
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1,6 ± 0,4
2,0 ± 0,4
Blood after therapy; 24 h
Free
0,2 ± 0,1
0,6 ± 0,2
0,0 ± 0,0
0,0 ± 0,0
0,6 ± 0,2

1,0 ± 0,2
2,0 ± 0,4
Glucoronide
0,0 ± 0,0
0,8 ± 0,2
0,0 ± 0,0
0,0 ± 0,0
0,6 ± 0,2

0,2 ± 0,1
1,4 ± 0,4
Urine after therapy; 24 h
Free
0,2 ± 0,1
0,4 ± 0,2
0,0 ± 0,0
0,0 ± 0,0
0,4 ± 0,2

1,6 ± 0,3
14,5 ± 0,9

Glucoronide
0,6 ± 0,2
3,2 ± 0,4
0,0 ± 0,0
0,0 ± 0,0
4,5 ± 0,5

Morning urine
Free
0,9 ± 0,3
3,2 ± 0,4
0,0 ± 0,0
0,0 ± 0,0
6,0 ± 0,4

Glucoronide
1,2 ± 0,2
5,0 ± 0,6
0,0 ± 0,0
0,0 ± 0,0
40,2 ± 1,6

Glucoronide
1,4 ± 0,2
6,5 ± 0,7
0,0 ± 0,0
0,0 ± 0,0
40,0 ± 1,8

Glucoronide
0,7 ± 0,3
1,2 ± 0,4
0,0 ± 0,0
0,0 ± 0,0
2,0 ± 0,4

Proban-No.: 10

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach)
Free
1,2 ± 0,1
7,0 ± 0,4
0,0 ± 0,0
0,0 ± 0,0
16,2 ± 1,2

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood (empty stomach);
Time of urine deliverance
Free
1,1 ± 0,1
6,5 ± 0,5
0,0 ± 0,0
0,0 ± 0,0
12,4 ± 0,8

Glucoronide
0,4 ± 0,2
2,8 ± 0,4
0,0 ± 0,0
0,0 ± 0,0
4,0 ± 0,4

First urine sample
after morning urine
Free
0,4 ± 0,1
1,5 ± 0,3
0,0 ± 0,0
0,0 ± 0,0
2,6 ± 0,6

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood after therapy; 1,5 h
Free
2,2 ± 0,4
7,4 ± 0,8
8,0 ± 0,6
3,0 ± 0,5
16,0 ± 0,8

Glucoronide
1,0 ± 0,2
4,0 ± 0,6
1,0 ± 0,2
3,0 ± 0,6
5,4 ± 0,4

Urine after therapy; 1,5 h
Free
Glucoronide
0,8 ± 0,2
1,6 ± 0,4
2,0 ± 0,4
8,0 ± 1,0
1,2 ± 0,2
1,4 ± 0,2
1,4 ± 0,4
1,4 ± 0,2
6,5 ± 0,5
48,0 ± 2,0

2,4,6-Trichlorophenol
2,4,5-Trichlorophenol
2,3,4-Trichlorophenol
2,3,4,6-Tetrachlorophenol
Pentachlorophenol

Blood after therapy; 24 h
Free
0,0 ± 0,0
3,0 ± 0,4
2,0 ± 0,6
0,2 ± 0,1
7,4 ± 0,6

Glucoronide
0,0 ± 0,0
1,5 ± 0,3
0,0 ± 0,0
0,0 ± 0,0
2,0 ± 0,4

Urine after therapy; 24 h
Free
0,0 ± 0,0
1,0 ± 0,1
1,0 ± 0,1
0,0 ± 0,0
2,0 ± 0,4

Glucoronide
0,0 ± 0,0
1,8 ± 0,4
0,0 ± 0,0
0,0 ± 0,0
14,5 ± 0,0

FIGURE 1 - Pentachlorophenol concentrations in blood and urine samples according to proband.
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to the metabolite pentachlorophenolglucoronide. Similar
values were also found in the urine delivery. After the
therapy of 1.5 h, the total pentachlorophenol content in
blood increased significantly and reached ca. 20.5 µg/kg.
For this, the ratio of pentachlorophenol to pentachlorophenolglucoronid is 3.55. This tendency is also confirmed
for the period of 24 h. The ratio here is ca. 4.0, with a
total phenol concentration of ca. 10 µg/kg. This means at
first that the concentration of pentachlorophenol decreased
after the therapy, and secondly that higher amounts of
pentachlorophenolglucoronide were eliminated from blood.
The corresponding urine values of proband No. 1 show that
the pentachlorophenolglucoronide concentrations increased
after 1.5 h of therapy (from 16 to 45.0 µg/kg), which
means that a treatment with PowerTube accelerated the
excretion of pentachlorophenolglucoronide from urine.
After 24 h of treatment, the proband excreted ca. 15 µg/kg
of the total pentachlorophenol content, which corresponds
to 37.5% of the initial concentration. Therefore, the elimination of pentachlorophenol in proband No. 1 occurred at
first rapidly, and reached only one third of the initial value
at the end of the treatment.

period, but it is assumed that a linear decrease takes place.
Moreover, additional measurements should be performed
after 24 h in order to ascertain whether the values after 2 or
3 days remain either constant, or start to increase. It is
assumed without speculation that the values reach their
initial level after a certain time. This however would mean
that the duration of the therapy should be prolonged (7 to
30 days) in order to irreversibly eliminate or excrete these
substances from the human body, presuming that no additional contamination of the proband with chlorophenols
would occur.
In conclusion, the therapeutic devise PowerTube
QuickZap clearly stimulates the metabolization process in
the body, leading to detoxification as we demonstrated
earlier with alcohol and coffee treatments of probands
(10). If applied regularly, the probability is high that the
chlorophenols are entirely eliminated from the human
body.

As has been demonstrated on the example of proband
No. 1, the same in tendency can also be ascertained for
the other probands. The results clearly indicate that after a
PowerTube therapy of 1.5 h, the chlorophenol concentrations in blood and urine of all probands start at first to increase significantly. Concentrations, however, of both the
chlorophenols and glucoronide in blood and urine decrease
significantly when the therapy continuous over 24 h. It is
remarkable to observe that the glucoronide concentrations
increase significantly after 1.5 h of therapy, which indicates
in turn that metabolization takes place increasingly in all
probands. After 24 h of therapy, these substances are excreted through the urinary bladder, which means that a detoxification of the human body from this environmental
chemical takes place.
The disadvantage of this study, however, is that only
two measurements were performed, one after 1.5 h and the
other one after 24 h, which leads to the question as to how
exactly the decrease over time occurred. This can only be
answered by additional measurements in between this
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CHARACTERIZATION AND ADSORPTIVE PROPERTIES OF
ACTIVATED CARBON PREPARED FROM OLIVE STONES
Aydın Türkyilmaz, Mehmet Doğan* and Mahir Alkan
Balikesir University, Faculty of Science and Literature, Department of Chemistry, 10145 Balikesir, Turkey

ABSTRACT
Preparation of activated carbon from olive stones by
H3PO4 chemical activation under different H3PO4 concentrations and calcination temperatures was carried out. The
surface area of chemically modified activated carbon was
524 m2/g. The surface characterization of both olive stones
and activated carbon was undertaken using FTIR spectroscopic technique. Prepared activated carbon was used as
an adsorbent for the removal of a basic textile dye (methylene blue) from aqueous solutions. The effects of various
process parameters i.e., pH, ionic strength and temperature, on the adsorption capacity of activated carbon were
investigated. The results showed that methylene blue
adsorption increased with increasing pH, temparature and
ion strength. Activated carbon had an isoelectrical point at
approximately 2.50, and adsorption enthalpy was calculated to be 11.30 kj/mol. The experimental data indicated that
the adsorption isotherms were well described by the
Langmuir equilibrium isotherm equation. The separation
factor (RL) revealed the favorable nature of Langmuir isotherm for the methylene blue-activated carbon system.
KEYWORDS: Olive stone, activated carbon, characterization,
adsorption, zeta potential, adsorption isotherm.

1. INTRODUCTION
Water pollution is an important environmental concern in the world, and there are many sources of chemicals in the environment, such as industrial pollution, managed landfills or pesticide runoff. Many industrial activities, particularly in textile, paper, plastics, coal, and food
industry, consume large amounts of water. Almost every
industry uses dyes to color their products, and the residual
and unspent dyes are discharged into the environment. The
main problem involved in decontaminating textile
wastewaters is the removal of colour, since no single
process is currently capable of generating adequate effluents. Most dyes have an adverse impact on the environment as they are considered to be toxic and have carcinogenic properties,

* Corresponding author

which make the water inhibitory to aquatic life [1]. Methylene blue (MB), which was the most commonly used
substance for dying cotton, wood and silk, can cause some
harmful effects. Acute exposure to MB can cause increased
heart rate, vomiting, shock, Heinz body formation, cyanosis, jaundice, quadriplegia, and tissue necrosis in humans.
Therefore, the removal of this dye from waste streams
before discharge to public water sources is of primary concern [2].
Precipitation, ion exchange, solvent extraction, biosorption, filtration, electrochemical treatment and adsorption on oxides are the conventional methods for the removal of contaminants from aqueous solutions. These methods are either expensive or cannot cope with high concentrations of contaminants. The adsorption process is used especially in the water treatment field. Studies so far have focused on adsorbents, such as alumina, magnetite, pyrolusite,
rutile, zirconia, hydrous manganese oxide, silica, geothite,
hematite, amorphous ferric oxide, bentonite, sphalerite,
anatase, red mud, mica, illite, kaolinite and clay [3]. The
cost of the adsorbent minerals indicates that cheaper and
easily obtainable unconventional adsorbents should also
be studied for the removal of pollutants from water. The
need for economically viable industrial and wastewater
processes that protect the environment and public health
has led to research into processes using alternative water.
Activated carbon, in granular or powdered form, is the
most widely used adsorbent. It has a good capacity for the
adsorption of organic molecules.
Commercially available activated carbons are usually
derived from natural materials, such as wood or coal, and
therefore, are still considered to be expensive [2]. Due to
economical reasons, renewable sources like agricultural
byproducts and waste materials have been investigated for
a long time for the production of activated carbon. The
activated carbons are products of physical and chemical
methods. In the physical activation, a raw material is firstly
carbonized and the carbonized material is secondly activated by steam or carbon dioxide, i.e., there are two steps:
carbonization step and activation step. In the chemical
activation, a raw material is impregnated with an activat-
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ing reagent and the impregnated material is heat-treated
under an inert atmosphere. The carbonization step and the
activation step simultaneously progress in the chemical
activation [4]. Chemical method is used widely because
of its lower activation temperature and high carbon product, large surface area yield as compared to the physical
method [5].
A large amount of a woody residue is generated which
is usually burnt in the landfield, releasing greenhouse gases.
Alternatively, olive-tree wood has been used as a domestic fuel. In the last decades, however, this kind of use has
lost importance due to the availability of other heating
sources. Owing to its ligneous character, abundance and
low cost the above-referred residue is suitable to be used
as a raw material for the preparation of activated carbons.
However, in spite of its potential use, only a few studies
have been performed previously on the preparation of
activated carbon from olive-tree wood [6]. The use of a
suitable raw material is mainly conditioned by its availability and cost due to these reasons; olive stone is a very
important raw material for production of activated carbon,. and in Turkey, olive stones and residues are a cheap
and quite abundant agricultural waste.
In this study, activated carbon samples were prepared
from olive stones via chemical activation with H3PO4. The
effects of process variables, such as activation temperature
and H3PO4 concentration, were investigated to optimize
these parameters. The surface area, pore volumes and pore
size of the activated carbon samples were characterized by
BET surface area analyzer. The interaction between H3PO4
and olive stones was discussed by FTIR-ATR and SEM
images giving information about morphology of activated
carbon samples. The ζ-potential of activated carbon suspensions was investigated as a function of pH and solid to
liquid ratio for understanding of the electokinetice properties of activated carbon. The adsorption ability of prepared activated carbon was tested towards a cationic dye
(methylene blue, MB). In our previous works, we investigated the adsorption and kinetice properties of MB onto
perlite and sepiolite samples [7-9]. In the present study,
the effects of solution pH, concentration, ionic strength
and temperature on MB adsorption have been evaluated.
2. MATERIAL AND METHODS
2.1. Materials

The olive stone samples were collected from ManisaAkhisar, Turkey. The raw material was ground, dried and
sieved, and only the fraction with particle sizes in the
range of 0-75 µm was selected for the preparation of activated carbons. All chemicals, except methylene blue, were
obtained from Merck and of analytical grade.
2.2. Methylene Blue (MB)

Methylene blue was chosen as an adsorbate in this
study because of its known strong adsorption onto solids.

Methylene blue has a molecular weight of 373.9 g/mol,
which corresponds to MB hydrochloride with three groups
of water.
2.3. Preparation of Activated Carbon and Methylene Blue
Solution

Waste biomass (100 g) was impregnated at different
H3PO4 concentrations (0.1, 0.5, 1 and 5 M) for 24 h, and
then, each of the mixtures was dired at 105 °C overnight.
The impregnated samples were placed in a stainless steel
reactor at 800 °C under N2 flow (10 psi/min) at a heating
rate of 10 °C/min, and 2 h for carbonization. We determined optimal concentration of H3PO4 from BET surface
area measurments, and then, the same procedure was
repeated at optimal concentration of H3PO4 under different carbonization temperatures (300, 400, 500, 600, 700
and 800 °C) for determining optimal carbonization temperature. After cooling the reactor to the room temperature under N2 flow, the char was removed from the reactor. In order to remove the remaining H3PO4 on the char,
it was washed by hot distilled water and filtered. The
washing and filtration steps were repeated until the filtrate
became neutral. The washed sample was dried at 105 °C
for 24 h. From these experimental studies, we determined
the optimal concentration (5 M H3PO4) and optimal carbonization temperature (800 °C). This activated carbon
sample was used for adsorption experiments.
Methylene blue was of A.R. grade (Carlo Erba) and
used without further purification. Methylene blue was
dried at 110 °C for 2 h before use. Stock solution concentrations of MB (1×10−2 and 1×10-3 mol/L) were prepared
with distilled water, and other concentrations by dilution
were in the range of 1×10-4 to 20×10-3 mol/L. Studies of
MB adsorption onto activated carbon were carried out
with these solutions.
2.4. Zeta Potential Measurement

The zeta potential of activated carbon suspensions
was measured using a Zeta meter 3.0 equipped with a
microprocessor unit. The unit automatically calculates the
electrophoretic mobility of the particles and converts it to
the zeta potential using the Smoluchowski equation. The
Smoluchowski equation, the most elementary expression
for zeta potential, gives a direct relation between zeta
potential and electrophoretic mobility:
4V π
(1)
ζ = t ⋅ EM
Dt
where, EM is electrophoretic mobility at actual temperature (Volt s/cm2), Vt is viscosity of the suspending
liquid (cm2/s), Dt is the dielectric constant, π is a constant
and ζ is the zeta potential (mV) [10]. The zeta potential
measurements were carried out as a function of the solid
to liquid ratio and pH. A sample of 0.05 g activated carbon in 50 ml distilled water was added to a thermostatic
shaker bath and rinsed for 24 h at 30±1 °C. The samples
were allowed to stand for 1 min to let larger particles
settle. An aliquot taken from the supernatant was used to
measure the zeta potential. The average of 15 measure-
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ments was taken to represent the measured potential. The
applied voltage during the measurements was generally
varied in the range of 50–150 mV [7].
2.5. Adsorption Experiments

The adsorption experiments were carrried out at desired concentrations, temperatures and pH values. The pH
of the solution was adjusted with NaOH or HCl solution
by using an Orion 920A pH-meter with a combined pH
electrode, standardized with NBS buffers before every
measurement. A preliminary experiment revealed that about
24 h is required for the adsorption process to reach the equilibrium concentration. An incubator stirrer at 30 °C and
150 rpm for 24 h continuously agitated the mixture. A
thermostated bath was used to keep the temperature constant. At the end of the adsorption period, the solution
was centrifuged for 15 min at 3500 rpm. The samples at
appropriate time intervals were pipetted from the reactor
by the aid of a very thin point micropipette, which prevents the transition to solution of activated carbon samples. Preliminary experiments showed that the effect of
the separation time on the amount of adsorbed dye was
negligible. The amount of adsorbed dye on activated carbon was determined from absorbance measured with a
Perkin Elmer Lambda 25 UV/VIS spectrophotometer at
663 nm (maximum absorbance). The amounts of dye adsorbed were cal-culated from the concentrations in solutions before and after adsorption. Each experimental point
was an average of two independent adsorption tests. The
MB concentration on activated carbon was calculate according to Eq. (2):

q e = (C0 − Ce )

V
W

(2)

where, Co and Ce are the inital and equilibrium liquidphase concentrations of MB solution (mol/L), respectively;
qe is equilibrium MB concentration on adsorbent (mol/g),
V is the volume of MB solution (L), and W is the mass of
activated carbon sample used (g) [7].
2.6. Characterization of Activated Carbon

BET surface area and porous properties of activated
carbon were determined by N2 adsorption (at 77 K) using
a surface analyzer (Quantachrome Ins., Nova 2200e). The
activated carbon sample was degassed for 24 h at 250 °C
to remove any moisture or adsorbed contaminants that
may have been present on the surface. Micropore volume
was obtained using the t plot method, total volume of
pores was determined using DFT dV(r) method, and mesopore volume was calculated from Vtotal (Vmeso = VtotalVmicro) equation. The characteristics of the activated carbon samples are presented in Table 1.
TABLE 1 - Some physicochemical properties of the activated carbon sample.
Properties
Total pore volume (cm3 g-1)
Mezopore volume (cm3 g-1)
Micropore volume (cm3 g-1)
Bulk density (g cm-3)

Value
0.361
0.342
0.019
0.26

The surface physical morphology of activated carbon
was determined by using a SUPRA Zeiss 50 VP scanning
electron microscope (SEM). The functional groups on the
surface of activated carbon were determined by using
FTIR-ATR technique (Perkin Elmer Spectrum 100) in the
range of 4000–600 cm−1 in the transmission mode.
3. RESULTS AND DISCUSSION
3.1. Characterization of Activated Carbon
3.1.1. BET Surface Area and Pore Structural Characterization

Surface areas of activated carbons synthesized by
H3PO4 activation from olive stones under different conditions have been given in Table 2. As the concentration increased, a rise in BET surface area has been observed. The
tendency of the change in the specific surface area with the
carbonization temperature resembles each other. BET surface area at optimal conditions (5 M H3PO4 and 1073 K)
was found to be 524 m2/g. At low temperatures, surface
area of activated carbon was lower because pores cannot
be entirely opened. Pore size distribution, a very important property of adsorbents, determines the fraction of
the total pore volume accessible to molecules of a given
size and shape. According to the classification of IUPACpore dimensions, the pores of adsorbents can be grouped
into micropores (d<2 nm), mesopores (d=2–50 nm) and
macropores (d>50 nm) [2]. The pore volume distributions
of activated carbon (Table 1) show that a vast majority of
the pores fell into the range of mesopores.
TABLE 2 - BET surface areas of the activated carbon samples.
Concentration BET surface area Temperature BET surface area
(M)
(m2/g)
(0C)
(m2/g)
0.1
32
300
35
0.5
39
400
36
1.0
260
500
425
5.0
524
600
218
----700
437
----800
524
3.1.2. SEM Analysis

Scanning electron microscopy (SEM) technique was
employed to observe the surface physical morphology of
activated carbon synthesised from the olive stones. Figure 1
shows SEM photographs of olive stone and activated
carbon at optimum conditions. It can be seen from SEM
image that olive stone is non-porous, while many large
pores were developed on the surface of activated carbon
by H3PO4 activation. The external surface of the activated
carbon is full of cavities. According to the micrograph, it
seems that the cavities resulted from the evaporation of
H3PO4 during carbonization, leaving the space previously
occupied by H3PO4.
3.1.3. FTIR-ATR Analysis

The FTIR-ATR spectrum of olive stone and activated
carbon prepared from olive stones at 800 °C are shown in
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Fig. 2. The spectrum of olive stone exhibited a wide band
at 3323 cm-1 which can be attributed to the OH and C-H
a

vibration of aliphatic groups, such as methyl and methylene groups stretching vibrations in hydroxyl groups.

b

FIGURE 1 - SEM images for a) olive stone and b) activated carbon.
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FIGURE 2 - FTIR-ATR spectrum of olive stone and activated carbon.

3.2. Adsorption

The adsorption of MB on activated carbon from
aqueous solutions has been investigated as a function of
pH, ionic strength and temperature.
3.2.1. Effect of pH

The pH influences the development of positive and
negative surface charges, which directly affect the surface
adsorption. The amphoteric nature of carbon depends on
not only the surface functional groups of the carbon but
also the isoelectric point or point of zero charge of the
activated carbon [13]. The surface properties of the activated carbon change with increase in pH because the
positive charge on solution interface decreases and the
activated carbon surface appears to be negatively charged.
Figure 3 shows the variation of zeta potential with equilibrium pH of activated carbon suspensions. As seen from
the figure, the zeta potential of activated carbon suspension has decreased with increase in its equilibrium pH,
and it has an isoelectrical point at approximately pH 2.50,
and activated carbon surface is negatively charged. Figure
4 shows the effect of pH on adsorption of MB onto the
activated carbon. The pH of solutions is one of the most
important factors which affects MB adsorption as it controls the electrostatic interactions between the adsorbent

and the adsorbate. The surface properties of the carbon
change with an increase of pH. The surface acidity of the
activated carbons might affect the pH of the solution for
the adsorption of MB onto the activated carbons. When
the pH value increased, the surface of the activated carbon
was more negatively charged. Thus, the adsorption of the
MB reached a maximum at pH 9.
3.2.2. Effect of Ionic Strength

The ionic strength of solution has a significant role in
adsorption process. In this study, NaCl was chosen as salt
in order to examine the influence of the ionic strength
influencing the adsorption of MB on the surface of activated carbon synthesized from olive stones. Experiments
have been conducted in the concentrations of 0, 1x10-3,
1x10-2 and 1x10-1 mol/L of NaCl. Figure 5 illustrates the
influence of the ionic strength to MB adsorption on activated carbon. As seen from Fig. 5, it was noticed that the
adsorbed amount of MB on the surface of active carbon
increased with increasing ionic strength. The presence of
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The peak at 1741 cm-1 is usually assigned to C=O stretching vibrations in ketones, aldehydes, lactones and carboxylic groups. Absorption due to C-O vibrations occurs at
1238 cm-1. The carbonization of olive stones led to a
break-up of the bonds of ketones, aldehydes, lactones and
carboxylic groups, and then, evaporating them as volatile
matter [11]. The decrease in the oxygen groups, following
the heat treatment process of pyrolysis, indicates that
these parts of the functional groups are thermally unstable
[11]. No peaks will be observed corresponding to any
functional group for the activated carbon sample, and
there is only elemental carbon [12].
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FIGURE 3 - Variation of zeta potential with equilibrium pH of
activated carbon suspension.
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FIGURE 6 - The effect of temperature to MB adsorption on the
activated carbon.

NaCl in the solution may have two opposite effects. On
the one hand, since the salt screens the electrostatic interaction of opposite charges of the surface and the dye
molecules, the adsorbed amount should decrease with
increase of NaCl concentration. On the other hand, the
salt causes an increase in the degree of dissociation of the
dye molecules by facilitating the protonation. The adsorbed amount increased when the dissociated dye ions
for binding electrostatically onto the surface of oppositely
charged ions increased [14, 15]. The latter effect seems to
be dominant for the adsorption capacity of the activated
carbon. For the adsorption of BBF by soils and malachite green by husk-based activated carbon, the adsorption was also found to increase with increasing ionic
strength [16, 17].

40
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5

FIGURE 4 - The effect of solution pH to MB adsorption on the
activated carbon.
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3.2.3. Effect of Temperature
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FIGURE 5 - The effect of ionic strength to MB adsorption on the
activated carbon.

To investigate the effect of temperature, the equilibrium adsorption capacity for MB onto the activated carbon
was studied in the temperature range of 30-60 °C. The
variation of adsorbed MB amount with temperature is
presented in Fig. 6. The experimental results indicated
that the magnitude of adsorption was proportional to the
solution temperature. We found that the adsorbed amount
of MB increased significantly when temperature increased
from 30 to 60 °C. This fact may be due to increasing MB
mobility with increasing of temperature [18]. An increasing number of molecules may also acquire sufficient
energy to undergo an interaction with active sites at the
surface. The maximum adsorption capacity for MB onto
activated carbon was 8.84x10-4 mol/g. The adsorbed
amount of MB on the surface of activated carbon increases with increase in temperature indicating that the process
of adsorption is an endothermic one, being opposite to the
exothermic adsorption usually encountered.
The isosteric heat of adsorption, ΔH°, from the adsorption data at various temperatures as a function of
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Ce
1
1
=
+
⋅ Ce
qe qmK qm

coverage fraction (θ = qe/qm) can be estimated from the
following equation [19]:

−

ΔH0 ' ∂(lnCe ) $
=%
"
Rg
& ∂(1/T ) # θ = 0.5

(3)

where, Rg is the gas constant. Figure 7 shows the plots
of –lnCe against 1/T. The value of ΔH was calculated at a
specific coverage fraction of 0.5 as 11.30 kJ/mol. The results show that the interactions between surface and adsorbate molecules are a physical interaction. Since adsorption is an endothermic process, it would be expected that an
increase in solution temperature would result in an increase
of adsorption capacity [3]. Similar results were found for
the adsorption of MV on perlite [20].

In Equation (4), Ce and qe are defined as in Equation (2),
K is a direct measure for the intensity of the adsorption process, and qm is a constant related to the area occupied by a
monolayer of adsorbate, reflecting the adsorption capacity. From a plot of Ce/qe vs. Ce, qm and K can be determined from its slope and intercept.
The Freundlich isotherm is an empirical equation and
shown to be satisfactory for low concentrations. The equation is commonly given as follows:

q e = K F C 1e n

8,00

ln q e = ln K F +

7,80
-ln Ce (mol/L)

1
ln C e
n

(5)

where, KF is a constant for the system, related to the
bonding energy. KF can be defined as the adsorption or
distribution coefficient and represents the quantity of dye
adsorbed onto adsorbent for a unit equilibrium concentration (i.e., Ce = 1 mol/L). The slope 1/n, ranging between 0
and 1, is a measure of adsorption intensity or surface
heterogeneity, becoming more heterogeneous as its value
is closer to zero. A value for 1/n <1 indicates a normal
Langmuir isotherm while 1/n >1 is indicative of coopera-
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1/T (K)

FIGURE 7 - Plot of –ln Ce vs. 1/T for MB adsorption onto activated
carbon.
3.3. Adsorption Isotherms

The thermodynamic assumptions of adsorption isotherms and their estimated parameters provide the insight
for both the properties of the surface and the mechanism of
adsorption [2]. The analysis of the isotherm data by fitting
them to different isotherm models is an important step to
find out the suitable model that can be used for design
purposes. The amount of MB adsorbed (qe) has been plotted against the equilibrium concentration (Ce) as shown in
Figs. 4-6. Several models have been published in the
literature to describe the experimental data of adsorption.
The Langmuir and Freundlich models are the most frequently employed models.
Langmuir isotherm is valid for monolayer adsorption
on a surface containing a finite number of identical sites.
The model assumes uniform energies of adsorption on the
surface and no transmigration of adsorbate in the plane of
the surface [19]. The Langmuir equation is commonly
expressed as follows:

qe =

(4)

q m KC e
1 + KC e
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tive adsorption. A plot of lnqe vs. lnCe enables the empirical constants KF and 1/n to be determined from the intercept and slope of the linear regression [19].
Adsorption isotherms were obtained using Eqs. (4)
and (5). Table 3 shows the results of Langmuir and Freundlich isotherm analyses calculated for adsorption of MB dyes
on activated carbon from aqueous solutions at different
pH, ionic strength and temperature values. The isotherm
data were calculated from the least square method and the
related correlation coefficients (R2 values) are given in the
same table. As seen from Table 3, the Langmuir equation
represents the adsorption process very well; the R2 values
were all higher than 0.99, indicating a very good mathematical fit. The fact that the Langmuir isotherm fits the

experimental data very well may be due to homogenous
distribution of active sites on activated carbon surface;
since the Langmuir equation assumes that the surface is
homogenous [21]. A comparison between the adsorption
capacities of activated carbon and other adsorbents under
similar conditions is presented in Table 4. When comparing our results for activated carbon with those of other
researchers, it can be concluded that the activated carbon
adsorbed MB dye as effectively as the other adsorbents
listed.
The shape of the isotherm may also be considered
with a view to predicting if an adsorption system is ‘favourable’ or ‘unfavourable’. The essential characteristics

TABLE 3 - Isotherm constants for MB adsorption onto activated carbon.
Temperature
(°
C)
30
40
50
60
30
30
30
30
30
30
30

[I] (mol/L)

pH

--------0.1000
0.0100
0.0010
-----

--------------3
5
7
9

---

Langmuir isotherm
qm (mg/g) K (L/mg)
R2
119
0.77
0.99
135
2.64
0.99
213
0.42
0.99
227
0.39
0.99
270
0.50
0.99
200
0.34
0.99
152
0.32
0.99
118
0.73
0.99
120
0.74
0.99
130
0.50
0.99
135
0.44
0.99

Freundlich isotherm
R2
0.87
0.86
0.98
0.98
0.94
0.51
0.97
0.97
0.82
0.98
0.97

RL
0.01-0.98
0.002-0.93
0.02-0.98
0.02-0.99
0.01-0.86
0.02-0.97
0.02-0.96
0.01-0.98
0.02-0.91
0.01-0.98
0.01-0.98

TABLE 4 - Comparison of the maximum monolayer adsorption capacity
of methylene blue on activated carbon prepared from different sources.
Adsorbents
Lotus leaf
Luffa cylindrica fibers
Sunflower oil cake
Euphorbia rigida
Hazelnut shell
Rattan sawdust
Apricot stones
Date stones
Hazelnut husks
Pomegranate shell

BET surface area
(m2/g)
7.2
123.0
240.0
741.2
793.0
1083.0
783.0
1045.6
770.0
1457

of Langmuir isotherm can be expressed by a dimensionless constant called equilibrium parameter, RL [22], which
is defined as follows:

1
RL =
1 + KC e

(6)

The value of RL indicates the type of the isotherm to
be either unfavorable (RL>1), linear (RL=1), favorable
(0<RL<1), or irreversible (RL=0). The RL values reported
in Table 3 show that the adsorption behavior of MB dye
was favorable (0<RL<1).

Qm (mg/g)
221.7
49.0
16.4
114.5
8.8
294.1
4.1
398.2
204.0
270-357
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4. CONCLUSIONS
In this study, activated carbon prepared from olive
stones was successfully employed as an adsorbent for the
quantitative removal of methylene blue from aqueous
solution. The BET surface area of activated carbon under
optimal conditions (800 °C and 5 M H3PO4) was found to
be 524 m2/g. SEM images showed that the external surface of activated carbon synthesized by H3PO4 activation
was full of cavities according to olive stones. FTIR-ATR
spectra show that the olive stone had functional group
peaks while activated carbon had not any functional group
peak. Activated carbon suspension has an isoelectrical
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point at approx. pH 2.50. The straight lines obtained for
the Langmuir and Freundlich models obey to fit to the
experimental equilibrium, but the Langmuir model gives a
better fitting than Freundlich model. Value of RL was
found to be in the range of 0.001-0.99 confirming that the
prepared activated carbon is favorable for adsorption of
MB. The adsorption process was endothermic and the
enthalphy value was calculated to be 11.30 kJ/mol. These
results indicated that the olive stone-based activated carbon is effective, low cost, and an abundantly available
adsorbent for MB removal from aqueous solutions.
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ABSTRACT
Herein, the effects of sodium tetraborate on antioxidant
enzyme activities from human blood cells under in vitro
conditions were studied. Red blood cells were exposed to
different concentrations of sodium tetraborate. Biochemical parameters, such as catalase (CAT), superoxide dismutase (SOD), glutathione-S-transferase (GST), glutathione reductase (GSH), glutathione peroxidase (GSH-Px)
and glucose-6-phosphate dehydrogenase (G-6-PDH) were
examined to determine oxidative stress. According to our
findings, boron compounds at low concentrations were
useful in supporting antioxidant enzyme activities in human red blood cells. Sodium tetraborate showed the effects of being neither activator nor inhibitor for all enzymes studied. The results of this study led us to conclude
that there were no significant effects on antioxidant enzyme activities of the sodium tetraborate in the studied
concentration ranges.

KEYWORDS:
Antioxidant enzymes, sodium tetraborate, boron.

1. INTRODUCTION
Boron is a ubiquitous element widely distributed in
nature in the form of borates at low concentrations in soils
and rocks, and is released by the natural weathering processes in the form of boric acid, which is water-soluble
and biologically available [1, 2]. Boron compounds are
very commonly used in a wide range of industrial applications, in a variety of ways. The production of boron compounds has substantially increased recently, as a result of
increasing demand for these compounds in nuclear technology; in rocket engines as fuel; and in the production of
heat-resistant materials, such as refractories and ceramics,
high-quality steel, heat-resistant polymers, catalysts, etc. [3,
4].
It is a trace element playing an important role in hormonal metabolisms, cell membrane functions, and enzyme

* Corresponding author

reactions. Being a dynamic trace element, boron has been
observed to exert multiple effects. Although boron seems
indispensable for growth and development in mammals, it
has also been shown to adversely affect animal and plant
systems at higher doses [5]. The biological essentiality of
the element in plants is well established since 1920s [1,
6]. However, in animals, evidences have only recently been
started accumulating, suggesting the role of boron in diseased conditions [7-9]. In animals and humans, boron has
been shown to have important roles in calcium and magnesium metabolism and macro-mineral functions. Some
effects have been seen in the normal activity of brain
function and cognitive performance [5, 7]. Current
knowledge about the toxic level of boron in humans needs to
be improved. The limited data on this topic has only been
obtained from human poisoning cases and toxicity studies
on animals. Nielsen et al. (1987) [10] has shown that the
metabolism of steroid hormones can be influenced by
boron. In this study, low doses of boron resulted in an
increase in the plasma concentration of both oestrogen and
testosterone, as well as an increase in calcium retention in
postmenopausal women [10].
So far, antioxidants have attracted much interest with
respect to their protective effect against damage by free
radicals that may be the cause for many diseases including cancer [11, 12]. Oxidative stress can lead to some
cancers, artherosclerosis, and adverse effects of aging [12,
13]. However, the compounds with antioxidant properties
contribute to protection of cells and tissues [12, 14]. Oxidative challenge is alleviated by antioxidant compounds,
but more importantly, by induction of antioxidant enzymes
including catalase (CAT), superoxide dismutase (SOD), glutathione-S-transferase (GST), glutathione reductase (GSH),
glutathione peroxidase (GSH-Px), and glucose-6-phosphate
dehydrogenase (G-6-PDH) [15, 16]. These enzymes form
a defense complex against reactive oxygen species (ROS).
Undoubtedly, the knowledge of the oxidative changes
caused by boron compounds is critical to the effective
enzyme researches. In this context, the blood cells are
potential vulnerable cells. So, oxidative studies of blood
are pivotal, because such studies will serve to evaluate
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and improve the effects on enzyme activities of boron
compounds. With this background in mind, in vitro human studies are also most important. Based on the above
data, the actions on blood antioxidant defenses of sodium
tetraborate against ROS are not identified yet. It is reported that oxidative stress caused by ROS damages DNA
[17]. Therefore, the objective of this work was to study
the effect of sodium tetraborate on antioxidant enzyme
systems including catalase (CAT), superoxide dismutase
(SOD), glutathione-S-transferase (GST), glutathione reductase (GSH), glutathione peroxidase (GSH-Px), and
glucose-6-phosphate dehydrogenase (G-6-PDH) in the red
blood cells of normal humans compared to those of workers exposed to boron dusts during mining and manufacturing processes in in vitro systems. The basic design of the
study was to compare antioxidant enzyme activity between control and experimental groups. As a result, the
effects of sodium tetraborate on antioxidant enzyme systems are reported between workers exposed to boron dusts
during mining and manufacturing processes, and humans
living in far regions from boron mining.

2. MATERIALS AND METHODS
2.1 Materials

Sodium tetraborate (Na2B4O7.10H2O) was purchased
from Eti Mine Works General Management (Bandirma,
Turkey). All the other chemicals and reagents were of analytical reagent grade and purchased from Sigma-Aldrich
(Sigma-Aldrich Chemical Co., St. Louis, MO, USA). All
the heparinized blood samples were taken from 50 healthy
people, not exposed to any toxic agents and who did not
smoke or drink, and from 50 workers exposed to boron
dusts during mining and manufacturing. Their ages were
in the rage of 25 to 35 years.
2.2 Enzyme activities

The blood samples were centrifuged at 2500×g for
15 min at 4 °C, and the plasma and buffer coat were
removed. After the packed red cells were washed three
times with potassium chloride (0.16 M KCl), the erythrocytes were hemolyzed with chilled water. The red blood
cells were removed by centrifugation at 4 °C and 10000×g
for 30 min. The blood samples were exposed to different
concentrations of sodium tetraborate under in vitro conditions [18].
2.2.1 Catalase (CAT) activity

Catalase activity was determined by the method of
Karabulut (2002) [19] and Çuvaç (2007) [20], assaying the
hydrolyzation of H 2O 2 and decreasing absorbance at
240 nm over 5 min at 25 °C. In this method, into a 3-ml
quartz cuvette, 2400 µL 0.05M phosphate buffer (pH 7.0),
500 µl 0.019 M H 2O 2 and 100 µL erythrocyte solution
were added, and then, CAT activity was measured spectrophotometrically. CAT activity was expressed as mM of

H 2O 2 reduced per min, using an extinction coefficient of
ε240= 0.0394 mM-1 cm-1 [19, 20].
2.3.2 Superoxide dismutase (SOD) activity

Superoxide dismutase activity was determined by the
method of Habdous (2003) [21]. It employs xanthine and
xanthine oxidase to generate superoxide radicals which
react with 2-(4-iodophenyl)-3-(4-nitrophenolo)-5-phenyltetrazolium chloride (INT) to form a red formazan dye. Using 1.10-4 M xanthine, 1.10-4 M INT, 0.05M phosphate
buffer (pH 7.0) and xanthine oxidase, SOD activity was
measured by monitoring the increase in the absorbance at
505 nm for 5 min, using an extinction coefficient of ε240=
0.0394 mM-1 cm-1 [21].
2.2.3 Glutathione-S-transferase (GST) activity

Glutathione-S-transferase activity was determined
by the method of Habig et al. (1974) [22] using 0.1 M
glutathione (GSH), 30 mM 1-chloro-2,4-dinitrobenzene
(CDNB) and 0.05 M potassium phosphate buffer (pH 7).
The method for the estimation of GST activity was based
on the formation of 1-chloro-2,4-dinitrobenzene (CDNB)conjugate in a reduced glutathione coupled reaction, in a
reaction mixture consisting of the phosphate buffer, reduced
glutathione and the enzyme source. The reaction was initiated by adding CDNB, and the rate of increase of product
concentration was monitored by measuring the absorbance at 340 nm for 5 min at 37 °C in a spectrophotometer.
The activity of GST was expressed as mM GSH-CDNB
conjugate formed per min, using an extinction coefficient
of 9.6 mM-1 cm-1 [22].
2.2.4 Glutathione reductase (GSH) activity

GSH activity was determined by the method of Beutler (1984) [23]. The assay system contained of 1 M TrisEDTA buffer, pH 8.0, including 5 mM ethylenediaminetetraacetic acid (EDTA), 0.033 M GSSG and 2
mM NADPH. The activity was measured by monitoring
the decrease in absorbance at 340 nm due to the oxidation
of NADPH at 37 °C for 5 min. One enzyme unit is defined as the oxidation of one µmol NADPH per min under
the assay conditions. The enzyme activity was calculated
using a molar extinction coefficient of 6.22 M-1 cm-1 for
NADPH at 340 nm [23].
2.2.5 Glutathione peroxidase (GSH-Px) activity

Glutathione peroxidase activity was also measured
according to Beutler method (1984) [23]. GSH-Px catalyses the oxidation of glutathione in the presence of tert-butyl
hydroperoxide. Oxidized glutathione is converted to the
reduced form in the presence of glutathione reductase and
NADPH, while NADPH is oxidized to NADP+. The
assay system contained of 1 M Tris-EDTA buffer, pH 8.0,
including 5 mM EDTA, 7 mM tert-butyl hydroperoxide,
0.1 M GSH, 0.01 M glutathione reductase, and 2 mM
NADPH. The reduction in the absorbance of NADPH at
340 nm was measured. By measuring the absorbance
change per min and by using the molar extinction coeffi-
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cient (6.22 M-1 cm-1) of NADPH, GSH-Px activity was
calculated [23].
2.2.6 Glucose-6-phosphate dehydrogenase (G-6-PDH) activity

Glucose-6-phosphate dehydrogenase (G-6-PDH) activity was measured spectrophotometrically at 37 °C [23].
Briefly, the enzyme sample was added after incubation of
a mixture containing 1 M Tris-EDTA buffer (pH 8.0),
0.1M MgCl2, 0.2 mM NADP+ and 6 mM glucose-6phosphate. The activity was measured by monitoring the
increase in absorption at 340 nm due to the reduction of
NADP+ at 37 °C for 2 min. The enzyme activity was
determined spectrophotometrically using a molar extinction coefficient value of 6.22 M-1 cm-1 [23].
2.3 Statistical analysis

Statistical analyses were performed using SPSS software (IBM SPSS Statistics 19). The data obtained from the
experiments were expressed as mean and standard error
values. The statistical differences among the control and
experimental groups were evaluated by one-way ANOVA
and Duncan post-hoc tests. A difference of p < 0.05 in the
mean values was considered to be significant.
3. RESULTS AND DISCUSSION

under in vitro conditions. The activities of erythrocyte
CAT, SOD, GSH-Px, GSH, GST and G-6-PDH were not
changed under increasing sodium tetraborate concentration when compared to controls. Moreover, the activities
of CAT (p>0.05), SOD (p>0.05), GST (p>0.05), GR
(p>0.05), GSH-Px (p>0.05) and G-6-PD (p>0.05) do not
show statistically significant modifications for any concentration (2, 4, 8, 17 and 33 ppm) of sodium tetraborate.
3.1 Catalase

Catalase disproportionates hydrogen peroxide, and
protects membrane lipids and proteins from attack by
peroxy radicals. As seen from Fig. 1, sodium tetraborate
did not alter erythrocyte CAT activitiy. It was reported
that boron compounds (boric acid, borax, colemanite and
ulexite) have induced CAT activity [25]. Pawa and Ali
(2006) [1] emphasized that liver CAT activity was decreased with borax treatment according to control group.
On the contrary, liver CAT activity was increased by
borax treatment after fulminant hepatic failure [1]. Zafar
and Ali (2013) [26] determined that liver CAT activity
remained unchanged in control and borax groups, but
CAT activity was decreased in hepatocellular carcinoma.
3.2 Superoxide dismutase

Oxidative stress develops when the levels of antioxidants are lowered. Thus, the activities of antioxidant enzymes are important in cell defense. The antioxidant enzymes can be induced or inhibited in the blood cells exposed to different toxicants, and these enzymes play a
main role in the defense of mammalian blood [24]. In the
present study, the toxic effects of increasing concentrations of sodium tetraborate on antioxidant enzyme levels
were investigated. Antioxidant enzymes like CAT, SOD,
GSH-Px, GSH, GST and G-6-PDH form the first line of
defense against ROS.
Figures 1-6 reveal the activities of antioxidant enzymes in human blood treated with sodium tetraborate

Superoxide dismutase enzyme causes the formation
of H 2O 2 while eliminating superoxide anions that are
produced by environmental stresses [27, 28]. Endogenous
H 2O 2 is converted to H 2O by catalase [28]. Figure 2
shows the effect of sodium tetraborate on SOD activity
under in vitro conditons. As seen from Fig. 2, there is not
a significant change in SOD activity. Similarly to our
study, B supplementation (boric acid and borax) did not
change SOD and CAT activities in the heart and liver
[29]. However, this result is inconsistent with the findings
reported by Turkez et al. (2007) [25] that, at low doses, B
compounds increased the antioxidant enzyme activities of
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FIGURE 1 - The effect of sodium tetraborate on CAT activity.

FIGURE 2 - The effect of sodium tetraborate on SOD activity.
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FIGURE 3 - The effect of sodium tetraborate on GST activity.

erythrocytes. In Turkez's study, not only boric acid but
also borax (sodium tetraborate decahydrate), ulexite and
colemanite have caused significant increases in SOD
activity [25]. Also, Nielsen (1989) [30] reported that B
supplementation increased erthrocyte SOD activity in
men and postmenopausal women. Zafar and Ali [26] studied the effect of borax on liver antioxidant enzymes. In
this study, Zafar and Ali have given thioacetamide (TAA)
to rats in order to cause hepatocellular carcinoma (HCC).
This study showed that, after HCC, the rat liver SOD
activity, after treatment with borax during 122 days, was
increased in comparison with the HCC group. In spite of
that, SOD activity of borax group and the control groups
was not changing [26].
3.3 Glutathione S-transferase (GST)

GST plays a vital role in prevention of oxidative
damage by conjugating reactive species, and by detoxifying lipid peroxidation products [31]. From Fig. 3, the
current study well establishes that sodium tetraborate does
not lead to the induction of oxidative stress. Herein, GST
activity was not changed by sodium tetraborate under in
vitro conditions. Similarly, Pawa and Ali [1] reported that
there was no significant difference in GST activity between control and borax groups. However, GST activity
increased in rats receiving borax, followed by fulminant
hepatic failure [1]. GST, which increased to 180% in HCC
rats, decreased significantly after the boron treatment
(118%), but GST activity did not show any other change
between control and borax groups [26]. Turkez et al. [25]
confirmed that GST activity was induced by 15 mg/L
boron compounds (boric acid, borox, colemanite and
ulexite), but GST activity was reduced with high doses.

3.4 Glutathione reductase (GSH)

GSH is a unique cellular tripeptide that plays a vital
role in maintaining the oxidant/antioxidant balance in the
tissue that is essential for normal cellular function [1].
GSH is also a major component of red blood cells that
plays a central role in the antioxidant defense of cells [32,
33]. The tripeptide counteracts the damaging effect of the
peroxides and hydroperoxides produced as a result of the
oxidative stress. Severe depletion of GSH that is considered as the consequence or the cause of oxidative stress,
affects the activity levels of various enzymes involved in
its recycling, such as glutathione reductase and glucose 6phosphate dehydrogenase. Glutathione reductase helps to
regenerate reduced glutathione from the oxidized glutathione, at the expense of NADPH produced in a reaction
catalyzed by glucose 6-phosphate dehydrogenase [1]. As
seen in Fig. 4, the fact that the activity of GSH does not
change with increasing sodium tetraborate concentrations,
sodium tetraborate has not any toxic effect on this enzyme. This enzyme involved in the glutathione turnover
does appear to be normalizing, suggesting that boron
could help to maintain the oxidant/antioxidant balance of
the affected tissue. It should be noted that boron itself is
not an antioxidant, but is reported to strengthen the antioxidant defense system of the tissue [34, 37]. In another study,
it was found that GSH activity significantly decreased
fulminant hepatic failure (FHF) rat group, but GSH activity
increased when animals were given borax following FHF.
However, GSH activity of control and borax groups was
close to each other [1].
3.5 Glutathione peroxidase
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GSH-Px and GST protect DNA and lipids of the cell
against peroxidation products [36]. In general, the reduction in the activity of GSH-Px may be due to decrease in
the availability of the substrate (GSH), and also due to
ROS induced alterations in its protein structure [37]. Figure 5 shows the effect of sodium tetraborate on GSH-Px
activity. GSH-Px activity did not alter by exposing to
sodium tetraborate. Mohora et al. (2002) [38] established
that rat liver GSH-Px activity increased at low boric acid
concentration, contrary to the control, but at high concentration, it decreased [38]. Pawa and Ali [1] emphasized
that GSH-Px activity was unchanged between borax and
control groups, but GSH-Px activity was reduced in fulminant hepatic failure, contrary to control group [1]. It

has also been reported that boron had no effect on GSH
concentration, GSH peroxidase and GSSG reductase activities, or ratio of GSSG to GSH [39].
3.6 G-6-PDH activity

G-6-PDH catalyzes the first step of the pentose phosphate metabolic pathway, which is an exclusive source of
NADPH in the red blood cells [40]. It was recorded that the
produced NADPH provides the regeneration of reduced
glutathione, which prevents haemoglobin denaturation,
preserves the integrity of the red blood cell membrane
sulfhydryl groups, and detoxifies peroxides and oxygen-

FIGURE 4 - The effect of sodium tetraborate on GR activity.

FIGURE 5 - The effect of sodium tetraborate on GSH-Px activity.
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FIGURE 6 - The effect of sodium tetraborate on G6PD activity.

free radicals in the red blood cell [41]. The main toxic
effects of increasing doses of involved boron compounds
decreased antioxidant enzyme levels. Figure 6 shows the
effect of sodium tetraborate on G-6-PDH under in vitro
conditions. The results show that there is not any important change in G-6-PDH activity. On the other hand,
Ku et al. (1993) [42] found that some compounds showed
nega- tive effects on the activities of GST, GSH-Px, G6-PDH enzymes and the glutathione levels. This decreasing in the enzyme activity might be due to selenium.
However, they also said that the decreasing trend in the
activities of antioxidant enzymes, which are independent
from selenium, reveals that boron compounds could be
influential, not only interacting with selenium but also in
other respects. Furthermore, it is possible that boron compounds can increase the activities of antioxidant enzymes
by inducing the accumulation of cAMP at low doses [42].

dant defense capacity. Sodium tetraborate acts neither as
activator nor inhibitor for all enzymes studied.
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1601

The authors have declared no conflict of interest

REFERENCES
[1]

Pawa, S., Ali, S. (2006). Boron ameliorates fulminant hepatic
failure by counteracting the changes associated with the oxidative stress. Chemico-Biological Interactions. 160, 89–98.

[2]

Moore, J.A. (1997). An assessment of boric acid and borax
using the IEHR Evaluative Process for Assessing Human
Developmental and Reproductive Toxicity of Agents. Expert
Scientific Committee, Reprod. Toxicol. 11, 123–160.

[3]

Alkan, M., Dogan, M., Namli, H. (2004). Dissolution kinetics
of ulexite in oxalic acid solutions. Industrial & Engineering
Chemistry Research. 43, 1591-1598.

[4]

Alkan, M., Dogan, M. (2004). Dissolution kinetics of colemanite in oxalic acid solutions. Chemical Engineering and
Processing. 43, 867-872.

[5]

Sayli, B.S., Tüccar, E., Elhan, A.H. (1998). An assessment of
fertility in boron exposed Turkish subpopulations. Reproductive Toxicology. 12(3), 297–304.

© by PSP Volume 23 – No 7a. 2014

Fresenius Environmental Bulletin

[6]

Warington, K. (1923). The effect of boric acid and borax on
the broad bean and certain other plants. Ann. Bot. 37, 629–
672.

[7]

Penland, J.G. (1994). Dietary boron, brain function, and cognitive performance. Environ. Health Perspect. 102, 65–72.

[8]

Beattie, J.H., Peace, H.S. (1993). The influence of a lowboron diet and boron supplementation on bone, major mineral and sex steroid metabolism in postmenopausal women. Br.
J. Nutr. 69, 871–884.

[9]

Pawa, S., Ali, S. (2004). Borax and boric acid provide different degrees of protection in liver necrosis. Trace Elem. Electrolytes. 21, 83–88.

[10] Nielsen, F.H., Hunt, C.D., Mullen, L.M., Hunt, J.R. (1987).
Effect of dietary boron on mineral, estrogen, and testosterone
metabolism in postmenopausal women. FASEB J. 1, 394397.
[11] Shon, M.Y., Choi, S.D., Kahng, G.G., Nam, S.H., Sung, N.J.
(2004). Antimutagenic, antioxidant and free radical scavenging activity of ethyl acetate extracts from white, yellow and
red onions. Food Chem Toxicol., 42, 659–666
[12] Turkez, H., Geyikoglu, F. (2010). Boric acid: a potential
chemoprotective agent against aflatoxin b1 toxicity in human
blood. Cytotechnology. 62, 157–165.
[13] Ma, A., Qi, S., Chen, H. (2008). Antioxidant therapy for prevention of inflammation, ischemic reperfusion injuries and
allograft rejection. Cardiovasc Hematol Agents Med Chem.
6, 20–43.
[14] Ramos, A.A., Lima, C.F., Pereira, M.L., Fernandes-Ferreira,
M., Pereira-Wilson, C. (2008). Antigenotoxic effects of quercetin, rutin and ursolic acid on HepG2 cells: evaluation by
the comet assay. Toxicol Lett. 177, 66–73.
[15] Hyršl, P., Büyükgüzel, E., Büyükgüzel, K. (2007). The effects of boric acid-induced oxidative stress on antioxidant
enzymes and survivorship in Galleria mellonella. Archives
of Insect Biochemistry and Physiology. 66, 23–31.
[16] Ahmad, S. (1995). Oxidative stress from environmental pollutants. Arch Insect Biochem Physiol. 29, 135–157.
[17] DeFedericis, H.C., Patrzyc, H.B., Rajecki, M.J., Budzinski,
E.E., Iijima, H., Dawidzik, J.B., Evans M. S., Greene K.F.,
and Box, H.C. (2006). Singlet oxygen induced DNA damage.
Radiat. Res. 165, 445-451.
[18] Dogan, S. (2006). The in vitro effects of some pesticides on
carbonic anhydrase activity of Oncorhynchus mykiss and Cyprinus carpio carpio fish. Journal of Hazardous Materials.
A132, 171-176.
[19] Karabulut, B A., Özerol, E., Temel, Ý., Gözükara, E M.,
Akyol, Ö. (2002). The effect of age and smoking on erythrocyte catalase activity and some hematological parameters.
Inönü University Journal of Medicine Faculty. 9(2) 85-88.
[20] Çuvaç, M. (2007). Investigation of effects of B, Cu, Zn, Al,
Pb and Cd on apoplastic antioxidative enzyme activities MS
Thesis, Atatürk University Graduate School of Natural and
Applied Sciences, Department of Chemistry, Erzurum, Turkey, (2007).
[21] Habdous, M., Herbeth, B., Vincent-Viry, M., Lamont, J.V.,
Fitzgerald, P. S., Visvikis, S. ve Siest, G. (2003). Serum total
antioxidant status, erythrocyte superoxide dismutase and
whole-blood glutathione peroxidase activities in the stanislas
cohort:ýnfluencing factors and reference. Clin. Chem. Lab.
Med. 41(2), 209-215.
[22] Habig, W., Pabst, M.J., Jakoby, W.B. (1974). Glutathione STransferases. The first enzymatic step in mercapturic acid

1602

formation., The Journal of Biological Chemistry. 249(22),
7130-7139.
[23] Beutler, E. (1984). Red Cell Metabolism". Grune & Stratton,
Inc. Orlando, 3nd ed, USA.
[24] Prasad, N.R., Srinivasan, M., Pugalendi, K.V., Menon, V.P.
(2006). Protective effect of ferulic acid on gamma-radiationinduced micronuclei, dicentric aberration and lipid peroxidation in human lymphocytes. Mutat. Res. 603, 129-134.
[25] Turkez, H., Geyikoglu, F., Tatar, A., Keles, S., Ozkan, A.
(2007). Effects of some boron compounds on peripheral human blood. Z Naturforsch [C]. 62, 889–896.
[26] Zafar, H., Ali, S. (2013). Boron inhibits the proliferating cell
nuclear antigen index, molybdenum containing proteins and
ameliorates oxidative stress in hepatocellular carcinoma. Archives of Biochemistry and Biophysics. 529, 66–74.
[27] Bowler, C., van Montagu, M., Inze, D. (1992). Superoxide
dismutase and stress tolerance. Annu. Rev. Plant Physiol.
Plant Mol. Biol. 43, 83–116.
[28] Keles, Y., Öncel, I. (2000). Changes of superoxide dismutase
activity in wheat seedlings exposed to natural environmental
stresses. Commun. Fac. Sc. Univ. Ank. Series C. 18, 1–8.
[29] Svistunenko, D.A. (2005). Reaction of haem containing proteins and enzymes with hydroperoxides: the radical view. Biochim Biophys Acta. 1707, 127–155.
[30] Nielsen, F.H. (1989). Dietary boron affects variables associated with coppermetabolism in humans, In 6th International
Trace Element Symposium, vol. 4. Eds. M Anke, W Baumann, H Braunlich, C Bruckner, B Groppel and M Grun. pp
1106–1111. Friedrich-Schiller-Universitat, Jena, (1989).
[31] Singh, S.P., Coronella, J.A., Benes, H., Cochrane, B.J., Zimniak, P. (2001). Catalytic function of Drosophila melanogaster glutathione Stransferase DmGSTS1-1 (GST-2) in conjugation of lipid peroxidation end products. Eur J Biochem.
268, 2912–2923.
[32] Meister, A. (1983). Selective modification of glutathione metabolism. Science. 220, 472-477.
[33] Ray, J.H. (1984). Sister-chromatid exchange induction by sodium selenite: reduced glutathione converts Na2SeO3 to its
SCE-inducing form. Mutat Res. 141, 49–53.
[34] Hunt, C.D., Idso, J.P. (1999). Dietary boron as a physiological regulator of the normal inflammatory response: a review
and current research progress. J Trace Elem Exp Med. 12,
221–233.
[35] Kelly, G.S. (1997). Boron: a review of its nutritional interactions and therapeutic uses. Altern. Med. Rev. 2, 48–56.
[36] Bukowska, B. (2004). Effects of 2,4-D and its metabolite 2,4dichlorophenol on antioxidant enzymes and level of glutathione in human erythrocytes. Comp. Biochem. Physiol. C:
Toxicol. Pharmacol. 135, 435-441.
[37] Janssen, Y.M., Van Houten, B., Borm, P.J., Mossman, B.T.
(1993). Cell and tissue responses to oxidative damage. Lab
Invest. 69, 261–274.
[38] Mohora, M., Boghianu, L., Muscurel, C., Dute, C., Dumitrache, C. (2002). Effect of boric acid redox status in the rat livers. Romanian J.Biophys. 12(3-4), 77-82.
[39] Stanley, T.R., Smith, G.J., Hoffman, D.J., Heinz, G.H.,
Rosscoe, R. (1996). Effects of boron and selenýum on mallard reproductýon and duckling growth and survival. Environmental Toxicology and Chemistry. 15(7), 1124–1132.
[40] Altikat, S., Ciftci M., Buyukokuroglu, M.E. (2002). In vitro
effects of some anesthetic drugs on enzymatic activity of

© by PSP Volume 23 – No 7a. 2014

Fresenius Environmental Bulletin

human red blood cell glucose 6-phosphate dehydrogenase.
Pol. J. Pharm. 54, 67-71.
[41] Weksler, B.B., Moore, A., Tepler, J. (1990). Hematology. In:
Cecil Essentials of Medicine (Andreoli T. E., Carpenter C. C.
J., Plum F., and Smith L. H., eds.). W. B. Saunders Company, Philadelphia, pp. 341-363.
[42] Ku, W.W., Shih, L.M., Chapin, R.E. (1993). The effects of
boric acid (BA) on testicular cells in culture. Reprod. Toxicol. 7, 321-331.

Received: July 30, 2013
Accepted: September 18, 2013

CORRESPONDING AUTHOR
Serap Dogan
Balikesir University
Faculty of Science and Literature
Department of Molecular Biology and Genetics,
10145, Çağış-Balikesir
TURKEY
E-mail: sdogan@balikesir.edu.tr
FEB/ Vol 23/ No 7a/ 2014 – pages 1594 – 1601

1603

© by PSP Volume 23 – No 7a. 2014

Fresenius Environmental Bulletin

OPTIMIZATION OF HUMIC SUBSTANCE REMOVAL
FROM WATERS BY COAGULATION WITH TAGUCHI METHOD
Gökçe Didar Değermenci1,* and Yalçın Şevki Yildiz2
1

Atatürk University, Engineering Faculty, Department of Environmental Engineering, 25240 Erzurum, Turkey
Erciyes University, Engineering Faculty, Department of Environmental Engineering, 38039 Kayseri, Turkey

2

ABSTRACT
In this study, Taguchi method was implemented in
order to optimize the humic substance removal from aqueous solution by coagulation using aluminum and ferric ions.
An orthogonal array (OA25) experimental design having five levels and six parameters (initial pH of the water,
initial humic substance concentration, rapid mixing rate,
slow mixing rate, alkalinity, and coagulant dosage) was
employed in order to evaluate the effects of experimental
parameters. Humic substance removal efficiency was taken
as performance criteria. The obtained data were evaluated
via Taguchi’s ‘the larger the better’ performance formula.
By implementing ANOVA on performance criteria, their
effects on result were determined.
While the optimum conditions were found to be 8 for
initial pH of the water, 40 mg/L for initial humic substance
concentration, 125 rpm for rapid mixing rate, 30 rpm
for slow mixing rate, 50 mgHCO 3-/L for alkalinity, and
5 mgAl+3/L of coagulant dosage for aluminum; and similarly 7 for initial pH of the water, 150 mg/L for initial
humic substance concentration, 300 rpm for rapid mixing
rate, 40 rpm for slow mixing rate, 0 mgHCO3-/L for alkalinity, and 10 mgFe+3/L of coagulant dosage for Ferric.
Under optimum conditions, removal efficiencies are 96.42%
for Al+3 and 88.74% for Fe+3.
KEYWORDS: Taguchi method, Optimization, Humic substance
removal, Coagulation

HS content in surface water has been found to be a
major factor affecting the formation of organic by-products
during potable water disinfection process [9-11]. On the
other hand, chemical disinfection has also led to an unintended potential of cancer and other reproductive/ developmental disorders that may be linked to chemical disinfection by-products (DBPs) created during disinfection
[12, 13]. In 1974, Rook et al. [14] reported the identification of the first DBPs in chlorinated potable water: chloroform and other trihalomethanes (THMs) [12, 15].
Applying Taguchi method for systematic design of
experiments leads to determination of the optimum quantity of design parameters. It provides stability and reproducibility which are found rarely in most statistical methods [16-19]. Taguchi method has been successfully used
by various authors for similar purposes; Optimization of
dissolution of ulexite in NH4Cl solutions [20], Binders of
optimization in order to obtain durable concrete [21], The
optimum working conditions for dye removal from aqueous solutions via electrocoagulation [22].
The aim of this study is not to investigate the treatability of the humic substance containing water by chemical-coagulation method. Our aim is to determine the optimum operating conditions such as initial pH of the water, initial humic substance concentration, rapid mixing
rate, slow mixing rate, alkalinity, and coagulant dosage for
the removal of humic substances from waters by chemicalcoagulation method based on removal efficiency.
2. MATERIALS AND METHODS

1. INTRODUCTION

2.1 Wastewater and coagulants

The sources of many problems in potable water are
located natural organic matter (NOM) in surface waters
[1, 2]. The most part of humic substances (HS) consist of
soil organic matter (60-70%) and surface water organic
matter (50-80%) [3-5]. Humic substances are complex
and acidic organic molecules are formed as a result of
decomposition of herbal, animal and microbial materials
in terrestrial and aquatic mediums [6-8].
* Corresponding author

In this work, the solutions prepared with 0.5 L distilled water and containing certain concentrations of humic substance were employed. The characteristics of
humic substance provided from Sigma-Aldrich Company
are shown in Table 1.
Humic substances have functional groups such as
phenolic hydroxyl groups, carboxyl groups, and amino
groups. Those groups in humic substances affect the load
of humic substance because of their behaviors in different pH values. Structures of groups being able to have an
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TABLE 1 - Properties of used humic substances
Element

C

H

N

Na

S

Fe

Ca

Mg

P

Li

Inert Residual

(%)

39.3

4.43

0.68

0.767

0.25

0.13

0.12

0.1091

0.0215

0.0003

55

FIGURE 1 - Functional structures of humic substances.

effect on immobilization of molecules are shown in Figure 1 [23].
Chemical coagulation–flocculation (CF) experiments
using two different coagulants (ferricChloride (Merck,
%99 purity) and alum (Merck, % 99 purity)) were carried
out. The 10g/L Al(SO4)3 and FeCl3 dosages were prepared
at the beginning of the experiments. In preparation of the
synthetic water containing humic substance and dilutions
of stock solutions, distilled water was used. The initial pH
was adjusted to the desired value by using NaOH or HCl.
2.2 Jar Tests

Coagulation experiments were carried out in a digitally-controlled multiple stirrer jar-test apparatus from
Phipps & Bird. The samples in jar were rapidly mixed, and
then the coagulants were instantaneously added. The rapid
mixing was conducted for 2 minutes followed by
20 minutes of slow mixing at specified stirring rates. The
samples taken after experiments were filtered through
cellulose acetate membrane (Schleicher&Schuell) with
0.45 µm pore size.
Initial humic substance concentration, initial pH of
the solution, the rapid mixing speed, the slow mixing
speed, alkalinity, alum and ferric dosage were chosen as
system variables of experiments. The investigated variables and their levels are summarized in Table 2.
2.3 Analysis of humic substance

The humic substance was analyzed spectrophotometrically. Considering the study of Wang et al. [24], the
humic substance solution prepared by using distilled water was scanned between 200 and 800 nm. The most appropriate wavelength was determined as 305 nm. The zeta

potentials of the humic substance during each run were
measured by using a micro-electrophoresis cell (ZetaMeter 3.0+).
TABLE 2 - Variables and their values corresponding to their levels
investigated in experiments
Variables
A: Initial pH of the solution (-)
B: Initial humic substance
concentration (mg/L)
C: Rapid mixing rate (rpm)
D: Slow mixing rate (rpm)
E: Alkalinity (mgHCO3/L)
F: Dosage (mgAl+3/L)
G: Dosage (mgFe+3/L)

1
5

2
6

Levels
3
7

4
8

5
9

10

20

40

100

150

100
20
0
0
0

125
30
10
1
1

150
40
20
2
2

200
50
40
5
5

300
60
50
10
10

2.4 Statistical analysis

Reaction period was kept constant in 22 min (2 min
rapid mixing + 20 min slow mixing) for statistical analysis. In order to optimize the humic substance removal
process, experimental parameters and their investigated
levels are given in Table 2.
The experimental design based on standard OA25
(65) orthogonal array was conducted in order to change
the settings of the various process parameters (Table 3
and 4). Each experiment was repeated twice under the
same conditions at different times in order to determine
the effects of noise sources on process.
Performance measurement analysis was conducted by
performing a variance analysis in order to determine the
optimum levels and relative magnitude of the effect of
parameters. Taguchi’s ‘the larger the better’ performance
formula was evaluated by using Eq.(1) because the desired
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TABLE 3 - Experimental variables, their levels and results of conducted experiments corresponding to L25 experimental plan as
coagulants Al+3

Experiment
no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Variables and their levels
A

B

C

D

E

F

1
1
1
1
1
2
2
2
2
2
3
3
3
3
3
4
4
4
4
4
5
5
5
5
5

1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5

1
2
3
4
5
2
3
4
5
1
3
4
5
1
2
4
5
1
2
3
5
1
2
3
4

1
2
3
4
5
3
4
5
1
2
5
1
2
3
4
2
3
4
5
1
4
5
1
2
3

1
2
3
4
5
4
5
1
2
3
2
3
4
5
1
5
1
2
3
4
3
4
5
1
2

1
2
3
4
5
5
1
2
3
4
4
5
1
2
3
3
4
5
1
2
2
3
4
5
1

Humic substance removal
efficiency (%)
n1
n2
nav.
(%)
(%)
(%)
0.57
2.29
1.43
72.94
74.83
73.88
96.13
94.81
95.47
96.38
95.91
96.14
93.61
93.87
93.74
46.34
48.56
47.45
10.88
4.97
7.93
12.34
12.38
12.36
18.41
18.20
18.30
55.07
59.02
57.05
95.24
95.45
95.35
96.90
96.80
96.85
12.56
10.86
11.71
12.56
12.33
12.44
36.56
36.19
36.37
96.45
97.27
96.86
96.97
97.65
97.31
98.34
98.32
98.33
9.93
11.08
10.50
15.39
15.51
15.45
2.44
8.02
5.23
15.71
16.29
16.00
95.73
96.09
95.91
98.11
98.10
98.10
6.17
3.61
4.89

TABLE 4 - Experimental variables, their levels and results of conducted experiments corresponding to L25 experimental plan as
coagulants Fe+3

Experiment
no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Variables and their levels
A

B

C

D

E

G

1
1
1
1
1
2
2
2
2
2
3
3
3
3
3
4
4
4
4
4
5
5
5
5
5

1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5

1
2
3
4
5
2
3
4
5
1
3
4
5
1
2
4
5
1
2
3
5
1
2
3
4

1
2
3
4
5
3
4
5
1
2
5
1
2
3
4
2
3
4
5
1
4
5
1
2
3

1
2
3
4
5
4
5
1
2
3
2
3
4
5
1
5
1
2
3
4
3
4
5
1
2

1
2
3
4
5
5
1
2
3
4
4
5
1
2
3
3
4
5
1
2
2
3
4
5
1

Humic substance removal
efficiency (%)
n1
n2
Nav.
(%)
(%)
(%)
8.32
11.61
9.96
10.81
4.62
7.72
20.53
15.25
17.89
19.94
9.37
14.65
97.04
95.89
96.46
71.86
55.01
63.43
3.77
6.67
5.22
6.33
6.54
6.43
15.71
13.27
14.49
27.84
30.16
29.00
93.11
93.57
93.34
95.78
96.44
96.11
7.37
6.49
6.93
7.59
8.12
7.85
33.51
33.63
33.57
13.73
14.25
13.99
95.12
95.18
95.15
97.12
97.43
97.27
4.79
2.57
3.68
12.36
10.88
11.62
8.32
11.33
9.83
5.87
6.78
6.32
28.71
21.98
25.35
71.37
71.37
71.37
17.47
10.66
14.07

characteristic for response has been maximum removal
efficiency (in percentage).

&1
S
1 #
= −10 log10 $$ ∑ in=1 2 !!
N
yi "
%n

(1)

where S/N is performance characteristics, n is the
number of repetitions done for an experimental combination, and Yi is the performance value of the ith experiment.
The performance value corresponding to the optimum
working conditions can be predicted by utilizing the balanced characteristic of OA. For this purpose, the following (Eq.(2)) additive model may be used:

Yi = m + X i + ei

(2)

where m is the mean overall performance value, Xi the
fixed effect of the parameter level combination used in
th
the ith experiment, and ei is the random error in the i
experiment. Detailed description of the Taguchi method
can be found in Yildiz [22].
In conditions seen in Table 3 and 4, the efficiency of
removal of humic substance was considered as optimization criterion. The humic substance removal efficiencies
were calculated according to Eq.(3).

η=

Ci − C e
x100
Ci

(3)

3. RESULTS AND DISCUSSIONS
3.1. Statistical analysis

The collected data for humic substance removal was
analyzed by using the computer software package
(MINITAB Release 13.20) for the evaluation of the effect
of each parameter on the optimization criteria.
The optimal level of a process parameter is the level
with the highest S/N value calculated via Eq.(1). According to data from Table 3 and 4, the ranking of effects of
mentioned experimental parameters on optimization criterion (removal efficiency percentage) was determined via
implementing “Variance Analysis (ANOVA)”.
Variance analysis (ANOVA) is a mathematical operation which is widely used in order to determine the effect
percentage of each of factors. The ANOVA table which is
given for an analysis helps determining which factors
should be controlled [20].
3.1.1 Experiment using Al

+3

The performed evaluations were conducted according
to importance level of 5% when freedom degree is 4 and
error is 25. For the conditions mentioned above, critical F
value is 2.76. According to evaluations conducted in this
way; the ranking of efficiencies of parameters on optimization criterion is as follows in ascending order; flocculant dosage, initial pH of water, rapid mixing speed, alka-
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linity of water, slowly mixing speed, and the initial concentration of humic substance. Although ANOVA analysis gives the qualitative information about optimization
criterion of parameters, the parameter named “contribution rate” allows determining the efficiencies of parameters on result as percentage. The contribution rate (Cr) can
be calculated according to Eq.(4).

CrA =

SS A − DOF × MSS error
× 100
SS total

(4)

Evaluating Table 5, it is seen that the highest contribution belongs to flocculant dosage (67%). It is followed
by pH value of water and rapid mixing speed, respectively. Within the used interval, the total contribution of those
3 parameters is approximately 88%. In Figure 2, the effects of used aluminum dosage, pHi, and rapid mixing
speed on optimization criteria are seen.
Such effectiveness of flocculant dosage on removal
efficiency is a desired result because the dosage of flocculant is the parameter being the most effective on removal
efficiency. But it doesn’t mean that the increasing amount
of flocculant will always leads to higher removal efficiency [25, 26].

Although lower flocculant dosages have high additional effects on optimization, the amount of additional
benefit becomes lower when the dosage becomes higher.
Even it is seen that the benefit slightly decreases at highest dosage. The reason for the decrease of additional efficiency at highest dosages may be the excessive decrease
of pH of water.
In Figure 2, the effect of initial pH value on optimization criteria is seen. It can be said that the most appropriate effect of this parameter on removal efficiency occurs
at initial pH value of 8.
The change of pH value of medium has a dual effect
on the system. One of those effects is the change of load of
humic substance, hence the change of its zeta potential, due
to change of pH of medium. This effect is seen in Figure 3.
Evaluating Figure 3, it is seen that the zeta potential
of humic substance increased when the pH value of medium increased. For example; when the pH value of water is
4, the zeta potential equals with -15.1 mV. When the pH
of water increases to 8, zeta potential also increases to 42.6 mV. This change in structure of humic substance is
caused from some functional groups in its structure ionizing at high pH values [5, 27, 28].

TABLE 5 - Results of the analysis of variance for humic substance removal efficiencies by coagulation using Al+3
Variables
A: Initial pH of the solution (-)
B: Initial humic substance concentration
(mg/L)
C: Rapid mixing rate (rpm)
D: Slow mixing rate (rpm)
E: Alkalinity (mgHCO3/L)
F: Dosage (mgAl+3/L)
Error

Sum of squares
(SS)
11543.1

Degrees of freedom
(DOF)
4

Mean of squares
(MS)
2885.8

F

Cr (%)

1338.14

14.43

2981.2

4

745.3

345.60

3.74

4675.8
3333.7
3495.0
53291.0
53.9

4
4
4
4
25

1168.9
833.4
873.8
13322.8
2.2

542.04
386.46
405.16
6177.77

5.88
4.18
4.39
67.13

FIGURE 2 - The effect of alum dosage, pHi, and rapid mixing on the optimization criteria for Al+3
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TABLE 6 - The pH value of waters obtained after flocculation experiments
D.N.
1

pHi
5

pHe

D.N.
6

pHi
6

pHe

pHi
7

pHi
8

6.99

D.N.
21

pHi
9

pHe

4.54

D.N.
16

pHe

4.42

D.N.
11

pHe

5.54

2
3
4

5
5
5

4.70
4.46
4.13

7
8
9

6
6
6

6.28
5.77
5.85

12
13
14

7
7
7

4.50
6.90
6.65

17
18
19

8
8
8

4.37
4.20
7.72

22
23
24

9
9
9

8.11
7.09
4.31

5

5

4.09

10

6

5.48

15

7

6.24

20

8

7.52

25

9

9.18

FIGURE 3 - The change of zeta potential of humic substance corresponding to change of pH

As can be seen in Table 6, the lowest pH value of water is 4.09. Given the average alum ions, the pH value of
water needs to be higher than 4 for formation of aluminum hydroxide crystals according to Eq.(5) [5, 29]. When
considering this aspect, the pH value of water which was
obtained after flocculation is appropriate for the formation
of aluminum hydroxide crystals.
The second effect of pH of water is the changes of distribution of aluminum’s hydrolyze products [29]. The dominant type within 5<pH<7 interval of medium pH is
Al(OH)3(s). Evaluating Table 6, most of the medium pH
values are within the corresponding pH interval.
In addition to those evaluations, there is the solubility
diagram of aluminum according to medium [30]. The
solubility of aluminum under 6.5-7.8 pH conditions is
very low. It is thought that high removal efficiencies can
be obtained because either aluminum has low solubility or
the dominant aluminum product type is aluminum hydroxide [29, 30].

7.69

In Figure 2, the effect of rapid mixing speed is seen.
The basic function of rapid mixing speed is to provide the
efficient mixing of flocculant being added to water in
short time. Evaluating the Figure 2, it is seen that 125 rpm
of mixing speed is the most appropriate speed among
examined ones.
Considering the data in this chapter where the aluminum is used as flocculant, the data which are estimated
through experiments and observed experimentally are
given in Table 7.
Evaluating Table 7, it is seen that Experiment 1 has
the conditions which can provide the optimum removal
efficiencies. Optimum conditions can be provided when
initial pH value is 8, initial humic substance concentration
is 40 mg/L, rapid mixing speed is 125 rpm, slow mixing
speed is 30 rpm, alkalinity is 50 mg/L, and the dosage of
flocculant is 5 mg/L. Under those conditions, the estimation of obtainable removal efficiency is expected to be
99.81%. When evaluating Table 7, the obtained result will
be in 95.56% and 100% interval with possibility of 95%.
When an experiment was conducted under same condition, it was seen that the removal efficiency was 96.42%.
The obtained value is within the confidence interval. Also
other removal efficiencies obtained in other experiments
were within the confidence interval. So, it can be said that
obtained model works well for estimation.
3.1.2. Experiment using Fe

+3

The performed evaluations were conducted according
to importance level of 5% when freedom degree is 4 and
error is 25. For the conditions mentioned above, critical F
value is 2.76, as expressed before. According to evaluations conducted in this way; the ranking of efficiencies of
parameters on optimization criterion in from-higher-tolower order is as follows; flocculant dosage, initial pH of
water, alkalinity of water, rapid mixing speed, the initial

TABLE 7 - Humic substance removal efficiency values observed and predicted under optimum and alternative experimental conditions
A
B
C
D
E
F
Observed Predicted
Level Value Level Value Level Value Level Value Level Value Level Value
#1
4
8
3
40
2
125
3
30
5
50
4
5
96.42
99.81
2
1
5
3
40
2
125
3
30
5
50
4
5
95.17
99.74
3
1
5
3
40
2
125
3
30
5
50
5
10
95.65
99.78
4
3
7
2
20
2
125
4
40
2
10
4
5
94.84
96.98
# Optimum experimental condition
Case No.
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Confidence limit
95.56-100
95.49-100
95.53-100
92.73-100
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TABLE 8 - Results of the analysis of variance for humic substance removal efficiencies via coagulation using Fe+3
Variables
A: Initial pH of the solution (-)
B: Initial humic substance concentration (mg/L)
C: Rapid mixing rate (rpm)
D: Slow mixing rate (rpm)
E: Alkalinity(mgHCO3/L)
G: Dosage (mgFe+3/L)
Error

Sum of
squares (SS)
4925.5
2359.5
2388.2
1617.9
4207.5
44986.4
302.3

Degrees of freedom
(DOF)
4
4
4
4
4
4
25

Mean of squares
(MS)
1231.4
589.9
597.0
404.5
1051.9
11246.6
12.1

F

Cr(%)

101.84
48.79
49.38
33.45
87.00
930.18

8.02
3.80
3.85
2.58
6.84
73.93

FIGURE 4 - The effect of ferric dosage, pHi, and alkalinity on the optimization criteria for Fe+3

concentration of humic substance, and slowly mixing
speed. The contribution rates (Cr) calculated according to
Eq.(4) are given in Table 8.
Evaluating Table 8, it can be seen that the highest effect belongs to flocculant dosage with rate of 74%. It is
followed by pH value of water, and the third highest effect belongs to alkalinity. Within the examined interval,
the total contribution of those 3 parameters is approximately 89%. In Figure 4, the effects of ferric dosage, pH,
and alkalinity on optimization criteria are seen.
The effect of flocculant on optimization criteria is
seen in Figure 4. The effect on optimization criteria increases when the amount of flocculant used increases.
This effect of flocculant is a little bit different from its
effect when the effect of aluminum was being investigated because the increase in efficiency keeps increasing
even at highest flocculant dosage. This situation can be
interpreted as that the optimum dosage may be higher
within the examined interval.
In Figure 4, the effect of initial pH value on optimization criteria is seen. It can be said that the most appropriate effect of this parameter on removal efficiency is its
effect at initial pH value of 7. The dual effect of change in
medium pH was mentioned, and its effects on humic substance were discussed. That’s why; we will focus on only
the effect of initial pH value on flocculant.

When the pH value of water is within 6-10 interval,
the solubility of Fe+3 ions becomes minimum [31, 32].
The effect of alkalinity on removal efficiency is seen
in Figure 4. Virtually, hydrolyze reactions of both of ferric
and aluminum are acidic (Eq.(5) and (6)).
If flocculants such as Al+3 and Fe+3 are added into
water, pH value of water decreases (except sodium aluminate). So, those flocculants (coagulants) are acidic. The
basic chemical formula:

Al +3 + 3H 2O ←!→!→ Al (OH ) 3 + 3H +

(5)

p H >4

The pH must be higher than 4 for this reaction to be
right-sided. The formula for Fe+3:

Fe +3 + 3H 2 O ↔ Fe(OH ) 3 + 3H +
3H + + 3HCO3− ↔ 3H 2 CO3− ≡ 3CO2 + 3H 2 O


(6)

weak − acid

The water should include a little alkalinity in order to
allow neutralizing the acid arising as a result of formation
of hydroxides of flocculants. But the humic substance
removal efficiencies are in satisfactory levels when dosage is enough because the examined pH intervals satisfy
the neutralization need. When Table 4 is evaluated, the
initial pH value in 5th, 6th, 12th, 18th and 24th experiments
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TABLE 9 - Humic substance removal efficiencies predicted and observed under optimum condition
A
B
C
D
E
G
Observed Predicted
Level Value Level Value Level Value Level Value Level Value Level Value
#1
3
7
5
150
5
300
3
40
1
0
5
10
88.74
99.36
# Optimum experimental conditions
Case No.

are the values where the highest efficiency outputs are
obtained. Besides having the highest dosage, the common
specification of those experiments is that the required
alkalinity decreases when initial pH value increases. In
this case, it can be said that the acid arising as a result of
hydrolyze of flocculant will be neutralized by hydroxide
in medium when pH increases.
The experimentally estimated and experimentally obtained data when ferric is used as flocculant are given in
Table 9. Optimum experiment conditions can be expressed as 3rd level for initial pH value, 5th level for initial
humic substance concentration, 5th level for rapid mixing
speed, 3rd level for slow mixing speed, 1st level for alkalinity and 5th level for flocculant dosage.
In Table 9, the optimum conditions are provided when
initial pH value is 7, initial humic substance concentration
is 150 mg/L, rapid mixing speed is 300 rpm, slow mixing
speed is 40 rpm, alkalinity is 0 mg/L, and the flocculant
dosage is 10 mg/L. The estimated value of obtainable
removal efficiency under those conditions is expected to
be 99.36%. Again when the Table 9 is evaluated, the
obtained result will be within 89.20-100% interval with
95% possibility. Similarly, it is seen that the removal
efficiency is 88.74% when the experiments are conducted
under same conditions.

Confidence limit
89.2-100

efficiency. The obtained results in same order with above
is as follows; 67.13, 14.53, 5.88, 4.39, 4.18 and 3.74,
respectively. According to those calculations, it can be
said that the most of obtained removal efficiency (approximately 88% of it) is provided by flocculant dosage, initial
pH of water, and rapid mixing speed.
In similar way, ANOVA was implemented to removal efficiencies obtained as a result of experiments with
ferric ions, and then the efficiency ranking of parameters
was determined. The efficiency order for ferric ions is as
follows; flocculant dosage, initial pH value, alkalinity,
rapid mixing speed, humic substance concentration, and
slow mixing speed. Also the quantitative effects of those
parameters on removal efficiency were determined by
calculating contribution rates. According to effectiveness
order, the contribution rates of parameters are 73.93, 8.02,
6.84, 3.85, 3.80, and 2.58. Similar with in aluminum, the
largest part of removal efficiency (89%) is provided by
flocculant dosage, initial pH of water, and alkalinity.
By implementing the Taguchi Method to obtained
removal efficiencies, experimental data being very near to
estimated values were obtained (Table 7 and 9). That’s
why; it can be said that Taguchi Method can be implemented to humic substance removal from waters via flocculation process. Among the advantages of this method,
the requirement of less experiment for obtaining result
should not be forgotten.

4. CONCLUSION

The authors have declared no conflict of interest.

Within this study, the optimization of removal of humic substances from waters by flocculation with ferric
and aluminum through Taguchi Method was aimed.
The effects of initial pH value of water, initial humic
substance concentration, rapid and slow mixing speeds,
alkalinity, and flocculant dosages were investigated as
system variables. Ferric and aluminum were used as flocculant. Humic substance removal efficiency was taken as
base optimization criteria.
Variance analysis (ANOVA) was implemented to results obtained in experiments by using aluminum. Then
the ranking of effects of those parameters on humic substance removal was determined. According to conducted
variance analysis, the order of effectiveness from higher
to lower is as follows; flocculant dosage, initial pH value
of water, rapid mixing speed, alkalinity, slow mixing
speed, and initial humic substance concentration. Also the
contribution rates of those parameters were calculated in
order to determine their quantitative effects on removal
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ABSTRACT

1. INTRODUCTION

Poland and other European countries have recently
experienced an intensified problem of crop damage caused
by game species such as roe deer, red deer and wild boar.
This is mainly related to the increase in the number of the
species mentioned above and changes in the crop structure. Roe deer and red deer cause particularly serious
damage to winter rape, whose cultivated area in Europe
has significantly increased in the recent years. Feeding of
these animals is harmful not only because it causes direct
damage to plant tissues but also because it can be conducive to infections with diseases caused by pathogenic
fungi. The present study included simulation of winter
rape damage caused by roe deer and red deer in winter.
The experiments aimed to determine the correlation between the extent of the damage and rape yielding as well as
the resulting extent of infection with diseases caused by
fungi. Field experiments showed that mechanical damage
results in the decrease of yield and increase of disease
agent occurrence. Moreover, the study included pot experiments, whose aim was to determine the influence of the
kind of mechanical damage on plant development, yielding
and infections of rape siliques and seeds by pathogens. The
obtained results indicated that plants without leaves before spring vegetation gave the smallest yield and their
siliques and seeds were affected by disease agents to the
highest extent. Plants without the main growth cone,
which were the last to ripen, were affected to the smallest
extent. The paper presents the analysis of the after-effects.
This is the first scientific data on the dissemination of
winter rape diseases due to roe deer and red deer feeding.

KEYWORDS: winter rape, roe deer, red deer, game damage,
pathogenic fungi

* Corresponding author

In the last ten years, the size of Polish herbivorous
game mammal population, including the European deer
and roe deer, has increased significantly [1]. These animals
are found in the entire country with varying density. Locally, they cause considerable crop damage. Given feeding
preferences and physiological condition of roe deer and
red deer in winter and early spring, cereals and winter
rape are at a particular risk of damage. Cultivated area of
winter rape in Poland has increased by over 100% in the
last decade and it still shows an uptrend (according to the
Polish Central Statistical Office). Since roe deer and red
deer are gregarious species, groups of several or several
dozen such animals can be found in rape fields in winter [2].
Nutritional demand of adult roe deer in winter is
about 1.5–2.5 kg of fresh plant mass a day. In winter,
depending on the size of rape plants, a single roe deer can
damage approx. 100–300 plants a day, i.e. 2–6 m2 of
crops can potentially be damaged (assuming that there are
approx. 50 plants per 1 m2) [1, 2]. A red deer, which is a
considerably larger animal, can eat even 15 kg of plant
food [3]. Moreover, the animals can cause damage by
trampling and forming lairs. Such damage can be observed provided that the damaged plants wither. In practice, most of the damaged plants regenerate in spring and
depending on the scale of damage produce yield, which is
however lower by about 15–50% compared to that generated by undamaged plants [4]. Winter rape growers often
report increasing damage in their rape plantations to the
representatives of state administration and hunters, and
claim for compensation according to the applicable law. It
is difficult to determine the amount of compensation, which
in turn is a source of conflict, since game damage occurs
almost throughout the entire vegetation period, especially
in winter and spring. Game damage is mechanical damage
of leaves, growth cones and sprouts. Very often, the plants
are completely destroyed and thus wither. Frost and pestinduced damage, on the one hand, and high regenerative
abilities of rape, on the other, masque the picture of real
yield decrease caused by roe deer and red deer feeding on
the damaged plantations.
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The authors have not found any scientific data on the
influence of the presence and feeding of roe deer and red
deer on winter rape plantations on the dissemination of
the diseases of this plant. There have been cases (oral reports - Korbas 2011) where correlation has been observed
between the winter occurrence of red deer and roe deer and
dry rot in brassicas, caused by Leptosphaeria (conidial
stage: Phoma lingam). It can be assumed that such a correlation exists because spores of the listed species penetrate
into the plant through the damaged tissue [5]. Moreover,
by feeding on the affected plants the animals can transfer
the spores onto other healthy plants by means of their
limbs and teeth. Based on the available literature, it can be
concluded that Leptosphaeria and other fungi such as
Botryotina fuckeliana, Alternaria spp. can cause serious
infections in plants. Given differing susceptibility to the
disease, dry rot in brassicas can cause up to 60% of winter
rape plants to wither [6]. Other species of rape pathogens
can potentially decrease the yield by 30%.
The development of pathogens is to a large extent determined by weather conditions in the vegetation period.
The Leptosphaeria fungi, which cause dry rot in brassicas,
develop particularly well in long-term humidity and temperature 5–10ºC, which in Poland occur in early spring and
spring. In these conditions, disease agents release ascospores and develop mycelia, which is followed by the formation and release of conidiospores. High humidity also
determines the occurrence of alternaria black spot (Alternaria spp.) and Botrytis gray mold (Botryotinia fuckeliana)
in plants [7]. These diseases are particularly serious if
they affect siliques because they cause them to split
prematurely or affect the quality of the obtained seeds.
There is no scientific data on the dissemination of
winter rape diseases due to roe deer and red deer feeding.
Similarly, the literature to date does not include data
on the possible influence of mechanical damage to winter
rape caused by roe deer and red deer on the severity of
silique infection and rape seed colonization by disease
agents. However, it can be assumed that mechanical damage can affect the development pace in plants, which can
change their susceptibility to the attack of silique and seed
pathogens. Rupture of the covering tissues as a result of
feeding also facilitates the penetration of microorganisms
into the plant and initiation of the disease process. It is
known that plant damage caused by other factors, e.g.
machines, hailstorms, soil particles, facilitate the development of many diseases [5, 8].
In the presented study, based on the plants naturally
damaged by roe deer and red deer, a simulation of winter
damage to winter rape was conducted. The aim was to
determine the extent of yielding in the plants depending
on the degree of damage as well as analyse the influence
of mechanical damage on the susceptibility of the plants
to infection with given pathological fungi.

2. MATERIAL AND METHODS
The 2011 study on the consequences of roe deer and
red deer feeding on winter rape comprised two series of
experiments. To eliminate differences caused by weather
conditions, which to a large extent determine yielding and
susceptibility of plants to infections by pathological fungi,
all the field experiments were conducted in the same
period of time, at an experimental plantation of Sammy
winter rape line variant in Winna Góra. Pot experiments
on winter rape plants from the same experimental plantation were conducted in natural conditions within the
premises of Plant Protection Institute - National Research
Institute in Poznań.
Since March 2011, the rape plants at the experimental
plantation displayed natural winter damage of rosettes, a
preliminary assessment of the damage was performed
when the vegetation period started, i.e. at the BBCH 39
stage (main shoot growth). The results are given as percentage of the retained green area of rosettes. Based on
the assessment, it was concluded that on average 76–90%
of the rosette area was preserved at the experimental plot
after winter. The stand was 50 plants / m2 on average. The
main growth cone was preserved in all the plants. No
damage caused by birds, rodents or game mammals was
observed in the experimental field.
Before the experiment, a macroscopic assessment of
plant infection was conducted based on the symptoms on
leaves at the BBCH 39 stage (alternaria black spot, black
leg, botrytis gray mold). Minor infection by alternaria
black spot agents (1–2% of plants) and black leg agents
(5–7 % of plants).
2.1 Field experiments

The aim of experiment I was to identify to what extent mechanical damage of winter rape plants determines
the seed yielding and infections by disease agents. Each
of the 5 variants of the experiment was carried out in
three replications on experimental plots, 70.5 m2 each.
Average number of plants per repetition was 3525 (average number of plants per 1 m2 was 50). The results presented below are average values of the three repetitions.
Experiment I started in the second half of March
2011, after the time of winter vegetative rest, when winter
rape entered its spring vegetation period and when the
plants were at the BBCH 39 stage. Based on natural damage of winter rape caused by red deer and roe deer, a
simulation of plant damage was conducted with the use of
pruning scissors. Damage was caused gradually throughout 10 days, so that the number of plants damaged each
day comprised 10% of the final number in a given variant
of experiment.
In every variant of the experiment, damage of the
growth cone and leaves comprised 15% and 85% of the
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total damage respectively. Growth cones were cut off 3–
4 cm from the rosette, whereas the leaves were entirely
removed. The damaged plants were left for further natural
vegetation until the harvest.
Experiment variants:
variant 1 - undamaged plants - control variant
variant 2 - 10% of artificially damaged plants,
variant 3 - 20% of artificially damaged plants,
variant 4 - 30% of artificially damaged plants,
variant 5 - 40% of artificially damaged plants,
variant 6 - 50% of artificially damaged plants.
In each variant of the experiment, when the plants in
the plots were at the BBCH 80–85 stage (seed ripening),
the extent of infection with diseases was determined. In
this period, the infection was manifested by stems breaking down at the base of the shoot in the affected plants.
The number of plants that broke down was calculated for
each of the plots. Detailed analysis of damaged tissues
allowed us to determine the causes of this phenomenon.
For this purpose, fragments of pathologically changed
tissues from the shoot base were disinfected for 4
minutes in 5% sodium hypochlorite, washed three times
in distilled water and dried on a sterile tissue. Next, they
were placed in Petri dishes (90 mm diameter) with 20 ml
of congealed PDA nutrient medium. After a 14-day incubation at the temperature of 18ºC and under the photoperiod of 12/12h, species of fungi were identified with the
use of available mycology keys [9-13].
Stem test was conducted to confirm whether the Leptosphaeria spp. isolates obtained from plants with symptoms of stems breaking out at the base can infect rape.
The test was performed on four-week plants of Californium variety. Their stems were punctured at the base with a
needle. Next, drops of suspension containing spores were
applied on the damaged spots (the suspension was obtained from the mixture of four-week cultures of isolated
species Leptospharia maculans and L. biglobosa anamorph Phoma lingam). 1 ml3 of the suspension contained
1 x 106 of Phoma lingam conidial spores [14]. After 28
days, the stems were assessed with respect to infection
symptoms. The test was conducted in 4 series, 10 stems
each.
Yield and seed moisture were determined after the
harvest.
2.2 Pot experiments

Experiment II was to identify the extent to which different types of damage determine yielding of the plants,
infection of siliques with disease agents, colonization of
the plant seeds with fungi as well as the germination energy and germinating ability of the seeds. The experiment
was conducted on plants transferred with the soil from the
experimental field in 15 litre plastic pots. There was one
plant in each pot. For every variant of the experiment ten

plants were planted out. In the first variant of experiment
II, the main growth cone was cut off from the plants. In
the second variant, all the leaves were removed at the
BBCH 39 stage. Undamaged plants comprised the control
variant.
When the experiment was completed (the harvest day),
what was determined was the number of siliques developed
by the plants in every variant of the experiment, the number of green siliques, the extent of silique infection with
alternaria black spot and the degree of seed colonization
with fungi. Next, the ability to germinate and germination
energy of seeds in control plants and those without leaves
or growth cones was analysed.
2.3 Assessment of silique and seed health

Assessing the health of the silique comprised macroscopic identification of average percentage of silique area
infected with disease agents, in each of the experiment
variants. Main symptoms that were observed were those
of alternaria black spot.
The surface of silique fragments that displayed symptoms of alternaria black spot was disinfected for 40 seconds in 5% sodium hypochlorite and washed in distilled
water. Next, 5 sections from the borderline of normal and
affected tissue were cut out and placed on a Petri plate
with acidified PDA. After 2-3 weeks of incubation at 18°C
under the photoperiod of 12/12h, fungi were identified with
the use of available mycology keys [10-13]. Pathogenicity
test for the obtained fragments of siliques of A. brassicae
and A. brassicicola isolates was conducted on 200-mm
Petri plates lined with wet sterile blotting-paper [15].
Pathogenicity test was performed on those isolates that
displayed fast pace of growth on the PDA medium. Leaves
of ‘Californium’ winter rape cultivated in a greenhouse,
detached from plants at the rosette stage were damaged
with a dissecting needle in 4 spots. The damaged spots
were covered with 4-mm plates with PDA penetrated by A.
brassicae or A. brassicola mycelium. To retain sufficient
moisture, inoculated leaves were stored in closed plates at
18°C under natural photoperiod. Also, the test included a
control, whose damaged leaves were covered with plates
containing pure PDA medium (4 mm). After 2 days, the
plates were removed and after 6 days, the diameter of
spots caused by individual isolates was measured. The
test was conducted in 4 series, 10 leaves each.
To assess the extent of seed colonization by the fungi,
the material obtained from individual experimental plots
was disinfected in 5% sodium hypochlorite, washed three
times in distilled water and dried on sterile tissue. Disinfection time was differentiated - one batch of seeds was
disinfected for 5 minutes, the other for 8 minutes. In each
of the experiment variants, 400 seeds of each disinfection
batches were placed in Petri dishes. In the dishes (90 mm
diameter), there was congealed PDA (Potato Dextrose
Agar) nutrient medium in the amount of 20 ml per plate.
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Before it was poured in the dishes, the medium was acidified using 1 ml of lactic acid. There were 25 rape seeds
placed in every dish. After a 7-day incubation at the temperature of 18ºC and under the photoperiod of 12/12h,
percentage of the total number of seeds colonized by
fungi was determined. After 2–3 weeks, species of fungi
were identified with the use of available mycology keys
[9-13]. The results were compared determining the average percentage of seeds colonized by fungi in general as
well as by particular fungal species or genera in every
variant of the experiment.
Ability to germinate and germination energy of the rape
seeds from individual plots were assessed by placing the
seeds in Petri dishes (200 mm diameter) laid up with sterile
tissue soaked with distilled water. There were 100 seeds
placed on every plate in each of the 4 repetitions. Germination energy and ability were assessed after 4 and 7 days of
incubation respectively. The average percentage of seeds
that germinated was calculated.
3. RESULTS
3.1 Field experiment

Results of the field experiment proved that the seed
yield in the control variant of the experiment was lower
than in the variant with 10% plant damage (9.04 kg and
10.67 kg respectively). Along with the increase of the
damage, the yield was smaller in proportion to the control
group. The biggest yield losses were observed in the variant of the experiment with 50% plant damage (7.14 kg)
(Table 1).
The fungi that were mainly isolated from the examined tissues with symptoms of the disease causing the
plants to break down were Leptosphaeria (causing black
leg), and Fusarium, Rhizoctonia, Alternaria as well as
Botrytis. Field observation of seed development did not
reveal any other rape diseases. The differences in studies
were observed in the degree of infection by fungi causing
black leg. Sixteen plants in the control group (undamaged
plants) were broken down because of the presence of
Leptosphaeria fungi. More broken-down plants were
observed in the remaining variants of the experiment with
41 plants being the highest number observed in the experiment with 50% damage level (Table 1).
TABLE 1 - Infection of rape plants by disease agents and seed yield
in different variants of the experiment. Provided values are an
average of three repetitions.
Experiment
variant
Control
10% damage
20% damage
30% damage
40% damage
50% damage

Average number of
plants broken down
because of the presence
of pathogenic fungi
16
22
27
26
37
41

Average weight of seed
yield in kg at average
moisture of 8%
9.04
10.67
8.36
7.25
7.18
7.14

Pathogenicity test showed that Leptosphaeria spp.
isolates obtained from infected stem tissues in a field test
caused pathogenic lesions on rape stems (on the average,
90% of stems with infection symptoms) (Table 2). The
test confirmed that the lesions are caused by Leptosphaeria spp. isolates obtained from damaged plant tissues with the symptoms of stems breaking out. At the
same time, the assumption that tissue damage facilitates
pathogenic infections was confirmed.
TABLE 2 - Results of pathogenicity test for Leptosphaeria.
Test series
I
II
II
IV
Average

Average percentage of infected plants
100.0
80.0
90.0
90.0
90.0

3.2 Pot experiments

Results of the studies showed that all mechanically
damaged winter rape plants survived and developed while
regenerating the damages. Compared to undamaged plants,
depending on the type of damage, the plants were different in general appearance and development, which was
significantly delayed. Both in the field and pot experiments, up to BBCH 65 (older petals falling), the plants
with no leaves underwent the development stages of undamaged plants with 6–8 days of delay whereas plants
without the growth cone needed 12–14 additional days.
Starting from BBCH 65, all the following phases occurred
first in the plants without leaves.
In the pot experiments, when the undamaged plants
were harvested at the fully ripe stage (BBCH 89), in the
variant where the growth cone of the main shoot was
damaged, the plants developed shoots stemming from side
buds. Even though they were developed with a delay, the
plants managed to create the biggest number of siliques
on the side shoots. The average number of siliques per
plant amounted to 296. In this variant, the highest percentage of green siliques was observed compared to the
remaining analysed variants. In this variant, there was
25% of green siliques, while in the variant with leafless
plants, the percentage of observed siliques was 6% (11%
in the control variant). The longest siliques were obtained in
the control group (6.81 cm) and the shortest ones (6.03 cm)
were in the variant with plants having no growth cone on the
main shoot. The extent of alternaria black spot infection
(Alternaria spp.) varied between the examined variants.
The lowest percentage of affected siliques was observed
in the variants which initially had no growth cone of the
main shoot. In this variant, only 39.24% of siliques were
affected by alternaria black spot. The highest percentage
of affected siliques was obtained in the variant where the
plants had no leaves initially. The percentage of the infected siliques in this variant amounted to 65.04 and
40.71% in the control group (Table 3).
Alternaria fungi, i.e. A. brassicae and A brassicicola
as well as the saprotrophic species A. alternata were iso-
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TABLE 3 - Average number of siliques, percentage of green siliques, length of siliques and infection by alternaria black spot per one plant in
different variants of the experiment.
Experiment variant
without growth cone of main shoot
no leaves
control

Number of siliques per
plant

Percentage of green
siliques / plant

Sylique length
[cm]

296
216
230

25
6
11

6.03
6.49
6.81

lated from silique fragments with the symptoms of alternaria black spot. Seleceted A. brassicae and A brassicicola isolates were used for pathogenicity test on leaves. In
all series, both species caused spots on leaves. No spots
were observed in the control. A. brassicae and A brassicicola cultivated on PDA medium and isolated from
tissues of infected siliques displayed pathogenicity towards rape leaves (Table 4). It was also confirmed that
tissue damage facilitates infections by pathogenic fungi,
in this case also by the Alternaria species.
The colonization of seeds by fungi was diverse.
Shorter disinfection (5 minutes), which allows for determining the surface colonization of seeds, proved that the
seeds obtained in the control and in the “no growth cone”
variant were affected to a similar extent - 20.88% 20.63% respectively. In the variant with “no leaves”, the
percentage of colonized seeds was higher and it amounted
to 24.38%. Longer disinfection (8 minutes) proved that

Infection by alternaria
black spot/plant
[%]
39.24
65.04
40.71

the control contained the fewest seeds infected by fungi in
the deeper layers of the seed cover (11.75%). The seeds
derived from variants with damaged growth cone and
with no leaves were placed in a similar range. In these
variants, after 8 minutes of disinfection, the percentage of
colonized seeds amounted to 16.12% and 20.50% respectively. Highest germination energy (89.5%) and ability
(90%) was observed in seeds obtained from undamaged
plants (Table 5).
TABLE 4 - Results of pathogenicity test for Alternaria
Test series
I
II
III
IV
Average

Alternaria brassicicola
Alternaria brassicae
Average spot diameter [mm]
11.1
9.8
10.5
8.8
9.9
10.2
11.0
9.9
10.63
9.68

TABLE 5 - Colonization of seeds by fungi; germination energy and ability of seeds in different variants of the experiment.
% of seeds colonized by fungi / plant after
5 minutes of
8 minutes of
disinfection
disinfection
20.63
16.12
24.38
20.5
20.88
11.75

Experiment variant
without growth cone
no leaves
control

70

Germination energy
[%]

Germination ability
[%]

73.5
86.5
89.5

74.5
87
90

%

60
50
40
30
20
10
0
without growth cone

no leaves

control

versions of experiment
percentage of green siliques/plant
percentage of siliques with alternaria black spot symptoms/plant
percentage of seeds colonized by fungi after 8 minutes of disinfection/plant

FIGURE 1 - Correlation between the growth speed of plants damaged in different ways (percentage of green siliques/plant) and the infection
of siliques by alternaria black spot and seed colonization by fungi in pot experiments.
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TABLE 6 - Colonization of seeds by different species of fungi in different variants of experiments.

Species
A. alternata
A. brassicae
A. brassicicola
A. raphani
Cladosporium spp.
Epiccocum spp.
Penicillium spp.
Fusarium spp.
Trichothecium roseum
Non-sporulating fungi

% of seeds colonized by fungi / plant
5 minutes of disinfection
8 minutes of disinfection
without growth cone
no leaves
control
without growth cone
no leaves
14.37
17.87
15.62
7.12
10
0.25
0
0.25
0.25
0.37
0.5
0.62
0
1.12
1.37
1.37
1.37
1.62
0.62
0.75
2.37
1.87
0.37
0.62
1.5
0.12
0
0.12
0
0.12
0.25
0.37
0
3.5
2.25
0
0
0
0.5
0.87
0
0
0
0
0.25
0.87
2.25
2.87
2.37
3

The graph shows the relation between the number of
green siliques and the infection of siliques by altenaria
black spot and the seed colonization by fungi in deeper
layers of the seed cover. In the “no leaves” variant, in
which the lowest percentage of green siliques/plant was
observed, the percentage of siliques affected by alternaria
black spot and the percentage of seeds colonized by fungi
in the deeper layers of the seed cover were highest (Fig. 1).
When analyzing the infection of seeds by different
species of fungi, it should be concluded that the isolated
fungi belong to 10 genera but also several non-sporulating
cultures were obtained which cannot be classified into
genera or species. Shortened disinfection of seeds allowed
for detecting larger amounts of fungi, however, more species were detected after longer disinfection. Among the
obtained isolates, Alternaria alternata was a dominant
species (Table 6).
4. DISCUSSION
Results of both field (I) and pot (II) experiments
proved that there exists a correlation between mechanical
damage of rape plants occurring during spring vegetation
and ripening, yielding as well as infections with diseasecausing microorganisms.
In the field conditions, seed yield higher than in the
control group was obtained only in the extent of plant
damage amounting to 10%. Most likely it was due to the
fact that with such a low level of damage, its benefits
prevailed over the negative impact. The benefits are: increased access to light, increased photosynthesis and lower
competitiveness against undamaged plants. This way,
undamaged plants had better conditions for development
and hence their yields were higher. Greater extent of damage in other variants of the experiment did not allow the
listed benefits to compensate for extensive damage. Infection higher than in the control group, which was reflected
in breaking down of the plants, was insignificant for the
yield in the variant of experiment with 10% damage because only 22 plants were damaged in this variant, which
constituted only 0.62% given that the overall number of

control
5.62
0.37
0.25
0.62
1.25
0.12
1.62
0
0
1.87

plants was 3525. In the remaining variants of the field
experiment, greater percentage of plant damage (20%,
30%, 40%, 50%), even though the plants survived and
regenerated, resulted in lower yielding compared to the
control. Better development of undamaged plants did not
compensate for the yield losses. Infection by pathogens,
mainly Leptosphaeria spp., resulting in breaking down of
plants, was weak also in the remaining variants of the
experiment: 0.77, 0.73, 1.04 and 1.16%, but each time higher
than in the control group. The extent of infected plants in the
control group proves that some of the fungi infecting winter
rape do not require open wounds and they can penetrate
tissues using their own mechanisms, which are most often
enzymatic. Low level of colonization of plants by some
pathogenic species can result in increased photosynthesis.
When the plant is seriously affected, this process is usually
reduced [16]. This fact can be referred to the results of the
experiment in the variant with 10% damage.
The results of the studies prove that mainly the
changes in general appearance and size of plants as well
as development disorders resulting from wounds and costs
of regeneration were the reason for lower yielding. It
amounted to 7.5% for the plants damaged in 20%, 19.8%
for the plants damaged in 30%, 20.6% for the plants damaged in 40% and 21.1% for the plants damaged in 50%.
Similar results were obtained in experiments involving
rape [4]. Pot experiments confirm the results presented
above because the plants without leaves had the lowest
number of siliques, which were additionally most extensively infected with alternaria black spot agents.
The experiments confirm that the stress inflicted by
mechanical damage that, depending on its extensiveness,
results in significantly changed general appearance of the
plant and differences in the pace of development. The
overall infection by pathogens in damaged plants was
higher than in the control group in all variants of the experiment. In similar conditions affecting the distribution
of spores, the damage resulting in open wounds in tissues
of rape results in the increase of infection by pathogenic
fungi. Change of ripening pace of plants indirectly contributes to secondary infections resulting from prolonged
ripening and susceptibility to pathogens. During this peri-
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od (rape ripening) in the climate of Poland, the temperature and air humidity increase systematically. This conclusion is confirmed by studies of other authors on other
types of plants [17].
In the case of significantly damaged plants, the regeneration is slower, which results in delayed ripening of
rape. Delayed development of siliques in the ‘no growth
cone’ variant shortened the time when the developed siliques were subject to pathogenic infection by Alternaria
spp. This was probably the reason for the lowest percentage
of siliques infactions in this variant. Damage of the growth
cone also resulted in a delay in seed formation, which did
not ripe before harvesting. This, in turn, decreased germination ability and energy in this variant. In the remaining
variants, the germination ability and energy were normal
for rape seeds.
During detailed analysis of the species of fungi colonizing the seeds obtained in the experiment, Alternaria
alternata was dominant. The results obtained in our study
are confirmed by studies of numerous other authors, who
report that A. alternata is the most common species isolated from rape seeds [18-22]. The fungi colonizing inner
parts of the seed coat must have colonized this part of the
seed at earlier stages and remain there as mycelia. Isolation of Alternaria alternata, A.brassicae, A. brassicicola
from the seeds confirm the fact that alternaria black spot
on the siliques was caused by these species. There is a
multitude of other fungi species on seeds, which can affect the quality of the obtained yield. Numerous researchers stress the important impact of fungi colonization of
seeds, which is often related to decreased content of oil
and protein [23-25]. Another problem correlated with the
seed colonization by fungi is their ability to produce secondary metabolites (mycotoxins). Gwiazdowski and
Wickiel [26], Ostry [27] as well as Visconti et al. [28]
stressed the high probability of producing mycotoxins
by fungi and decreasing the seed quality. Higher percentage of fungi was isolated from the “no leaves” variant than
from the variant without the growth cone. In the control
group, the infection rate by pathogenic and saprophytic
fungi was the lowest. Weakening the plants (removing the
growth cone, loss of leaves), results in increasing their
predisposition for infection by disease causing fungi,
which was confirmed by the evaluation of fungi colonization of seeds.

caused by herbivores. They induce processes increasing
metabolism and they stimulate growth and development
of plants [16, 29-32]. In the case of other plant species,
even very small mechanical damage of specific tissues
results in plant death or limitation of development and
seed production [33, 34].
5. CONCLUSIONS
Based on the results of the studies, it can be concluded that the plants of winter rape with profoundly damaged
leaves and growth cone can survive but their general
appearance is changed and they develop slower than undamaged plants. Plants with no growth cone produce 4–8
side shoots and they ripe 10–12 days later compared to
undamaged plants. Own research and field observations
of plants naturally damaged by red deer and roe deer
confirm that plants with no leaves develop the main shoot
and side shoots but they are smaller and they also ripen
with 5–6 days of delay compared to undamaged plants. In
plants with no leaves, the period between BBCH 65 (older
petals falling) and BBCH 89 (fully ripe) is shorter than in
undamaged plants. The size of siliques is smaller and they
are more heavily affected by alternaria black spot. Mechanical damage in early spring did not contribute to any
significant increase of infection by pathogens in the rape
plants. In the experiment, where the plants ripened unevenly, some pathogenic fungi were, however, present in a
slightly higher intensity. This could have been caused by
both mechanical damage resulting in wounds through
which spores could penetrate and changes of temperature
and humidity within the field where plants ripe longer.
Probably there are also other factors affecting the investigated and described phenomenon.

When referring the results of this study to the outcomes of feeding on winter rape by red deer and roe deer,
it can be concluded that even strong damage inflicted by
these animals does not kill the plant. This species has a
very strong, evolutionary regeneration mechanism connected to physiological and biochemical reaction to mechanical stress. In the Polish climate, after winter, nearly
all rape plants are damaged by low temperatures to some
extent so when they start spring vegetation they initiate
the mentioned physiological regeneration mechanisms. It
is similar in the case of other plant species in which mechanical damage in the early development stages are
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ADSORPTION OF METHYLENE BLUE FROM
AQUEOUS SOLUTION ONTO PYROLUSITE LEACHING
RESIDUE AND DEGRADATION IN H2O2/H2SO4 SYSTEM
Bing Liao, Wu Shen, Weiyi Sun, Bi Wu, Shijun Su and Sanglan Ding*
College of Architecture and Environment, Sichuan University, Chengdu, 610065, China

ABSTRACT
Pyrolusite leaching residue (PLR) was used as a lowcost adsorbent to remove methylene blue (MB) from
aqueous solution by adsorbing MB and regenerating PLR
in a H2O2/H2SO4 system. In this paper, the behaviors of
adsorption and regeneration as well as the mechanisms of
PLR were investigated. The experimental results showed
that it took 180 min to reach adsorption equilibrium. The
adsorption process was kinetically fitted to both pseudofirst-order and pseudo-second-order models. In isotherm
equilibrium, it was better fitted to Langmuir isotherm model
with a maximum adsorption capacity of 22.15 mg/g. The
degradation process was influenced by degradation temperature and concentrations of H2SO4 and H2O2, whose best
values were determined as 65 °C, 0.2% and 0.3%, respectively. PLR was proven to show good cycle performance
by repeated adsorption-degradation process under appropriate conditions. In degradation process, MnO2 was extracted by sulfuric acid solution with hydrogen peroxide,
which had a synergetic effect on the degradation of MB.
The results will provide a novel approach for removal of
dyes and resource utilization of PLR.
KEYWORDS: Adsorption; methylene blue; pyrolusite leaching
residue (PLR); degradation.

1. INTRODUCTION
Color in wastewater caused by synthetic dyes must be
removed due to their toxicity, mutagenicity and carcinogenicity [1], which can extremely endanger human health
and other living organisms [2, 3]. Thus, a variety of
methods were developed to remove colors from aquatic
systems including ion exchange [4, 5], chemical oxidation
[6-8], biodegradation [9, 10] and adsorption [11-17]. Among
them, adsorption using activated carbon was considered as
the most common and effective method [18-21]. However,
activated carbon is unsuitable for large-scale application,
* Corresponding author

especially in developing countries, because of its high
cost [22]. Therefore, many other inexpensive adsorbents,
such as fruit waste [11], rectorite [13], sawdust of silver
fir [15], and clay minerals [17] were developed.
Reductive leaching of pyrolusite with sulfur dioxide
was proven to be a promising process to recover manganese attributing to advantages of fast leaching rate, high
manganese extraction rate and selective leaching of manganese [23-26]. When manganese is leached out from
pyrolusite, the solid pyrolusite leaching residue (PLR) is
produced, which would contaminate the environment if it
is directly discharged. Thus, it is important to find proper
resource utilization ways of PLR. Although many researches about using pyrolusite [27-29] or MnO2 [30-32]
as adsorbents to treat polluted water have been reported,
compared with them, PLR has a lower Mn content and
possibly different structure and surface properties after
leaching process. Literature on the adsorption behavior of
PLR scarcely exists, and whether it is still a suitable adsorbent, remains poorly understood.
In this study, methylene blue (MB) was chosen as dye
to be removed. Adsorption of MB in aqueous solution using
PLR as adsorbent, and then, degradation of MB by hydrogen peroxide and sulfuric acid, were investigated. The
behavior and mechanism of adsorption and degradation
were separately investigated. The research results will provide a novel approach for removal of dyes and resource
utilization of PLR.
2. MATERIALS AND METHODS
2.1 Chemicals

All chemicals used were of analytical grade. Methylene blue (MB) stock solution (500 mg/L) was prepared
by dissolving 0.5g MB in 1000 ml distilled water. Desired
concentrations were further prepared by diluting the stock
solution with distilled water.
2.2 Preparation and characterization of PLR

The leaching of pyrolusite with sulfur dioxide was
performed in a bubbling reactor (ID 18.5 cm; height 38 cm;
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internal volume 10 L) under semi-batch conditions (agitation speed 300 rpm, temperature 50 °C). The pyrolusite
slurry was prepared by mixing 5 L tap water with 2.5 kg
commercial pyrolusite; then, 6% SO2 (1.5 m3/h) was injected until a molar ratio of SO2/MnO2 = 1.5 was reached.
Leaching residue was separated by centrifugation and
washed with deionized water until the soluble salts were
completely removed. The solid was oven-dried at 110 °C
for 24 h, and sieved to 140-200 mesh by standard sieves
(Model 200). The obtained product was referred as PLR.
Compositions of the obtained PLR samples were AASanalyzed (Varian, Spectr AAS-220 FS).
The physical properties of PLR including surface area
SBET, total pore volume V t, external surface area Sext,
micropore surface area Smic, micro-pore volume Vmic, and
mean-pore diameter Dp were measured by a surface area
analyzer (Micromeritics TriStar-II 3020). Surface morphologies of PLR were examined by SEM (JEOL JSM7500F). A Fourier transform infrared spectrometer (Thermo
Electron Scientific Instruments Corp., Nicolet 6700) was
used to analyze the chemical structure of PLR in a range of
400-4000 cm-1.
2.3 Adsorption experiments

Batch equilibrium MB adsorption studies were performed by mixing a known dose of PLR (0.05-0.5 g) with
a 50-ml solution of certain MB concentration in 250-ml
Erlenmeyer ﬂasks which were shaken at 150 rpm in a
water-bath shaker (SHA-CA) at 25 ± 1 °C for 180 min to
reach equilibrium. Then, the mixture was ﬁltered and the
residual MB concentrations were measured using a spectrophotometer (V-1100D, Shanghai) at 664 nm. The removal efficiency of MB and uptake amount qe were calculated as follows:

η=

c0 − ce
*100%
c0

was chosen to disperse PLR homogenously in solution. At
preset time intervals (0-300 min), 10 ml samples were
drawn and ﬁltrated; and the residual MB concentration
was analyzed by the method described above. Then, qt
(mg/g), the adsorption amount at time t (min), was calculated by following equation:

qt =

(c0 − ct )V
W

(3)

where, C0 and Ct (mg/L) are the initial and equilibrium concentrations of MB, respectively. V(L) is the volume of the solution, and W is the mass (g) of PLR.
2.4. Degradation of MB

For the degradation study, solutions with different
H 2SO 4 and H 2O 2 concentrations were used as eluents.
At first, 0.3 g PLR was added to 50 ml of MB solution
(114 mg/L, pH 7); once equilibrium was reached (180 min),
the MB-adsorbed PLR adsorbents were separated from solution by filtration. Secondly, for degradation, the filtered
adsorbent was stirred for 120 min in 50 ml solution with
certain amounts of H2SO4 and H2O2 at a certain temperature. The same operation of adsorption-desorption as mentioned above was repeated in several cycles. The removal
efficiency of every adsorption was calculated to evaluate
the effect of parameters on degradation process.
Under obtained proper conditions for degradation, the
adsorption-degradation process mentioned above was repeated once. The compositions of PLR after degradation
were AAS-measured (Varian, Spectr AAS-220 FS). In
addition, the stock solution, solution after adsorption and
solution after degradation were separately analyzed by
UV-VIS spectrometry (Shimadzu, UV2100).
3. RESULTS AND DISCUSSION

(1)

3.1 Characterization of PLR

(c − c )V
qe = 0 e
W

(2)

where, C0 and Ce (mg/L) are the initial and equilibrium concentrations of MB, respectively. V (L) is the volume of the solution, and W is the mass (g) of PLR.
Adsorption kinetic experiments were done to investigate the effect of contact time and evaluate the kinetic
properties. PLR (6 g) was added into 1000 ml of MB
solution with initial MB concentration of 114 mg/L. The
mixture was agitated on an electromagnetic stirrer (Model
78-1) at 300 rpm and 25 ± 1 °C. The stirring rate of 300 rpm

The compositions of prepared PLR samples are shown
in Table 1. The low Mn content of only 3.3% is indicating
an effective leaching process of pyrolusite with SO2. The
physical properties of prepared PLR are listed in Table 2.
The results showed a high surface area (73.32 cm2/g) and
nano-sized pore-diameters of PLR particles. SEM images
of prepared PLR in Fig. 1 demonstrate the irregular and
porous structure of PLR.
TABLE 1 - Chemical compositions of purified PLR samples (wt. %).
Al
4.06

Mn
3.30

Fe
10.65

Si
21.62

Ba
6.07

TABLE 2 - Physical properties of PLR samples.
SBET(cm2/g)
73.3221

Sext
(m2/g)
34.1976

(%)
46.64

Smic
(m2/g)
39.1245

Vt (cm3/g)
(%)
53.36

1621

0.1296

Vmic
(cm3/g)
.006243

Dp(nm)
(%)
4.82

111.23

S
1.39
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The FTIR spectrum of PLR in Fig. 2 shows that the
absorption peaks were obviously observed at 468, 694,
798, 910, 1029, 1081, 1621, and 3423 cm-1, respectively.
Generally, the bands in the low-frequency (400-1000 cm-1)
region were attributed to metal-oxygen and metal-hydroxyl
vibrations, bands at 1000-1100 cm-1 were caused by Si-OSi and Si-O stretching vibration, the weak adsorption at
1631 cm-1 was assigned to the bending mode of water,
and the bands at 3420 cm−1 corresponded to the structural
hydroxyl groups in the interlayer.

3.2 Adsorption experiment
3.2.1 Effect of adsorbent dose

The effect of PLR dose on the adsorption of MB was
investigated using various PLR doses at a constant MB
concentration of 114.0 mg/L. As displayed in Fig. 3, the
removal efficiency increased sharply as the PLR dose
increased from 1 to 6 g/L, reaching an almost constant
value of 99.8%. The increasing trend was attributed to the
rise of adsorption surface area and availability of more
adsorption sites. The adsorption capacities decreased with
increasing PLR dose, due to the reduction in both effective surface area and adsorbate/adsorbent ratio. The adsorption efficiency and adsorption capacity were separately
99.8% and 7.29 mg/g when the PLR dose was 6 g/L, which
was chosen as the fixed adsorbent dose for kinetics and
isotherms experiments.

FIGURE 3 - Effect of PLR dose on the adsorption of MB onto PLR.
3.2.2 Effect of contact time

FIGURE 1 - SEM images of prepared PLR with different magnifications: a) x 2000; b) x 5000.

The effect of contact time on adsorption capacity of
PLR is shown in Fig. 4. The adsorption showed a rapid
increase during the first 10 min, which was probably because of more adequate vacant sites being available, and a
greater concentration gradient of the MB existing between

FIGURE 2 - FTIR spectrum of prepared PLR.

FIGURE 4 - Effect of contact time on the adsorption of MB onto
PLR.
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aqueous solution and adsorbent. Thereafter, the rate of adsorption was found to be slow, and finally, it reached
equilibrium when contact time was 180 min.

qe
Ce

qt = qe (1-e! k1t)

(4)

q 2k t
qt = e 2
1+ qek2t

(5)

where, qe and qt (mg/g) are the amounts of MB adsorbed at equilibrium and at time t (min), respectively; k1
(min-1) is the rate constant of the pseudo-first-order model, and k2 (g/(mg.min)) is the pseudo-second-order rate
constant.

1

+

1

q mb q m

(6)

ce
1
n

lnqe = ln K f + ln ce

3.2.3 Adsorption kinetics

Adsorption kinetics data were analyzed by two most
widely used kinetic models, i.e. the pseudo-first-order [33]
and pseudo-second-order [34] model. The non-linear
forms of the two models can be expressed as follows:

=

(7)

where, ce is the concentration of MB in aqueous solution at equilibrium, qm (mg/g) and b (L/mg) are Langmuir
isotherm coefficients, qm is the maximum adsorption
capacity, and Kf (mg/g) and n are Freundlich constants.
As shown in Figs. 6 and 7, the Langmuir isotherm
model appeared to be the better fitting model for the experimental adsorption isotherm data, which was also reflected by a higher correlation coefficient R2 of 0.9989
(Table 4), indicating that the structure of PLR was homo-

FIGURE 6 - Langmuir fit plots for adsorption isotherms of MB onto
PLR.

FIGURE 5 - Kinetics plots for adsorption of MB onto PLR.

The comparison of both kinetic models for the adsorption of MB onto PLR is plotted in Fig. 5. All kinetic
parameters and correlation coefficients are listed in Table
3. As seen from Fig. 5 and Table 3, pseudo-first-order and
pseudo-second-order both fitted quite well to the experimental data with correlation coefficients R2 of 0.9970 and
0.9987, respectively.
3.2.4 Adsorption isotherms

The adsorption process could be generally expressed
by Langmuir [35] and Freundlich [36] isotherm equations; the linear forms of which are represented by the
following equations:

FIGURE 7 - Freundlich fit plots for adsorption isotherms of MB
onto PLR.

TABLE 3 - Kinetic parameters of MB adsorption onto PLR.

qe,exp (mg/g)
18.32

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

q1e (mg/g)

K1 (min-1)

R1 2

q2e (mg/g)

K2 (g/(mg..min))

R2 2

17.60

0.437

0.9970

17.83

1.5856

0.9987
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geneous and the surface of PLR was covered by the monolayer of MB. The maximum adsorption capacity (qm) of
PLR was calculated to be 22.1533 mg/g.
TABLE 4 - Adsorption parameters obtained from Freundlich and
Langmuir isotherm models.

qmax/
mg/g
22.1533

Langmuir
b
(L/mg)
2.9217

r2
0.9989

Kf
(mg/g)
10.5257

Freundlich
n

r2

6.2426

0.6711

cies decreased sharply by using eluents without H2O2 but
kept relative stable at higher values by using eluents with
H2O2 (0.12, 0.3, 1.2%). However, the removal efficiencies
appeared to be more stable by using the eluent with 0.3%
H2O2 than those with 0.12 and 1.2%. Thus, 0.3% was chosen
as the fixed H2O2 concentration for degradation process.

3.3 Degradation of MB

The degradation of MB was investigated to explore
the degradation behavior of MB in H2O2/H2SO4 system
and to evaluate the regeneration ability of PLR. By using
a mixed solution of H2SO4 and H2O2 as eluent, effects of
temperature as well as concentrations of H2SO4 and H2O2
on the degradation process were investigated, being expressed in form of removal efficiencies of MB in several
cycles of adsorption-degradation process.
FIGURE 9 - Effect of H2O2 concentration (%) on reuse of PLR.
3.3.3 Effect of temperature

An eluent with 0.2% H2SO4 and 0.3% H2O2 was used
to investigate the effect of temperature (Fig. 10). It can be
seen obviously from Fig. 10 that the removal efficiencies
kept more stable at higher degradation temperature. At
degradation temperature of 65 °C, the removal efficiency
remained over 90% after 7 cycle times. In conclusion
from the results above, the best degradation conditions
were determined to be 0.2% H2SO4, 0.3% H2O2, and a
temperature of 65 °C. Because higher temperatures will
cause strong evaporation and consume more energy, 65 °C
was chosen as the best degradation temperature.
FIGURE 8 - Effect of H2SO4 concentration (%) on reuse of PLR.
3.3.1 Effect of H2SO4

The effect of H2SO4 on the degradation process was
investigated using eluent solutions with different H2SO4
concentration (0-9.8%) and constant H2O2 concentration
of 0.3% at 25 °C. As seen in Fig. 8, by using eluents either with higher H2SO4 concentrations (2% and 9.8%) or
without H2SO4, the removal efficiencies decreased sharply
with increasing cycle times of adsorption-degradation process; oppositely, the removal efficiencies of MB always
kept high values by using eluents with 0.2% H2SO4. After
7 cycle times, the removal efficiency was still over 90%,
suggesting best degradation effects.
3.3.2 Effect of H2O2

FIGURE 10 - Effect of degradation temperature on reuse of PLR.

The effect of H2O2 on the degradation process was
investigated using eluent solutions with different H2O2
concentration (0-1.2%) and constant H2SO4 concentration
of 0.2% at 25 °C. From Fig. 9, with increasing cycle times
of adsorption-degradation process, the removal efficien-

3.4 Mechanism of adsorption and degradation

The mechanisms of adsorption and degradation were
explored by investigation of the change of PLR and aqueous solutions during the adsorption-degradation process.
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Based on the analysis above, the adsorption and degradation was divided into two steps for two reasons. Firstly, no extra acid was added to adjust pH in adsorption
process [30-32]; thus, neutralization of aqueous solution
in subsequent water treatment was avoided. Secondly,
Mn2+ produced by extraction of MnO2 in degradation process took no negative effects on the adsorption process
possibly occurring in the one-step adsorption-degradation
process [30-32].
4. CONCLUSIONS

FIGURE 11 – UV-VIs spectra of stock solution, solution after adsorption, and solution after degradation.
3.4.1 UV-VIS spectra of aqueous solutions during adsorptiondegradation process

It is well-know that the wavelengths of ultraviolet and
visible light are separately at the range of 200-380 nm and
380-780 nm. As shown in Fig. 11, the UV-VIS absorption
spectrum of stock solution had two obvious absorption
bands at positions of 290 nm and 670 nm, corresponding
to the benzene ring and azo linkage in MB molecule. In
the spectrum of the solution after adsorption, almost no
adsorption band was observed, indicating that the MB was
totally adsorbed by PLR which further confirmed the experimental results in section 3.2.2. Compared with stock
solution and solution after adsorption, a great change was
found in the absorption spectrum of solution after degradation. No adsorption band was observed in the region of
visible light attributed to the breaking of the azo linkage
of MB. Strong adsorption bands in UV light region were
detected, which may result from degradation of MB and
formation of new substances with aromatic rings [37].
3.4.2 Variation of compositions of PLR

It can be easily found in Table 5 that the Mn content
in PLR decreased after degradation process owing to the
extraction of MnO2 by reduction of H2O2 as follows [38]:
MnO2 (s) + H2 O2 (aq) + H 2SO4 (aq) = MnSO4 (aq) + 2H 2O + O2 (g) (8)
TABLE 5 - Compositions (wt.%) of PLR before and after adsorption-degradation process.
Al
4.06
5.24

Mn
3.30
0.62

Fe
10.65
10.55

Si
21.62
21.47

Ba
6.07
6.76

S
1.39
1.95

Prepared pyrolusite leaching residue (PLR) showed
good adsorption properties and porous structure. PLR
dosage and contact time took great effects on the adsorption process. The results showed that it took 180 min to
achieve adsorption equilibrium. Kinetic study showed that
the adsorption process was well fitted by both pseudofirst-order and pseudo-second-order models. Adsorption
isotherm agreed closely with Langmuir isotherm model,
with a calculated maximum adsorption capacity (qm) of
22.15 mg/g. The degradation of MB after adsorption
process using hydrogen peroxide and sulfuric acid was
entirely achievable under proper conditions. Meanwhile,
PLR was found to possess good cycle performance by
repeating adsorption-degradation processes. Moreover,
adsorption using PLR showed better application potential
than that by using similar adsorbents like pyrolusite or
MnO2. The reasons were as follows: firstly, no extra acid
was added to adjust pH in adsorption process; secondly,
Mn2+ produced by extraction of MnO2 in degradation process had no negative effects on the adsorption process.
Through experimental results and discussions above,
PLR was proven to be a new low-cost effective adsorbent
for the removal of methylene blue (MB) from aqueous
solution. So, a new approach of resource utilization of
PLR was developed.
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of MnO2 in PLR may be accompanied by generating of
hydroxyl radicals, with a synergetic effect on the MB degradation.
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ABSTRACT
Molecular imprinted photocatalysts were prepared by
surface molecular imprinting technique. The as-prepared
molecular imprinting photocatalysts were characterized by
SEM, XRD and FT-IR analyses. Adsorption equilibrium
data of various temperatures were described by the Langmuir, Freundlich and Temkin isotherm models. Results
indicated that the adsorption equilibrium data provide a
good fit to Langmuir model, and the kinetics of adsorption followed the pseudo-second-order model. A molecular imprinting photocatalyst has better photocatalytic activity on degradation of salicylic acid, the photocatalytic
degradation rate could reach 66.24% under visible light,
and the kinetics of photocatalytic degradation on salicylic acid obeyed second-order kinetics.

KEYWORDS: Surface molecular imprinting photocatalyst, TiO2,
salicylic acid, adsorption, photocatalytic degradation, kinetics

1. INTRODUCTION
The control of water quality is one of the most critical
issues in the fields of environmental science and technology [1]. Semiconductor photocatalysis, as advanced oxidation process in air purification, water disinfection, and
hazardous waste remediation, is a promising pollutant
treatment technology [2]. Among most semiconductors,
titanium dioxide (TiO2), due to its strong oxidizing of its
photo holes, commercially available, non-toxic, with high
photostability and redox selectivity, is one of the most
popular and promising materials in photocatalytic applications [2, 3]. However, the photocatalytic efficiency of
TiO2 is low because of its large intrinsic band gap energy
and narrow photo-response under visible light irradiation.
* Corresponding author

In order to extend the photo-response of TiO2 to visible
light, and much effort has been devoted to the modification of TiO2-based materials, such as doping ions, compound semiconductor, dye sensitization and polymerized
modification [4-7]. However, the photocatalytic activity
is enhanced by the effectively modified methods, but
photocatalytic application is still limited to the weak
identification of pollutants in the photocatalytic degradation process. Usually, selective recognition and removal
of specific pollutants is frequently required in a particular body of water. Thus, it is important to need novel recognition and a selective separation technique in the photocatalytic process.
Molecular imprinting is an efficient method to synthesize molecular imprinted polymers (MIPs) that provide
artificial receptor-like binding sites for template molecules. Generally, synthesis of MIP involves three steps:
Firstly, a monomer-template reversible complex is formed
by self-assembly using monomer and template units. Secondly, the monomer-template complex is polymerized
with an excess of cross-linker and initiator to form high
polymers. Finally, the removal of template molecules
leaves behind imprinted cavities inside the polymer that
is complementary in size, shape and functional groups to
the template molecules [8-10]. However, imprinted polymer matrices are usually thick, and the number of recognition sites per unit volume of the polymer is relatively low
[11]. Moreover, the removal templates of imprinted bulk
polymerization are complicated and time-consuming. In
order to solve these problems, a surface molecular imprinting technique has been proposed [12]. Surface molecular
imprinting technique, owing to the imprinted holes on the
surface of polymers, could increase affinity towards targets, contaminant, and accessible sites, and could successfully avoid the problems of the uneven binding sites, poor
accessibility and low binding kinetics [13, 14].
It is a feasible scheme that combined photocatalytic
technology with molecular imprinting technique to achieve
selective photocatalytic oxidation in environmental pollutants. Zhu et al. [15, 16] reported that MIP photocatalysts
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have been prepared in aqueous suspension by using nitrophenols as templates, and the MIP layer provides the
photocatalyst molecular recognition ability, leading to the
selective photodegradation of the target pollutant. Sharabi
et al. [17] reported that it is evident that the introduction of
imprinting molecules induced higher photocatalytic degradation rates upon using films made from the imprinted
particles. However, no effect of imprinting (in terms of
benzene and CO2 concentrations) was observed when the
degradation of benzene with DIMP-imprinted substrates
was compared to the photocatalytic degradation with nonimprinted substrates showing that MIP photocatalyst has
a good selectivity.
In this work, the photocatalysts have been prepared by
sol-gel method. Then, surface molecular imprinting
polymerization was conducted using a monomer, a crosslinking agent and initiator. The surface molecular imprinting photocatalysts were prepared by different functional
monomers, and the selectivity, adsorption and photocatalytic activity of as-prepared imprinted photocatalysts were
discussed. The equilibrium adsorption data using different
adsorption isotherm models and kinetic equations were
also analyzed.

until clarification. TiCl4 (20 mL) was drop-wise added
into the clear solution under magnetic stirring. Afterwards, the mixture was left alone until transparency. The
solution was then placed in clean Teflon-lined stainless
steel autoclaves (100 mL), hydrothermally treated at
150 °C for 48 h, and then, it was cooled naturally to
room temperature. The product was washed with distilled water and alcohol for 3 times, and air-dried at 60 °C
for 12 h. Finally, the product was heated to 550 °C in 30
min, and kept at 550 °C for 3 h in a muffle oven.
2.2.2 Preparation of PPy-TiO2

The polypyrrole-TiO2 has been prepared by sol-gel
method. TiO2 (0.5 g) was added to 80 mL hydrochloric
acid (pH 1.00) under mechanical agitation at 5 °C
until transparency. And then, 3.5 mL pyrrole was added
to the mixture. After that, 3.9 mL perhydrol solution
(30%) was drop-wise added into the above mixture with
constant agitation. At last, the resulting mixture was
stirred for 6 h at 5 °C. After reaction, the precipitates
were washed with distilled water and alcohol for many
times. Finally, the product was air-dried at 60 °C for 12 h.
The samples were signed as PPy-TiO2.
2.2.3 Preparation of molecularly imprinted polymer

2. MATERIALS AND METHODS
2.1 Materials and characterization

Titanium tetrachloride (chemically pure, CP), Tetrabutyl titanate (CP), ethylene glycol (analytical reagent, AR),
sodium dodecyl sulfate (AR), salicylic acid (AR), ethanol (AR), pyrrole (CP), 30% perhydrol solution (AR), Lα-alanine (AN, biochemical reagent, BR), α-methylacrylic
acid (MAA, CP), 2,2-azobisisobutyronitrile (AIBN, AR)
and acrylamide (AM, CP) were all purchased from Shanghai Chemical Reagent Co. Ltd., and used as received. Ethyl
glycol dimethacrylate (EGDMA, 93%) was purchased
from Shanghai Xingtu Chemical Co. Ltd. Distilled water
was used throughout this work.
The SEM images were examined using a S-4800
scanning electron microscopy (HITACHI, Japan). X-ray
diffraction (XRD) technique was used to characterize the
crystal structure. In this work, XRD patterns were obtained
with a D8 ADVANCE X-ray diffractometer (Bruker AXS
Company, Germany), equipped with Ni-ﬁltrated Cu Kα
radiation (40 kV, 30 mA). The 2θ scanning angle range
was 10–80°with a step of 0.04°/0.4 s. FT-IR spectra were
recorded on a Nicolet Nexus 470 FT-IR (America thermo-electricity Company) with 2 cm-1 resolution in the
range 400-4000 cm-1.
2.2 Preparation of photocatalyst
2.2.1 Preparation of TiO2

Sodium dodecyl sulfate (1.0 g) was dissolved in 60 mL
of ethylene glycol by ultrasound, and then 6.8 mL
Ti(OC4H9)4 was added slowly in ethylene glycol under
magnetic stirring. After that, the mixture was stirred

The preparation process of molecular imprinting was
as follows: 0.0863g salicylic acid and 2 mL MA (MAA or
AN) were added to 40 mL of ethanol under mechanical
agitation at 25 °C for 2 h. And then, 2.8 mL EGDMA
and 0.0821 g AIBN were added to the mixture under
mechanical agitation at 25 °C for 40 min. After that, 0.5g
PPy-TiO2 was added (2 mL of above solution) under nitrogen. At last, the mixture was reacted under UV light for
2 h. After reaction, the samples were washed with NaCO3
solution and distilled water for many times. Finally, the
product was air-dried at 60 °C for 12 h. The molecular
imprinting photocatalysts were obtained. In comparison,
the non-imprinted polymer (NIP) was also prepared as a
blank in parallel but without the addition of salicylic acid.
The samples were signed as MIP-MAA-PPy-TiO2, MIPAN-PPy-TiO 2, MIP-MA-PPy-TiO 2, and NIP-MA-PPyTiO 2.
2.3 Photocatalysis experiments

The photodecolorization of salicylic acid was carried
out at 298 K in a home-made photocatalytic reactor under visible light. The photochemical reactor contained
0.1 g catalyst and 100 mL of salicylic acid solution with
different concentrations. After 20 min in the dark, it
reached adsorption balance, and its initial absorbency was
determined. The photocatalytic reaction was initiated with
one 500-W xenon lamp (wavelength range 400-780 nm),
with a light intensity of 80 mW/cm2 at a distance of 10 cm
from the center of the tube. The sample experiments were
conducted in 20 min intervals under visible light, and the
reaction time was 100 min. The residual amount of salicylic acid in the aqueous phase was measured by UVVIS spectrophotometry at λ=296 nm. The photocatalyt-
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3. RESULTS AND DISCUSSION

ic degradation rate (DR) was calculated by the following equation:
DR = (1-Ai/A0) × 100%

(1)

Where, A0 is the initial absorbency of salicylic acid
solution, and Ai is the absorbency of reaction solution.
2.4 Batch-mode adsorption studies

The factors of the experimental parameters initial
concentration and temperature on the adsorptive removal
of salicylic acid were studied. In the study of adsorption
kinetics, 5 mL of aqueous solution with initial salicylic
acid levels and 0.005 g of adsorbents in batch experiments
were used, and the residual amount of salicylic acid in the
aqueous phase was measured by UV-VIS analysis at
λ=296 nm. The adsorbed amount (mg• g-1) at time t was
calculated by a mass balance relationship:

Q=

(C0 − C )V
W

(2)

Where, C0 is the initial salicylic acid concentration
(mg/L), C represents the residual concentration in solution at time t (mg/L), V stands for the solution volume
(L), W is the adsorbent mass of TiO2 (g), and Q is the absorbed amount (mg• g-1)

3.1 SEM analysis

Figure 1 shows the similar SEM images of (a) MIPMAA-PPy-TiO2, (b) MIP-AN-PPy-TiO2, (c) MIP-MAPPy-TiO2, and (d) NIP-MA-PPy-TiO2. From Fig. 2, we
can find that the surface of samples was rule-less and agglomerated, which was the result of coating from the crosslinking reaction. It indicates clearly that the as-prepared
imprinted photocatalysts are prepared by the surface imprinting technology.
3.2 XRD analysis

Figure 2 shows the XRD patterns of different photocatalysts, (a) MIP-MAA-PPy-TiO2, (b) MIP-AN-PPy-TiO2,
(c) MIP-MA-PPy-TiO2, (d) NIP-MA-PPy-TiO2, and (e)
standard spectra of anatase TiO2. From Fig. 2, it can be
found that the 5 characteristic sharp peaks at 2θ = 25.38,
37.66, 48.02, 53.98, and 62.7 correspond to (101), (004),
(200), (105), (211) and (204) planes of anatase TiO2
(JCPDS card no.83-2243), respectively. It can be indicated
that structure and phase of samples are not changed with
the imprinted modification. It implies that the molecular
imprinting polymer merely modified the surface of PPyTiO2, but the modified photocatalyst still keeps anatase
phase which has the better photocatalytic activity.

FIGURE 1 - SEM images of different samples: (a) MIP-MAA-PPy-TiO2, (b) MIP-AN-PPy-TiO2, (c) MIP-MA-PPy-TiO2, (d) NIP-MA-PPyTiO2.
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3.4 Adsorption isotherms

In this work, Langmuir [20], Freundlich [21] and
Temkin [22] isotherms were fitted to the experimental
equilibrium data for MIP-MA-PPy-TiO2 and NIP-MAPPy-TiO2 at different temperatures. It was judged by comparing the correlation coefficient (R2) for the adsorption
behaviors, and the results are shown in Table 1. In addition, comparison of Langmuir, Freundlich and Temkin isotherm models for salicylic acid onto MIP-MA-PPy-TiO2
and NIP-MA-PPy-TiO2 using non-linear regression are
illustrated in Figure 4 and 5.
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FIGURE 2 - XRD patterns of different samples: (a) MIP-MAAPPy-TiO2, (b) MIP-AN-PPy-TiO2, (c) MIP-MA-PPy-TiO2, (d) NIPMA-PPy-TiO2, and (e) standard spectra of anatase TiO2:
3.3 FT-IR analysis

Experiment date at 298K
Experiment date at 308K
Experiment date at 318K
Langgmuir fit
Freundlich fit
Temkin fit

15

10

a

5

0

10

20

30

40

1711

b

60

70

80

20
18
16
14
-1

12

Experiment date at 298K
Experiment date at 308K
Experiment date at 318K
Langmuir fit
Freundich fit
Temkin fit

10
8

3123

50
-1

Ce(mg L )
FIGURE 4 - Comparison of Langmuir, Freundlich and Temkin
isotherm models for salicylic acid onto MIP-MA-PPy-TiO2 using
non-linear regression.
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FT-IR spectra of (a) PPy-TiO2, (b) MIP-MA-PPyTiO2 and (c) NIP-MA-PPy-TiO2 are shown in Figure 3.
From the results, the broad band at 3123 cm-1 can be
attributed to N-H stretching vibrations [18]. The peak at
1711 cm-1 is assignable to the C=O stretching vibrations.
As shown in Figure 3 (b) and (c), the peak at 1565 cm-1
is assignable to the C=C stretching vibrations. And from
Figure 3 (b), we can find that the peaks at 1630 cm-1 and
2962 cm-1 are assignable to the C=N and C-H stretching
vibrations. However, it disappeared in NIP-MA-PPyTiO2, which can be attributed to the presence of the hydrogen bonding in MIP-MA-PPy-TiO2 [19]. The results
indicate that the as-prepared photocatalysts are well
imprinted via the polymerized process.
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FIGURE 5 - Comparison of Langmuir, Freundlich and Temkin
isotherm models for salicylic acid onto NIP-MA-PPy-TiO2 using
non-linear regression.
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The Langmuir isotherm model supposes uniform adsorption on the surface, which is used to depict monolayer
adsorption on a surface containing a finite number of identical sites. The linearity is given in the following equation:
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FIGURE 3 - FT-IR spectra of different samples: (a) PPy-TiO2 (b)
MIP-MA-PPy-TiO2, and (c) NIP-MA-PPy-TiO2:
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Where, Q e is the equilibrium adsorption capacity (mg• g −1 ), Q m is the maximum adsorption capacity (mg• g−1), Ce is the equilibrium concentration of adsorbate (mg L−1), and KL represents the affinity constant
(L• mg-1).
In order to forecast an adsorption system, the Langmuir equation can also be expressed in terms of a dimensionless separation factor, RL, defined as follows [20]:

1
1 + Cm K L

(4)

Where, Cm is the maximal initial concentration of
adsorbate (mg L−1), when 0 < RL < 1.0 (demonstrating
good adsorption). From Table.1, we can find that all RL
were smaller than 1.0, which indicated that MIP-MAPPy-TiO2 and NIP-MA-PPy-TiO2 are good adsorbents
for salicylic acid.
The Freundich isotherm model is given as follows:

1
log Qe = log K F + ( ) log C e
n

3.5 Adsorption kinetics

The pseudo-first-order and pseudo-second-order kinetic models for the effect of temperature on adsorption
of salicylic acid by MIP-MA-PPy-TiO2 and NIP-MAPPy-TiO2 are shown in Figure 6 and 7. The equilibrium
time for the adsorption of salicylic acid was about 50 min
with MIP-MA-PPy-TiO2 and NIP-MA-PPy-TiO2 at different temperatures, and with increasing temperature, the
initial adsorption rates were increased.

(5)

Where, 1/n indicates the intensity of the adsorption
and KF is an indicative constant for adsorption capacity
of the sorbent (mg· g-1). Values of n > 2.0 demonstrate
good adsorption [23]. From Table 1, it is shown that all
values of n are bigger than 2.0. However, the correlation
coefficient (R2) of Freundlich isotherm model was smaller
than that of Langmuir isotherm model. Therefore, MIPMA-PPy-TiO2 and NIP-MA-PPy-TiO2 had better applicability for the Langmuir isotherm model.

35
30
25
-1

RL =

MA-PPy-TiO2 all increased sharply, then increased
slightly, and finally, reached a maximum point. Furthermore, with temperature increased from 298K to 308 and
318K, Qe values of MIP-MA-PPy-TiO2 and NIP-MA-PPyTiO2 were obviously increased. It is a problem that high
temperature provided more chance for salicylic acid molecules to move to binding sites. In addition, comparing
Freundlich and Temkin isotherm models, MIP-MA-PPyTiO2 and NIP-MA-PPy-TiO2 had better applicability for
the Langmuir isotherm model, indicating monolayer
molecular adsorption in salicylic acid solution.

Qe(mg g )
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The Temkin isotherm model is given as follows:

Qe = BT ln K T + BT ln Ce

20

(6)

5

Where, KT is the Temkin adsorption potential, and
BT is Temkin constant. Smaller values of the BT demonstrate good adsorption [24]. From Table 1, it is demonstrated that NIP-MA-PPy-TiO2 had better applicability
for the Temkin isotherm model.
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FIGURE 6 - Kinetic models of the effect of temperature on adsorption of MIP-MA-PPy-TiO2:

From Figure 5 and 6, it can be seen that the adsorption capacity values (Qe) of MIP-MA-PPy-TiO2 and NIP-

TABLE 1 - Adsorption isotherm constants for PPy-TiO2.
Adsorption
isotherm models
Langmuir
equation
Freundlich
equation
Temkin

Constants
Qm.c(mg g-1)
R2
KL(L mg-1)
RL
R2
KF(mg g-1)
n
R2
KT(L mg-1)
BT

298K
29.09
0.9584
0.1779
0.1011
0.7895
10.07
4.123
0.8782
2.774
5.330

MIP
308K
31.20
0.9461
0.1839
0.0981
0.7569
11.05
4.217
0.8517
2.902
5.6864

318K
33.30
0.9550
0.1797
0.1001
0.7822
11.59
4.143
0.8720
2.808
6.094

1632

298K
17.43
0.9474
0.01185
0.6279
0.7331
6.584
4.464
0.8333
3.508
3.101

NIP
308K
18.25
0.9452
0.01276
0.6105
0.7264
7.446
4.829
0.8192
5.038
3.062

318K
19.58
0.9534
0.01239
0.6175
0.7373
8.165
4.934
0.8272
5.674
3.228
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8, MIP-MA-PPy-TiO2 shows better photocatalytic activity
than MIP-MAA-PPy-TiO2 and MIP-AN-PPy-TiO2 under
visible light irradiation. About 66.24%, 52.14% and 45.65%
of salicylic acid are degraded in the presence of MIP-MAPPy-TiO2, MIP-MAA-PPy-TiO2 and MIP-AN-PPy-TiO2,
respectively. Therefore, it indicates that different functional monomers for the prepared imprinted photocatalysts are important with regard to the molecular imprinting process and degradation of salicylic acid. The reason
is possibly that MA plays a good bridging effect during
the reaction. On the other hand, MA possesses a certain
purification and synergistic effect, which could increase
the photocatalytic activity.
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FIGURE 7 - Kinetic models of the effect of temperature on adsorption salicylic acid of MIP-MA-PPy-TiO2.

t
1
t
=
+
2
Qt k 2 Qe
Qe

(8)

Where Qe is the equilibrium adsorption capacity
(mg· g−1), Qt is adsorption capacity (mg· g−1) at reaction
time t, k1 is the rate constant of pseudo-first-order equation, and k2 is the rate constant of pseudo-second-order
equation.
Table 2 shows the rate constants of adsorption and linear regression values. The adsorption of salicylic acid onto
MIP-MA-PPy-TiO 2 and NIP-MA-PPy-TiO 2 followed
pseudo-second-order kinetics owing to the results favorably fitted between experimental and calculated values of
Qe (all R2 values above 0.99 at different temperatures).
And it is assumed that the process of chemical adsorption
could be the rate-limiting step in the process of adsorption
for salicylic acid.
3.6 Photocatalytic activity and kinetic analysis

The photocatalytic activity of photocatalysts that were
prepared by different functional monomers was evaluated
by degradation of salicylic acid solution. As shown in Figure

degradation rate(%)

(7)

b
c

60

The mechanism of adsorption including mass
transport and chemical reaction were analyzed from the
kinetic data by pseudo-first-order and pseudo-secondorder equation [25, 26], expressed in Eqs. (7) and (8):

ln(Qe − Qt ) = ln Qe − k1t
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FIGURE 8 - The effect of different monomers for surface molecular
imprinting photocatalysts; (a) MIP-MA-PPy-TiO2, (b) MIP-MAAPPy-TiO2, and (c) MIP-AN-PPy-TiO2:

The photocatalytic selection of MIP-MA-PPy-TiO2
was evaluated by degradation of (a) salicylic acid, (b)
tetracycline, and (c) ciprofloxacin. From Figure 9, it can
be clearly seen that the degradation rate of template molecules of salicylic acid is much higher than that of nontemplate molecules of tetracycline and ciprofloxacin
under the same conditions of photocatalytic process. Because surface molecular imprinting photocatalysts have
specific holes that match with the template molecules,
which could specially select adsorption of template molecules and improve the photocatalytic capacity of template
molecules.

TABLE 2 - Kinetic constants for the pseudo-first-order and pseudo-second-order equations.
Adsorption
isotherm models
Pseudo-first-order
equation
Pseudo-second-

Constants
Qe.c (mg g-1)
R2
K1(L min)
Qe.c (mg g-1)

298K
25.41
0.9970
0.0895
30.68

MIP
308K
26.57
0.9970
0.1452
29.45

318K
31.81
0.9921
0.1120
36.37

1633

298K
18.80
0.9980
0.0724
23.70

NIP
308K
20.07
0.9984
0.0875
24.39

318K
24.69
0.9978
0.0795
30.56

© by PSP Volume 23 – No 7a. 2014

Fresenius Environmental Bulletin

R2
K2(L min)

order equation

0.9979
3.36*10-3

0.9999
8.11*10-3

0.9985
4.65*10-3

0.9984
3.12*10-3

0.9986
4.05*10-3

0.9978
2.78*10-3

-2

10 mg/L salicylic acid was 1.96*10 (mol · m-3)-1 S-1)
The experimental data can be rationalized in terms of the
modified form of Langmuir-Hinshelwood kinetic treatment, which has already been successfully used to describe
solid-liquid reactions [27]. It was shown that the degradation process largely depends on the interfacial interaction
of MIP-MA-PPy-TiO2 surface.
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FIGURE 9 - The degradation rate of MIP-MA-PPy-TiO2 for different targets: (a) salicylic acid, (b) tetracycline and (c) ciprofloxacin.
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FIGURE 11 - The first-kinetics of MIP-MA-PPy-TiO2 degradation
of different targets: (a) salicylic acid, (b) tetracycline, and (c) ciprofloxacin.
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FIGURE 10 - The degradation of salicylic acid with imprinted in
contrast with that of non-imprinted photocatalyst: (a) MIP-MAPPy-TiO2 and (b) NIP-MA-PPy-TiO2.

Figure 10 shows the comparison of salicylic acid degradation with imprinted and non-imprinted photocatalyst.
MIP-MA-PPy-TiO2 shows better photocatalytic activity
than NIP-MA-PPy-TiO2 to degrade template molecules.
The reason may be the holes on the surface of molecular
imprinting photocatalysts, conducive to improve the photocatalytic activity in degrading template molecules.
In order to study the photodissociation dynamics process of MIP-MA-PPy-TiO2, the experimental data were
fitted by second-order and first-order kinetics. As shown in
Figures 11 and 12, the entire linear regression coefficient
(R2) of the second-order kinetics is greater than that of
first-order kinetics. It indicates that the photocatalytic dynamics of MIP-MA-PPy-TiO2 fitted best to second-order
kinetics, and second-kinetics of MIP-MA-PPy-TiO2 was
better to degrade salicylic acid (rate constant value of
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FIGURE 12 - The second-kinetics of MIP-MA-PPy-TiO2 degradation of different targets: (a) salicylic acid, (b) tetracycline, and (c)
ciprofloxacin.

4. CONCLUSION
In summary, MIP-PPy-TiO2 was prepared by surface
molecular imprinting technique. The MIP-MA- PPy-TiO2
showed higher adsorption capacity than NIP-MA-PPyTiO2. In addition, the adsorption thermodynamics and
kinetics were studied. When compared to Freundlich and
Temkin isotherm models, MIP-MA-PPy-TiO2 and NIPMA-PPy-TiO2 were better applicable for the Langmuir
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isotherm model, indicating monolayer molecular adsorption in salicylic acid solutions. The kinetics of adsorption
followed the pseudo- second-order model. The photocatalytic activity on different functional monomers for the
preparation of photocatalysts and degradation of different
targets was also investigated. Compared to MIP-MAAPPy-TiO2 and MIP-AN-PPy-TiO2, MIP-MA-PPy-TiO2
had better photocatalytic activity, and its photocatalytic
degradation rate could reach 66.24% under visible light.
The photocatalytic dynamics of MIP-MA-PPy-TiO2 obeyed
second-order kinetics. The rate constant value of 10 mg/L
salicylic acid was 1.96*10-2 (mol· m-3)-1 S-1.

We gratefully acknowledge the financial support of the
National Natural Science Foundation of China (No.
21207053), the Natural Science Foundation of Jiangsu Province (BK2011460, BK20130489), the Specialized Research
Fund for the Doctoral Program of Higher Education
(20113227110019), and China Postdoctoral Science Foundation (2011M500861, 2012M521015, 2013M531286).

[9]

Caro, E., Marce, R.M., Borrull, F., Cormack, P.A.G. and
Sherrington, D.C.( 2006). Application of molecularly imprinted polymers to solid-phase extraction of compounds
from environmental and biological samples. Trends Anal.
Chem. 25(2),143-154.

[10] Li, Y., Li, X., Li, Y.Q., Qi, J.Y., Bian, J. and Yuan, Y.X.
(2009). Selective removal of 2,4-dichlorophenol from contaminated water using non-covalent imprinted microspheres.
Environ. Pollut. 157(6),1879-1885.

[12] Tsukagoshi, K., Yu, K.Y., Maeda, M. and Takagi, M.( 1993).
Metal ion-selective adsorbent prepared by surface-imprinting
polymerization. Bull. Chem. Soc. Jpn. 66(1).114-120.
[13] Masahiro, Y., Kazuya, U., Masahiro, G. and Shintaro, F.
(1999). Required properties for functional monomers to produce a metal template effect by a surface molecular imprinting technique. Macromolecules 32(4),1237-1243.
[14] Kosuke, A., Tatsuo, M., Noriho, K. and Masahiro, G. (2005).
Metal ion-selective membrane prepared by surface molecular
imprinting. J. Chromatography B. 818(2), 141-145.

The authors have declared no conflict of interest.

[15] Shen, X.T., Zhu, L.H., Liu, G., Yu, H.W. and Tang,
H.Q.(2008). Enhanced photocatalytic degradation and selective removal of nitrophenols by using surface molecular imprinted titania. Environ. Sci. Technol. 42(5),1687-1692.

REFERENCES
[1]

Pan, J.M., Zou, X.H., Wang, X., Guang, W., Yan, Y.S. and
Hang, J. (2010). Selective recognition of 2, 4-dichlorophenol
from aqueous solution by uniformly sized molecularly imprinted microspheres with β-cyclodextrin/attapulgite composites as support. Chem. Eng. J. 162(3), 6890-6897.

[2]

Hoffmann M.R., Martin, T., Choi, W. and Bahnemann,
D.W.(1995). Environmental applications of semiconductor
photocatalysis. Chem. Rev. 95(1), 69-96.

[3]

Ohtani, B., Ogawa, Y. and Nishimoto, S.I.(1997). Photocatalytic activity of amorphous-anatase mixture of titanium (IV)
oxide particles suspended in aqueous solutions. J. Phys.
Chem. B. 101(19),3746-3752.

[5]

Zhang, Y.G., Song, D., Laura, M. L. and Ken, D.S. (2010).
Importance of functional monomer dimerization in the molecular imprinting process. Macromolecules 43(15), 62846294.

[11] Deng, F., Li, Y.X., Luo, X.B., Yang, L.X. and Tu, X.M.
(2012). Preparation of conductive polypyrrole/TiO2 nanocomposite via surface molecular imprinting technique and its
photocatalytic activity under simulated solar light irradiation.
Colloids and Surfaces A: Physicochem. Eng. Aspects
395,183-189.

ACKNOWLEDGEMENTS

[4]

[8]

Ishibai, Y., Sato, J., Nishikawa, T. and Miyagishi, S. (2008).
Synthesis of visible-light active TiO2 photocatalyst with Ptmodification: Role of TiO2 substrate for high photocatalytic
activity, Appl.Catal. B: Environ. 79(2),117-121.
Matsunaga, T., Yamaoka, H., Ohtani, S., Harada, Y., Fujii, T.
and Ishikawa, T. (2008). High photocatalytic activity of palladium-deposited mesoporous TiO2/SiO2 fibers. Appl. Catal.
A-Gen. 351(2),231-238.

[6]

Zhang, C.R., Li, Q.L. and Li, J.Q. (2010). Synthesis and
characterization of polypyrrole/TiO2 composite by insitu
polymerization method. Synthetic Metals 160(15-16),16991703.

[7]

Wang, Z.Y., Mao, W.P., Chen, H.F., Zhang, F.A., Fan, X.P.
and Qian, G.D. (2006). Copper(II) phthalocyanine tetrasulfonate sensitized nanocrystalline titania photocatalyst: synthesis in situ and photocatalysis under visible light. Catal.
Commun. 7(8),518-522.

1635

[16] Shen, X.T., Zhu, L.H., Yu, H.W., Tang, H.Q., Liu, S.S. and
Li, W.Y. (2009). Selective photocatalysis on molecular imprinted TiO2 thin films prepared via an improved liquid phase
deposition method. New J. Chem. 33(8),1673-1679.
[17] Dovrat, S. and Yaron, P. (2010). Preferential photodegradation of contaminants by molecular imprinting on titanium dioxide. Appl. Catal. B: Environ.95(1-2),169-178.
[18] Zhang, C.R., Li, Q.L. and Li, J.Q. (2010). Synthesis andcharacterizationofpolypyrrole/TiO2 composite byinsitu polymerization method. Synthetic Metals. 160(15-16),1699-1703.
[19] Jiang, X.M., Tian, W., Zhao, C.D., Zhang, H.X. and Liu,
M.C. (2007). A novel sol-gel material prepared by a surface
imprinting technique for the selective solid-phase extraction
of bisphenol A. Talanta72(1),119-125.
[20] Mazzotti, M. (2006). Equilibrium theory based design of
simulated moving bed processes for a generalized Langmuir
isotherm. J. Chromatogr. A. 1126(1-2),311-322.
[21] Allen, S.J., Mckay, G. and Porter, J.F. (2004). Adsorption
isotherm models for basic dye adsorption by peat in single
and binary component systems. J. Colloid Interface. Sci.
280(2),322-333.
[22] Gao, J.F., Zhang, Q., Su, K., Chen, R. and Peng, Y.Z. (2010).
Biosorption of acid yellow 17 from aqueous solution by nonliving aerobic granular sludge. J. Hazard. Mater. 174(1),215225.
[23] Li, K.Q. and Wang, X.H. (2009). Adsorptive removal of
Pb(II) by activated carbon prepared from spartina alterniflora: equilibrium, kinetics and thermodynamics. Bioresour.
Technol. 100(11),2810-2815.

© by PSP Volume 23 – No 7a. 2014

Fresenius Environmental Bulletin

[24] Shamik, C., Rahul, M., Papita, S. and Praveen, K. (2011).
Adsorption thermodynamics, kinetics and isosteric heat of
adsorption of malachite green onto chemically modified rice
husk. Desalination 265(1),159-168.
[25] Ho, Y.S. and McKay, G. (1999). The sorption of lead (II)
ions on peat, Water Res. 33(2),578-584.
[26] Ho, Y.S. and McKay, G. (1999). Pseudo-second order model
for sorption processes. Process Biochem. 34(5), 451-465.
[27] Chen, L.C. and Chou, T.C. (1993). Kinetics of photodecolorization of methyl orange using titanium dioxide as catalyst.
Ind. Eng. Chem. Res. 32(7),1520-1527.

Received: September 16, 2013
Accepted: December 05, 2013

CORRESPONDING AUTHOR
Pengwei Huo
School of Chemistry & Chemical Engineering
Jiangsu University
Zhenjiang 212013
P.R. CHINA
Phone: +86 511 8879 0187

1636

Fax : +86 511 8879 1108
E-mail: huopw1@163.com
FEB/ Vol 23/ No 7a/ 2014 – pages 1626 - 1634

© by PSP Volume 23 – No 7a. 2014

Fresenius Environmental Bulletin

HEPATOPROTECTIVE EFFECT OF
ALOE VERA POLYSACCHARIDES AGAINST
AFLATOXIN B1-INDUCED HEPATOTOXICITY IN RATS
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ABSTRACT

1. INTRODUCTION

The aim of this study was to evaluate the possible
hepatoprotective property of Aloe vera polysaccharides
(APs), the main bioactive components in Aloe vera gel,
against AFB1-induced liver damage in Wistar albino rats
using biochemical and histopathological approaches. As a
result, serum alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, and total bilirubin levels
were found to be significantly increased in AFB1-intoxicated
rats (2 mg/kg body weight), indicating severe liver damage.
Supplementation of APs for 3 days restored these markers to
near-normal, which could be reconfirmed by the attenuation of hepatic histopathological changes. Compared with
AFB1-intoxicated rats, administration of APs significantly
inhibited the elevation of lipid peroxidation and the decrease in enzymic (superoxide dismutase, catalase and
glutathione peroxidase) and non-enzymic (reduced glutathione) antioxidants in the liver. Moreover, the dramatic
decline of hepatic mitochondrial membrane potential was
significantly attenuated by APs in AFB1-intoxicated rats.
These results indicated that APs possess a potent protective effect against AFB1-induced hepatotoxicity, and the
main mechanisms involved in the hepatoprotection could
be associated with its strong ability in improving ROS
scavenging and detoxification by enhancing the levels of
both enzymic and non-enzymic antioxidants. All the results showed that APs is a potent protector agent against
AFB1-induced hepatotoxicity.

KEYWORDS:
Aloe vera polysaccharides, aflatoxin; hepatoprotective, lipid peroxidation, antioxidant defense system, mitochondrial function
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Aflatoxins (AFs), the secondary toxic fungal metabolites of Aspergillus flavus and Aspergillus parasiticus, are
ubiquitous natural contaminants in the environment as
well as various foods and feedstuffs [1, 2]. AFs are wellknown for their hepatotoxic and carcinogenic effects, and
have been incriminated as the cause of high mortality in
livestock and some cases of death in human beings [3, 4].
Especially, aflatoxin B1 (AFB1) is the most potent hepatotoxicant and hepatocarcinogen in various animal species
and along with hepatitis B virus, linked epidemiologically
to increased incidence of human liver cancer in Asia and
Africa [5-7].
Toxicity of AFB1 is due to its activation by hepatic
cytochrome P450 enzyme system to a highly reactive intermediate, AFB1-8,9-epoxide [8, 9]. Several reports showed
that AFB1-mediated toxicity is related to its pro-oxidant
potential due to the generation of reactive oxygen species
(ROS) during its metabolic processing by cytochrome P450
enzymes [10-12]. These species may attack cellular components and membranes, eventually causing oxidative stress
by increasing lipid peroxidation and decreasing enzymatic
and non-enzymatic antioxidants [3, 13, 14]. Therefore, various antioxidants, such as lupeol, karmpferol, and quercetin,
have been tried in an attempt to attenuate AFB1-induced
hepatotoxicity [3, 15-17].
Aloe vera is a traditional medicinal plant containing
multiple bioactive components. Polysaccharides, main bioactive components in Aloe vera, are proven to be responsible for many of the health benefits of Aloe vera [18]. Like
other plant polysaccharides, Aloe vera polysaccharides (APs)
possess multiple bioactivities, including anti-oxidation, antiinflammation and immune enhancement [18-20]. Recently,
we found that APs can improve antioxidant defense system, inhibit lipid peroxidation and protect against alcoholinduced hepatotoxicity in mice [21]. In order to extend
our previous findings with respect to the hepatoprotection
of APs, this study attempts to evaluate, for the first time,
the potential protective effect of APs against AFB1induced hepatotoxicity in rats, and elucidate the related
biochemical mechanisms.
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2. MATERIALS AND METHODS
2.1. Materials and chemicals

The lyophilized Aloe vera gel powder (200:1X) used
in this study was prepared on an industrial scale by
Ever Green (Kunming, China). AFB 1, dimethylsulfoxide (DMSO), T-series dextran, uronic acid standards and
monosaccharide standards were purchased from Sigma (St.
Louis, USA). The diagnostic kits for the determination of
malondialdehyde (MDA), reduced glutathione (GSH),
glutathione-S-transferases (GSTs), superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GSHPx) were obtained from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). The mitochondrial membrane
potential assay kit with 5,5’,6,6’-tetrachloro-1,1’,3,3’tetraethyl-imidacarbocyanine iodide (JC-1) was provided
by Beyotime Institute of Biotechnology (Haimen, China).
All other chemicals and solvents used were of the highest
commercial grade and purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
2.2. Preparation of Aloe vera polysaccharides

APs were extracted from the lyophilized Aloe vera
gel powder (200:1X) with a traditional method of water
extraction and ethanol precipitation. Typically, the lyophilized Aloe vera gel powder was completely dissolved in
distilled water, followed by precipitation with 4 volumes
of anhydrous ethanol. The resulting precipitate was filtered,
and re-dissolved in distilled water. After removing protein
(according to the Sevag method [22]), the solution was
dialyzed in a DEAE cellulose bag against distilled water
for 3 days to remove low molecular weight materials.
Subsequently, 4-fold volumes of anhydrous ethanol were
added, and the precipitate was filtered, and washed successively with 80% alcohol, anhydrous alcohol, acetone
and anhydrous diethyl ether. After freeze-drying, the APs
were obtained and stored at 4 °C.
2.3. Purity and molecular mass determination of APs

The purity and relative molecular mass of APs was
determined by high performance gel permeation chromatography (HPGPC). The samples were dissolved in 0.1 M
NaNO3, filtered through a 0.2-µm membrane, and then,
injected into a Waters 600 HPLC system with Ultrahydrogel Linear column (7.8 mm i.d.× 300 mm ×2, Waters)
kept at 45 °C. The eluent used was 0.1 M NaNO3 with a
flow-rate of 0.9 ml/min. Peaks were monitored by a differential refractometric detector. Dextrans of different molecular masses were used as standards (Sigma).
2.4. Chemical analysis of APs

The total polysaccharide content of APs was measured by the phenol-sulfuric acid method [23], using glucose
as the standard. The protein content in APs was quantified
according to the Bradford’s method [24]. The UV-VIS
absorption spectra of APs were recorded. The monosaccharide composition of APs was measured using high per-

formance anion-exchange chromatography (HPAEC). APs
(100 µl, 4-5 mg/ml) were hydrolyzed with 4 M trifluoroacetic acid (100 µl, 110 °C, 2h) in a sealed tube under a nitrogen atmosphere, and then, the trifluoroacetic acid was
removed by co-evaporating with methanol (3× 200 µl).
The dried hydrolysate was dissolved and analyzed by
HPAEC on an ICS-5000 instrument (Dionex, USA) using
a CarboPac PA20 column.
2.5. Animals and treatments

Male Wistar albino rats (110 ± 20 g, 4-5 weeks) were
obtained from SLAC Laboratory Animal (Shanghai, China).
The rats were maintained under standard conditions (23 ±
2 °C, 60 ± 5% humidity with a 12-h light/dark cycle), and
fed with a basal chow (SLAC Laboratory Animal, Shanghai, China) and water ad libitum. All animal protocols
were developed according to the institution’s guidelines
for the care and use of laboratory animals, and were approved by the Institutional Animal Care and Use Committee of Jiangnan University (Wuxi, China).
After 7 days acclimation to the laboratory conditions,
rats were randomly divided into 5 groups (6 rats per
group): control group, AFB1 group, and 3 APs groups (50,
100, 200 mg/kg body weight (bw); named AAL, AAM,
AAH groups, respectively). The control group served as a
vehicle-treated control without AFB1 administration. The
rats in APs groups were intragastrically given a single
dose of AFB1 (2 mg/kg bw, dissolved in DMSO) and
treated by gavage daily with APs (50, 100, 200 mg/kg bw,
dissolved in physiological saline) for 3 days, while the
rats in AFB1 group were administered a single dose of
AFB1 (2 mg/kg bw, dissolved in DMSO), and received an
equal volume of vehicle for 3 days. 72 h after AFB1 administration, all the animals were anesthetized by inhalation of diethyl ether. The blood samples were obtained from
a cardiac puncture using a syringe for the determination
of serum marker enzyme levels and total bilirubin (TBIL)
contents. The liver samples were collected for both biochemical analyses and histopathological evaluations.
2.6. Biochemical assay

For serum biochemical assay, blood samples were allowed to clot and the serum was separated by centrifugation at 3000 rpm for 10 min at 4 °C, and then stored at
-80 °C. Serum marker enzymes (alanine aminotransferase
(ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP)), and TBIL levels were measured using an
automatic biochemical analyzer (Cobas C501, Basle,
Switzerland).
Livers were homogenized with 9-fold volumes of icecold physiological saline. After centrifugation, the supernatants were immediately used for the assays of hepatic
MDA, GSH, SOD, CAT, GSH-Px, and GST levels according to the instructions of their corresponding kits,
respectively. The corresponding protein content was determined by the method of Bradford using bovine serum
albumin as a standard [24].
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2.7. Liver histopathological evaluation

A portion of fresh liver tissue was fixed immediately
in 10% neutral formalin, and then, embedded in paraffin.
Tissue sections (5 µm) were cut, stained with hematoxylin-eosin (H&E), and observed under a light microscope
(Leica, Germany).
2.8. Mitochondria isolation and mitochondrial membrane
potential assay

Mitochondria isolation and purification was performed
by differential centrifugation according to the method as
described before [25]. The relative mitochondrial membrane potential (MMP) was assessed using the mitochondrial membrane-specific cationic fluorescent probe JC-1
following the manufacturer's instructions, within 2 h after
mitochondria isolation. Briefly, the freshly prepared mitochondria (0.5 mg/ml) were incubated with JC-1 staining
solution (5 µg/ml), and the fluorescence intensity of both
mitochondrial JC-1 monomers (λex 514 nm, λem 529 nm,
green fluorescence) and aggregates (λex 585 nm, λem 590 nm,
red fluorescence) were detected using a SpectraMax M5
microplate reader (Molecular Devices, USA). The hepatic
MMP of rats in each treatment group were calculated as
the ratios of red/green ﬂuorescent densities.

polysaccharides, mainly composed of D-mannose, Dgalactose, and D-glucose in the molar ratio of 42.6:1.4:1.0,
and their corresponding mole percentages were 94.7%,
3.0% and 2.2% of all the quantitative monosaccharides,
respectively (Fig. 1B). The results of HPAEC also indicated that APs did not contain uronic acid. Though, the
molecular weight and monosaccharide proportion of the
APs obtained in this study were different from that of the
previous reports [26-28], the main monosaccharide compositions were consistent. The difference in molecular
weight and monosaccharide proportion of the polysaccharides extracted from Aloe vera gel was probably due to
various factors, such as the isolation and purification
method of polysaccharides, the source and cultivar conditions of Aloe vera plant, and the preparing process of Aloe
vera gel.

2.9. Statistical analysis

All data were presented as the mean ± standard error
of the mean (SEM). The statistics were analyzed using
one-way analysis of variance (ANOVA), followed by
Duncan’s multiple range test, using the Statistical Package for Social Studies (SPSS) software. A difference of P
< 0.05 was regarded as statistically significant.
3. RESULTS AND DISCUSSION
3.1. Analysis of APs

With a traditional method of water extraction and ethanol precipitation, the polysaccharides were isolated from
the lyophilized Aloe vera gel powder (200:1X). In order
to explore the relationship between structural features and
hepatoprotective and antioxidant activity of APs, some
analyses were performed.
The phenol-H2SO4 assay for total carbohydrate content showed that APs contained 86.2% polysaccharides.
APs had a negative response to the Bradford test, and had
no absorption at 260 or 280 nm in the UV-VIS absorption
spectrum, indicating the absence of nucleic acids and
proteins.
The typical HPGPC chromatogram of APs showed
two main peaks (Fig. 1A), and their average molecular
weights were estimated to be 1.5×105 and 3.9×103 Da,
respectively, in reference to dextran standards. The corresponding contents of these two fractions were 87.8% and
12.2%, respectively. After hydrolyzation with trifluoroacetic acid, the sample was determined using HPAEC. The
results showed that APs appeared to be the typical hetero-

FIGURE 1 - Analyses of APs: (A) the relative molecular mass, and
(B) monosaccharide composition of APs.
3.2. Effect of APs on AFB1-induced hepatoxicity in rats

The hepatotoxic effect of AFB1 has been well-documented in a variety of animal species and humans [29-31].
Increased levels of serum ALT, AST, ALP and TBIL
have long been considered as sensitive indicators of hepatic injury [32]. As can be seen in Fig. 2, AFB1 group revealed
the abnormal higher levels of serum ALT, AST, ALP
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FIGURE 2 - Effects of APs: on (A) serum ALT, AST, (B) ALP, and (C) TBIL. (D): Representative photomicrographs of H&E staining of
liver sections (×100 and ×400). Data are expressed as mean ± SEM for 6 rats in each group. One-way ANOVA followed by Duncan’s multiple
range test was used to calculate statistical significance. Values with different superscripts in each testing parameter are significantly different
from each other (P <0.05).

and TBIL than control group (P < 0.001), indicating the
severe hepatoxicity caused by a large dose of AFB1 (2 mg/kg
bw). However, APs co-treatment significantly lowered the
levels of these markers (P < 0.001), and the values were
comparable to that of the control animals. Our results reconfirmed the hepatotoxic effect of AFB1 and indicated that
APs can normalize the liver functions of AFB1-intoxicated
rats.
Increases in serum markers of liver injury were consistent with histopathonogical observations of hepatocyte
necrosis, bile duct injury and inflammation [2, 16, 33]. In
the present study, we reconfirmed this phenomenon. Representative H&E staining photomicrographs of liver histology are shown in Fig. 2 D. Liver sections of the control
animals showed normal lobular architecture with distinct
hepatocyte. The liver sections of rats intoxicated with
AFB1 revealed disturbed lobular architecture, sporadic
hepatocyte necrosis, bile duct proliferation, enlargement of
hepatocytes and inflammatory cell infiltration in most of
the portal areas, which could explain the much higher levels of serum ALT, AST, ALP and TBIL as shown above.
Interestingly, these AFB1-induced hepatic pathological
changes were clearly alleviated by the supplementation of
APs, indicating that APs exhibited a significant hepatoprotective effect against AFB1-induced liver damage.
3.3. Effect of APs on AFB1-induced hepatic lipid peroxidation

AFB1 induced free radicals production has been referred to as a possible contributor to hepatotoxicity [11].
Lipid peroxidation is one of the main outcomes of free
radical-mediated injury that directly damages membranes

and generates a number of secondary products, both from
fission and endocyclization of oxygenated fatty acids that
possess toxic activities [34, 35]. In order to evaluate the
effect of APs supplementation on AFB1-induced liver
lipid peroxidation, the levels of MDA, an indicator of oxidative damage and one of the principal products of peroxidised polyunsaturated fatty acids [35], were detected. As
shown in Fig. 3A, an expected significant elevation of
MDA in the animals of AFB1 group (P <0.001) was observed when compared to control group, which was consistent with the previous reports [2, 3]. In accordance with
the levels of serum markers, treatment with APs reversed
the increased MDA content to the control level but no
dose-related effect as compared to AFB1 group (P <0.001),
which is suggestive of that APs may be successful in
quenching the free radicals, thereby inhibiting lipid peroxidation and protecting the membrane lipids from oxidative
damage in the liver of rats.
3.4. Effect of APs on hepatic AFB1-induced changes in the
levels of hepatic antioxidant enzyme activities

AFB1 toxic effect is associated with the generation of
ROS leading to oxidative damage, particularly in liver
[10]. The enzymatic antioxidant defense systems are the
natural protector against oxidative stress. Antioxidant enzymes like SOD, CAT and GSH-Px form the first line of
defense against ROS, and a decrease in their activities was
observed with AFB1 exposure [32, 36].
As shown in Fig. 3B, the activities of hepatic SOD (P
< 0.001), CAT (P < 0.001) and GSH-Px (P < 0.05) were
significantly decreased in AFB1–treated animals when com-
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scavenge ROS, and hence, could inhibit lipid peroxidation,
membrane destruction and enzyme damage [37].
3.5. Effect of APs on AFB1-induced changes in hepatic GSH
and GST activity

GSH is a cysteine-containing tripeptide that plays a
critical role in the protection of tissues from AFB1 exposure by directly interacting with reactive oxygen species
(ROS), or as a cofactor for enzymatic detoxification, and
a decrease in its content was observed with AFB1 administration [32, 38, 39]. This observation supports our finding where we observed a significant decline in the level of
GSH in AFB1-intoxicated animals as compared to control
animals (Fig. 4A). However, APs co-treatment significantly alleviated the depletion of GSH with the dose of 50
or 100 mg/kg bw (P < 0.05), and the values were comparable with that of the control animals. The restoration of
hepatic GSH content to a near-normal level by APs cotreatment indicated that APs play a vital role in mitigating
AFB1-induced oxidative stress and subsequent damage to
the liver.

FIGURE 3 - Effects of APs on the levels of (A) hepatic MDA and (B)
antioxidant enzymes. Data are expressed as mean ± SEM for 6 rats
in each group. One-way ANOVA followed by Duncan’s multiple
range test was used to calculate statistical significance. Values with
different superscripts in each testing parameter are significantly
different from each other (P <0.05).

pared to control group, suggesting the severe oxidative
damage induced by AFB1. After the administration of APs
for 3 days, SOD (P < 0.001), CAT (P < 0.001) and GSHPx (P < 0.05) activities were dramatically increased to
near-normal levels in treated rats as compared to AFB1
group. The significant reduction in the activities of antioxidant enzymes in liver tissue of AFB1-intoxicated rats
could be responsible for increased lipid peroxidation
resulting in oxidative stress observed during aflatoxicosis.
The specific susceptibility of the hepatic cells to the oxidative stress would be due to relatively low levels of
antioxidant enzymes in the liver. The significant improvement of antioxidant defense system (SOD, CAT and GSHPx) in AFB1-treated animals by APs administration
demonstrated the significant antioxidant potentials of
APs, which has been shown by a large abundance of studies [18, 19, 26]. Previous studies indicated that the antioxidant properties of biological compounds might play the
primary role in the protection of cells and tissues against
deleterious effects of AFB1 [2, 3, 17, 32]. This emphasizes that the hepatoprotective action of APs against AFB1
exposure might be closely associated with its ability to

FIGURE 4 - Effects of APs on GSH and GST levels in rat liver. Data
are expressed as mean ± SEM for 6 rats in each group. One-way
ANOVA followed by Duncan’s multiple range test was used to
calculate statistical significance. Values with different superscripts
in each testing parameter are significantly different from each other
(P <0.05).

GSTs (family of important phase II biotransformation
enzymes) play a key role in the cellular detoxification of
activated AFB1 [40-42]. They can catalyze the conjuga-
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tion of the electrophilic AFBO with GSH in the liver,
leading to reduced AFB1 hepatotoxicity [43]. Many researches demonstrated that a decline in GST activity was
associated with AFB1 exposure, and the elevation of GST
could lower the AFB1 toxicity [16, 32]. Fig. 4B shows the
hepatic GSH level of different experimental groups. It can
be found that the dose of AFB1 (2 mg/kg bw) in our study
caused no significant change in GST activity. Although
co-treatment of APs slightly elevated the GST level, no
statistical significance was found when compared with
AFB1 group. It could be suggested that this mechanism
may not contribute to the hepatoprotective action of APs
against AFB1-induced liver injury.

4. CONCLUSIONS
The present investigation showed that the APs have
the potential to ameliorate. The mechanism of hepatoprotection afforded by APs could be ascribed to its ability in
inhibiting lipid peroxidation and mitochondrial dysfunction, as well as improving ROS scavenging and detoxification, which may be directly or indirectly associated
with its potent antioxidant activities. Our results suggest
that APs can be regarded as a good candidate agent
against aflatoxicosis, and the further investigation of APs
might be crucial to develop dietary supplement for enhancing liver function.

ACKNOWLEDGMENTS
This work was supported by the National Science and
Technology Support Program in the 12th Five year Plan
of China (No. 2011BAZ02169), the Priority Academic
Program Development of Jiangsu Higher Education Institution (PAPD), and the Fundamental Research Funds for
the Central Universities of China (No. JUDCF10057).
The authors have declared no conflict of interest.

FIGURE 5 - Effect of APs on relative mitochondrial membrane
potential (MMP) in rat liver. Data are expressed as mean ± SEM for
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BALANCING ENERGY PRODUCTION AND
PATHOGEN REMOVAL DURING TEMPERATURE
PHASED ANAEROBIC DIGESTION OF SEWAGE SLUDGE
Bo Fu, Yan Wang, Hongbo Liu, Yan Chen, Qian Jiang, and He Liu*
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ABSTRACT
Thermophilic anaerobic digestion is significantly efficient to remove pathogens, but has been limited by an
elevated energy requirement for heating the digester. However, recently it was reported that incorporating a 60 or
70°C pretreatment phase can dramatically increase pathogen inactivation performance without decreasing net energy capture from anaerobic digestion. The objective of this
research is to investigate net energy production and pathogenic bacteria inactivation during temperature phased
anaerobic digestion (TPAD) of sewage sludge with different sludge retention time (SRT) of thermophilic stage. With
the thermophilic SRT from 1 d to 7 d, the VS reduction and
methane production increased and remained relatively
stable for 5 and 7d. The net energy also increased with the
SRT of thermophilic stage but decreased from 5d, with
the most net energy production at the 5d. An increase in
SRT of thermophilic stage from 1d to 3d substantially
improved the pathogen decay in sewage sludge, and the
contents of E. coli, Salmonella sp. and Shigella sp. were
below the detection limit when the thermophilic SRT
more than 2, 2 and 3d, respectively. This study confirms
that TPAD with appropriate SRT of thermophilic stage is
capable of highly efficient inactivation of bacterial pathogens in sewage sludge, and higher net energy production
than that from conventional mesophilic and thermophilic
treatment alone.
KEYWORDS: Sewage sludge, anaerobic digestion, pathogen,
biogas, energy production, sludge retention time (SRT).

1. INTRODUCTION
Large amounts of sewage sludge produced from wastewater treatment plants worldwide are receiving increasing
attention. While the recycling for agricultural land is recognized as an important outlet for final disposal of sewage sludge, there is widespread concern over pathogen ex* Corresponding author

posure to residents in communities that surround land applications sites. In the United States, biosolids are divided into
two class A and class B, based on the pathogenic indicator content of sludge [1]. The most common treatment for
class B biosolids is mesophilic anaerobic digestion (MAD)
of 35-40°C. Achieving class A standards through digestion
usually involves increasing digester temperature to between 50 and 55°C for thermophilic anaerobic digestion
(TAD). However, TAD has been limited by a higher energy requirement for heating, in comparison to MAD.
Therefore, temperature phased anaerobic digestion (TPAD),
combining a TAD stage with a short sludge retention times
(SRT) and MAD with a longer retention time, is an increasingly popular method to improve stabilization of sewage
sludge [2, 3].
A recent research demonstrated that incorporating a
thermophilic pretreatment can dramatically increase pathogen inactivation performance without decreasing net energy capture from anaerobic digestion [4]. As large-scale
TPAD systems of sewage sludge have not been applied
widely, energy and economic balance calculations are
needed for the potential of commercial implementation of
TPAD systems. SRT of thermophilic stage is a key operation parameter in the TPAD system [5, 6], since it has direct influence on treatment costs and pathogen reduction.
Although most studies on TPAD systems focused the
performance with respect to volatile solids (VS) destruction, biogas yield and pathogen removal [5-8], studies on
the energy balance of TPAD system are scarce. Therefore,
balancing energy production and pathogen removal in the
TPAD system of sewage sludge as a function of SRT in the
thermophilic stage needs to be further studied.
Besides, Shigella is one of the major causes of reported gastric illness worldwide and is regularly found in
sewage. Our previous studies have found the insignificant
Shigella removal in the MAD process [9]. However, very
little is known about the survival of Shigella in sewage
sludge by anaerobic digestion, especially the TPAD treatment. The main objective of this research was to investigate the E. coli, Salmonella spp. and Shigella spp. contents in the TPAD system in response to different SRT of
thermophilic stage. The energy production was estimated
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by the energy of methane produced and the heat requirement. The pathogen inactivation and energy production of
the TAD and MAD control were also compared.

In this system, total energy produced (Q1) was considered as the gross heating value of methane produced
during the anaerobic digesting process. The total energy
produced of the anaerobic digestion per ton dry sludge is
calculated by Equation 1.

2. MATERIALS AND METHODS

Q1 = Y ⋅ W ⋅ B ⋅ R ⋅ q / Vm

2.1 Raw sludge

The raw sludge (combined primary and activated
sludge) collected from the Taihu Xincheng wastewater
treatment plant (WuXi, China) was used as the substrate
sludge. The main characteristics of the raw sludge are
presented in Table 1.
TABLE 1 - Sludge characteristics used in the experiment
Parameter
pH
VS, g/L
Volatile fraction (%VS/TS)
Water Content, %
Ammonia concentration, mg/L
VFA concentration, mg/L
E. coli, MPN/g DS
Salmonella typhimurium, MPN/g DS
Shigella flexner, MPN/g DS

Value
7.2
50.4-51.7
63.1-64.8
95.5-96.4
68-72
530-539
(3.75±1.20)×108
(8.92±1.02)×1010
(1.20±0.76)×108

(1)

In Equation 1, Y is CH4 yield (L CH4/g VS), W is
sludge weight (g); B is the fraction volatile solid of total
solid (%VS/TS); R is the volatile solid reduction rate (%),
Vm is molar volume of gas (22.4 L/mol), q is heating value
of methane, 890.31kJ/mol.
This energy requirement includes energy required to
heat sludge (Q2) to digester operating temperature and the
energy required to compensate for heat losses (Q3) during
operation. Q2 is described in Equation 2 [10].

Q 2 = W ⋅ Cp ⋅ (T1 − T2 )

(2)

In Equation 2, W is sludge weight (kg); η is the specific heat capacity of 4% solid sludge, 4.047 kJ/kg·°C; T1
is terminal temperature of thermal treatment (°C); T2 is
initial temperature of sludge flowing into a digester (°C).
The initial temperature of sludge is assumed to be 15°C.

2.2 Anaerobic digesters operation

Batch experiments were conducted in 1L flasks containing 700ml of raw sludge, adjusting to 4% solids in the
solution. Sludge was homogenized and adjusted pH to
7.0. Flasks were capped and purged with nitrogen. The
TPAD systems were operated at thermophilic condition
(55°C) for 1 (TPAD1), 2 (TPAD2), 3 (TPAD3), 5 (TPAD4)
and 7 days (TPAD5), respectively, and then all at mesophilic conditions (35°C) for 15 days. TAD operated at
9 days and MAD operated at 20 days was carried out as
the controls. Each reactor was anaerobically inoculated
with three pathogen indicators, E. coli, Salmonella typhimurium and Shigellae Flexner with final concentrations of
3.75×108, 8.92×1010 and 1.20×108 MPN/g DS (Dry
sludge), respectively.
2.3 Chemical analysis methods

Sludge samples were collected from each reactor every
two days for chemical analysis. Total solids (TS), VS and
ammonia nitrogen (NH4+-N) were measured according to
the Standard Methods [9]. Volatile fatty acids (VFA) concentration and biogas composition were determined by gas
chromatograph (GC2010, BTT, Japan), equipped with a
stainless-steel column (Porapak Q, mesh size 807100),
employing thermal conductivity detection.

The heat losses (Q3) during operation were estimated
by Equation 3.

Q3 = U ⋅ k ⋅ θ ⋅ A ⋅ (T1 − T2 )

In Equation 3, U is heat conversion coefficient between glass and air, 5.8 W/m2·°C; k is coefficient of
25mm thickness insulator; θ is time (s); A is surface area
of digester (m2); T1 is terminal temperature of thermal
treatment (°C); T2 is initial temperature of sludge flowing
into a digester(°C). The initial temperature of sludge is
assumed to be 15°C.
2.5 Culture-based pathogen enumeration

Sludge samples were collected from the reactors every day for pathogen quantification. The E. coli, Salmonella spp. and Shigellae spp. densities were determined in
accordance with Most probable number (MPN) method
reported by Chen et al [9].
To explore the rate of pathogen inactivation in this
study, it was assumed that the reduction followed firstorder kinetics. Hence, Equation 4 was used to describe the
reduction and could be employed to estimate the inactivation constants from the experimental data.

C
= e −kt
C0

2.4 Energy balance

The amount of energy produced by an anaerobic digester per ton dry sludge is calculated. The value of energy is defined as the energy of methane produced per ton
DS minus the energy requirement demanded to operate
the digester.

(3)

(4)

In Equation 4, C is the concentration of indicator
pathogen at time t, C0 is the initial concentration, t is time
(d), and k is the first-order inactivation rate constant (d-1).
In this study, Origin 8.1 software was used to estimate the
best-fit inactivation rate constant from the observed data.
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3. RESULTS AND DISCUSSION
3.1 TPAD system performance

a

VFA, pH and ammonia are considered to be important parameters for anaerobic digestion stability and
major factors involved in pathogen reduction of biosolids.
The VFA, pH and NH4+-N variations are illustrated in Fig. 1.
The VFA concentration in the substrate sludge was 533
mg/L. For TPAD system, VFAs increased initially to maximum concentration of 1774.74, 2277.31, 2740.85,
2860.18 and 2992.94 mg/L for the thermophilic time of 1,
2, 3, 5 and 7d, respectively, but all decreased significantly
to a final concentration below 87.7 mg/l (Fig.1a). The
trends of VFA variation in TAD and MAD were consistent
with that of TPAD. Differently, the maximum concentration of VFA in MAD process was 1124 mg L-1, which is
much less than that in TPAD and TAD systems. During
the operation period, the pH value in the TPAD was varied from 6.37 to 7.72 (Fig.1b), which were all within the
acceptable pH range of 6.1–8.3 for sludge digestion [11].
As shown in Fig. 1a and b, the sludge pH, which had been
decreasing steadily, started to increase from the time
when the VFA concentrations decreased. It is suggested
that the pH variation was resulted from the change in the
VFA concentrations.
With the initial level of 71 mg L-1, the NH4+-N concentration increased all and reached 562.98, 614.74,
643.13, 812.44 and 854.44 in TPAD1, TPAD2, TPAD3,
TPAD4 and TPAD5 system, respectively (Fig.1c). The
final NH4+-N level increased with the operation time of
TPAD. The minimum concentration of NH4+-N was obtained in MAD with the value of 554 mg L-1. NH4+-N is a
key intermediate released from the hydrolysis of protein
or other organic nitrogen sources [12]. In this study, the
results revealed that the ammonia concentration within
sludge from the degradation of nitrogenous organic compounds enhanced with higher temperature and longer
time. Sanchez et al. [13] also reported the higher activity
of protein degradation under thermophilic conditions than
under mesophilic condition.
The VS reduction and methane production are illustrated in Fig. 2. The maximum VS removal efficiency
(39.4-39.5%) was achieved at the TPAD4 and TPAD5
system, and those decreased in the following order: TPAD3
(34.8%), TPAD2 (31.9%) and TPAD1 (28.6%) (Fig.2).
The increase in thermophilic time from 5 to 7 d had insignificant effects on VS removal, but VS reduction in sewage sludge was improved as result of the fermentation of
organic matters with higher operation time in thermophilic
stage ranging from 1 to 5d [14]. However, only the digested sludge at total operation time of 20-22d met the
minimal VS reduction requirement of Class A biosolids
by US EPA [1]. Similar VS reduction was achieved in the
TAD and MAD system with the level of 29.2% and
30.7%, respectively. The absence of seed sludge inoculums in the anaerobic digesters may be the reason for the
low VS destruction.

b

c
FIGURE 1 - VFA(a), pH(b) and NH4-N (c) variations in sewage
sludge during anaerobic digestion.

FIGURE 2 - VS degradation and methane yield in sewage sludge by
anaerobic digestion.

The methane yield increased from 189.94, 207.76,
211.95 and 239.74 to 243.16 mL CH4/g VSremoved as the
thermophilic operation time increased from 1, 2, 3 and 5
to 7d. These results agree with the organic matter elimination (Fig.2). The TPAD system with longer time of ther-
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mophilic stage enhanced VS destruction, resulting in higher
conversion of organic components to methane (Fig. 2).
Methane production from the TAD control (198.03 mL
CH4/g VSremoved) was a little higher than that of the TPAD1
system but less than the TPAD2 system, which is also in
concordance with the comparison of VS removal. The
methane yields obtained from TPAD digesters were generally lower than those obtained from the MAD control
(247.2 mL CH4/g VSremoved). A single mesophilic anaerobic digester for long retention times is as efficient as
TPAD in methane production.
3.2 Net energy production

The energy for keeping anaerobic digestions in a specific temperature was calculated. Total heat demand is the
sum of energy to heat the sludge up to the digester temperature and the energy required to overcome heat losses
from the digester to maintain the desired temperature. The
energy requirement is related with the specific temperature and the duration time. Rankings of heat requirement
are the following: TPAD5>TPAD4>TPAD3>TPAD2>
TPAD1 (Fig. 3). Increasing the time of themophilic stage
in TPAD increased the required rate of heat loss.

produced in the TAD control was also lower (8.95 kJ),
which was only higher than that of TPAD1 system.
3.3 Pathogen inactivation

The E. coli, Salmonella spp. and Shigella spp. content
in the sewage sludge by TPAD under different time of
thermophilic stage was illustrated in Fig. 4. The final E.
coli concentrations detected in sludge samples were 1822
and 877 MPN/g DS for TPAD with the thermophilic time
at 1 and 2d, respectively, and that was below the method
detection limit for the time of 3-7d, which were significantly lower than the feedstock (significant at p<0.001).
Sludge with Fecal coliforms content below 1×103 and
2×106 MPN/g DS can meet the Class A and B requirements of US EPA [1], respectively. The TPAD processes
exhibited high E. coli removal efficiency as the log reduction reached 5.3, 5.6, and 8.6 for the operation time in
thermophilic stage of 1, 2 and ≥3 d, respectively (Table 2).
The log E. coli reduction achieved at the similar level for
the thermophilic time of 3, 5 and 7 d (p>0.05), and 3 log
magnitude higher than that of 1 d and 2d.

FIGURE 3 - Energy generation and requirement in anaerobic
digestion of sewage sludge.

Meanwhile, total energy produced in the anaerobic
digestions was calculated by the heat value of methane.
Comparatively, the treads in energy generation was the
same to that of heat demand, and the highest energy generation was obtained in TPAD5 because of highest VS
reduction and highest methane yield. In this study, net
energy production (kJ) is defined as the amount of usable
energy produced in biogas minus the total heat demand.
The most net energy was produced in the TPAD4 system:
20.50, 15.45, 12.14, 9.97 and 4.66 kJ was obtained for
TPAD5, TPAD3, TPAD2 and TPAD1 system, respectively (Fig. 3). The MAD control generated net energy of
15.78 kJ, which was similar with the TPAD5 system, but
lower than the TPAD4 system. Therefore, the employment of TPAD system with appropriate thermophilic time
did not significantly increase energy consumption to enhance economical cost. By comparison, the net energy

FIGURE 4 - Changes of E. coli (a), Salmonella spp. (b) and Shigella
spp. (c) content in sewage sludge during anaerobic digestion.

For Salmonella spp. and Shigella spp., the final concentrations were 750 and 2040 log MPN/g DS in TPAD
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process with the thermophilic time of 1d, respectively. As
the thermophilic time increased from 2 to 7d, both the
Salmonella spp. and Shigella spp. content were below the
method detection limit (Fig. 4). The log removals of Salmonella spp. and Shigella spp. were 8.1 and 4.8 log
MPN/g DS with the thermophilic time of 1d and the maximum Salmonella spp. and Shigella spp. removals reached
10.95 and 8.1 log MPN/g DS at the thermophilic time of
≥2 d, respectively (Table 2). The MPN count results showed
that a high Salmonella sp. removal was achieved by the
TPAD process, and the Salmonella spp. content in sludge
effluents were lower than the limit (3 MPN/g TS) for
Class A biosolids of US standard [15].
The pathogen contents in MAD process were 5.26,
7.87 and 5.95 log MPN/g DS with log reductions of 3.2,
3.1 and 2.1 for E. coli, Salmonella spp. and Shigella spp.,
respectively (Table 2), showing much poorer performance
than TPAD on the inactivation of pathogens, even TPAD
with time of 1d in the thermophilic stage. For TAD process, almost no pathogen was survived in the digested
sludge. Our results indicated that both TPAD and TAD
process were capable of reducing E. coli, Salmonella spp.
and Shigella spp. to an acceptable level. As expected, the
three pathogen contents dramatically decreased in the
thermophilic stage of TPAD, but decreased slowly in the
mesophilic stage, which indicated the high temperature
benefited the inactivation of bacterial pathogens [16, 17].
55°C is the lethal temperature to most pathogens, but
temperature 30-40°C is the optimum cardinal temperature
for the enteric bacteria growth. Pathogen inactivation in
the MAD with a longer operation time probably resulted
from substrate limitation, microbial competition or the
inhibition of metabolism product accumulation [18, 19].
The decay constants describe the sensitivity of the
pathogens to inactivation. The observed data and the bestfit model predictions showed that the first-order decay
model was able to adequately describe the observed data
in this study. The estimated decay constants for the various TPAD systems are presented in Table 2. It is shown
that the decay constants ranged from 0.30 to 2.19 d-1 and
generally increased with operation time. The Salmonella
spp. had the highest estimated decay constants, whereas
E. coli and Shigella spp. had the lower values (P<0.05),
indicating a weaker resistance of Salmonella sp. than E.
coli and Shigella sp.. Sharma et al. [20] reported Salmonella sp. died within 20 min at 60°C, but E. coli and Shigella sp. were killed within 60 and 60 min at 55 and
65°C,

respectively. The ecology and ability of Salmonella sp.
coping with abiotic stresses may result in their weaker
resistance to heat. The trends in decay constants of TAD
were in agreement with the trends that were identified in
the previous results of TPAD. The decay constants of
MAD were remarkably lower than that of TPAD with the
difference of 1 order of magnitude.
The studied TPAD processes were highly efficient to
kill pathogens, and most of the pathogen destruction occurred in the thermophilic phase of the TPAD process. A
thermophilic temperature, the presence of free ammonia
and VFA were all found to be germicidal [20], and a
combination of all these factors in the thermophilic phase
of the TPAD process is believed to be the source of the
pathogen destruction observed. In this study, both the
higher VFA and ammonia accumulated in the digesters
with a longer operation time. The impact of organic acids
on pathogen destruction has been documented [21, 22].
Microbial growth is inhibited by organic acids, as the
concentration of the undissociated form of organic acids
increases, which diffuses through the cell membrane, and
therefore the toxicity to pathogen enhances [23]. Pathogen
inactivation thus may be a strong function of the lethal
temperature, while ammonia and VFA can accelerate
inactivation, causing complete pathogen elimination.
3.4 Balancing Energy Production and Pathogen Removal

For the TPAD of sewage sludge, many studies have
been carried out to optimize with the goals of increased
biogas production and solids destruction [3, 7]. With the
thermophilic time increased from 1 d to 7 d, the VS reduction and methane production increased, and remained
relatively stable for the thermophilic time of 5 and 7d
(Fig. 2). The net energy increased with the operation time
of thermophilic stage increased but decreased from 5d,
and the most net energy was produced at the thermophilic
time of 5d (Fig. 3). In terms of the VS reduction, biogas
production and energy cost, the optimum operational time
seems to be 5 d in thermophilic stage and 15d in mesophilic stage (Fig. 5).
An increase in operation time of thermophilic stage
from 1d to 3d substantially improved the pathogen decay
in sewage sludge (Fig. 5). The removal of Salmonella sp.,
Shigella sp. and E. coli was not diminished above thermophilic time of 2d, 2d and 3d (Fig. 4). If pathogen inactivation is the main objective of the TPAD system, TPAD
system with at least 3 days of thermophilic stage is neces-

TABLE 2 - First-order inactivation rate constants for pathogens in anaerobic digestions
System
TPAD1
TPAD2
TPAD3
TPAD4
TPAD5
TAD

E. coli
Log reduction
5.3
5.6
8.6
8.6
8.6
8.6

k (d-1)
0.33
0.33
0.66
1.71
1.71
1.71

Salmonella spp.
Log reduction
k (d-1)
8.1
0.50
10.95
2.74
10.95
2.19
10.95
2.19
10.95
2.19
10.95
2.19
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Shigella spp.
Log reduction
4.8
8.1
8.1
8.1
8.1
8.1

k (d-1)
0.30
0.58
1.62
1.62
1.62
1.62
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0.17

3.1

sary in order to remove the three enteric pathogens from
sewage sludge, with the conditions studied. Therefore,
TPAD would be operated at 5 d in thermophilic stage and
15d in mesophilic stage. This not only completely removes the three bacterial pathogens, it also allows for the
most net energy production. In addition, the studied
TPAD process with 2d in thermophilic stage and 15d in
mesophilic stage consistently produced Class A biosolids.
Riau et al. [5] reported TPAD experiments operating at
4 d in thermophilic conditions (55°C) and 15d in mesophilic conditions (35°C) was necessary to make the pathogen elimination reach the Class A biosolid standard. It is
revealed that since pathogen inactivation was highly efficient for sludge TPAD, the selection of appropriate operation time in thermophilic stage depends on net energy
production.

0.15

2.1

0.11

thermophilic time of 5d. The contents of both Salmonella
sp. and Shigella sp. below the detection limit were obtained in TPAD systems with the thermophilic time more
than 2d, and the operation of TPAD with the thermophilic
more than 3d led to the complete inactivation of E. coli.
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THE EFFECTS OF WATER LEVEL
FLUCTUATIONS ON THE WETLAND LANDSCAPE
AND WATERFOWL HABITAT OF POYANG LAKE
Hailin You, Ligang Xu*, Jiahu Jiang, Xiaolong Wang, Qi Huang and Guilin Liu
State Key Laboratory of Lake Science and Environment, Nanjing Institute of
Geography and Limnology, Chinese Academy of Sciences, Nanjing, 210008, China

ABSTRACT

1. INTRODUCTION

The influence of water level fluctuations of varying
frequency and amplitude on the wetland landscape and
waterfowl habitat of Poyang Lake, Central China, was
investigated. Remote sensing images of the Poyang Lake
wetland landscape representing different water levels are
presented for typical years based on long-term water level
data sequences from the 5 monitoring hydrological stations at the lake. The structure and composition of the landscape were analyzed with multivariate statistical methods,
and the corresponding quantitative relationships between
the water level fluctuations and the structure and composition of the landscape were established for different typical
years in the wetland area of the lake. In addition, the dynamic response of the waterfowl habitat areas to water level
fluctuations was presented for the Poyang Lake wetland.
The results suggest the following: (1) the water level of
Poyang Lake was influenced by the inflowing water from
the “Five Rivers” and the exchange of water with the
Yangtze River. Both the intra-annual and the inter-annual
water level fluctuations were dramatic; (2) the water level
fluctuations showed a positive correlation with area of
water included in the lake region and water in the humancontrolled area; but a negative correlation with area of the
land-water transition zone and meadow area; besides, it
influenced greatly the structure and composition of the
landscape; and (3) waterfowl occupied most of the major
suitable habitat with an area of 1737.223 km2 when the
water level was 10.22 m (in 2006), whereas the fewest
major habitat with an area of 152.193 km2 was available
to waterfowl when the water level was 19.29 m (in 1989).
These results contribute to the understanding of the specific effects of hydrological changes on wetland landscapes, and to the protection of the biodiversity and richness of waterfowl in the Poyang Lake wetland.
KEYWORDS: Water level fluctuations; landscapes; waterfowl
habitat; Poyang Lake; wetland

* Corresponding author

Hydrological processes affect the occurrence, development, and health of wetlands, and are among the most
important environmental factors influencing wetland ecosystems. Furthermore, hydrological processes, such as water
flows, water temperature stratification, and spatial and temporal changes in water levels, dominate the structure and
function of wetlands in a lake setting. Casanova and Brock
[1] showed that hydrological processes were a major determinant of plant community development and patterns of
plant zonation in wetlands. Vegetation responses to hydrological processes have long been studied in wetland ecology; a few scholars were already studying the relationships between aquatic organisms and water level changes
in the 1940s [2]. Water level changes are important components of hydrological processes, and Nõges & Nõges [3]
have shown that water level change was the most important
factor influencing long-term changes in the status of a
wetland ecosystem. Changes in water levels exhibit nonlinear perturbations during their occurrence and development, and occur on 3 time scales: short-term, intra-annual,
and inter-annual. The influence of water level variation on
wetland vegetation is a continuous process, from distributions of small individual plants to plant populations and
communities, and this influence is species-dependent and
reflects 2 principal features. The first feature consists of
direct effects, which are reflected in the impact of the
growth of aquatic organisms on inter-specific competition
[4]. The other effect is indirect, whereby the physicochemical conditions, such as transparency, turbidity, salinity, pH,
suspension and settlement, and dissolved oxygen, have
been altered because of water level variations [2]. All these
physicochemical factors have an influence on the organisms living among the aquatic vegetation, and will indirectly decrease or increase the consumption of the aquatic
vegetation [5]. Additionally, the spatial and temporal factors affecting aquatic vegetation can be altered [6], although the spatial and temporal variations in the water level
are complex and unpredictable, and can produce various
types of plant communities as a result of inter-annual water
level variation, with continuous changes in the pattern of
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partitioning [1]. Therefore, the reaction of wetland plants
to water level fluctuations is an important research topic
in wetland ecology. How is the growth and survival of
different plant species affected by the water level? What
is the response time of the plants? How are the structure
and spatial pattern of plant communities affected by hydrological activity in a lake wetland? These questions represent significant research topics in wetland eco-hydrology
[7]. Although progress has been made in the study of the
influence of water level variations on wetland vegetation,
several problems still require investigation [8]. For example, much research is restricted to aquatic vegetation, particularly submerged vegetation, and comprehensive research at the ecosystem level is lacking [9]. Moreover,
current research methods are limited to simple types of
qualitative analysis, and do not address the response relationships between water level fluctuations and spatial patterns, or the succession of the vegetation community from
the perspective of eco-hydrological processes in wetlands
[2, 9].
The Poyang Lake wetland is China's largest freshwater lake wetland and rich in biodiversity, providing a
wealth of ecological research opportunities. Many previous studies have primarily focused on 2 aspects of the
Poyang Lake wetland, hydrology and vegetation [10, 11],
whereas studies focusing on the hydrological changes,
vegetation patterns and biodiversity in Poyang Lake cannot reflect the relationships between the composition of

the vegetation community and the hydrological regime.
Thus, the present study analyzed changes in the structure
and composition of the landscape of the Poyang Lake
wetland under different water levels by applying remote
sensing techniques. This research revealed quantitative spatial patterns and succession processes influencing the
wetland vegetation at different water levels, results that
can be used as a reference for water resource planning and
management to maintain appropriate ecosystem functional diversity at the Poyang Lake wetland.
2. MATERIALS AND METHODS
2.1 Study area

Poyang Lake is located in Jiangxi Province, Central
China. The length of the lake from north to south is 173
km, and the mean east-west width is 16.9 km, with a
maximum of 74 km and a minimum of 2.8 km. The Poyang Lake watershed covers an area of 16.2×104 km2,
representing 97% of the area of Jiangxi Province and 9%
of the area of the Yangtze River watershed [12]. Poyang
Lake receives discharges from the Gan River, Fu River,
Xinjiang River, and Xiushui River (Five Rivers) and, in
turn, provides discharges to the Yangtze River through
Hukou County, Jiangxi Province. The Poyang Lake wetland forms a heterogeneous landscape with rivers, lakes,
and beaches. The vegetation of Poyang Lake is abundant,

FIGURE 1 - Geographical locations of the 5 hydrological stations at the Poyang Lake watershed.
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with reeds, silvergrass, Carex, and submerged vegetation
from the lakeshore to the middle of the lake. Every winter, hundreds of thousands of migratory birds converge at
Poyang Lake to overwinter. Some of the migratory birds
belong to very important species, such as Grus leucogeranus, Anser cygnoides, and Ciconia boyciana.
Therefore, Poyang Lake is called a “Paradise of Migratory Birds”, “Kingdom of Grus leucogeranus”, and “Second
Great Green Wall in China”, all of which make the Poyang
Lake National Nature Reserve world-famous.

of the landscape in the Poyang Lake region, typical landmarks were selected by fixed-point observation at the
lakeshore and by cruise-fixed-point investigation at the lake
surface. The overall classification accuracy of the remote
sensing images was more than 80% compared to ground
truthing. The relationships between the area distribution
and structure and composition of the landscape and water
level fluctuation were analyzed using SPSS 16.0.
3 RESULTS AND DISCUSSION

2.2 Data and study methods
2.2.1 Data

Daily water level data (unit (m); Wusong Elevation
System) from 1951 to 2000 were collected at the 5 hydrological stations (Hukou, Xingzi, Duchang, Tangyin, and
Kangshan) of Poyang Lake. The average water level for
the 5 hydrological stations for a given year was used as
the Poyang Lake water level for that year.
A total of 11 Landsat images (Path/row: 121/40) (Table 1) of Poyang Lake were downloaded from Earth Observation and Digital Earth Science Center, Chinese
Academy of Sciences (http://ids.ceode.ac.cn/query.html).
The Landsat images are Systematic Geocorrection products resulting from geometric system correction and atmospheric radiation correction.
TABLE 1 - Basic information on the remote sensing images.

Sensor
TM
ETM+SLC-off
ETM+
TM
ETM+SLC-off
TM
ETM+
ETM+
TM
ETM+SLC-off
ETM+SLC-off

Date
1989/07/15
2003/7/30
2000/9/23
2005/9/29
2006/4/17
1991/10/25
2003/2/20
1999/12/10
1993/3/12
2006/11/11
2008/1/1

CC
0%
0%
0%
4%
0%
0%
0%
0%
0%
0%
0%

2.2.2 Study method

Wetland classification data were extracted from the
remote sensing images in combination with the spectral
curve characteristics of different landmarks. According to
the “Convention on Wetlands of International Importance
Especially as Waterfowl Habitat” [13] and the “Wetland
classification system in China” [14], a classification criterion was established for the Poyang Lake wetland and
adjusted using field surveys. The classification criterion
included two levels. The first level consisted of the categories A1 (area of water included in the lake region), A2
(area of water in the human-controlled area), A3 (area of
the land-water transition zone), and A4 (meadow area).
The second level included deepwater, shallow water, shallowest water, beach, mudflat, swamp, reed, sparse grassland, silvergrass, Carex grass-like plant, and meadow.
Following field surveys of the distribution and structure

3.1 Characteristics of variation at Poyang Lake
3.1.1 Intra-annual variation

Intra-annual changes in the water level are the principal hydrological feature of Poyang Lake. The monthly
hydrological changes at the 5 hydrological stations are
presented in Fig. 2, with each station showing a single
water level peak. All of these peaks appeared in July.
However, differences were found in that the water levels
at the 5 stations decreased gradually from south to north.
The water level change was more severe in the northern
portion of the lake because the lake morphology expands
the flood storage capacity of the area as the water level
increases [15]. The wet season at Poyang Lake occurred
from May to September, with a maximum water level in
July, whereas the dry season occurred from November to
March of the next year, with a minimum water level in
January. The average range of the intra-annual water level
can be as great as 14 m. The flood season of the Five
Rivers extended from April to June of each year, with the
water level of Poyang Lake rising gradually after the
flood waters from the Five Rivers entered the lake. However, the Yangtze River was at a low-water stage at that
time, and the water from the lake was discharged into the
Yangtze River. Therefore, Poyang Lake could not reach
its highest possible water level. The extensive flood waters produced by the Five Rivers had already receded after
July and August, a time when the Yangtze River was
flooded. The water from the Yangtze River flowed into
Poyang Lake, causing the lake water to rise to its highest
level. The dry season of the Five Rivers extended from
September to December, a time when the water level of the
Yangtze River began to fall, causing the water of Poyang
Lake to gradually decrease to its lowest level. The increase
in the water table of Poyang Lake was primarily controlled
by the Five Rivers, whereas the decrease in the water table
was primarily controlled by the Yangtze River.
3.1.2 Inter-annual variation

The annual average water level, annual average maximum water level, and annual average minimum water
level for the 5 hydrological stations are shown in Fig. 3.
Based on the analysis of the hydrological 1978-2010 data
from the 5 hydrological stations, the annual average water
level varied from 11.60 to 16.47 m, the annual average
maximum water level from 15.63 to 22.57 m, and the annual
average minimum water level from 7.11 to 13.30 m. The
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FIGURE 2 - Monthly water level variations of Poyang Lake.

FIGURE 3 - Inter-annual water level variations of Poyang Lake.
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proportion of the highest water level for the 5 hydrological
stations occurring in June and July was 75, 74.2, 71.9,
69.7 and 60.6% from south to north; the proportion of the
lowest water level for the 5 stations occurring in December and January was 75, 80.6, 87.5, 69.7 and 66.7% from
south to north. The range of the water level alteration
gradually increased from south to north. The annual average water level was 15.17 m at the Kangshan station in
the south, and 13.29 m at the Xingzi station in the north,
producing a difference of 1.88 m between the 2 stations.
The water level of Poyang Lake was high during the flood
season and decreased markedly in the dry season. As
these hydrological characteristics determine the inherent
balance and ecosystem structure of Poyang Lake, a dramatic change in the hydrological conditions of the lake
will directly alter the ecological security of the water
resource and the structure of the ecosystem.
Note that the maximum daily water levels at the 5 stations all occurred in 1998 (Table 2), a year when the
global climate, including the climate of China, was generally abnormal due to the EI Niño phenomenon. In addition to human-induced causes, a major flood, unprecedented in 100 years, occurred in China. As shown in Fig.
3, the annual average water level of Poyang Lake showed
an increasing trend prior to 1998; however, all 5 hydrological stations showed downward trends after the Great
Flood in 1998, followed by an abrupt decline in 2000.
Since 2000, the decrease in the water level of Poyang
Lake has accelerated, ultimately producing a continuous
drought in the area. Poyang Lake was nearly dry in 2003,
2006, and 2007. The annual maximum average water
level decline at the Duchang station occurred at a rate of
0.231 m per year, with an annual rate of decrease in the
average water level of 0.247 m per year. In particular, the
rate of decrease has accelerated since 2002, with a rate of
0.32 m per year from 2002 to 2010.
3.2 Dynamic responses associated with the water level and
the landscape at the Poyang Lake wetland
3.2.1 Area distribution characteristics of the Poyang Lake
wetland under different water level conditions

The relationships between areas A1, A2, A3, and A4,
and the variations in the water level are shown in Fig. 4.
Areas A1 and A2 showed an increasing tendency as the
water level increased, and remained relatively unchanged
when the water level was unchanged in different years.

For example, areas A1 and A2 in 1993 were 1354.758 km2
and 499.9176 km2, respectively, with a corresponding
water level of 11.62 m; they were 1301.838 km2 and
495.6336 km2, respectively, in 1999, with a corresponding water level of 11.57 m. The water levels of Poyang
Lake directly determined the two types of landscape.
However, areas A3 and A4 tended to decrease as the water
level increased, a result that is consistent with previous studies [16]. When the water level was 19.29 m in 1989, areas
A3 and A4 were only 0.5931 km2 and 0.7119 km2, respectively.
3.2.2 Relationship between landscape and water level

The correlation coefficients between the landscape
areas and the water level variations are shown in Table 3.
The 1-tailed p values were all less than the given significance level (0.05). These results indicate that the relationships between the landscape areas and water levels were
statistically significant. Significant positive correlations
were found between the water level and area A1, and
between the water level and area A2. In contrast, significant negative correlations were found between the water
level and area A3, and the water level and area A4.
Based on Table 3, fitted curves were used to describe
the relationship between the landscape areas and the water
levels (Fig. 5). A good logarithmic fit was obtained. The
water levels had marked effects on the landscape areas.
As the water level rose, areas A1 and A2 both increased,
with A1 increasing more than A2. In contrast, areas A3
and A4 decreased as the water level increased, with both
areas showing a similar decrease. These results quantitatively reveal dynamic response relationships between the
landscape and changes in the water level, and are consistent with previously reported results of hydrodynamic
model fitting [17].
3.3 Dynamic responses between the water level and structure, and the composition of the landscape
3.3.1 Structure and composition of the landscape under
different water level conditions

The structure, composition and proportions of the 11
types of landscape are presented in Table 4 and Fig. 6.
The corresponding structure and composition of the land
scape were essentially the same in different years, as were
the water levels. For example, the areas of the 11 types of
landscape were essentially the same in 1993 (water level

TABLE 2 - Water level characteristics statistics of the 5 hydrological stations (unit: m).
Station

Hukou

Xingzi

Duchang

Tangyin

Kangshan

Highest daily water level

22.53

22.43

22.563

22.57

22.43

Emergence of Year

1998

1998

1998

1998

1998

Lowest daily water level

6.39

7.02

8.123

9.64

11.97

Emergence of Year

1979

2004

2009

2007

2004

Maximum scope of water level (m)

16.14

15.41

14.44

12.93

10.46
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FIGURE 4 - The statistics of landscape areas relative to different water levels at the Poyang Lake wetland.
TABLE 3 - Correlation analysis between area distributions of the landscape and water levels.
water level
Pearson correlation

water level
area of A1

area of A1

area of A2

area of A3

area of A4

0.973**

0.863**

-0.911**

-0.976**

0.840

-.0960

-0.995

-0.822

-0.830

area of A2
area of A3

0.926

area of A4
1-tailed test of significance was used
Note: **, is P<0.001.

FIGURE 5 - The trends shown by the landscape in response to water level variations at the Poyang Lake wetland.
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TABLE 4 - Structure and composition of the landscape under different water level fluctuations (Unit: km2).
Water
level (m)
9.31
10.22
11.62
11.57
13.07
13.21
14.60
15.13
16.12
18.27
19.29

deepwater
948.488
928.994
1210.324
1209.979
2413.017
2216.485
2928.690
2847.845
3280.939
3517.900
3648.405

shallow
water
197.634
419.509
348.436
302.494
114.794
108.231
199.496
314.178
77.262
155.759
126.374

shallowest
water
277.977
295.788
295.916
284.999
89.968
196.636
5.079
5.328
1.571
2.759
24.420

beach

mudflat

swamp

reed

183.074
170.129
135.077
142.180
66.031
60.186
32.978
47.579
30.236
19.574
0.476

502.063
341.538
296.902
292.879
142.534
127.527
59.246
66.467
53.394
35.042
0.733

86.245
57.968
48.007
55.795
19.874
24.209
8.065
6.508
4.590
4.490
0.037

25.333
23.008
22.110
24.020
20.470
20.751
13.527
16.378
14.329
1.672
0.019

sparsegrassland
459.765
452.291
367.075
403.215
135.773
135.150
46.645
30.257
18.529
5.586
0.153

silvergrass

Carex

meadow

376.611
370.287
351.266
370.617
303.913
326.781
220.956
222.493
165.306
29.219
0.343

568.205
566.911
517.157
541.646
345.398
427.135
179.039
115.867
56.858
3.698
0.044

174.721
173.429
163.177
172.242
148.214
157.133
106.475
127.172
97.664
25.022
0.523

FIGURE 6 - Proportions of landscape structure and composition under different water level fluctuations.

of 11.62 m) and 1999 (water level of 11.57 m). The structure and composition of the landscape changed significantly relative to different water levels: deep water increased as the water level rose, whereas the other 10 types
of landscape decreased. When the water level reached
19.29 m, the area of deep water represented 96% of the
total area of Poyang Lake, but the percentage of swamp,
reed, and Carex areas was almost negligible.
The plants of Poyang Lake are distributed throughout
the entire lake, and the vegetation presents a regular change
in its zonal pattern from the shore to the center of the lake
due to the changes in the lake bed elevation and water
depth. The composition of the vegetation follows welldefined patterns. The emergent plant zone (primarily including the reed and silvergrass community) and the hygrophyte zone (mainly including the Carex community)
are restricted to certain areas, whereas the submerged plant
zone has a broad distribution and is directly connected to
the hygrophyte zone. The wet season is the primary growing season for the reeds, as emergent plants must remain
out of the water to conduct photosynthesis, whereas complete submersion is harmful to growth. Therefore, the reed
community is found at a higher elevation, generally greater
than 17.5 m. Although this community is formed by reeds

and silvergrass, the microtopography of the reeds always
exhibited a slightly higher elevation than that of the silvergrass relative to their distribution patterns. The distribution
of the silvergrass community included a large area, with an
elevation generally ranging from 16 to 17 m, slightly higher
than that of Carex. The silvergrass community and the Carex
community were often associated in a mosaic structure with
the Carex community. The elevation of the Carex community ranged from 13.8 to 14.2 m, with frequent flooding and subsequent exposure, and the growth of this
community was sensitive to changes in the water regime.
The general rules governing the water level fluctuations at Poyang Lake are as follows: the water level begins to increase in spring and reaches its highest value in
summer; the water level begins to decrease in autumn and
reaches its lowest value in winter. Therefore, Poyang Lake
shows significant seasonal variation. The lake bed is exposed in the dry season, forming an emergent plant community (primarily including reeds and silvergrass) and
hygrophyte community (primarily including Carex) [18].
However, the growth cycle characteristics of these communities are very different [19]. The young reed plants develop from February to April, and the stage of vigorous
vegetative growth extends from May to July. The reed
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plants enter the reproductive stage after August, after the
formation of biomass. The reed seedling stage does not
require much water as long as the ground surface is moist.
Although reeds cannot withstand long-term flooding, one
or two weeks of flooding will not affect growth during the
flood season; indeed, the reed plant will not die, even if
completely flooded for a 1-week period. The Carex community differs from the reed community and experiences
a “germination - growth - germination - growth” cycle (2
life cycles) in a single year [11]. Carex turns green at the
end of February and early March, completes the stage of
vegetative growth during this first season, and enters the
reproductive stage from March to April. The gradual inundation of the plant begins at the end of Aprilm and the plant
is submerged by the end of May. The water level of Poyang Lake begins to decrease in early September, and the
lake bed gradually emerges by middle to late September.
During that period, the Carex rhizome germinates and
generates a new seedling, completing its 2 life cycles.
Carex forms a vast area on the lake bed in April and October, and the area of the Carex community decreases as
the water level increases. The reason for these changes is
that the water level of Poyang Lake in October is still
high, resulting in a decreased exposure of the bottom of
the wetland delta, suppressing the second growth cycle
above the lake bottom, and finally, decreasing the area of
the Carex community [20]. The area occupied by the reed
community begins to flood gradually at the end of May,
each year, and the reed community begins to decline in
October. The reed community is primarily distributed around
or along the rivers, and is less sensitive to water level
fluctuations than the Carex community. In years of high
water levels at Poyang Lake, the water level of the river
will also be moderately elevated. Therefore, the reeds will
obtain favorable hydrothermal conditions, and will expand the area that they occupy.
3.3.2 Structure and composition of the landscape in response to water level fluctuations

Table 5 shows the correlation between the shallow
area and the water level (r = -0.54). The areas of the other
10 types of landscape showed significant correlations
with the water level (the minimum r was -0.859). Deep

water showed a positive correlation with the water level,
whereas least shallow, beach, mudflat, swamp, reed,
sparse grassland, silvergrass, Carex, and meadow all showed
negative correlations with the water level. All types of
landscape were altered by the water level fluctuations.
Lake water (deepwater, shallow water, and shallowest water)
was the only landscape when the water level was high.
The heterogeneous landscapes consisted primarily of swamp,
meadow, and lake water when the water level was low.
Dynamic changes in alternating ecological landscapes
composed of both land and water produce diverse habitat
types with complex structure and significant spatial differentiation. Therefore, the landscape composition depends on
the characteristics of the aquatic environment. Hydrological processes and water levels directly determine the structure and composition of the landscape. For example, the
area of Carex was negatively correlated with the area of
water during the same period at the Ban River wetland at
Poyang Lake. The structure of the vegetation was also
markedly affected by the water level fluctuations in the
delta wetland of the main branch of the Gan River. The
area of Carex was negatively correlated with the water
level at the Hukou hydrological station in autumn; conversely, the area of reeds was positively correlated with
the water level at the Hukou hydrological station. Therefore, the structure and composition of the landscape
changed with the hydrological processes and water levels.
Because the structure and composition of the landscape
are greatly influenced by the water level, the relationships
between them show a characteristic volatility and vulnerability at Poyang Lake. The development of the vegetation community is closely related to the times of submergence and emergence of the river beaches. The varying elevation distributions and areas in the landscape
composition result from different demands for water. The
elevation of the lake basin is also an important factor
influencing the water level fluctuations at the Poyang
Lake wetland. The sublacustrine elevation is primarily
concentrated at 12.5-16.0 m, representing 2/3 of the total
area of Poyang Lake. The largest area was located at an
elevation of 13.5-15 m, the main distribution range of
the swamp

TABLE 5 - Correlation analysis between the structure and composition of the landscape and the water level.

water level
deepwater
shallow water
shallowest water
beach
mudflat
swamp
reed
sparse grassland
silvergrass
Carex

deepwater
0.959**

shallow
water
-0.540
-0.654*

shallowest
water
-0.859**
-0.957**
0.574

beach
-0.933**
-0.980**
0.651*
0.923**

mudflat
-0.910**
-0.943**
0.520
0.891**
0.978**

swamp
-0.899**
-0.945**
0.510
0.912**
0.975**
0.995**
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reed
-0.950**
-0.874**
0.448
0.764*
0.820*
0.778*
0.766*

sparse
grassland
-0.903**
-0.978**
0.641*
0.956**
0.988**
0.963**
0.970**
0.777*

silvergrass
-0.969**
-0.912**
0.502
0.818*
0.847**
0.799*
0.793*
0.988**
0.818*

Carex
-0.956**
-0.977**
0.535
0.955**
0.927**
0.895**
0.905**
0.891**
0.936**
0.938**

meadow
-0.947**
-0.871**
0.490
0.758*
0.809*
0.755*
0.743*
0.995**
0.764*
0.991**
0.891**
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2-tailed test of significance was used
Note: *, **, is P<0.05 and P<0.001, respectively.

and Carex community, representing 17% of the total area
of Poyang Lake.
3.4 Dynamic responses involving water levels and major
waterfowl habitats

As mentioned above, both the extent of the change in
the water level and the wetland area were rather different
in the flood and dry seasons at the Poyang Lake wetland.
The choice of habitat by waterfowl is primarily influenced
by their food, and changes in the wetland area and water
level alter the abundance of waterfowl food. Therefore,
these factors can frequently affect the abundance and richness of waterfowl at the Poyang Lake wetland, particularly
water level fluctuations, which are caused primarily by
the aforementioned inflowing water from the Five Rivers
and the discharges or backflows from Yangtze River. Water level fluctuations can create habitats with different water depths that change over time and in space [21]. Indeed,
the waterfowl habitats at Poyang Lake vary greatly over
time due to the dramatic intra-annual and inter-annual
water level fluctuations. Migratory birds arrive at Poyang
Lake in October to overwinter and depart in April of the
following year; indeed, the lake is a haven for waterfowl,
with millions of birds converging every year, due primarily
to the unique geographical location, water regime changes,
local climate, and large number of fishes. Liu et al. [22]
studied the major habitat characteristics and foraging range
of migratory birds and theorized that the major waterfowl
habitats at Poyang Lake ranged from shallow water to
sparse grassland, i.e. shallow water, shallowest water,
beach, mudflat, swamp, and sparse-grassland areas. Therefore, the sum of the areas of the 6 structures and composi-

tions of landscape defines the entire major habitat area of
migratory birds at the Poyang Lake wetland. The ecological significance of these wetland landscape types is detailed in Table 6 [23-25].
The major habitat areas for the migratory birds firstly
increased but then decreased with the gradual increase in
the water level at the Poyang Lake wetland (Fig. 7). The
migratory bird habitat attained its maximum area with an
area of 1737.223 km2 when the water level was 10.22 m
(in 2006), and its minimum area with an area of 152.193
km2 when the water level was 19.29 m (in 1989). A water
level of 12 m was a critical point: when the water level
was less than 12 m, migratory birds had a greater area of
major habitat; when the water level was more than 12 m,
migratory birds had a smaller area of major habitat. In
addition, the major habitat area for waterfowl decreases
rapidly if the water level exceeds 15 m because deep
water occupies most areas of Poyang Lake under these
conditions. Deep water is not a suitable habitat or feeding
area for waterfowl. The area of each type of waterfowl
habitat relative to various water levels is shown in Fig. 8.
In each year, the mudflat area represented the most extensive of the 6 types of waterfowl habitat. Six types of waterfowl habitat were available if the water level was low,
and the variety of waterfowl habitats available decreased
as the water level increased. When the water level of Poyang
Lake reached 19.29 m in 1989, the waterfowl habitat mainly
consisted of two types, shallow and least shallow, which
means the other types of waterfowl habitats are nearly
flooded by the lake water.

TABLE 6 - The principal landscape types available as migratory bird habitats at the Poyang Lake wetland.
Wetland landscape types

Ecological significance

Representative birds

Shallow water
(shallow & least shallow)

A suitable habitat for waterfowl. The water depth was between 20 and
50 cm. Light and oxygen were relatively adequate in the shallow water
region. The area was extremely rich in aquatic plants (mainly submerged
plants), plankton, and benthos and fish resources.

Grus leucogeranus, Grus monacha, Grus
vipio, Grus grus, Anser cygnoides, Anas
platyrhynchos, Anas strepera, Anas
poecilorhyncha, and Anas crecca

Swamp

A suitable habitat for waterfowl. The swamp was close to the boundary
between land and water, and the soil was saturated. Residual debris from
floating-leaved plants and a small number of marsh plants occurred
there, in addition to floating-leaved plants and submerged plant debris.
The soil layer consisted of incubation meadow soil, which generally
alternated between wet and dry conditions more than 3 or 4 times during
the year.

Recurvirostra
boyciana

Beach land
(beach & mudflat)

A suitable habitat for waterfowl. The water level was reduced, and the
lake bed was exposed. Abundant submerged plants and debris from
filamentous algae covered the beach. Waterfowl consumed the roots of
Vallisneria spiralis and excavated algae and crustaceans from the mudflat.

Grus leucogeranus, Grus monacha, Grus
vipio, Grus grus, Anser cygnoides, and
Recurvirostra avosetta

Sparse grassland

A suitable habitat for waterfowl. The soil layer consisted of meadow
soil, and the soil was saturated. The marsh plants grew on sparse grassland, which was located at a low elevation. The germination time of the

Grus leucogeranus, Grus grus, Anser
cygnoides, and Anser fabalis
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vegetation was short, and the vegetation grew sparsely. The fresh buds
of the vegetation were eaten by waterfowl.

FIGURE 7 - The relationship between water level fluctuations and the major habitat areas of migratory birds.

FIGURE 8 - The area of each portion of the waterfowl habitat under different water levels.

4 CONCLUSIONS
(1) The water level of Poyang Lake is primarily influenced by the inflowing water from the Five Rivers and
the exchange of water with the Yangtze River. Both the
intra-annual and the inter-annual variations in the water
level are relatively great, with a maximum water level
variation of 16.14 m in 1998 (Hukou hydrological station),
and a minimum of 10.46 in 1998 (Kangshan hydrological
station). Poyang Lake develops the characteristics of a
lake when the water level is high during the flood season
but develops the characteristics of a river when the water
level decreases during the dry season. Because of the large

amplitude of these fluctuations, a unique wetland ecological landscape has been formed at Poyang Lake.
(2) Water level fluctuations have a direct effect on the
distribution of landscape types at the Poyang Lake wetland. As the water level rises, the area of water included
in the lake region and the area of water in the humancontrolled area increase. The area of water in the lake region is greater than the area of water in the human-controlled
area. Conversely, as the water level rises, the land and
water transition zone and the meadow decrease in area to
a similar extent. The fits of the logarithmic curves relating
the areas of the 4 landscape types to the water levels are
good, with a maximum R2 of 0.9628 (area of water in the
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lake region) and a minimum R2 of 0.7391 (area of water in
the human-controlled area).
(3) Water level fluctuations influence the structure
and composition of the landscape. Only deep water (r =
0.959) shows a positive correlation with the water level,
whereas shallow (r = -0.54), least shallow (r = -0.859),
beach (r = -0.933), mudflat (r = -0.910), swamp (r = -0.899),
reed (r = -0.950), sparse grassland (r = -0.903), silver-grass
(r = -0.969), Carex (r = -0.956), and meadow (r = -0.947) all
show negative correlations with the water level.
(4) Water level fluctuations also have a significant influence on the habitat for waterfowl at the Poyang Lake
wetland. If the water level is less than 12 m, the waterfowl can occupy more of the major habitat areas. For
example, the water level of Poyang Lake was 10.22 m in
2006 and 9.31 m in 2008, and the waterfowl habitat area
was 1737.223 km2 and 1706.758 km2, respectively, during
those years. However, the major habitat areas for waterfowl decreased rapidly when the water level increased to
more than 15 m. For example, the water level of Poyang
Lake was 19.29 m in 1989 and 18.27 m in 2008, whereas
the waterfowl habitat area was only 152.193 km2 and
223.21 km2, respectively, during those years. The areas of
waterfowl habitat gradually decreased as the water level
of Poyang Lake increased.
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IMPACTS OF WASTEWATER IRRIGATION ON THE
DISTRIBUTION OF HEAVY METALS IN AGRICULTURAL SOILS:
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ABSTRACT
Levels of seven heavy metals were examined in soils
from an agricultural area of Beijing which was irrigated
with wastewater for a period of approximately 20 years.
Mean concentrations of As, Cd, Cr, Hg, Cu, Pb, and Zn were
8.24, 0.209, 62.99, 0.133, 25.29, 23.91 and 86.29 mg/kg
respectively. GIS techniques were used to characterize
spatial variability of the metals and multivariate analysis
was applied to identify their sources. The results suggest
that wastewater irrigation is the primary source of Pb, Cd,
Cu, Zn and Hg, while As and Cr originate from natural
sources in these soils.

farmland. In the 1970s, industrial wastewater and sewage
discharged into the rivers caused extensive pollution of
these waters. However, because of the scarcity of water in
the region, wastewater from the rivers was used for irrigation for a period of approximately 20 years. There is very
little information on the concentration of heavy metals in
this area, and the potential hazards of wastewater irrigation have not been evaluated. The main objective of this
study is to examine the relationship between long-term
wastewater irrigation in the Fanshan district and the accumulation and distribution of heavy metals in soils.
2. MATERIALS AND METHODS
2.1. Study area

KEYWORDS:
Wastewater irrigation, Agricultural soil, Heavy metals

1. INTRODUCTION
Accumulation of heavy metals in agricultural soils is
a serious public health concern because of negative impacts associated with the consumption of contaminated
produce [1]. Human activities such as industrial production,
mining, transportation, wastewater irrigation, and application
of fertilizer and pesticides are potential sources of heavy
metals in agricultural soils [2-6]. In regions facing freshwater shortages, industrial wastewater has been used as a
source of water for agricultural production; in Beijing,
wastewater irrigation has been in practice for approximately
40 years [4]. Previous studies have confirmed that
wastewater irrigation can lead to accumulation of heavy
metals in agricultural soils which have the potential to be
taken up by crops and vegetables through absorption [711].
The Fangshan district is an important agricultural production base in Beijing. Several rivers running through
this district are the main source of water for irrigation of

The study was conducted in the town of Shilou, in the
Fangshan district in southwest Beijing. Shilou has a total
area of 42.5 km2 and includes 22.65 km2 of agricultural
land. Several rivers flow through the town, including the
Dashi, Zhoukoudian, and Mapaoquan rivers. The main
crops are winter wheat and maize. A total of 269 topsoil
samples (0-20 cm in depth) were collected from the agricultural area of Shilou in September 2010 (Fig. 1). Soil
sampling sites were determined based on land use patterns
and plot area and were located mainly in fields containing
wheat and corn crops. The location of sampling sites was
recorded using global positioning system (GPS).
2.2. Soil sampling and chemical analyses

Each soil sample comprised five sub-samples obtained
randomly from a 10 m × 10 m grid using a wood spade.
Approximately 1.0 kg of each sample was taken and mixed
thoroughly. The samples were air-dried, passed through a
2.0 mm sieve, then digested with HNO3, HCl, and H2O2
[12]. Cu, Pb, Zn and Cr concentrations were analyzed by a
flame atomic absorption spectroscopy (FAAS) and Cd concentrations were analyzed using graphite furnace atomic
absorption spectroscopy. The samples were also digested
with HNO3:HCl [13]. Total concentrations of As and Hg
were determined by atomic fluorescence spectrometry (Ti-

* Corresponding author
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FIGURE 1 - Location of samples sites in the study area

tan AFS 830, China). Standard reference material (GSS13 soil), obtained from the Center of National Standard
Reference Material of China, was analyzed as a quality
assurance/quality control measure. The recoveries of the
target metals from the reference material ranged from
84.6% (Cd) to 106.1% (Pb) and relative standard deviations ranged from 2.4% (As) to 13% (Cd). The minimum
detection limits were 0.0031 mg/ L for Cu, 0.030 mg/L
for Pb, 0.026 mg/L for Zn, 0.57 mg/L for Cr, 0.023 mg/L
for Cd, 0.13µg/L for As and 0.03 µg/L for Hg.
2.3. Data analysis

Descriptive statistics, factor analysis (FA) and cluster
analysis (CA) were performed using PASW 18.0 (SPSS
Inc., Chicago, USA). FA and CA were used to interpret
the relationship between heavy metals in soils and the
natural occurrence of the metals indicated by geochemical
maps produced using the extension of geostatistical analyst of geography information system (GIS) software (Arc
GIS, version 9.3). In the FA, factors with eigenvalues
over 1 were extracted and an orthogonal varimax rotation
was used to rotate the axes for a better fit through the
variable cluster. The extraction method used was principal
component analysis, and the rotation method was Varimax with Kaiser Normalization. In the CA, the raw data
were standardized before the execution of clustering. The
data were standardized to the Z score (with a mean of 0
and a standard variation of 1), then classified by clustering using Ward’s method with the squared Euclidean
distance as the similarity measurement. GIS software and
interpolation using kriging was employed to produce
spatial distribution maps of concentrations of As, Cd, Cr,
Hg, Cu, Pb, and Zn.

RESULTS AND DISCUSSION
3.1. Heavy metal concentrations

Descriptive statistics of the soil heavy metals in the
study area are presented in Table 1. The mean concentration (± std deviation) of the heavy metals were 8.24 ±
1.42, 0.209 ± 0.069, 62.99 ±8.89, 0.133 ± 0.107, 25.29 ±
5.02, 23.91 ± 5.72 and 86.29 ± 28.13 mg kg-1 for As, Cd,
Cr, Hg, Cu, Pb, and Zn, respectively. With the exception
of Pb and Hg, the mean concentrations of all the metals
examined exceeded the background values in the Beijing
area given by Chen et al. [14]. The mean concentration of
Hg exceeded the background level of soils in China given
by China National Environmental Monitoring Center [15].
However, according to the Chinese Environmental Quality Standard for Soils [16] only the mean concentration of
Cd exceeds the Class 1 environmental standard, which is
the natural background level in soils across China. Maximum concentrations of all other heavy metals were lower
than the Class 2 environmental standard, however the highest observed concentration of Zn was 296.1 mg/kg, which is
close to the Class 2 environmental standard of 300 mg/kg.
Additionally, in 2008, Zheng et al. measured As, Cd, Cu,
Cr, Pb and Zn in soils in the Beijing area [17]. Concentrations of Cd, Cu, Cr, and Zn presented here are higher than
those reported in that study. It suggests that the soils in
this study area have accumulated heavy metals to a minor
degree.
Coefficient of variation (CV) values for all metals
were between 0.14 and 0.83. The CV values of As and Cr
were lower than 0.2, while values for Cu, Cd, Hg, Pb and
Zn were higher than 0.2. The CV values of metals dominated by natural sources are relatively low, while CV values
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TABLE 1 - Descriptive statistics of soil heavy metals in the study area (mg/kg, n =269).
Elements
As
Cd
Cr
Hg
Cu
Pb
Max
12.20
0.489
112.7
0.744
62.4
43.1
Min
4.64
0.083
29.80
0.014
18.80
9.70
Mean
8.24
0.209
62.99
0.133
25.29
23.91
SD
1.42
0.069
8.89
0.107
5.02
5.72
CV
0.17
0.33
0.14
0.83
0.20
0.24
Background value b
7.81
0.119
29.8
0.080
18.7
24.6
Environmental Stand- Class1
15
0.2
90
0.15
35
35
c
ard
Class2
25
0.6
250
1.0
100
350
a
b
SD means standard deviation; Chen et al. 2004; CNEMC.1990.
c
SEPA 1995. Class 1 is the natural background level; class 2 is for the need of agricultural production and human health

of metals from anthropogenic sources are high [18]. The
CVs obtained for these metals therefore indicate that As
and Cr in this area originate from natural sources, while
Cu, Cd, Hg, Pb and Zn are the result of anthropogenic
activities.
3.2. FA and CA for heavy metals

FA and CA were applied to identify pollutant sources.
FA is typically used to reduce several complex variables to
a few latent factors to analyze relationships among the
observed variables [19]. CA is often coupled with FA to
verify results and to evaluate common sources of heavy
metals [20]. Eigenvalues of the third extracted components from the FA were all greater than 1.0. Three principal components were extracted from the data with a total
variance of approximately 72.4% (Table 2). Factor 1 posi-

Zn
296.1
57.00
86.29
28.13
0.33
57.5
100
300

tively correlated Pb, Cd and Cu and accounted for 28.4% of
the total variance. Factor 2 correlated Hg and Zn (22.5%
of total variance), while Factor 3 was responsible for
21.5% of total variance and indicated a strong correlation
between As, Cu and Cr. Cu was associated with the first
component but also associated with the third component.
CA resulted in hierarchical clustering of the metals in
a pattern that reflected their total concentrations in the
soils. Seven heavy metals, with a rescaled distance between 15 and 20, were classified into three groups: the
first containing Pb and Cd, the second containing Cu, Zn
and Hg and the third containing As and Cr (Fig. 2b). The
results of the CA generally agree with those of the FA,
(Fig. 2) and indicate that As and Cr originate primarily
from natural sources while Pb, Cd, Zn and Hg originate
primarily from anthropogenic activities. Only Cu appears

TABLE 2 - Rotated component matrix of factor analysis for 7 elements (values in bold are statistically significant)

PC1
PC2
PC3

As
-0.149
-0.322
0.826

Hg
-0.104
0.755
-0.047

Cu
0.595
0.304
0.609

Zn
0.284
0.818
0.054

Pb
0.838
-0.080
-0.123

Cr
-0.383
0.331
0.635

Cd
0.819
0.167
-0.164

Eigenvalues
2.195
1.649
1.225

% of Variance
28.4
22.5
21.5

FIGURE 2 - Scatter plots of the component loading and cluster tree of heavy metals in the soils
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FIGURE 3 - Spatial distribution of topsoil heavy metals in the study area
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to originate from a combination of natural and anthropogenic sources. The results of the FA also indicate that Pb,
Cd and Cu appear to have a common source, while Zn
and Hg appear to have a different source.

[2]

Yang QW, Shu WS, Qiu JW, Wang HB, Lan CY (2004)
Lead in paddy soils and rice plants and its potential health
risk around lechang Lead/Zinc Mine, Guangdong, China.
Environ Int 30 (7): 883-889

[3]

Voutsa D, Grimanis A, Samara C (1996) Trace elements in
vegetables grown in an industrial area in relation to soil and
air particulate matter. Environ Pollut 94 (3): 325-335

[4]

Liu WH, Zhao JZ, Ouyang ZY, Soderlund L, Liu GH (2005)
Impacts of sewage irrigation on heavy metal distribution and
contamination in Beijing, China. Environ Int 31: 805–812.

[5]

Yang J, Chen TB, Zheng YM, Luo JF, Liu HL, Wu WY,
Chen YC (2005) Dynamic of heavy metals in wheat grains
collected from the Liangfeng Irrigated Area, Beijing and a
discussion of availability and human health risks. Acta Sci
Circumstantiae 25 (12):1661 – 1668

[6]

Nicholson FA, Smith SR, Alloway BJ, Carlton-Smith C,
Chambers BJ (2003) An inventory of heavy metals inputs to
agricultural soils in England and Wales. Sci Total Environ
311:205-219.

[7]

Sardar K, Lin AJ, Zhang SZ, Hu QH, Zhu YG (2008) Accumulation of polycyclic aromatic hydrocarbons and heavy
metals in lettuce grown in the soils contaminated with longterm wastewater irrigation. J Hazard Mater 152: 506–515

[8]

Tiwari KK, Singh NK, Patel MP, Tiwari MR, Rai UN (2011)
Metal contamination of soil and translocation in vegetables
growing under industrial wastewater irrigated agricultural
field of Vadodara, Gujarat, India. Ecotoxicol Environ Saf
74(6): 1670-1677

[9]

Xue ZJ, Liu SQ, Liu YL, Yan YL (2012) Health risk assessment of heavy metals for edible parts of vegetables grown in
sewage-irrigated soils in suburbs of Baoding City, China.
Environ Monit Assess 184(6):3503-3513

3.3 Spatial distributions of heavy metals

Spatial distributions of the metals shown in the map
(Fig. 3) agree well with the multivariate analysis results,
and provide insight into the different sources of the metals. Concentrations of Zn and Hg are highest near the
Mapaoquan River, while Cd and Pb concentrations are
highest near the Dashi River. This implies that wastewater
from the two rivers are responsible for elevated concentrations of those metals. This agrees with the findings of
previous studies: in the Daxing district of Beijing, the
highest concentrations of Pb, Hg and Zn in soils were
observed in the townships of Yizhuang, Hongxing, and
Lujuan, which have a long history of wastewater irrigation [21]. In the farming area of Beijing irrigated with
wastewater from the Liangshuihe River, concentrations of
Cr, Cu and Zn in soils were higher than in those of areas
not irrigated with wastewater [4] Overall it shows that Cd,
Hg, Cu, Pb and Zn accumulated in the study area, which
was the wastewater-irrigated area of Fangshan district.

4. CONCLUSIONS
A minor degree of heavy metal pollution was observed
in the soils of the study area. With the exception of As
and Cr, which appear to originate from natural sources,
the source of the metals in these soils appears to be
wastewater used for irrigation. These findings have important implications for areas of Beijing that have previously been irrigated with wastewater, as produce grown in
these areas may be contaminated.

[11] Zheng, S., Zheng, X., Zhang, T., Liu, S. and Li, X. (2012)
Distribution and fractionation of heavy metals in soil profiles
irrigated with wastewater for different periods of time. Fresenius Environ. Bull. 21, 2881-2890
[12] US EPA (United States Environmental Protection Agency)
(1996) Method 3050B: acid digestion of sediments, sludges
and soils
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HAZARDOUS POLLUTANTS FROM
SLUDGE DRYING AND INCINERATION IN CHINA
Bo Li, Fei Wang*, Yong Chi and Jian-hua Yan
State Key Laboratory of Clean Energy Utilization, Zhejiang University, Hangzhou 310027, P. R. China

ABSTRACT

ardous air pollutants during both drying and combustion
of the sludge.

Sludge samples from four different wastewater treatment plants, with a mixture of municipal and industrial
wastewater as influent in different proportions and from
variable origins, were dried in a paddle dryer and then
incinerated in a fluidized bed incinerator. SO2 and NH3, the
main gas-phase compounds emitted during sludge drying
process, and their discharge were tested. Results show that
the concentration of SO2 varies from 2.32 to 6.32 mg m-3
and that of NH3 from 0.72 to 7.96 mg m-3. The emission
of SO2 and NH3 shows a good linear correlation with the
amount of sulphur and nitrogen content in raw sludge. In
sludge incineration process, the flue gas concentrations of
SO2, NOx, HCl and HF are higher than those typical for
coal combustion. The concentration of SO2, NOx and HCl
in flue gas largely depends on the sulphur, nitrogen and
chlorine content of sludge. The metals Cd, Hg, Ni and Cu
are easier to enrich in the fly ash. On the contrary, the
content of Zn is largely enriched in the bottom ash. The
PCDD/Fs emission factors from sludge incineration are
0.082, 0.030, 0.069 and 0.237 ng I-TEQ Nm-3 for the four
sludge sources, respectively. Tests presented in this study
may assist in identifying problem areas among sludge
drying and incineration.

KEYWORDS: Sludge drying; sludge incineration; heavy metals;
dioxin; hazardous pollutants; pollutants emission

1. INTRODUCTION
As a kind of sludge treatment and disposal method, incineration offers excellent sludge volume reduction potential and thorough pathogen and organic pollutants destruction, together with simultaneous energy recovery. Sludge
incineration is already a very important treatment and disposal method in Japan, the United States, and some E.U.
countries [1-3]; in China, this technology gets more and
more attention. However, the main disadvantage of sewage
sludge incineration is its cost and the formation of haz* Corresponding author

Besides research papers, the report about pollutant
emissions from sludge drying and incineration projects is
scarce, although some sludge drying and incineration
plants have been already put into operation in China. In the
current study, four sludge samples from different WWTPs
(wastewater treatment plants) in China were dried, incinerated and the main vapour phase pollutants from sludge
drying and incineration were evaluated. The emissions of
dioxins in flue gas, as well as heavy metal contents and
their leaching behaviour in the ash were studied. The
results of this study may assist in identifying problem
areas among the emission from sludge drying and incineration process, and provide basic data for the design and
operation of sludge drying and incineration plants.
2. MATERIALS AND METHODS
2.1 Materials

Four kinds of mechanically dewatered sludge with
moisture content of about 80 wt. % were studied. These
sludge samples were a mix of primary and secondary settled sludge, collected from 4 WWTPs in 4 different cities,
respectively. The influents of these WWTPs were mixtures
of municipal and industrial wastewater, and contents of
municipal wastewater in influents represented 60%
(WWTP-1), 85% (WWTP-2), 75% (WWTP-3), and only
15% (WWTP-4).
In order to understand the thermo-physical properties
of sludge samples, elemental and ultimate analyses were
carried out, in accordance with the analysis methods for
coal. The concentrations of chloride and phosphorus in
sludge were also analysed. Three parallel tests were carried out for each sludge sample; arithmetic mean value and
standard deviation for each sample was calculated and
shown in Table 1. The sludge samples have a relatively
larger content of ash but a very little amount of fixed
carbon, when compared with coal. Also, larger amount of
volatile organic carbon compounds (VOCs) are present in
the sludge samples. A large content of chlorine (up to
0.13%), sulphur (more than 6%), nitrogen (up to 4.5%)
and phosphorus (up to 1.9%) are observed in the sludge.

1671

© by PSP Volume 23 – No 7a. 2014

Fresenius Environmental Bulletin

TABLE 1 - Elemental analysis and ultimate analysis of sludge and coal (dry basis).
Unit
Moisture content

wt. %

Ash
Volatile
Fixed carbon
Lower heating
value

%
%
%

C
H
N
S
O
Cl
P

Sludge
WWTP-1
WWTP-2
WWTP-3
76.46±0.95 83.85±1.11 81.78±1.14
Proximate analysis
53.46±1.83 35.78±0.29 52.63±2.65
41.54±2.03 56.78±0.51 43.79±2.01
5.00±0.30
7.44±0.52
3.57±0.89

WWTP-4
82.69±1.04

Coal
-

47.31±1.38
46.93±2.15
5.76±0.30

38.44
6.74
54.82

kJ kg-1

10334±160

14875±118

10425±201

11832±152

20570

%
%
%
%
%
mg g-1
mg g-1

Ultimate analysis
25.50±0.92 41.90±0.17
4.29±0.16
5.52±0.03
2.88±0.20
4.53±0.04
0.75±0.16
1.18±0.02
13.11±1.63 11.09±0.18
1.30±0.26
0.69±0.03
17.30±1.58 16.37±0.21

26.44±1.37
3.95±0.38
2.87±0.35
3.14±0.08
10.97±0.92
0.30±0.02
10.10±0.33

30.02±0.98
3.98±0.09
3.79±0.27
2.98±0.13
11.92±1.12
0.93±0.13
18.94±0.97

54.83
2.51
1.24
0.33
2.65
0.06
0.10

2.2 Sludge dryer and incinerator

Sludge samples were dried in a paddle dryer, down to
40% moisture content. The schematic setup of the sludge
drying system is shown in Fig. 1. Sludge was thermally
dried after mainly conductive heating by hot oil, resistively heated to 180 °C in an oil storage tank, and circulated
through the shafts and paddles as well as the jacket of the
dryer. The heating power of the electrical heater was 18
kW and drying capacity of the paddle dryer was about 30
kg h-1. During drying, the exhaust gas was discharged
through the stack.
The WWTP-1 sludge was combusted in a bubbling
fluidized bed incinerator, with cross-section area of
0.5×0.5 m2 and a height of 6 m. To maintain stable combustion, coal was used as auxiliary fuel in a pre-mix containing 80 wt. % dried sludge (~40% moisture content)
and 20 wt. % coal. The temperature of the fluidized bed
was maintained at ~850 °C by adjusting the feed rate of
the premixed fuel.

FIGURE 1 - Schematic diagram of the used sludge dryer.

FIGURE 2 - Schematic diagram of the lab-scale fluidized bed incinerator.
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The sludge from WWTP-2, WWTP-3 and WWTP-4
was mono-combusted in a lab-scale electrically heated
fluidized bed incinerator (shown in Fig. 2). The lab-scale
cylindrical fluidized bed incinerator was 1.1 m high, with
an inner diameter of 6 cm. Three independent heating coil
circuits electrically heated both pre-heater and incinerator.
As a result, independent temperature control of the inlet
air, the dense fluidized bed and the freeboard region was
possible. Thermocouples were placed in shielded tubes at
multiple locations (including the air pre-heater, the dense
fluidized bed and the freeboard) along the air/flue gas
path.

The exhaust from the sludge dryer contained a mixture
of air, water vapour, VOCs (volatile organic compounds)
and some pollutant gas. The exhaust gas was continuously
monitored by means of a Gasmet DX-4000 FTIR Gas
Analyzer (Gasmet Technologies Oy, Finland). The analyzer was composed of two units: the gas-sampling probe and
a continuous FT-IR (Fourier transform-infrared) spectrometer. The collected FT-IR spectra was processed by Calcmet
Software 2005. The sampling probe was positioned at the
exhaust vent, situated at the top of the sludge dryer. The
same methodology was used to measure the gaseous
emissions from the sludge incinerator.
2.4 Heavy metal analysis

To measure the heavy metal contents in sludge,
sludge samples were firstly air-dried and ground to powder. After that, they were digested with HNO3-HCl-H2O2
solution (1:3:1, v/v) in sealed polyethylene digestion jars
using a microwave digester (Mars 5, CEM Corporation,
USA). The temperature program for the digestion process
is shown in Table 2.
TABLE 2 - Temperature programming for sludge digestion.
Power, W
1200
1200
1200

Ramp, °C min-1
5
3
7

Temperature, °C
120
150
220

TABLE 3 - ICP-MS parameters
Value
Concentric nebulizer
1380 W
13.0 L min-1
0.75 L min-1
0.90 L min-1
7 mm
0.3 mL min-1
2 °C

The methods for PCDD/Fs sampling and analysing
have been presented by Deng [4]. Samples were pretreated for PCDD/Fs analysis according to the USEPA
method 1613 (1994). PCDD/Fs were analysed in the flue
gas from the incinerator using the USEPA method 23
(1997), as shown in Fig. 2. Quality control and quantification method of PCDD/Fs analysis have been presented by
Yan [5]. The PCDD/Fs were analysed by using a highresolution gas chromatograph coupled with a high-resolution
mass spectrometer (HRGC/HRMS) (JEOL JMS-800D)
featuring a DB-5MS column (60 m × 0.25 mm × 0.25 µm).
Besides, the average limits of detection varied between
0.040 and 0.324 pg g-1 from tetra- to octa-chloro
PCDD/Fs, respectively. International toxic equivalent (ITEQ) values were calculated by using international toxicity equivalency factor (I-TEF). All data was reported
with reference to standardized conditions, i.e. per normal
cubic meter (Nm3) dry gas with 11% of O2.

3. RESULTS AND DISCUSSION
3.1 Gaseous emission of sewage sludge drying

Hold, min
5:00
5:00
60:00

An inductively coupled plasma mass spectrometer
(Xeries II, Thermo Electron Corporation, USA) was used
to measure the Cd, Cu, Ni, Pb, Zn, and Hg contents in
digested solutions. The parameters of ICP-MS are given
in Table 3.

Parameters
Nebulizer
RF power
Cooling gas flow-rate
Auxiliary gas flow-rate
Atomization gas flow-rate
Sample depth
Sampling pump flow-rate
Atomizing chamber temperature

The leaching behaviours of fly ash and bottom ash
were tested, by measuring the heavy metal contents in
leaching liquor. The leaching solution was a diluted mixture of sulphuric acid and nitric acid. Few drops of the
mixture of sulphuric acid and nitric acid ( 2:1, m/m) was
added to 1 L water, to make the pH value equal to
3.2±0.05.
Analysis of polychlorinated dibenzo-p-dioxin and polychlorinated dibenzofuran (PCDD/Fs)

2.3 Off gas analysis

Stage
1
2
3

The contents of heavy metals in the fly ash and bottom
ash were also measured by using ICP-MS. The method was
the same as that used in measuring raw sludge heavy metals.

Before incineration, the sludge should be dewatered
and dried. The thickened sludge (with moisture up to
97%) only can be dewatered to a moisture of 75-82% with
ordinary mechanical methods. With the conditioning of
additives (e. g. poly aluminium chloride) or municipal solid
waste incineration fly ash (MSWI) [6], the dewaterability
of sludge could be improved. Thermal drying of sludge is
a common intermediate stage of sludge disposal methods,
resulting in sludge stabilisation, volume reduction and
disinfection. Research projects have been carried out at
both laboratory and full-scale to investigate the main
parameters determining the efficiency of sludge drying.
Among those, only few focused during drying on the
emission characteristics of vapour phase pollutants i.e.
VOCs and VFAs (volatile fatty acids). Vesilind and Ramsey [7] indicated that benzene, toluene and acrylonitrile
are common volatiles, emanating from sludge drying in a
MHF (multiple heath furnace) at temperatures of 300450 °C. However, no data is available for drying at lower
temperature. Studies on emissions from WWTPs focused
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mainly on odorous compounds and identified reduced
organic sulphides, hydrogen sulphides and amines, as predominant cause of odours [8, 9]. Dincer and Muezzinoglu
[10, 11] studied odours at wastewater collection systems
and in sludge treatment areas, and showed the relationship
between VOCs concentration and odour problems in the
wastewater plant. Gostelow et al. [9] listed 39 typical odorants associated with sewage treatment works, including
reduced sulphur compounds, amines, organic acids, aldehydes and ketones. Analysis of VOC pollutants is complicated, as usually a large number of different VOCs are present, at concentrations often close to detection limits [12].
The results from continuous monitoring of various
gas-phase pollutants during sludge drying using a Gasmet
DX-4000 gas analyser are shown in Table 4. Continuous

monitoring was over a period of 10 min, with continuous
sludge feed to the dryer. The retention time of sludge in
the dryer was about 30 min. Six major gas-phase pollutants
were identified, i.e. SO2, NH3, HCl, HF, CH4 and HCN.
SO2 and NH3 were the main odorous pollutants detected
during sludge drying, and the concentrations of SO2 and
NH3 from the dryer ranged between 2.3-6.3 mg m-3 and
0.72-8 mg m-3, respectively. In general, the emissions of
SO 2 and NH 3 are affected by the sulphur and nitrogen
content of sludge, as shown in Fig. 3. NH3 release from
sludge typically depends on the pH value. At higher pH
value, the N-NH4+ is converted into NH3 which is then
released into the gaseous phase. However, the pH values
of these 4 sludge samples are neutral. It has been reported
that the NH3 emitted from sludge drying is formed through

TABLE 4 - Concentration of gas-phase pollutants from sludge drying (mg Nm-3, dry weight basis).
Sludge

Gaseous pollutants

WWTP-1
2.32±0.013
0.723±0.023
0.002±0
0.002±0
0.014±0
0.184±0.008
0.007±0.001
0.015±0.001
0.025±0.001

SO2
NH3
HCl
HF
HCN
CH4
Formic acid
Acetic acid
Propionic acid

WWTP-2
4.01±0.017
7.96±0.187
0.035±0.001
0.009±0
1.210±0.004
0.243±0.001
0.136±0.001
0.582±0.002
2.45±0.011

WWTP-3
6.32±0.028
2.03±0.101
0.008±0
0.011±0
0.239±0.002
0.102±0.001
0.142±0.001
0.183±0.001
0.379±0.001

WWTP-4
6.18±1.873
3.76±0.149
0.012±0
0.056±0.002
0.936±0.004
0.274±0.001
0.211±0.001
1.001±0.004
2.760±0.013

-1

Gas emmission (mg Nm )
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N/NH3
S/SO2

6
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FIGURE 3 - Correlation between sludge N and S content as well as SO2 and NH3 emission from drying process.
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3.3 Heavy metal and PCDD/Fs contents of ash produced in
sewage sludge combustion

hydrolysis of protein [13]. Protein in sludge hydrolyses to
form multi peptides, dipeptides, and amino-acids. The
latter hydrolyse further to form organic acids, NH3 and
CO2 [14]. A linear relation is observed between the N
content in the sludge and NH3 emission during sludge
drying for WWTP-3, WWTP-2 and WWTP-4 (Fig. 3).
Other sources of nitrogen can also contribute to the total
N content, such as nitrates, not affected by the drying
process. Another correlation (except for the sludge sample
from WWTP-1) can be observed between NH3 emission
and moisture content, confirming the protein hydrolysis as
source of ammonia. In fact, a similar correlation can be
found for HCN emission.
Among the organic compounds, CH4 and VFAs derive from the biodegradation of organic matter. Three
kinds of VFAs, i.e. formic acid, acetic acid and propionic
acid, were detected during drying. The VFAs are common
odorous contaminants, formed from hydrolysis of sludge,
and plastic waste, etc. [15, 16]. In those studies, formic
acid had the lowest but propionic acid the highest emission rate. Lower VFAs emission rates from drying are
found compared to the results from hydrothermal treatment of sludge; this relates to the low temperature and
pressure at which the drying test was conducted.

Many WWTPs receive not only municipal
wastewater, but also industrial wastewater. Industrial
activities usually discharge wastewaters with high load of
heavy metals. These heavy metals cannot be biodegraded
during wastewater treatment but transferred and enriched
in the sludge. Upon sludge disposal in landfill, agriculture
or forest utilization, incineration and material utilization,
the heavy metals burden of the soil is increased. In sludge
incineration process, some heavy metals would be enriched in incinerator ash, and released during ash disposal.
Heavy metals contamination in soils and groundwater
may represent a long-term threat for the environment and
humans [17, 18]. Evaluation of the fate of heavy metals
during sludge drying and incineration is thus of outmost
importance.
One of the major problems associated with sludge
disposal process is the high risk of heavy metals release to
the environment. The emission of heavy metals from
sludge depends on the raw sludge composition as well as
treatment and disposal methods. The content of Cd, Hg,
Pb, Ni, Cu, and Zn in sludge from WWTP-1 was detected,
and results are shown in Table 6. The content of Ni in
WWTP-1 sludge is largely above the regulation of Chinese standard (GB 18918-2002) for agricultural utilization
(acid soil), prohibiting its direct utilization in agriculture.
Compared with the data reported by Scancar [18], the
difference of heavy metals emission is not so big. But,
when compared with the data reported by Wang [19], Hua
[20] and Lopes [21], the contents of Pb and Ni in WWTP-1
sludge are larger (as shown in Table 7).
During sludge incineration, high temperature and the
presence of halogens enhances the heavy metal volatility,

3.2 Gaseous emission of sewage sludge combustion

After drying, the sludge was combusted in the fluidized bed incinerator at 850 °C. WWTP-1 sludge was cofired with coal (Wslduge/Wcoal = 4/1) in a bubbling fluidized
bed incinerator. The feed rate of a sludge/coal fuel was
123 kg h-1. WWTP-2, WWTP-3 and WWTP-4 sludges
were mono-combusted in a lab-scale, electrically heated
fluidized bed incinerator with a sludge feed rate of 2 kg h-1.
The emission profiles of gas-phase pollutants from sludge
incineration process are shown in Table 5. Results reported herein are average values derived from 10 min continuous measurements. A higher concentration of pollutants is
observed during sludge incineration, compared with coal
combustion .The concentrations of SO2, NOx and HCl in
flue gas are largely affected by the sulphur, nitrogen and
chlorine content in sludge. The pollutant emission from
WWTP-1 sludge co-combustion is lower when compared
with other experiments. This is because the combustion of
coal would generate more flue gas with fewer pollutants,
and it would dilute the pollutants in flue gas from
WWTP-1 sludge combustion.

TABLE 6 - Heavy metal contents in WWTP-1 raw sludge (mg kg-1,
dry weight basis).
Heavy metals
Cd
Hg
Pb
Ni
Cu
Zn

Sludge
3.19±0.12
0.066±0.003
89.73±2.68
290.0±9.2
434.4±9.8
1134±21

Contents
Chinese standard
(GB 18918-2002)
5
5
300
100
800
2000

TABLE 5 - Concentration of gaseous pollutants in sludge incineration flue gas (mg Nm-3, dry basis, 11% O2).
Gaseous
pollutants
CO
SO2
NO
NO2
N2 O
HCl
HF

WWTP-1
80/20%
sludge/coal
319±13
832±32
144±6.5
27.1±1.3
71.4±2.1
14.7±0.4
0.80±0.03

WWTP-2

WWTP-3

WWTP-4
100% coal

100% sludge
358±14
1408±59
372±12
101±4.2
185±6.7
18.4±0.5
0.49±0.01

23.1±0.2
4417±177
209±7.9
1.40±0.53
97.5±1.2
72.1±1.2
0.10±0.01
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189±9.6
3481±135
311±9.8
82.3±3.6
167±6.8
118±4.7
0.86±0.01

110±4.2
19.0±0.9
133±6.1
1.8±0.07
21.5±0.1
1.20±0.04
0.10±0.01

© by PSP Volume 23 – No 7a. 2014

Fresenius Environmental Bulletin

TABLE 7 - Heavy metal contents in sludge reported by other papers (mg kg-1, on dry weight basis).
Reference

Cd

Hg

Pb

Ni

Cu

Zn

Scancar [18]

Detection method
F-AAS after BCR three-step sequential extraction
ICP-MS after BCR three-step sequential
Wang [19]
extraction
AAS after digested in a mixture of HNO3,
Hua [20] *
HCl and HF (1:1:2)
AAS after microwave digestion with acidic
Lopes [21]
mixtures including HNO3, HF and H3BO3
*
mean value of 12 different sludge samples

2.78

-

126

621

433

2032

17.0

-

28.4

67.7

523.9

1754.8

10.61

-

163.2

57.5

459.2

2261

10.1

2.77

365

43

377

1132

as reported by Werther et al. [3]. Volatile heavy metals in
flue gas are partially captured or adsorbed by dust particles, and enrich in the fly ashes. The non-vaporised heavy
metals remain in the bottom ash. The concentrations of
heavy metals in fly ash and bottom ash are shown in Table 8. Cd, Hg, Ni and Cu are easier to enrich in fly ash.
but Zn is larger in the bottom ash. The contents of Pb in
fly ash and bottom ash are not much different.
TABLE 8 - Heavy metal contents in fly and bottom ash from
WWTP-1 sludge incineration (mg kg-1).
Heavy metals

Contents
Bottom ash

Fly ash

Cd
Hg
Pb
Ni
Cu
Zn

5.643±0.121
0.0053±0.0002
89.74±3.17
404.4±18.9
313.9±13.2
601.0±26.1

3.773±0.143
0.0029±0.0002
90.69±3.45
216.6±12.8
240.9±9.8
659.1±29.3

TABLE 10 - PCDD/Fs distribution (%) and concentration (ng ITEQ Nm-3, dry weight basis) in flue gas.

Ash utilization in construction industry or disposal in
landfills very often can result in heavy metal leaching and
contamination of groundwater. Therefore, leaching characteristics are an important factor to determine the disposal methods for the incineration ash. The pH of a leaching
solution is a key factor for determining the metal leaching
behaviour as heavy metals dissolve more readily with
increasing acidity of the leaching solution. Simulated acid
rain (pH<5.65) conditions were selected for determining
the leaching characteristics. From the results shown in
Table 9, the contents of the tested heavy metals in the
leaching solution do not exceed the regulations of Chinese
standard for extraction toxicity identification (GB 5085.32007).
TABLE 9 - Leaching characteristics of fly and bottom (bed) ash
from WWTP-1 sludge incineration (mg L-1).
Heavy metals

Fly ash

Bed ash

Cd
Hg
Pb
Ni
Cu
Zn

0.002±0
0.0032±0
0.057±0.002
0.003±0
0.019±0.001
0.027±0.001

0.005±0
0.0017±0
0.098±0.003
0.023±0.001
0.019±0.001
0.002±0

Chinese standard
(GB 5085.3-2007)
1
0.1
5
5
100
100

The content of Cl in sludge may bring about the generation of PCDD/Fs in the flue gas during the sludge
incineration. Samaras et al. [22] showed that PCDD/Fs
emission range from 0.5 to 300 ng I-TEQ kg-1 of fuel
during laboratory experiments on sludge combustion,
carried out in a quartz-tube furnace; he attributed high
PCDD/Fs emission to high concentrations of chloride and
copper in the sludge studied. Mininni et al. [23] studied
sludge incineration in both a pilot circulating fluidized
bed and a rotary kiln, and observed correlations between
organic chlorine content and PCDD/Fs emission. In the
same study, post-combustion at 950 °C prevented the
PCDD/Fs in the exhaust (at concentrations higher than 40
ng Nm-3). Fullana et al. [24] found that the presence of
ash in the post-combustion zone of incinerators reduces
the yield of PCDD/Fs; yet, the presence of HCl or CuCl2
enhances PCDD/Fs formation.

PCDD/Fs distribution
2,3,7,8-TCDD
1,2,3,7,8-PeCDD
1,2,3,4,7,8-HxCDD
1,2,3,6,7,8-HxCDD
1,2,3,7,8,9-HxCDD
1,2,3,4,6,7,8-HpCDD
OCDD
2,3,7,8-TCDF
1,2,3,7,8-PeCDF
2,3,4,7,8-PeCDF
1,2,3,4,7,8-HxCDF
1,2,3,6,7,8-HxCDF
1,2,3,7,8,9-HxCDF
2,3,4,6,7,8-HxCDF
1,2,3,4,6,7,8-HpCDF
1,2,3,4,7,8,9-HpCDF
OCDF
I-TEQ concentration

WWTP-1 WWTP-2 WWTP-3 WWTP-4
0.00693
0.01824
0.00259
0.00778
0.00557
0.00428
0.00086
0.00509
0.00190
0.02844
0.00369
0.00524
0.00644
0.00073
0.00192
0.00018
0.0001
0.082

0.01438
0.01104
0.00067
0.00134
0.00167
0.00033
0
0.00936
0.00301
0.04716
0.00334
0.00268
0.00334
0.00100
0.00067
0
0
0.030

0.00014
0.00003
0.00053
0.00264
0
0.00258
0.01049
0.00001
0.0045
0.04325
0.00543
0.02107
0.00219
0.00001
0.006
0.00001
0.00108
0.069

0.01067
0.02753
0.00417
0.00578
0.00750
0.00261
0.00025
0.01227
0.00270
0.01956
0.00164
0.00135
0.00270
0.00067
0.00038
0.00017
0.00004
0.237

I-TEQ values of the PCDD/Fs in sludge incineration
flue gas are shown in Table 10. Results show that the emission of PCDD/Fs for incineration of sludges from WWTP1, WWTP-2 and WWTP-3 are below the E.U. limit value
for dioxin emission. Recorded values in raw flue gas are 12 orders of magnitudes lower than those reported for the
incineration of MSW [25, 26]. Also, the PCDD/Fs emission from the incineration of WWTP-1 and WWTP-3
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sludge are similar to those reported by Werther and Ogada
[3] from large scale incineration plants in Germany.
In the case of WWTP-4 sludge, the discharge of
PCDD/Fs exceeds the allowed EU limit for PCDD/Fs
emission (max. 0.1 ng I-TEQ Nm-3). The chlorine contents in WWTP-1 and WWTP-4 sludges are both very
high. Werther et al. [3] suggested that the relatively lower
PCDD/Fs concentration (compared with MSW) in sludge
are perhaps due to the high concentration of sulphur and
nitrogen in sludge. Yet, the sulphur content in WWTP-4
sludge is even higher than WWTP-1 sludge. During cocombustion of WWTP-1 sludge, the combustion condition is better than that of WWTP-4 sludge, and the flue
gas from coal combustion may dilute the gaseous chlorine
concentration. Also note the distinctive fingerprint in the
4 sludge samples, suggesting differences in the catalytic
system tested.

tion Control and Treatment (No. 2009ZX07317-003), the
Specialized Research Fund for the Doctoral Program of
Higher Education (No. 20110101110019), and the
Zhejiang Provincial Natural Science Foundation of China
(No. R1100395).

4. CONCLUSIONS
SO2 and NH3 are the main gas-phase compounds emitted during sludge drying. The concentration of SO2 varied
from 2.317 mg m-3 to 6.32 mg m-3 whereas NH3 varied
from 0.723 mg m-3 to 7.956 mg m-3 during the different
sludge drying experiments. The emission of SO2 and NH3
showed a good linear correlation with the amount of sulphur and nitrogen contents in raw sludge.
The concentrations of SO2, NOx, HCl and HF in sludge
incineration flue gas were higher, when compared with coal
combustion. The SO2 emission in WWTP-3 sludge incineration reached 4.4 g Nm-3. The concentrations of SO2, NOx and
HCl were also largely depending on the sulphur, nitrogen
and chlorine contents of sludge.
The concentration of Ni in WWTP-1 sludge was
high, when compared with other data and also exceeded
the regulation of Chinese standard for agricultural utilisation. Cd, Hg, Ni and Cu were easier to enrich in the fly
ash. On the contrary, the content of Zn was higher in the
bottom ash.
I-TEQ emission factors for 2,3,7,8-substituted PCDD/Fs
from sludge incineration were 0.082 ng I-TEQ Nm-3, 0.030
ng I-TEQ Nm-3, 0.069 ng I-TEQ Nm-3, and 0.237 ng I-TEQ
Nm-3 for WWTP-1, WWTP-2, WWTP-3 and WWTP-4
sludge, respectively. The PCDD/Fs concentration in WWTP4 sludge incineration flue gas exceeded the E. U. limit for
dioxin emission.
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ABSTRACT
This paper investigated the chemical analysis of
42 drinking water samples, collected from 3 districts in
the north of Isfahan Province during the second half of
2006-2007. Thirteen parameters were analyzed according
to standard methods suggested by World Health Organization (WHO).
The results based on the WHO standard indicated that
most of the water samples were below or within permissible limits. All samples showed EC, SO42- and Na+ values
higher but K+ and F- contents lower than the permissible
limit. The Piper diagram indicated that the drinking waters are mostly characterized by sodium (Na+) and chloride
(Cl-), and most of the chemical parameters in this area are
low and within the WHO standard limits.

KEYWORDS:
Drinking water, chemical analysis, WHO standard, Piper diagram

1. INTRODUCTION
The chemical and physical parameters of water are
very important and significant for assessing and classifying
water quality. The water demand for agricultural, industrial
and domestic uses increases as the population increases,
too. Water management and supply is of general interest
for the citizen, and a key action for sustainable development of the territory [1]. According to the WHO, drinking
water must be free of chemicals and microbial contaminations which are risky to human health. For the human
health, drinking water with high quality is essential and
important. Very important for public health is water analysis for physical and chemical properties including trace
element contents [2]. Many researchers in the world have
continuously performed investigations of the quality of
drinking and ground water samples as well as environment
and pollution studies [3, 4]. Kashan district contains
Kashan, Aran and Bidgol, and Nooshabad cities. Kashan
is

* Corresponding author

a city in the province of Isfahan, in the center of Iran. 2007,
it had an estimated population of 320,000. Aran and Bidgol
is also in the center of Iran but north of Isfahan province.
It is including two cities, Aran and Bidgol, and one of
the desert cities in the province with an area of about
1000 hectares. It has a dry and warm climate, is close to
Kashan, and had an estimated population of 80,000 in
2007. Nooshabad (31, ha historical tissue, 10500 persons in
2007) is near the central parts of Aran and Bidgol Township
from Isfahan Province Lie, on a height of 900 m above sea
level, 7.5 km distance from Kashan city and 2.5 km from
Aran and Bidgol Township. In the neighborhood of the
central desert of Iran as well as sand hills and high grounds
from the north and east, the climate will be hot and dry. In
this region, there is no permanent river but there are some
dry streams to lead the floods of the neighboring mountains
to the salt lake. With the increase in urban, agricultural and
industrial development in this region as ell as excessive and
unauthorized exploitation of water resources, water consumption has permanently increased.
In this zone, the increase in water consumption was
accompanied by declining groundwater levels and water
shortage crisis. More than 90% of water is used in agriculture and industry. Only a few researchers have studied
in this area, and herein, the chemical analysis of 42 drinking water samples (collected during October 2006 to May
2007) from Kashan District was discussed [5-7].
2. MATERIALS AND METHODS
The Kashan District area (about 964700 ha) is between
33° 45' and 34 ° 23' latitude, and 51° 05' and 51° 54' longitude (near the Karkas Mountain and center of Iran). The
region has a typical desert climate that is dry and warm in
the north but more temperate in the south. The study area
(according to an iso-precipitation map) is located between
lines of 100 to 150 mm (mean of 130 mm), and the area’s
atmosphere temperature (annual isotherms map) is between 17.5-23 °C. Annual mean evaporation of Kashan
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city is 2205.5 mm. The main sources of water supply in
the area are groundwater, rainfall, and water from under-

ground springs and the qanats (tunnel systems). The pre-

FIGURE 1 - Kashan District location in Iran.

cipitation, which is the sole source of ground water recharges in the study area, is very low, and underground
water is the only source of water for the areas of Kashan.
The average thickness of the aquifer is 86 m, and aquifer
storage coefficient is estimated to be about 4 %. Transmissivity varies between between 100 and 900 m2/day.
Polyethylene bottles were used for collection of water
samples from different sources [8]. The physical and other
chemical properties and major ions of the water samples
(25-30 °C) were determined on the days of sampling. [57]. Different parameters, such as TDS, EC, pH, Cl- , SO42,
NO3-, F-, HCO3-, Ca2+, Mg2+, Na+, K+ and TH, were determined by using standard techniques [9-11]. The important physico-chemical characteristics of the analyzed
water samples (viz., mean, standard error (SE), standard
deviation (SD), and coefficient of variation (CV) are
presented in Table 1, and were compared with standard
parameters (Table 2).
3. RESULTS AND DISCUSSION
The coefficients of variation observed for Mg and
NO3 values were found to be 47.21% and 59.16%, respectively, and those of Mg and NO3 were also very high. The
coefficients of variation for pH, TDS, EC, Cl, SO4, F, Ca,
Na, K and TH were found to be 3.01, 18.52, 19.44, 30.94,

22.79, 8.27, 35.03, 27.24, 27.36 and 30.11%. Variation in
these parameter values at different locations was not high
and variation range was very narrow (Table 1). The pH
value of drinking water is an important index of acidity or
alkalinity, without direct effect on humans. Water sample
pH values (concentrations of hydrogen ions (H+) and hydroxide ions (OH-); measured from 0 to 14 [18]) varied
from 7 to 8 (minimum pH 7.10, observed from Aran and
Bidgol-West 1; maximum pH 7.92, observed from
Nooshabad-North and Kashan-South well 1; Table 1). The
pH is recommended from 6.9 to 9.2 by WHO standard, and
the obtained results show that all samples have pHs within
the limits (Table 2).
The pH showed positive correlation with all parameters (Table 3). EC is actually a measure of the ionic activity of a solution in terms of its capacity to transmit current.
The two main methods of determining the salt content of
water are measurements of total dissolved solids and
electrical conductivity (EC). As salty water conducts
electricity more readily than purer water, EC is routinely
used to measure salinity. Electrical conductivity (EC) is
recommended to be 300 µmhos/cm by USPH standard
[8]. Variations of EC of water samples were 1322 to 2975
µmhos/cm (maximum EC (2975 µmhos/cm) obtained
from Kashan-South 1, minimum EC (1322 µmhos/cm) in
Kashan-West 3 sample; Table 1). The obtained results
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showed that all samples had EC values >300 µmhos/cm
(see Table 2). Total dissolved solids (TDS), signified by

EC in water, includes elements and organic compounds,
such as potassium, calcium, magnesium, sodium, bicarbon-

TABLE 1 - Chemical analyses of drinking water samples from the study area.
Code Name of well
No.
1
Kashan-West 1
2
Kashan-West 2
3
Kashan-West 3
4
Kashan-West 4
5
Kashan-West 5
6
Kashan-South 1
7
Kashan-South 2
8
Kashan-South 3
9
Kashan-South 4
10
Kashan-East 1
11
Kashan-East 2
12
Kashan-East 3
13
Kashan-East 4
14
Kashan-Center 1
15
Kashan-Center 2
16
Kashan-Center 3
17
Kashan-Center 4
18
Kashan-Center 5
19
Kashan-North 1
20
Kashan-North 2
21
Kashan-North 3
22
Aran and Bidgol-South1
23
Aran and Bidgol-South 2
24
Aran and Bidgol-South 3
25
Aran and Bidgol-South 4
26
Aran and Bidgol-South 5
27
Aran and Bidgol-South 6
28
Aran and Bidgol -West 1
29
Aran and Bidgol -West 2
30
Aran and Bidgol -West 3
31
Aran and Bidgol -West 4
32
Aran and Bidgol-Center1
33
Aran and Bidgol-Center2
34
Aran and Bidgol-Center3
35
Aran and Bidgol-Center4
36
Aran and Bidgol-Center5
37
Aran and Bidgol-Center6
38
Nooshabad-South
39
Nooshabad-North
40
Nooshabad-Center 1
41
Nooshabad-Center 2
42
Nooshabad-Center 3
MAX
MIN
RANGE
MEAN
SD
SE
CV %

pH
7.32
7.42
7.14
7.78
7.41
7.92
7.53
7.14
7.35
7.82
7.16
7.16
7.51
7.36
7.75
7.24
7.52
7.12
7.38
7.41
7.41
7.15
7.25
7.12
7.32
7.36
7.38
7.10
7.52
7.48
7.28
7.21
7.46
7.61
7.48
7.61
7.66
7.49
7.92
7.72
7.68
7.50
7.92
7.1
0.82
7.432
0.224
0.035
3.01

TDS
(mg/l)
1042
1027
950
1155
1103
2066
1748
1208
1258
1536
1428
1613
1307
1040
1476
1394
1306
1199
1592
1288
1511
1242
1213
1230
1391
1192
1232
1105
1183
1199
1453
1126
1198
1361
1481
1296
1284
1790
2078
1500
1451
1389
2078
950
1128
1348.6
249.86
38.55
18.52

EC
(µmhos/cm)
1407
1383
1322
1579
1499
2975
2381
1629
1751
2039
1980
2215
1860
1454
2098
1907
1750
1621
2209
1779
2076
1702
1615
1701
1942
1646
1643
1532
1646
1684
2112
1567
1648
1881
2038
1802
1795
2508
2908
2100
2041
1959
2975
1322
1653
1866.29
362.81
55.98
19.44

Cl(mg/l)
188
259
210
364
271
674
165
287
384
389
510
439
412
458
433
313
325
233
306
297
350
319
456
263
414
238
279
323
395
410
369
214
241
259
278
241
337
499
592
379
379
359
674
165
509
345.5
106.89
16.49
30.94

SO42(mg/l)
292
284
301
407
361
676
568
433
470
379
482
415
454
568
545
571
419
300
476
375
473
260
278
362
400
432
391
394
388
395
549
420
438
452
467
440
273
569
428
339
332
324
676
260
416
418.57
95.38
14.72
22.79

NO3(mg/l)
16.35
24.16
10.12
52.12
18.15
46.27
35.12
14.38
12.61
31.25
6.22
16.13
22.14
42.63
0.51
17.25
10.35
10.12
35.14
8.31
10.22
14.15
16.24
14.13
10.25
15.22
23.14
17.14
15.12
12.43
24.61
12.28
13.41
18.15
21.22
18.23
22.15
25.38
32.23
15.68
5.68
4.25
52.12
0.51
51.61
18.83
11.14
1.719
59.16

F(mg/l)
0.70
0.91
0.90
0.92
0.91
0.76
0.73
0.70
0.76
0.71
0.65
0.70
0.78
0.78
0.81
0.76
0.80
0.75
0.91
0.91
0.90
0.87
0.86
0.87
0.87
0.84
0.86
0.84
0.85
0.85
0.83
0.86
0.86
0.84
0.85
0.84
0.84
0.87
0.87
0.84
0.84
0.83
0.92
0.65
0.27
0.825
0.068
0.011
8.27

Ca2+
(mg/l)
126
123
122
162
140
212
181
88
96
118
107
119
106
244
259
207
128
119
213
172
188
131
96
73
110
94
85
94
100
87
125
84
84
93
105
86
138
160
120
118
112
120
259
73
186
129.64
45.41
7.008
35.03

Mg2+
(mg/l)
31
26
24
43
0.38
67
46
31
29
0.41
27
24
27
31
0.33
29
42
29
55
30
32
25
11
16
16
31
22
15
15
23
38
27
29
32
38
29
28
48
27
43
44
49
67
0.33
66.67
29.29
13.83
2.134
47.21

Na+
(mg/l)
127
99
160
272
217
382
354
288
317
264
446
315
342
295
287
250
212
160
244
216
262
290
287
312
340
223
252
146
330
337
319
209
230
239
247
231
298
398
406
325
307
288
446
99
347
274.36
74.75
11.53
27.24

TABLE 2 - Permissible limits and percentages of samples in Kashan District.
Parameters
pH
TDS
EC
ClSO42NO3FCa2+
Mg2+

Permissible limit
WHO standard [12]
6.9-9.2
500-1500 mg/l
300 µmhos/cm
200-600 mg/l
200-250 mg/l
40-50
mg/l
1-1.5
ppm
75-200
mg/l
30-150
mg/l

Present study
7.1-7.92
950-2078
1322-2975
165-674
260-676
0.51-52.12
0.65-0.92
73-259
0.33-67
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Samples ( % )
Below
5%
93 %
100 %
2%
57 %

Optimum
100 %
79 %
93 %
5%
86 %
43 %

Higher
21 %
100 %
2%
100 %
2%
12 %
-

K+
(mg/l)
7.85
8.07
7.53
7.35
7.22
8.74
8.66
8.85
8.61
9.925
9.851
10.06
10.23
7.15
6.96
7.554
7.142
6.934
7.122
6.921
6.864
7.38
6.75
7.44
7.69
6.91
6.84
12.15
12.46
12.71
13.71
11.95
12.20
13.35
13.45
13.21
13.05
13.51
13.57
13.23
13.41
13.02
13.71
6.75
6.96
9.704
2.655
0.41
27.36

TH
(mg/l)
471
434
419
530
499
805
629
244
344
442
373
436
357
703
746
653
490
438
713
516
582
454
295
259
382
357
296
296
362
291
467
337
339
353
378
338
468
600
416
476
464
504
805
244
561
451.33
135.88
20.97
30.11
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Na+
K+
TH

Parameters
pH
TDS
EC
ClSO42NO3FCa2+
Mg2+
Na+
K+
TH
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50-60
mg/l
99-446
100 %
20
mg/l
6.75-13.71
100 %
100-500 mg/l
244-805
74 %
26 %
TABLE 3 - Correlations among various parameters of water samples in Kashan District.
pH
1
0.53
0.54
0.41
0.23
0.41
0.12
0.27
0.24
0.31
0.33
0.38

TDS

EC

Cl-

SO42-

NO3-

F-

Ca2+

Mg2+

Na+

K+

TH

1
0.99
0.6
0.54
0.31
-0.17
0.33
0.43
0.65
0.28
0.45

1
0.63
0.57
0.3
-0.15
0.34
0.45
0.67
0.31
0.46

1
0.38
0.26
-0.15
0.28
0.13
0.72
0.17
0.3

1
0.39
-0.27
0.52
0.36
0.45
0.04
0.52

1
0.03
0.35
0.37
0.17
-0.04
0.39

1
-0.01
-0.02
-0.24
0.02
-0.03

1
0.24
0.1
-0.38
0.95

1
0.19
0.2
0.41

1
0.29
0.13

1
-0.26

1

ates, chlorides, sulfates, and a few others. In general, the
concentration is the sum of the cations (positively
charged) and anions (negatively charged) in water. TDS is
used as a general indicator of water quality [12]. TDS of
water samples varied between 950-2078 mg/L (maximum
values: 2078 mg/L - Kashan-South 1 and 2066 mg/L Nooshabad- North; minimum: 950 mg/L - Kashan-West
3 sample; see Table 1). According to WHO standard, the
permissible limit for TDS is 500-1500 mg/L (Table 2);
79% and 21% of samples showed TDS within and higher
than permissible limit, respectively). A good correlation
(r=+0.995) between EC and TDS (Table 3, Fig. 2a) was
obtained.
Fluoride levels <0.7 mg/L in drinking water cause
dental carries between ages 12-14, and high levels lead to
fluorosis [10, 13]. Fluoride (F-) varied from 0.65 to 0.95
ppm (minimum 0.65 mg/L and maximum 0.95 mg/L,
observed from Kashan-East 2 and Kashan-West 4 samples, respectively; see Table 1). According to the WHO,
the permissible limit for fluoride is 1-1.5 mg/L (Table 2).
A positive correlation was obtained between F and pH (r
= +0.12), NO3 (r = +0.03) and K (r = +0.02) but all other
parameters indicated negative correlations (Table 3).
All water samples showed F- ions <1 mg/L (Table 2).
Variations of Cl concentration in water samples were 165
to 674 mg/L (minimum from Kashan-South 2 sample

(a)

(165 mg/L), maximum (674 mg/L) obtained from KashanSouth 1 sample; see Table 1). Chloride level was in only
2% of samples higher than 600 mg/L and lowers in only
5% of samples; 93% of samples were within optimum
limit (Table 2). High concentrations of chloride in drinking water can cause salty taste [8, 12], and corrosion in
pipes increases by high concentrations of chloride [12].
Calcium hardness (Ca2+) of water samples varied
from 73 to 259 mg/L (minimum Ca2+ (73 mg/L) from
Aran and Bidgol-South 3, maximum Ca2+ (259 mg/L)
from Kashan-Center 2; see Table 1). Magnesium hardness
(Mg2+) of water samples was between 0.33 - 67 mg/L
(Kashan-Center 2 and Kashan-South 1 samples with minimum (0.33 mg/L) and maximum (67 mg/L)). Within,
below and higher than permissible Ca2+ limit were 86, 2
and 12% of samples, respectively (Table 2); 43 and 57%
showed Mg2+ levels within and lower than permissible
limit, respectively. Total hardness (TH) is including magnesium (Mg2+) and calcium (Ca2+) ions [12]. Variations of
TH in water samples was 244-805 mg/L (maximum 805
mg/L, Kashan-South 1; minimum 244 mg/L, KashanSouth 3; see Table 1). According to the WHO, the permissible limit for TH is 100-500 mg/L (Table 2); 21 and
74% of samples showed TH higher and lower than permissible limit, respectively.

(b)
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FIGURE 2 - Correlation between (a) EC-TDS and (b) TH-Ca of samples in Kashan District.

TH indicated negative relations with pH (r=-0.26) and
F- (r= -0.03) but positive ones with all other parameters
(Table 3). A high correlation (r=+0.90) was also indicated
between TH and Ca (Fig. 2b, Table 3).
All water samples included sulfate, chloride and bicarbonate types [14]. The results revealed that HCO3
ranged from 0-4.2 mg/L, and 21% of samples showed
HCO3 values higher than zero (maximum bicarbonate 4.2
mg/L, from Kashan-South 1 sample).
From Kashan-West 2 sample, Na+ concentration was
lowest (99 mg/L) but highest (446 mg/L) from KashanEast 2 (Table 1). All samples showed Na+ levels higher
than the WHO standard. According to the WHO, the
permissible limit for Na+ is up to 50 mg/L (Table 2). Variation of potassium (K+) in water samples was from 6.75
(Aran and Bidgol-South 2) to 13.71 mg/L (Aran and Bidgol-West 4). All water samples showed K+ values <20
mg/L (Table 2). Both, sodium and potassium, affect desirability, odor, and taste of water [15].
NO3 was lowest at Kashan-Center 2 (0.51 mg/L) but
highest at Kashan-West 4 (52.12 mg/L) and KashanSouth 1 (46.27 mg/L); 93, 5 and only 2% of samples had
low, within limit or high NO3 levels (40-50 mg/L). Methemoglobinemia or “Blue-baby Syndrome" is a disease
due to high NO3 [16], and too high levels of NO3 in water
may caused death [17]. High levels of nitrate or nitrite
intake is the most important adverse health effect [18]. In
the present study, the amount of sulphate ions was estimated to vary from 260-676 mg/L (Aran and BidgolSouth 1: minimum 260 mg/L; Kashan-South 1: maximum676 mg/L; see Table 1). Values of SO42- in all sam-

ples were higher than 250 mg/L (Table 2). Sulphate produces an objectionable taste at 300-400 mg/L. and a bitter
taste at 500 mg/L. Sulphate in water can originate from
both natural and human sources. It can also enter the
water via atmospheric fallouts or industrial wastes [19].
Variations in total dissolved solids and anions and
cations of the samples are illustrated in Fig. 3.
According to Table 1, the hydro-chemical facies of
waters in most city areas was of sodium-chloride type.
The Piper diagram of these sampled water probes is shown
in Fig. 4. According to this diagram, chloride dominates the
concentrations of sulfate and bicarbonate in more than
60% of the analyzed samples.
The functional relationships and the values for correlation coefficients (R2) in this district are included in Table 4.
Least square regression of Cl concentration against EC
revealed that the regression equation for this district is in
the form of y = a*(x) +b, where a is the correlation ratio
due to Cl, and the intercept b values are assigned to other
anionic species.
The main concern of the chemical water analysis is
low concentrations of fluoride but high concentrations of
sulfate; the results herein were similar to those of Miranzadeh et al. [20]. Water resource scarcity is a great problem attended by experts, decision-makers and managers
of our country [21] and interrelationship studies between
different variables are very helpful tools in promoting
research and opening new frontiers of knowledge (Table
3). The study of correlation reduces the range of uncertainty associated with decision making [22].

FIGURE 3 - Variations of Cl, SO4, Na, Mg, K, Ca and TDS in water samples.
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FIGURE 4 - Piper diagram of drinking water samples in Kashan District.
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4. CONCLUSION
The object of this study was to investigate the chemical composition of drinking water in Kashan district. In
all water samples, EC was higher than 300 µmhos/cm,
and sulphate and sodium ions were higher than the permissible limits. Chloride levels were within optimum limits
in 93% of the samples. High correlations were observed
between TH-Ca (r=+0.90) and EC-TDS (r= +0.995). All
samples had K+ concentrations <20 mg/L. NO3 level was
higher than the permissible limit in only 2% of samples.
Based on the findings of this study, it can be concluded that
the mean density of most chemical parameters in Kashan
drinking water samples is low and within the WHO standard limits. Only fluoride was significantly lower than the
limits and there is a need for the enforcement of fluoridation at those locations.
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EVALUATING LANDSCAPE CHANGES AND
ENVIRONMENTAL THREATS IN A COASTAL LANDSCAPE
CASE STUDY OF BARTIN COASTAL AREA, TURKEY
Ercan Gökyer*
Bartin University, Faculty of Forestry, Bartin, Turkey

ABSTRACT
Human activities are primarily responsible for the
land-use changes in coastal areas of the northern part of
Turkey. The coastal area of Bartin Province was selected
to assess coastal landscapes. Remote sensing images were
used to analyse the coastal landscape structure. Land-use
changes and fragmentation in coastal landscapes were
assessed. The results show that land-use has changed over
a 25-years period. In 1986, forestland comprised the largest area of the land types, occupying 70.7% of the total
area (27792 ha), and cropland made up the second largest
area (7611 ha). The areas of forest increased gradually in
2000 and 2011 but the area of cropland gradually decreased. Urban and/or built-up land decreased by 6.2%
from 1986 to 2000, and increased by 38.7% from 2000 to
2011. Fragmentation in ladscape level was increased from
1986 to 2000 and decreased from 2000 to 2011. In the
class level, fragmentation of the forest areas gradually
decreased. Fragmentation of cropland areas increased
from 1986 to 2000 and decreased from 2000 to 2011.
Fragmentation of urban and/or built-up land was increased from 1986 to 2000 and decreased from 2000 to
2011. Road constructions, tourist facilities, second housing and coal mining facilities are the main human effects
on landscapes in the study area. The impact of the human
activities in the area is discussed.

KEYWORDS: GIS, landscape structure, landscape metrics,
remote sensing, coastal areas

1. INTRODUCTION
Coastal areas are dynamic systems. In coastal landscapes, important changes have been occurred over a period of time owing to impacts of human activities and natural factors. Consequently, the basic characteristics of
* Corresponding author

the landscapes modify over time. Coastal areas are used for
tourism, transportation and settlement. So, coastal landscapes are extensively affected by human activities.
Major changes to the demography and distribution of
human populations have severely impacted coastal landscapes, which are continually being modified by addition
of the urban infrastructure, commercial and tourist activities [1, 2]. Worldwide, coastal areas provide food, transportation, recreation, and energy resources to increasing numbers of people each year. Coastal areas are highly desirable for human settlement, and are almost three times as
densely populated as the global average. As demands for
these resources rise, the potential for user conflicts is
radically heightened [3, 4]. Understanding of the landscape
qualities of coastal areas by evaluating the processes will
increase the success of planning and management studies.
Landscapes are qualified with their structure (spatial order of the landscape elements), ecological functions (effect
of ecological process in landscape structure), and change
(confusion and recovery) [5, 6]. Understanding these qualities, improved remote sensing, geographical information
systems and geo-statics tools are used [7]. Thus, landscapes
with their own internal dynamics and interactions between each other are presented. Spatial relationships of
landscape elements and ecosystems, structural and functional features of the land mosaic and changes emerging
over time were determined [8]. Landscape structure presents the spatial characteristics of land-cover. Quantifying
landscape structure presents landscape development,
helps to assess landscape change and landscape fragmentation, and provides to reveal the connection between
landscape function and structural qualities [9]:
Two main factors for landscape change are natural
processes and, especially nowadays, human activities [1012]. The most important landscape changes have been
emerged with human effects through the historical processes.
Depending on the technological progress and human population increase, human needs have increased. Therefore, the
interferences on landscape have been perpetually increased
[13]. To define the landscape change, true information
should be obtained from past to present. This information
will be obtained with remote sensing technology [14, 15].
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Landscape metrics have made important contributions on landscape planning studies. Landscape metrics
are used with landcape ecology studies as supportive tool
of landscape planning and landscape management studies.
Landscape structure and complexity in this structure have
been measured with landscape metrics. Using landscape
metrics, true and objective information has been obtained
about landscape structure. Thus, landscape metrics contribute to make understanding the landscape characteristics easier [16-18].
In this study, Bartin coastal area was selected as study
area, analysing landscape change and fragmentation. The
aim of this paper is to examine landscape structure of coastal
landscapes in the Bartin coastal area of Turkey using 30-m
resolution Landsat Thematic Mapper images. This study is
also concerned with effects of human activities on landscapes.
2. MATERIALS AND METHODS
2.1 Study Area

Study area, between 32o14′-32o45′ E and 41o41′-41o50′ N
and with an area of 27792 ha, is located between Bartin
River and Kapisuyu Stream, Bartin Province of Turkey
(Fig. 1). Area borders are identified with natural lines. The
mountain’s peaks were taken as the upper bound. North of
the area is the Black Sea. Research area is located by the
sea between Bartin River and Kapisuyu Stream. In the
region, Bartin River has an important potential for preservation and land-use balance of river landscapes as well as
to promote future planning of the region in terms of environmental health and aesthetics [19], that affects the surrounded area as stream corridor. The land surface of the
study area slopes hardly from north to south, and 71% of
the study area is forestland. Forest areas include important
leaved plant species (Castanea sativa, Carpinus betulus,

Tilia argentea, Fagus orientalis, Ostrya carpinifolia).
Appropriate slopes and non-forest areas are used for agricultural activities and settlement. The average annual
temperature and precipitation are 14 oC and 1023.6 mm,
respectively. In the east part of the area, natural and cultural properties are protected. To reach the eastern part of
the area, a new road is constructed.
Black Sea region has rich plant species (101 woody
and 417 herbaceous (a total of 518)). In the region, endemic plant species (Dianthus setisquamosus, Dianthus
kastembeluensis, Centaurea cadmea, Centaurea kilaea,
and Centaurea inexpectata) were defined to be important
for the landscape value [20]. Southeast part of the study
area is in the buffer zone of Küre Mountains National
Park. Küre Mountains includes Black Sea humid forests on
karstic mountains. It was identified by the World Wide
Fund Nature (WWF) in 1988 as one of the Forests Hot
Spots of Europe. Küre mountains and its buffer zone include endemic plant species, important mammals (Urcus
arctos, Felix sylvestris, Lynx lynx) and bird species. Buffer
zone basically contains rural settlements with their unique
architecture and traditional life style (www kdmp.gov.tr).
Amasra (a settlement in the west part of the study area) is
an interesting place because of the historical and cultural
features. Tourism facilities and the second housing are
continuously increased in Amasra settlement and its surrounding area. There are rich deposits of coal mines in the
weast part of the study area.
2.2 Data and Methods

Satellite images include information expressed with
numbers which is about the ecological qualities belonging
to a wide range [21]. Satellite images are among the basic
materials that are analysed by using statistical methods improved with computer programmes, and used with landscape
ecology studies.

FIGURE 1 - Research area in Turkey and in Bartin Province.
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In this study, to minimise the impact of possible interpretation errors due to the survey dates of the images,
the images of three periods with similar monthly dates
were acquired to produce land-cover maps. The dates
of satellite images were 31 August 1986 (Landsat TM),
21 August 2000 (Landsat 7 ETM), and 29 September 2011
(Landsat 5 TM). The images, which have six bands and
30-m spatial resolutions, are predominantly cloud free.
2.3 Methods

Land-use is one of the main human activities that affect the environment. At the same time, land-use or landcover are important indicators that present natural circumstances and human effects [13]. Land-use changes have
affected landscape patterns profoundly [22]. Land-cover
maps for 3 periods were obtained by supervised classification [23, 24] using the widely used maximum likelihood
algorithm under the ERDAS Imagine V8.4 platform. Three
land-use maps of 1986, 2000, and 2011 were classified into
3 main types, such as forestland, cropland, urban or builtup land (Table 1).

Cropland
Urban and/or
built-up land

TABLE 2 - Descriptions for landscape metrics used in the study
[adapted from 7, 28].
Name of the landscape metrics
Class Area (CA)
Total Landscape Area (TLA)
Number of the Patch (NUMP)
Mean Patch Size (MPS)
Total Edge (TE)
Shannon’s Diversity Index (SDI)

TABLE 1 - Descriptions for land-use types in the study area.
Land Use Category
Forestland

[25, 26] were produced on reference points. The accuracy
of three classified products was assessed by verifying
general land-cover delineations on a topographical map,
municipial maps, and field survey. The resulting overall
classification accuracies were 94, 93 and 89% for the
images, respectively.
Landscape metrics [27, 28] were used to quantify the
landscape structure of the study area. Related descriptions
are given in Table 2. Landscape metrics are calculated
using the Patch Analyst extension for ArcMap Version
5.1 [29, 30].

General Description
Leaved forest, coniferous forest, mixed
forest
All cultivated lands and vegetable lands
Including city, industry land, traffic and
mine land, rural settlement, sandy areas

In order to determine the accuracy of the image classification, the stratified random sampling method was
used to generate reference points and obtained reference
points for each of the classified images. Error matrices

Description
The total area belongs to a landcover class
The total area of the landscape
Total number of patches in the
landscape
Average patch size in each class
The total area belongs to a landcover class or landscape
Refers to diversity of patches in
the area

3. RESULTS AND DISCUSSION
3.1 Land Use Change

The results of classification indicated that land-use
changed significantly over the period from 1986 to 2011.
Results of the land-cover maps and landscape metrics are
presented in Fig. 2 and Table 3. In 1986, forestland comprised the largest area of the land types, occupying 70.7%

FIGURE 2 – Land-cover maps for the research area.
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TABLE 1 - Calculation results for landscape metrics (years 1986, 2000 and 2011).

2011

2000

1986

Calculation Level
Class Level

TCA (ha)

Calculation Parameters
NUMP
MPS

TLA (ha)

TE
SDI
(m)
Forestland
19650
1768
11.1
1843771
Cropland
7611
3886
2
1999722
Urban and/or built up land
532
1477
0.4
295343
Landscape Level
27792
27792
7131
3.9
4139071
0.7
Forestland
21210
1527
14
1819616
Cropland
6083
4372
1.4
1889785
Urban and/or built up land
499
1631
0.3
334275
Landscape Level
27792
27792
7531
3.6
4043910
0.6
Forestland
21676
867
25
1173035
Cropland
5424
2409
2.3
1199123
Urban and/or built up land
692
1380
0.5
337186
Landscape Level
27792
27792
4658
6
2709578
0.4
TCA: Total Class Area, TLA: Total Landscape Area, NUMP: Number of the Patch, MPS: Mean Patch Size, TE: Total Edge, SDI: Shannon Diversity In-

dex

of the total area (27792 ha), and cropland made up the
second largest area (7611 ha). The areas of forest increased
gradually, by 7.9% and 2.2% in two periods (from 1986 to
2000 and from 2000 to 2011), respectively. The area of
cropland gradually decreased by 20.1% and by 10.8% in
both periods, respectively. Urban and/or built-up land
decreased by 6.2% from 1986 to 2000 but increased by
38.7% from 2000 to 2011.
3.2 Fragmentation

Landscape metrics documented that fragmentation
changed over the period from 1986 to 2011. In landscape
level, NUMP was increased by 5.6% and MPS decreased
by 7.7% whereas NUMP was decreased by 38.1% and
MPS increased by 66.6% from 1986 to 2000. Fragmentation in landscape level increased from 1986 to 2000 but
decreased from 2000 to 2011. In the class level, fragmentation of the forest areas was gradually decreased. NUMP
decreased and increased in both periods, respectively.
Fragmentation of cropland areas increased from 1986 to
2000 and decreased from 2000 to 2011. NUMP increased
by 11.1% from 1986 to 2000 and decreased by 44.9%
from 2000 to 2011. MPS decreased by 30% from 1986 to
2000 and increased by 39.1% from 2000 to 2011. In urban
and/or built-up land, NUMP increased by 9.4% (1986 to
2000) and decreased by 15.4% (2000 to 2011). MPS was
decreased by 25% from 1986 to 2000 but increased by
40% from 2000 to 2011. Fragmentation of urban and/or
built-up land increased from 1986 to 2000 and decreased
from 2000 to 2011. When it is evaluated from the ecological
side, decreasing fragmentation in forest areas is extremely
important for the wild-life. This situation clarifies that
habitats and transaction fields are increased. Decrease of the
fragmentation on the settlement areas clarified that structural
density was increased, and the green areas were decreased.
3.3 Edge Effect and Diversity

The results of landscape metrics showed that TE
changed over the period from 1986 to 2011. TE of forestland and cropland decreased and TE of urban and/or

built-up land increased. These results demonstrate that
edge species in the study area are negatively affected
from decreasing TE value. Habitats and transaction areas of
edge species are restricted. Diversity of patches is decreased
and evenness of patches is increased over this 25-years
period.
3.4 Environmental Threats in the Study Area

Human activities are primarily responsible for the landuse change in the study area, and human-impacted areas are
highly affected from changes. Road constructions, tourist
facilities, second housing and coal mining facilities are the
main human activities affecting the study area. Areas of
forest were directly affected from construction activities
of a new road which passes through the forest areas. Forest areas were highly damaged from construction activities. This situation prevents connectivity of habitats. Transaction areas of wild-life are restricted, and a second effect
of road constructions is mass movements.
Mass movements occur due to the impermeable rock
and soil characteristics, sloping terrain, and damaged forest
areas [31-33]. This situation negatively affects people and
wild-life in the study area. In the west part of the study
area, destruction of forest and cropland areas as well as
visual pollution are important environmental problems.
Tourist facilities and second housing are continuously increased in this part of the area.
In terms of species diversity, the Black Sea biological
diversity is of average richness when compared to the
world's other large expanses of water. The Black Sea
has historically been one of the most biologically productive
regions in the world. According to scientists, these biological specialty losses year by year with the effects of pollution in Black Sea. Human activities, such as agriculture,
mining, industrial processing of ores, and the use of metal
components, have resulted in increased inputs of heavy
metals into the sea. Coastal urban centres are also sources
of large amounts of matter introduced into the marine environment [34, 35].
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Living organisms and habitats are affected by human
activities, e.g. trawling, eutrophication and coastal constructions. Such human activities present the most significant contemporary threat to biological diversity, both in
the shallow shelf and in the hydrogen sulphide-rich layers
below 150 m. These facts suggest the urgent need for
protective and restorative measures. As a result of eutrophication caused by increased nutrient input via big
rivers during the last few decades, the Black Sea ecosystem has been subject to extreme changes in recent years.
These changes firstly became evident in the 1980's, with
abnormal phytoplankton blooms and a large increase in
medusae (Aurelia aurita) biomass. Then, the introduction
of a new species (Mnemiopsis sp.) into the Black Sea
radically affected the complete ecosystem [34, 36].
4. CONCLUSIONS
Quantification of the coastal landscape structure is important for the management and planning of coastal areas.
Landscape metrics are the important tools to be used for the
studies concerned with the landscape structure. The numerical values are gained with landscape metrics on landscapes. Objective considerations can be made by using
these values to measure quality of the landscape. So, the
structure of the landscape is perceived in the best way,
and the processes on the area can be effectively assessed.
The coastal area of Bartin Province has natural, cultural and historical values. Study area was selected for
this research to assess coastal landscape structure. Changes and fragmentation of coastal landscapes were assessed.
The environmental quality of coastal landscapes has been
changed because of human activities in the study area.
Both, changes and fragmentation of coastal landscape,
were studied by means of supervised classification of
Landsat images during 25 years, and land-cover maps
were produced for 1986, 2000 and 2011. This research
emerged that landscape structure in coastal landscapes
was altered within this 25 years-period owing to impacts
of human activities.
The results show that coastal landscape structure will
be changed continuously in the study area. This research
has important implications for coastal landscapes of Turkey’s northwest part. Results of this study should be evaluated by governmental agencies. Actions should be urgently taken to decrease human impacts on coastal landscapes. This research not only assessed changes and
fragmentation in coastal landscapes but also provided
some ideas for planning and management of similar areas.
The author has declared no conflict of interest.
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ABSTRACT
Some reservoirs in China have recently become polluted and eutrophic. Few studies have focused on the relationships between chlorophyll a (Chl) and the nutrients or
nutrient limitation in reservoirs. We analyzed the relationships of nitrogen and phosphorus with Chl in 139 reservoirs in China using data from the China Knowledge
Resource Integrated Database to reveal the response regulation of Chl to the nutrients in reservoirs and to identify
the effects of phosphorus and nitrogen on Chl at varying
total nitrogen (TN): total phosphorus (TP) ratios. Results
of linear least square regression and stepwise multiple
regression predicted lower Chl concentrations from nutrition than in lakes, and Chl was found to be significantly
related to TP or TN whether the reservoirs were divided
into three categories based on their sizes (large, medium,
small) or based on their regions (South, Middle, North).
TN was found to be a better predictor of Chl than TP in
small reservoirs and in reservoirs in southern China, which
differs from the nutrient limitation assessment criterion by
Sakamoto (10–17). The difference can also be found in
reservoirs in the middle categories (17 < TN:TP ≤ 25)
based on the TN:TP ratio. We can therefore argue that the
TN:TP ratio is not always an appropriate index for determining nutrient limitation in some reservoirs in China.

KEYWORDS:
Reservoirs, Chlorophyll a, Nitrogen, Phosphorus, TN:TP ratio

1. INTRODUCTION
Nutrients are known to be the most significant factors
influencing phytoplankton biomass in aquatic systems.
Since the study by Sakamoto [1], numerous studies have
* Corresponding author

established a number of empirical links between chlorophyll and nutrients [2–5]. The relationship between nutrients and phytoplankton biomass is a valuable management
tool [6] that can be used to analyze the nutrient limitation in
aquatic systems. Phosphorus and nitrogen are considered as
the primary limiting nutrients for aquatic algal production,
and the ratio of total nitrogen: total phosphorus (TN:TP) is
usually proposed as an index to divide lakes into N- and Plimited categories [7–9]. The thresholds of TN:TP that
indicate nutrient limitation vary in the literatures [1, 10,
11] and have been proven to be effective in determining
the nutrient limitation in some lakes [12, 13]. Lakes have
generally been regarded as limited by TP if TN:TP is relatively large, limited by TN if TN:TP is relatively small, and
co-limited by TN and TP when TN:TP is intermediate.
However, some scientists have recently proposed that TN:TP
ratio is an inappropriate index to determine whether nitrogen
or phosphorus is the limit indicator in lakes, particularly
in eutrophic lakes, in which nitrogen or phosphorus concentration exceeds algal growth needs [14–17].
China has approximately 86000 reservoirs (>106 m3),
of which 420 are large-scale reservoirs and 2744 are medium-sized reservoirs [18]. Reservoirs are important aquatic
systems that serve multiple functions, including flood
control, industrial and irrigation use, water supply, fisheries and aquaculture, recreation, transportation, and power
generation. Since the 1980s, reservoirs have become polluted with the rapid development of the society and economy. Water quality in reservoirs has deteriorated to some
extent. Some reservoirs have also exhibited a state of eutrophication. A number of ecological investigations have
recently been conducted and provided information on the
nutritional status of reservoirs. However, only a few studies
have focused on the relationships between chlorophyll a
(Chl) and nutrients or nutrient limitation in reservoirs.
In this paper, we collect the available data in Chinese
reservoirs in 17 provinces from 1995 to 2009 from the
China Knowledge Resource Integrated Database (CNKI)
and present the analysis results of the relationship between Chl and nutrients. This study aims to (i) explore the
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relationship between Chl and nutrients in reservoirs and
reveal the response regulation of Chl to nutrients; and (ii)
explore the variation of relationships between Chl and
nutrients in reservoirs of different sizes, regions, and
TN:TP ratios to identify the effects of phosphorus and
nitrogen on Chl.
2. MATERIALS AND METHODS
The concentration data on TN, TP, and Chl for 139 reservoirs were obtained from the CNKI. The key terms used in
the search included “China,” “reservoir,” “phosphorus,”
“nitrogen,” “phytoplankton,” and “eutrophication.” The
data were available from 17 provinces during the period
from 1995 to 2009. The dataset included a range of reservoirs with varying morphologic characteristics and
trophic status. Concentration data of TN, TP, and Chl
were summarized for each reservoir as a single mean
value. Different sampling frequencies or times can influence data statistics in a large dataset drawn from many
different sources. To minimize noise, only reservoirs with
more than two samplings (including at least the dry and
flood seasons) were selected.
All reservoirs were categorized based on two parameters: size and region. Mean values for TN, TP, and Chl, as
well as TN:TP ratios, of the two groups were compared.
Chl nutrient relationships, expressed as Chl = f(TP), Chl =
f(TN) and Chl = f(TP,TN), were derived using linear least
square regression. All data were logarithmically transformed (base 10) to ensure homogeneity of variance before analysis. The relationship between log10Chl and both
log10TN and log10TP was examined by calculating the
correlation coefficient (R) and the slope of regressions.
We also investigated the relative power of TP and TN in
predicting Chl for different reservoir types using stepwise
multiple regressions, comparing regression coefficients as
values standardized by standard deviation units (coefficients β) to make them independent of scale.
To explore the effect of TN:TP ratio, which has been
proposed as an important factor influencing the relationship between nutrients and Chl by several studies [19],
data were grouped into five TN:TP categories (< 10, ≥ 10
< 17, ≥ 17 < 25, ≥ 25 <50, and ≥ 50). The statistical analyses were performed using SPSS 16.0.
3. RESULT
We categorized reservoirs according to size [large
(total storage>109 m3), medium (total storage: 107 m3 to
9
10 m3), and small (total storage<107 m3)] and according
to region [south (latitude<25°), middle (latitude: 25° to
35°), and north (latitude>35°)]. Mean TN and TP concentrations for 139 reservoirs ranged from 150 mg m-3 to
6482 mg m-3 and 2 mg m-3 to 598 mg m-3, respectively.
Both TN and TP concentrations were high in medium

reservoirs and low in small reservoirs. The concentrations
also changed markedly in different regions, showing an
increasing trend from south to north, with high values in
the middle of China (Figs. 1a to 1b). Chl concentration
was ranged from 0.79 mg m-3 to 212 mg m-3 over three
orders of magnitude, increasing with the volume increase
of reservoirs. The change range is the maximum in medium reservoirs and the minimum in small reservoirs. Chl
concentration from the geographical level of the reservoirs in northern China was significantly lower than that
in other regions but higher in the middle of China, which
is similar to the trend exhibited by TN and TP. The
TN:TP ratio varies from as low as 2.56:1 to as high as
162.5:1. The TN:TP ratio became progressively higher as
the reservoirs became smaller or latitudes became lower.
A proportion of reservoirs in large type and in northern
China had TN:TP values below 17, with a minority of
reservoirs having values below 10.
3.1 Regression relationships

Figure 2 shows the relationships between Chl and the
mean values of TP and TN of 139 reservoirs. Data are
log10 transformed, and the regressions of reservoirs taken
together regardless of type as follows:
All regressions were highly significant (P < 0.001),
and the functions showed that TP was a better predictor of
Chl for the reservoirs, and the combined Chl = f(TN, TP)
model gave the same prediction over the full data range.
Collinearity in model 3 was found to be low (VIF=1.26).
The standardized regression coefficient β for TP was
higher than that for TN (βTP=0.32, βTN=0.2), which
indicates that TP was the more influential variable.
A significant degree of scatter exists in these data,
and we explore whether dividing reservoirs into sizes and
regions can account for this variation to provide more
useful regression models. Some of the resulting correlation coefficients were higher than those obtained for the
whole dataset. To conduct efficient analysis for the regression models, we consider the differences in slopes.
For a log–log relationship, such difference characterizes
the relative rate of increase of two variables, such that
higher slopes indicate reservoir types with greater positive
response to TP or TN. All obtained reservoir relationships
had a higher slope for TP than for TN, but in several cases, the type-specific slopes were significantly different. In
large reservoirs, the slope and R for TN and TP were
almost the same. In medium reservoirs, the slope and R
for TP were significantly higher than those for TN, which
indicates that Chl had a greater positive response to TP.
The results for small reservoirs were completely opposite.
The Chl of reservoirs in different regions also exhibited
different responses to TN or TP. The slope and R of the
regression for TN were higher than those for TP in reservoirs located in the middle and southern China (latitude:
20° to 35°), whereas the result was the opposite in reservoirs located in northern China. The standardized regression coefficient β of the regressions for Chl = f(TP,TN) in
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Table 1 also prove the above assumption. The results
within these groups showed that the reservoir size and
location had some influence on the regression equations.

3.2 Effect of TN:TP ratio on regression

According to the TN:TP (10–17) thresholds proposed
by Sakamoto [1], 22 reservoirs had TN:TP ratios lower
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TABLE 1 - Regression equation for relationship between Chl (mg m-3) and the TN (mg m-3) and TP (mg m-3) of reservoirs of different sizes
and at different regions
Size/
Region

Equation

Log10 Chl = 0.781 Log10TN – 1.411
Large
Log10 Chl = 0.636 Log10TP – 0.114
Log10 Chl = 0.562 Log10TN + 0.453 Log10TP – 1.522
Log10 Chl = 0.362 Log10TN – 0.193
Medium
Log10 Chl = 0.49 Log10TP + 0.094
Log10 Chl = 0.085 Log10TN + 0.461Log10TP – 0.118
Log10 Chl = 0.783 Log10TN – 0.144
Small
Log10 Chl = 0.11 Log10TP + 0.733
Log10 Chl = 1.084Log10TN – 0.374Log10TP – 1.781
Log10 Chl = 0.653 Log10TN - 1.072
South
Log10 Chl = 0.422 Log10TP + 0.248
Log10 Chl = 0.641 Log10TN + 0.016Log10TP - 1.063
Log10 Chl = 0.804 Log10TN – 1.426
Middle
Log10 Chl = 0.365 Log10TP + 0.451
Log10 Chl = 0.672 Log10TN + 0.195Log10TP - 1.354
Log10 Chl = 0.173Log10TN + 0.263
North
Log10 Chl = 0.792 Log10TP – 0.561
Log10 Chl = 0.864 Log10TP – 0.187Log10TN – 0.113
Significant correlation (*P < 0.05; **P < 0.01; ***P < 0.001).

R

β(TN)

β(TP)

0.534***
0.530***
0.637***
0.21
0.373**
0.376**
0.598*
0.113
0.673*
0.48**
0.327
0.48*
0.485***
0.36**
0.516***
0.114
0.545***
0.557***

0.385
0.049
-

0.378
0.351
-

0.828
0.472
0.405
-0.124

-0.384
0.013
0.193
0.594

N
48
75
16
31
60
48

TABLE 2 - Regression equation for relationship between Chl (mg m-3) and TN (mg m-3) and TP (mg m-3) of reservoirs with different TN:TP
ratios
Condition

Equation

R

Log10 Chl = 0.904Log10TN – 1.564
TN:TP ≤10
Log10 Chl = 0.636 Log10TP – 0.114
Log10 Chl = -0.132 Log10TN + 1.264
10 < TN:TP ≤ 17
Log10 Chl = –0.027 Log10TP + 0.923
Log10 Chl = 1.020 Log10TN – 2.153
17 < TN:TP ≤ 25
Log10 Chl = 0.936 Log10TP – 0.654
Log10 Chl = 0.665 Log10TN - 1.140
25 < TN:TP ≤ 50
Log10 Chl = 0.788 Log10TP – 0.299
Log10 Chl = 0.603 Log10TN – 1.085
TN:TP > 50
Log10 Chl = 0.682 Log10TP – 0.082
Significant correlation (*P < 0.05; **P < 0.01; ***P < 0.001).

0.67***
0.56**
0.101
0.02
0.652***
0.616***
0.297*
0.359*
0.420*
0.433*

N
22
19
28
45
50

TABLE 3 - Potential macronutrient limitation status of 139 China reservoirs, as inferred from the TN:TP ratio
Type/Area

N

Large
Medium
Small
South
Middle
North
Total

48
75
16
31
60
48
139

TN:TP<10:1 (indicative of Nlimitation)
14(29.2%)
8(10.7%)
0(0%)
0(0%)
11(18.3%)
11(22.9%)
22

than 10:1, thus indicating potential N-limitation. Nineteen
reservoirs had a mean TN:TP of 10:1 to 17:1, which is
indicative of a potential co-limitation by nitrogen and
phosphorus. The majority of reservoirs (n=98) have TN:TP
ratios greater than 17:1, indicating potential P-limitation.
The majority of reservoirs (n=98) seem to be P-limited
based on TN:TP, and the quantity of reservoirs that are
potentially N-limited is slightly more than that of potentially N and P co-limited.

10:1<TN:TP<17:1 (indicative of N
and P co-limitation)
6(12.5%)
11(14.7%)
2(12.5%)
4(12.9%)
8(13.3%)
7(14.6%)
19

TN:TP>17:1 (indicative of Plimitation)
28(58.3%)
56(74.7%)
14(87.5%)
27(87.1%)
41(68.3%)
30(62.5%)
98

Separate nutrient-chlorophyll regressions were analyzed for reservoirs with different TN:TP ratios by mass
(Table 2). This ratio should indicate the potential for
nitrogen or phosphorus limitation. We can thus expect that
when TN:TP is low, nitrogen may limit algal growth, such
that TN will provide a better prediction of chlorophyll.
Conversely, when TN:TP is high, phosphorus is more
likely to limit growth and TP will be a better predictor. In
this work, TN provided a better prediction of Chl with a
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higher R and regression slope when TN:TP was ≤ 10. The
slopes and R for either TN or TP were rapidly changed as
TN:TP increased. Both TN and TP had poor relationships
with Chl in the middle category (10 < TN:TP ≤ 17). In the
category 17 < TN:TP ≤ 25, Chl = f(TP) and Chl = f(TN)
had similar slopes and R values, which indicates potential
co-limitation by N and P. In the higher categories (25 <
TN:TP ≤ 50; TN:TP > 50), Chl = f(TP) provide better fit
and have higher slopes and R than Chl = f(TN), which
indicates the clear dominance of phosphorus limitation.
Categorizing reservoirs by sizes, regions, and TN:TP
ratios (Table 3) shows that the majority of reservoirs have
TN:TP ratios greater than 17:1 in any type or region and
are therefore potentially P-limited. Moreover, 0% of small
reservoirs and reservoirs in southern China have TN:TP
less than 10:1 (potential N-limitation), which differs from
the results of the regression equation (Table 1).
4. DISCUSSION
A relatively wide range of parameter values is available in the literature relating to regression models that can
be used to estimate Chl concentration from phosphorus
and nitrogen (Table 4). Most of the data were from lakes
around the world, and a few were from reservoirs. The

Chl values reported in this study were significantly lower
than those predicted in previous research. Two possible
reasons are identified to result in such a phenomenon. First,
reservoirs are artificial or modified water bodies that are
mainly used for hydroelectric power and flood prevention.
The phytoplankton assemblages in reservoirs are influenced
by a combination of natural and anthropogenic factors [20].
Straskraba [21] found that the hydraulic retention time is
directly related to the hydrodynamic, chemical, and biological processes of reservoirs. If the hydraulic retention
time is below the level of cell-division time (0.12 d to 7.5 d),
the biomass accumulation and productivity of algae will be
lost [22]. That is, organisms have insufficient time to grow
and reproduce because of significant fluctuations and
changes in environmental factors during impoundment.
Liu and Xie [23] also mentioned this point. Kawara [24]
similarly found that hydraulic retention time is a limiting
factor in the increase in phytoplankton in the Asahi River
Dam reservoir, where a retention time of two weeks is
required for the sufficient increase in phytoplankton.
Second, most reservoirs are eutrophic. The concentration
of TN and TP in reservoirs are significantly higher than
that reported in the literature from Table 4. Xie [25] used
the eutrophication dynamics model to debug the nutrition
conditions of algal growth in Hanjiang River and discovered that the nutrition condition basically met the needs of

TABLE 4 - Regression equations from this study compared with those taken from the literature for log10 Chl as a function of TP and TN
Slope
LogTP

LogTN

R2
LogTP

LogTN

>1000
689
20
136 Lakes
56 reservoirs
35

1.026
0.84
0.72
0.703

1.355
1.19
0.005
0.936

0.78
0.61
0.85
0.42

0.58
0.69
0.88
0.39

1.04

1.23

0.8

0.68

NewZealand
North America and Europe
worldwide

16
367
180

1.5
0.94
0.799

1.22
1.114

0.73
0.71
0.64

0.53
0.38

north America and Europe
NewZealand

133
-

0.874
0.94

0.69
0.45

0.69
0.74

OECD
OECD shallow lakes and reservoirs
Finland
Denmark
Sweden
Norway
China

22
37
24
30
139 reservoirs

0.79
0.72
1.454
1.071
0.718
1.123
0.504

1.445
1.41(N:P
<17)
2.543
1.288
1.302
1.499
0.541

0.77
0.76
0.918
0.797
0.475
0.932
0.12

0.976
0.528
0.812
0.644
0.17

Europe
Brazil
Tropical and sub-tropical regions，in
Asia，Africa, and North and South America

>1000
20
136 Lakes
56 reservoirs

0.896
0.31
0.413

0.322
0.63
0.504

0.8
0.89
0.47

north America and Europe
North temperate lakes
China

133
127
139 reservoirs

0.517
0.653
0.393

0.838
0.548
0.316

0.81
0.76
0.20

Reference

Distribution

Number

Chl =f(TP); Chl =f(TN)
Phillips G., 2008 [12]
Abell J.M., 2010 [13]
Trevisan G.V.，2007 [5]
Huszar V.L.M., 2006
[26]
Wang H.J., 2008 [17]

Europe
Newzealand
Brazil
Tropical and sub-tropical regions，in
Asia，Africa, and North and South America
China, mid-lower Yangtze Basin

Pridmore R.D., 1985 [27]
Mazumder A., 1994 [28]
Nürnberg, G.K., 1996
[29]
Prairie Y.T., 1989 [3]
White E., 1983 [30]
OECD, 1982 [31]
Clasen J., 1980 [32]
Seip K.L., 2000 [33]

This study
Chl =f(TP,TN)
Phillips G., 2008 [12]
Trevisan G.V.，2007 [5]
Huszar V.L.M., 2006
[26]
Prairie Y.T., 1989 [3]
Smith V.H., 1982 [34]
This study
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algal growth with TN concentrations higher than 1.0 mg/L
and TP concentrations higher than 0.07 mg/L in water.
Most of the TN and TP concentrations in the reservoirs
were higher than the basic value in our data, which can
help explain the low prediction of Chl concentrations from
nutrients.
We found that TN can provide a better prediction of
Chl in middle and southern China according to the regression relationships for reservoirs in different latitudes. Chl
in northern China seems be better predicted by TP. The
differences among the regions may be attributed to the
natural abundance of phosphorus. The phosphorite in China
is located in the mid-latitude, where the background level
of phosphorus is higher than that in other areas, such that
the N-limitation in these reservoirs may be a product of
excessive phosphate inputs as opposed to a scarcity of
nitrogen. Widespread N limitation in tropical-subtropical
systems [35,36] can also explain the difference in regression relationships. Rising temperatures serve a significant
function in nitrogen removal, which promotes denitrification and ammonification, but dissolved oxygen increases the
benefits of nitrification [37]. Tropical–subtropical freshwater systems are therefore more conducive to N output
compared with temperate freshwater systems.
We found stronger relationships for Chl = f(TN) in
small reservoirs than in large and medium reservoirs.
Small reservoirs have small catchment areas and runoffs. Behrendt [38] also highlighted that a smaller catchment area has higher load-weight retention of phosphorus,
especially with low runoff and hydraulic load. Such characteristics can explain why the retention rates of phosphorus in small reservoirs located in mid-southern China are
higher than those of nitrogen, particularly because the
background value of phosphorus is high in this area. The
model of Chl = f(TN) and Chl = f(TP) in larger reservoirs
both predicted higher chlorophyll concentration than other
reservoirs. Basing from the results, we can infer that most
of the larger reservoirs tend to be lake-type. Havens and
Nürnberg [39] proposed that phytoplankton in stratified
lakes can adjust to reduced light availability by migration,
resulting in elevated Chl levels in surface layers. We can
only speculate as to the explanation for the positive effect
on the Chl = f(TN) and Chl = f(TP) relationships we found
in large reservoirs because we have insufficient information
to identify stratified and mixed reservoirs. However, we
can reasonably assume that larger reservoirs are very likely
to be stratified, and the higher yield we observed may be a
result of the vertical migration of phytoplankton.
N:P ratios were traditionally proposed as an index to
classify lakes or reservoirs into N– or P–limited categories, whereas the assessment criteria of nutrient limitation
is proposed as 10–17 [1]. The C:N:P (106:16:1by atoms
or 41:7:1 by mass) proposed by Redfield [40] was extensively used as the criterion to assess nutrient limitation. In
the present study, the regressions of Chl = f(TP) and Chl
= f(TN) for reservoirs with low or high TN:TP ratios
(TN:TP ≤ 10 or TN:TP > 25) have a similar assessment as

the criterion by Sakamoto, but the regressions of reservoirs in the middle categories (17 < TN:TP ≤ 25) have
similar slopes and R, indicating potential co-limitation by
N and P, which is different from the assessment criterion
(Table 2). Our dataset stepwise multiple regression
demonstrated that TN, rather than TP, is the better predictor of Chl in small reservoirs or reservoirs in southern
China (Table 1), and these reservoirs are more likely to
be limited by phosphorus rather than nitrogen according
to the assessment criteria. Some studies proposed that the
Redfield ratio is not a universal optimum ratio, but is
rather an average of the optimal N:P ratios among various
lakes [17, 41]. The nutrient limitation of a water system
may be affected by numerous factors, such as temperature, species and biomass of phytoplankton, and properties of nitrogen and phosphorus. N limitation has been
suggested to occur in temperate fresh water systems [34],
whereas P limitation occurs in tropical systems [42, 43].
A study of eutrophic lakes in Wuhan City shows that
blooms of M. aeruginosa were found in the lakes of
Lianhua and Nantaizi in May and July in 2004, respectively, when all TN:TP ratios were lower than 10. However, the results of RA and RDA revealed that the phytoplankton biomass was neither P–limited nor N–limited in
summer [16]. Xie [15] proposed that the process of P–
release from sediment was activated by the outburst result
instead of being the cause of Microcystis bloom. The
mechanism perhaps was that the organically bound P from
freshly settled autochthonous particles induces alkaline
phosphatase activity and facilitates the release of bioavailable phosphates from the organic sediments [44]. These
strengthened P-release resulted in increased TP concentration and decreased TN:TP ratios.
Most of the reservoirs in our study are located around
China and serve different functions, such as water supply,
hydroelectric power, flood control, and shipping. The numerous functions and complicated hydrologic conditions
have a multiplied effect on the ecosystem of reservoirs.
Recent information on reservoirs is insufficient. Thus, we
can only speculate on the explanations for the differences
among the regression relationships. Nonetheless, these models are, in many cases, the only method for reservoir managers to determine the relationship between nutrients and
algal biomass, a factor that can be potentially controlled.

5. CONCLUSION
In conclusion, TP and TN can be used to predict Chl
concentration. Our study shows the lower prediction of
Chl concentrations from nutrition than in lakes can be
attributed to the specificity of reservoirs. Chl is significantly related to either the TP or TN of reservoirs of different sizes or at different regions. We find that the
TN:TP ratio is not always an appropriate index to determine nutrient limitation in some reservoirs. TN was found
to be better predictor of chlorophyll in small reservoirs
and those in southern China, which is different from the
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assessment criterion of nutrient limitation by Sakamoto
(10–17). The same difference can also be found in reservoirs in the middle categories (17 < TN:TP ≤ 25) based
on TN:TP ratios.
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THE MACROBENTHIC COMMUNITY AND ITS
RELATIONSHIP TO THE CONTENTS OF HEAVY METALS
IN THE SURFACE SEDIMENTS OF TAIHU LAKE, CHINA
Jiajia Liu, Peifang Wang*, Chao Wang, Jin Qian, Jun Hou and Bin Hu
Key Laboratory of Integrated Regulation and Resource Department on Shallow Lakes, Ministry
of Education, College of Environment, Hohai University, 1 Xikang Road, Nanjing 210098, PR China

ABSTRACT
To analyze the relationship between macrobenthic
community structure and heavy metal contamination in the
sediments of Taihu Lake, benthic macroinvertebrate assemblages and sediments were sampled at 34 sites in eight
subareas of Taihu Lake in August of 2009. The macrobenthic community demonstrated low diversity, with only
18 species found in the entire lake area: 13 species of
mollusks, 3 species of annelids and 2 species of arthropods, which accounted for 72%, 11% and 17% of the lake
area, respectively. By using a sediment quality guidelines
(SQG) approach and metal normalization to Fe, this study
revealed a clear signature of anthropogenic contamination,
in terms of Zn, Cu, Mn and Cr, in the north bank (Gonghu
Bay, Zhushan Bay and Meiliang Bay); moreover, this region experienced high urban pressure. Heavy metal concentrations above the ERM (effects range—median) were
observed at only one sampling station, but five sampling
stations (Gonghu Bay, Zhushan Bay and Meiliang Bay)
had levels above the ERL (effects range—low). The biomass-sediment accumulation factors (BSAFs) showed
that the soft structure of the dominant species Corbicula
fluminea had a distinct Cd enrichment and the soft structure of Margarya had enrichments of Zn, Cu and Mn. The
metals (Zn, Cu, Pb and Cr) appeared to act as a disturbing
factor over the natural distribution, with deleterious consequences for the macrobenthic communities.

KEYWORDS:
Macrobenthic community; Sediments; Heavy metals; Taihu Lake

1. INTRODUCTION
Sediment contamination represents one of the worst
environmental problems faced by riverine ecosystems.
Sediments may act as sinks and as sources of contaminants
* Corresponding author

in aquatic systems [1, 2]. Contaminants, including heavy
metals, can be introduced into the aquatic environment
and accumulate in sediments by several pathways, including the disposal of liquid effluents, runoff and leachates
carrying chemicals originating from a variety of urban,
industrial and agricultural activities and by atmospheric
deposition. Interpreting the effects of such disturbances on
riverine ecosystems is often complex and confounding because dynamic physical, chemical and geologic conditions
may interfere with the assessment of anthropogenic impacts on riverine biotic integrity [3, 4]. The riverine community structure also changes as a continuum on various
spatial and temporal scales depending on the natural and
anthropogenic gradients that occur [5].
Macrobenthic communities are good indicators of biotic integrity. Because of their life-history characteristics,
benthic organisms are suitable for evaluating environmental change and the impacts of environmental contaminants. Their sedentary lifestyle reflects local sediment
conditions; their life spans integrate the impact of contaminants over time; they inhabit the sediment-water interface where contaminants accumulate; and different levels
of tolerance to contaminants exist among the different
species represented in macrobenthic communities [6].
Heavy metals are inert in the sediment environment
and are often considered conservative pollutants [7]; moreover, they can be released to the water column from sediments in response to certain disturbances [8] and pose a
potential threat to ecosystems [9, 10]. Contour mapping of
sediments is widely used to represent the abundance and
distribution of various chemical substances. The determination of heavy metals in lake sediments has been used extensively [11, 12], but few studies have focused on the spatial
distributions of heavy metals in sediments using a sediment quality guidelines (SQG) and metal normalization to
Fe. The natural occurrence of metals in the environment
complicates the assessment of potentially contaminated
sediments because high quantities of metals do not necessarily imply anthropogenic enrichment. The normalization
of sediment to a reference element not associated with
anthropogenic effects is a convenient approach for deter-
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mining the degree of sediment contamination. To assess
the possible anthropogenic impact, several authors [1315] have successfully used Fe to normalize trace metal
contaminants. In this study, Fe was chosen as a normalizing element because the ratio of metal to Fe is fairly constant in the earth’s crust [13].
With the rapid development of industry and agriculture and population growth, increasing amounts of nutrients, heavy metals and other pollutants are released continuously into lakes by river runoffs [16-19] or bulk depositions [20, 21]. Among 27 lakes monitored in China,
nearly 60% have been polluted by anthropogenic activities and cannot meet the requirements of daily life and
agricultural irrigation [12, 22]. Taihu Lake is important
for its role in flood control, water supply, cultivation,
irrigation, navigation and tourism. Taihu Lake was recognized as an area heavily contaminated by Pb, Cu, and Zn
because of the increasing release of pollutants [23]. Macrobenthic communities and species are good indicators of
heavy metal contamination. There are few studies that have
addressed the macrobenthic distribution in Taihu Lake. In
particular, the heavy metal content inside the benthos
body and its relationship to the heavy metal content in
sediments had rarely been discussed. Biomass-sediment
accumulation factors (BSAFs) can reflect animals’ ability
to accumulate heavy metals from surrounding sediments
[24]. BSAFs can provide more quantitative indicators for
the evaluation of the distribution of different heavy metals
in biological organisms and sediments. It is necessary to
investigate the spatial distributions of macrofauna communities and the heavy metal content in soft tissues and to
assess the ecological risks caused by the heavy metals in
sediments from Taihu Lake to protect the water quality
and the ecological environment.
The objectives of this study were (1) to investigate
the community structure and spatial distribution of the
macrofauna and the heavy metal content of the dominant
species throughout all of Taihu Lake; (2) to evaluate the
source of heavy metal pollution in the surface sediments
using the SQG index and metal normalization to Fe; (3)
reflect animals’ ability to accumulate heavy metals from
the surrounding sediment by BSAFs. Based on this information, this paper presents a classic example of the impact of heavy metal pollution on benthic communities in
shallow water.
2. MATERIAL AND METHODS
2.1. Study area

Taihu Lake is the third largest freshwater lake in China and is situated in the southern Yangtze River Delta
between 30°56′– 31°33′N and 119°53′– 120°36′E. The
lake occupies an area of 2338 km2 and has a mean depth
of 1.9 m (Fig. 1). Taihu Lake is 68.5 km long (N–S) and
an average of 34 km wide (E–W), with a total shore length
of 405 km. Its total storage capacity is 4.76 km3. There

are six large cities and approximately 34.2 million people
that live around the lake. Taihu Lake is very important for
both the people living there and the economic development of the surrounding area. The lake region is the most
developed area and has the highest population density in
China [16]. Human impacts on the lake have been severely
exacerbated since the 1980s, and many types of industrial
companies have been established in this watershed. Without a complete drainage system, sewage and industrial
waste-water are released into the lake. The sediments found
in Taihu Lake have been characterized as containing no
heavy metal pollution in the southern area to moderate
pollution in the northern area [17].
Taihu Lake can be divided into eight sub-zones as
shown in Fig. 1 (Zhushan Bay, Meiliang Bay, Gonghu Bay,
East coast area, East Lake Taihu, South coast area, West
coast area and Lake center area) according to their hydrology, hydrodynamic and ecological characteristics [17,
25]. Gonghu Bay is the central hub of water conduction
engineering from the Yangtze River through the Wangyu
River and to Taihu Lake and is the most important source
of drinking water for Wuxi and Suzhou. Zhushan Bay,
Meiliang Bay and the West coast area are regarded as the
most polluted areas due to the release of domestic sewage
and industrial effluents. There are many aquatic plants
and fishes in East Lake Taihu. The Suzhou City and
Wujiang economic development zones are located near
the East coast area, where there are many electronic technology companies and metal product factories. The South
coast area is near a tourist area called Nanxun. The Lake
center area has experienced relatively less disturbance.
2.2. Sediment sampling

The sampling sites in each region were determined by
the global positioning system (GPS). The number of sampling sites at each of the above-mentioned regions is six
(ML1-4, ML33-34), nine (GH24-32), two (EA20-21), two
(ELT18-19), two (SA16-17), three (WA11-13), four (ZB710) and six (LC5-6, LC14-15, LC22-23). Fig. 1 shows the
general location of the study area.
The sampling of sediments at each site was performed with a Peterson grab (1/16 m2) in August of 2009.
Álvarez-Cabria et al. [26] determined that autumn was the
best season to sample macroinvertebrate communities for
biomonitoring purposes. In August, macroinvertebrate
communities are widely distributed over all of Taihu
Lake, providing a representative sample, and the lake is
recognized as the most diverse and productive ecosystem
[27]. The obtained sediment samples were elutriated with
a 60-mesh sieve and transferred to a white tray for further
collection of benthic macroinvertebrates. The collected
organisms were stored in 70% ethanol. The samples were
immediately brought to the laboratory and stored in the
dark at 4 for preliminary laboratory handling.
The samples were transferred to the laboratory in an
icebox and were processed within 18–24 h. Before analysis, the sediment samples were dried, ground, sieved with
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FIGURE 1 - Area of study with the locations of the 34 sampling stations. ZB: Zhushan Bay, ML: Meiliang Bay, GB: Gonghu Bay, EA: East
coast area, ELT: East Lake Taihu, SA: South coast area, WA: West coast area, LC: Lake center area.

a 100-mesh sieve and stored in plastic containers that
were cleaned with 1:1 HNO3.
2.3. Chemical analysis

The benthic macroinvertebrate samples were identified at the species level when possible using stereoscopes;
a list of the taxa and their abundances was generated
using the laboratory identifications. The number of individuals in each species or genus was converted to the
number of individuals per square meter. The soft tissues
of the dominant species (Margarya and Corbicula
fluminea) were extracted, dried, ground, sieved with a
100-mesh sieve and stored in plastic containers for the
determination of the heavy metal concentrations.
Three duplicates of 0.2 g sediment samples were digested by microwave digestion with ultrapure HNO3 (6
ml), 1 ml of H2O2, 4 ml of HF and 0.5ml of HCLO4. After
complete digestion, the acids were evaporated to near
dryness, and the residues were re-dissolved in 1 mlM
HNO3 [28]. The heavy metal concentrations of Fe, Cd, Cr,
Ni, Cu, Pb, Zn and Mn were determined in the final solutions by ICP-AES using a volume-based flow injection
procedure. Blank extraction (without sample) was performed throughout the entire procedure. For all of the
metals, the analytical precisions were better than 10%.
The percentage of recovery ranged from 85 to 104%.

2.4. Data analysis

The macrofauna was sorted, enumerated and identified to the lowest possible taxon (usually to the species
level). Data regarding the individuals per species were
used to calculate various biological parameters, including
abundance (A; individuals/m2), biomass (B; g/m2), number
of species (S), Margalef’s species richness index (R) [29],
Shannon diversity index (H) [30] and Pielou’s evenness
index (J) [31].
Mapping of the environmental and biological variables in the studied area was performed with the ArcGIS
9.2 software, using kriging as the gridding method. Pearson’s correlation analysis was used to determine the relationship between the sediment characteristics and the
biological parameters. The software program SPSS 17.0
and Excel 2003 were used in this analysis.
3. RESULTS
3.1. Macrobenthic community structure
3.1.1 Species composition and distribution

The macrobenthic community in the Taihu Lake
demonstrated low diversity, with only 18 species found
throughout the entire studied area; the species were mollusks, annelids and arthropods (Tab. 1). Thirteen types of
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mollusks, three kinds of annelids and two kinds of arthropods were observed, accounting for 72%, 11% and 17%
of the lake area, respectively. The community was dominated by mollusks and annelids. Margarya and Corbicula
fluminea were the most widely distributed macrobenthics.
Thirteen macrobenthic species were collected in
Meiliang Bay; nine mollusks, three annelids and one
arthropod, which accounted for 69.2%, 23.1%, 7.7% of
the lake area, respectively. Eleven macrobenthos species
were collected in Gonghu Bay, including nine mollusks
and two annelids, accounting for 82% and 18% of the
lake area, respectively. Nine macrobenthos species were
collected in the West coast area, including seven mollusks
and two annelids, accounting for 77% and 23% of the
lake area, respectively. Six macrobenthic species were
collected in East Lake Taihu, including five mollusks and
one annelid, accounting for 83.3% and 16.7% of the lake
area, respectively. Four macrobenthic species were collected in the South coast area, including three mollusks
and one annelid, accounting for 75% and 25% of the lake
area, respectively. Three macrobenthic species were collected in Zhushan Bay, including one mollusk, one annelid and one arthropod, each accounting for 33.3% of the
lake area. Two macrobenthic species were collected in the
Lake center area, including one mollusk and one annelid,
each accounting for 50% of the lake area. Only one type
of macrobenthic species was collected in the East coast
area.

365.81 ind./m² and the average biomass was 301.87 g/m²
throughout all of Taihu Lake. The average density of the
macrobenthic communities in the eight sampling areas
ranked as follows: LC > WA > ELT > GH > ML > ZS >
SA > EA. The average biomass of the macrobenthic
communities ranked as follows: ELT > GH > WA > ML
> ZS > LC > SA > EA (Fig. 2). The density and biomass
among the eight lakes areas varied greatly. The average
density and biomass of Gonghu Bay were the highest at
330.4 ind./m² and 430.9 g/m², respectively. Corbicula
fluminea was the dominant species in Gonghu Bay. The
high corbicula fluminea density in Gonghu Bay was the
main reason for the high biomass observed.
The highest abundances (A) occurred in the Lake
center area, and lower abundances were registered in the
vicinity of Zhushan Bay and the South coast area and in
the estuary of the East coast area and East Lake Taihu.
The average values of the Shannon-Wiener diversity (H),
Margalef species richness (R) and evenness (J) indices
were 1.60, 1.41 and 0.47, respectively. The changes in
these indices were consistent among the eight lake areas.
The highest diversity indices (H) were observed along
Meiliang Bay, Gonghu Bay, Zhushan Bay and East Lake
Taihu.
3.2. Concentrations of heavy metals in the sediment

A large amount of variation in the sediment characteristics was observed within the studied area (Fig. 3). Cu
and Cr concentrations followed a similar distribution,
with the highest values observed in the north bank. The
lowest concentrations of Cu and Cr were observed in the
west bank and in the region downstream of the east bank.

3.1.2 Spatial variation of the diversity index

The biological parameters are mapped in Fig. 2.
The average density of macrobenthic communities was

TABLE 1 - The frequency and total and maximum abundances at the 34 sampling stations in the different regions of Taihu Lake (%)
Species
Mollusca
Corbicula nitens
Corbicula fluminea
Hyriopsis cumingii
Lanceolaria gladiola
Anodonta woodiana

ML

LC

WA

ZS

SA

ELT

EA

GH

Maximum Station

60

0

40

0

0

0

0

0

ML2

13
40
0
100

25
0
0
0

27
0
0
0

6
0
0
0

3
0
0
0

0
0
0
0

0
0
0
0

25
60
100
0

Unio douglasiae

33

0

67

0

0

0

0

0

Limnoperna fortunel

0

0

0

0

0

100

ZS7
GH29
GH27
ML1
ML2/
ZS9/
ZS10
GH29

Bellamya purificata

20

0

28

0

0

32

0

20

Cipangopaludina chinensis
Radix swinhoei
Parafossarulus striatulus
Cipangopaludina cathayensis
Tricula
Annelida
Branchiura sowerbyi
Limnodrilus hoffmeisteri
Glossiphonidae
Arthropoda
Gammarus
Leptdceridae

0
0
5
11
29

0
0
0
0
0

0
0
7
12
18

0
0
0
0
0

0
0
3
0
1

100
0
55
21
28

0
0
0
0
0

0
100
30
56
25

43

0

0

0

0

0

0

57

28
82

4
0

12
18

46
0

1
0

1
0

5
0

2
0

0

0

0

100

0

0

0

0

100

0

0

0

0

0

0

0

0

0
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FIGURE 2 - Mapping of the abundance (A; individuals/m2), biomass (B; g/m2), number of species (S), Margalef’s species richness index (R),
Shannon diversity index (H), Pielou’s evenness index (J).

The highest contents of Zn and Mn were observed in the
estuary, and the lowest contents were observed near the
east bank. The highest Mn concentrations were observed
in the west bank near Zhushan Bay, and the lowest values
were observed in the east bank. The highest concentrations of Pb and Cd were observed in Gonghu Bay, near
the tributary, and the lowest concentrations were registered in the downstream region of the east bank.
Regarding the Zn, Cu, Pb and Cr contents, the sediment quality guidelines (ERL/ERM) indicate that 5 out of
the 34 stations had values above the ERL, and these sta-

tions were located on the north bank (Gonghu Bay, Zhushan Bay and Meiliang Bay) (Fig. 4). With respect to the
Cd content, none of the 34 stations presented values
above the ERL. Near the mouth of Zhushan Bay, a Zn
content equal to the ERM at station 10 was observed. In
the estuary of Zhushan Bay, Zn, Cu and Cr contents
above the ERL were observed at stations 9 and 10 and a
Pb content above the ERL was observed at station 10. In
the estuary of Meiliang Bay, Zn concentrations above the
ERL were observed at stations 1 and 2. In the estuary of
Gonghu Bay, Zn and Pb concentrations above the ERL
were observed at station 28.
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According to the value of R2, heavy metal elements
can be divided into three categories (Fig. 3). The first
category is represented by Pb, R2 = 0.7202, whose data
are scattered closely around the linear regression line; in
this case, the correlation with the reference element Fe is
clear (%). This result indicates that most of the Pb was
derived from a natural source. The estuary of Zhushan
Bay is in a drain outlet, and Pb contents above the ERL
were observed at station 10. The second category is represented by Cu, Cd and Cr. Although the data obtained for
these elements are more closely scattered around the
linear regression line, there is no significant correlation
with the reference element Fe (%), illustrating that the
three elements had certain characteristics indicating man-

made pollution. None of the 34 stations had Cd contents
above the ERL. In the estuary of Zhushan Bay, Cu and Cr
concentrations above the ERL were observed at stations 9
and 10. The third category is represented by Mn and Zn,
the correlation between the element ration was poor, indicating man-made pollution. Near the mouth of Zhushan
Bay, the content of Zn was close to the ERM at station 10.
3.3. Heavy metal concentrations of Margarya and Corbicula
fluminea
3.3.1 Heavy metal concentrations of Margarya in different
regions of Taihu Lake

Margarya were widely distributed in the East Lake
Taihu, Gonghu Bay, the West coast area and Meiliang

FIGURE 3 - Mapping of the total heavy metal content in the sediment.
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Bay (Tab. 1).The inter-spatial concentrations of Pb, Cu,
Mn, Zn, Cr and Cd in the soft tissues of Margarya from
the four lake regions are presented in Fig. 5.
The average soft tissue concentrations in the Taihu Lake
were 3.4 mg/kg (Cd), 12.0 mg/kg (Pb), 455.6 mg/kg (Cu),
91.9 mg/kg (Cr), 408.1 mg/kg (Zn) and 131.4 mg/kg (Mn).
The highest heavy metal concentrations were recorded in
the East Lake Taihu, (except Zn). As is shown in Fig. 5,
the soft tissue concentrations of heavy metals such as Zn,
Ni, Pb, Cr and Cd in Margarya collected from the East
Lake Taihu and Gonghu Bay were generally higher than
those collected in the West coast area and Meiliang Bay.
The concentrations of Cu reached the highest levels in the
East Lake Taihu and West coast area.

of Cu was observed. There was no significant difference
between the six regions in Corbicula fluminea body concentration of Zn. The Cd, Pb, Cr and Mn concentrations
recorded in Corbicula fluminea indicate the dominance of
urban and industrial sources along the West coast area,
because these sites are located west of the Taihu Lake,
which receive industrial wastewater effluents from the
industrial area. The majority of wastewater undergoes
minor treatment.
3.3.3 Heavy metal of biomass-sediment accumulation factors
(BSAFs)

To estimate the proportion in which metals occur in
the organism and in the associated sediment, the BSAFs
were calculated for the selected metals (Cu, Pb, Cd, Mn, Zn
and Cr) in the mollusks studied according to the formula:

3.3.2 Heavy metal concentrations of Corbicula fluminea in
different regions of Taihu Lake

BSAFS = C X CS

Corbicula fluminea were widely distributed in the
Zhushan Bay, Meiliang Bay, Gonghu Bay, South coast
area, West coast area and Lake center area (Tab.1). The
inter-spatial effects on the variability of the heavy metal
concentrations in the soft tissues of Corbicula fluminea
from six lake regions are presented in Fig. 6.
The average metal concentrations in the soft tissues
of Corbicula fluminea in the Taihu Lake were 5.3 mg/kg
(Cd), 9.0 mg/kg (Pb), 74.5 mg/kg (Cu), 89.1 mg/kg (Cr),
144.1 mg/kg (Zn) and 83.5 mg/kg (Mn). The highest
values of Zn, Pb, Cr and Mn were recorded in the West
coast area. The highest values of Cd were recorded in the
Zhushan Bay. In the Lake center area, the highest value

CS

In the Taihu Lake, the BSAFs vary with sampling points
and animal species. The BSAFs of Zn and Cu in Margarya
and Corbicula fluminea were the highest. The BSAFs of
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The biomass-sediment accumulation (BSAFs) can reflect
ability of the animals to accumulate heavy metals from the
surrounding sediment [24]. It provides more quantitative
indicators for the evaluation of different heavy metals distribution in biological species and sediments.
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FIGURE 6 - The heavy metal concentrations of Corbicula fluminea in different regions of the Taihu Lake (mg/kg): (a) Pb (b) Cu (c) Mn (d)
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1707

© by PSP Volume 23 – No 7a. 2014

Fresenius Environmental Bulletin

TABLE 2 - BSAFs of Margarya and Corbicula fluminea
Species
Margarya
Corbicula fluminea

BSAFs-Pb
0.3990
0.3361

BSAFs-Cu
9.4000
1.8247

BSAFs-Mn
3.5431
2.2515

BSAFs-Zn
5.0547
2.2025

BSAFs-Cr
1.1647
1.6031

BSAFs-Cd
2.4530
4.5533

TABLE 3 - Pearson correlation between the biological parameters: abundance (A), biomass (B), number of species (S), Shannon diversity
index (H), Pielou’s evenness index (J), Margalef’s species richness index (R) and sediment characteristics

Pb
Cu
Mn
Zn
Cr
Cd
Fe
Pb/ Fe
Cu / Fe
Mn / Fe
Zn / Fe
Cr / Fe
Cd / Fe
* P<0.05.
** P<0.01.

A
-0.165
-0.152
-0.289
-0.185
-0.208
-0.081
-0.263
-0.006
-0.098
-0.259
-0.177
-0.17
-0.029

B
0.258
0.045
-0.234
0.057
0.044
0.227
0.162
0.221
0.022
-0.282
0.039
-0.003
0.247

S
0.466*
0.617**
0.346
0.565**
0.555**
0.251
0.293
0.401*
0.623**
0.315
0.573**
0.570**
0.232

Mn and Cd were also higher. The BSAF value for Pb was
low. Corbicula fluminea soft tissue had an obvious enrichment of Cd, and Margarya software organization had
an obvious enrichment of Zn, Cu and Mn.
3.4. Relationships between environmental and biological
variables

The biological parameters (Fig. 2) were tested for significant correlations with sediment characteristics (Fig. 3),
and Zn, Cu, Pb, Mn, Cd and Cr were normalized to Fe
(M/Fe) using the Spearman rank coefficient; the results
are shown in Tab. 3. The normalization provides an estimate of the sediment type because Fe is typically used as
a substitute for grain sizesin such calculations. The results
contradict those obtained from the correlations between
the abundance and biomass and heavy metal contents. The
number of species (S), the Shannon diversity index (H),
Pielou’s evenness index (J) and Margalef’s species richness index (R) were positively correlated with the contents of Zn, Cu, Pb, Cr, Zn/Fe, Cu/Fe, Pb/Fe and Cr/Fe.
4. DISCUSSION
Only 18 macrobenthic species were observed in the
Taihu Lake. The number of mollusk species was much
higher than that of annelids or arthropods in the eight lake
districts, and the species numbers showed clear differences. Meiliang bay, Gonghu Bay and the West coast area
showed the largest number of species. High contents of
Zn, Cu, Pb and Cr were observed in Gonghu Bay, Zhushan
Bay and Meiliang Bay. The community was dominated by
Mollusca, a non-selective feeding species indifferent to
pollution [32, 33]. Margarya and Corbicula fluminea are

H
0.538**
0.548**
0.342
0.611**
0.537**
0.293
0.216
0.540**
0.551**
0.325
0.622**
0.565**
0.28

J
0.529**
0.480**
0.305
0.564**
0.487**
0.316
0.221
0.507**
0.467*
0.284
0.569**
0.504**
0.289

R
0.466*
0.617**
0.346
0.565**
0.555**
0.251
0.293
0.401*
0.623**
0.315
0.573**
0.570**
0.232

referred to as pioneering species because of their rapid
rates of reproduction and development [6]. The presence of
these species could be related to a high resistance to contaminants. The imbalance of the macrobenthic species and
the biomass was closely related to the lake form, sediment
and water quality. Fishing cages and sewage inflows over
a period of years have accelerated the eutrophication level
of Taihu Lake. Limnodrilus hoffmeisteri have the ability
to concentrate heavy metals and was observed in the eight
lake districts (Tab. 1).
The most disturbed community structures were located in Zhushan Bay, indicated by the lowest abundances
(A) and the highest species richness (R) (Fig. 2). The black
mud and humus at the bottom of Zhushan Bay and the blue
algae outbreak period caused by the wind facilitates the
deposition of a large amount of blue algae, which causes
the bottom layer to lack oxygen and makes it difficult for
aquatic organisms to survive. Other disturbing factors that
could eventually affect the macrobenthic community
include the physical instability of the sediments. Despite
identifying the resuspension processes, such as floods and
dredging operations, which are known to occur regularly
in the Taihu Lake, we do not have specific data regarding
the impacts of these processes on the sediment structure.
Taihu Lake showed rather high small-scale variations
in its sediment characteristics. Some zones can be highlighted due to their specific characteristics. The contents
of Mn, Cu and Cr were low and the contents of Zn and Pb
were high in East Lake Taihu. The Lake center area
showed the lowest metal concentrations (except for that of
Mn). The SQG system has been adopted as an informal
tool to evaluate sediment chemical data in relation to
possible adverse effects on aquatic biota. The ERL (ef-
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fects range—low) and the ERM (effects range—mean)
concentrations have been established for eight metals and
metalloids (As, Cd, Cr, Cu, Pb, Ni, Ag, and Zn). These
values reflect the concentrations at which toxicity can be
observed (ERL) and the concentrations above which adverse effects may occur (ERM) [34, 35]. With respect to
the Zn, Cu, Pb and Cr contents, the sediment quality guidelines (ERL/ERM) indicate that 5 out of the 34 stations had
metal concentrations above the ERL; these stations were
located in the north bank (Gonghu Bay, Zhushan Bay and
Meiliang Bay) (Fig. 3). The enrichment of pollutants in
the north bank was evident. The concentrations of Zn, Cu,
Pb and Cr at the five stations are considered to be responsible for the adverse effects on the benthic fauna because
they exceeded the ERL. In the present study, the pollutant
enrichment effect was evidenced by the reduced number
of species and the reduced macrofaunal abundance; these
results support those reported in previous studies [32, 36].
The macrobenthic (Margarya and corbicula fluminea)
enrichment coefficient showed that the ability to accumulate heavy metals was different between Margarya and
Corbicula fluminea; the concentrations of heavy metal
elements in the different lake districts were also significantly different.

Cu, Zn and Cr were above the ERL at several stations.
The possibility of these sediments being toxic to living
organisms could not be excluded.
Corbicula fluminea soft structures showed distinct Cd
enrichment, and the soft structures of Margarya showed
distinct enrichments of Zn, Cu and Mn. By normalizing to
the concentration of Fe, contamination by the heavy metals Zn, Cu, Pb, and Cr appears to be the major structural
factor affecting the macrobenthic communities of Taihu
Lake.
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CASE OF WEI RIVER CATCHMENT IN CHINESE LOESS PLATEAU
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ABSTRACT
Soil erosion is a global environmental problem and a
major threat to terrestrial ecosystems. The Chinese Loess
Plateau is one of the world’s most severe water erosion
regions. The occurrence of water erosion is closely related
to short-duration and high-intensity rainstorms and peak
runoff. It is, therefore, important to simulate the rainfallrunoff relation in order to evaluate and prevent soil erosion. To this end, we utilized the Distributed Time Variant Gain Model (DTVGM) to simulate the hydrological
processes in Wei River catchment (Chinese Loess Plateau). The simulation was performed from January 2002 to
December 2007, at daily and monthly time scales. The
results showed that the Nash-Sutcliffe coefficient (CNS)
values were 0.73 and 0.55 in calibration and validation
periods at daily time scale, and the correlation coefficient
(Coe) values were 0.86 and 0.74 for the same periods. At
monthly time scale, the CNS was 0.78 and the Coe value
was 0.90. In addition, the Water Balance Relative Error
(WE) values were in a reasonable range at daily and monthly
time scales. The study confirms that the DTVGM is a reliable tool for simulating water resources, which can be used
to evaluate and prevent soil erosion in the Loess Plateau,
and that it is a potential tool for environmental protection
and sustainable development.

KEYWORDS: Soil erosion, runoff simulation, distributed hydrological model, DTVGM, parameter optimization

cultivated land and water pollution, but also to flooding
that has resulted in the loss of people's lives and property
[3-5]. The Chinese Loess Plateau is one of the most severe water erosion regions in the world [6, 7]. In this region, short-duration and high-intensity rainstorms frequently
occur and produce peak runoffs. Rainfall and runoff represent the primary sources of energy for soil detachment and
transport in water erosion processes [8]. Thus, the identification of a reliable tool for simulating the rainfall-runoff
relation in order to evaluate and prevent soil erosion is
important.
Computer technology has enabled the application of
distributed hydrological models to water resource-related
problems, in order to turn a vision into reality [9]. Distributed hydrological models can convey the spatial heterogeneity of runoff, provide detailed descriptions of the
hydrological processes, and assess the impact of naturaland human-induced changes to water resources in watersheds [10]. Generally, compared to lumped models, spatially distributed hydrological models can simulate more
detailed and accurate results [11].
The main object of this study was, therefore, to run
the Distributed Time Variant Gain Model (DTVGM) to
simulate runoff and evaluate its performance in the Chinese Loess Plateau in order to determine if the DTVGM
can be a reliable tool for evaluating and preventing soil
erosion.
2. MATERIALS AND METHODS

1. INTRODUCTION

2.1 Study area

Soil erosion is an environmental problem of global
importance that threatens sustainable agriculture and ecosystems [1, 2]. It has not only led to the desertification of
* Corresponding author

The Wei River catchment (Fig. 1) is located at 104°00′
to 109°08′E and 33°50′ to 36°09′N, covering an area of
approximately 46,827 km2. Its elevations range from 362 to
3644 m above sea level. It is one of the most severely eroded regions in the Chinese Loess Plateau. The sediment
content level is very high in the Wei River; average
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Loess Plateau

FIGURE 1 - Location, topography, and distribution of hydrological and meteorological stations in the Wei River catchment, China.

annual sediment discharge at the Xianyang hydrological
station is 170 million tons. The catchment is in an area of
transition from humid to semi-arid areas, with annual
mean temperatures of 6-13 °C. Annual precipitation ranges
from 450 to 700 mm. The temporal distribution of precipitation during the year is uneven, with approximately 80%
of precipitation falling between July and September. Annual evapotranspiration is approximately 400 to 600 mm.
2.2 Model Structure

Fig. 2 shows the structure of the Distributed Time
Variant Gain Model (DTVGM). The input data are daily
precipitation (P), potential evapotranspiration (ETp), digital
elevation model (DEM), and land-use. The outputs include river discharge and other water balance components,
such as actual evapotranspiration (ETa) and soil moisture

ETa

storage. The vertical soil layer of the DTVGM in the
paper comprises three soil layers: an upper layer, a lower
layer, and a deep layer. AWu is the soil water storage in the
upper soil layer (%), AWd is that in the lower soil layer
(%), and AWg in the deep soil layer (%). Rs, Rss, Rds,and Rg
are, respectively, surface runoff, interflow of upper soil
layer, interflow of lower soil layer, and ground water (mm).
RT is the total runoff (mm). The model has 12 parameters:
one evapotranspiration parameter, KET; ten runoff generation
parameters g1, g2, Ks, Kd, Kg, Fss , Fsd, Thicks, Thickd, and
Thickg; and one runoff routing parameter, Mc. The semiphysical meaning of the model parameters and the range
of parameter values are given in Table 1. Since the DTVGM
was developed by Xia et al. [12] in 2005, it has been applied to several basins [12-14], obtaining satisfactory results. The detailed DTVGM modules are listed below.

DEM, Land use, P, ETp

KET

g1, g2
AWu
AWd
AWg

Ks
Kd
Kg

Rs
Rss
Rds
Rg

RT

Mc

FIGURE 2 - The structure of the DTVGM hydrological model.
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(1) Potential evapotranspiration

Potential evapotranspiration is estimated by the Penman–Monteith (PM) equation advised by FAO, which has
been successfully applied in this area [15]. It calculates
the total potential evaporation and transpiration from the
earth’s surface using synoptic meteorological data (solar
radiation, air temperature, vapor content, and wind speed).

The final land-use data were reclassified into 6 different
types of land-cover: forest, pasture, agriculture areas, water, urban, and unused land. The soil types were derived
from the Harmonized World Soil Database (HWSD), and
were then classified according to the Genetic Soil Classification of China. The properties of each soil type were
determined from the software Soil - Plant - Atmosphere –
Water Field & Pond Hydrology (SPAW).

(2) Actual evapotranspiration

The calculation equation for actual evapotranspiration
in DTVGM can be expressed as Eq. (1).

ETa = K ET .ET p

(1)
where, KET is the coefficient for calculating actual
evapotranspiration, ETp is the potential evapotranspiration (mm), and ETa is actual evapotranspiration (mm).
(3) Runoff generation

DTVGM calculates runoff in terms of grid. In horizontal space, the model divides the study area into regular
grids based on DEM. For each unit, the vertical direction
of the DTVGM model in the paper comprises three layers: an upper soil layer, a lower soil layer, and a deep soil
layer. Each soil layer interflow can be calculated by a water
balance equation and a storage-outflow equation. The primary runoff equations are, respectively, Eqs. (2)-(5).
g2

& AWs #
!! . p '
Rs = g1.$$
% WM s .C "
Rss = AWu .K s .Thicks

(2)
(3)

Rds = AWd .K d .Thickd

(4)

Rg = AWg .K g .Thick g

(5)

TABLE 1 - Parameters and parameter range in the used model.
Name
g1
g2
R
Ks
Kd
Kg
Fss

Min
0.001
1.000
0.010
0.001
0.010
0.001
0.001

Max
1.000
10.000
1.000
1.000
1.000
1.000
1.000

Description
Coefficient of time-variant gain factor
Coefficient of time-variant gain factor
Initial ratio of soil water in upper soil layer
Storage-outflow coefficient for upper soil layer
Storage-outflow coefficient for lower soil layer
Storage-outflow coefficient for groundwater
Infiltration rate for upper soil layer to lower
soil layer
Fsd
0.001 1.000 Infiltration rate for lower soil layer to deep soil
layer
Thicks 200.000 700.000 Thickness of the upper soil layer
Thickd 200.000 700.000 Thickness of the lower soil layer
Thickg 200.000 700.000 Thickness of the deep soil layer
KET
0.001 1.000 Parameter for ET calculation
MC
0.001 0.100 Manning’s coefficient

All meteorological data involving such factors as precipitation, mean atmospheric pressure, mean temperature,
and so on, were downloaded from the China Meteorological Administration (CMA). These data were interpolated
into raster data using the ANUSPIN software developed
by Hutchinson in 2001 [16]. The software is based on the
principle of thin-plate smoothing spline, and is used to
provide an accurate spatial estimation of land surface climate variables, including elevation as a covariate to approximate the linear dependence of climate on elevation.
Table 2 provides an overview of the input data used
in the simulations.

(4) Flow routing

In DTVGM, the flow route is composed of a series of
ranked grids based on flow directions. The outlet grids
can be defined as the first rank, and the grids into which
water firstly flows are ranked second, and the rest are deduced by analogy. Flow routing is initiated from the grids
having a higher rank into the grids with lower rank. A
simplified kinematic wave model is adopted in DTVGM
and its formula is Eq. (6).

∂A ∂Q
+
=q
∂t ∂X

(6)
2

where, A is river cross section area (m ), t is time (s),
Q is discharge (m3.s-1), x is flow path (m), and q is lateral
inflow (m3.s-1).
2.3 Input data availability

A digital elevation model (DEM) of the river basin
was obtained from the Shuttle Radar Topography Mission
(SRTM). Land-cover data was obtained from the MODIS.

TABLE 2 - Overview of main input data.
Input data

Data type

Precipitation

Station
based
Station
based
Raster
Raster
Raster

Temperature
DEM
Land-use
Soil type

Time/Spatial
resolution
Daily

Data source

Daily

CMA

90 m
Yearly/500 m
1 km

SRTM
MCD12Q1
HWSD

CMA

2.4 Strategy of calibration

Because there were high numbers of uncertain parameters, calibration was necessary in order to simulate
the peculiar situation of the study catchment. In our study,
we completed the calibration of parameters in two steps:
at first, we used the manual calibration to determine the
reasonable initial values of parameters in intervals of the
parameters in Table 1; secondly, we employed the SCEUA method to carry out the auto-calibration to the parameters that were most sensitive to the model result.
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The SCE-UA was firstly developed by Duan et al. in
1992 [17], representing both a global and probabilistic
optimization algorithm. Multiple complex shuffling and
competitive evolution based on the simplex search method
[18] are the best features of the method. Employing multiple complexes and periodic shuffling effectively explore
the different promising regions of attraction within the
search space in case of getting trapped under local optima.
In essence, an optimal processor using the SCE-UA
algorithm is divided into the following several steps [19,
20]: 1) in terms of both the upper and lower boundary of
each parameter to be optimized, the method generates an
initial sample using a uniform probability distribution
within the feasible space of the parameters to be optimized,
2) the sampling points are ranked in order to increase criterion value, so that the first point represents the best criterion value and the last point represents the worst, 3) the
points are partitioned into different complexes, which are
evolved separately according to the Competitive Complex
Evolution (CCE) algorithm, based on the Nelder and Mead
Simplex Downhill Search Scheme, 4) shuffling these complexes and checking the convergence criteria so that the
shuffling procedures should be looped before the prespecified convergence criteria are achieved, and 5) to check
the reduction in the number of complexes in order to
remove the complex with the lowest ranked points.
In order to objectively estimate the performance of
the adapted DTVGM model, three statistical coefficients,
the Nash-Sutcliffe Coefficient (CNS, Eq. (7)), the Correlation Coefficient (Coe, Eq. (8)), and the Water Balance
Relative Error (WE, Eq.(9)) were utilized.
2

N

C NS = 1 −

∑ (Q

Ot

t =1
N

Ot

N

∑ (Q
t =1

Coe =

t =1

N

WE =

∑ (Q
t =1

St

− QOM

)

2

)(

− QSt QOt − QSt

St

)
(8)

N

∑ (Q

)

(7)

∑ (Q
t =1

− QS t

St

− QSt

− QOt

2

) (Q

Ot

− QOt

2

)

)
(9)

N

∑Q
t =1

where,

Ot

QOt is the observed runoff at the outlet in

t , QO represents the mean value of the observed
M
runoff, QS corresponds to the simulated runoff in time t,
t
time

and N is the days of simulation.

3. RESULTS AND DISCUSSION
The DTVGM model was calibrated for a 3-year period, from January 2002 to December 2004. Before running
the automatic calibration program, each model parameter
needed an initial value. Because the initial parameter
values could affect the automatic calibration and, therefore, diminish the effects, a primary manual calibration
was necessary. The function of manual calibration is to
give reasonable initial values to parameters, which will be
subsequently optimized. The parameter ranges are listed
in Table 1, and the simulation results are then compared,
both graphically and statistically, to the observed hydrograph at Xianyang station. The parameters obtained from
the calibration are kept constant for the validation period
(from January 2005 to December 2007).
After the manual calibration, the 10 parameters being
most sensitive to the simulation were selected to perform
the automatic optimization. Table 3 provides the initial
and optimal values of parameters in the automatic calibration.
TABLE 3 - Parameter values in automatic calibration at Xianyang
hydrological station.
No.
1
2
3
4
5
6
7
8
9
10

Parameter name
g1
g2
Kg
Fss
Fsd
KET
Thicks
Thickd
Thickg
MC

Initial value
0.10
9.50
0.0003
0.60
0.01
0.40
480.00
505.00
500.00
0.10

Optimal value
0.94
9.56
0.0004
0.67
0.02
0.33
613.00
415.00
214.00
0.09

After the initial parameter values were obtained from
the manual calibration, we set the number of complexes at
3, the minimum number of complexes at 3, and the number of loops, which terminated the model if no further
amelioration occurred, at 1000.
Fig. 3 represents the measured and simulated daily
hydrographs at the Xianyang hydrological station in the
model calibration, and Fig. 4 shows the result in the validation period.
In Fig. 3 and Fig. 4, we can see that this model could
simulate the general behavior of the observed runoff.
Although various statistical equations are employed to
estimate the performance of the hydrological model,
ASCE [21] recommends modelers to adopt the NashSutcliffe coefficient (CNS) to measure the goodness-of-fit
of models. Table 4 shows that the values of CNS were,
respectively, 0.73 and 0.55 in calibration and validation
periods, thus indicating that the model is an acceptable fit
and can be used for simulation [22, 23].
The Coe variable is used to represent the interrelated
extent of simulated and observed runoff. The range of
values is between 0 and 1. The closer the value is to 1, the
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FIGURE 3 - Graphical comparison between measured and simulated daily runoff at Xianyang station over the calibration period (from
January 2002 to December 2004).

FIGURE 4 - Graphical comparison between measured and simulated daily runoff at Xianyang station over the validation period (from
January 2005 to December 2007).

TABLE 4 - Performance of DTVGM at daily time step.
Time step
CNS
Daily

0.73

Calibration
(2002-2004)
Coe
WE
(%)
0.86
10.08

CNS
0.55

Validation
(2005-2007)
Coe
WE
(%)
0.74
-12.51

better is the performance of the model. In our study, the
values in calibration and validation are 0.86 and 0.74. The
values of Water Balance Relative Error (WE) are, respectively, 10.08% and -12.51% in calibration and validation
periods. The two indexes are also in a reasonable bias range.
Thus, results in Table 3 show that this model can be a useful tool when estimating the conditions of water resources
at other watersheds in the Loess Plateau.
Fig. 3 and Fig. 4 also show that the model underestimates peak discharges when calibration and validation
periods are within a few days. This phenomenon is cor-

roborated by the WE value (-12.51%) in the validation period. In spite of being undesirable, the phenomenon is common to the hydrological model simulation, and can be
attributed to the data set used in the simulation [24]. Specifically, it is possible that the bias between estimated and
observed peak flows in the study is because we had just
4 meteorological stations in the study area. When interpolating the meteorological datasets, the defect is enough to
generate spatially certain, unreasonable meteorological data,
especially for the rainfall values for convective rainfall
events, which are common in summer.
In fact, by comparing several studies [25-27], we find
that it is difficult to perfectly simulate and predict peak
discharge using a hydrological model. Just as Viola et al.
[27] who pointed out that the main factors creating the
appearance of limitations on estimations of peak discharge
were spatial variability of rainfall data and time step used
in the simulation. More detailed reasons that peak flows
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FIGURE 5 - Graphical comparison between measured and simulated monthly runoff at Xianyang station over the whole simulation period
(from January 2002 to December 2007).

are underestimated include: 1) the rainfall gauging network could not fully reflect the spatial variability of rainfall; 2) the daily hydrological simulation could not take
into account varying rainfall intensity, or even multiple
storms in one day account; or 3) reliability of observed
runoff values during occurrences of the highest discharges [9, 28].
Subsequently, we also examined the effect of the
runoff simulation at monthly time scale. Fig. 5 shows that
the simulation trend at monthly time scale is similar with
that at daily time scale, and that the monthly simulation
can describe the seasonal variations well. The evaluations
of model performance for the whole simulation period
(2002-2007) at monthly time scale are shown in Table 4.
As can be seen in Table 5, the performance of the monthly simulation is better than that of the daily simulation;
the values of CNS, Coe, and WE are, respectively, 0.78,
0.90, and -1.80%.
TABLE 5 - Performance of DTVGM at monthly time step.
Time step
Monthly

Period
2002-2007

CNS
0.78

Coe
0.90

parameter values in the DTVGM model. It could objectively carry out the optimal process and avoid consuming
too much time. Once a model is automatically calibrated,
the model users are free from devoting time to it.
In conclusion, the study demonstrates that the DTVGM
model is a reliable tool for simulating water resources in
the Loess Plateau in order to evaluate and prevent soil
erosion. In this way, the DTVGM can also provide support to environmental protection and sustainable development.
ACKOWLEDGMENTS
The research benefited from the financial supports of
the National Key Technology P&D Program (Grant No.
2012BAB02B00) and the Fundamental Research Funds
for the Central Universities. The authors would also like
to thank the anonymous reviewers for their helpful and
constructive comments.

WE (%)
-1.80

The authors have declared no conflict of interest.
RERERENCES

4. CONCLUSIONS
In this paper, we constructed the DTVGM model and
tested it with observed 6-years runoff data in the Wei
River catchment of the Chinese Loess Plateau, one of the
most severe water erosion regions in the world. The results show that this model is able to predict the runoff at
the outlet in both calibration and validation stages, in accordance with some statistical established indexes. Furthermore, the simulated hydrographs (calibration and validation) show good agreement with the observed hydrographs, thus demonstrating that the model could basically
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ABSTRACT
Adsorption techniques are widely used to remove
heavy metal ions from large volumes of aqueous solutions.
Herein, thermally activated Na- bentonite, was applied as
adsorbent for the removal of heavy metals from a modeled
aqueous solution. Schematic diagram of adsorption installation was given. Advantages of this method and characteristics of heat-treated Na- bentonite, which satisfy all the
basic requirements for extraction of inorganic ions have
been established. It was proven that physical and chemical
properties of heat-treated Na-bentonite make it appropriate
to be successfully used in pseudo-boiling layers adsorption
without filtering and cleaning water from Cu2+, Zn2+,
Co2+, and Cd2+ ions.

KEYWORDS:
Adsorption, heat-treated, Na-bentonite, metal ions, wastewater.

1. INTRODUCTION
Heavy metal contamination occurs in wastewater of
many industries, such as metal plating facilities, mining
operations, tanneries etc [1-3]. Their compounds are not
biodegradable and tend to accumulate in living organisms,
causing various diseases, disorders and environmental problems. The most important technologies for heavy metal ions
removal from wastewater include precipitation [4], ion exchange [5], adsorption [4, 6, 7], coagulation [8], evaporation [9] and reverse osmosis [8]. Adsorption on solid matrices has been shown to be an economically feasible alternative method for heavy metals elimination from water
and wastewater [4, 6, 10]. Natural materials that are available in large quantities, or certain waste products from
industrial or agricultural operations, may have a potential
as inexpensive adsorbents. The removal of heavy metal
ions from industrial wastewaters using different adsorbents
* Corresponding author

is currently of great interest [3, 11]. Some naturally occurring clay minerals may serve as cost-effective adsorbents
for the removal of heavy metals. Their adsorption capacity is usually less than that of synthetic adsorbents but
these materials could provide an inexpensive substitute
for the treatment of heavy metal wastewaters. To enhance
the adsorption capacity, the clays are modified in various
ways [12].
Bentonite, enormously abundant natural clay, has
been considered as a potential absorbent for removing
pollutants from water and wastewater. It has attracted great
interest in environmental pollution management because
of its outstanding properties, such as high swelling ability
and cation exchange capacity. Nonetheless, the effective
application of bentonite for water treatment is limited due
to small surface area and presence of net negative surface
charge, leading to its low adsorption capacity. The net
negative charge on the surface of bentonite is the major
factor that restricts the use of bentonite for the adsorption
of cationic metal ions [13]. Bentonite modification by
cations is a common way to dominate the mentioned restrictions. The charge imbalance is compensated by exchangeable cations including H+, Na+, or Ca2+ on the layer
surface; in this way, modified bentonite is produced [14].
The cation substitutions mainly take place in the octahedral sheets and may induce an enormous change in the
physicochemical properties of clay minerals [15, 16].
Chemical modifications on the surface of the bentonite
with acids, bases, cationic surfactants and certain polyhydroxyl cations were also conducted to improve their adsorption capacity [17]. Na2CO3 treatment creates an active
bentonite (Na-bentonite) with a high swelling capacity,
and increased plasticity for special usage as drilling mud
[18]. This kind of bentonite which is called soda-activated
bentonite is dispersed in water since the montmorillonite
particles are not only separated but also delaminate into
single silicate layers or doublets, triplets. Due to this delaminating, their function as thickening and thixotropic
agents are superior to other clay minerals [19]. On the
other hand, Na-bentonite has been found to be so useful
for the removal of heavy metallic ions from aqueous solu-
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tions that it has attracted geologists and environmental
engineers [12].

this sample are presented in Table 1, including, salinity,
temperature and concentration of ions.

In this paper, we present the results of the removal of
Cu2+, Zn2+, Co2+, and Cd2+ ions from simulating
wastewater onto heat-treated Na-bentonite. Optimum conditions of the studied adsorption processes, as well as schematic diagram of adsorption installation are revealed.

TABLE 1 - Main characteristics of the studied wastewater.
Characteristics
Salinity (%)
Temperature (°C)
Concentration of suspension and biomass (mg/L)
Cu2+
Zn2+
Concentration of
Co2+
ions
Cd2+
(mg/L)
Fe3+

2. MATERIALS AND METHODS
2.1 Adsorbent and adsorption process

Bentonite from Dash-Salahli deposit of Azerbaijan
has the following characteristics: density of 2.22 g/cm3,
SiO2:Al2O3 ratio about 5.7:2.1, composition of exchange
cation 49.80 of Na+ ions meq/100 g adsorbent, and total
capacity of adsorbent 93.00 meq/100 g. The pretreatment
of the adsorbent comprised several steps. First, the adsorbent was washed with distilled water to remove the
crushed fines. Then, it was dried overnight at 383 K in a
vacuum oven and stored in a desiccator. Finally, it was
wetted in water–butanol solution under vacuum, prior to
the adsorption experiments. The weights of the adsorbents
used in this study ranged between 0.5 to 3 g. The produced heat-treated Na-bentonite had a bulk density of
1.07g/cm3 and graining of ~ 0.2 mm. It was established
that physical-chemical properties of heat-treated Nabentonite enable it to be successfully used in a pseudoboiling layers adsorption, without filtering and treating
water, from Cu2+, Zn2+, Co2+, and Cd2+ ions [20]; therefore, this method was applied in the following study.
Adsorption process in a (pseudo-boiling) layer of an
adsorbent has several essential advantages including:
adsorption goes more intensively than in fixed-bed; small
hydrodynamic resistance of adsorbent layer to water flow;
possibility of using water with significant amount of suspension, since, in this case, natural cleanup of adsorbent
from contamination and water air bubbles takes place;
possibility of carrying out adsorption installations, consuming less energy and using natural movement of
wastewater due to tidal movements with minimum level
difference (1-2 m) [20]. Despite of these benefits, the main
disadvantage of this method is the loss of adsorbent and
adsorbed Cu2+ and Zn2+ ions due to abrasion of particles
in the layer during their movements in standby, as well as
the necessity of using adsorbents with relatively large
submersible densities (more than 1.5 g/ cm3).
In pseudo-boiling layers, it is possible to use only
heavy enough and mechanically stable adsorbents like
heat-treated Na-bentonite, which has a definite submersible density of 2.22 g/cm3.
2.2 Aqueous systems

A modeled wastewater applied for this approach contains Cu2+, Zn2+, Co2+, and Cd2+ ions. Main properties of

Value
7.3
19-28
Significant, even at
slight valve
0.34
0.67
0.02
0.011
0.38

2.3 Adsorption installation

For the removal of Cu2+, Zn2+, Co2+, and Cd2+ ions
from the target wastewater, an adsorption system was used,
which worked in the regime of pseudo-boiling adsorbent
layer. A schematic diagram of the installation is given in
Fig. 1.

FIGURE 1 - Diagram of the experimental installation for adsorption
of metal ions from model wastewater in a pseudo-boiling adsorbent
layer. (1) tank; (2) valve for regulating water; (3) adsorption columns, and (4) water flow-meter.

Maximum productivity of this installation made approximately 9 m3 per day, which enabled to conduct experiments on several parallel operating adsorption columns.
Primary purification of the water from a mechanical roughly
dispersed suspension was performed assisting with a smallmeshed capron net. Further, water was fed into adsorption
columns using a tank with regulating valves. Figure 2 shows
the typical adsorption column working in adsorbent layer
regime.
Sampled wastewater was added to the lower part of
the column through conical switchgear. The column had
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conical shape with a cross-section upper part of 30 cm2.
Choosing conical angle of switchgear and column, it was
possible to attain stable “boiling” of adsorbent layer over
the whole column depending on its weight and graining.
In all studies, conical angles of switchgear and column
were equal to 10° when using heat-treated Na-bentonite
with a bulk density of 1.07 g/cm3 and graining of 0.2 mm.

to study fluid flow, which is filtered through the adsorbent layer:

W=

180.M g .υ

(1)

( ρ 0 .ρ g ) gd 2

where, W = ε7 (1- ε) is expansion factor of adsorbent
layer. Mg is viscosity of water (s/m2); d is diameter of
adsorbent particles (mm); ρ0 and ρg are particle densities
of adsorbent and water (kg/m3), respectively; υ is linear
rate of fluid filtration (m/s); g is acceleration of free fall
(m2/s); and ε is porosity of pseudo-boiling adsorbent layer
which could be defined as follows [23]:

a V1 − V2
=
b
V1

(2)

where, V1 and V2 are volume of pseudo-boiling adsorbent layer (cm3) and that occupied by solid particles of
adsorbent (cm3), respectively.

FIGURE 2 - Adsorption column with suspended adsorbent layer:
(1) column; (2) boiling layer of adsorbent; (3) switchgear.

After selecting proper adsorption conditions of Cu2+,
Zn2+, Co2+ and other ions from modeled wastewater in the
pseudo-boiling adsorbent layers, it was important to adjust water filtration rate through the adsorbent layer to its
graining. According to this, the average expansion of Nabentonite layers depending on water filtration rate was
calculated.
3. RESULTS AND DISCUSSION
The Kozeny-Carman equation (or Carman-Kozeny
equation) is a relation used in the field of fluid dynamics
to calculate the pressure drop of a flow through a packed
bed of solids. It is named after Josef Kozeny and Philip C.
Carman. The equation is only valid for laminar flow [21,
22]. In this approach, Carman-Kozeny equation was used

According to Eq. (2), the porosity of pseudo-boiling
layers using a linear rate of fluid filtration through the Nabentonite layer was obtained. Considering the optimum
porosity of pseudo-boiling adsorbent layer (ε = 0.5), it is
possible to find the optimum rate of water filtration through
an adsorbent layer with defined graining, where the pseudoboiling layers are most stable and adsorbent wear is not
observed [24]. It should be mentioned that during the study
of Na-bentonite properties, its physical and chemical characteristics, such as mechanical stability and developed
specific surface, have been established. Kinetics and thermodynamics analysis of Cu2+, Zn2+, Co2+ and Cd2+ ions
adsorption on Na-bentonite indicates its good potential to
be used in the complex system of heavy metal ions and
other noticeable micro-particles from wastewater [25].
For determining the amount of the adsorbed ions by Nabentonite, the samples of the employed adsorbents were
selected from column after 60 min of experimental running. The content of the ions was measured using atomic
adsorption method. Results are shown in Table 2.
In Figure 3, adsorption dependencies of Cu2+, Zn2+,
Co2+, and Cd2+ ions on contacting time with Na-bentonite
are presented. Results revealed linear correlation for the
adsorption of ions from modeled wastewater indicating
the rate constancy of adsorption process. On the basis
ofthe experimental results for measuring the ion contents ad-

TABLE 2 - Cu2+ and Zn2+ ions adsorbed onto the adsorbent samples (mg/g; adsorbent graining of 0.2 mm, and water consumption of
0.2 L/mm).
Adsorbed Ions (mg/g)
2+

Cu
Zn2+
Co2+
Cd2+

10
32.8
76.8
4.9
3.2

20
59.3
101.3
11.3
7.2

30
81.02
124
18.3
11.4

Duration of adsorption (h)
40
94.6
146
41.7
19.5
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50
104
178
39.1
26.5

60
120
216
48.4
39.7

70
135
324
61.3
45.2
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FIGURE 3 - Time dependence of zinc (a), cobalt (b) and, copper (c) ions adsorption in the modeled wastewater (graining ~ 0.2 mm, adsorbent mass: 30 g, and water consumption through column: 0.2 L/min).

sorbed onto Na-bentonite (Table 3), average adsorption rates
of the ions can be calculated by the following equation [26]:

c
υ = TB,τ
τ

(3)

mum capacity of the adsorbent, by increasing the time of
adsorption.

TABLE 3 - Calculations of υ and K* for adsorption of Cu2+, Zn2+,
Co2+, and Cd2+ ions in modeled wastewater on Na-bentonite (duration of experiment 70 h, adsorbent graining 0.2 mm).
Ions
Cu2+
Zn2+
Co2+
Cd2+

where, υ is average rate of ion adsorption (g/(g.s));
CTB,τ is the concentration of ions on adsorbent (g/g), and τ
is duration of adsorption experiment (s).
Effective constant of adsorption rate of the studied
ions in modeled wastewater K*(c-1) was determined by the
following equation [24]:

K* =

υ
CP,0

(4)

where, Cp,0 is concentration of ions in wastewater
(g/g). Calculations of the values υ and K* for Cu2+, Zn2+,
Co2+, and Cd2+ ions adsorption from the studied
wastewater under experimental conditions are given in
Table 3.
The obtained values are not the maximum due to the
applied adsorption duration. It is possible to reach a higher
efficiency of ions adsorption, near to the calculated maxi-

υ (g/(g.s))
5.3×10-3
1.3×10-3
2.03×10-3
1.8×10-3

K* (c-1)
1.56×10-3
1.9×10-3
1.02×10-3
1.64×10-3

4. CONCLUSION
Adsorption techniques were applied to achieve widespread removal of heavy metals from water sources as the
most efficient and low-cost process. The ability of thermally activated Na- bentonite to remove heavy metal ions
from a modeled aqueous solution has been investigated in
an adsorption system which worked in the regime of a
pseudo-boiling adsorbent layer. The porosity of pseudoboiling layers of Na-bentonite and, as a result, optimum
rate of water filtration through adsorbent layer of definite
graining was surveyed. The amounts of the adsorbed ions
by Na-bentonite were selected from the column after
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60 min of experimental running. Adsorption dependency
of Cu2+, Zn2+, Co2+, and Cd2+ ions on contacting time with
Na-bentonite presented a linear correlation for the adsorption of ions from the modeled wastewater indicating the
rate constancy of adsorption process. The average adsorption rates and the effective constants of adsorption rates for
Cu2+, Zn2+, Co2+, and Cd2+ ions adsorption in the studied
wastewater were calculated. To reach the highest efficiency
of ions adsorption, which is close to the calculated maximum capacity of the adsorbent, is possible by increasing
the time of adsorption. Finally, it was proven that physical
and chemical properties of the heat-treated Na-bentonite
make it appropriate to be successfully used in pseudoboiling layers adsorption, without filtering and cleaning
water from Cu2+, Zn2+, Co2+, and Cd2+ ions.
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ABSTRACT
The decomposition of bisphenol A (BPA) was investigated under various conditions including ultrasound (US)
irradiation, ultraviolet (UV) irradiation, and the combination of both (US/UV). The effects of the operational parameters, such as initial BPA concentration, initial anion
concentration (chloride and sulphate ions) and pH, were
studied. Analyses were performed by high-performance
liquid chromatography. BPA initial concentration of 5 mg/L,
pH of 3, and irradiation time of 50 min were the optimum
conditions for degradation of BPA by US/UV system. Besides, the optimized parameters were also tested for the
treatment of natural water containing BPA. The maximum
removal of BPA (94.5%) was observed in US/UV system
at pH 3 after 50 min. Adding anions, such as chloride and
sulphate, decreased the removal efficiency of US/UV system. It was found that chloride was the most powerful
inhibitor. As a result, the efficiency of US/UV system in
deionized water was higher than in natural water. Kinetic
modelling applied for the obtained results showed that the
degradation of BPA by US/UV followed the first-order
model.
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acknowledged estrogenic chemical that can interact with
human estrogen receptors (human ER), and many positions of verification disclose that BPA, even at low doses,
acts as an endocrine disruptor [3]. So far, several techniques have been used to eliminate BPA, including biological systems [4, 5], ultrasound [6], ultraviolet irradiation [7], ultraviolet irradiation combined with TiO2 [8],
and electrochemical treatment [9]. Different advanced oxidation processes (AOPs) may be applied to contaminated systems to effectively treat refractory organic pollutants. Combined AOPs, such as UV irradiation combined with ultrasound (US) are more effective than single-mode processes,
such as US, UV irradiation, hydrogen peroxide, ozone and
Fenton`s reagent [10]. Ultrasonic irradiation (US) of aqueous solutions induces acoustic cavitation effects that generate high local temperatures (>5000 K) and pressures
(>1000 atm), and produces strongly oxidizing hydroxyl
radicals [11]. Commonly, such combined processes are
found to increase OH radical production, leading to higher
oxidation rates and organic material decomposition [11]. A
literature review did not show any previous research using
US combined with UV for removal of BPA. Hence, the
purpose of this study is to investigate the removal efficiency of BPA in US combined with UV irradiation process
(UV/US), and the effects of different operating parameters,
such as initial BPA concentration, initial pH and effects of
various anions (chloride and sulphate).

1. INTRODUCTION

2. MATERIALS AND METHODS

BPA, a part of polycarbonate plastics and epoxy resins, is one of the most-volume chemicals produced globally. Hydrolysis of BPA under heat, acidic or basic conditions leads to the release of BPA to water, soil, and air as
well as the potential exposure to human health [1] .BPA
has been found in water and wastewater, and it is characterized by a water solubility of ~200 mg L-1, moderate hydrophobicity (log K OW = 4.34), and an extremely low
Henry’s constant of ~10 -10 atm. m 3 mol -1 [2]. BPA is an

2.1 Materials

Ethyl acetate, methanol, acetone, acetic anhydride,
sodium carbonate, sodium sulphate, BPA (99%), NaOH ,
HNO3 and sodium chloride were obtained from Sigma
Chemical Co.
Concentrations of BPA in the samples were 5, 10, 15,
20, and 25 mg/L. The samples were adjusted in a reactor
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water in a double-jacket cooling array. For ultrasonic
applications in this study a T1-H-5 model (ELMA Ultrasonics, Germany) was used, and US application time was
monitored with a stopwatch.

2.2 Procedures

2.3 Chemical analysis

Solutions containing BPA and deionized water were
used for the sonophotolytic procedures. Then, 850 ml of
each prepared suspension was transferred to a 1-L Pyrex
reactor. Irradiation was carried out with a 150-W medium
pressure mercury lamp (Philips, Holland), which was
above the batch photo-reactor. The distance between the
solution and the UV source remained constant at 3.75 cm
in all experiments. In the surface of the solution, the light
intensity was 80 W m-2 measured with a Hagner-detector
(EC1- UV-C, Sweden). After that, the lamp was switched
on to initiate the reaction. The pH values during the reactions were measured with a pH-meter (Sartorius, Germany).
During irradiation, agitation was maintained with a magnetic stirrer (IKA Werke, Germany) to keep the suspensions homogeneous, and the suspension samples were
tested after the appropriate illumination time. Ultrasonic irradiation of 850 ml BPA solution was carried out
at 130 kHz working frequency and 500-W power.
Temperature was maintained at 25± 1 °C by circulating

The concentrations of BPA were analyzed using a
high-performance liquid chromatograph (LC-2010AHT,
Shimadzu, Japan), equipped with a BDS C18 column
(dimensions 150 mm x 4.6 mm x 5 µm, Agilent Technologies, USA) and an UV detector (280 nm). The mobile
phase was the mixture of Milli-Q deionized water and
HPLC-grade methanol (30:70; v/v) with a flow-rate of
1.0 ml/min. The injection volume was 50 µl. Using this
methodology, a detection limit of 0.12 mg/L of BPA
was reached.

C/C0

at setting 5 min, and for the following times of 10, 20, 30,
40, and 50 min. The pH values of the BPA solution samples were 3, 5, 7, 9, and 11, and reaction temperature was
25 ± 1 °C. The samples used in this study were synthetic
ones from deionized water.

3. RESULTS AND DISCUSSION
3.1 Effect of initial BPA concentration

The influence of initial BPA concentration on the
sonophotolytic degradation is an important aspect of the
study. The initial sonophotolytic degradation rate of BPA

0.9
0.8
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0.6
0.5
0.4
0.3
0.2
0.1
0

5 mg/L
10 mg/l
15 mg/l
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20
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Time (min)
FIGURE 1 - Effect of initial concentration on the decomposition of BPA subjected to UV/US process.
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FIGURE 2 - The first-order model at different BPA initial concentrations subjected to UV/US process.
3.2 Effects of synergistic UV/US combination

at various concentrations (5-25 mg/L) is shown in Figs. 1
and 2. The degree of sonophotolytic degradation decreased
with increasing initial concentration of BPA [13]. This
could be attributed to the role of hydroxyl radicals induced by US and UV irradiation. The first-order kinetics
model has been proven to be useful for the description of
degradation kinetics of contaminants under advanced oxidation processes (AOPs) [14]. Generally, the equation for
the first-order kinetics model can be written as follows:
ln (Ct/C0) = -kt, where, t is the treatment time, C0 is the
initial concentration of pollutants, Ct is the concentration
after treatment time t, and k is the rate constant. As presented in Table 1 and Fig. 2, the degradation of BPA
followed the first-order kinetics model well.
TABLE 1 - First-order degradation of BPA at various pH values.
Initial concentration of
BPA (mg/L)
5
5
5
5
5
10
10
10
10
10
15
15
15
15
15
20
20
20
20
20
25
25
25
25
25

pH

K (1/min)

3
5
7
9
11
3
5
7
9
11
3
5
7
9
11
3
5
7
9
11
3
5
7
9
11

0.0492
0.0410
0.0381
0.0351
0.0340
0.0410
0.0380
0.0310
0.0291
0.0210
0.0351
0.0330
0.0281
0.0240
0.0201
0.0301
0.0281
0.0211
0.0201
0.0190
0.0291
0.0251
0.0201
0.0180
0.0150

Figs. 3 and 4 show the obtained degradation results for
BPA using US, UV and a combination of both (US/UV) for
irradiation. It can be observed that both US and UV irradiations have some potential to degrade BPA (US slightly
better compared to UV). It has been also seen in the present
work that combined effects of US and UV lead to much
better results in terms of enhanced decomposition [15].
The maximum removal of BPA (94.5%) was observed in
US/UV system whereas only 37.8% removal was observed
in US and 28.2% in UV system, after the treatment of 5
mg/L for 50 min (Figs. 3and 4). The synergetic effect can be
explained by the combination of three oxidation mechanisms: photo-degradation, sonodegradation and ozone
oxidation. The emission in air of UV light <200 nm is
known to produce O3 from O2. The UV lamp mounted in
the reactor was partially immersed in the solution, so that
UV irradiation in the air above the liquid surface could
generate ozone, which was transferred into the solution and
contributed to BPA degradation. The transfer of ozone in
the aqueous phase is directly dependent on the interfacial
area between liquid and gas [16] .Thus, if the final objective of the treatment scheme is only a pre-treatment with
required lower reduction of BPA, only US should be used
being a much better option compared to UV irradiation or
combined operation.
3.3 Effects of pH values

The pH degree of solution is another important factor
in deciding the extent of degradation for both US- or UVinduced reactions. The pH was varied from 3 to 11 (Fig. 5
and Table 1). The results revealed that the efficiency of
BPA degradation at low pH is markedly higher compared
to that at higher pH. For sonophotolytic operation, maximum BPA removal was 94.2% at pH 3 whereas the minimum of removal was 77.77% at pH 11 for a 50-min
treatment. At pH 3, the K value was 0.0492 but at pH 11
the K value decreased to 0.0340. Similarly, Gultekin et
al. [17] studied the ultrasonic decomposition of BPA and
found that the degradation efficiency decreased with the
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FIGURE 3 - Comparison of removal percentage in UV, US and UV/US systems ([BPA]0 = 5 mg/L , pH = 3).
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FIGURE 4 - Comparison of removal percentage in UV, US and UV/US systems ([BPA]0=25 mg/L , pH = 3).
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FIGURE 5 - Degradation of BPA (5 mg/L) at different pH values subjected to UV/US process.

increase of solution pH. The observed results can be attributed to the fact that under acidic conditions UV- and
US-induced degradation are both favoured, leading to
enhanced degradations in the combination technique as
well. For direct sonolysis of BPA, Olmez-Hanci et al.
[18] reported that the rates of the degradation under acidic

conditions were faster than those in alkaline conditions.
For ultrasound, many researchers have found the sonolytic degradation rate increasing with decreasing solution pH
[18, 19].
3.4 Effects of chloride and sulphate ions
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Removal (%)

Because of their usual presence in natural waters, the
impact of inorganic anions on the performance of water
treatments needs to be investigated. Well-known is the
negative effect of sulphate and chloride ions, which are
generally present in wastewater, on several AOPs, ultrasonic cavitation and Fenton’s reagent [20], sono-Fenton
catalytic [21] and sonochemical treatments [22]. The
effect of anions on sonophotolytic treatment of BPA was
studied using chloride and sulphate, and the influences of
different concentrations of salts (50-250 mg L-1) are presented in Figs. 6 and 7. Sonophotolysis in the presence of
chloride and sulphate was slower in comparison to the
reactions without anions, which is possibly due to the
hydroxyl scavenging properties of sulphate and chloride
ions. When comparing the salts effects in Figs. 6 and 7, it
can be noticed that chloride is the most powerful inhibitor
with redard to sulphate.

3.5 Degradation of BPA in natural water

The natural water samples were obtained from drinking water distribution network in Tehran, Iran. The determined physico-chemical properties of natural water are
shown in Table 2. As presented in Fig. 8, sonophotolytic
rate in deionized water was higher than that in natural
water (tap water); it can also be seen that sonophotolytic
rate followed the order deionized water > tap water. This
inhibition is most possibly due to the ability to act as
hydroxyl radical scavengers by the following reactions:
[23, 24]:
SO42- + °OH ! SO4o- + OH-

(1)

Cl- + °OH ! Clo-+ OH-

(2)

100
90
80
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50
40
30
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10
0
0
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100
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Cl (mg/L)
FIGURE 6 -Effect of chloride concentration in UV/US system ([BPA]0 = 5 mg/L , pH = 3).
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FIGURE 7 - Effect of sulfate concentration in UV/US system ([BPA]0 = 5 mg/L , pH = 3).
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FIGURE 8 -Comparison of removal percentage in UV/US system ([BPA]0 = 5 mg/L, pH = 7).
TABLE 2 - Physico-chemical properties of natural water.
Water type

Turbitity

pH

Hardness, CaCO3
(mg/L)

EC
(µscm-1)

SO42(mg/L)

Cl(mg/L)

HCO3(mg/L)

Na+
(mg/L)

Mg2+
(mg/L)

Ca2+
(mg/L)

Tap water

0

7.44

230.45

638

79.4

54.24

256.2

86.15

20.24

59

This may be due to the presence of organic carbon in
natural water, which inhibits the degradation rate of BPA.
These organic matters absorb most of the photons
emitted by slowing down the degradation reaction of BPA
[25]. Also suspended solids, such as sediment particles
and microorganisms in the water may disperse incident
light, greatly reducing the penetration of light beneath the
surface [26]. Many advanced oxidation processes for
water and wastewater treatment undergo a variable level
of inhibition by real water components, particularly the
anions, because of the scavenging of reactive varieties
(replaced by less reactive radicals), or competitive adsorption on active surfaces [27-30].

tolytic treatment as a promising way for the effective
removal of BPA in water under optimized operational
conditions.
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ENVIRONMENTAL EMERGENCY PREPAREDNESS SYSTEM
BASED ON ARTIFICIAL INTELLIGENCE TECHNOLOGIES
Zhenliang Liao and Huaizheng Li*
College of Environmental Sciences and Engineering, Tongji University, Shanghai, China, 200092

ABSTRACT
This short communication is a letter to the editorial
office. The purpose is to drive the attention of the environmental emergency research community. How to prevent and deal with environmental emergencies has become one of the hot spot issues in the world. The transfer
of a subjective decision-making process to an objective,
knowledge and expert driven process has not yet been
realized. A technical route to develop environmental emergency preparedness systems with Artificial Intelligence (AI)
technologies, including Case-Based Reasoning (CBR),
Genetics Algorithm (GA), Artificial Neural Network
(ANN), and their combinations, is presented here. Previous studies have shown the prospect to develop environmental emergency preparedness systems with technologies above.
KEYWORDS: Environmental Emergency Preparedness; Artificial
Intelligence; Case-Based Reasoning; Genetics Algorithm; Artificial Neural Network

environmental emergencies to 6% compared to the losses
without preparedness systems [1]. Actually, an effective
preparedness system means that the accumulated
knowledge, experiences, and lessons from previous cases,
drillings and experts can be embodied in the decisionmaking of the environmental emergencies “quickly and
accurately”, and this point is key. However, how to produce effective operational preparedness procedures is a
really hard problem.
With the development of computer technologies, people realize that the preparedness systems can be developed
using the strong processing function of computer. Among
computer technologies, Artificial Intelligence (AI) is paid
special attentions for its ability to generate sound preparedness procedures using some intelligence which is similar to or even surpasses mankind. Based on research works,
a technical route to develop environmental emergency
preparedness systems with AI technologies, including
Case-Based Reasoning (CBR) [2], Genetics Algorithm
(GA) [3], Artificial Neural Network (ANN) [4], and their
combinations [5], is presented here.

1. INTRODUCTION

2. METHODS

In modern society, together with other emergencies,
environmental emergencies happen frequently for the
speedup of working and living tempo, and they bring more
and more serious damages to out society. How to prevent
and deal with environmental emergencies has become one
of the hot spot issues in the world. On the other hand, the
dealing with real environmental emergencies still mainly
depends on commanders’ subjective decision-making processes despite so many human resources, materials and investments are put into the precaution and disposal of environmental emergencies, a great deal of cases are accumulated, all kinds of preparedness plans are established, and
different drillings are implemented. The transfer of a subjective decision-making process to an objective, knowledge
and expert driven process has not yet been realized.
The statistic data from industrial countries show that
the effective preparedness systems can lower the losses of
* Corresponding author

CBR exactly mimics the process of human being’s or
experts’ thinking mode to solve problems. CBR technology was first proposed by Schank in 1982 [6], who stated
the theory to use experiences from previously solved
problems to infer the solution to a current one, that was,
for finding a solution to the current problem, one could
retrieve a similar problem in an experience database,
reapply the solution from the past, or use it as a starting
point to get to a suitable solution to the current one. As an
AI technology, CBR is suitable to the domains where the
mechanisms are not clear or are too complex to establish
reasoning rules, but decisions need to be made quickly,
for example, the emergency processing of accidents.
Although the sorts of environmental emergency are
various, there exist common characteristics in each sort.
The preconditions of applying CBR are: (1) the same or
similar events can be coped with the same or similar solutions; (2) the same or similar events can happen repeatedly. Due to the large amount of environmental emergency
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cases and to the fact that they present similar characteristics in each sort, it is possible to structure standard corresponding solutions. People can study typical environmental emergency cases, then get their solutions and store
them in case base in advance. When a new case happens,
people can retrieve the most similar case, and use the
modified or non-modified solution to the retrieved case to
solve the new case.
Now, the question is: if the retrieved case can not coincide with the current one and people cannot adopt already
developed solutions promptly, how to adapt the solution
based on other retrieved cases? Unfortunately, adaptation
technology remains a weakness of CBR [7]. Hence, it is
necessary to integrate CBR with other methods to solve
problems.
As a wonderful optimization approach to solve complex nonlinear problem, GA receives increasing attention.
Based on simulated biologic inheritance and evolution,
essentially GA adopts an iterative searching method to
determine an optimized solution. For this functionality, it
can be inferred that GA is likely suitable for adapting
environmental emergency preparedness. Nevertheless, a
problem exists with the use of GA: the computing time is
typically long. Thus, GA can hardly be employed for emergency response. It can only be used during non-emergency
periods for study and accumulation of cases.
ANN is another considered AI technology. The basic
principle of ANN is to establish ‘‘functional nerve cells’’
– similar to animals’ brain nerve cells – and to simulate
nerve cell linkages to replicate the brain’s means of quick

Non-emergency
periods:

Reuse

Retrieved
case

Retrieve

information processing. From the perspective of functional fitting, ANN is capable of interpolation. Therefore,
with a trained artificial neural network, ANN can solve
the issue of producing preparedness ‘‘quickly and accurately’’. Yet a prerequisite for ANN’s application is an adequate case base (samples) for training ahead of application.
This restricts the practical application of ANN to environmental emergency.
To solve problems associated with each of the CBR,
GA, and ANN systems, integrating all three systems into
one is proposed. The technical route is as follows (Figure 1):
(1) During non-emergency periods, typical cases that
are not in the case base can be studied thoroughly. The
most similar cases that are already in the case base can be
searched through CBR’s similarity calculation.
(2) Then, the most similar cases can be taken as a
starting point to form those typical cases’ emergency
decision support information through GA’s adaptation,
and they can be stored in the case base. Consequently, this
can expand the case base significantly.
(3) When the number of the cases becomes adequate,
those cases can be employed with ANN to train the inner
functional relationships between cases and their decision
support information.
(4) If a real environmental emergency occurs, the
conditions of the case can be input to ANN. Then the
emergency decision support information can be quickly
generated on site.
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FIGURE 1 - The technical route of environmental emergency preparedness system with artificial intelligence technologies
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3. RESULTS AND DISCUSSION
Many research works have conducted research on
CBR, GA and ANN, and a few of them have already
integrated their integration successfully [8-16]. Our studies have also shown the prospect to develop environmental emergency preparedness systems with the AI technologies above [2-5]. The purpose of stating the general technical route here is to drive the attention of the environmental emergency research community, and even to cause
some debates in the area. After all, each sort of environmental emergencies has its characteristics and should be
treated specifically. Besides environmental emergency,
we believe that the methodology presented here can also
be employed by other emergencies.

4. CONCLUSIONS
It is a prospective way to develop environmental emergency preparedness systems based on artificial intelligence
technologies.
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