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METHODOLOGIES OF ECO-TOXICOLOGICAL STUDIES –
REVIEW OF THE FLOW OF MATERIAL FROM THE SCOPE
AND SGOMSEC CONFERENCES AND OECD PROGRAMS
FOR TESTING CHEMICALS IN THE 1970S
Friedhelm Korte1, Miki Goto2 and Mitsuko Takamatsu2*
2

1
Technical University of Munich (Emeritus), Sonnenstr. 2, 85395 Attenkirchen, Germany
Institute of Ecotoxicology Co., Ltd., 2–28–1 Yoshino-cho, Kita-ku, Saitama, 331–0811, Japan

1. INTRODUCTION
It is becoming more and more important to be able to
assess the risks of chemical substances in ecosystems.
Given this, we believe that there is a great opportunity to
discuss the contents and milestones of the methodologies
of ecotoxicology based on materials presented at earlier
conferences.
It will be our pleasure if the introduction of the contents of the conferences of the Scientific Committee on
Problems of the Environment (SCOPE), the Scientific
Group on Methodologies for the Safety Evaluation of
Chemicals (SGOMSEC) and the OECD chemical programs leads to the development of new methodologies.
We hope this review will be of help to those who are
starting research in the field of ecotoxicology.
2. THE SCOPE COMMITTEE
Ecotoxicology was initially proposed as a new academic field in 1969. Members of the ecotoxicology group
(Prof. F. Korte, Prof. W. Klein, Prof. R. Truhaut, Prof. F.
Coulston, Prof. Miki Goto et al.) of SCOPE at the International Council of Scientific Unions hosted “A Symposium
Concerning Ecotoxicology” in Munich in December 1976,
and defined ecotoxicology as follows.
Ecotoxicology is a scientific discipline that studies
the effects of natural or synthetic chemicals and physical
agents on populations and communities of living species
and animals including man, plants and microorganisms,
that, being in equilibrium between them and their physical
environment, constitute the various natural ecosystems.
In contrast to classical toxicology that deals predominantly with the toxic effects of physical or chemical agents
on individual organisms, ecotoxicology is oriented towards
the study of the interactions of those agents with the physi* Corresponding author

cal environment; of their transfer pathways; and of their
toxic effects on populations in various natural ecosystems.
Specifically, the following definition was decided:
“in the field of ecotoxicology, we study the effects of
natural and human-introduced chemical substances on
ecosystems. Thus, the study is primarily focused on the
transfer and transformation of chemical substances in
ecosystems”.
2.1. Methodologies of eco-toxicological studies proposed by
the SCOPE Committee

The effects of chemical substances on ecosystems and
constituent elements are assumed to be determined by the
amounts used, the modes used, behaviours in the environment, susceptibility to degradability, accumulation and
biological/non-biological changes (physical), and the toxicity of chemical substances including their derivatives.
The behaviour of chemical substances and degradability and metabolic conversions are assessed by the following
three investigational methods:
(1) A study wherein several environmental factors are
extracted from a complex ecosystem, and an evaluation
made of how the chemical substances are transformed
under these conditions (e.g., a biodegradability study)
(2) A method of studying behaviour of chemical substances using a natural ecosystem, or similar systems (e.g.
lysimeter)
(3) A method of analysing the samples in the environment in the past, identifying pollutants and analysing
them quantitatively (specimen banking).
Methods (1) and (2) are currently employed and investigated in the developed industrial countries in compliance with the legal regulations on prevention of environmental contamination by chemical substances. In the field
of ecotoxicology, the reactions in a complex system are
studied at very low concentrations. The physical and
chemical properties of the compounds (such as solubility,
vapour pressure, partition coefficients, polarity, complex
forming ability, reactivity, adsorbability, membrane per-
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meability, etc.) are useful when predicting behaviour in
the environment.
According to Method (3), pollutants are detected at a
concentration of ppm or less in an attempt to investigate
changes over time. Direct data regarding the outcome of
environmental chemical substances are obtained so that
they can be useful when monitoring environmental contamination of systems including food chains. The drawback, however, is that the method is limited to those
chemical substances that can be analysed by ultra microanalysis. We assume that this can be solved by technological progress.
Methods of studying transformations of chemicals in
organisms and the mechanisms of transfer are the same as
with biochemical and pharmacological means. Starting
from the studies of intra- and external cellular absorption,
membrane permeability, distributions in the organs and
metabolic transformations, the studies of reactions at active
sites and reaction mechanisms must be taken into consideration.
In order to determine global changes occurring in
chemical substances, either living organisms are directly
used or isolated organs or tissues are used. Further, the
reaction rates are calculated in order to determine how the
chemical substances are metabolised in enzymatic systems
or in tissue cultures. The molecular structures of the products are identified to study the binding abilities with biomolecules.
Intake by microorganisms, transformations and releases may be carried out in a single cell or in a mixed
cell system. Examples of the latter are the cases of soil
bacteria and underwater bacteria. In these cases, it is necessary to identify what kinds of microorganisms are involved in transformations of chemical substances. Further, the substrate concentration is increased and we examine whether it will be acclimated in that species. Additionally, we further study the metabolic pathways and
whether the metabolites will be further metabolised in the
same species, or in other species. Sludge is a microcosm
so it is used immediately after sampling.
In the process of intake, transformation and release of
chemical substances in higher plants, hydroponics that
does not use soil is desirable in order to achieve higher
reproducibility. Chemical substances are either added to a
culture or sprayed over leaves. In an aquatic system using
fish, concentration ratios of compounds are determined in
each organ in order to investigate the mechanism of expression of action.

The executive committee consisted of N. Nelson, New
York University Medical Center; G.C. Butler, National
Research Council of Canada; P. Bourdeau, Commission
of the European Communities; M. Goto, Gakushuin University; B.R. Ordonez, Mexico; E. Somes, Environment
Canada; and J. Parizek, IPCS WHO, Geneva, who was in
charge of the Main Office.
3.1 Goals of the SGOMSEC

(1) To comprehensively review the methodologies
concerning safety assessment of chemical substances from
both scientific and technical aspects and to establish
measures for assessment of the effects on human health
and the environment based on the latest knowledge.
(2) To identify the areas deficient in knowledge regarding the safety assessment methods of chemical substances and to clarify the priority for study.
To achieve these goals, the following aims were decided.
a) To establish a method of analysing the distribution
and transformation of pollutants under environments in
order to understand their receptors and determine the outcome in the bodies of receptor organisms.
b) To establish a method of assessing the harmfulness
of chemical substances on human health and other organisms besides humans both immunologically and experimentally and of using a model ecosystem.
3.2 Efforts made by the SGOMSEC

SGOMSEC hosted 10 workshops between 1983 and
1995. These workshops are listed below.
SCOPE 20: Methods for Assessing the Effects of Chemicals on Reproductive Functions, 1983, 568pp (out of print)
(SGOMSEC 1)
SCOPE 26: Methods for Estimating Risks of Chemical Injury: Human and Non-human Biota and Ecosystems, 1985,
712pp (out of print) (SGOMSEC 2)
SCOPE 30: Methods for Assessing the Effects of Mixtures
of Chemicals, 1987, 928pp (out of print) (SGOMSEC 3)
SCOPE 40: Methods for Assessing and Reducing Injury
from Chemical Accidents, 1989, 320pp (SGOMSEC 6)
SCOPE 41: Short-term Toxicity Tests for Non-Genotoxic
Effects, 1990, 353pp (SGOMSEC 4)
SCOPE 46: Methods for Assessing Exposure of Human
and Non-Human Biota, 1991, 448pp (SGOMSEC 5)
SCOPE 49: Methods to assess the Adverse Effects of
Pesticides on Non-Target Organisms, 1992, 264pp
(SGOMSEC 7)

3. METHODOLOGIES OF
ECO-TOXICOLOGICAL STUDIES
ACCORDING TO THE SGOMSEC
In response to the establishment of the ecotoxicology
subcommittee, the SGOMSEC was established. It was led
by Prof. Nelson of the New York University Medical Center.

SCOPE 52: Methods to Assess DNA Damage and Repair:
Interspecies Comparisons, 1994, 304pp (SGOMSEC 8)
SCOPE 53 Methods to Assess the Effects of Chemicals
on Ecosystems, 1995, 436pp (SGOMSEC 10)
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Additionally, there was a workshop on the method for
assessing the effects of chemical substances on nerves and
behaviour.
The contents of the workshops were published by John
Wiley & Sons (New York). We would like to explain the
basic concepts of ecotoxicology used in SGOMSEC discussions.
3.3 Concepts of “Exposure”

The first SGOMSEC Conference was held in June
1978 by Lake Como, Italy, with the support of the Rockefeller Foundation. The topic was “Methods for assessing
the effects of chemicals on reproductive functions”, which
was considered the most important aspect of ecotoxicology.
The concept of hazardous exposure to chemical substances was defined at the conference.
The term “Exposure” is a basic concept in toxicology.
Unless there are appropriate exposure data, one cannot
assess the health hazards in humans and the latent harmfulness of environmental chemical substances in ecological
organisms. “Exposure”, in general, is defined as the concentration of a chemical substance on the external surface
of a certain organism. This definition is simple, but exposure of a chemical substance to organisms depends upon
time and location.
(Exposure concentrations of
pollutants (x, y, z, t)

time and frequency of an exposed individual must be recorded. The effects of chemical substances on organisms
are related to “Dose” rather than “Exposure”. “Dose” is
defined as the concentration at the sites (body of the organism, tissue, organs) where “effects” are elicited.
The uptake into organs and bodies depends upon an
organism’s living environment and physiological elements.
Further, there are diverse relationships among “Exposure”,
“Dose” and “Effects”. There are some cases when effects
appear slowly depending upon exposure (step-wise) and
other cases when effects distinctively appear or do not
appear depending upon the frequency of exposure (quantized). No matter if the organisms are humans or nonhuman ones, exposure occurs when pollutants are physically brought into contact with those organisms. An important factor here is the condition that organisms and
pollutants are present at the same time. Another important
factor is the frequency with which exposed organisms are
in contact with chemicals over time and distance. Unless
these two events occur simultaneously, exposure is no
longer valid.
An exposure Ei when an organism is exposed to certain chemicals at a certain location (x, y, z) and at a certain
time (t) is expressed as follows:
Ei (T) = ∫0TC(x, y, z, t) dt
An average exposure concentration of a person can be
calculated by dividing the integrated exposure rate of that
person by time.
Ei = Ei (T) /T
This value is important when considering hazards.
As mentioned above, “Exposure” and “Dose” were defined and exposure analyses were conducted.

Dose (Qi(t))

A workshop (SGOMSEC 2) was held in Rome in
July 1982 to discuss a method for assessing the hazardousness of chemical substances on human and non-human
organisms. Another workshop (SGOMSEC 3) was held in
Guildford in August 1983 to discuss a method for assessing the effects of mixtures of chemical substances on
health after simultaneous and serial exposure, and prediction techniques. In Mexico City in August 1985, a workshop (SGOMSEC 5) was held to discuss a method for
assessing the effects of exposure to chemical substances on
human and non-human organisms.

Organism i
(x, y, z, t)

Boundary surface
ExpoExposure (E)

FIGURE 1 - Diagram showing the relationships between

“Expo4. OECD PROGRAMS
FOR TESTING CHEMICALS

sure” and “Dose” (W. R. Ott, EPS1))
For example, in the case of human exposure to chemicals, exposure is the contact with pollutants on the external
surface or internal surface (digestive tract). This is generally expressed by the concentration of pollutants in the
media (atmosphere, foods) that are in contact with the body
surface. Once chemical substances are absorbed from the
body surface, the pollutant gives a dose to the tissue and
organs in the body. “Dose” is expressed by the concentration in the tissue. When recording “Exposure” and “Dose”,

“OECD Programs for Testing Chemicals” were initiated in December 1977. A group was divided into six
subcommittees and state-of-the art technological reports
concerning practical applicable testing methods were
submitted and reviewed. As a result, “OECD Guidelines
for Testing of Chemicals” were prepared. The work was
carried out by those from governmental, industrial and
academic fields, but the discussion was purely from an
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academic standpoint. Each working group had a lead country
or countries, and the work proceeded smoothly. The six
working groups were as follows.
(1) Physicochemical properties of chemical substances (Lead country: Germany) (F. Schmidt–Bleek)
(2) Effects of chemical substances on ecosystems
other than human (Lead country: Holland) (H.J. Hück)
(3) Biodegradation and accumulation of chemical substances (Lead countries: Japan and Germany) (F. Schmidt–
Bleek)
(4) Long-term effects of chemical substances on human health (Lead country: USA.) (W. D’Aguanno)
(5) Short-term effects of chemical substances on human health (Lead country: UK) (E.M.B. Smith)
(6) Step sequences for safety studies (Lead country:
Sweden) (R. Lönngren)
Testing methods were determined at the Board of Directors Meeting in 1981 [2].
OECD Chemicals Subcommittees have selected single cell algae, Daphnia, fish and earthworms as representative species with consideration of the close relationship from the taxonomical standpoint of organisms for
toxicity assessment of existing and new chemical substances. Since closely related species are physiologically similar in terms of enzymatic systems, respiratory systems and
circulatory systems, it is common sense that susceptibility
to toxic effects are very similar. Thus, it is desirable to
use biological species having distant relationships as
subjects for testing since wide-ranging toxicity information can be obtained. As evidence, Kenaga [3] at Dow
Chemicals presented the following biological test results.
Initially, honeybees, rats, mallards, bobwhites, rainbow
trout, salt water fishes, Daphnia, and shrimp were exposed
to 75 kinds of pesticides and the LD50 and LC50 were
calculated. This was assumed to be effective for assessment
if the species demonstrated a broad range in the values:
maximum values/minimum values. Here, the maximum
values/minimum values of LD50 values for rats as mammals and mallards and bobwhites as birds were >10,000 to
>16,700 that were very similar values for maximum values/minimum values.

TABLE 1 - Maximum variation in
acute toxicity between 75 pesticides.
Organism.
test method
Honeybee,
µg / bee
Rat
LD50, mg / kg
Mallard
LD50, mg / kg
Bobwhite
LC50, ppm
Rainbow trout
LC50, ppm
Salt water fishes
LC50, ppm
Daphnia magna
LC50, ppm
Shrimp
LC50, ppm

Organism
exposed by
Forced cuticle
contact dosage
Forced oral
dosage
Forced oral
dosage
Optional oral
(food concentration)
Forced contact
(water concentration)
Forced contact
(water concentration)
Forced contact
(water concentration)
Forced contact
(water concentration)

Difference between maximum
and minimum value
2,827
>10,000
>16,700
16,700
>117,000
>500,000
150,500,000
33,000

The chemical substances having LC50 values of 0.1 ppm
or less were temporarily considered to be safe in terms of
hazardous effects and those having LC50 values ranging
from 0.1 to 10 ppm were considered to be in a grey area.
Table 2 shows the results of toxicity studies conducted
for approximately 30,000 kinds of chemical substances
using Daphnia, four species of fishes, five species of aquatic
vascular plants, algae, corn, wild oats, cotton, soybeans,
radishes, five species of terrestrial plants, eight species of
bacteria and fungi. 100% fatal concentrations are shown as
percentages relative to the total number of substances.
In the case of Daphnia magna, those showing a 100%
fatal concentration ranging from 0.01 to 0.09 ppm were
equivalent to 0.6%. The terrestrial plants showed 0% for
27781 kinds of chemical substances. Chlorella at the same
concentration showed only 0.006%. Based on these results,
Daphnia magna seemed to be desirable as a target species
in biological studies, but it does not mean that this species
always represents ecosystems. However, if three species
must be selected as representative species (due to limitation of testing expenses), Daphnia, rats and fish may be the
best choices. Here, it is also desirable to perform toxicity
assessments using species suitable in the local ecosystem.

In aquatic organisms, similar correlations were found
among rainbow trout, salt water fishes and shrimp. Daphnia that expresses toxicity of chemical substances over a
broad range is an ideal index organism. It is desirable to
select representative biological species while keeping these
relationships in mind (see Table 1).

In Table 3, biological tests were conducted for different types of chemical substances including inorganic materials to organic chlorine compounds using a variety of
biological species. Daphnia, rainbow trout, fathead minnows, bluegills, and Gammarus (Crustacea) were selected.
The one that demonstrated the highest sensitivity was indicted as 1, and the degrees of sensitivity were sequentially
ranked. If the distributions of scores are extracted from
the five species, good distributions were found.

As for selection of an exposure concentration in biological studies, it can be set at a relatively high concentration in the case of new chemicals. However, in the cases
of existing chemical substances, it is necessary to observe
the long-term effects over time at a concentration set closer
to the concentration that is actually detectable under a real
environment.

The effects of chemical substances on various biological species vary with the chemical substances. Therefore,
if a species is selected showing uniform distributions of
scoring, in other words, based on the results for that species, the effects on other species can be assessed. This
demonstrates differences in sensitivity among species
relative to different chemical species.
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TABLE 2 - A ranking of aquatic species sensitivity to chemicals according to acute toxicity data from U S EPA criteria documents.

Chemical

No.
Species Tested Daphnia

Aldrin
21
Arsenic
12
Cadmium
27
Chlordane
14
Chromium (Cr+6)
12
+3
Chromium (Cr )
18
Copper
45
Cyanide
15
DDT
42
Dieldrin
20
Endosulfan
10
Endrin
28
Heptachlor
18
Lead
9
Lindane
22
Mercury (Hg)
14
Nickel
23
Selenium
13
Silver
10
Toxaphene
29
Zinc
29
Sensitivity Ranking ― No. of Times Ranked:
(1) Most Sensitive
4
(2) Among 5 Most Sensitive
10
(3) Among 5 Least Sensitive
5
(a) The lower the number the greater the sensitivity.

Sensitivity Ranking Species
Rainbow Trout Fathead
Minnow
2
14
5
7
1
14
4
6
10
8
―
3
8
23
1
7
22
34
2
11
1
2
9
4
6
16
4
5
4
13
7
5
16
7
6
3
7
3
14
15
5
14

―
4
3
11
2
7
3
―
9
―
10
28
14
2
21
1
1
2
1
16
1
4
10
2

0
7
2

Bluegill
3
12
20
―
12
11
39
8
18
9
6
14
9
6
11
―
11
12
8
9
19

0
1
6

Gammarus
cies)
21
2
5
5
1
2
4
10
5
18
7
21
10
1
3
2
15
―
2
23
20

(Two Spe-

36
11

12
10
―
27

2
10
4

TABLE 3 - Lethal concentration ranges for various plants and animals.
Comparison of the range of lethal concentrations of chemicals for various plant and animal organisms.

Organism
Daphnia magna
Composite of 4 fish species
Composite of 5 aquatic plant species
Alga (Chlorella)
Corn
Wild oats
Cotton
Soybean
Radish
Composite of 5 terrestrial plant species
Composite of 8 species of bacteria and fungi

% of Chemicals Causing 100%
Mortality
ppm Range
0.01 - 0.09
0.1 - 0.99
0.6
2.4
0.14
1.3
0
0.1
0.006
0.02
0.008
0.09
0.0017
0.045
0.0067
0.31
0.022
0.79
0
0.017
0.006
0.17
0
0.2

No. of Chemicals
Tested
33,909
35,305
27,781
49,082
37,517
114,897
29,938
13,199
72,649
131,596
13,409

Daphnia had the record of performance as an official
test method in France. R. Cabridenc precisely explained
its usefulness for toxicity assessment of chemical substances
through many generations, and this was employed as a
testing method.
Algae are ranked before Daphnia from the aspect of
food chains and were employed in the Alga Growth Inhibition Test.
Test guidelines were proposed for algae → Daphnia
→ fishes in aquatic food chains and for soil, but microorganisms → earthworms → birds in land food chains.
Toxicity in mammalian animals is the domain for toxicol-

ogy. For toxicity assessments in ecotoxicology, tests using fishes seem to be inexpensive and sufficient information can be obtained from the aspect of evolutionary
developmental biology. A useful method for determining
the environmental contamination potential of chemical substances is to investigate the concentration ability of chemical substances using fish. As for an exposure concentration in the biological tests, it is necessary to observe the
effects for a long time at a set up concentration that is
close to that detected under the real environment. If a
chemical substance is abnormally concentrated in organisms, or in a specific tissue in organisms, it often has a
hazardous effect on the organisms. It is known that the
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contribution of the food chain (absorption via the intestinal tract) to accumulation in fish is relatively small (10%
or less), but intake from the gills has a higher contribution.
The terminologies concerning accumulation are defined as follows (OECD).
Accumulation: A process when the concentration gradient is generated partially or over time between the target
substance (test organisms or deposits) and surrounding
media (water, soil, air, etc.) and the amount of the substance increases in the target substance. Accumulation is
an essential function in all organisms and is found in the
process of nutrient intake, in autotrophic organisms as
well as in higher organisms. In the terminology, “accumulation” has a major point in systems, whereas “distribution” used along with accumulation has a major point in
chemical substances.
Bioaccumulation: Over a sufficient time when the food
taken in is completely metabolised, and pollutants accumulate inside and outside of the organisms.
Geoaccumulation: Inorganic and organic micro components or wastes and biological components are accumulated in deposits and soil. Accumulation in the hydrosphere
and accumulation in the atmosphere are called hydro-accumulation and atmospheric accumulation, respectively.
Bioconcentration: Organisms continuously take in pollutants and the pollutant concentration increases in the
organisms or in specific organs greater than that in the
surrounding environment.
Bioconcentration factor (BCF): Among the ratios between the accumulation concentration of pollutants in
organisms (and various tissues and organs, etc.) and the
concentration of pollutants in the surrounding media (CW),
the maximum value is in an equilibrium state.
When a chemical substance is accumulated by the food
chain between a certain species and a species that is one
step lower in the food chain, the term “biomagnification” is
used.
Residues: It means the amount of a chemical substance
remaining when a chemical substance is administered for a
fixed period in the target substance. Toxicologically related metabolites and their derivatives are included.
The test concentrations in the bioconcentration studies
are two lower level concentrations that can be analysed
(one is 10 times the other concentration). For example, two
to three test fish are sampled every week, 10 hours or more
after feeding, and analysed to draw an accumulation curve.

3. The accumulation rate is always greater than the release rate, and the concentration within the tissue increases linearly.

Accumulation curves are divided into the following
three types:
1. At an initial stage, the accumulation rate is faster than
the release rate, but it gradually becomes equal to
reach an equilibrium state. (This represents the majority of cases.)
2. As in case 1, it reaches an equilibrium state, but the
equilibrium state is short and the release rate becomes
greater than the accumulation rate.

5.1 Existing Chemicals in the EU (Definitions)

In general, as the bioconcentration factor is smaller, an
accumulation equilibrium is reached faster and the half-life
is shorter (generally seven to 14 days).
Since use of a dispersant has an effect on the physical
properties of the system and the pharmacodynamics in the
biosystem, a dispersant is normally not used in concentration studies.
5. REACH AND ECOTOXICOLOGY
REACH (Registration, Evaluation, Authorization and
Restriction of Chemicals), the law creating new policies for
chemicals in the European Union (EU), went into force in
June 2007. With respect to approximately 10,000 chemical
substances that have been distributed in the EU market,
vendors manufacturing or importing these chemical substances now have to register these chemical substances
along with safety data.
REACH was established in the spirit of Article 233 of
the Treaty establishing a Constitution for Europe.
REACH comprises the following four principles:
1. Precautionary principle
2. Preventive action
3. To stop environmental destruction at the source
4. Principle of sharing by P.P.P. polluters
Furthermore, the following points apply:
§ Regulation: Directly applicable to all member states
of the EU and having a restrictive power equal to
domestic laws
§ Directive: In spite of the restriction to the member
states, methods and means are dependent upon the
member states
§ Decision: Specific obligations are applied only to the
targets
§ Recommendation: There is no legal restrictive power
since this is declared by the European Commission
§ Opinion: There is no legal restrictive power since the
European Commission declared an opinion about each
specific theme
§ Substances reported to be present in the European
Common Market during the period from January 1,
1971 to September 18, 1981 (over 10,000 chemical
substances)
§ Registered in ELINCS (European List of Notified
Chemical Substances)
§ Chemical substances that were introduced into the
market after 1981.
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5.2 Chemicals and their Products Subject to the Regulations

In REACH, existing chemical substances and new
chemical substances are uniformly regulated without distinction. If specific substances are made, chemical substances in the products are also regulated.
The preliminary registration of REACH was completed during the period from 1 June 2008 to 1 December. The
test methods were publicly notified on 31 May 2008 and
the tests were conducted effectively from the next day.
The test methods publicly disclosed were in compliance
with OECD Guidelines for Testing of Chemicals.
6. CONCLUSIONS AND
PROSPECTIVE DEVELOPMENT
The toxicity of the majority of chemical substances is
assumed to originate from one of the following three types
of interactions between biological tissues and chemical
substances:
(1) Non-specific interactions with bio membranes
(2) Interactions with protein active groups
(3) Interactions with specific receptor sites
In the study of ecotoxicology, configuration of a testing system considering organisms will be important in the
future.
105

Further, the aforementioned bio-specific reactions
(1), (2) and (3) cannot be ignored. With the progress in
analytical techniques, a variety of functions in biosystems are being analysed.
The mechanisms of interactions between chemical substances and biomembranes are supported by correlations
between the LC50 values of a variety of chemical substances in aquatic organisms and log Pow. However, there
are limitations to the application of such correlations.
At the current stage, selections for a technique for obtaining information useful for accessing ecological effects
are very limited.
In order to obtain information useful for assessing ecological effects, it is important to study an organism’s “responses at low concentrations below the fatal concentration”. It is also necessary to develop a method capable of
assessing the effects on physiological, reproductive, immunological, behavioural and neurological systems in
organisms, and the effects on the next generation, to develop a method capable of quantifying the reduction in
biodiversity of species and the changes in the biota. Currently, “responses” of chemical substances are being recognised as diverse effects on organisms (for example, endocrine disrupting chemicals or EDCs). It is necessary to establish a testing method capable of assessing such new
functions and we have reached a stage where we cannot
cover the field simply by the assessment methods for
screening purposes alone. We have reached an era where
further development is needed in the study of ecotoxicology.

104

exposure time (min)

between the concentration and the exposure time when
calculating LC50 values. LC50 (LD50 in the case of mammals) is frequently used to express toxicity of chemical
substances, but for safety assessment, the safety coefficient (for example, 0.01) is needed. The safety coefficient
becomes much more generous (for example 0.1) at the
non-effect level (the concentration at the point where the
asymptotic line of the LC50 value curve intersects with the
horizontal axis in this figure) determined in the toxicity
studies at a low concentration over a long period in ecological effect assessment studies (chronic toxicity studies,
multi-generation studies). It is very important to conduct
toxicity studies of many pollutants at very low concentrations (undefined area) below fatal concentrations.
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BIOREMEDIATION OF PETROLEUM-CONTAMINATED
SALINE SOIL USING STRAW AND STARCH WASTEWATER
AS BIOSTIMULATION AGENTS
Zhen Han, Xuliang Zhuang*, Zhihui Bai, Xinxin Wang, Anzhou Ma and Guoqiang Zhuang
Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Beijing 100085, China

ABSTRACT
To evaluate the efficacy of straw and starch wastewater
as biostimulation agents for the remediation of petroleumcontaminated saline soil, five remediation treatments with
and without straw and starch wastewater were tested in
laboratory. According to the total petroleum hydrocarbon
(TPH) measurement and Sole carbon source utilization
(BIOLOG) analysis, a large application of straw and starch
wastewater could result in a satisfactory TPH biodegradation
rate of up to 31.91% and an overall increase in microorganism activity. In addition, denaturing gradient gel electrophoresis analysis of 16s rDNA genes indicated that the
straw caused significant changes in community composition while the starch wastewater triggered a higher petroleum biodegradation rate by offering nutrients for biodegradation. Thus, in this study, an inexpensive bioremediation method was developed for petroleum-contaminated
saline soil.

KEYWORDS: Microbial community, petroleum-contaminated
saline soil, starch wastewater, straw.

1. INTRODUCTION
In China, the area of land estimated to be contaminated by petroleum is 1 × 104 ha [1]. Most of these areas,
such as the Daqing, Shengli and Dagang Oilfields, are
located in saline-alkali regions. Many microbiological treatment methods were developed for petroleum-contaminated
soil in oilfields during the past several decades [2]. Some
of these methods have proven to be ineffective for the bioremediation of petroleum compounds in high saline soils.
Until now, only two approaches are thought to be effective
* Corresponding author

for saline soils. One approach involves adding nutrients to
biostimulate indigenous halophilic bacteria capable of
degrading petroleum [3]. Another approach is bioaugmentation through the importation of exogenous halophiles or
halotolerants that remove organic compounds from saline
soil [4]. However, because the remediation of such a huge
area of petroleum-contaminated saline soil is difficult and
economically infeasible, a more economic bioremediation
method should be developed.
Every year, over 20 million tons of starch wastewater
are produced by starch extraction processes in China [5].
The wastewater contains organic materials with a low pH
and a chemical oxygen demand (COD) of up to 25,000 mg/L
[6, 7]. Starch wastewater, which consists of soluble starch,
protein and fibers, can potentially serve as organic nutrients
for microorganisms [8]. Another widely applied agricultural
waste is straw. Straw is used in paper production and as
construction materials, compost and animal food [9, 10].
The lignin fractions in straw can also adsorb organic
pollutants from the aqueous phase [4]. Past research has
noted that applying straw to a contaminated area could
enhance microbial activity by increasing soil porosity and
oxygen content and offering metabolizable substrate as
nutrients [4, 11, 12]. Starch wastewater was also reported
to be used as an inexpensive, easily-available material for
the adjustment of pH and use as a microbial substrate [13].
In addition, metabolites of straw and starch wastewater
can increase the availability of soil nutrients and improve
soil structure. Therefore, restoring petroleum-contaminated
saline soil via the addition of agricultural waste including
straw and starch wastewater would be an inexpensive
method capable of being applied over a very large area.
The objective of this study was to assess the effects of
a bioremediation method using starch wastewater and straw
on petroleum-contaminated saline soil and to determine
the impact of this method on the microbial community
during the remediation process. Sole carbon source utilization (BIOLOG) patterns accompanied with denaturing
gradient gel electrophoresis (DGGE) were performed to
evaluate microorganism activities and differences in
community structure.
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2. MATERIALS AND METHODS

development was measured at 590 optical density (OD590)
every 12 h for 10 day using an automated microtiter-plate
reader (Biolog Inc., Hayward, USA).

2.1. Soil samples

Soil samples were obtained from the Dagang Oilfield
in Tianjin, China (N 38°42′10.76″, E 117°29′21.19″). The
samples were collected in sterile valve bags, grinded to
particles of 2 mm average diameter and stored at 4°C. The
initial soil sample contained an average of 12.66 g/kg
total petroleum hydrocarbon (TPH), 34.73 g/kg organic
matter, 0.43 g/kg total nitrogen, 21.72 mg/kg available
nitrogen, 16.90 mg/kg available phosphorus, 1.04 g/kg
available potassium and 29.91 g/kg total salt and had a pH
of 8.71.
2.2. Petroleum biodegradation experiments

Materials used in the petroleum biodegradation experiments included starch wastewater, shredded straw and
petroleum-contaminated saline soil. Straw was shredded
to 2mm, and starch wastewater was prepared using potato
starch extraction methods. The initial chemical oxygen
demand (COD) of the starch wastewater was 25,440 mg/L
and the pH was 6.86. Five different treatments were prepared in triplicate: 1 kg of petroleum-contaminated saline
soil (CK) used as a control; 50 g of straw mixed with 1 kg
of petroleum-contaminated saline soil (STL); 150 g of straw
mixed with 1 kg of petroleum-contaminated saline soil
(STH) and 120 mL starch wastewater; 50 g straw mixed
with 1 kg of petroleum-contaminated saline soil (PWL);
and 360 mL of starch wastewater and 150 g straw mixed
with 1 kg of petroleum-contaminated saline soil (PWH).
Those control treatments that were not mixed with starch
wastewater were mixed with distilled water. After 35 days
of biodegradation, samples were collected. An additional
sample was collected for CK at day 70 (CK70). All samples were measured using the methods described below.

2.5. Denaturing Gradient Gel Electrophoresis

Total DNA was extracted using a method modified
from Zhou et al. [16], and subsequently purified using a
DNA Gel Recovery Kit (Omega Bio-tek, Inc.) following
the manufacturer's instructions. The V3 region of the 16S
rRNA gene was then conducted via touchdown PCR with
primers GC-PRBA338f (5'-CGC CCG CCG CGC GCG
GCG GGC GGG GCG GGG GCA CGG GGG GAC TCC
TAC GGG AGG CAG CAG-3') and PRUN518r (5'-ATT
ACC GCG GCT GCT GG-3') [17, 18]. Each 50 µL PCR
mixture was prepared with 50 ng genomic DNA, 1 × PCR
buffer (without MgCl2), 2.50 mmol/L MgCl2, 200 µmol/L
of each dNTP, 20 pmol of each primer, 2.5 U of TaKaRa
Taq DNA polymerase and sterile filtered water to reach the
final volume. The amplification conditions were: 94°C for
4 min, followed by 20 cycles of 94°C for 1 min, 65°C for
30 sec, and 72°C for 1 min, the annealing temperature is
lowered by 0.5°C each cycle. For cycles 20-30, 94°C for
1 min, 55°C for 30 sec, and 72°C for 1 min, and then the
samples were incubated at 72°C for 7 min.
Approximately 20 µL of PCR products were applied
on 8% (w/v) polyacrylamide gels. DGGE analysis was
performed using the Dcode™ Universal Mutation Detection System (Bio-Rad) for 16 h at a constant condition of
60°C and 100 V within a denaturant range from 40% to
70% in 6 L of 1 × TAE (Tris-acetate-EDTA) buffer. After
electrophoresis, the gel was stained with ethidium bromide
(Sigma) and photographed using a Bio-Rad transilluminator
under UV light.

The TPH in the 10 g soil sample was consecutively
extracted with hexane, methylene chloride and chloroform
(100 ml each) using the methods described by [14]. All
the three extracts were pooled and dried by evaporation of
solvents, the amount of TPH was then determined gravimetrically. The TPH content without straw in the STL, STH,
PWL and PWH samples was estimated using a corresponding coefficient. For example, when 150 g of straw was
mixed with 1 kg of petroleum-contaminated saline soil,
the TPH concentrations were divided by 0.87.

DGGE bands of interest were excised from the gel
with a sterile scalpel and dissolved in sterile deionized water
at 37°C for 12 h to determine the DNA sequence. Dissolved
DNA was then reamplified using with the same pair of primers (not containing the 40-bp GC clamp) as described
above. The resulting PCR fragment was purified and cloned
into the pGEM-T Easy Vector (Promega, Germany), and
then transformed into competent DH5α cells. The vector
containing a DNA band from DGGE was sequenced from
T7 primer sites on the vector. A BLAST analysis was undertaken to identify homology sequences within the Genbank DNA database. Sequential accession numbers for nucleotide sequences occurred from HQ529692 to HQ529706.

2.4. Sole carbon source utilization

2.6. Statistical analysis

BIOLOG EcoPlates (Biolog Inc., Hayward, USA)
were used to document the changes in microbial communities [15] in three selected treatments (CK, ST, PW). Ten
grams of fresh soil was added to 100 mL of sterile 0.85%
saline solution and shaken at a speed of 200 r/min for
30 min to achieve a 10−1 dilution. Each suspension was
diluted 20 times, and 150 µL of diluted supernatant was
inoculated into each well using an 8-channel repeating
pipettor. The plates were incubated at 25°C and color

The final means and least signiﬁcant diﬀerences (LSD)
of 0.05 were analyzed using a one-way ANOVA with
SPSS 16.0. The optical density data were summed and
then divided by the number of substrates (31) to calculate
average well color development (AWCD) for different treatments. The overall AWCD formed curves that illustrated
metabolic activity trends for the microbial communities
over the time measured. To reduce the dimensionality of
the BIOLOG data, principal component analysis (PCA) was

2.3. TPH measurement
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performed to compare microbial metabolic activity of each
sample.
Software Quantity One-4.6 (Bio-RAD) was performed
for the community profiles of DGGE analysis to calculate
similarity values and cluster analyses. Each band was determined automatically after the removal of background
intensity. The Dice coefficient and the unweighted pairgroup method with arithmetic means (UPGMA) were used
to construct a dendrogram.
3. RESULTS

distinctly declined after 35 days of biodegradation when
compared to CK35.
Principal component analysis was used to evaluate
changes in microbial community activities in four treatments during the 70 days (Figure 1c). The variance between treated samples and controls was explained by the
first two principal components. With a loading value of
58%, principal component (PC) 1 correlated with treatments
of ST, PW and CK70, and treatments of CK0 correlated
with PC2 (loading value of 41%). Therefore, we presumed
that the addition of straw and starch wastewater may be the
primary factor responsible for the variation in the treated
saline soil microbial community. Results indicate that

3.1. Degradation of total petroleum hydrocarbon
1.4

All soil samples exhibited high TPH contents initially,
but the concentrations declined over the study period. As
shown in Table 1, low dose treatments including STL and
PWL had a low degradation rate of 13.24% and 11.51%,
respectively. Petroleum removal caused by adding starch
wastewater occurred at a lower rate than the straw-only
treatment. However, CK35 illustrated a satisfactory degradation rate of 9.15%, similar to that of STL and PWL.
The results indicated an active mineralization in treatments
STH and PWH. Concentrations of total petroleum hydrocarbon decreased rapidly as the loading rate of straw and
starch wastewater increased. The degradation rate of CK70,
4.01%, was significantly lower than CK35 in the subsequent experiment.	
 

CK35

1

AWCD

a

CK0

1.2

CK70

0.8
0.6
0.4
0.2
0
0

1.2

AWCD

Treatments

Initial contents Final contents Degradation rate
(g/kg)
(g/kg)
(%)
CK35
12.90±0.78
11.72±0.63
9.15
CK70
11.72±0.63
11.25±0.26
4.01
STL
12.61±0.13
10.94±0.21
13.24
PWL
12.86±0.65
11.38±0.14
11.51
STH
12.08±0.29
9.20±0.32
23.84
PWH
12.85±0.16
8.75±0.13
31.91
CK35: control treatment after 35 days. CK70: control treatment from 35
day to 70 day. STL: low dose of straw treatment after 35 days. PWL:
low dose of straw and starch wastewater treatment after 35 days. STH:
high dose of straw treatment after 35 days. PWH: high dose of straw and
starch wastewater treatment after 35 days.

48

CK35
STL

1

TABLE 1 - Total petroleum hydrocarbon (TPH) contents in soil
treats and degradation rate.
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3.2. Sole carbon source utilization analysis

The overall average well color development (AWCD)
of the six treatments on different days varied greatly.
Processing method considerably affected carbon utilization
by the microbial community, but the effects of ST and
PW on microorganisms in saline soils were close (Figure 1).
AWCD curves of three CK treatments in Figure 1a depicted CK occurring through natural attenuation. CK obtained a high activity at day 0 (D0) and day 35 (D35), and
AWCD of sample CK fell to a low level near 0.1 indicated a positive microorganism activity at day 70 (D70). In
Figure 1b, sample CK35 showed the highest activity that
may be the recovery of indigenous microorganisms. Although metabolic activity in STL and PWL were slightly
lower than for STH and PWH, AWCD for each of them

FIGURE 1 - Average well color development (AWCD) of CK during
70 days (a), treatments on D35 (b), and loading values of the first
two principal components in a principal component analysis of all
AWCD in three treatments (c). The error bars indicate standard
deviations.
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FIGURE 3 - Unweighted pair group method with arithmetic means
cluster analysis of DICE distance matrix calculated from DGGE
banding patterns (based on presence/absence and band weighting)

FIGURE 2 - Denaturing Gradient Gel Electrophoresis (DGGE)
profile for PCR-amplified fragments of the 16S rDNA gene for all
treatments.

FIGURE 4 - Neighbor-joining analysis showing the phylogenic relationship between 16S rDNA gene sequences from excised DGGE bands
and other related organisms.
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microbial activity tended to decrease over time, and a small
application of straw and starch wastewater exacerbated this
reduction. However, a large dose of these materials helped
to increase or slow the decline of microbial activity.
3.3. DGGE analysis of 16S rDNA genes

A DGGE analysis of bacterial community structure
indicated that different phylotypes were dominant within
different treatments (Figure 2). DGGE profiles of ST and
PW were different from CK and involved the appearance
of several new bands (bands H1, H11, H15) or the disappearance of other bands (bands H2, H3, H9, H12, H13)
following treatment. An analysis of DGGE banding profiles for the CK samples revealed substantial changes over
the course of this study. Bands like H7 and H14, which
were dominant at D0, had even disappeared by D70. .
Cluster analysis illustrated the high degree of similarity between the band profiles of all samples (Figure 3).
Within the samples, samples of CK at different day clustered together and CK were similar except for relative intensity at D70. No significant difference was observed between STL and PWL, as they formed a sub cluster, but
there were differences when STL was compared with STH
or PWL was compared with PWH. Two samples, STH
and PWH, were closest and clustered separately from the
other samples.
Figure 4 illustrates the phylogenetic relationship between the 15 bands (H1-H15) labeled in Figure 2 and
other closely related species. This study showed that the
sequences belonged to members of actinobacteria, proteobacteria, and some uncultured bacteria. Twelve bands
were identified from the CK samples at each time period,
including bands for one actinobacteia member, nine γ-proteobacteria members, and others unclassified types. The
three new bands (H1, H11, and H15) in ST and PW were
sequenced and considered as one member (H1) of γ-proteobacteria, one member (H15) of the α-proteobacteria phylum, and one unclassified member (H11).
4. DISCUSSION
In some high salt environments, indigenous bacteria
play a more important role in contaminant removal than
previously assumed [19]. The present work utilized straw
and starch wastewater to enhance the growth of native
halophilic bacteria by providing nutrients and bioaugmented
through inoculation of exogenous microorganisms.
As a result of TPH degradation, there was a high degradation rate during the first period for the CK sample,
but the rate declined towards the end of the study period
without the application of extra treatments. A low application of straw and starch wastewater only slightly inhibited mineralization as the degradation rate of STL and
PWL decreased. Combined with the BIOLOG data, we
might determine that the microbial community within the
CK treatments had high initial metabolic activity because

of the existence of appropriate conditions for incubation,
such as temperature, humidity and aeration, but later their
metabolic activities naturally attenuated due to a decline
in available carbon sources. The sluggish response of the
petroleum-contaminated saline soil to low applications of
straw and starch wastewater was speculated to be the result
of two phenomena. First, the slow response could be the
result of the petroleum-induced depression of the extra microbes in the saline soil. Second, the slow response could
be a result of the extreme metabolic specialization of indigenous microbes to petroleum, which precluded the immediate use of the newly- added carbon [11]. However,
degradation rates of STH and PWH were much higher
when compared with low application treatments. As shown
in Figure 1, the carbon utilization capability of microbes
declined significantly after D35 for the STL and PWL
samples. Because a high application of straw and starch
wastewater was added, STH and PWH produced enough
bacterial activity to overcome the petroleum-induced
depression and promote petroleum biodegradation. Therefore, the biostimulation of indigenous microbes by introducing nutrients into the soil could promote petroleum
bioremediation [20, 21].
The changes to the microbial community composition of the petroleum-contaminated saline soil caused by
the straw and starch wastewater were also investigated
using DGGE methods. Cluster analysis of banding profiles highlights the similarities between two treated samples with straw added throughout the study period, which
confirms BIOLOG research. The results of DGGE
demonstrated that although starch wastewater stimulated a
greater petroleum reduction rate by offering nutrients for
biodegradation, straw was solely responsible for the significant changes seen in microbial community composition. According to the dendrogram analyses, many of the
related species in the dendrogram are halophilic bacteria,
a result which has also been found in other studies associated with petroleum, methane or alkane degradation [22-24].
An actinobacteria member that consistently existed in CK
was considered to be indigenous microbes. Most notably, the
appearance of three novel bands followed the treatment of
samples STH and PWH. The appearance of these bands may
have been caused by bioaugmentation, because some surviving exogenous microorganisms may have been imported
with the high application of straw, resulting in bacterial
abundance. One of the three bands is nearly identical
(100% similar) to Pseudomonas sp., a genus that has been
widely reported to degrade petroleum-contaminated soil
[25-27]. Future work is needed to improve the petroleum
degradation rate through the inoculation of surviving exogenous microorganisms imported with straw and subsequent
leaching strategies for salt removal.
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5. CONCLUSION

different composting processes. Journal of Hazardous Materials, 142(1-2), 535-542.

Our study applied an inexpensive remediation method
for petroleum-contaminated saline soil by adding straw
and starch wastewater as carbon source and soil structure
adjustments. BIOLOG and DGGE techniques were employed to investigate the results. Results indicated that
TPH biodegradation rate of treated soil is two times higher
than control. The application of straw and starch
wastewater significantly influenced microbial community
composition and high dose treatments resulted in an increase in microorganism activities.
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ABSTRACT
Sulfur isotopic composition of dissolved SO42- in waters from the Hongfeng and Aha reservoirs and their inflowing tributaries in the Guizhou Province, southwestern
China were investigated. The results show that δ34S values of SO42- range from –6.07±0.10‰ to –7.80±0.01‰,
with the average SO42- concentration of about 0.65 mM/L
in the Hongfeng reservoir water but range from –10.00±
0.08‰ to –10.53±0.05‰, with the average SO42- concentration of about 3 mM/L in the Aha reservoir water. δ34S
values of SO42- in the river water samples from the inflowing tributaries also show relatively low values (–2.34±
0.01‰ to –11.88±0.06‰) compared to most of river waters
of the world. According to the sulfur isotopic compositions
and SO42- concentrations in the studied reservoir and river
waters, three potential sources of dissolved SO42-, including coal-mining, acid deposition and oxidation of sulfide
were identified. Within these S sources, coal mining is the
major source of SO42- in surface waters of the studied drainage basins. The estimation for the relative contributions of
the potential sources indicate that about 80–90% of the
sulfate in the Aha reservoir and its inflowing river water
and about 60–70% in the Hongfeng reservoir and its inflowing river water are derived from coal strata via the
coal mining activities. Acid rainwater and oxidation of
sulfide have only limited contributions.

KEYWORDS: Reservoirs; sulfate; sulfur isotopes; coal mining;
southwestern China

1. INTRODUCTION
Sulfur is one of the major pollutants in the atmosphere,
causing acid deposition. The pollutant S is mostly emitted
from heavily industrialized and extensively fossil fuel* Corresponding author

consumed areas. Due to predominant usage of sulfur-rich
coals in the widespread coal-fired power plants and home
heating activities, acid rain has been one of the serious
environmental problems in the Guizhou Province, southwestern China [1-3]. Studies on sulfur isotopes of rainfall
in the center of the Guizhou Province, therefore, have been
extensively carried out [1, 2]. However, comparing to those
extensive studies on acid rain, there have been few systematically reported data on the sulfur isotopic composition in surface waters, although previous researches had indicated that acid deposition could influence both groundwater and surface waters. For example, Fisher (1975) [4]
showed that 90% of pollutant S in the streams and reservoirs in Sweden is from acid deposition. Ember (1981)
[5] reported similar results in North America.
SO42- is one of the major anions in surface waters (e.g.
rivers, lakes, ponds and reservoirs), and its concentration is
usually only less than that of HCO3-. But when the concentration of sulfate arises extremely to high levels more than
750 mg/L in drinking water, it can cause anomaly diarrhea
for human beings. Thus, in international or national standards of China, safety concentration level of sulfate is
commonly less than 250 mg/L. Among those studies on
geochemistry of S in surface water, the S in dissolved SO42which carries variable stable isotope ratios can be used to
identify sources, such as natural and anthropogenic S contributions, to rivers, lakes and reservoirs [6-9].
The Hongfeng and the Aha Lakes are two water supply reservoirs located in the center of the Guizhou Province, southwestern China (Fig. 1). Both reservoirs were
built up at the end of 1950s as drinking water and irrigation
supplies of the Guiyang City, the capital of the Guizhou
Province, in the following years. However, in the recent
years, with the rapid economic growth and industry increasing, the Hongfeng and the Aha Lakes were polluted
by industrial sources and sewage [10]. Among the most
important quality parameters, the concentration of dissolved
SO42- is crucial for a proper understanding of the aqueous
environment of the two reservoirs. The main purposes of
the present study are: (1) to identify the different sulfate
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sources that supply to the Hongfeng and the Aha Lakes
and their inflowing tributaries; (2) to estimate their relative contributions by using sulfur isotopic compositions.
2. MATERIALS AND METHODS
2.1. Study area

The Hongfeng Lake is about 16 km long (maximum
width of 4 km, surface area about 57.3 km2, total water
volume about 3×108 m3). The Hongfeng Lake consists of
two basins separated by a narrow passage of shallow water.
The maximum depth areas in the southern (H1) and northern (H2) basins are 23 and 24 m, respectively (Fig. 1).
The dominated bedrock outcrops are Permian and Triassic
carbonates within the Hongfeng lake drainage basin. There
are five inflowing tributaries (R2, R3, R4, R5 and R6) and
one outlet river (R1) around the Hongfeng Lake (Fig. 1).
Average runoff of the R6, R5 and R4 tributaries are
12.67, 4.13 and 1.86 m3/s, respectively. Tributary R2 and
tributary R3 are very small and their supply is minor. The
Aha Lake is much smaller, with its surface area of 3.4 km2
and total water volume of about 4.45×107 m3 (Fig. 1). The
maximum depth of the Aha Lake is 24 m and the average
depth is about 13 m. The rock outcrops are mainly car-

bonates of Permian ages in the Aha lake drainage basin.
Because there are plenty of coal stratums contained in the
carbonate stratum, coal-mining activities is flourishing in
Hongfeng and the Aha drainage basins.
It should be pointed out herein emphatically that both
the Hongfeng and the Aha Lakes are located at the tributary of the Wujiang River, which is the biggest south
branch of the Yangtze River. It means that the average
water composition of the Wujiang and the Yangtze rivers
can be considered as background of the studied reservoirs.
2.2. Sampling and analytical methods

Water samples were taken by a 5-L sampler at distinct depths in the water profiles from the Hongfeng (H1
and H2) and the Aha (A1 and A2) Lakes in January 7-9,
2001. During sampling, the vertical distribution of pH,
temperature and dissolved oxygen (DO) content were
measured in situ. The river water samples from the inflowing tributaries were collected directly at the entrance
to the lakes. Water samples for chemical analyses were
collected for anions and cations separately; the latter were
acidified with HNO3. Major cations were analyzed by
graphite furnace atomic absorption spectrometry. The
chemical analyses for major anions were performed by
ion chromatography.

FIGURE 1 - Map of the Hongfeng and the Aha Lakes and their inflowing tributaries showing sampling stations.
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After in situ filtering using 0.22-µm filters, samples
for δ34S (SO42-) measurement were collected in 500-ml plastic bottles and pre-treated by the addition of 1 ml of HgCl2
saturated solution to prevent microbially induced redox
processes. When transferred into the laboratory, dissolved
SO42- was completely precipitated as BaSO4 by addition of
saturated BaC12 solution after the pH of the solution was
adjusted to 2.5. The mixture was filtered through 0.22-µm
acetate membrane filters. The precipitates (BaSO4) on the
filters were carefully rinsed 20 times with enough Milli-Q
water to remove Cl- ions. The precipitates were then immediately transferred into crucibles with the filters and combusted at 800 °C for 4 h in air for decomposing BaCO3
precipitates. Sulfur isotopic compositions were measured
after conversion of BaSO4 to SO2 by using the continuous
flow combustion technique coupled with isotope ratio mass
spectrometry (IsoPrime JB144). δ34S values of SO42- were
calculated in per thousand units (‰), correspondingly
to the international reference materials (GBW04414 and
GBW04415, both are silver sulfate with δ34S values of

-0.07‰ and 22.15‰, respectively, with regard to VCDT
standard) and δ as symbols.
The standard deviations for the δ34S analysis of the
standard reference materials and water samples were
±0.2‰ (n=15).
3. RESULTS
3.1. Hydrochemistry of lake and river waters

The measured hydrographic properties, i.e., temperature, pH, DO, major anions and cations in the studied lake
and river waters are given in Table 1. The high mean pH
value (8.4, range 7.7-8.8) reflects the importance of dissolution of limestones and dolomites in the studied watershed (Table 1). The river water samples show slightly
lower pH values than that of lake waters. Moreover, temperature, pH and DO of the Hongfeng Lake and the Aha
Lake also show a slight stratification feature.

TABLE 1 - The measured δ34S of dissolved SO42- as well as the hydrographic properties, i.e., temperature and pH and the concentrations of
dissolved oxygen (DO) and the major anions and cations in the Hongfeng and Aha lake water and their tributary river water.
K+
(µM/L)

Na+
(µM/L)

Mg2+
(µM/L)

Ca2+
(mM/L)

Cl(µM/L)

276.9
285.3
282.2
277.5
272.2
271.3
253.1

79.0
77.2
68.7
73.3
71.3
79.0
72.8

387.4
376.5
348.3
370.4
380.9
409.1
370.9

829.2
829.2
795.8
787.5
785.4
812.5
776.7

2.84
2.72
2.56
2.63
2.63
2.97
2.68

269.7
276.2
221.0
235.5
229.9
222.1
223.7

10.5
10.4
10.2
10
10
10.5
10.4

291.9
276.9
258.8
256.6
256.9
260.9
260.0

85.4
81.3
75.6
80.3
77.2
82.8
80.8

423.9
409.6
388.3
412.2
397.4
418.3
369.1

837.5
812.5
791.7
842.9
820.0
822.1
808.3

3.00
3.03
2.80
2.94
2.93
2.81
2.60

7.73
7.67

11.7
12.1

250.3
259.1

63.6
63.8

279.1
307.8

843.3
756.3

0
3
6
9
12
15
20

8.53
8.81
8.51
8.41
8.31
8.35
8.23

15
12.8
11.2
10.2
10.2
9.9
9

273.1
292.5
282.2
281.3
276.3
273.1
246.9

56.7
57.7
56.7
47.7
51.5
52.6
52.6

156.1
151.3
142.2
148.3
148.3
150.9
137.4

H2-1
H2-2
H2-3
H2-4
H2-5
H2-6
H2-7
H2-8

0
3
6
9
12
15
18
20

8.61
8.52
8.46
8.42
8.41
8.38
8.36
8.25

10.2
10.8
10.6
10.5
10.5
10.8
10.2
10.1

354.1
339.1
324.1
324.7
325.3
331.3
328.8
322.5

57.7
60.0
56.4
55.9
56.4
53.3
54.4
57.7

R1
R2
R3
R4
R5
R6-1
R6-2

0
0
0
0
0
0
0

7.98
7.84
8.48
8.27
8.21
8.76
8.25

9.3
12
25
11
10
9.8
10.5

304.7
273.1
267.2
290.6
301.6
319.1
276.9

53.8
42.1
93.3
44.4
39.2
45.4
45.1

Depth
(m)

pH

T( )

A1-0
A1-1
A1-2
A1-3
A1-4
A1-5
A1-6

0
3
6
9
12
15
17

8.09
8.21
8.12
8.17
8.09
8.03
7.94

10.8
10.8
10.5
10.1
10.1
10
10

A2-1
A2-2
A2-3
A2-4
A2-5
A2-6
A2-7

3
6
9
12
15
18
20

8.32
8.29
8.41
8.35
8.32
8.29
8.3

AR0
AR1

0
0

H1-1
H1-2
H1-3
H1-4
H1-5
H1-6
H1-8

No.

DO
(µM/L)

NO3(µM/L)

SO42(mM/L)

HCO3(mM/L)

δ34S
(‰, CDT)

73.5
75.2
72.3
75.3
73.6
72.4
75.2

2.96
2.92
2.96
2.86
2.91
2.90
2.96

2.55
2.57
2.49
2.55
2.46
2.46
2.55

-10.52±0.20
-10.51±001
-10.53±0.05
-10.22±0.02
-10.40±0.03
-10.46±0.03
-10.53±0.04

254.9
244.1
247.6
246.0
247.1
256.1
267.5

78.6
76.6
74.8
74.2
74.9
73.4
73.7

2.81
2.82
2.78
2.83
2.84
2.83
2.87

2.46
2.51
2.59
2.53
2.44
2.55
2.51

-10.02±0.04
-10.11±0.04
-10.00±0.08
-10.12±0.21
-10.06±0.06
-10.16±0.09
-10.26±0.09

2.98
3.28

140.7
150.0

67.0
67.2

3.55
3.44

2.75
2.53

-11.88±0.06
-11.66±0.12

517.5
531.3
525.8
500.4
517.1
536.3
508.3

1.41
1.42
1.44
1.30
1.41
1.53
1.30

127.6
125.2
157.8
126.1
147.4
140.1
136.8

83.0
83.2
80.7
93.6
86.5
81.7
83.8

0.64
0.64
0.64
0.65
0.65
0.63
0.61

2.29
2.29
2.29
2.20
2.29
2.27
2.29

-6.52±0.33
-6.91±0.14
-6.69±0.06
-7.45±0.04
-6.97±0.06
ND
-6.07±0.10

166.1
168.7
174.8
165.2
169.6
149.6
172.6
167.8

537.9
549.6
531.7
517.5
508.3
504.2
525.8
508.8

1.63
1.60
1.52
1.44
1.53
1.40
1.58
1.65

150.0
126.0
237.8
128.6
132.9
129.1
144.4
218.0

96.2
94.6
97.6
99.1
102.2
105.9
97.8
110.6

0.66
0.66
0.67
0.67
0.67
0.67
0.67
0.66

2.33
2.29
2.23
2.23
2.25
2.25
2.22
2.18

-6.93±0.10
-7.18±0.14
-7.69±0.49
-7.64±0.05
-7.80±0.01
-7.63±0.07
-7.27±0.07
-7.55±0.11

140.4
166.1
989.6
96.1
91.3
239.6
252.6

484.2
582.1
484.2
654.6
330.8
685.0
652.1

1.47
2.35
1.64
1.55
1.69
1.76
1.64

197.9
106.0
816.4
65.2
109.2
173.7
210.2

90.1
73.5
154.5
61.9
180.4
188.2
293.0

0.67
1.33
1.41
0.60
0.34
0.62
0.64

2.33
3.20
2.86
3.49
2.64
3.12
3.12

-6.57±0.04
-2.34±0.01
-6.61±0.03
-5.73±0.02
-10.35±0.14
-6.53±0.08
-7.01±0.05

ND: not detected.
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Ca2+
0

0.2

HCO3-

1

0

AHa River
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Hongfeng Lake
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0.8

0.4

0.4

0

Mg2+

0.6

(a)

0.8
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0.8

1
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0.2

0.2
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0.8
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1

Na++K+
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(b)

1

Cl-+NO3-

FIGURE 2 - Ternary diagrams showing cation and anion compositions (in mM/L) of the Hongfeng and the Aha Lakes and their tributary
waters.

Same relative contributions of major ions in the Aha
Lake and its inflowing tributary waters were also observed
showing the same preferential domination of carbonate
weathering. However, due to anthropogenic input that discharged from the coal mines around the Aha Lake, the absolute concentrations of Ca2+ (2.5-3.0 mM/L) in the Aha
Lake and the Aha River waters are about 2 times higher
than that of Hongfeng Lake drainage basin. Due to the
same reason, compared with the waters of the Hongfeng
Lake and its tributaries, the waters from Aha Lake and
Aha River are of higher SO42- and SO42-/HCO3- ratios,
significantly rich in SO42-. In fact, SO42- is the first concentrated anion (in mol units) rather than HCO3- in the
Aha Lake and Aha River (Fig. 2b). The concentration of
SO42- in the Aha lake and river waters was also very high
as that of Wujing River and Yangtze River reflecting
typical carbonate weathering drainage basins (Fig. 3). In
Fig. 3, the concentrations of NO3- from several samples of
Hongfeng river have higher values than that of compared
surface water, such as the Wujiang River, the Yangtze
River and the Aha Lake and Aha River, suggesting agricultural pollution.

4

SO42-(mmol/l)

Variations of major ion compositions are shown in
the cation and anion ternary diagrams (Figs. 2a and b).
Bicarbonate, ranging from 2.2 to 3.5 mM/L, accounts for
about 70% (in mol units) of the total anions, and is the
dominant anion for the samples of the Hongfeng Lake and
its tributary river waters. The second major anion is SO42-.
The major cation compositions of the Hongfeng and the
Aha lake and river waters are dominated by Ca2+, ranging
from 1.3 to 2.3 mM/L and accounting for about 70% of
the total cations. The major ion composition of the
Hongfeng Lake and river waters suggest that carbonate
weathering tends to dominate the solute load in the studied drainage basin. This is true within the study area
where carbonates occur as the dominating bedrock.

Hongfeng Lake
Hongfeng River
Aha Lake
Aha River
Yangtze River
Wujiang River

3
2
Fig.2

1
0
0.0

0.1

0.2

0.3

0.4

NO3-(mmol/l)
FIGURE 3 - Covariation of SO42- with NO3- concentration in the
waters of the Hongfeng Lake, the Aha Lake and their tributaries.
2-

34

3.2. Concentrations of SO4 and compositions of δ S in lake
and river waters

The measured δ34S (‰, VCDT) and the concentrations
of dissolved SO42- in lake and river waters are given in
Table 1. Since both the Hongfeng Lake and the Aha Lake
are located at the tributaries of the Wujiang River, the
biggest branch of the Yangtze River of China, we can
assume that the δ34S composition (–6‰) and dissolved concentration of SO42- (0.5 mM/L) of river waters from the
mainstream of Wujiang River as background values are
provided from the basin weathering of carbonates.
The δ34S composition and the SO42- concentration of
Hongfeng lake water ranging from –6.0 to –7.8‰ and 0.61
to 0.67 mM/L, respectively, are only slightly higher than
that of the background values and fall in a relatively narrow range. Except the three small tributaries (R2, R3 and
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R5), the Hongfeng river waters have nearly the same δ34S
composition and SO42- concentration as that of the
Hongfeng lake water. Due to being sensitively affected by
anthropogenic materials, the three small rivers show different composition of SO 42- with that of main surface
waters. For example, the tributary R2 has more positive
δ34S value (–2.34‰) and high SO42- concentration (1.33
mM/L) than the other studied Hongfeng rivers because it
is influenced by wastewater issued from an ironwork
plant. The tributary R3, which is affected by wastewater
directly discharged from a fertilizer plant, has a high
concentration of SO42- (1.41 mM/L).
As mentioned above, concentrations and isotopic compositions of SO42- in the waters from the Aha Lake and the
Aha River are very different from the background surface
water. The concentrations of SO42- in the water of the Aha
Lake and its tributary range from 2.78 to 3.55 mM/L,
showing significantly higher values than those of world
large rivers (0.2-0.4 mM/L) [11, 12] and its background
waters of Wujiang River (0.5 mM/L) [13]. Moreover, those
concentrations are also higher than the permitted level of
SO42- (2.6 mM/L) in drinking water according to the international and the national standard of China. In the Aha
lake and its inflowing river waters, the δ34S values of SO42varied between –10.00 and –11.88‰, showing isotopically
light sulfur composition comparing to the previously studied rivers of the world [6-9]. Obviously, all of those clues
strongly imply that the major sources of SO42- in the Aha
Lake were others such as anthropogenic input, rather than
commonly basin weathering of carbonate bedrock.
4. DISCUSSION
4.1. Biogeochemical processes and its impact on S isotopic
composition

The isotopic composition of sulfate in lake water is dominated by the rate of sulfate input from external sources,

and changes in the rate of geochemical processes and
removal fluxes within the lakes. These geochemical processes include the deposition of sedimentary sulfides and
sulfates, oxidation of sulfide and bacterial sulfate reduction.
Bacterial sulfate reduction is the most important geochemical process which can significantly alter sulfur isotopic
composition in a negative direction from less than 4 to
more than 46‰ in surface waters [14-16]. In contrast, there
is typically little fractionation of sulfur isotopes during
oxidation of sulfide [17-20] as well as precipitation of SO42bearing minerals from water-body [21].
In the present study, slight vertical variations of δ34S
(less than 2‰ in the Hongfeng lake and 1‰ in the Aha
lake) and SO42- concentrations in the four studied profiles
imply that both bacterial sulfate reduction or sulfide oxidation should be very weak. If bacterial sulfate reduction
occurred, the depletion of dissolved SO42- and the relatively heavy δ34S values should be observed in the monimolimnion of the lakes. However, to all appearances, only
H1 profile of the Hongfeng Lake showed the slight depletion of dissolved SO42- and the enrichment of δ34S in the
monimolimnion. Moreover, if oxygen-consuming reductive bacterial processes occur in the monimolimnion, it is
likely that a strong anoxic environment will be established.
Obviously, oxygen saturation in the four studied profiles
only slightly decreased from 80–100% (=290–360 µM/L,
10 °C) in surface water to 70-90% (=260–325 µM/L, 10 °C)
in deep water. Thus, among the results from the Hongfeng
and the Aha lakes, there are no hydrochemical and isotopic
data providing evidence for occurrence of bacterial sulfate
reduction in the lake water column. Therefore, alteration of
S isotopic composition of lake water due to biogeochemical processes can be neglected in the studied season. Therefore, SO42- in the Aha and the Hongfeng Lakes show linear
mixing feature in the δ34S versus 1/SO42- mixing diagrams
(Fig. 4).
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FIGURE 4 - δ34S versus 1/SO42- mixing diagram for the water of the Hongfeng and the Aha Lakes.

2988

1.65

© by PSP Volume 20 – No 11a. 2011

Fresenius Environmental Bulletin

2-

4.2. Potential sources of SO4 in lake and river waters

34

δ S (‰, CDT)

There are several possible sources of sulfate in surface
waters, such as dissolution of gypsum, oxidation of sulfides
and atmospheric input. All those S sources do not overlap
in their isotopic signatures and can be clearly distinguished
by using SO42- concentrations and δ34S values (Fig. 5). The
estimation of representative values for the δ34S and SO42components of different sources is important in this hydro-geological and geochemical system.
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There are no gypsum deposits in the Hongfeng Lake
and the Aha Lake catchments, although gypsum deposits
having more positive δ34S values ranging from 23.7 to
29.6‰, with an average of 26‰, were reported in the clastic rock strata of the Wujiang River Catchment [13]. Thus,
dissolution of gypsum was not the major source of SO42in the Hongfeng and the Aha Lake catchments.
On the contrary, sulfide commonly exists in the carbonate strata in the studied areas. They could provide S to
surface waters during rock weathering. As shown in Fig. 5,
the δ34S and concentration of dissolved SO42- in the collected acid mine drainage water from the carbonate strata
containing sulfide in the studied region exhibit a spectrum
of S isotopic ratios of 8.0–10.6‰ and 1.3 mM/L of SO42[26].

In summary, there are three major representative
sources of SO42- existing in the studied region. They are
oxidation of S from coal, acid deposition and oxidation of
Rain water
sulfides from bedrock of carbonate strata. Due to SO42- in
the rainwater was also mainly induced from the coal burning process [2, 3], the coal-mining activity is regarded as
the major source of SO42- in surface waters within the studied
9 10 11 12 areas.

(L/mmol)

FIGURE 5 - δ34S versus 1/SO42- mixing diagram for the water of the
Hongfeng and the Aha Lakes and their tributaries. The coal, rainfall, sulfide and evaporite rock end-members are also inserted.

Firstly, in the case of the drainage basin of the
Hongfeng and the Aha Lakes, cyclic SO42- from rainfall
or dry deposition is a major source of SO42- in the studied
lake and river waters, since the rainfall containing high
concentration of dissolved SO42- had been previously reported in this region [1, 3, 22, 23]. S isotopic composition
of SO42- in rainwater has historically been measured at
several sites in the Guiyang city and its surrounding areas
[1, 3, 22]. Data of δ34S of SO42- in rainwater are given
from a more extensive monthly sampling program and
showing an average of –4.0‰ in the winter and spring
seasons but –7.0‰ in the summer season [22]. Due to
more than 75% of rainfall supplied in the summer season, the representative values for the δ34S and SO42concentration in rainwater in the studied region are about
–7.0‰ and 0.1 mM/L [23], respectively.
Previous studies also indicated that coal in the Guizhou
Province contains very high S concentration with lower
δ34S compared to coal in other areas of China and the world
[1, 24]. The concentration of S in the coal from the
Guizhou Province ranges from 3.12 to 9.08% with the
average of 5.5% [24]. The value of δ34S ranges from –10
to –15‰ [24]. Due to flourishing coal-mining activities in
the Hongfeng and Aha lake catchments, especially in the
Aha Lake Catchment, plenty of untreated coal-mining
wastewater was discharged into rivers and then influxed
into the studied lakes. The discharged coal-mining
wastewater has the average SO42- level of 13 mM/L and an
average δ34S value of about –13±2‰ [25].

2-

4.3. Relative contributions of different SO4 sources

The following estimation of the relative contributions
of sources to the dissolved SO42- in lake and river waters
is of primary necessity, since we have identified the isotopic composition of the three end-members of the sulfur
in the drainage basin. The S isotopic ratios in studied surface waters can be described by the following equations:
δ34Slake=δ34Scoal×α+δ34Srain×β+δ34Ssulfide×γ

(1)

[SO42-]lake=[ SO42-]coal×α+[ SO42-]rain×β+[ SO42-]sulfide×γ

(2)

1=α+β+γ

(3)

Herein, δ34Slake, δ34Scoal, δ34Srain and δ34Ssulfide represent δ34S isotopic compositions of lake or river waters,
coal-mining wastewater, acid deposition and oxidation of
sulfide, respectively. [SO42-]lake, [SO42-]coal, [SO42-]rain and
[SO42-]sulfide represent the concentrations of SO42- in lake
or river waters, coal-mining wastewater, rainwater and
oxidation of sulfide, respectively. The α, β and γ symbols
represent the relative contributions of coal-mining
wastewater, rainwater and oxidation of sulfides, respectively.
The calculated results of the relative contributions for
the three S sources are given in Table 2. The data suggest
that a large fraction, more than about 80–90% of dissolved SO42- in lake and river water of the Aha drainage
basin, originates from coal mining, while acid deposition
and oxidation of sulfides have only limited contributions
(<10%). In the Hongfeng lake drainage basin, the relative
contribution of coal mining is about 60–70% and the
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remaining 30–40% is believed to be the contribution from
acid deposition and oxidation of sulfides.
TABLE 2 - The calculated relative contributions of coal mining,
acid deposition and oxidation of sulfides for dissolved SO42- in water
of the Hongfeng and the Aha lakes and their inflowing tributaries.
Coal mining
Aha Lake
AR River
Hongfeng
Lake
R2 River
R3 River
R4 River
R5 River
R6 River

[2]

Zhao, D., Seip, H.M., Zhao, D. and Zhang, D. (1994). Pattern
and cause of acidic deposition in the Chongqing region, Sichuan Province, China. Water Air Soil Pollution 77, 27-48.

[3]

Larssen, T., Seip, H.M., Semb, A., Mulder, J., Muniz, I.P.,
Vogt, R.D., Lydersen, E., Angell, V., Tang, D. and Eilertsen,
O. (1999). Acid deposition and its effects in China: an overview. Environmental Science Policy 2, 9-24.

[4]

Fisher, B.E.A. (1975). The long range transport of sulfur fioxide. Atmospheric Environment 9, 1063-1070.

[5]

Ember, L.R. (1981). Acid pollutants: hitchhikers ride the
winds. Chemical Engineering News 14, 20-31.

[6]

Schwarcz, H.P. and Cortecci, G. (1974). Isotopic analyses of
spring and stream water sulfate from the Italian Alps and Apennines. Chemical Geology 13, 285-294.

[7]

Caron, F., Tessier, A., Kramer, J.R., Schwartz, H.P. and
Rees, C.E. (1986). Sulfur and oxygen isotopes of sulfate in
precipitation and lakewater, Quebec, Canada. Applied Geochemistry 1, 601-606.

[8]

Trembaczowski, A. and Halas, S. (1993). Sulphur and oxygen isotopes in sulphates in natural waters (1). Surface waters
of relatively unpolluted terrains. Isotopenpraxis 28, 215-228.

[9]

Vokal-Nemec, B., Szaran, J., Trembaczowski, A., Halas, S.,
Dolenec, T. and Lojen, S. (2006). Sulphate sources in the Sava and Ljubljanica rivers, Slovenia, inferred from sulphur
and oxygen isotope compositions. Aquatic Geochemistry 12,
199-220.

Acid deposition Oxidation of sulfides

83.98±1.37
90.78±0.60

3.38±0.1
2.68±0.07

12.63±4.11
6.48±1.74

68.69±0.69
59.98±6.92
70.96±1.88
64.47±0.55
66.25±0.34
68.69±0.69

18.11±0.64
8.75±0.11
8.63±0.23
19.63±0.23
29.48±0.37
18.11±0.64

13.17±1.46
36.74±12.51
20.66±5.51
14.54±2.25
4.10±0.5
13.17±1.46

5. CONCLUSIONS
The sulfur isotopic ratios of dissolved SO42- in waters
of the Hongfeng and the Aha lakes and their inflowing
tributaries are very low (δ34S values–2.3 to –12‰). According to the sulfur isotopic composition and SO42- concentrations, three potential sources, such as wastewater
from coal-mining, acid deposition and oxidation of sulfides,
were identified in the studied surface waters. Within those
sulfur sources, coal-mining activity is the main source of
SO42- supply into the studied surface waters. The estimation for the relative contributions of different sulfur sources
indicated that more than about 80–90% of the sulfate in the
Aha Lake and its inflowing river waters is derived from
coal strata via the coal-mining activities. In the Hongfeng
Lake and its inflowing river waters, the supply percentage
from the coal-mining activities is about 60–70%. Acid
deposition and oxidation of sulfides have only limited contributions of dissolved SO42- to the surface waters in the
studied drainage basins.

[11] Gaillardet, J., Dupré, B., Louvat, P. and Allègre, C.J. (1999).
Global silicate weathering and CO2 consumption rates deduced from the chemistry of large rivers. Chemical Geology
159, 3-30.
[12] Roy, S., Gaillardet, J. and Allègre, C.J. (1999). Geochemistry
of the Seine River, France: atmospheric inputs, weathering and
pollution. Geochimica et Cosmochimica Acta 63, 1277-1292.
[13] Han, G. and Liu, C.-Q. (2004). Water geochemistry controlled by carbonate dissolution: a study of the river waters
draining karst-dominated terrain, Guizhou Province, China.
Chemical Geology 204, 1-21.
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EFFECTS OF LICHENIC EXTRACTS
(BRYORIA CAPILLARIS, PELTIGERA RUFESCENS
AND XANTHORIA ELEGANS) ON HUMAN BLOOD CELLS:
A CYTOGENETIC AND BIOCHEMICAL STUDY
Elanur Aydın* and Hasan Türkez
Department of Biology, Faculty of Science, Atatürk University, 25240, Erzurum, Turkey.

ABSTRACT

1. INTRODUCTION

Many lichen species have been used for medicinal purposes throughout the ages, and they were reported to be
effective in the treatment of different disorders including
tuberculosis, hemorrhoids, ulcer, dysentery and cancer. It
is revealed that they may be easily accessible sources of
natural drugs that could be used as a possible food supplement or in pharmaceutical industry after their safety
evaluations. However, so far, the nature and/or biological
roles of plenty of lichenes have not been elucidated exactly. The aim of this study was to investigate the genetic
and oxidative effects of water extracts of three different
lichen species; Bryoria capillaris, Peltigera rufescens and
Xanthoria elegans in cultured human blood cells (n=5)
for the first time. All lichen species were collected from
the Erzurum and Artvin provinces (in Turkey) during August 2010. The lichen extracts were added into culture
tubes at various concentrations (0 to 2000 mg/L). Chromosome aberrations (CA) and micronucleus (MN) tests were
used for genotoxic influences estimation. In addition, biochemical parameters (total antioxidant capacity [TAC]
and total oxidative stress [TOS]) were examined to determine oxidative effects. In our in vitro test systems, it was
observed that all tested lichen extracts had no mutagenic
effects on human lymphocytes. Furthermore, these extracts
exhibited antioxidant properties due to the type of lichen
species added to the cultures. In conclusion, these lichens
can be a new resource of therapeutics as recognized in this
study with their non-mutagenic and antioxidant features.

Antioxidants could inhibit or delay the oxidation process by blocking the initiation or propagation of oxidizing
chain reactions. A variety of synthetic antioxidants like
butylated hydroxyanisole, butylated hydroxytoluene, and
tert-butylhydroquinone are commonly used within the food
industry although restrictions on the use of synthetic antioxidants are being imposed because of their toxicity [1-3].
Much attention has recently been focused on the development of safe and effective antioxidants [4], because toxic
free radicals play a role in the etiology of many disorders
including neurodegenerative and cardovascular diseases
[5, 6], diabetes [7] and certain cancers [8]. Therefore, the
development and utilization of more effective and less
harmful antioxidants of natural origins are reported to be
very desirable [3].

KEYWORDS: Bryoria capillaris, chromosomal aberrations, micronucleus assay, Peltigera rufescens, total antioxidant capacity,
Xanthoria elegans

Lichen species are very common in Turkey. It is
pointed that they may be easily accessible sources of natural drugs that could be used as a possible food supplement
or in pharmaceutical industry [13]. Bryoria capillaris,
Peltigera rufescens and Xanthoria elegans are the most
common lichen species in North East Anatolian especially
in Erzurum and Artvin provinces and are used for several

* Corresponding author

Lichens are symbiotic organisms composed of fungi
and algae [9]. Several lichen species have been used for
different purposes such as lichenometric measurements (for
age determining) and biomonitoring of air pollution levels
[10-12]. Lichens were effective in the treatment of diseases
such as hemorrhoids, bronchitis, dysentery, and tuberculosis [13]. Again, lichen species have been used as stomachic, antidiabetic, and hemostatic drug [14]. Some recent
studies have also showed that secondary metabolites from
lichens induce apoptosis in colon [15, 16] and prostate
[17] cancers. For a long time, lichens have been investigated for biological activities; mainly antimicrobial but
also antitumor, antiviral, allergenic, plant growth inhibitory, antiherbivore, and enzyme inhibitory [18]; more recently, antioxidant and anti- genotoxic activities [19, 20].
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purposes including food (B. capillaris and P. rufescens as
flour and tea), cosmetics (X. elegans as hair dye) and
colorant in woven industries (X. elegans as textile dye and
henna) by local peoples [21]. To the best of our
knowledge the effects of these lichen species on human
cells were not investigated. Therefore, in this investigation, it was aimed to describe the cytogenetic and oxidative
effects of three lichen species; B. capillaris, P. rufescens
and X. elegans on cultured human blood cells for utilization as a possible food supplement or within the pharmaceutical industry. With this aim, not only CA frequencies but
also MN formations have been established as related to
the dose of aqueous extracts of lichenes (0 to 2000 mg/L)
on human lymphocytes. In addition important oxidative
parameters, TAC and TOS were used to monitor their
antioxidant or pro-oxidant activities in vitro.
2. MATERIALS AND METHODS
2.1. Plants

Lichen species, Bryoria capillaris (Ach.) Brodo and
D. Hawksw., Peltigera rufescens (Weis) Humb. and
Xanthoria elegans (Link) Th. Fr. were collected from the
Erzurum and Artvin provinces (in Turkey) during August
2010. After drying at the room temperature, a stereo microscope, a compound microscope, and the usual spot tests
were used for the identification of the samples with the
reference books [22- 25]. The specimens were stored in
the herbarium of Kazım Karabekir, Faculty of Education,
Atatürk University, Erzurum.

CAS No. 8007-30-5, Sigma®; 25 µM) were also used as
the positive controls in TAC and TOS analysis, respectively.
2.4. CA assay

Human peripheral blood lymphocyte cultures were set
up according to a slight modification of the protocol described by Evans and O’Riordan [26]. A 0.5 mL aliquot of
heparinized blood was cultured in 6 mL of culture medium
(Chromosome Medium B; Biochrom, Berlin) with 5 mg/mL
of phytohemagglutinin (Biochrom). The cultures were incubated in complete darkness for 72 h at 37ºC. Two hours
prior to harvesting, colchicine (Sigma®) at a final concentration of 2 mg/mL was added to the culture flask. Hypotonic treatment and fixation were performed. To prepare
slides, 3-5 drops of the fixed cell suspension were dropped
on a clean slide and air-dried. The slides were stained in
3% Giemsa solution in phosphate buffer (pH 6.8) for 15 min.
For each treatment, 30 well-spread metaphases were analyzed to detect the presence of chromosomal aberrations.
Criteria to classify the different types of aberrations (chromatid or chromosome gap and chromatid or chromosome
break) were in accordance with the recommendation of
EHC (Environmental Health Criteria) 46 for environmental
monitoring of human populations [27].
2.5. Micronucleus assay

For water extraction of lichens, 50 g sample was
mixed with one liter distillated and boiling water using a
magnetic stirrer for 15 min. Then the extracts were filtered through a Whatmann No. 1 paper.

The micronucleus test was performed by adding cytochalasin B (Sigma; at final concentration of 6 µg/mL)
after 44 h of culture. At the end of the 72-h incubation
period, the lymphocytes were fixed with ice-cold methanol: acetic acid (1:1). The fixed cells were put directly on
slides using a cytospin and stained with Giemsa. All slides
were coded before scoring. The criteria for scoring micronuclei were as described by Fenech [28]. At least 1000 binucleated lymphocytes were examined per concentration
for the presence of one, two, or more micronuclei.

2.3. Experimental design

2.6. TAC and TOS analysis

Whole heparinized human blood from five healthy nonsmoking donors between the ages 22 and 25 with no history of exposure to any genotoxic agent was used in our
experiments. Questionnaires were obtained for each blood
donor to evaluate exposure history, and in addition, informed consent forms were signed by each donor. In all
the volunteers involved in this study, hematological and
biochemical parameters were analyzed and no pathology
was detected. A various concentrations (0, 1, 5, 10, 25,
50, 100, 200, 250, 500, 1000 and 2000 mg/L) of aqueous
extracts of lichens were tested in blood cultures. CA and
MN rates were assessed in peripheral lymphocytes. Experiments conformed to the guidelines of the World Medical
Assembly (Declaration of Helsinki). The cultures without
extracts were studied as control- group. A well known
mutagen; Mitomycin C (C15H18N4O5, CAS No. 50-07-7,
Sigma®; 10-7 M) was used as the positive control in CA
and MN assays. Likewise, ascorbic acid (C6H8O6, CAS No.
50-81-7, Sigma®; 10 µM) and hydrogen peroxide (H2O2,

The major advantage of TAC test is to measure the
antioxidant capacity of all antioxidants in a biological
sample and not just the antioxidant capacity of a single
compound [29]. In this test, antioxidants in the sample
reduce dark blue-green colored ABTS radical to colorless
reduced ABTS form. The change of absorbance at 660 nm
is related with total antioxidant level of the sample. The
assay is calibrated with a stable antioxidant standard solution which is traditionally named as Trolox Equivalent that
is a vitamin E analog [30]. Since the measurement of different oxidant molecules separately is not practical and their
oxidant effects are additive, the total oxidant status (TOS)
of a sample is measured and this is named total peroxide
(TP), serum oxidation activity (SOA), reactive oxygen
metabolites (ROM) or some other synonyms. In TOS assay
performed here, oxidants present in the sample oxidize the
ferrous ion–chelator complex to ferric ion. The oxidation
reaction is prolonged by enhancer molecules, which are
abundantly present in the reaction medium. The ferric ion

2.2. Extraction
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makes a colored complex with chromogen in an acidic
medium. The color intensity, which can be measured spectrophotometrically, is related to the total amount of oxidant
molecules present in the sample. The assay is calibrated
with hydrogen peroxide and the results are expressed in
terms of micromolar hydrogen peroxide equivalent per
liter (µmol H2O2 Equiv./L) [31].
The automated Trolox equivalent total antioxidant capacity (TAC) and total oxidant status (TOS) assays were
carried out in plasma samples obtained from blood cultures
for 2h by commercially available kits (Rel Assay Diagnostics®, Gaziantep, Turkey) [32].
2.7. Statistical analysis

Statistical analysis was performed using SPSS software (version 13.0, SPSS, Chicago, IL, USA). The Duncan’s was used to determine whether any treatment significantly differed from controls or each other. Statistical
decisions were made with a significance level of p> 0.05.

3. RESULTS
As shown from the results presented in Tables 1-3, B.
capillaris (at 1, 5, 10, 100, 200, 250, 500 and 1000 mg/L),
P. rufescens (at 1, 50, 100, 200, 250, 500 and 1000 mg/L)
and X. elegans (at 1, 5, 10, 200, 250, 500 and 1000 mg/L)
did not lead to any alterations in TAC levels. Similarly,
ascorbic acid applied culture (as positive control; 10 µM)
showed about two fold increases of this parameter as
compared to control- group. And different concentrations
of B. capillaris (25 and 50 mg/L, P. rufescens (5, 10 and
25 mg/L) and X. elegans (25, 50 and 100 mg/L) caused
significant increases of TAC level when compared to
control- value. In contrast, TAC levels found to be lower
than control values in consentrations of 2000 mg/L these
three lichen species.
On the other hand, H2O2 applied culture (as positive
control; 25 µM) showed about three fold increases of this
parameter as compared to control- group. Likewise the
TOS levels increased at higher concentrations of B. capillaris and X. elegans (2000 mg/L) and P. rufescens (1000
and 2000 mg/L). But, the extracts of B. capillaris and X..

TABLE 1 - The cytogenetic and biochemical effects of aqueous extracts of Bryoria capillaris in vitro.
TAC (mmol Trolox
TOS (µmol H2O2
MN/1000 cell
CA/cell#
Equiv./L)
Equiv./L)
Control6.24 ± 0.62b
11.58 ± 2.64a
3.18 ± 0.72a
0.20 ± 0.02a
Control+
13.71 ± 0.94d
39.25 ± 4.63c
8.26 ± 1.18b
0.72 ± 0.09b
b
a
a
1 mg/L
6.29 ± 0.60
11.56 ± 2.60
3.21 ± 0.69
0.22 ± 0.04a
5 mg/L
6.42 ± 0.27b
11.67 ± 2.19a
3.32 ± 0.77a
0.18 ± 0.02a
10 mg/L
6.35 ± 0.39c
11.76 ± 2.71a
3.27 ± 0.68a
0.15 ± 0.03a
25 mg/L
8.12 ± 0.63c
11.16 ± 2.43a
3.47 ± 0.59a
0.20 ± 0.03a
50 mg/L
8.23 ± 0.59c
11.21 ± 2.57a
2.93 ± 0.61a
0.22 ± 0.02a
100 mg/L
7.09 ± 0.51b
11.63 ± 3.07a
2.87 ± 0.72a
0.24 ± 0.03a
200 mg/L
6.37 ± 0.53b
11.71 ± 3.14a
3.19 ± 0.74a
0.22 ± 0.04a
b
a
a
250 mg/L
6.41 ± 0.50
11.83 ± 3.29
3.29 ± 0.77
0.24 ± 0.02a
500 mg/L
6.28 ± 0.42b
11.88 ± 2.96a
3.41 ± 0.66a
0.18 ± 0.02a
1000 mg/L
6.06 ± 0.51b
11.93 ± 3.24a
3.29 ± 0.63a
0.24 ± 0.02a
a
b
2000 mg/L
5.23 ± 0.44
12.73 ± 3.18
Values are presented as mean±S.D.; n=5, means in the same column followed by different letter are significantly different at the (p<0,05) level, #
symbol means that this value was calculated by analysing at least 30 metaphases in one culture.
Treatments

TABLE 2 - The cytogenetic and biochemical effects of aqueous extracts of Peltigera rufescens in vitro.
TAC (mmol Trolox
TOS (µmol H2O2
MN/1000 cell
CA/cell#
Equiv./L)
Equiv./L)
Control6.24 ± 0.62b
11.58 ± 2.64a
3.18 ± 0.72a
0.20 ± 0.02a
Control+
13.71 ± 0.94d
39.25 ± 4.63c
8.26 ± 1.18b
0.72 ± 0.09b
1 mg/L
6.36 ± 0.65b
11.40 ± 2.73a
3.25 ± 0.63a
0.23 ± 0.04a
c
a
a
5 mg/L
7.40 ± 0.57
11.33 ± 2.63
3.29 ± 0.72
0.22 ± 0.03a
10 mg/L
7.81 ± 0.62c
11.62 ± 2.56a
3.32 ± 0.54a
0.20 ± 0.02a
25 mg/L
7.93 ± 0.59c
11.28 ± 2.84a
3.42 ± 0.74a
0.21 ± 0.03a
50 mg/L
6.54 ± 0.48b
11.65 ± 2.78a
3.27 ± 0.69a
0.22 ± 0.02a
100 mg/L
6.37 ± 0.53b
11.68 ± 2.64a
3.25 ± 0.75a
0.23 ± 0.03a
200 mg/L
6.43 ± 0.54b
11.61 ± 2.73a
3.24 ± 0.69a
0.20 ± 0.02a
250 mg/L
6.38 ± 0.49b
11.59 ± 2.81a
3.21 ± 0.77a
0.21 ± 0.03a
b
a
a
500 mg/L
6.27 ± 0.51
11.62 ± 2.75
3.41 ± 0.71
0.27 ± 0.04a
1000 mg/L
6.13 ± 0.47b
12.13 ± 2.88b
2000 mg/L
5.48 ± 0.37a
13.27 ± 2.54b
Values are presented as mean±S.D.; n=5, means in the same column followed by different letter are significantly different at the (p<0,05) level, #
symbol means that this value was calculated by analysing at least 30 metaphases in one culture.
Treatments
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TABLE 3 - The cytogenetic and biochemical effects of aqueous extracts of Xanthoria elegans in vitro.
TAC (mmol Trolox
TOS (µmol H2O2
MN/1000 cell
CA/cell#
Equiv./L)
Equiv./L)
Control6.24 ± 0.62b
11.58 ± 2.64a
3.18 ± 0.72a
0.20 ± 0.02a
Control+
13.71 ± 0.94d
39.25 ± 4.63c
8.26 ± 1.18b
0.72 ± 0.09b
1 mg/L
6.22 ± 0.53b
11.35 ± 2.41a
3.22 ± 0.69a
0.20 ± 0.03a
5 mg/L
6.31 ± 0.44b
11.62 ± 3.14a
3.13 ± 0.55a
0.18 ± 0.02a
10 mg/L
6.38 ± 0.63b
11.26 ± 3.08a
3.32 ± 0.29a
0.24 ± 0.02a
25 mg/L
7.21 ± 0.60c
11.13 ± 2.69a
2.77 ± 0.42a
0.20 ± 0.02a
c
a
a
50 mg/L
7.09 ± 0.66
11.29 ± 2.56
3.21 ± 0.39
0.16 ± 0.03a
100 mg/L
7.05 ± 0.44c
11.66 ± 2.74a
3.27 ± 0.43a
0.15 ± 0.02a
200 mg/L
6.29 ± 0.71b
11.61 ± 2.91a
3.51 ± 0.66a
0.20 ± 0.02a
b
a
a
250 mg/L
6.18 ± 0.60
11.72 ± 2.38
3.47 ± 0.52
0.18 ± 0.03a
500 mg/L
6.11 ± 0.49b
11.60 ± 2.63a
3.35 ± 0.43a
0.18 ± 0.03a
1000 mg/L
6.06 ± 0.51b
11.82 ± 3.12a
3.41 ± 0.52a
0.20 ± 0.04a
2000 mg/L
5.61 ± 0.43a
12.73 ± 3.26b
Values are presented as mean±S.D.; n=5, means in the same column followed by different letter are significantly different at the (p<0,05) level,
symbol means that this value was calculated by analysing at least 30 metaphases in one culture.
Treatments

elegans (at concentrations below than 2000 mg/L) and P.
rufescens (at concentrations below than 1000 mg/L) did
not change the TOS levels in cultured human blood cells
(Tables 1-3)
Tables 1-3 show the genetic and biochemical data obtained with various concentrations of Bryoria capillaris,
Peltigera rufescens and Xanthoria elegans, on cultured
blood cells, respectively. All the lichen extracts at tested
concentrations (1 to 2000 mg/L) did not induce significant
(p<0,05) number of CAs and MNs. However, the Mitomycin C applied culture (as positive control; 10-7 M) showed
about three fold increases of both parameters as compared to
control- group. Besides, the cultures found to be sterile at
concentrations of 2000, 1000 and 2000 mg/L for B. capillaris, P. rufescens and X. elegans, respectively.
4. DISCUSSION
In the present study, it was established that the extracts of B. capillaris, P. rufescens and X. elegans lichen
species were non-genotoxic. Because, the results obtained
by us did not indicate any significant increases in the ratios
of the CAs and MNs in lymphocytes exposed to lichen
extracts as compared to control values. In fact, CA test is
regarded as a very important and useful indicator of exposure to biological and chemical agents [33]. MN assay
provides a measure of both chromosome breakage and
chromosome loss or non-disjunction in clastogenic and
aneugenic events, respectively [34]. And damaged DNA
can lead to aneuploidy and/or chromosomal instability,
which is believed to be major contributor to tumor progression [35]. Our findings are in accordance with the previous reports. Koparal et al. [36] investigated cytotoxic and
genotoxic activities of the lichen Ramalina farinacea and
the lichen Cladonia foliacea and suggested that usnic acid
(a main component of lichens) was non-genotoxic shown
by the absence of MN induction in human lymphocytes.
Again, Zeytinoglu et al. [37] investigated the genotoxic/
antigenotoxic activities of the extract from lichen Cetraria

#

aculeata in TA98 and TA100 strains of Salmonella typhimurium in the presence or absence of metabolic activity
and in human lymphocytes. They have reported that the
lichen extract was not mutagenic in all systems. Similarly,
the genotoxic effects of the water extracts of Pseudevernia furfuracea, Dermotocarpon intestiniforme, Ramalina
capitata, Parmelia pulla and Rhizoplaca melanophthalma
lichens were ascertained by sister-chromatid exchange
(SCE) and MN tests in human whole blood cultures. According to results of this study, it was established that
these lichen extracts had also no genotoxic effect [38].
Turkez et al. [19] studied the effects of methanol, acetone, n-hexane and ether extracts obtained from the lichen,
Pseudovernia furfuracea, on genotoxicity in cultured human blood cells by SCE and MN tests. The researchers observed that P. furfuracea extracts exhibited non-mutagenic
properties in both test systems.
The results of the present study reveal that treatment
with aqueous extracts of B. capillaris (10, 25, 50 and 100
mg/L), P. rufescens (5, 10 and 25 mg/L) and X. elegans
(25, 50 and 100 mg/L) lichen species provide antioxidant
effects at different degree. Similarly to our findings, various reports, especially published in last ten years, indicated the antioxidant properties of several lichen species.
According to previous studies, the extracts of Pseudovernia furfuracea [19], Xanthoparmelia spp. [39] and
Lobaria pulmonaria [40] were found to have antioxidant
properties. Many lichen extracts have showed antioxidant
properties, probably due to their phytoconstituents. As a
matter of fact, B. capillaris was reported to be contained
alectorialic and barbatolic acid, and might also contain
alectoronic acid, atranorin, norstictic acid, psoromic acid,
and salazinic acid [41]. Many of these compounds are
polyphenolic substances, which are known to have more
or less antioxidant activity [39, 42, 43]. P. rufescens has
been determined to contain a number of interesting phytoconstituents, including depsides characterized as peltigerin
and solorinine (new amino acids), one oligosaccharide (3O-b-glucopyra-nosyl-D-mannitol), and one polyol (Dmannitol) [44, 45]. It was also reported that P. rufescens
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had the food value due to its high protein and essential
amino acid content, of which the free methionine content
could be the most significant [46]. The lichenic depsides
served as antioxidants in rat brain model [47]. To date no
investigation was carried out the find out the potential
antioxidant properties of peltigerin and solorinine, but the
amino acid methionine is known to exert antioxidant
effects by as yet unidentified mechanisms but the amino
acid contains sulphur which is needed for producing glutathione, the most profuse antioxidant in the body [48].
And, sugar alcohols such as mannitol were shown to protect cells against oxidative stress via scavenging oxyradical [49, 50]. Likewise, Xanthoria species were shown
to contain various anthraquinone pigments including
erythroglaucin, physcion, xanthorin, emodin, fallacinal,
teloschistin and especially parietin [51, 52]. Manojlovic et
al. [53] investigated the anthraquinones content of lichen
Laurera benguelensis and reported that the lichen extracts
showed high antioxidant activity due to its metabolites
including parietin, lichexanthone, secalonic acid, norlichexanthon, emodin, teloschistin and citreorosein. In accordance with this finding, Yim et al. [54], determined that
the cellular protection afforded by the anthraquinonecontaining fraction of herbal extracts might be related to its
ability to sustain the glutathione antioxidant status under
the oxidative stress conditions. Thus, in this investigation,
the observed antioxidant activities of B. ca-pillaris, P.
rufescens, X. elegans in different levels could be due to
their antioxidant natured constituents.
The results of the present study also indicated that the
aqueous extracts of B. capillaris and X. elegans lichen
species exerted marked lethal actions on cultures of human
blood cultures for 72 h at concentration of 2000 mg/L.
Similarly, P. rufescens caused sterility at concentration of
1000 mg/L. Thus, the repeated cultures were found to be
sterile due to their cytotoxic effects in higher concentrations. Again, B. capillaris (at concentration of 1000 mg/L),
P. rufescens (at concentrations of 1000 and 2000 mg/L) and
X. elegans (at concentration of 2000 mg/L) caused significant increases of TOS levels at increasing doses. Hence,
the cytotoxic effects of this lichen species could be, at least
in part, attributed to oxidative stress-induced by high lichenic contents. The dose-dependent toxicity data for
more than 1000 secondary metabolites of lichenes in both
in vitro and in vivo conditions is not available. But there is
scarce data on the presence of toxic effects by atranorin,
parietin [55], prosomic and salazinic acids [56], some depsides [57] and anthraquinones like emodin and physcion
[58, 59] that were found in here tested lichen species.

determined that the TAC levels were increased significantly at lower concentrations (5 to 100 mg/L) of these
three lichen species. But these positive effects were vanished or decreased at higher doses (100 to 2000 mg/L).
Generally, it is believed to increase the dose of the active
metabolites in food supplements according to the motto
‘the more, the better’. This is a violation of the basic rule
in toxicological sciences introduced by Paracelsus that
every compound is toxic provided the dose is high enough.
The serum, plasma or tissue level of the active components
reached after consumption of a food supplement should be
compared with the range of normally attained levels of
these components. The further this range is exceeded, because of excessive supplementation, the more the food supplement gets the character of a nutraceutical and additional
knowledge is necessary [64]. The multidisciplinary toxicity
studies can be of help here as well. At this point we suggest that the oxidative stress could be a major part of the
toxicity mechanism of excessive lichen supplementation.
But cytotoxic actions of these lichens at higher concentrations were also could be due to initation of cell death, inhibition of functional enzymes, antimitochondrial actions,
binding to plasma membrane and changes in osmotic potential. Therefore, further investigations are neccessary to
find out the definite mechanisms in lichen toxicity.
In conclusion, our results clearly indicated that the
water extracts of B. capillaris, P. rufescens and X. elegans
lichen species collected from Erzurum and Artvin provinces had no mutagenic effects on human lymphocytes.
Furthermore, these extracts exhibited antioxidant properties due to the applied dose and the type of lichen species
added to the cultures. On the other hand, the extracts caused
cytotoxicity due to oxidative stress at higher concentrations
above than 1000 mg/L. Overall our results have indicated
that several North East Anatolian lichens have the potential
of being utilized as novel bioresources for naturally occurring antioxidant therapies.
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It is noteworthy that, many medicinal plants caused
cytotoxic effects in higher doses. The toxicity of different
medicinal plant extracts varied from non-toxic to highly
toxic. In fact, some common antioxidant natured medicinal lichen (Myelochroa aurulenta and Cetraria islandica)
and plant (Ocimum basilicum, Salvia sp., Laccopetalum
giganteum and Pteleopsis hylodendron) species were found
toxic in higher concentrations [60-63]. Interestingly, we
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A GREEN AND EFFECTIVE METHOD TO EXTRACT
SULFAMETHAZINE IN REAL WATER SAMPLE USING POLYPROPYLENE GLYCOL-BASED AQUEOUS TWO-PHASE SYSTEMS
Xiaohong Zhao, Xueqiao Xie and Yongsheng Yan*
School of Chemistry and Chemical Engineering, Jiangsu University, 212013 Zhenjiang, P.R. China

ABSTRACT
In this study, aqueous two-phase systems (ATPSs)
have proven to be a green, economical and effective sample pretreatment technique to sulfamethazine puriﬁcation.
The ATPS consisting of polypropylene glycol (PPG) and
NaH2PO4 coupled with molecular fluorescence spectrophotometry was developed for the separation and determination of sulfamethazine. Phase behaviors of the PPG-salt
ATPSs were studied for different types of salts, such as
(NH4)2SO4, NaH2PO4, KH2PO4, Kac, KCl. The effects of
the amount of salt, pH, centrifugation time, and the temperature were investigated in details, and the optimal conditions for aqueous two-phase extraction were obtained. It
has been observed that the extraction efficiency of sulfamethazine is highly dependent on the salting-out ability of
salt and pH of the system. Under the optimum conditions,
the extraction efficiency of sulfamethazine was 96.4 %100.2% with relative standard deviation of 1.2-3.0% in a
one-step extraction.

KEYWORDS: Aqueous two-phase systems; extraction; sulfamethazine; polypropylene glycol; water sample

1. INTRODUCTION
Liquid–liquid extraction using organic solvents is one
of the most effective separation and puriﬁcation techniques
for separation antibiotics [1, 2], metal ions [3, 4] and dyes
[5]. However, all of them employed water-immiscible
organic solvents as extraction agent, which are toxic,
ﬂammable, and volatile, thus being harmful for environment. Therefore, the development of new types of extraction systems has been required from point of view of environmental protection. Aqueous two-phase systems (ATPS)
might be a favored choice to replace solvent extraction.
ATPS can be formed with combinations of two hydrophilic
polymers or of a polymer and a salt in aqueous solution
* Corresponding author

above a certain critical concentration [6]. Compared with
traditional solvent extraction, ATPS is considered to be
environmentally friendly without using harmful volatile
organic solvents in the whole process. ATPS as a green,
economical, and efficient method has been wildly used in
the separation and preconcentration of metal ion species
[7, 8], dye molecules [9], enzymes [10] and nanoparticulates [11]. In particular, Guan et al. [12] employed polyethylene glycol (PEG) + NaH2PO4 ATPS to extract penicillin and got a satisfactory result. Liu et al. successfully
extracted steroids from human urine with ionic liquid-salt
ATPS and 2-propanol-salt ATPS [13, 14] and they also
reported using ATPS for separating papaverin, morphine,
and codeine [15-17]. In our previous work, we have successfully used ionic liquid-based ATPS for extracting macrolide antibiotics in real water samples [18, 19].
PEG is a hydrophilic polymer, which is often used in
aqueous two-phase partitioning studies [12, 15, 20-22].
Polypropylene glycol (PPG) (the molecular structure of PPG
was shown in Fig 1a) is a polymer that is structurally closely
related to PEG. Low molecular masses of PPG are completely water-soluble that can also be used in aqueous twophase partitioning, since its aqueous solutions with a suitable polymer or a salt form ATPS. So far, there is no literature to report partition of solutes and particles in PPGbased ATPS.
Sulfamethazine (SM2) is chosen as the target molecule
(the molecular structure of SM2 was shown in Fig 1b),
because it is a commonly used sulfonamide in veterinary
medicine as an antibacterial drug to prevent infections, treat
diseases and to promote growth. The SM2 is unavoidably
discharged into the surrounding vicinity through urine and
feces [23]. Ultimately, the residues can find their way into
the environment. In recent years, the occurrence and fate
of pharmaceutically active compounds in the environment
have been recognized as one of the emerging issues in
environmental chemistry [24]. Owing to the relatively low
concentration of SM2, a simple and reliable preconcentration technique is required to determination of SM2, prior
to analysis. The aim of this study was to develop a green,
simple and effective extraction method to determine SM2
in real water samples based on ATPS. The phase behavi-
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ments took place in a standard 10 mm path-length quartz
cell, thermostated at 25 ± 0.5 °C, with 5 nm bandwidths
for the emission and excitation monochromators.

OCHCH2 n OH

A DC-2008 water thermostat (Gongyi City Yuhua Instrument Co., Ltd., Henan China) was used for controlling
temperature in the experiment.
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A BS124S analytical balance (Beijing Sartorius instrument co., Ltd., Beijing China) was used for weighting.
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2.3. Preparation of phase diagrams
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CH3

(b)
FIGURE 1 - The molecular structure of PPG and SM2.

iors of the ATPS including the phase diagrams and phase
volume ratios were studied. Moreover, parameters, such as
the mass of salt, solution pH, centrifugation time, and temperature influenced the partition behavior of SM2 were also
investigated. Combined with molecular fluorescence spectrophotometer, this novel method has been successfully
applied to the determination of SM2 in real water samples.
2. MATERIAL AND METHODS

The binodal curves were determined by the titration
method [25-27]. A glass vessel, volume 50 cm3, was used
to carry out the phase equilibrium determinations. The
glass vessel was provided with an external jacket in which
water at constant temperature was circulated using a DC2008 water thermostat. The temperature was controlled to
within ± 0.05 K. A PPG solution of known mass fraction
was taken into the vessel, and then a salt solution of known
mass fraction was added dropwise to the vessel until the
mixture became turbid or cloudy. The composition of this
mixture was noted. Afterward, water was added dropwise
to the vessel to get a clear one-phase system, and the procedure was repeated and so on. The composition of the
mixture for each point on the binodal curve was calculated by mass using an analytical balance with a precision of
±1.0×10-7 kg. The maximum uncertainty was found to be
0.001 in determining the mass fraction of both PPG and
salt.
2.4. Preparation of aqueous two-phase systems

2.1. Reagents and samples

The standard drug sample of SM2 was obtained from
Chinese National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). A stock solution of 100 µg mL-1 was prepared by dissolving appropriate
amounts of SM2 in methanol. This stock solution should be
replaced every two months in order to prevent the decomposition of SM2. Standard working solution was obtained
daily by appropriately diluting the stock solution with
pure water. The standard and stock solutions were kept in
darkness at 4 ℃. PPG (molecular masses 400) was obtained from Aladdin Reagent Co., Ltd. (Shanghai, China).
Fluorescamine was purchased from Sigma-Aldrich (St.
Louis, MO, USA) with a minimum mass fraction purity of
0.99, and a solution 0.1 % (w/w) was prepared in acetone,
which was supplied from the Sinopharm Chemical Reagent
Co., Ltd. (Nanjing, China). All other chemicals were of
analytical or HPLC grade.
Three water samples, Yangzi River, Yudai Lake of
Jiangsu University, and tap water were all collected from
Zhenjiang, China. Samples were filtered through 0.45 µm
filter and stored in dark glass bottles at 4 ℃.
2.2. Apparatus

Fluorescence signals were measured on a Cary Eclipse
luminescene spectrometer (Varian USA) equipped with a
xenon flash lamp and a computer. All working measure-

A special amount of NaH2PO4 and the solution of SM2
were added into a graduated glass tube. The volume of the
glass tube was calibrated. The mixture was diluted to the
mark with water, and then added 1.0 ml of PPG400 and
mixed thoroughly. To attain equilibrium, the mixture was
centrifuged at 2000 rpm for 30min and two clear phases
were formed. Then the system was placed into the thermostated bath and allowed to settle for at least 2 h to
separate into two clear phases. PPG and SM2 were enriched in top phase and bottom phase, respectively. The
top phase was removed with a syringe completely into a
new centrifugal tube containing a suitable amount of 0.1
% fluorescamine with pH 3.0. SM2 is not ﬂuorescent, but
it reacts easily with ﬂuorescamine to form highly ﬂuorescent
pyrrolidine-type derivative [28, 29]. The derivatization was
carried out by heating at 333.15 K for 10 min and the
fluorescence intensity of the solution was measured with
an excitation wavelength of 406 nm and an emission wavelength of 495 nm. This reaction can lead to the appearance
of SM2, while the disappearance of the PPG400, which may
eliminate the background interference (see Fig.2).
The partition behavior of SM2 is described by the extraction efficiency (E, %) (Defined by E = Vtct/ms, where
ms is the amount of SM2 added, ct is the concentration of
SM2 in the top phase) and phase ratio R (Defined by R =
Vt/Vb, where Vt and Vb are the volumes of the top and
bottom phase, respectively).
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quired for the formation of ILATPS under the same mass
fraction of PEG400. The PPG400 + (NH4)2SO4 ATPS has
interference to the determination process as a NH4+ ion
exists in the salt. NaH2PO4 was chosen for further study in
this work because of its stronger phase-formation ability
than other salts. Another important reason was that NaH2PO4
can result in an appropriate pH range to determine SM2.
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FIGURE 2 - Fluorescence spectra of (A) PPG400 + ﬂourescamine;
(B) SM2 + PPG400 + ﬂourescamine. Detection: λex = 406nm and λem
= 495 nm.
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Phase diagram data are necessary for the design of
aqueous two-phase extraction process and understanding of
general factors determining partition of solutes and particles. Herein different salts, including (NH4)2SO4, NaH2PO4,
KH2PO4, KAc, and KCl have been discussed for the formation of ATPS with PPG400 at T = 298.15 K as shown in
Fig. 3. The binodal data of PPG-salt ATPSs are given in
Table S1 of supplementary data). The salting-out ability
of salts or ions is always compared by binodal curves
plotted in mass fraction [30-32]. In fact, it cannot exactly
reflect the nature of interaction between molecules in the
system. Therefore, we decided to use the binodal curves
plotted in molality to see the effect of the type of salt on
the phase-forming ability. It can be seen from Fig. 3 that
the salting-out ability of these salts follows the order of
(NH4)2SO4 > NaH2PO4 > KH2PO4 > KAc > KCl. The relative effectiveness of anions in inducing two-phase formation was: H2PO4- > Ac- > Cl- for potassium salts. The
order of effectiveness for the cations was: Na+ > K + for
the phosphate salts. The increase in the salting-out
strength of salt is reflected by a decrease in the amount
of salt re-

FIGURE 3 - Binodal curves for the PPG400 + salt + water ATPS at T =
298.15 K: ●, (NH4)2SO4; ○, NaH2PO4; ﹡, KH2PO4; ▲, KAc; ☆, KCl.
3.2. Partitioning behaviors of SM2 in ATPS

SM2 is an amphoteric substance and exists as an ion,
cation, or neutral molecule depending on the pH of the
solution. The two dissociation constants of SM2 are pK1 =
0.4 ± 0.1 and pK2 = 7.0 ± 0.5 [33]. When pH of the solution is between their pK2 and pK1 values, SM2 would exist
in the form of neutral molecule. Oppositely, SM2 would
be ionized. In addition, the hydrophobicity of the neutral
molecule is logically greater than corresponding ions. For
the investigated ATPS, most of the SM2 was partitioning
into polymer-rich phase. The basic mechanism of partitioning of SM 2 in ATPS is shown in Fig. 4. We suggest that
partition of SM 2 in ATPS is driven by a combination of
hydrophobic interaction and salting-out effect. Hence, influence of different process parameters such as the mass
of NaH2PO4, pH, centrifugation time and temperature on
partitioning of SM2 were studied.

3003

© by PSP Volume 20 – No 11a. 2011

Fresenius Environmental Bulletin

FIGURE 4 - The basic mechanism of partitioning of SM2 in ATPS.
3.3. Effect of the mass of NaH2PO4

The PPG400, a hydrophilic polymer, can be induced to
form ATPS when contacted with solutions of the waterstructuring salt. However, at low salt concentrations, the
PPG-salt is miscible and coexists in a single phase; above
a critical concentration, they will separate into two phases,
that is, an upper polymer-rich phase and a lower salt-rich
phase. The formation of the two phases in the polymersalt system is due to the salting-out effect. Therefore, the
effect of the amount of NaH2PO4 on the phase behavior
was investigated. As illustrated in Fig. 5, with increasing
concentration of NaH2PO4, more PPG400 was driven into
the top phase, resulting in the volume of top phase increases. When the concentration of NaH2PO4 reaches to
0.44 g/mL, the top phase volume and phase ratio reached
up to the maximum value. However, after the maximum
R, with increasing the concentration of NaH2PO4, resulting in the decreasing phase volumes ratio, which may be
due to the transfer of water molecules from the top phase
to bottom phase. The distribution behaviors of SM2 in the
ATPS were also studied.
12
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of SM2 have no significant variety in the range of 80.5–
85.5%. This because that the salting-out effect of NaH2PO4
has reach to a maximum degree, it was not able to improve
the extraction efficiency of SM2 by increasing the amount
of salt. Therefore, 0.56 g/mL NaH2PO4 was used for the
phase separation in following study.
3.4. Effect of pH

The amphoteric sulfonamides would therefore form
positive, neutral as well as negative ions depending on the
pH of the environment. The pH optimization in the process of separation and extraction with sulfonamides was
therefore crucial for ATPS. The amphoteric nature of SM2
makes them behave both as acids and abases depending
on the pH of the environment. At high pH, the amine
group, which is not directly attached to the ring, loses its
proton to create a negative charge on the molecule. At low
pH values, the amine group, which is attached directly to
the ring, is protonated and therefore a positive charge to the
molecule is formed. It is evident therefore that between
these two extremes there will be a range for neutral uncharged species. Fig. 6 showed the influence of pH on
SM2 partitioning in PPG400 + NaH2PO4 ATPS. The extractability of SM2 into polymer-rich phase showed a
maximum of 95.5% at pH 4.5. When pH is adjusted to the
neutral uncharged species, SM2 is more hydrophobic and
tends to stay in the PPG400-rich phase. This can be interpreted to form the stronger hydrophobic interaction at pH
close to the neutral uncharged species of the SM2. Similar
research was reported by Forciniti et al [34] and Wang et
al [35]. Based on these results, it can be deduced that
hydrophobic interaction might be one of the main driving
forces in the uptake of SM2 by the PPG400 + NaH2PO4
ATPS.

0.00
0.6

Mass of NaH2PO4 (g/mL)

FIGURE 5 - Effect of the amount of NaH2PO4 on the formation of
ATPS: —●—, bottom phase; —■—, top phase; —▲—, phase ratio.

It was found that in PPG400 + NaH2PO4 ATPS, with
increasing the concentration of NaH2PO4 from 0.44 to
0.50 g/mL, the extraction efficiencies of SM2 increased
from 42.3 to 80.5 %. However, when the concentration of
NaH2PO4 was 0.5– 0.67 g/mL, the extraction efficiencies
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0.9991), where conc are the concentration of SM2 with
the unit of µg·L-1, and this was used to quantitatively
analyze the separation efficiency. The accuracy and precision of the method were determined using three different
replicate samples containing 5.0, 10.0, and 20.0 µg·L-1
analytes, respectively. The recoveries for SM2 were 96.4 %100.2% with the relative standard deviation (R.S.D.) of 1.23.0%, and the detection limit was 2.0 µg·L-1.

100

extraction efficiency (%)

90

80
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3.8. Real environmental water sample analysis
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FIGURE 6 - Effect of pH values on the extraction efficiencies of SM2
3.5. Effect of centrifugation time

The influence of the centrifugation time on extraction
efficiency of SM2 was investigated at 2000 rpm for different time. It was found that the extraction efficiency increased initially with the centrifugation time at 10-30 min
and then kept constant at 30-60min. Based on the result
obtained, 30 min was chosen as centrifugation time in the
following study.
3.6. Effect of temperature

In our previous article [36], it is indicated that an increase in temperature expands the two-phase area of the
binodal curve. In other words, the critical concentration of
a salt required to form an ATPS is decreased with increasing the temperature. That is because the PPG-solvent interaction decreased with an increase in temperature and then
resulted in a decrease in the solubility of PPG in water.
Since temperature has an effect on the phase-forming ability of PPG-based ATPS, the effect of temperature on the
extraction efficiency of SM2 in PPG400 + NaH2PO4 ATPS
were also investigated from 288 K to 318 K. In the temperature range considered, the overall extraction efficiency
kept on invariant level of 95.5%-97.2%. This method provided relative invariable extraction efficiency for SM2 in a
wide range of temperature. In this work, all extraction
experiments were carried out at room temperature.
3.7. Method evaluation

The parameters, such as linearity, limit of detection
and extraction efficiency of SM2, were determined from a
spiked solution of SM2 under the above optimum conditions. A series of known concentration of SM2 were added
to ATPS containing 1.0 ml PPG400 and 5.0g NaH2PO4
with the pH 4.5. The solutions were then stirred well and
centrifugated at 2000 rpm for 30 min. After phase separation, the SM2 concentration in the top phase was measured by molecular fluorescence spectrophotometer. The
calibration curve for SM2 was obtained in the range of 2.5 90.0 µg·L-1. Linear regression equations and correlation
coefficient was intensity = 10.679×conc – 17.967 (R2 =

Under the optimum conditions (the concentration of
NaH2PO4 was 0.56 g/mL, the pH of ATPS was 4.5, the
centrifugation time was 30 min, the temperature of the ATPS
was at room temperature), three real water samples were
analyzed to demonstrate technique applicability for the
proposed method. The real water samples were filtrated
with a 0.45 µm filter and used directly for further experiment. As can be seen in Table 1, no contamination of SM2
residues was detected in all of the three environmental
water samples (Yangzi River, Yudai Lake, and tap water)
at detectable levels. The recoveries of SM2 were studied
by adding a certain amount of SM2 standard solution into
water samples. The recoveries of SM2 were in the range
of 93.2-97.7 % with R.S.D. of 1.5-3.8%, which indicated
that the recoveries for SM2 were very satisfactory.
TABLE 1 - Analysis results (mean ± S.D., n=3) for SM2 in real
water samples.
Sample
Yangzi River
Yudai Lake
tap water

Added (µg·L1
)
0
10
20
0
10
20
0
10
20

Determined
(µg·L-1)
ND
9.53 ± 0.32
18.98 ± 0.56
ND
9.40 ± 0.38
18.64 ± 0.64
ND
9.77 ± 0.28
19.42 ± 0.30

Recovery (%)
95.3% ± 3.2%
94.9% ± 2.8%
94.0% ± 3.8%
93.2% ± 3.2%
97.7% ± 2.8%
97.1% ± 1.5%

a

ND no found.
3.9. Effect of interfering substances

The assay was unaffected by the presence of excipients as shown by the excellent recoveries of 95.7-99.5%
with R.S.D. of 1.9-3.3% obtained when analyzing the studied SM2 in presence of commonly encountered excipients
under optimized conditions. Samples containing a fixed
amount of the SM2 (10.0 µg mL−1) and variable concentrations of excipients were measured. The result showed
that the coexistent organic compounds, such as 1,000 times
lactose, sucrose and starch, and 500 times glucose and
fructose did not induce significant interference in the examination. This fact indicates good selectivity of method to
determine the subject SM2 in real water samples.
3.10. Comparison of ATPS extraction and tradition solvent
extraction

In this work, in order to further verify the accuracy of
SM2 in real water samples were separated by PPG400 +
NaH2PO4 ATPS. The tradition solvent was used to separate and concentrate SM2 in real water samples for the
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purpose of comparison with ATPS. In the tradition solvent extraction experiment, 10 mL of SM2 standard solution with pH 10.0 was extraction by 5 mL of n-octanol
solution containing 50% butyl acetate (V/V). The results
obtained are summarized in Table 2.
From Table 2, it can be seen that the efficiencies of
SM2 in real water samples using PPG400 + NaH2PO4 ATPS
extraction are better than tradition solvent extraction. In
addition, the enrichment factor of PPG400 + NaH2PO4 ATPS
extraction is five times as much as solvent extraction. Moreover, PPG400 + NaH2PO4 ATPS is considered to be environmentally friendly due to the bulk of both phases consist of water and no use of volatile organic solvent in the
whole process.
TABLE 2 - The comparison results between ATPS extraction and
tradition solvent extraction
Method
ATPS
extraction
Tradition solvent

samples

samples

Yangzi River
Yudai Lake
Tap Water
Yangzi River

95.3±3.2
94.0±3.8
97.7±2.8
60.7±2.1

Enrichment
factors (F)
10
2

extraction

Yudai Lake
Tap Water

58.4±1.7
63.2±2.3

*The spiked concentration of SM2 is 10 µg·L-1.

4. CONCLUsion
An efficient, environmentally safe and economically
viable method has been developed for the determination
of SM2 that exploits an aqueous two-phase system (ATPS)
using a liquid–liquid extraction technique. The PPG400 +
NaH2PO4 ATPS was established for the extraction and
spectrophotometric determination of SM2 in real water
samples as it derivative. The influence of various factors
on the partitioning of the SM2 has been studied. The results show that salting-out effect and hydrophobic interaction between charged SM2 molecules and polymer play an
important role in their partitioning between water and
polymer. The results also show that the chemical structure
of SM2 influences its solubility in a polymer phase. This
APTS forms a potential method for the extraction of soluble sulfonamides antibiotics.

SUPPLEMENTARY DATA
TABLE S1 - Experimental (Liquid + Liquid) Equilibrium Molar Mass c (mol·kg-1) ATPSs for PPG400 (1) + (NH4)2SO4/NaH2PO4/KCl/
KH2PO4/KAC (2) + H2O (3) at Temperature T = 298.15 K.

c1
1.548
1.43825
1.38975
1.31625
1.22075
1.1495
0.931
0.87075
0.82
0.776
0.736
0.69875
0.62675
0.44125
0.26025
0.18175
0.1285
0.087
0.07
0.0465
0.028

(NH4)2SO4
c2
0.03405
0.05751
0.06962
0.09233
0.12941
0.15968
0.2853
0.32466
0.36098
0.39049
0.41698
0.44347
0.50325
0.65688
0.85894
0.95807
1.04359
1.16089
1.21689
1.31224
1.51052

c1
1.66025
1.57575
1.47875
1.358
1.2945
1.2335
1.16925
1.11925
1.015
0.954
0.88325
0.82975
0.77925
0.72475
0.64675
0.57825
0.50175
0.4485
0.407
0.368
0.2965
0.24725
0.2
0.17275
0.132
0.10075
0.087

NaH2PO4
c2
0.01334
0.0225
0.0275
0.05501
0.08085
0.10918
0.14419
0.17086
0.23004
0.27838
0.33922
0.3884
0.43757
0.49425
0.5726
0.64177
0.72095
0.77513
0.83597
0.89182
0.98683
1.06101
1.14269
1.19603
1.29688
1.37356
1.41524

KCl
c1
1.41325
1.27475
1.17625
1.1205
1.04325
1.00025
0.92875
0.86625
0.803
0.73925
0.64975
0.46
0.425
0.37625
0.30625
0.2595
0.19325
0.1395
0.10775
0.08675
0.05875
0.05475
0.0495
0.02475

c2
0.47887
0.5835
0.66264
0.70557
0.76727
0.80349
0.86519
0.92019
0.97921
1.07579
1.17907
1.49966
1.5721
1.65929
1.82696
2.00671
2.23877
2.444
2.66935
2.7619
2.95238
3.0275
3.03689
3.29309
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AGRICULTURE ON EARTHWORM ABUNDANCE AND THE HEAVY
METALS IN SUBURBAN SOILS IN SHANGHAI, EASTERN CHINA
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ABSTRACT
In suburban areas of countries where a rapid urbanization is being experienced, both agricultural and forest
ecosystems play essential roles in mitigating environmental load while being directly and indirectly affected at the
same time. Relative to farmlands, usually, forest ecosystems have stronger ability of absorbing and immobilizing
pollutants (e.g. heavy metals) in biomass and soils for
restoring polluted soils and protecting water resources
along a river. We examine this claim in one crop field and
two plantation stands, which were established in the original farmland nine years ago, in the suburban area of
Shanghai, eastern China. The results showed that compared
with the agricultural soils, higher abundance and density
of earthworms were found in the plantation soils in the suburban area of Shanghai, eastern China. The concentrations
of Cu, As, Cd, Cr and Pb were lower in the soils of the
plantations than in the farmland, in particular, the difference in Cd concentration was significant in the two kinds
of soils. The concentrations of heavy metals in earthworm
derived from the plantations were lower than those from
the farmland. These results have significant implications
for mitigating soil pollution, restoring polluted soils and
increasing soil biodiversity by means of establishing plantations in suburban areas.
KEYWORDS: earthworms; heavy metals; soils; cropland; plantations

1. INTRODUCTION
With agricultural intensification and urbanization, farmlands are frequently impacted by pollutants from chemical
fertilizers, pesticides, transportation, air deposition, etc.,
furthermore, these pollutants could be leached into rivers,
* Corresponding author

resulting in water contamination. In particular, this situation is more distinct in suburban areas [1, 2]. Among various pollutants, heavy metals, such as copper (Cu), arsenic
(As), cadmium (Cd), chrome (Cr), and lead (Pb), are popular ones in soils and waters due to industrial production,
transportation, fertilizer applications in suburban areas [36]. This has become one of serious environmental problems
in some newly industrializing countries, including China,
with a rapid urbanization for the last decades [7-9]. Theoretically, establishing plantations along a river is one of
measures for protecting the water resources against these
pollutions because forests can form a green belt for isolating the pollution sources, immobilizing the pollutants in
soils and raising biodiversity [10-12]. In general, with establishment and development of plantations in the former
farmlands or other types of lands, which have been intensively cultivated or to certain extent polluted, the properties of original soils could be changed, with decreasing in
pollution, rising in organic matter concentration, increasing in the abundance and density of soil animals, etc. For
showing such a change in the soil, the abundance and density of earthworms [13-15] and their heavy metal concentrations [3, 16, 17] might be one of the most sensitive indicators.
Shanghai, located in East China (31º 14' N，121º 29'
E), is one of the rapidest urbanization cities in China. For
the last three decades, the soils, water, and atmosphere in
both urban and suburban areas have worsened due to the
emission of pollutants with a rapid urbanization and agricultural intensification [18-20]. The Huangpu River, which
originates from the Dianshan Lake, 50.3 km southwest of
Shanghai, flows through the entire urban area and runs into
the Yangtze River, stretches for 113.4 km. The river is the
key water resource for the city dwellers and industrial
demand in the Shanghai region. For the last ten years, the
river water has been contaminated with heavy metals due
to atmospheric deposition from highways and leaching
from agricultural fields applied with chemical and manure
fertilizers [21]. In the beginning of the new century, in
order to restore the contained soils and reduce the pollu-
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tion sources of the river, about 500 m wide agricultural
fields have been transformed into plantations along the
two banks of the river. The plantations are now around six
years old. The canopy has been closed in the stands, playing an ever increasing role in terms of ecological functioning. With six year-old stands, at present, one important question is what extent the plantations improved
the quality of soils in terms of increasing organic matter
and reducing heavy metal pollution, and what degree the
plantations increased the diversity of soil animals. Answering these questions has great implications both in
scientific research and policy making.
In this study, our aims are to investigate soil properties, the abundance and density of earthworms and the concentrations of heavy metals in earthworms come from tree
stands and crop field, and to test the effects of plantation
management on soil properties, soil animals, in particular,
restoration on heavy metal pollution on the soils in suburban area in some megacities where a rapid urbanization is
occurring.

this area. One-third of the agricultural land along the river
banks has been converted into an industrial area, and
another third has been used to establish plantations to
protect the river water resources from pollution induced
by agriculture activities, transportation, industries, etc. These
plantations are dominated by Cinnamomuim camphora,
Elaeocarpus sylvestris, Koelreuteria paniculata, and
Ligustrum lucidum. The stands were about nine years old
with closed canopy.
The study sites, one cropland and two plantation
stands, were selected near the Songjiang Forestry Experimental Station in Songjiang District located in the middle reach of the Huangpu River (Fig. 1). The study sites are
200 m far from the river. The monoculture stand consists of
E. sylvestris, whereas the mixed stand consists of C. camphora, E. sylvestris, and K. paniculata (Table 1). The
sampling cropland adjoining to the stands was monoculture crop canola (Fig. 1).

2. MATERIALS AND METHODS
2.1. Study area

The study area is located in Songjiang District, Shanghai, 32 km southwest of the city center (30°58′N, 121°16′E),
and is a typical suburban area (Fig. 1). In the area, the main
land use types include rivers, highways, villages, agricultural fields, and plantations, etc. This area belongs to the
middle reaches of the Huangpu River, which originates
from the Dianshan Lake, 50.3 km southwest of Shanghai,
and flows through the city and into the Yangtze River.
Shanghai is located in northern subtropical area with moist
and mild climate. The mean annual temperature and mean
annual precipitation are 15.8°C and 1100 mm, respectively.
In suburban Shanghai, canola (Brassica napus L.) and
wheat (Triticum aestivum L.) are two common crops in the
spring. To raise crop yield, local farmers generally apply
large amounts of chemical fertilizer (up to about 1500 kg
ha-1 annually), but the utilization of chemical fertilizer is
only about 40%. Farmyard manure is applied in some cases,
and pesticides are also popularly used. Residues of these
chemicals may be leached into the Huangpu River. Originally, this area is a typical agricultural land. For the last
ten years, the land use type has substantially changed with
the acceleration of urbanization and industrialization in

FIGURE 1- Location of the plantation stands and the cropland
studied in Shanghai, China.
2.2. Sampling

Samplings were conducted in early April 2009 during
which there was fierce activity and massive reproduction
of earthworms. In each stand, a big sample plot (20 × 20 m)
was delimited for measuring tree height, diameter at breast
height (DBH), and crown width. Five subplots (5 × 5 m)
were systematically set up within each plot for sampling
soils and earthworms. In each subplot, five quadrates (50
× 50 cm) were systematically located. In each quadrate,
the soil was elaborately dug out to 40 cm (underground
water level), and meanwhile the earthworms were col-

TABLE 1 - Composition and growth of plants in the tree and crop stands.
Tree/crop stand
Pure stand
Mixed stand

Crop stand

Tree/crop species
E. sylvestris
C. camphora (35%)
E sylvestris (29%)
K paniculata (22%)
Others (14%)
Canola

Age (yr.) Density (stem ha-1)
9
850
9
725
9
550
9
350
9
1
-

3010

Height (m)
11.3
9.4
10.0
8.0
1.8

DBH (cm)
6.5
4.9
8.0
4.9
-

Crown width (m)
3.5
3.1
3.5
2.8
-
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lected from the soils. Once an earthworm was found, it
was put into a plastic box containing its native soils and
was brought back to the laboratory immediately. The
earthworms collected from 5 quadrats in a subplot formed
one group for identifying species and accounting number.
For each stand, there were 5 sample groups of earthworms
for calculating abundance and density.
As the earthworms were sampled above, soil samples
were collected. In a quadrat, soil sample was collected
from 0 - 20 cm (upper layer) and 20 - 40 cm (lower layer),
respectively. In each subplot, the soils collected from the
same layer in 5 quadrats formed one composite sample. In
each stand, there were 5 soil samples for each soil layer.

analyses were all performed in the Instrumental Analysis
Center of Shanghai Jiao Tong University.
2.4. Statistical analysis

Statistical comparisons among the three sampling sites
for the concentrations of heavy metals were performed with
SigmaPlot 10.0 and SigmaStat 3.5 (Systat Software Inc.,
USA) using ANOVA. When the difference was significant,
post-hoc multiple comparisons were subsequently made
using the Tukey-Kramer test.
3. RESULTS
3.1. Effect of tree stands on chemical properties of soils

2.3. Chemical analysis of soils and earthworms

In the laboratory, all earthworms collected were washed
for subsequent taxonomic identification. The collected earthworms in each stand were divided into different groups and
were rinsed with distilled water in a beaker. All the beakers were then maintained in an artificial incubator that
simulates the natural environment (20°C, a relative humidity 70%, 12 hour light and 12 hour night) for about 24
hour to purge their alimentary tracts of soil content. They
were then rinsed with deionized water to remove adhering
soil particles and were placed in pre-cleaned glass beakers. Samples were oven-dried at 70°C for 24 h and ground
into a fine powder. Then a 1 g portion of samples taken
by weighing was submerged in 20 ml nitric acids on a
heating plate for 8 h, filtered and diluted in 100 ml distilled deionized water, and then analyzed for copper (Cu),
arsenic (As), cadmium (Cd), chrome (Cr), and lead (Pb)
concentrations using an Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES) (Iris Advantage 1000, Thermo Fisher Scientific Inc., USA).
Soil pH was measured in a 1:5 soil/water mixture;
and soil organic matter (SOM) content was determined by
standard procedure from three separate sampling sites.
After natural air drying, the soils were sieved (< 1 mm) and
subjected to preliminary treatment using the same methods
above and were analyzed for phosphorus, potassium, calcium, magnesium, and heavy metals using ICP-OES. These

The SOM concentrations in the upper layer (0 - 20 cm)
both in the pure and mixed tree stands were significantly
higher than those in the crop field (p < 0.05), and no significant difference was found between two tree stands (Table 2).
In the three stands, the SOM concentration in the upper
layer was evidently higher than that in the lower layer (20 40 cm). There was a significant difference in K concentration between the pure tree and crop lands (p < 0.05). For
the concentrations of nutrients, P, Ca and Mg, no significant difference was found although there were some differences between the same-depth soil layers in three stands
(Table 2).
3.2. Concentration of heavy metal elements in soils

Cd concentration in both the upper (0 - 20 cm) and
lower layers (20 - 40 cm) of soils in the agricultural field
were significantly (p < 0.05) higher than those in the
woodland soils (Fig. 2). The concentrations of Cu, As, Cr,
and Pb in the upper layer and the lower layer in the crops
field were relatively higher than those in the tree stands.
The mean concentrations of heavy metals in the upper
layer and the lower layer soil were in order of crop field >
pure stand > mixed stand. For the three stands, the concentrations of Cu, As, Cd, Cr, and Pb, was generally
higher in the upper layer than in the lower layer of the
soils (Fig. 2), but no significant difference was found.

TABLE 2 Chemical properties of soils in the tree and crop stands.
Soil layers

pH

SOM
(g kg-1)

P
(g kg-1)

K
(g kg-1)

Ca
(g kg-1)

Mg
(g kg-1)

Pure stand
0-20
6.4
21.8±3.10a
0.63±0.07
1.17±0.31a
1.91±0.35
2.63±0.46
20-40
6.9
12.4±1.20
0.43±0.10
0.47±0.08
0.92±0.15
2.35±0.83
Mixed stand
0-20
5.9
25.0±3.40a
0.72±0.04
2.04±0.73ab
2.10±0.51
4.41±1.03
20-40
6.3
12.9±1.30
0.55±0.09
0.59±0.14
1.48±0.26
3.69±0.75
Crop stand
0-20
7.0
15.5±2.60b
0.68±0.02
3.66±0.14b
3.58±0.63
1.47±0.26
20-40
7.9
10.0±1.10
0.54±0.12
0.65±0.08
1.59±0.53
1.21±0.18
Note: Numbers in the table stand for the basic character value of soils in the area sampled. Values are the mean ± standard errors of the physical and
chemical properties of soils in the three stands (n=5). If superior letters are labeled indicate there are significant differences between the three stands
at the same soil layer by Tukey-Kramer test (p < 0.05).
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FIGURE 2 - Concentrations of Cu, As, Cd, Cr, and Pb in soils of the cropland and the two young plantation stands.

3.3. Density of earthworms

25
a

pure stand
mixture stand
cropland

20
Individuals m-2

Three species of earthworm were found in the forestand agro- ecosystems: Amynthas diffringens, Pheretima
guillelmi, and Amynthas hupeiensis. A. hupeiensis was
confirmed exclusively in agro-ecosystem and A. diffringens and P. guillelmi were present at all sites (Fig. 3).
The density of earthworms among the three stands had an
evident difference, whereas a significant (p < 0.05) difference was found only in the density of A. diffringens between pure Elaeocarpus stand and the canola field. The
density of A. diffringens in the pure and mixture stand
was 18 and 10 m-2, respectively, which was obviously
higher as compared to croplands (4 m-2). The density of P.
guillelmi in the three stands was in accordance with that
of A. diffringens, which was from 5–11 m-2, but there
were no significant difference among the three study sites.
The density of A. hupeiensis, only collected in plantation
ecosystem, had no significant difference between the pure
Elaeocarpus stand and the mixture stand (5 m-2, 8 m-2).
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FIGURE 3 - Density of earthworms (i.e., numbers of different
earthworm species per m2) in the mixture stand (C. camphora, E.
sylvestris, and K. paniculata), pure stand (E. Elaeocarpus), and
cropland (Canola).
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TABLE 3 Concentrations of heavy metals (mg kg-1) in the three earthworm species sampled in two tree stands and a crop stand.
Species

Cu
(mg kg-1)

As
(mg kg-1)

Cd
(mg kg-1)

Cr
(mg kg-1)

Pb
(mg kg-1)

A. diffringens
Pure stand
24.53±3.82
4.31±0.57ab
4.57±1.77
7.60±1.24
10.05±3.07a
Mixed stand
23.22±3.82
2.30±0.44a
3.34±0.65
6.50±0.76
9.49±2.40a
Cropland
31.25±3.43
7.60±2.20b
7.88±2.10
8.83±1.88
21.66±3.29b
P. guillelmi
Pure stand
29.01±3.46
4.79±1.42a
4.61±0.52ab
8.08±1.80
9.25±1.01a
Mixed stand
24.15±3.18
2.93±0.32a
3.78±0.61a
7.46±1.78
7.65±0.96a
Cropland
35.33±3.88
9.46±0.76b
6.79±1.07b
9.91±0.77
13.41±1.30b
A. hupeiensis
Pure stand
30.74±4.09
6.00±1.44
4.49±0.39
9.36±1.79
14.03±3.33
Mixed stand
25.48±3.39
2.72±0.75
2.94±1.35
4.91±0.99
10.48±2.97
Cropland
Note: Values are means ± standard error of 5 replicates. Three plots sampled are pure stand, mixture stand, and cropland. The different superior letters
(a, b) in the same earthworm species from different sampling sites indicate significant difference at P 0.05. Location difference comparisons were
determined using ANOVA and multiple comparisons (Tukey).

3.4. Concentrations of heavy metals in earthworms

Heavy metal concentrations showed similar variability among earthworms in the same plots (Table 3). The
concentrations of Cu, As, Cd, Cr, and Pb in three species
of earthworms within the crop field were obviously lower
than those in the plantation stands. The As concentration
of A. diffringens in the cropland and mixture stand showed
the significant difference (p < 0.05), while there were no
significant difference between the crop field and the pure
stand. Similarly, the pure stand displayed no obvious difference with the mixed stand. The Pb concentration of A.
diffringens in the cropland was significantly (p < 0.05)
higher than those in the pure and mixed stands, but there
was no significant difference in Pb concentration of A.
diffringens between two tree stands. The As concentration
of P. guillelmi in the canola field was significantly (p <
0.05) higher than those in the pure and mixed stands.
Similarly, the Pb concentration of P. guillelmi in the
cropland was significantly (p < 0.05) higher than those in
the plantation stands. The concentration of Pb between
the pure stand and the farmland did not have any remarkable difference (Table 3). There was no obvious difference in the Cd level of P. guillelmi between the pure stand
and the mixed stand, but the concentration of Cd in P.
guillelmi in the crop field was significantly (p < 0.05)
higher compared to those in the tree stands. A. hupeiensis
were not found in the cropland when we collected earthworm samples. Therefore, data on the heavy metal concentration of A. hupeiensis were only derived from the
parts of pure stand and mixture stand. Analysis showed
that there was no significant difference between the pure
stand and the mixed stand of heavy metals.
4. DISCUSSION
4.1. Diversity and density of earthworms in different land-use
types

Higher abundance and density of earthworms were
considered as one indicator for good soil conditions in plant

ecosystems. Some previous studies demonstrated that forest ecosystems had greater numbers of earthworm species
than cultivated agro-ecosystem, since more niches and
more intricate systems exist that ensure the persistence of
more density of earthworm species with different ecological conditions [14, 22-24]. Sunil et al. [25] considered agroecosystem was often affected by anthropogenic disturbance
such as grazing, agricultural encroachment that resulted in
variations of soil pH and soil nutrients, contrastively,
forest ecosystem was relatively rich in biodiversity due to
fewer effects from anthropogenic disturbance. In this study,
diversity of earthworm species in two plantation stands was
evidently higher compared to the crop land. This is mainly
due to better soil properties in the tree stands where much
less management disturbance compared with the crop field
(Table 2).
Based on a review of data on a global scale, earthworm populations had a considerable variation in time
and space, with mean densities ranging from 10 to over
1000 individuals m-2 [26]. In the farmland, deserted field
and green space in Xuhui district, Shanghai, the density of
earthworms was 17 individual m-2 in the green space soils,
12 individual m-2 in the farmland, and 4 individual m-2 in
the deserted field, respectively [27]. Compared with these
results, in this study, only three species of earthworms
were identified with the density of 3-18 individual m-2,
displaying that lower earthworm diversity and density in
this study area.
In this study, the plantations were transferred from
agricultural fields about 9 years ago, and the soil properties have been distinctly improved. Soil pH was gradually
turned from weakly alkaline into weakly acidic in the
present plantations transformed from the former arable
land, and the same tendency occurred in the vertical soil
depth in the three stands. Soil organic matter in the plantations was also higher than those in the cropland (Table 2).
Previous studies reported that the density of earthworm
populations may exists obvious relationships with soil pH,
soil organic matter, soil porosity, and soil nutrients [13, 28,
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29]. However, other studies indicated that earthworm densities were not well correlated with most soil properties
(i.e., soil organic matter, soil pH, concentrations of P, Mg,
and Ca [24, 30-32]. In this study, the results showed that
the plantations with higher density of earthworms compared the cropland were also had more soil organic matter
than agro-ecosystem, which was consistent with former
studies. The macronutrients such as K, and Ca accumulated
in the soil mantle were higher compared as under plantation
stands, which may be attributed to the large quantity of fertilizer applications used in agricultural fields annually. The
results were accord with previous studies, considering that
cultivation techniques was known to be a negative factor
to earthworm populations [33].
4.2. Concentration of heavy metals in different land use types
of soils

In general, external sources of metals accessing to the
soil in urban area were mainly from atmospheric deposition, industrial activities, traffic pollutants and solid waste
[5, 34]. In this study, industrial zones were distributed
around the study area about 2 km, and local farmers usually applied compound chemical fertilizer up to about
1500 kg ha-1 annually for raise the output of production in
farmland. In addition, application of some pesticides containing heavy metals was also one of the main reasons for
heavy metal accumulation in the soils.
Relative to agricultural field in suburban areas, plantation soils are less disturbed by human management
activities, and much less heavy metal input. Plantation
ecosystems have a stronger ability of restoring polluted
soils due to big biomass accumulation and thinning cutting which can bring the contained biomass out of stands
[35, 36]. For instance, after being planted with trees in the
original farmlands for several years, plantations could cut
down the degree of metal pollution by plant suitability for
phytostabilisation [37, 38]. In this sense, plantation management is expected to be a higher ability of restoring
polluted soils.
In this study, the two stand sites were the agricultural
field before conversion to forest plantations, and heavy
metal concentrations in the cropland soil could be regarded
as a relative background value to the effects of plantation
management in restoring polluted soils. In other words, the
plantations have had an evident effect of restoring the soils
as shown in the present study. Such effects have been
found. For instance, the concentration of Cd in the upper
layer (0-20 cm) under crops field (0.39 mg kg-1) was
significantly (p < 0.05) higher than those in the woodlands (0.31 - 0.32 mg kg-1).
4.3. Concentrations of heavy metals in earthworms

As is well known, the concentrations of pollutants in
earthworms are reviewed as an indicator of soil pollution
level. Consistent with improvement of the soils in the
stands, one of main results showed that the concentrations
of As, Cd, and Pb were significantly lower in the three

species of earthworms in the plantations than those in the
farmlands (P < 0.05). Moreover, there were no significant
differences in Cu and Cr concentrations in the three species of earthworms between the plantations and the
croplands (Table 3). The result indicated that after 9 years’
plantation management, tree stands evidently improved the
soils which had been impacted by agricultural activities.
This is consistent with previous reports showing that after
being planted with trees in the original farmlands for
several years, plantations were able to cut down the degree of metal pollution by plant suitability for phytostabilisation [37, 38].
One intriguing finding in this study was that three
earthworm species had differing concentrations of the same
heavy metals even if they lived in the same soils. A. diffringens, an exotic invasive earthworm from Southeast
Asia and the most abundant earthworm species both in
our forest sites and agricultural field, had the highest
concentration of Cd (7.88 mg kg-1), while A. hupeiensis
had the lowest Cd concentration (2.94 mg kg-1). The
highest concentration of Pb (21.66 mg kg-1) was found in
A. diffringens, and the lowest Pb concentration (7.65 mg
kg-1) was determined in P. guillelmi, the most common
species in eastern China. These results represented that
different earthworms have selective sorption and accumulation to heavy metals, implying that different earthworms
have instinctive roles of indicating heavy metals in the
soils.
Compared with the soils, the earthworms had higher
concentrations of heavy metals, which demonstrated the
enrichment of heavy metals occurred in the earthworms.
The results obtained in this study were in accord with the
previous reports that the earthworms displayed obviously
higher concentrations of heavy metals than the soils [39, 40].
5. CONCLUSION
It is an essential issue to prevent rivers from pollutions in suburban areas in newly industrializing countries
where a rapid urbanization and agricultural intensification
are occurring. The results in the present study implicated
that the plantations established from the crop land along
the river banks, to some extent, could play a more distinct
role of ameliorating the levels of environmental pollution
and increasing the biodiversity of earthworms in the soils.
The reason is that agricultural fields are selves’ pollution
resources due to application of pesticides, chemical fertilizers and animal manure. In order to restore the agricultural soils and protect water resources from urban pollution in suburban areas of megacities, it is an effective solution to establish plantations along the river banks. However, some important silvicultural and ecological issues, e.g.
tree species selection for suitable sites, monoculture or
mixture, planting space, etc., should be further studied,
dependent on specific sites and regions, to obtain ecologi-
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cally and economically maximal benefits from plantation
ecosystems within limited land use areas in suburban areas.
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ABSTRACT
Regarding eutrophication, phytoplankton, sediment and
phosphorus are the most important elements of a lake ecosystem. In this study, the water column and sediment in
Dongqian Lake were investigated for total phosphorus
(TP), phosphorus species, total nitrogen (TN), TN:TP ratio.
In addition, chlorophyll-a (Chl-a) concentration in the water
column was measured and treated as a proxy for phytoplankton biomass. There were significant differences between
low and high biomass seasons for the investigated parameters’ values. Considering the important role of phytoplankton dynamics and hydro-morphological factors, the analysis showed that: phytoplankton, wind disturbance, and organic matter may be the main factors affecting the water
quality of Dongqian Lake; the growth of phytoplankton led
to P release from the sediment, but not N release, lowering the TN:TP ratio; the growth of phytoplankton increased
TP, particulate phosphorus, dissolved organic phosphorus,
total dissolved phosphorus, and suspended solids phosphorus concentration in the water column, accounting for
56.8%, 41.6%, 22.0%, 13.3%, 48.3% of their variations,
respectively; phytoplankton may be a source of non-reactive
NaOH-extractable phosphorus and other organic phosphorus in the sediment, and influenced the vertical distribution
of phosphorus. The horizontal distribution of phosphorus
fractions in the sediment also appear to be influenced by
the wind direction.

KEYWORDS: phytoplankton, hydro-morphological factor, lake
sediment, phosphorus, TN:TP ratio, Dongqian Lake

1. INTRODUCTION
Lake sediments are important carriers of internal nutrient loading which promote eutrophication or delay lake
recovery. Phosphorus (P) appears to be a major limiting
* Corresponding author

nutrient in most fresh-water lakes [1]. Sediment plays a
twofold role in the P cycle, either as a sink or a source [2].
This is especially important in shallow lakes such as
Dongqian. Many measures preventing P release from sediment to inhibit algal blooms have been proposed [3]. In
addition, sequential extraction methods for the assessment
of P bioavailability or potential P-loading of a lake [1, 4]
and the biogeochemical cycle of P [5] have been reported.
Nitrogen (N) is another important nutrient that has been
followed with interest. A low TN:TP ratio may promote
or cause cyanobacterial dominance [6, 7]. Some enclosure
experiments suggest that cyanobacterial blooms selectively
pump P, but not N from the sediment, thus causing low
TN:TP ratios [8, 9]. Several authors consider that the N:P
ratio can be used to indicate the type of lake eutrophication [10]. Thus, more field and large-scale investigations
should be conducted to study the nutrient cycles in lakes.
In addition to sediment, phytoplankton is another important source of internal nutrient loading [1]. Their metabolites or post-mortem remains can release P into the
water and part of this P settles into the sediment [11]. The
rapid growth of phytoplankton may cause blooms, which
are seen as a frequent consequence [12] or common key
symptom [13, 14] of lake eutrophication. Phytoplankton
growth has significant effects on nutrient cycles. For
example, it promotes the release of P from sediment [9]
and changes nutrient forms from dissolved to particulate,
or inorganic to organic. Although phytoplankton is crucial
to nutrient cycles, studies on the effects of phytoplankton
on nutrients are relatively lagging compared to studies on
the effects of nutrients on phytoplankton [9].
Aside from sediment and phytoplankton, hydro-morphological factors also influence water quality and nutrient
availability significantly [15]. Lake size and wind conditions were reported in previous studies [16,17] as well as
in this study.
In this study, we focused on: 1) the distribution of nutrients in Dongqian Lake, especially that of P; 2) the impact of phytoplankton on the nutrient cycles and other
parameters; and 3) factors affecting water quality.
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2. MATERIALS AND METHODS
2.1. Study area

Dongqian Lake (29° 46′ N, 121° 39′ E), the largest
freshwater lake in Zhejiang Province, is located in the
eastern coastal region of China (Fig. 1). This lake also has
marine vestiges. It has a mean depth of 2.2 m and a surface area of 19.91 km2 and a water volume of 44.29 million m3. Its annual average temperature, frostless period,
and precipitation are 15.4 °C, 239 d, and 1421 mm, respectively. Like many lakes in the World, Dongqian Lake
faces a serious decline in water quality. The major sources
that affect the water quality and trophic level are industry,
tourism, cattle, and agriculture. As a source of water
for drinking and agriculture, and as a famous scenic spot,
Dongqian Lake has economic and social significance. However, studies that aim to protect it from eutrophication are
rare, few published works could be found in international
journals.
The lake, influenced by the northwesterly winds in
winter and southeasterly winds in summer, is located in
an area of subtropical monsoon climate. The lake is also
surrounded by a hilly region at the south and east boundaries; hence, it was subjected primarily to northwesterly
winds all year. In addition, it received almost all the pollution from the west (G and S1). As shown in the map
(Fig. 1), Dongqian Lake had three main parts, Guzi Lake
represented by site G, the North Lake (N1–N3), and the
South Lake (S1–S4), divided by a lake embankment. The
latter two parts can only interact via the aisles under its
bridges. In our field investigation, eight sampling sites were

uniformly distributed in the lake area. The main water and
sediment chemical characteristics of the lake are listed in
Table 1. Dongqian Lake is classified as a mesotrophic
lake based on a comprehensive trophic level index (TLI)
[18] calculated from chlorophyll a (Chl-a), total phosphorus (TP), total nitrogen (TN), chemical oxygen demand
(CODMn), and Secchi depth (SD) in the water.

FIGURE 1 - Distribution of sampling sites in Dongqian Lake, China. Guzi Lake (G); North Lake (N1–N3); South Lake (S1–S4).
2.2. Sediment and water sampling analysis

From April 2009 to January 2010, surface sediment
was sampled (five times) by a Petersen Grab at each site

TABLE 1 - Main water and sediment characters of the three sections of Dongqian Lake during the study period
Mean
water column
TN (mg/L)
TP (mg/L)
TDP (mg/L)
SRP (mg/L)
PP (mg/L)
DOP (mg/L)
CODMn (mg/L)
TSS (mg/L)
SS-P (mg/g)
pH
T (℃)
DO (mg/L)
SD (cm)
Chl-a (µg/L)
TN:TP (by weight)
TLI
Sediments
TN (µg/g)
TP (µg/g)
pH
T (℃)
LOI (mg/g)
TN:TP (by weight)
Fe (mg/g)
Carbonate (mg/g)

Guzi Lake
Range

Mean

North Lake
Range

Mean

South Lake
Range

0.985
0.091
0.040
0.023
0.051
0.017
4.91
16.1
2.935
8.29
20.4
9.35
58
27.97
14.2
54.6

0.628–1.236
0.043–0.142
0.028–0.052
0.017–0.031
0.015–0.092
0.002–0.034
3.04–8.72
7–28
0.743–4.805
7.4–8.83
9.9–30.2
6.83–10.9
25–88
9.8–55.1
5.8–29.4
48.1–62.0

0.890
0.085
0.045
0.026
0.040
0.020
4.61
18.1
2.681
8.21
19.7
9.57
58
28.05
12.9
53.6

0.804–1.055
0.035–0.127
0.024–0.069
0.020–0.033
0.011–0.068
0.005–0.044
2.74–8.06
10–38
0.941–6.109
7.06–8.62
9.9–30.0
7.2–11.4
33–90
6.6–55.5
6.6–26.3
45.0–61.4

0.884
0.094
0.043
0.028
0.051
0.015
4.76
23.8
2.360
8.04
19.0
9.16
48
28.15
10.5
54.8

0.636–0.991
0.068–0.134
0.030–0.058
0.021–0.043
0.010–0.084
0.008–0.030
2.91–7.89
8.8–35.7
1.061–4.339
6.81–8.41
8.2–29.4
6.0–11.9
30–90
6.3–60.7
3.7–14.6
48.5–62.0

2383
351
7.35
19.7
68.8
6.8
18.1
13.0

2210–2540
301–417
6.40–7.94
9.4–29.2
58.4–78.2
6.2–8.1

2507
291
7.10
18.9
65.7
8.7
15.6
7.0

2380–2800
264–330
6.47–7.53
8.7–29.8
55.0–76.1
8.4–10.1

2366
312
7.06
19.5
82.1
7.6
17.9
8.2

2040–2520
285–340
6.19–7.81
7.7–30.6
65.9–106.4
6.5–8.8
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based on GPS (Fig. 1). The Eh, pH, and temperature (T) of
the sediments were measured immediately with a probe.
Vertical sediment samples were collected with a core
sampler (H 500 mm, Φ 70 mm) at site S2 in April and site
N3 in July. With the help of a plunger, the vertical samples were sliced into five 5-cm layers with a stainless steel
blade. All the sediment samples were kept in air-sealed
plastic bags. Surface water (2 L in polyethylene bottles)
was collected at the same sites before the collection of
sediments to minimize the influence of sediment suspension. DO, pH, and SD of the water were measured in situ.
All the sediment and water samples were delivered to our
laboratory for further analysis.

The P species in the water were characterized as follows (Fig. 2): TP, detected after digestion without filtration; total dissolved P (TDP), measured after digestion of
the filtered water; SRP, reactive with Mo without digestion
of filtered water; particulate P (PP) = TP − TDP; dissolved
organic P (DOP) = TDP − SRP; suspended solid P (SS-P)
= PP/TSS.
2.3. Statistical analysis and drawing

Principal component analysis (PCA), classification, and
regression and Spearman correlation analyses using SPSS
16.0. To generate readily interpretable factors, Varimax
rotation was chosen for PCA. To recognize spatial variation, the sampling sites were classified with w-TP, w-TN,
TSS, CODMn, Chl-a, DO, w-pH, s-TP, s-TN, LOI, and spH throughout the year. Data were standardized by Zscores, to eliminate the effect of dimension before classification. For regression analyses, data were transformed to
normal distribution by common logarithm (log). Figures
were drawn using ORIGIN 8.0.
3. RESULTS
3.1. Physicochemical characteristics and nutrient concentrations

FIGURE 2 - Phosphorus species in the water column.

After being homogenized, part of the fresh sediment
samples were used to analyze water content, organic matter, and carbonate content, which were based on weight
losses after drying, ignition, and calcination of the sediments
at 105, 550, and 900 °C, respectively [1, 19]. The remaining
sediment samples were freeze-dried at -40 °C, ground
with a mortar and pestle, and passed through a 100-mesh
sieve for further study. TP in sediment was determined by
combustion at 450 °C for 3 h followed by 16 h of stirring
in 3.5 M HCl [20]. TN in the sediment was determined
using a standard semi-micro Kjeldahl method [21]. The P
forms in the surface sediment (collected in November
2009) and the two vertical sediment cores were analyzed
by a sequential fraction method, first used by Psenner [22]
and modified by other researchers [ 23]. Soluble reactive
phosphorus (SRP) value were determined, as well as TP via
NaOH extraction. In this study, the P forms were operationally defined as NH4Cl-P, BD-P, NaOH-rP, NaOH-nrP,
HCl-P, and Res-P. Res-P presents the difference between
TP and other extracted P. All the results are based on the
dry weight (DW).
TP, TN, and Chl-a concentrations in the water column were measured following Chinese standard methods
[24]. For Chl-a analysis, water samples (1 L) were filtered,
and then the filtrates extracted with 90% acetone followed
by spectrophotometric analysis at 630, 645, 663, and
750 nm. Total suspended solid (TSS) in the water was
determined by the weight of matter captured on a 0.45-µm
membrane.

The chemical characteristics and nutrient concentrations of the water and surface sediment are shown in Table 1.
The parameters of the surface sediments had obvious temporal and spatial differences. The mean values of TP, TN
and LOI in the surface sediment are 306 µg/g, 2440 µg/g
and 73 mg/g, respectively. In the surface sediment, the
monthly average value of TP ranged from 282 µg/g (November) to 340 µg/g (April) and the lowest and highest
annual concentrations of TP appeared at sites N1 (276 µg/g)
and G (351 µg/g). The spatial variation in the water column was less pronounced than that of the sediment. The
temporal variations in the water column are illustrated in
Fig. 3. Chl-a and TP showed the same seasonal variation
which was quite different from that of either TN or TN:TP.
In many studies [25, 26], Chl-a was treated as an indicator of phytoplankton biomass. In our experiment, the
months July to September are considered to be a highbiomass season, with November to April being a lowbiomass season. To recognize the variance in phytoplankton biomass change, the parameters in both biomass seasons are shown in Table 2. The seasonal changes in the
parameters can be derived from the correlations between
Chl-a and other parameters (Table 3) because the Chl-a
concentration has pronounced seasonally.
3.2. Distribution of P composition in sediment

The variations in the different P fraction contents in
the vertical sediment profile are presented in Figs. 4 and
5. Similar to most shallow lakes, the two vertical sediment cores in Dongqian Lake had high TP concentrations
in the uppermost layer. At site S2, the TP concentration
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decreased from 318 µg/g (0–5 cm) to 241 µg/g (20–25 cm),
and had an average of 278 µg/g. At site N3, the TP concentration decreased sharply from 287 µg/g (0–5 cm)
to 158 µg/g (20–25 cm), and its average TP content was
234 µg/g. There was a pronounced stratification at site S2

(Fig. 4) for NH4Cl-P and Res-P. However, there was no
sharp change for HCl-P. The NaOH-nrP content at site N3
(Fig. 5) dramatically decreased from 105 µg/g at the uppermost layer to 12 µg/g at the deepest layer.

FIGURE 3 - Monthly average concentrations of TN, TP, Chl-a, and TN:TP (by weight) ratio in the water of Dongqian Lake.

TABLE 2 - Nutrient concentrations and other measured parameters in the water
column and the sediment during low-biomass (L) and high-biomass (H) seasons

L
H

TN (mg/L)
0.967±0.05
0.858±0.05

L
H

DOP (mg/L)
0.014±0.002
0.022±0.004

L
H

L
H

pH
7.91±0.15
8.41±0.08
Sediments
pH
6.83±0.10
7.45±0.09

Water column
TDP (mg/L)
0.041±0.003
0.047±0.004
Water column
SS-P (mg/g)
Chl-a (µg/L)
1.494±0.197
11.7±1.0
4.164±0.423
51.4±2.4
Water column
DO (mg/L)
SD (cm)
9.95±0.36
61±6
8.38±0.53
41±2
TP (mg/L)
0.073±0.005
0.123±0.005

LOI (mg/g)
73.5±3.3
72.9±2.7

TN (mg/g)
2.50±0.04
2.34±0.07

SRP (mg/L)
0.027±0.002
0.025±0.001

PP (mg/L)
0.032±0.005
0.076±0.005

CODMn (mg/L)
4.1±0.3
5.7±0.6

TSS (mg/L)
23.5±3.2
22.3±3.9
Sediments
Eh (mV)
336±25
105±11

N:P
14.9±1.5
6.5±0.5
TP (mg/g)
0.309±0.008
0.302±0.007

N:P
8.3±0.3
7.8±0.3

TABLE 3 - Correlation matrix between Chl-a and nutrient concentrations
and other measured parameters in the water column and the sediment.

r
P

TN (mg/L)
-0.192
0.124

r
P

DOP (mg/L)
0.469**
0.001

Water column
TDP (mg/L)
0.365*
0.010
Water column
SS-P (mg/g)
CODMn (mg/L)
0.695**
0.491**
0.000
0.001
Water column
DO (mg/L)
SD (cm)
-0.519**
-0.308*
0.000
0.027
TP (mg/L)
0.754**
0.000

pH
0.531**
0.000
Sediments
T (℃)
pH
TN (mg/g)
r
0.703**
0.914**
-0.420**
P
0.000
0.000
0.003
*
Significant at 0.05 level; ** Significant at 0.01 level
r
P

TP (mg/g)
-0.047
0.387
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SRP (mg/L)
-0.113
0.244
TSS (mg/L)
-0.075
0.326
N:P
-0.555**
0.000
LOI (mg/g)
-0.060
0.358

PP (mg/L)
0.645**
0.000
T (℃)
0.880**
0.000
Sediments
Eh (mV)
-0.821**
0.000
N:P
-0.237
0.070
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FIGURE 4 - Concentrations of the phosphorus forms and their relative
contributions to TP content in the sediment core at site S2 collected in April 2009.

FIGURE 5 - Concentrations of the phosphorus forms and their relative
contributions to TP content in the sediment core at site N3 collected in July 2009.

FIGURE 6 - Concentrations of the phosphorus forms and their relative contributions to TP content in the surface
sediment collected in November 2009. The site groups were based on the classification analysis (see Discussion Fig.7).

The mean concentrations of different P fractions and
their relative contribution to the TP content of the surface
sediment collected in November are presented in Fig. 6.
The rank order of the P-fractions (mean, min–max) was

NaOH-nrP (94, 83–105 µg/g) > Res-P (75, 62–101 µg/g)
> HCl-P (54, 35–75 µg/g) > NaOH-rP (46, 38–66 µg/g) >
BD-P (9, 6–11 µg/g ) > NH4Cl-P (3.7, 2–5 µg/g).
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4. DISCUSSION
4.1. Physicochemical characteristics and nutrient concentrations

Temporal and spatial variations are basic characteristics of a lake because they are a comprehensive result of
external and internal factors. In our study, both the water
and sediment exhibited obvious temporal differences. However, the spatial variations in the water column were weak.
The input of polluted water was primary in the north and
east of the lake. This suggests that the sediment may be a
buffer for the lake water.
Compared to some larger shallow lakes, such as
Taihu [16] and Dianchi Lakes [27], Dongqian Lake had
higher LOI in the sediment. This condition may be due to
its relatively small size because organic matter can be more
easily buried in the sediment of smaller lakes than in that
of larger lakes [16].
TP and TN concentrations in Dongqian Lake are
equal to those in Taihu Lake 20 years ago [28]. Based on
the TLI analysis results (Table 4), the worst water quality
registered in July, corresponding to the period with the
highest Chl-a level (Fig.3). TN concentration was high in
the sediment of Dongqian Lake compared with that in the
sediment of other mesotrophic lakes in China [29]. TP in
the sediment, however, was at a relatively lower level [30].
Hence, Dongqian Lake has a higher TN:TP in the sediment than does Taihu Lake [16]. This may be attributed to
the higher external loading of N and weak denitrification
in its sediment. The TN:TP ratio was stable in the sediment because in oligotrophic and mesotrophic lake sediments, both TN and TP have fewer variations. The difference in the TN:TP ratio between the water column and
sediment was smaller than that of Taihu Lake, indicating
that the denitrification in Dongqian Lake was weaker than
that in Taihu Lake [16]. Guzi Lake has a relatively high
TP content in its sediment (Table 1) because it suffers
from high external P input.
The classification clusters have pronounced spatial
character (Fig. 7). Except for S1, where the water was
influenced by a dredging project 1 km west of the site, the
three parts of Dongqian Lake were represented by one
cluster. Furthermore, the sites at the south and east of the
North and South Lakes showed relatively high similarity
within the sub-clusters. This result suggests that the characteristics of the water and sediment may be influenced
by wind direction and lakeshore terrain (for the wind and
lakeshore characteristics, see Study area).

FIGURE 7 - Dendrogram of the cluster
analysis of the sampling sites in Dongqian Lake.
4.2. Effects of phytoplankton on the water and sediment

Phytoplankton release oxygen to the water system via
photosynthesis. On the other hand, it can produce dissolved [31] and particulate [32] organic matter which tend
to deplete DO in water [33]. In addition, because of the
high activity of microorganisms in summer, oxygen-consuming metabolism was pronounced during the high-biomass seasons. The strong and significant negative correlation between Chl-a and Eh supports this point (Table 3).
In July and September, the Eh of the surface sediment was
under 200 mV, which may cause the release of P [2]. The
consumption of P in the water column may increase the
gradient between the sediment and overlying water, and
stimulate the diffusion of P from the sediment to the water.
High temperature is a promoting factor for phytoplankton growth. Thus, phytoplankton had positive correlations with both the temperatures of the water and sediment. Carbon dioxide is a basic raw material for photosynthesis; consequently, carbon dioxide consumption would
cause an increase in water pH. Therefore, a strong positive
correlation was observed between Chl-a and pH in the water.
Phytoplankton is a source of organic matter [31, 32]; thus, a
positive correlation between Chl-a and CODMn was found.
SD is a synthetic result of several lake conditions.
Like a previously reported lake [34], Dongqian Lake had
two states of SD, high in winter and low in summer. Not
surprisingly, in our study, SD had negative and significant
correlations with both TSS and Chl-a. Between Chl-a and
TSS, the correlation was weak and negligible. However,
the correlation was significant and positive in Taihu Lake
[28]. In another study, planktonic Chl-a concentration
accounted for only 2% of the variation in TSS [35]. These
results can be explained by the following reasons: 1) there

TABLE 4 - Monthly average CS * and TLI value during the study period.
Apr, 2009

Jul, 2009

Sept, 2009

Nov, 2009

Jan, 2010

CS

-0.364±0.089

0.837±0.064

0.081±0.041

-0.170±0.091

-0.479±0.098

TLI

49.3±0.5

62.1±0.5

56.8±0.6

56.1±0.6

48.3±1.3

* more details see in “4.4 Principal component analysis (PCA) of water quality”
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were high levels of TSS during the low-biomass seasons
because of extreme wind disturbances; 2) phytoplankton
would be a more important proportion of TSS by volume
than by dry weight; 3) the content of phytoplankton in
mesotrophic lakes is smaller than that in hypereutrophic
lakes, such as Taihu Lake.
Chl-a had a positive correlation with all the P fractions in the water (TP, TDP, PP, DOP, and SS-P) except
for SRP. This is the P fraction directly used by the phytoplankton [36]. In Dongqian Lake, it never sharply decreased or increased with phytoplankton growth. This
result suggests that other mechanisms, such as alkaline
phosphatase [37] or release from sediment, can adjust
SRP concentration to support the growth of phytoplankton. According to the literature [38] and our investigations
(Table 2), phytoplankton promotes the release of P from
the sediment via three mechanisms: 1) decline in Eh value;
2) increase in pH; and 3) increased diffusion resulting from
SRP consumption in the water column. It is impossible,
however, to separate the influence of phytoplankton from
those of the other factors.
Five linear regression models (Fig. 8) between Chl-a
and P fractions in the water were used to determine the
degree of influence of phytoplankton on them. The modeled P concentrations in the water versus the observed
results are shown in Fig. 8. Phytoplankton can account for
the variances in the following: 56.8% for TP, 22.0% for
DOP, 41.6% for PP, 13.3% for TDP, and 48.3% for SS-P.
Among the numerous mechanisms of cyanobacterial
blooms, the N:P ratio rule remains controversial. This
mechanism proposes that a low TN:TP ratio promotes
or generates cyanobacteria-dominated blooms. This as-

sumption is supported by the ability of cyanobacteria to
fix N directly from the atmosphere to complete their requirements of N when it is scarce, thus considering the
low TN:TP ratio as a result of cyanobacterial bloom rather
than its cause. In addition, increasing TP concentrations
also results in a decrease in the TN:TP ratio; thus, increasing TP rather than lowering TN:TP ratio may be the real
cause of cyanobacterial bloom growth. In our study, TN
remained relatively stable during different biomass seasons. During the high-biomass season, TN even decreased
slightly because this is also the high-water season. By
contrast, a high TP concentration was observed during the
high-biomass season, whereas a low concentration was
observed during the low-biomass season. Similar results
were found in Xie’s enclosure experiment [8]. Furthermore,
in some eutrophic lakes, TN has fewer variations than does
TP. Thus, in our study, the decrease in the TN:TP ratio was
attributed to the increase in TP, recovered from the sediment by the phytoplankton. It was a result of increased
phytoplankton growth. The N:P ratio had a negative relationship with Chl-a during high-biomass seasons; it even
approached 7:1, the average ratio in algal cells.
Phytoplankton showed no correlation with TN in the
water, but it had a negative correlation with TN in the
sediment. During the high-biomass season, the denitrification, was strong because of the low DO level and intense
microbial activities were reinforced by high temperature.
Although no huge variations in TN were observed in the
water, this does not necessarily mean that the phytoplankton had no influence on the N content. These influences
may appear as transformations between a variety of N
forms, e.g., from dissolved to particulate forms and from
inorganic to organic forms. In our study, however, no

FIGURE 8 - Observed P concentrations versus the modeled P concentrations in the water column. The inner axes (mg/L) are for TDP, PP, DOP,
and TP. The outer axis (mg/g DW) is for SS-P. Regression models for each P form reveals the following: log(TDP) = 0.172×log(Chl-a)－1.612;
log(PP) = 0.630×log(Chl-a)－2.264; log(DOP) = 0.444×log(Chl-a)－2.484; log(TP) = 0.363×log(Chl-a)－1.539; log(SS-P) = 0.655 ×log(Chla)－0.568.
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available data exists to support this hypothesis. Chl-a also
showed no significant correlation with TP in the sediment,
suggesting that phytoplankton had no pronounced seasonal influence on TP content in the surface sediment. The
diffusion of P from deeper layers to the surface sediment
may be another reason for less seasonal P change in surface sediment. Although no significant negative correlation was observed between Chl-a and s-TP, there may be
a slight accumulation of TP during winter and spring, and
a weak release from the sediment during summer and
autumn.
4.3. P distribution in the sediment and impact factor

NH4Cl-P may contain pore-water P, CaCO3-associated
P, and leached P from decaying bacterial cells [1]. NH4ClP in both horizontal and vertical sediments is low, which
may contribute to the low levels of CaCO3, as well as the
low trophic level.
BD-P is redox-sensitive, mainly bound to Fe-hydroxides
and Mn compounds. Nevertheless, in oligotrophic lakes,
DO is abundant and higher BD-P is observed. In Dongqian
Lake, however, BD-P is low, possibly resulting from the
high organic content that competes for binding sites with
Fe. This result suggests that organic matter may play a
more important role compared with DO in BD-P behavior.
NaOH-rP is OH- exchangeable and presents as P binding to Al and Fe oxides. It was treated as part of the algal
available phosphorus in several studies [3, 15, 17, 25] and
can be released for the growth of phytoplankton when
anoxic conditions prevail at the sediment-water interface
[15, 39]. NaOH-rP and BD-P may be the main contributors to the release of P in the sediments of the middle and
lower reaches of the Yangtze River area in China [30].
NaOH-rP was relatively stable in both sediment cores,
which suggests that no extreme release has occurred in
the past several years. It is true that there had no bloom in
Dongqian Lake.
NaOH-nrP is a complicated P fraction. It contains easily degradable organic P together with bacteria-incorporated
P, such as polyphosphate and more stable P-rich compounds, such as phytate. Consequently, it could not be
treated strictly as a mobile or permanently bound form [22].
It can also be substantially released under anoxic conditions.
HCl-P can be dissolved at low pH; it represents P
bound to carbonates, apatite, and the interior of oxides
[39]. HCl-P is a stable P form in lake sediment; hence, it
showed no huge variations with sediment depth.
In this paper, Res-P is defined as the difference between TP and total extracted P. Therefore, it contains refractory P, as well as all the non-reactive P in each step,
except for the NaOH extraction. Ribeiro [4] questioned
whether the hot NaOH-P (part of Res-P in our study) can
be bio-transformed into other P forms, such as NaOH-P.
There was a decrease in Res-P concentration with the
sediment depth at site S2, which may be attributed to the
decrease in non-reactive P in the previous extraction. The

increase in Res-P with depth at N3 may be attributed to
the transformation of labile forms to stable ones.
Site S2, which was located near a high external pollution area, also had higher internal P compared with site
N3. The P content in the sediment core at S2 was higher
than that at N3, and the difference was significant at the
0.05 level. By contrast, no significance differences (P>
0.05) were observed for TP and Chl-a in the water column
between the North and South Lakes. This status resulted
from the high P adsorption ability of the sediment (as a
buffer) because in the sediment of Dongqian Lake, Fe :TP
(by weight) exceed 15 [17]. The changes in P content
with the sediment depth were also different. TP content at
site S2 declined slighter than that at N3. Here, the phytoplankton was hypothesized to be a key factor which influenced the vertical pattern of TP content. The hypothesis is
based on the following assumed conditions: 1) there are
factors, such as light and N content, that limit the growth
of phytoplankton but the limiting factor is not P; 2) the
growth of phytoplankton is a primary factor affecting the
P content in the water and the release of P from the sediment; 3) most of the nutrients, especially the P, in the water
return to the surface sediment because the lake has a long
retention time. Based on these conditions, at S2, the external input of P and slight release of P from the sediment can
support phytoplankton requirements for growth. By contrast, at N3, more P needs to be released from the sediment to support the same phytoplankton biomass. Similar
to a pump, the phytoplankton at N3 promoted P accumulation or transportation into the upper surface layers. The
P primarily accumulated as NaOH-nrP, which may originate from phytoplankton [40], the vertical patterns of
NaOH-nrP at two sites supported this hypothesis.
We separated the eight sites into four groups (Fig.6),
based on the classification analysis (Fig.7). Although sites
S1 and S2 were influenced by external pollution more
strongly than sites S3 and S4, the former didn’t have higher
P sediment content than the latter. Apart from the TP content, S3 and S4 had higher levels of NaOH-nrP and HCl-P
than S1 and S2. Dongqian Lake was subjected primarily
to northwesterly winds all year. Because of their lower
settling velocity, fine particles can be transported further
than coarse particles [9]. Moreover, fine particles trend to
have higher TP and HCl-P than coarse particles [1, 39].
Phytoplankton may be a major source of NaOH-nrP in
suspended matter [27], so we assumed it was also a primary source of NaOH-nrP in sediment, since most of the
suspended matter finally settles to the bottom. By November, the Chl-a had decreased dramatically relative to
September because the Phytoplankton died with the decrease of temperature. Phytoplankton fragments would be
transported from the northwest to the southeast of the lake
by the influence of the wind with much of them finally
settling to become sediment. Based on the former study
[22, 41] on the availability of P in sediment and the
change of different P forms in the vertical sediment profile identified in our investigation, we considered NH4ClP, BD-P, NaOH-rP and NaOH-nrP as mobile P. Site G has
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a high content of mobile-P in sediment, because it suffered
from high external input of P.
4.4. Principal component analysis (PCA) of water quality

There are many water parameters and they may correlate with each other, but it is difficult to identify the direct
factors impacting on the water quality. Principal component analysis (PCA) can account quantitatively for the
variation in water quality. It has been used in limnology
[1, 42] to explain the variance of a large set of intercorrelated variables with a smaller set of independent variables. In our analysis, we rotated the initial factors generated by PCA with Kaiser’s Varimax for a better explanation
of the variation in water quality. Furthermore, we arrive
at a score of the water quality according the generated
factors and their respective weightings.

the important impact of organic matter on water quality
during our study period. We named it 'organic matter
factor'. The fourth factor, accounting for 11.0% of variance, mainly has a positive correlation with TN and a
negative correlation with SRP. Both parameters had relatively more stable values than others in the lake water.
This status results from a complex mechanism which may
consist of biological, chemical and physical factors. We
were hard pressed to define the last factor.
We got Comprehensive Scores (CS) by factors and
their weights. The mean CS of water quality according the
four factors and TLI in the same month are given in Table 4.
The correlation between CS and TLI of Dongqian Lake are
strong and significant (r=0.894, P＜0.01). CS was a useful
parameter to understanding the variance of water quality in
Dongqian Lake during study period.

TABLE 5 - Varimax rotated factor matrix
for water parameters during study period*
Variable

Factor 1

SS-P

0.938

T

0.849

Chl-a

0.809

pH

0.479

TSS

Factor 3

Based on the investigated data and analysis of Dongqian
Lake we could conclude that:
1) Dongqian Lake is a mesotrophic lake. Phytoplankton, wind-disturbance and organic matter may be the main
factors impacting on the water quality of Dongqian Lake.
2) The growth of phytoplankton caused both the
change in quantity and forms of some nutrients. Its
growth resulted in P, but not N, release from sediment,
with a low TN:TP ratio in the water being the result. In
addition, P accumulates as the following forms - TP, PP,
DOP, TDP and SS-P in the lake water column.
3) Phytoplankton may be a source of NaOH-nrP or
other organic P in sediment, and the wind direction can
influence the distribution of P fractions in sediment. More
attention should be paid to the organic matter in future
study and management.

0.410
0.442

-0.420

-0.846
0.628

CODMn

0.721
0.705

TP

0.594

0.678

N:P

-0.524

-0.631

TDP

0.571
0.426
0.898

DOP

0.885

DO

-0.864

SRP

-0.753

TN
Variance (%)

5. Conclusion

Factor 4

0.857

SD
pp

Factor 2

0.659
26.2

23.5

23.2

11.0

*Factor loadings (absolute value) higher than 0.400 are shown.

Four factors accounted for 83.9% of variance in water
quality in Dongqian Lake. Their weights are λ1=3.923,
λ2=3.530, λ3=3.487, λ4=1.644, respectively. The first
factor, accounting for 26.2% of the variance, positively
correlated with SS-P, T, Chl-a, PP, TP, PH, and only
negatively correlated with the N:P ratio. All these parameters had pronounced seasonal variation and the correlation between them and the first factor were similar to
that with Chl-a (see Table 3). In addition, Chl-a is a main
sign of seasonal variation in our study. We named the first
factor 'seasonal factor' or 'phytoplankton factor'. The second factor accounting for 23.5% of variance was strongly
positively correlated with TSS and negatively correlated
with SD. Wind-induced suspension of sediment is the
main source of TSS in Dongqian Lake, so we treated the
second factor as 'wind-induced factor' or 'suspended factor'. The third factor, accounting for 23.2% of variance, was
primarily positively correlated with TDP, DOP and CODMn
and only strongly negative with DO. This factor presents
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ABSTRACT
Biological nutrient removal processes tend to give
phosphate release the priority in getting volatile fatty acids
to assure high phosphate removal efficiency and develop
denitrifying phosphate removal. In this study, the effect of
giving the priority to denitrification on phosphate removal
was studied on pilot and bench scale experiments. Laying
the anoxic zone in front of the anaerobic one, nitrogen was
removed more quickly and thoroughly, and the phosphate
removal efficiency was increased by 10%. Bench scale
experiments indicated that, denitrifying phosphate removal
has caused nitrite accumulation and inefficient Polyhydroxyalkanoates (PHAs) consumption. More available PHAs and
higher ratio of more reduced PHAs (i.e. poly-β-hydroxyvalerate and poly-β-hydroxy 2-methyl valerate) have helped
to enhance total phosphate removal during Oxic stage.

2

KEYWORDS: reversed A /O process; biological nutrient removal;
low C/N ratio; sludge activity; PHAs type; enhanced biological
phosphate removal

1. INTRODUCTION
Nitrogen and phosphate can cause eutrophication and
must be removed from wastewater before discharge. Biological nutrient removal (BNR) process is the most economical method to achieve this goal. Both nitrogen and
phosphate removal consume substrates which are usually
insufficient in municipal wastewater. It is believed that
the more volatile fatty acids (VFAs) are uptaken by phosphate accumulating organisms (PAOs), the more phosphate can be uptaken.
* Corresponding author

Traditional BNR processes usually put anaerobic
zones in front of anoxic ones to give PAOs the priority in
getting VFAs. Such an arrangement helps to make the
best of limited carbon sources because the Polyhydroxyalkanoates (PHAs) can be used to remove phosphate and
nitrogen simultaneously by denitrifying phosphate accumulating organisms [1, 2]. Recent studies have shown
that denitrification driven by PHAs usually leads to more
nitrous oxide emission [3-5]. The slow degradation characteristic of PHAs has caused this emission. PHAs are
degraded 6 to 20 times slower than soluble COD [6].
Nitrous reductase is less competitive in capturing electrons than other enzymes included in denitrification [3].
Subsequently, nitrous oxide tends to be accumulated and
emitted into the air. The strong greenhouse gas emission
has made the denitrifying phosphate removal process
questionable.
Zhang et al. [7] proposed the reversed A2/O process
which is characterized by exchanging the position of
anaerobic and anoxic zones of A2/O process. The reversed
process gives denitrification the priority in getting substrates to assure thorough reduction of nitrate. The process has been applied in many wastewater treatment
plants (WWTPs) and enhanced both nitrogen and phosphate removal [8, 9]. However, the effect of substrates
competition on the stability of the reversed process has
not been studied. In this paper, the effect of low C/N ratio
on the reversed A2/O process and conventional A2/O
process was studied in detail.
2. MATERIALS AND METHODS
2.1. Plug flow reactors operation

Two plug flow reactors have been operated to enrich
microbes for research use. One plug flow reactor was
operated on reversed A2/O process (R-PFR) and another
was operated on conventional A2/O process (C-PFR). The
working volume of each reactor was 24 L and the flow
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rate was 2 L/h. Thus, the theoretical hydraulic retention time
was 12 h. The sludge retention times were kept at 20 days.
The flow charts of the two reactors were shown in Fig. 1.
The inoculated sludge was taken from Tuandao
wastewater treatment. In the anaerobic and anoxic zones
of the two reactors, mixing was supplied with electric
agitators. Fed with synthetic wastewater, the two reactors
have been operated side by side for more than two months
and showed stable nutrient removal performance before
the sludge was taken for bench scale experiments. The
MLSS and MLVSS were kept around 3800 mg/L and 2300
mg/L, respectively. The bench scale experiments were
carried out in the April of 2011 and the water temperature
was about 15 oC.

bottles were sealed with rubber stoppers. Agitation was
supplied by magnetic stirrers. To provide anoxic conditions,
30 ml of nitrate solution containing 0.144 g KNO3 was injected. As for oxic conditions, aeration was supplied with a
pump and aerators, and DO was kept at about 5 mg/L.
To stimulate the reaction process in R-PFR, 2 L of
mixed liquor taken from the oxic end of R-PFR were laid
aside for 1 h to separate sludge from water. Supernatant
(1 L) was replaced by synthetic wastewater (1 L). Nitrate
solution was added at the beginning of the reaction. Once
the nitrate was exhausted, the sludge was actually under
anaerobic conditions. To stimulate the reaction process in
C-PFR, mixed liquor taken from the oxic end of C-PFR
was used. The only difference was that additional nitrate
solution was not injected until the end of 90th min. By the
end of the 3rd hour, aeration was supplied. Samples were
taken every 30 min for nitrate, nitrite, ammonium, phosphate, PHAs and COD analyses. Sludge activity was measured only in the oxic stage. Dehydrogenase activity (DHA)
was measured to represent sludge activity. MLSS and
MLVSS were measured before and after experiments.
2.4. Analytical methods

FIGURE 1 - Flow charts of the two plug flow reactors. R-PFR was
operated on reversed A2/O process mode and C-PFR was operated
on common A2/O process mode. The sludge return ratios of R-PFR,
C-PFR and the Oxic mixture return ratio were 300%, 100% and
200%, respectively.

Influent samples were taken from the synthetic
wastewater storage tank, and effluent samples from the
settling tank. All samples were daily analyzed for ammonium, nitrate, nitrite and phosphate.

Nitrite, ammonium, phosphate, mixed liquor suspended
solids (MLSS) and volatile suspended solids (MLVSS)
were measured according to standard methods. Nitrate
was UV/VIS-analyzed. COD was measured using reagent
tubes purchased from HACH Company (USA); DO was
detected with a LDO HQ10 (HACH, USA); PHAs were
assumed to be the sum of PHB, poly-β-hydroxyvalerate
(PHV) and poly-β-hydroxy 2-methyl valerate (PH2MV),
and analyzed according to the method described by Zhang
[13]. DHA was measured by the method of Yu et al. [14].

2.2. Synthetic wastewater

Daily, 100 L of synthetic wastewater was prepared
which contained: 14.5 g NaPr, 6.2 g NaAc, 2.19 g KH2PO4,
3.68 g K2HPO4, 19.11 g NH4Cl, 7.68 g MgSO4, 6.2g
CaCl2, and 20 ml trace element solution (1 L trace element
solution contained 0.75 g FeCl3.6H 2O, 0.075 g H 3BO 3,
0.015 g CuSO4.5H2O, 0.59 g KI, 0.06 g MnCl2, 0.03 g
NaMoO4.2H2O, 0.06 g ZnSO4.7H2O, 0.075 g CoCl2.6H2O,
and 0.075 g EDTA). The mixed influent, therefore, contained 200 mg/L COD, 10 mg/L soluble ortho-phosphate
and 50 mg/L ammonium.
Theoretically, 2.85 g COD is needed to reduce 1 g of
nitrate to nitrogen gas (according to electron balance). With
a view to heterotrophic organisms’ assimilation, a ratio of 4
is necessary to perform complete denitrification [10]. As
for phosphate removal, a C/P ratio of 20 is needed [11, 12].
Therefore, the carbon source contained in this synthetic
wastewater can meet phosphate or nitrogen removal but
never both of them.
2.3. Bench experiments

The bench-scale experiments were carried out in 2mouthed bottles. To stimulate anaerobic conditions, the

3. RESULTS
3.1. Daily nitrogen and phosphate removal of R-PFR and CPFR

Ammonium concentration of effluent was always below
0.5 mg/L (data not shown). When the pilot-scale experiments
were carried out, the water temperature was around 15 °C. It
may be the appropriate temperature that has helped to guarantee high nitrification activity. However, the phosphate
removal rates showed significant differences. The average
phosphate removal efficiencies of R-PFR and C-PFR were
89.5% and 79.6%, respectively (Fig. 2). With the limited carbon source being used by denitrification, phosphate removal was enhanced rather than impaired. This is contradictory with the well-accepted enhanced biological phosphate removal (EBPR) theory. To have a better insight into
the phenomenon, bench-scale experiments were carried out.
3.2. Bench scale experiments

Ammonium concentration did not change significantly
before aeration was supplied (Fig. 3a). By the end of 6th
hour, the ammonium concentrations in the two bottles
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As shown in Fig. 3b, less phosphate was released during the first 90 min in the bottle simulating the reversed
A2/O process (R-bottle). In the 2nd 90-min time interval,
phosphate concentration increased slightly in the R-bottle
as a result of substrate depletion and significantly decreased
in the C-bottle as a result of nitrate addition. In the last 3 h,
phosphate was more rapidly uptaken in the R-bottle than
in the C-bottle. The specific phosphate uptake rates of Rbottle and C-bottle in the first 30 min of oxic stage were
2.49 mg P/g VSS/h and 1.42 mg P/g VSS/h. Moreover,
more phosphate remained in the C-bottle.
Carbon sources were depleted by the end of the 1st 90
min, as reflected by COD values in Fig. 3b. The remaining COD might consist of dissolved extracellular polymeric substances which cannot be degraded.

FIGURE 2 - Daily phosphate removals of R-PFR and C-PFR.

were similarly around 0.5 mg/L. In the 2nd 90-min period,
the bottle simulating the common A2/O process (C-bottle)
was under anoxic conditions. Nitrite was accumulated in
this stage. Subsequently, the nitrite was oxidized to nitrate
in the oxic stage. As a result, the nitrate concentration in
C-bottle was about 4 mg/L higher than that of the R-bottle
by the end of reaction.

More PHAs were accumulated in the R-bottle than in
the C-bottle in the 1st 90 min. In the 2nd 90 min, PHAs
started to be degraded in the C-bottle and remained stable
in R-bottle. By the end of the 3rd h, PHAs content became
lower in the C-bottle. During the oxic stage, PHAs were
more rapidly degraded in R-bottle. By the end of the reaction, the PHA contents in the two bottles were almost the
same.

a

b

c
FIGURE 3 - Nitrogen, phosphate, COD, PHA and DHA concentrations over time.
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DHA was the highest in the 1st 30 min of oxic stage
and started to decrease in the following 2.5 h. Moreover,
the DHA activity of sludge in R-bottle was always higher
than that of the C-bottle (Fig. 3c).
4. DISCUSSION
4.1. Nitrogen removal

Among various carbon sources, volatile fatty acids
(VFAs) are the most easily degradable ones for denitrification. In the R-bottle, VFAs have served as electron donor
of denitrification. This has led to fast and thorough reduction of nitrate to gaseous nitrogen with no nitrite accumulation (Fig. 3a). In the C-bottle, nitrate in the mixed liquor
was reduced to gaseous nitrogen, just as did in the R-bottle.
By the end of the 1st 90 min, extra-cellular substrates have
been exhausted. The additional nitrate must have been reduced by intracellular substrates, namely, the PHAs. This
surmise was also supported by the anoxic phosphate uptake
(Fig. 3b) during the 2nd 90 min. However, the slowly degradable PHAs cannot supply electrons fast enough to meet
the need of all denitrifying enzymes [3]. In this study, the
nitrate reductase must have obtained the priority in getting
electrons. Consequently, the nitrite was accumulated.
Nitrite accumulation during denitrification tends to increase nitrous oxide emission when the nitrite content increased to 5 mg/L [15]. Yayi et al. [5] have also indicated
that the use of PHAs as electron donors for denitrification
leads to nitrous oxide emission, especially when the intracellular substrates are insufficient for thorough de-nitrification. Using Alcaligenes faecalis to perform denitrification, Beun et al. [4] have also found that once the extracellular substrates are depleted, the poly-β-hydroxybutyrate (PHB) starts to be consumed, accompanied by nitrous oxide emission. Herein, gaseous denitrification product
was not monitored. However, it is reasonable that nitrous
oxides have been the main denitrification products. Moreover, accumulated nitrite cannot be reduced to gaseous
nitrogen before entering oxic stage. Once aeration started,
the nitrites were oxidized into nitrate again, which leads
to lower total nitrogen removal efficiency.
4.2. Phosphate removal

In previous studies, the kinetic competition between
phosphate release and denitrification has been researched
in depth. Shun-Hsing et al. [16] found that phosphate
release and denitrification occur simultaneously, even at a
C/N ratio lower than 2.85 when sodium acetate was used
as sole carbon source, and they suggested that denitrification does not have absolute priority over phosphate release. Patel and Nakhla [17] investigated that phosphate
release cannot occur unless the nitrate concentration was
below 0.8 mg/L when propionic acid, butyric acid and
municipal wastewater were used as substrates. However,
acetic acid can support simultaneously denitrification and
phosphate release. In these studies, sodium acetate has
been used as only or main substrate. In our study, sodium

acetate and sodium propionate were used as mixed carbon
sources, and simultaneous phosphate release and denitrification occurred. It is likely that the potential ammonia
oxidation (PAO) substances used in our experiment have
developed the capacity to compete for propionate with
denitrification.
As a result of extra nitrate addition just at the beginning in the R-bottle, less PHAs were synthesized by the
end of the 1st 90 min. In the 2nd 90 min, the R-bottle was
under anaerobic conditions and no significant PHA consumption occurred. On the contrary, C-bottle was under
anoxic conditions and denitrifying phosphate removal
occurred after extra nitrate addition. By the end of the 2nd
90 min, PHA content of R-bottle was actually higher. Although the phosphate concentration was higher in R-bottle,
the higher PHA content has driven faster phosphate uptake.
As PHA degradation follows the first-order kinetics [4, 18],
higher PHA concentrations would be expected to drive denitrification or phosphate uptake faster by increasing the
availability rate of reducing power. Since the extracellular
substrate has been exhausted, the main dehydrogenization
would be the oxidation of PHAs during initial oxic stage.
It is reasonable that the higher PHA concentration in Rbottle has led to higher DHA activity. It is reported that
glycogen can be preferentially oxidized to produce
maintenance energy under oxic starvation [19, 20]; the
degradation of glycogen will be the main dehydrogenization. In this study, the glycogen content was always higher
through-out the bench-scale experiment (data not
shown). This higher glycogen content must have caused
higher DHA activity after PHA depletion in the R-bottle
during the later phase of oxic stage.
The type of PHAs has been reported to affect phosphate uptake greatly [21], but which PHA can be used to
uptake phosphate most effectively depends on the substrate the microbes have been accustomed to [22]. In this
experiment, the microbes have been enriched with mixed
VFAs. As both denitrification and phosphate release prefer acetate, the different amounts of nitrate addition at the
right beginning of reaction have led to different PHB proportions in total PHAs (Table 1). The more reduced type
of PHAs can be expected to produce more energy when
the same amount (calculated as c-mmol) is oxidized. The
higher PHV and PH2MV ratios in the R-bottle must have
caused higher phosphate removal efficiency.
TABLE 1 - The different proportions of PHAs in C-bottle and Rbottle.
C-bottle
R-bottle

PHB
20.4%
13.8%

PHV
69.8%
80.7%

PH2MV
5.5%
9.8%

PHB = polyhydroxybutyrate; PHV = polyhydroxyvalerate; PH2MV = polyhydroxy-2-methylvalerate

5. CONCLUSIONS
By adjusting the time of nitrate addition, the competition for substrate between denitrification and phosphate
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release was regulated. Despite limited substrate content,
allowing more VFAs to be consumed by denitrification
did not impair the phosphate removal efficiency. The conventional A2/O process helps to develop denitrifying phosphate removal but reduce nitrate more slowly and less
effectively. Using PHAs as electron donor, the main denitrification product was nitrite, which would be oxidized to
nitrate again, thus decreasing total nitrogen removal efficiency. Moreover, the available PHA amount at the beginning of oxic stage was actually less because of poor
efficiency under anoxic conditions when conventional
A2/O process was applied. Also, the preference for acetate
of denitrification has led to higher PHV proportion when
reversed A2/O process was applied. Higher available PHA
content as well as more PHV and PH2MV have helped to
increase final phosphate removal efficiency during oxic
stage.

This work was funded by Control and Treatment of Water Body Program (State Major Science and Technology
Special Projects of China, Project number: 2009ZX07210008-003) and Young Outstanding Experts Award Fund in
Shandong Province (Project number: 2009BSB01472).
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COMBINING ULTRAFILTRATION WITH
POWDERED ACTIVATED CARBON TO ENHANCE
ORGANICS REMOVAL FROM MICRO-POLLUTED WATER
Xuejun Bi1, Changqing Liu1,*, Feng Zhang1, Gongfa Chang2,
Yanhui Qu1, Xingsheng Kang2, Ke Liu1 and Lihua Cheng1
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ABSTRACT
With the increasingly severe micro-pollution of drinking water sources, the traditional water treatment technology cannot meet current drinking water quality requirements. At the same time, there are a lot of technical difficulties in ultrafiltration membrane treatment. This research
adopted powdered activated carbon (PAC) in the pilot-scale
study of micro-polluted water treatment to enhance the
efficiency of organic matter (OM) removal and ameliorate
membrane pollution in an immersed flat ultrafiltration membrane (IFM-UF) system. The results showed that when PAC
level was 80 mg/L, chemical oxygen demand and organic
removal efficiency with PAC/IFM-UF process can, respectively, rise up to 64.5% and 61.8 % (increase by 27.8% and
48.5% compared with IFM-UF process solely). Dosing of
AC in IFM-UF system can reduce pollution of the ultrafiltration membrane.
KEYWORDS: micro-polluted source water, membrane fouling,
submerged flat membrane, ultrafiltration

However, the membrane flux may decrease sharply as a
result of fouling, and the membrane module must be replaced. This replacement may decrease the economy of
ultrafiltration [9, 10]. Moreover, the ultrafiltration (UF) as
a single process is not applicable to remove dissolved
organic substances due to their functional principle.
In this paper, we report on a hybrid process that combines ultrafiltration with powered activated carbon (PAC)
to purify raw water for drinking. The PAC is expected to
remove organics by adsorption and mitigate fouling by forming a granular filtering layer on the surface of the membrane.
2. MATERIALS AND METHODS
2.1. Raw water quality

Raw water in test came from the inflow of Qingdao
Dagu river water source raw water plant. The main water
quality is shown in Table 1.
TABLE 1 - The raw water quality in test.

1. INTRODUCTION
Most of the rivers and lakes in China have been polluted to degrees coupling with the rapid growth of national
economy. The most widely used water purifying process
consists of coagulation, sedimentation, filtration and disinfection [1, 2], which can effectively remove suspended
solids, colloidal substances and pathogens but not natural
organic matter (NOM). The sanitary standard for drinking
water [3] has now come into effect, and water plants must
supply cleaner water to people by more effective processes.
Ultrafiltration is one of these processes and has been
studied deeply [4-8]. Immersed flat membrane ultrafiltration (IFM-UF) is usually applied in the way shown in Fig. 1.
* Corresponding author

Water Quality Indexes
Turbidity
COD
UV254
pH
Conductivity
Hardness

Unit
NTU
mg/L
1/cm
—
µS
CaCO3mg/L

Range
4.92~14.2
2.9~4.6
0.0401~0.0747
7.35~8.34
1002~1120
265~285

Average
8.30
3.6
0.0470
8.02
1038
273

2.2. Membrane module

The submerged polyether sulfone (PES) flat membrane modules were provided by Microdyn-Nadir Co. and
the structure of them is shown in Fig. 2. Dead-end filtration was adopted. The main parameters of experimental
membrane are shown in Table 2.
2.3. Experimental system process and operation mode

Experimental system process is shown in Fig. 1. The raw
water is taken from the inflow pumping wells of the plant.
To avoid physical damage to the membrane, a 95-µm secu-
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air blower

security filter
coagulant addition

raw water pump

inflow pump
efflunce

filter reactor
filter pump

circulating pump
regulating tank

backwash tank

FIGURE 1 - Flow diagram of the experimental system.

TABLE 2 - Operating parameters of experimental membrane module.
Parameter
Membrane
Dialysate collected layer
Pore size
Retain molecular weight
Permeability of membrane (20 °C,
0.7 bar)
Operating pressure
Pressure at back-flush
Single group membrane module
filtrate area

Value
Polyether sulfone (PES)
Polyester (PET)
0.04 µm
150 kDa
≥200 (l/m2·h)

sorption capacity can be fully used. Moreover, fewer PAC
can be used to provide a high enough concentration to
stand shock load.
2.5. Analytical methods

All the analysis methods are the same as described in
the "Water and wastewater monitoring and analysis methods" [2].

≥-300 mbar
≤200 mbar
10 m²

3. RESULTS AND DISCUSSION

TABLE 3 - Operation parameters of the test system.
Parameters
Treatment capacity
Operation membrane modules
Membrane filtration area
Membrane filtration flux
Filtration cycle
Backwash duration
Hydraulic backwash flow

FIGURE 2 - Structure of the membrane
module

Unit
m3/h
—
m2
l/m2·h
min
min
m3/h

3.1. Removal of organic matters

Value
0.5
2
20
25
60
3
0.2

rity filter was used to remove large particles. Aeration
was supplied to prevent the PAC from sedimentation. The
bubbles can also alleviate the deposition of particulates
and PAC on the membrane surface. Operating para-meters
of the test system are shown in Table 3.

In this study, 200 g PAC was added for one time into
the IFM-UF reactor to reach a concentration of 80 mg/L.
At the right beginning, the 1 st, 2nd, 4th, 12th and 20th h,
samples were taken to get the value of UV254 and chemical oxygen demand (COD) of the raw water and effluent.
UV254 is the adsorption of UV light per cuvette of water at
a wavelength of 254 nm. This index is linearly related to
the humus type organic content of water. The removal
efficiencies of COD and UV254 are shown in Fig. 3.

The Technical indexes of the PAC are as follows: particle size about 0.075 mm, iodine number >950 mg/g, ethylene blue value >8 ml, and ash <4%.

As shown in Fig. 3, in the 12-h operation, COD removal efficiency of the PAC/IFM-UF system was between
48.4-64.5% and UV254 removal efficiency between 35.461.8%. In contrast, the average COD removal efficiency
of an IFM-UF direct filtration was only 36.7%, and average
UV254 removal efficiency was only 13.3% (data not shown).
Dosing PAC into the IFM-UF system, greatly improved
the removal efficiency of OMs.

At the beginning of each cycle, a certain mass of PAC
was added into the reactor. When the PAC was saturated,
the mixture of PAC and water was discharged and new
water and PAC was put into the reactor. We call this
dosing strategy as sequencing batch mode. In contrast to
continuous dosing, the sequencing batch mode allows all
the PAC to stay in the reactor long enough, and the ad-

The organics removal increased dramatically in the
first 2 h of operation (Fig. 3). The removal rates of both
COD and UV254 reached their maximum (65 and 62%, respectively). Subsequently, OM removal efficiency began to
decline. After 20 h of continuous operation, the level of
OM removal in PAC/IFM-UF system was equivalent to
that of direct IFM-UF treatment without PAC dosing. This

2.4. The PAC and dosing strategy
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equality may be caused by the saturation of the PAC what
makes ultrafiltration become the main contributor to OM
removal in the PAC/IFM-UF system.

FIGURE 3 - Effect of organic substances removal.
3.2. Impact of PAC concentration on the removal efficiency of
organics

Three doses (Table 4) of PAC in the PAC/IFM-UF
reactor were tested. Under the conditions of different concentrations of PAC, the UV254 value of raw water and effluent changing with the running time was monitored continuously; the UV254 removal efficiency changing with
running time is shown in Fig. 4.
TABLE 4 - PAC dosage changes in PAC/IFM-UF system.

1
2
3

PAC dosage
(g)
100
200
300

PAC concentration
in filter reactor (mg/L)
40
80
120

90%
0.5

Influent

Effluent

80%

Removal rate

70%

0.4

60%
50%

0.3

40%
0.2

30%
20%

0.1

10%

0

0%
40

80
PAC concentration (mg/L)

120

FIGURE 5 - Accumulative UV254 removal effects with time under
different PAC concentrations.

70
60

removal of UV254 (%)

Conditions

The cumulative removals of UV254 from 0 to 10 h at
different PAC concentrations are shown in Fig. 5. The
cumulative UV254 during the running time was calculated
as the product of the volume of treated water multiplied
with the corresponding UV254 value. There is approximately
linear relationship between cumulative UV254 removal efficiency and PAC concentration. It shows that with the increasing of PAC dosage, UV254 removal capacity and efficiency were simultaneously increased in PAC/IFM-UF
system. However, increasing powdered activated carbon
will definitely increase the treatment cost. As for practical
application, the optimal amount of PAC should be decided according to quality of raw water and the purpose of
water consumption.
accumulative total of UV254 (m3/cm)
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50
40
30
20
10

0.5 m3/h

0.75 m3/h

1.0 m3/h

0
0

1

2

3
4
5
volume of treated w ater（m3）

6

7

8

FIGURE 6 - Impact of hydraulic load on UV254 removal.
3.3. The impact of load on organic matters removal
FIGURE 4 - Impact of PAC concentration on UV254 removal.

At different concentrations of PAC, the trends of OM
removal changing with running time were almost the
same. The removal efficiency of organics increased
sharply during the first 2 h and reached its maximum at
the end of these 2 h. Subsequently, the organics removal
efficiency began to decline. When PAC concentrations
were 40, 80 and 120 mg/L, the maximum UV254 removal
efficiency was 37.5, 60.7 and 72.4%, respectively.

At PAC concentration of 80 mg/L, the hydraulic loading was adjusted to be 0.5, 0.75 and 1.0 m3/h. The UV254 of
inflow and outflow was monitored continuously. The removal efficiencies are shown in Fig. 6.
At the beginning first hour, higher hydraulic load led
to lower UV254 removal efficiency. Subsequently, higher
load caused more rapidly drop of the UV254 removal efficiency. At the end of experiment, the maximum load was
corresponding to the minimum UV254 removal efficiency,
and vice versa.
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At the beginning of operation, PAC had a strong adsorption capacity, and UV254 removal may mainly caused
by PAC adsorption. The adsorption is a free diffusion mass
transfer process and the contact time is the determining
factor that affects the UV254 adsorption removal. As the
volume of the reactor was fixed, lower hydraulic loading
led to longer contact time. That is why OMs removal efficiency was higher when the load was lower.
In the middle and late period of operation, the adsorption capacity of PAC significantly decreased with time as
approaching saturation. In this period, the contact time no
longer affected adsorption process significantly. On the
other hand, the PAC held by the ultrafiltration membrane
may have formed a cake layer. Higher hydraulic load gave
stronger turbulence among this layer, and enhanced the enforcement contact mass transfer capacity between AC and
organic solute. Thus, higher UV254 removal efficiencies
were achieved.
3.4. Impact of PAC dosing on membrane fouling

In order to analyze the effect of PAC dosing on membrane fouling in PAC/IFM-UF system, a study of transmembrane pressure changing with PAC in IFM-UF filtration process was carried out with clean groundwater. Basic
water quality indexes are shown in Table 5. By examining
trans-membrane pressure changes under both conditions
with (120 mg/L) and without dosing PAC, we studied the
impact of PAC dosing on the ultrafiltration membrane fouling. The trans-membrane pressure changed with the running
time under both conditions. Data are shown in Fig. 7.

the membrane pore size. The gap between the PAC particles is large and hard to be compacted. Thus, the resistance of PAC cake layer may be very small. That is
why dosing PAC did not increase the trans-membrane
pressure.
4. CONCLUSIONS
In contrast to direct ultrafiltration process, the reported
PAC/IFM-UF process increased the removal of NOMs in
water. At a PAC level of 80 mg/L and an operation time of
12 h, the COD removal efficiency was between 48.464.5%, and that of UV254 was between 35.4-61.8%.
In the first 4 h of the PAC/UF system operation, OMs
were preferentially adsorbed by PAC in the reactor, and
the effect of ultrafiltration membrane was mainly to retain
PAC particles.
The dosing of activated carbon to ultrafiltration system
would not increase membrane fouling, because the size of
PAC was much larger than the pore size of the membrane,
and the pores would never be blocked by the carbon.

TABLE 5 - Underground water quality used in the experiment.
Water quality parameter
Turbidity (NTU)
COD (mg/L)
UV254 (1/cm)

Value
0.20
1.1
0.0216
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As for the groundwater, it is relatively cleaner (Table 6),
and its trans-membrane pressure remained unchanged
within 12 h. We took the trans-membrane pressure of
ground water as a blank test result. As for the case of PAC
dosing, trans-membrane pressure did not show significant
differences. In some cases (e.g. the 5th h), the trans-membrane pressure was even lower than that of the blank test.
This phenomenon may suggest that the dosing of PAC
would not form pollution on ultrafiltration membrane. As
we know, the size of PAC particles is much larger than
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ADSORPTION OF SULFADIAZINE
BY MONTMORILLONITE KSF: KINETICS,
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ABSTRACT
In this study, the adsorption of sulfadiazine on montmorillonite KSF was investigated with the batch adsorption experiments. Impacts of variables including pH, temperature, ionic strength and coexisting surfactants on the
adsorption were also studied. The results indicated that
sulfadiazine adsorption on KSF reached equilibrium within
24 h, which could be successfully predicted with the pseudosecond-order equation. The optimal adsorption was obtained at pH value of 4.5. The adsorption data were fitted to
Langmuir, Linear, Freundlich and Dubinin-Radushkevich
(DR) equations respectively, and linear isotherm was able
to better describe the adsorption process. From DR isotherm, the adsorption can be classified as physical adsorption and weak ion-exchange. Calculated thermodynamic
parameters (ΔH, ΔS and ΔG) showed that the adsorption
was endothermic and not spontaneous in nature. Larger
amount of sulfadiazine was adsorbed at lower ionic strength
solutions, and the presence of anionic surfactant sodium dodecylbenzene sulfonate (SDBS) caused a slight reduction
on the adsorption of sulfadiazine, while no measurable
change was observed in the presence of cationic surfactant cetyltrimethylammonium bromide (CTAB). The results may provide important insight into the understanding
of transport and fate of sulfadiazine in the environment.

KEYWORDS:
adsorption, montmorillonite KSF, sulfadiazine, thermodynamics

1. INTRODUCTION
Sulfonamide antimicrobials comprise a class of synthetic sulfanilamide derivatives which are used in human
therapy, livestock production, aquaculture and so on [1].
In the biota bodies the antimicrobials are generally poorly
* Corresponding author

absorbed and metabolized, resulting in the large fractions
of sulfonamides reaching the aquatic and terrestrial environments through grazing livestock or spreading of manure on agricultural soils [2]. Once sulfonamide antimicrobials and their metabolites are introduced into agricultural
soils, they may interact with different soil components and
undertake different environmental behaviors, for instance,
being washed off into surface water or leached to ground
water, thus causing the surface and groundwater contamination [3]. Therefore, it necessitates the investigation on
fate and interaction mechanisms of this kind of xenobiotics in soils.
Adsorption is an important process for determining
the fate and transport of antimicrobials in soils. Due to the
complex nature of the soil matrix, various contents in
soils may contribute to overall adsorption. Thiele-Bruhn
et al. [4] reported that organic materials in soils have an
important effect on the adsorption of sulfonamides, and
the adsorption of organics increases as organic matter increases [5]. Previous studies on the adsorption of antimicrobial sulfonamides were mostly focused on natural
soils and sediments [6-9], however, clay minerals and
pedogenic oxides were also found to be critical for sulfonamides adsorption in the environment [4,10]. There are
growing evidences that naturally occurring soil inorganic
minerals including iron oxides [11], manganese oxides [12],
and aluminosilicate clays [13] play key roles in the fate and
transport of pharmaceuticals and personal care products
(PPCPs) in soils. Usually the chemical nature and pore structure of clays determine their adsorption capacity [14, 15].
Therefore, it is imperative to investigate the interactions
between PPCPs and soil inorganic clay minerals.
In the present study, adsorption of a commonly used
sulfonamide antimicrobial, sulfadiazine on montmorillonite
KSF was investigated. Montmorillonite is one of the most
used natural clay minerals in environmental applications
because it has small crystals, large surface area and high
cation exchange capacity (CEC) [16]. To the best of our
knowledge, the adsorption of sulfadiazine on montmoril-
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lonite KSF has not been documented in literature. The
objective of this study is (i) to investigate the sulfadiazine
adsorption behavior on montmorillonite KSF, (ii) to evaluate predominant factors controlling the adsorption processes, and (iii) to explain the adsorption nature by thermodynamic studies.
2. MATERIALS AND METHODS

micron, Agilent), a Zorbax Eclipse XDB-C18 guard column (2.1×12.5 mm, 5 micron, Agilent) and a diode-array
UV-vis detector. The column was maintained at 30 o C
during the sample analysis. The mobile phase comprising
of a binary system of 0.1% formic acid and methanol
(65:35, V/V) was pumped at 0.2 mL min-1 flow rate in an
isocratic mode. The detection wavelength was set at 254 nm
and injection volume was 10 µL. The detection limit was
0.02 mg L-1.

2.1. Chemicals and materials

2.4. Data analysis

Sulfadiazine standard (4-amino-N-pyrimidin-2-ylbenaenesulfonamide) was purchased from Tokyo Chemical industry (Figure 1). It has a molecular weight of
250.28 g mol-1, water solubility of 77 mg L -1, logkow of
-0.09, pKa1 of 1.57 and pKa2 of 6.50, respectively [3].

Several adsorption isotherms were employed to fit
adsorption data in this study.
The Langmuir equation can be written as follows [17]
(Eq. 1):

Ce
1
Ce
=
+
Cs CmL Cm

N
NH2

(1)

where Ce is the equilibrium drug concentration in solution (mmol L-1), Cs is the amount of drug adsorbed per
unit weight of adsorbent (mmol g-1), Cm is the monolayer
capacity of the adsorbent (mmol g-1) and L is the constant
for the adsorption process.

SO2NH
N

FIGURE 1 - The molecular structure of sulfadiazine.

The adsorbent montmorillonite KSF was purchased
from Sigma-Aldrich (St. Louis, MO, USA). It is composed
of SiO2 (54.0%), Al2O3 (17.0%), Fe2O3 (5.2%), CaO (1.5%),
MgO (2.5%), Na2O (0.4%), K2O (1.5%) and ignition loss
(15%). The apparent bulk density is 800 g L-1 and the surface area is 10 m2 g-1. The KSF was used as received.
2.2. Batch experiment

Adsorption experiments were conducted in 50 mL polyethylene (PE) centrifuge tubes. 0.05 g of montmorillonite
KSF was added into 25 mL of sulfadiazine solutions containing sulfadiazine ranging from 5 mg L-1 to 20 mg L-1.
Batch reactions were kept at a constant rate of 200 rpm in
an isothermal shaker (25±1 oC). After the adsorption reached
equilibrium, the tubes were centrifuged at 10000 rpm for
10 min, and the supernatants were filtered through 0.45 µm
filter membranes and analyzed with high-performance liquid chromatography (HPLC). The amount of sulfadiazine
adsorbed (Cs, mg g-1) was calculated by the differences between initial and final concentrations of sulfadiazine in the
solution. A KSF-free control was run to check the stability of sulfadiazine and the adsorption loss by centrifuge
tubes. Results showed that the loss of sulfadiazine without
adsorbent was less than 1%, suggesting that the sulfadiazine degradation and its adsorption to the tubes can be
neglected during the study. All experiments were carried
out in triplicates.
2.3. Sulfadiazine analysis

Sulfadiazine was detected by an Agilent 1200 highperformance liquid chromatography (HPLC) system with
a Zorbax Eclipse XDB-C18 column (2.1×100 mm, 3.5

The Freundlich equation is represented by [18] (Eq. 2):

Cs = KfCe

nf

(2)

where Kf is the Freundlich adsorption coefficient, and
nf is the Freundlich measure of nonlinearity.
In the Freundlich equation, when nf equals to 1, the
adsorption isotherm is converted to the linear equation as
follows (Eq. 3), and adsorption free energies at all adsorbate concentrations are constant.

Cs = K d Ce

(3)

where Kd is the linear adsorption coefficients.
In order to determine the adsorption type, the Dubinin-Radushkevich (DR) equation was employed to fit the
adsorption data. The DR equation can be expressed as
[19] (Eq. 4):

ln Cs = ln Xm − K ε 2

(4)

where ε (Polanyi adsorption potential), the amount of
energy required to pull a adsorbed molecule from its adsorption site to infinity, equals to RT ln(1+1/Ce). Xm is the
adsorption capacity (mol g-1), K is the constant related to
adsorption energy (mol2 kJ−2), R is gas constant (kJ mol-1
K-1)), and T is the temperature (K).
The constant K is used to calculate the mean free energy E (kJ mol-1) of adsorption. It can be considered as
the free energy change during the transfer of one mol of
molecule from infinity in solution to the surface of the
solid. The equation can be given as follows [20] (Eq. 5):
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(5)

3. RESULTS AND DISCUSSION
3.1. Contact time and adsorption kinetics

The adsorption kinetics of sulfadiazine on KSF was
determined without the adjustment of pH value, and the
result was shown in Figure 2. It can be seen that more
than 90% of sulfadiazine was quickly adsorbed onto KSF
in the first 12 h, followed by a slow increase of adsorption
process. The decreasing adsorption rate towards the end
suggested the formation of a monolayer of sulfadiazine on
the outer surface of KSF and intraparticle diffusion onto
the inner surface of the adsorbent particles through the
film [21]. The adsorption curve reached a plateau after 24
h, and in this study, 24 h was selected as the equilibrium
time.

adsorbed at time t (min); q1 (g mg-1) is the maximum adsorption capacity calculated by the pseudo-first-order equation; q2 (g mg-1) is the maximum adsorption capacity calculated by the pseudo-second-order equation; and C is a
constant which gives an idea about the boundary layer
thickness. The corresponding parameters of the three models are given in Table 1. Based on the R2 values for sulfadiazine adsorption, pseudo-second-order kinetic model
appears to produce the best fit, which can be used to predict
the adsorption kinetics of sulfadiazine on montmorillonite KSF.
TABLE 1 - Kinetic parameters for the adsorption of sulfadiazine
onto KSF.
Pseudo-first-order
model
Pseudo-second-order
model
Intraparticle diffusion
model

k1 (min−1)
q1 (mg g−1)
R2
k2 (g mg−1 min−1)
q2 (mg g−1)
R2
kp (mg g−1 min−1/2)
C (mg g−1)
R2

343.018
1.605
0.985
0.002
1.515
0.997
0.026
0.297
0.906

3.2. Effect of pH

The pH effect on the adsorption of sulfadiazine onto
montmorillonite KSF was studied at 25 oC with the sulfadiazine concentration of 10 mg L-1. The initial pH of the
solution was adjusted by adding 0.1 M HCl or 0.1 M
NaOH to the desired values. Result shown in Figure 3 indicates that the adsorption process is strongly pH dependent. When the pH values increased from 3 to 10, the adsorption of sulfadiazine first increased till pH at 4.5, and
then decreased.

FIGURE 2 - The effect of contact time on the adsorption of sulfadiazine to montmorillonite KSF (T=25±1 oC, C0=10 mg L-1).

In order to properly understand the adsorption process, the adsorption kinetic data were fitted by three kinetic models, the pseudo-first-order model, the pseudosecond-order model and the intraparticle diffusion
model. The kinetic models can be presented as follows
[22] (Eq. 6-8):

k 1
1
1
= ( 1 )( ) +
qt
q1 t q1
t
1
t
=
+
2
q t k 2q 2 q 2

qt = k p t 1 / 2 + C

(6)
(7)
(8)

where k1 (min-1) is the equilibrium rate constant for
pseudo-first-order equation; k2 (g mg-1 min-1) is the equilibrium rate constant for pseudo-second-order equation; kp
(mg g−1 min−1/2) is the equilibrium rate constant for intraparticle diffusion equation; qt is the amount of sulfadiazine

FIGURE 3 - The effect of pH on the adsorption of sulfadiazine to
KSF (T=25±1 oC, C0=10 mg L-1).

Sulfadiazine is amphoteric in nature and possesses two
ionizable functional groups relevant to the environmental
pH range: the amino group and the SO2NH moiety. Due
to the dissociation of functional groups, sulfadiazine may
undergo rapid protonation/deprotonation based on the pH
of the aqueous phase which results in cationic, neutral,
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and anionic species. At low pH (pH<pKa1), sulfadiazine
exists as cation species due to the dissociation of ammonium group (-NH3+), while at higher pH (pH>pKa2), the
anionic species dominate because of the dissociation of a
proton from the sulfonamide group (-SO2NH-) [23]. The
neutral form of sulfadiazine is prevalent when pH values
are between pKa1 and pKa2. The pH-dependent species of
sulfadiazine exhibit different sorption properties. In the
natural environment, sulfonamides are often present in
neutral (uncharged) and anionic (deprotonated) forms [24].
Since the point of zero charge of montmorillonite KSF is
approximately 2.5, it was presumed to bear a negative
charge under our experiment conditions [25]. Adsorption of sulfadiazine onto KSF is determined by the surface charge of the absorbent, the degree of ionization and
speciation of the adsorbate [26].
The proportion of sulfadiazine in different forms (cationic, neutral, and anionic species) depends on its pKa and
the pH of the solution. Percentage of each ionic form of
sulfadiazine can be calculated as a function of pH and pKa
[27] (Eq. 9-11):

100
1 + 10
+ 10(2pH −pKa1 −pKa 2 ) (9)
100
(10)
%neutral species =
(pK a1 − pH)
1 + 10
+ 10(pH −pKa 2 )

%cationic species =

%anionic species =

ones [31]. Besides, the silanol groups on the KSF surface
became deprotonated as the pH increased, thereby increasing the number of negatively charged adsorbent sites
[32]. The lower adsorption may be attributed to the increasing electrostatic repulsion of anionic sulfadiazine and
the negative charge of the KSF at high pH values. When
solution pH was above 7, the anionic species was the main
forms in the solution, and no significant change of the adsorption with increasing pH was observed due to the unfavorably adsorption of KSF surfaces for this species. The
maximum adsorption occurred at pH 4.5, which was selected as the reaction condition in the following experiments.
3.3. Adsorption isotherms

The adsorption isotherms were obtained by performing
experiments with initial sulfadiazine concentrations ranging from 5 mg L-1 to 20 mg L-1 at 15 oC, 25 oC and 35 oC
respectively. Although the initial concentrations utilized in
the experiments are higher than likely environmental concentrations, practical aspects of laboratory adsorption measurements necessitate use of the higher concentrations [33].

(pH − pK a1 )

100
1 + 10(pKa 2 − pH) + 10(pKa1 + pKa 2 −2pH)

(11)
Sulfadiazine adsorption to KSF exhibited pronounced
pH dependence consistent with adsorbate speciation and
clay properties. As pH increased from 3 to 4.5, the sulfadiazine adsorption significantly increased. According to
the equations above, the calculated percentage of cationic
species at pH 3 and 4.5 only accounted for 3.6% and
0.12% of the total, respectively. Although cationic species
of sulfadiazine at low pH ranges were very low, cation
exchange is reported to be thermodynamically favorable
[28], making cation exchange predominant [29]. At lower
pH values, more free protons are available in the solution,
which may compete with protonated sulfadiazine for the
adsorption sites [30], resulting in the low adsorption at
low pH values. When the pH increased beyond 4.5, neutral species became the dominated form. Water bridging
was a possible adsorption mechanism between the neutral
sulfadiazine and the montmorillonite surfaces. Water bridging interaction has been found between aromatic amines
such as aniline and smectite surfaces. The anilinic amines
of sulfonamide antimicrobials (pKa1<2.3) are weaker bases
than aniline, and water bridging between the neutral sulfadiazine and montmorillonite surfaces is via the aniline
group of sulfadiazine. The complexation of exchangeable
cations through a pyrimidine N and/or the SO2 group of
sulfadiazine may also contribute to the adsorption process
[10]. With the pH continued to increase, the anionic species were gradually increasing. The anionic species of sulfadiazine have a weak tendency to adsorb to KSF because
the anionic forms are higher water soluble than the neutral

FIGURE 4 - Adsorption isotherm of sulfadiazine adsorption on KSF
(pH=4.5).

Figure 4 shows the adsorption results of sulfadiazine
at different temperatures. The curves are in a straight line
trend, which was classified as C-type according to Giles
et al. [34] indicating a constant relative affinity of adsorbate molecules for the adsorbent. As seen in the figure, the
adsorption increased as the temperature raised from 15
o
C to 35 oC, which may be attributed to the increasing
mobility of the molecules with the rise of temperature,
thereby facilitating the formation of surface monolayer [35].
The adsorption data were fitted to different adsorption isotherms, and results were shown in Table 2. The
small values of root mean squared error (RMSE) in Table
2 indicate the good fit of the adsorption isotherm models.
It can be seen that Langmuir equation poorly described the
adsorption processes, with the lowest R2 value of 0.681.
Langmuir model assumes that adsorption takes place at
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specific homogeneous sites within the adsorbent and has
found the saturated monolayer coverage of adsorbate on
the adsorbent surface [36]. Application of the Langmuir
model to the present experimental data is not appropriate
for the sulfadiazine/KSF system.
TABLE 2 - Isotherm parameters for sulfadiazine adsorption onto
KSF at various temperatures.
Temperature (K)
288
Langmuir equation
R2
0.949
Cm (mmol g-1)
0.248
L (g L-1)
7.962
RMSE*
0.012
Freundlich equation
R2
0.999
Kf (mg g-1)
0.473
nf
1.046
RMSE
0.008
linear equation
R2
0.998
Kd (L g-1)
0.518
RMSE
0.066
DR equation
R2
0.997
Xm (mol g-1)
0.00291
2
−2
K (mol kJ )
0.008
E (kJ mol−1)
7.906
RMSE
0.014
*RMSE: root mean squared error

298

308

0.681
0.283
1.832
0.029

0.713
1.060
0.506
0.006

0.997
0.488
1.057
0.011

0.998
0.518
1.038
0.006

0.998
0.543
0.068

0.999
0.560
0.041

0.996
0.00322
0.007
8.452
0.032

0.995
0.00338
0.009
7.454
0.025

The DR model assumes a fixed volume or “adsorption space” close to the adsorbent surface where adsorption takes place. It describes heterogeneity of adsorption
energies within this space, independent of temperature
[40]. The corresponding isotherm parameters are listed in
Table 2. It can be seen that the values of porosity factors
(K) are less than one, indicating the KSF adsorbents have
fine micropores and a surface heterogeneity might arise
from the pore structure as well as adsorbate-adsorbent
interactions [41]. The calculated adsorption energy E
values were used to estimate the type of adsorption. If the
magnitude of E is between 8 and 16 kJ mol-1, the adsorption process follows by ion exchange, while for the E
values less than 8 kJ mol-1, the adsorption process is of
physical nature [42]. The value of E at 25 oC is slightly
higher than 8 kJ mol-1, suggesting the ion exchange type
of adsorption. The adsorption occurred at 15 oC and 35 oC
was physical because E values are lower than 8 kJ mol-1.
In this case, weak physical forces, such as van der Waals
and hydrogen bonding may affect the adsorption process.
The definition of adsorption type in this study is somewhat unclear since the obtained E values were all close to
8 kJ mol-1. Therefore, it can be concluded that the mechanisms of sulfadiazine adsorption on KSF are ion exchange
concomitant with physical adsorption.
3.4. Thermodynamic parameters

As shown in Table 2, the Freundlich equation yielded
a much better fit than the Langmuir equation, with R2
ranging from 0.997-0.999. The Freundlich equation is
based on a adsorption by the adsorbent with a heterogeneous energy distribution of active sites [37]. Compared
with reported kf value of 5.23 for the adsorption isotherms
of tetracycline on montmorillonite [38], the Kf values
summarized in Table 2 are low, which are an indication of
a relative low adsorption capacity and weak bonding
between sulfadiazine and KSF. It is notable that nf values
are close to 1, suggesting that the adsorption is linear. The
linear adsorption equation was employed to fit the experimental data and corresponding results were presented in
Table 2. The high R2 values (0.998-0.999) indicate that
the adsorption of sulfadiazine on KSF linearly increased
with increasing sulfadiazine concentration. The linearity
of the adsorption isotherm implies that sulfadiazine did
not saturate available adsorption sites over the concentration range examined. Linear isotherm also indicates a
partitioning process whose driving force is the expulsion
of the sulfadiazine molecules from the aqueous phase due
to hydrophobic effects [39]. The linear adsorption coefficients (Kd) values are low, demonstrating that sulfadiazine
had a weak tendency to adsorb to KSF.

Thermodynamic parameters including Gibbs free energy change ΔG (kJ mol−1), enthalpy change ΔH (kJ
mol−1) and entropy change ΔS (J K−1 mol−1) were calculated from the following equations (Eq.12-13):

ΔG = − RT ln K d

(12)

ln Kd = −ΔH RT + ΔS R

(13)
-1

-1

where R is the gas constant (8.314 J mol K ), T is
the temperature (K), and Kd is the linear adsorption coefficient (L g-1). The values of Kd were calculated by Eq.3,
in which the values of Ce and Cs were the adsorption data
at different temperatures.
ΔH and ΔS were calculated from the intercept and
slope of the linear plot of lnKd versus 1/T (Figure 5). The
calculated parameters are shown in Table 3. The positive
values of ΔG (1.49-1.58 kJ mol-1) at three temperatures
shows the nature of adsorption is not spontaneous. The
value of ΔH is positive, indicating the interaction of sulfadiazine with the surface of KSF is endothermic in nature. The enthalpy change value obtained is very small

TABLE 3 - Thermodynamic parameters for sulfadiazine adsorption onto KSF.
Temperature (K)

Kd

ΔG (kJ mol-1)

ΔH (kJ mol-1)

288
298

0.518
0.543

1.575
1.513

2.880
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0.560

1.485
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zine adsorption on KSF. The concentrations of surfactants
used were 3.61 and 36.1 mg L-1 for CTAB, and 4.34 and
43.4 mg L-1 for SDBS, respectively. These concentration
levels were far below their critical micelle concentration
(CMC, 361 mg L-1 for CTAB and 433.5 mg L-1 for SDBS
[49]) to prevent micellar solubilization from influencing
the adsorption process.

FIGURE 5 - The linear plot of lnKd versus 1/T.

(ΔH<40 kJ mol-1), demonstrating that the interactions
between sulfadiazine molecules and KSF involve a number of physical interactions [43], including electrostatic
attractions, water bridging and ion-exchange reactions,
which is consistent with the isotherm results. The entropy
change ΔS for sulfadiazine adsorption process is positive
(4.548 J K-1 mol-1 in this study), corresponding to an increase in degrees of freedom of the adsorbed sulfadiazine
molecules [44]. The positive value also indicates that
some structural changes may have taken place as a result
of interactions of drug molecules with active groups in the
clay surface [45].

FIGURE 6 - The effect of ionic strength on the adsorption of sulfadiazine to KSF (pH=4.5).

3.5. Effect of ionic strength

Ionic strength is usually an influencing factor in determining the behavior of chemical’s adsorption. The
effect of ionic strength on sulfadiazine adsorption to KSF
was studied with background electrolyte solution of 0.1
and 0.01 M of NaCl at pH 4.5. Results are shown in Figure 6. Compared with the adsorption of sulfadiazine without NaCl, it was clearly indicated that the adsorption was
suppressed with the addition of NaCl. The adsorption
amount decreased as the electrolyte concentration increased
from 0.01 to 0.1 M. This may be attributed to competitive
adsorption of high levels of Na+ with sulfadiazine species
for KSF surface sites. When the NaCl concentration decreases, Na+ cations are no longer important competitors,
and the relatively higher adsorption of sulfadiazine is
achieved [46]. Besides, Na+ in solution may influence the
double layer thickness and interface potential, and thereby
affect the binding of the adsorbed species [47].
3.6. Effect of surfactants

Surfactants are widely found in the environment.
They can strongly influence the adsorption and desorption
of many organic contaminants, and affect their fate and
transformation in soils [48]. In this study, one cationic
surfactant cetyltrimethylammonium bromide (CTAB) and
one anionic surfactant sodium dodecylbenzene sulfonate
(SDBS) were selected to test their effects on the sulfadia-

FIGURE 7 - The effect of two surfactants on the adsorption of
sulfadiazine to KSF (pH=4.5).
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Figure 7 describes the adsorption isotherms of sulfadiazine in the presence of CTAB and SDBS at different
concentrations. As indicated, the addition of anionic surfactant SDBS reduced sulfadiazine adsorption on KSF, and
the suppression increased with SDBS increasing from 0.01
CMC to 0.1 CMC. The anionic surfactant SDBS may affect
the sulfadiazine adsorption through two ways. Firstly, the
surfactant in monomer form may be adsorbed onto the
solid surface and increase the affinity of contaminants.
Secondly, due to the special surface properties, the surfactants would increase the water solubility of some organic
chemicals thereby reducing the adsorption [50]. Since both
actions give rise to opposite influences on the adsorption,
the net influence of SDBS on the sulfadiazine adsorption
will depend on the balance of both of them. In this study
the concentrations of SDBS were low, and SDBS predominantly exists as monomers in solution. The electrostatic
repulsion between anionic SDBS and negatively charged
KSF surface inhibits the adsorption of SDBS, and the
possible increased affinity of sulfadiazine on SDBS is
negligible. As a result, the enhanced solubility of sulfadiazine by SDBS outweighed the increase on adsorption of
sulfadiazine and decreased the amount of sulfadiazine
adsorbed onto KSF surface, as observed in Figure 7.
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Compared to SDBS, cationic surfactant CTAB did not
affect the sulfadiazine adsorption significantly. Whether the
concentration of CTAB was high or low, the sulfadiazine
adsorption was not influenced as shown in Figure 7. A
possible explanation is that partitioning interactions with
adsorbed surfactant aggregates are likely not the major
factor in the adsorption of sulfadiazine in the presence of
cationic surfactant CTAB [33].
4. CONCLUSIONS
The adsorption of sulfadiazine onto montmorillonite
KSF was affected by aqueous chemistry parameters. The
solution pH influenced the adsorption through the KSF
surface charges and sulfadiazine speciation. The adsorption increased with the increasing temperature. Decreasing ionic strength was more favorable for the adsorption.
The coexistent anionic surfactant SDBS reduced the adsorption of sulfadiazine and facilitated its transport in the
environment, while the adsorption process was not influenced by the cationic surfactant CTAB. The adsorption
kinetic process followed the pseudo-second-order kinetic
model, and linear equation was found to describe the adsorption isotherm better as compared with other isotherm
equations. Thermodynamic studies showed that the interactions between sulfadiazine and KSF were endothermic,
not spontaneous and entropically driven. The results from
this study will be helpful to better understand the interactions between sulfonamides and soil inorganic minerals
during their transport and fate in the soil systems.
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ABSRACT

1. INTRODUCTION

This report provides, using a validated analytical
method, data on a baseline concentrations and bioconcentration potential of Ag, Al, Ba, Ca, Cd, Co, Cr, Cu, Fe, Hg,
K, Mn, Mg, Na, Ni, P, Pb, Rb, Sr and Zn by Parasol
Mushroom collected from two spatially related sites - the
stands in the Augustowska Forest and the stands in the outskirts of the Ełk town in north-eastern part of Poland. The
total elements content was determined by ICP-AES and
CV-AAS for Hg. Parasol Mushroom efficiently accumulated Ag, Hg, Cu and K in fruiting bodies and moderately
of Ca, Cd, Mg, Na, P, Rb, Zn. Tasty caps of Parasol
Mushroom from forested areas in north-eastern Poland
are rich in essential elements such as Rb, K, P, Cu, Zn,
Mg and Na. Nevertheless, a portion of specimens collected can contain in flesh Cd and Pb in concentrations
exceeding tolerance limits set in the European Union for
mushrooms. Eating these caps can result in an exceeding
the safety intake margins of Hg (a slightly), and more of
Cd, and especially, if eaten more than once per week.
Measured elements concentration in soil samples confirmed
that fruiting bodies were collected from unpolluted areas.
The data obtained are consistent with the data resulting
from the various studies carried out on unpolluted areas.
Received data about elements concentration in both soil
and flesh of the mushroom were statistically analyzed,
including multifunction analysis (e.g. Mann-Whitney U
test, CA, PCA).
KEYWORDS:
Field Parasol, food, heavy metals, ICP-AES, metals, mushrooms

* Corresponding author

Parasol Mushroom (Macrolepiota procera) (Scop.:
Fr.) Singer, choice edible mushroom in the genus Macrolepiota of the family Agaricace, is saprophytic species. As
many other saprophytic but also mycorrhizal mushrooms
take a vital part in biogeochemical turnover of metals, semimetals and other mineral elements absorbed from dead
organic matter and soils for use by biosphere, which is a
key role played by many fungi as decomposers in ecosystems [1]. An example could be silver that is abundant in
fruiting bodies of some macromycetes and probably this
biota play a possibly major role in Ag biogeochemical
cycling in soils [2-5]. As a result of these, fungal fruiting
bodies (carpophores) can be enriched in many metallic
elements and also in metalloids, even if they grown-up at
the background (uncontaminated) areas, while heavy contaminated when emerged at the polluted soils [6-11]. Intake rates by men of wild mushrooms seem to vary highly
between the nations, regions of the world or the families
and individuals, e.g. intake rates per capita shows values
such as 1 kg (Sweden), up to 10 kg (Czech Republic) and
20-24 kg (Liangshan Yi nationality in China) [12].
This report provides, using a validated analytical methods, data on a baseline concentrations and bioconcentration
potential of 20 elements by Parasol Mushroom collected
from two spatially related sites - the stands in the Augustowska Forest and the stands in the outskirts of the Ełk
town in north-eastern region of Poland. This study is a part
of ongoing survey aimed to investigate metallic elements
and metalloids in wild grown mushrooms to understand
their complex mineral constituents composition and interrelationships, bioconcentration and bioindication potential,
impact of soil bedrock geochemical composition, contamination status as well as mineral constituents intake rates,
nutritional significance and risk to mushroom consumers
[8, 12-47].
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2. MATERIALS AND METHODS
Mature mushrooms were collected in the Augustowska
Forest in Podlaskie Voivodeship in 2000 and outskirts of
the town Ełk in Warmia and Mazury Voivodeship in 2001.
The sampling sites are a typical forested and agricultural
area not subjected for direct human activities. From the
stands in the Augustowska Forest together with the Parasol Mushroom specimens were collected also the samples
of forest soil upper horizon (0-10 cm, 100 g, after removing superficial layer of litter and organic detritus). The Augustowska Forest is a large forested and lake area (1140 km2
on country territory) in north-eastern corner of Poland.
Unpolluted by industry environment is an unquestionable
advantage of those sampling sites.
Fresh fruiting bodies were cleaned from any present
foreign materials using a plastic knife and divided into two
morphological parts; caps and stipes. Each sample was
dried at 65 ºC to constant weight in electrically heated
laboratory drier. Next, the samples were pulverized in an
agate mortar and in polyethylene bags in dry condition.
Approximately 500 mg of homogenized fungal samples
were weighted to closed polytetrafluoroethylene (PTFE)
vessel and pre-digested (~24 h) using 7 mL of concentrated
(20 %) nitric acid solution (Suprapure®, Merck) at room
temperature. Next, the vessels were closed and pressure/
temperature digested in an automatic microwave digestion
system of type MARS 5 (CEM Corporation, Matthews,
NC, USA).
The soil samples were air dried in room temperature
for several weeks and then sieved through a sifter (pore
size 0.2 mm). Then, the substratum samples (~2.5 g) in
quartz vessels were cold (room temperature) extracted with
concentrated (20 %) nitric acid solution (Suprapure®,
Merck) for 24 h. The extracts were filtered using Whatman
no. 42 filter paper before being diluted to 50 mL using
deionized water [48, 49].
Precision and reproducibility of the methods were determined by analyzing blank samples, duplicates of selected samples and calculating the coefficient of variation,
which were lower than 5 % for each element. Additionally, the methods of elements determination were validated
and controlled by the analysis of several certified reference materials [10, 43, 50]. Concentrations of twenty
chemical elements (except Hg) in fruiting bodies and soil
samples extracts were determined by inductively coupled
plasma-atomic emission spectrometry (Optima 2000, PerkinElmer, USA). Determination of mercury content was by
cold-vapor atomic absorption spectrometry (CV-AAS)
using an automated kept 3200 Mercury Monitor (Thermo
Separation Products, USA). Details on used method of mercury determination were described in previous articles
[51, 52]. The methods limits of detection for Ag, Al, Ba,
Ca, Cd, Co, Cu, Cr, Fe, Hg, K, Mg, Mn, Na, Ni, P, Pb,
Rb, Sr and Zn were between 0.01-0.10 µg g-1 dw, and
0.005 µg g-1 dw for Hg. Coefficients of variation for these

measurements on routine runs were well below 10 %. The
element concentrations in both soil and fungi specimens
were compared using statistical methods, including multifunction analysis (e.g Mann-Whitney U-test, CA, PCA at
significance level p<0.05).

3. RESULTS AND DISCUSION
Many edible species of wild-grown mushrooms are
food for numerous animals and are a popular foodstuff,
often collected and cooked fresh by many people, but also
available commercially as fresh, dried, pickled or as ingredients in other products. A need of knowledge on
chemical composition of edible mushrooms as related to
nutritional value and risk of hazardous compounds is undisputable. The fruiting bodies of mushrooms can be also
considered as indices of environmental pollution, e.g. heavy
metals. Especially mercury remains an environmentally
problematic metal due to a long-range atmospheric
transport potential and long atmospheric residence time of
elemental mercury vapors. Total mercury content of mushrooms is species dependent and varies amongst their ecological groups, saprophytic, symbiotic, etc. [53]. Unfortunately, getting any quantitative relationship between metallic elements accumulated in substratum and fruiting
bodies is often really difficult [54, 55]. Mineral constituents taken-up by mycelium and acquired in fruiting bodies
can be “observed” by their absolute concentrations values,
which are usually expressed on dry weight - due to consensus on 10 % dry matter contents of healthy and of a
typical condition specimens. Other point of view on this
issue is assessing of accumulate (bio-concentrate) in fruiting bodies elements contained in substratum (e.g. soil,
dead plant materials, alive tree, compost), in which mycelium develops [56, 57].
In this study differences in the accumulative abilities
of elements in morphological parts of fruiting body were
indicated thought estimated cap metal to stipe metal concentration quotients (QC/S). Concentrations of elements
such as Cd, Cu, Hg, K, Mg, Pb and Zn in caps from both
sites were generally greater than those in stipes. For fruiting bodies collected from Augustowska Forest concentration of Al, Cr and Fe were greater in caps than in stipes,
while for Co and Na were smaller. Nickel was present in
concentrations below method detection limit. Concentrations of the elements (mg kg-1 dry weight) of the Macrolepiota procera’s fruiting bodies and soil substratum are
given in Table 1. Cadmium, lead and mercury are the
most hazardous heavy metal contaminants in foods, which
are regulated by law in many countries. These metals
were noted in caps in the mean concentrations that varied
at two sites between 6.0±3.0 and 16±11 (Cd), 2.7±1.7 and
3.6±1.1 (Pb) and 1.5±0.3 and 4.8±1.1 (Hg) in µg g-1 dry
weight, on the average. Parasol Mushroom, like most
mushrooms is species-rich in K, Mg and P, which accumulates in the fruiting bodies (Table 1).
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FIGURE 1 - Location of the sampling sites of Parasol Mushrooms and certain cities (circles) in Poland.
Abbreviations: AF Augustowska Forest in Podlaskie Voivodeship; E Ełk in Warmia and Mazury Voivodeship.

TABLE 1 - Some metallic elements and phosphorus content of Parasol Mushrooms and soils(µg g-1 dry weight; mean. SD. range and median
values) from the Augustowska Forest (AF; n=16) and Ełk region (n=15) and their cap to stipe concentration quotient (QC/S) and bioconcentration (BCF) values.
Element

Site
AF

Ag
Ełk
AF
Al
Ełk
AF
Ba
Ełk
AF
Ca
Ełk
AF
Cd
Ełk
AF
Co
Ełk

Cap
1.3±1.2
(0.70-1.5)
1.2
2.1±1.8
(0.52-7.1)
1.6
220±210
(42-850)
200
120±65
(58-280)
100
1.5±1.0
(0.40-4.4)
1.4
1.2±0.5
(0.63-2.4)
1.1
200±120
(47-470)
170
190±53
(100-260)
190
6.0±3.0
(0.44-11)
6.2
16±11
(0.73-33)
16
0.47±0.32
(0.05-1.1)
0.33
0.13±0.06
(0.04-0.28)
0.12

Stipe
3.7±2.0
(1.5-8.6)
3.1
2.2±0.3
(1.8-2.8)
2.1
160±74
(45-320)
160
160±53
(44-460)
130
1.7±0.7
(0.78-3.7)
1.6
2.2±0.5
(1.2-3.2)
2.4
370±230
(120-1100)
340
630±320
(370-1700)
600
1.6±1.0
(0.11-3.9)
1.5
0.66±0.17
(0.44-0.94)
0.69
0.53±0.39
(0.20-1.4)
0.32
0.086±0.058
(0.033-0.24)
0.079

QC/S
0.36±0.33
(0.14-1.6)
0.26
0.94±0.82
(0.26-3.4)
0.80
1.3±0.7
(0.19-2.6)
1.3
0.84±0.51
(0.36-2.1)
0.69
0.91±0.47
(0.21-1.9)
0.87
0.59±0.36
(0.27-1.7)
0.47
0.61±0.42
(0.20-1.8)
0.56
0.34±0.13
(0.07-0.56)
0.32
3.9±0.7
(2.9-5.5)
3.9
24±20
(1.0-63)
22
0.96±0.33
(0.17-1.5)
0.94
2.2±1.8
(0.29-5.5)
1.7
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Soil
0.0079±0.0013
(0.0062-0.0094)
0.0080

BCFC
150±130
(23-510)
120

BCFS
440±220
(160-890)
390

NA

NA

NA

2500±50
(2400-2500)
2500

0.088±0.086
(0.017-0.35)
0.077

0.062±0.028
(0.018-0.13)
0.063

NA

NA

NA

14±1
(13-15)
16

0.11±0.07
(0.031-0.30)
0.092

0.13±0.06
(0.052-0.29)
0.12

NA

NA

NA

79±5
(74-86)
77

2.5±1.4
(0.52-5.4)
2.4

4.8±2.8
(1.7-13)
4.5

NA

NA

NA

0.10±0.01
(0.08-0.10)
0.10

64±33
(4.6-120)
72

17±11
(1.2-39)
17

NA

NA

NA

0.52±0.02
(0.49-0.54)
0.52

0.83±0.56
(0.10-2.0)
0.59

0.96±0.75
(0.36-2.8)
0.61

NA

NA

NA
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0.50±0.17
(0.36-1.1)
0.47
0.24±0.09
(0.12-0.37)
0.21
220±58
(89-300)
240
110±32
(69-160)
100
160±130
(37-570)
150
120±59
(51-260)
99
4.8±1.1
(3.2-6.8)
4.6
1.5±0.3
(1.3-2.8)
1.4
32000±6200
(23000-44000)
32000
75000±18000
(52000-115000)
74000
33±14
(18-74)
32
14±6
(9.0-30)
13
1500±200
(1300-2100)
1500
1100±190
(870-1700)
1000
240±120
(58-480)
210
410±300
(29-830)
500

0.30±0.08
(0.15-0.45)
0.30
0.54±0.47
(0.20-2.1)
0.38
110±27
(58-160)
120
100±20
(82-140)
98
110±43
(38-210)
120
150±60
(76-250)
170
2.6±0.5
(1.8-3.8)
2.5
0.68±0.43
(0.20-1.6)
0.56
17000±4500
(8800-26000)
17000
38000±6000
(27000-46000)
40000
54±44
(14-180)
43
83±40
(43-160)
73
720±190
(430-1000)
750
670±94
(540-810)
720
650±470
(180-1700)
450
250±190
(200-670)
190

1.7±0.5
(1.1-2.7)
1.5
0.63±0.37
(0.17-1.3)
0.56
2.0±0.4
(1.3-2.6)
2.0
1.1±0.3
(0.71-1.7)
1.1
1.4±0.7
(0.28-3.0)
1.3
0.89±0.56
(0.22-2.1)
0.82
1.8±0.3
(1.2-2.6)
1.7
3.2±2.0
(1.1-7.0)
2.3
1.9±0.4
(1.3-2.6)
1.9
2.0±0.7
(1.1-4.1)
1.9
0.94±0.62
(0.20-2.2)
0.89
0.22±0.13
(0.08-0.47)
0.17
2.2±0.6
(1.6-3.4)
2.1
1.7±0.5
(1.1-3.0)
1.6
0.46±0.21
(0.10-0.86)
0.48
2.5±2.1
(0.089-6.2)
2.5

AF

< 0.01

< 0.01

ND

Ełk

< 0.01
10500±1500
(7800-14500)
10000
ND
2.7±1.7
(1.0-7.4)
2.2
3.6±1.1
(2.1-5.2)
3.4
200±78
(130-440)
180
ND
0.50±0.36
(0.15-1.7)
0.40
0.47±0.15
(0.30-0.81)
0.44
79±22
(55-150)
76
100±24
(78-150)
95

< 0.01
4700±1000
(3300-6100)
4800
ND
0.72±0.36
(0.25-1.7)
0.64
1.0±0.6
(0.13-1.8)
1.0
64±16
(36-94)
63
ND
0.76±0.46
(0.34-2.3)
0.70
1.0±0.2
(0.61-1.5)
1.0
33±11
(27-65)
29
100±11
(87-120)
100

AF
Cr
Ełk
AF
Cu
Ełk
AF
Fe
Ełk
AF
Hg
Ełk
AF
K
Ełk
AF
Mn
Ełk
AF
Mg
Ełk
AF
Na
Ełk

Ni

P

AF
Ełk
AF

Pb
Ełk

Rb
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AF
Ełk
AF

Sr
Ełk
AF
Zn
Ełk

1.2±0.0
(1.2-1.2)
1.2

0.41±0.14
(0.28-0.87)
0.38

0.25±0.07
(0.13-0.38)
0.25

NA

NA

NA

0.76±0.05
(0.72-0.84)
0.73

290±92
(110-410)
330

150±39
(69-210)
160

NA

NA

NA

1800±0
(1800-1800)
1800

0.089±0.074
(0.021-0.32)
0.084

0.082±0.024
(0.021-0.12)
0.082

NA

NA

NA

0.026±0.006
(0.021-0.036)
0.025

190±48
(120-270)
170

100±23
(52-150)
100

NA

NA

NA

38±3
(35-41)
36

840±140
(590-1000)
850

460±130
(220-740)
480

NA

NA

NA

290±37
(250-330)
290

0.11±0.04
(0.062-0.22)
0.10

0.20±0.19
(0.046-0.73)
0.14

NA

NA

NA

99±5
(96-110)
98

15±2
(13-19)
15

7.4±1.7
(4.4-9.5)
8.1

NA

NA

NA

2.8±0.4
(2.3-3.4)
2.8

89±47
(21-180)
77

240±180
(52-600)
160

NA

NA

NA

NA

NA

ND
2.3±0.5
(1.7-3.5)
2.2
ND
4.0±2.7
(1.9-13)
3.3

0.69±0.02
(0.68-0.72)
0.69
NA
180±7
(170-180)
180
NA
8.9±0.6
(8.1-10)
8.9

NA
58±8
(47-80)
59
NA
0.29±0.18
(0.11-0.75)
0.26

NA
27±6
(19-34)
28
NA
0.080±0.040
(0.031-0.19)
0.074

3.4

NA

NA

NA

2.2±0.7
(1.3-3.1)
2.4
ND
0.73±0.46
(0.17-2.0)
0.65
0.49±0.20
(0.21-1.0)
0.45
2.5±0.6
(1.7-3.7)
2.3
1.0±0.3
(0.67-1.6)
0.93

2.4±0.1
(2.3-2.5)
2.3
NA
0.49±0.03
(0.46-0.53)
0.49

79±20
(55-130)
76
NA
1.0±0.7
(0.32-3.2)
0.85

26±7
(16-37)
25
NA
1.6±0.9
(0.70-4.5)
1.5

NA
6.8±0.3
(6.4-7.0)
6.9

NA
11±3
(7.9-22)
11

NA
4.8±1.6
(3.2-9.5)
4.5

NA

NA

NA

Notes: ND (not determined), NA (not analysed)
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Data obtained in this study were subjected to statistical analyses including multifunction analysis. In order to
demonstrate possible spatial variations in Parasol Mushroom's mineral composition the cluster (CA) and principal
components analysis (PCA) have been made. The CA
diagram divided all elements in caps and stipes into two
main fractions, what did reflect interdependent relationships occurring between them (Fig. 2). The first fraction
separated elements such as Cd, K, Mg, Pb and Zn while
the second fraction such as Ag, Al, Ba, Ca, Co, Cr, Cu,
Fe, Hg, Mn, Na and Sr. In the first fraction a statistically
significant positive correlations (p<0.05; the strongest
similarity) were found between K and Zn and also Mg and
Pb. In the second case, four sub-fractions could be recognized, where relationships between Ag and Na, Al and Fe,
Ba and Sr, Ca and Mn, Cu and Hg were the strongest.
120

with each of Mg (PC2, 19.1 % of variation, negative factor coordinate charge) and K (PC3, 10.7 % of variation,
positive factor coordinate charge) (Fig. 3). Results showed
no statistically significant difference resulting from the sampling site, which means that caps and stipes collected
from Augustowska Forest and Ełk have the similar content of elements. Two sampling sites differ only in terms
of the K content, and the caps and stipes differ only in
Mg.
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FIGURE 2 - Cluster analysis tree diagram of the elements concentrations for Parasol Mushroom’s fruiting bodies collected from
Augustowska Forest (Ward’s Method, 1-Pearson r).

PCA method was used to graphically illustrate the relationships that exist between elements accumulated in the
fruiting bodies and the determination of principal components, which represent the largest part of the variability of
the test data set. PCA analysis performed for the specimens (p<0.05) showed the existence of four principal
components (PCs), which together explain 93.6 % of all
observed variability, while the component PC1 explained
57.8 %, PC2-19.1 %, PC 3 – 10.7 % and PC4 – 6.2 %. A
linear map (projection of the cases on the factor-plane)
which was created under the PCA analysis and intended
to illustrate which of the elements that determine the PCs
are accumulated in similar quantities and whether the
sampling site affects their concentrations in the fruiting
bodies (Fig. 3). PCA results of the analysis indicate that
the greatest differences in concentrations of elements in
the fruiting bodies from the two collection sites has been
due to closely correlated Al, Ba, Cd, Co, Cr, cu, Fe, Mn,
Na and Sr (Fig. 3). Differences in the content of these
elements, with negative factor coordinates charge, explain
57.8 % of the variation between fruiting bodies. Fruiting
bodies were much less diverse in their content of correlated
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FIGURE 4 - Projection of the elements contents in fruiting bodies
and soil samples collected from Augustowska Forest set on the first
and second factor-plane.

In order to observe possible variations in mineral composition of Parasol Mushroom’s fruiting bodies and soil
substratum in which mycelium develops, also the PCA for
samples from Augustowska Forest have been made (Fig.
4). The PCA data revealed that 98.1 % of information regarding the mineral composition variability of Parasol
Mushroom’s fruiting bodies and soil samples could be
described by three principal components (PCs). The elements such as Ag, Al, Ba, Cd, Cu, Fe, Hg, K, Mn, Mg, Na,
Ni, P, Rb and Zn caused 63.9 % of the total variability,
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while the second principal component was determined by
Co, Cr, Pb and Sr (23.9 % of total variability). The soils
contained at much greater concentrations the elements
described by PC1 with positive factor coordinates charge
(Al, Ba, Fe, Mn and Ni) and smaller concentrations of
elements with negative charge (Ag, Cd, Cu, Hg, K, Mg,
Na, p, Rb, Zn) (Fig. 4). The caps and stipes differs less
from soil substrate in Co, Cr, Pb and Sr content, amounts
of this elements in soil were within mean concentrations
determined for all samples (Fig. 4).
Many edible mushrooms are known as heavy metals
accumulators. It is proved that mushrooms can take-up a
large amount of essential and toxic to men trace metals
contained in soil, plant or other substratum. The most common way to determine whether the elements of the environment are accumulated by a certain organism is the
bioconcentration factor (BCF). In the case of mushrooms
will reflect whether a given element is accumulated (BCF
>1) or excluded (BCF <1) [16, 51, 58]. The fruiting bodies of Parasol Mushroom tended to accumulate K, Cu, Hg,
Na, Rb, Cd, P, Mg, Zn and Ca – the BCFs estimated in
this study are greater than unity. The highest bioconcentration factor values were for K (BCF 840±140) and Cu
(BCF 290±92). Noteworthy is that BCFs for toxic Hg and
Cd were 190±48 and 64±33, respectively. The BCFs of
Al, Ba, Co, Cr, Fe, Mn and Pb were less than 1, so this
species has a tendency to exclude these elements.
The European food hygienic standards take into account the content of lead and cadmium in mushrooms,
insomuch as to assess possible risk due to intake of some
heavy metals accumulated in fruiting bodies, the Reference
Dose (RfD) and Provisionally Tolerable Weekly Intake
(PTWI) approach have been applied in this study [59-66].
The content of lead in fruiting bodies examined exceed
permissible levels set for the European standards (0.3 mg
Pb kg-1 fresh weight) for 3 species of cultivated mushrooms. In a similar way, a permissible content of cadmium in 3 species of cultivated mushrooms is 0.2 mg Cd
kg-1 fw, while for other mushrooms (excluding these 3
cultivated species, i.e. Agaricus bisporus, Pleurotus ostreatus and Lentinula edodes) is 1.0 mg Cd kg -1 fw
[59,60]. Lead contents of caps of Parasol Mushroom in
present study, when adjusted to fresh weight data, exceed a tolerance limit for 30% (Augustowska Forest) and
60% (Ełk), while of Cd for 70% (Ełk) specimens.
A former value of PTWI for cadmium was 7 µg kg-1
body weight (equivalent to 1 µg kg-1 bw daily) and a revised tolerable weekly intake (PTWI) is 150 µg or 2.5 µg
kg-1 bm (equivalent to 0.36 µg kg-1 bm daily) [61, 62]. A
single meal usually contains 300 g of mushrooms and a big
portion contains 500 g mushrooms (fresh weight) [12]. The
median Cd concentrations of 0.62 and 1.6 µg kg-1 fw (assuming 90 % water; Table 1), can be used to estimate Cd
intake at the Augustowska Forest (AF) and Ełk site (E),
respectively. A meal containing 300 or 500 g of fresh
caps will result in an intake of 186 and 310 µg Cd (AF) or
480 and 800 µg Cd (Ełk), on the average. These values

corresponds to 3.1 and 5.2 µg Cd kg-1 bw (AF) and 8.0
and 13 µg kg-1 bw (E) weekly or 0.44 and 0.74 (AF) and
1.1 and 1.9 µg kg-1 bw daily. Hence, a 300-500 g meal of
caps eaten once per week will cause there an intake of Cd
at rate from 1.2 to 5.3 -fold exceeding a revised value of
PTWI, respectively, if no Cd from other source is taken.
Certainly, a frequent eating of a delicious caps of Parasol
Mushroom at the sites examined, can lead periodically to
an elevated exposure to Cd.
The FAO/WHO JECFA a PTWI of Pb is 1.5 mg for a
person of 60 kg body weight, which is equivalent to 214 µg
daily or 25 µg kg-1 bw weekly or 3.6 µg kg-1 bw daily [63].
A meal made with 300 or 500 g of fresh Parasol Mushroom’s caps from the surveyed sites will result in an intake of Pb at the doses of 66 and 110 µg (AF) or 102 and
170 µg (E), on the average. These values corresponds to
1.1 and 1.8 (AF) and 1.7 and 2.8 µg kg-1 bw weekly (E) or
0.16 and 0.26 (AF) and 0.24 and 0.40 µg kg-1 bw (E) daily
in a week period. Clearly, in the case of Pb contained in
caps, eating of Parasol Mushroom at the region examined
is not a controversial issue.
For the assessment of possible risks due to intake of
Hg accumulated in caps of Parasol Mushroom, a reference
dose (RfD; 0.3 µg kg-1 bw daily) and a value of Provisionally Tolerable Weekly Intake (PTWI; 5.0 µg kg-1 bw)
have been applied [64-66]. A meal made with 300 or 500 g
of fresh Parasol Mushroom’s caps from the surveyed sites
will result in intake Hg 138 and 230 (AF) or 45 and 75 µg
(E), on the average. These values corresponds to 2.3 and
3.8 (AF) 0.75 and 1.2 µg kg-1 bw weekly or 0.33 and 0.55
(AF) and 0.11 and 0.18 µg kg-1 bw daily (E) in a week
period, if no Hg from other foods is taken. These estimated doses of Hg intake, when eating once a week caps
from a pristine region of Augustowska Forest, are close or
above the RfD value of this metal for the non-carcinogenic
effects.
As was found in a study in Spain [9], the mineral
composition of Parasol Mushrooms there and in our study
may reflect the species-specific and site related variations,
due to occurrence and availability of certain metallic
elements present in the soil substrates there.
Small concentrations of Cd, Pb, Hg and Ag in the
soils in Augustowska Forest sites confirm that area is
clean. Great concentration of Fe, Mn, K and Mg may be
related to bedrock or original soil material. Dried caps and
stipes compared to soil contained greater concentrations
of Ag, Cu, K, Hg, Ca, Mg, Zn, Cd and Na, while stipes
also P and Rb. In the case of Co, Cr, Ba, Mn and Sr concentrations were similar in the fruiting bodies and upper
layer of the soils.
4. CONCLUSION
Parasol Mushrooms in unpolluted stands has a high
potential to accumulate in fruiting bodies Ag, Hg, Cu and

3054

© by PSP Volume 20 – No 11a. 2011

Fresenius Environmental Bulletin

K and moderately of Ca, Cd, Mg, Na, P, Rb, Zn. Tasty
caps of Parasol Mushrooms from Augustowska Forest
and outskirts of the town of Ełk in north-eastern region of
Poland are rich in essential Rb, K, P, Cu, Zn, Mg and Na.
Nevertheless, a portion of specimens collected can contain in flesh Cd and Pb in concentrations exceeding tolerance limits set in the European Union for mushrooms.
Eating these caps can result in an exceeding the safety
intake margins of Hg (a slightly), and more of Cd, and especially, if eaten more than once per week.

This study has been in part supported under the project of visiting professorship for senior international scientists, China (2010T1Z26).
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ABSTRACT
The information on the relationship of fish gut Cyanophyta contents and liver glutathione S-transferase (GST)
expression is important to understand the detoxification of
microcystins (MCs) in liver via conjugation to glutathione
(GSH) by GST. In this study, the water and gut contents of
phytoplanktivorous sliver carp (Hypophthalmichthys molitrix) and herbivorous grass carp (Ctenopharyngodon
idella) were studied in tropical Xiangang Reservoir between Oct. 2007 and Jul. 2008. Meanwhile, the varified
mRNA abundance of 5 liver GST genes was determined by
quantitative real-time PCR (Q-PCR). The results showed
that the relative liver GST mRNA abundance had a positive
correlation with the Cyanophyta quantity in the gut contents of sliver carp as well as in the water contents which
grass carp might contact with. In the present study, we also
found that the expression of GSTM and GSTA dramatically decreased in the blooms-occurring month which suggested that GSTM and GSTA could be developed as the
biomarkers of silver carp and grass carp, respectively, for
monitoring cyanobacterial blooms in reservoirs, especially
those for providing drinking water.

KEYWORDS: Cyanophyta contents; Glutathione S-transferase;
gene expression; Sliver carp (Hypophthalmichthys molitrix); Grass
carp (Ctenopharyngodon idella)

1. INTRODUCTION
The occurrence of water blooms in eutrophic lakes, reservoirs, and recreational waters is a worldwide problem.
These blooms usually occur seasonally variational and
* Corresponding author

circular [1, 2], and the Cyanophyta blooms are the most
common type. Blooms of Cyanophyta (blue-green algae)
were usually associated with toxigenic strains [3], which
have been reported to induce serious poisoning and deaths
of wild and domestic animals [4, 5], as well as significant
hazards to human health [6]. Among cyanotoxins, the cyclic heptapeptide hepatotoxins, the so-called microcystins
(MCs), are the most common all over the world, with molecular weights ranging between 900 and 1000 Da. So far,
more than 80 different structural analogues of MCs have
been identified [7]. The toxicity of MCs in fish has been
studied through various methods [8-10]. MCs are potent
hepatotoxins due to their inhibition of several serine/
threonine protein phosphatases including PP1 and PP2A,
leading to the production of reactive oxygen species
(ROS) and formation of lipid peroxides, subsequently
disrupting the normal cell metabolism and functions [11].
It is known that MCs are taken up into the hepatocyte by
multi-specific bile acid transporters [12], are detoxified in
liver through conjugation to glutathione [13] by glutathioneS-transferase (GST) [14, 15], subsequently being transported to the kidney and intestine for excretion [16].
The GSTs are a family of Phase II detoxification enzymes that catalyze the conjugation of glutathione (GSH)
to a wide variety of endogenous and exogenous electrophilic compounds [17]. In mammals, three major families
of GSTs have been identified: the cytosolic GSTs (including 7 classes, namely, alpha, GSTA; mu, GSTM; pi, GSTP;
theta, GSTT; sigma, GSTS; omega, GSTO; and zeta,
GSTZ), the mitochondrial GST (kappa class), and microsomal GSTs (mGST) [17]. The GSTA, GSTP and GSTT
were found in several fish species [18]. In addition, a special GST named as rho class (GSTR), found only in fish
[19], has no homologues in mammals, and plays important roles in reducing the harmful effects of xenobiotic
ex-posure, like GSTs of other classes [20]. Recently,
increasing studies that examine the toxic effect of MCs on
the expression of fish GSTs have been reported [21, 22],
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and the results suggested that the transcription of GST
isoforms varied in different ways within an organ and
among organs of fish exposed to MCs.
However, information on the relationship of fish GST
expression and MCs tolerance is mostly studied under
laboratory conditions, and the studies of fish GST expression in the field are still limited. In the natural environments, fishes are known to be frequently exposed to MCs
directly or passively, and even take in MCs associated
with phytoplankton [23-25]. In the present study, sliver
carp (Hypophthalmichthys molitrix) and grass carp (Ctenopharyngodon idella), two important cultivated freshwater fishes in China, were employed to study the relationship of fish gut Cyanophyta contents and liver GSTs expression. We analyzed the various GST transcriptions in
the livers of sliver carp and grass carp in different seasons, and the changes of their gut contents in a tropical
reservoir, Xiangang Reservoir (Huizhou, China), which
would provide direct evidence for these relationships in
natural environment.
2. MATERIALS AND METHODS
2.1. Study sites

The Xiangang Reservoir is located in Huizhou (Guangdong, China), belonging to the middle and lower reaches
of the Dongjiang River, which is a major branch of the
Pearl River with a total storage capacity of 136 million m3.
Our sampling site is the uppermost station, about 7 km upstream to the dam of the reservoir. The samples were collected in the autumn (Oct.) of 2007, and the winter (Jan.),
spring (Apr.) and summer (Jul.) of 2008, at the same site.
April was the season having the occurrence of cyanobacterial blooms in this reservoir.
2.2. Collection, dissection, and preservation of samples

The sliver carp and grass carp were obtained, measured (total length, TL), and immediately dissected. Their
livers were lysed and homogenized in 175 µl RNA Lysis
Buffer (provided by SV total RNA isolation system, Promega, USA). Fish intestines and viscera were removed and
sorted in 75% ethanol at room temperature (RT). The samples of plankton in water were collected using a 64-µm mesh
plankton net, and preserved in 5% formaldehyde at RT.
Water temperature and pH were recorded by an Orion Star

series meter system (Thermo, USA), and dissolved oxygen
(DO) was recorded by model 830A (Germany) (Table 1).
2.2. Water and gut contents analysis

Dominant phytoplankton and zooplankton in water were
identified under a microscope. The foregut (about 10 cm to
esophagus) contents were transferred to an optical plankton counter, and brought to suspension by adding water,
for viewing under a microscope. Quantitative analysis of
phytoplankton and zooplankton were performed by identifying and counting the number per ml of suspension and
water sample. Foregut and water contents were identified
to the lowest possible taxon and grouped into the following categories: Cyanophyta, Chlorophyta, Bacillariophyta,
Rotifera, Cladocera and Copepoda. The species composition of gut and water contents were respectively presented
as numerical composition (%).
2.3. Quantitative real-time PCR (Q-PCR) to determine the
levels of gene expression

The fish liver GSTR, GSTM, GSTT, GSTP and GSTA
mRNA abundance was determined by Q-PCR, using ßactin as an internal control. Twelve gene-specific PCR primers were designed for relative GST and ß-actin gene cDNA
amplification (Table 2). All of the GST sequences of silver
carp and grass carp were from a previous work [26, 27].
Beta-actin sequences of silver carp (AF301605) and grass
carp (M_25013) were obtained from Genbank database.
Specific primers were synthesized by Sangon Company
(Shanghai, China). Reverse transcription was performed
with oligo (dT)20 primer using a First Strand cDNA Synthesis Kit (Toyobo, Japan). The DyNAmoTM Flash SYBR
Green qPCR Kit (Finnzymes, Finland) was used for realtime PCR on a Chromo4 Real-Time Detection System (MJ
Research, USA), and the protocol was according to the manufacturer instructions. PCR reactions were performed containing Master Mix (2×concentration) 10 µl, 0.5 µM forward primer, 0.5 µM reverse primer, ROX 0.3 µl, ddH2O,
and cDNA equivalent to that generated from 1 µg total
RNA, with a total volume of 20 µl. Melting curve analysis
of amplification products was performed at the end of each
PCR reaction to confirm that a single PCR product was detected. Quantification of various liver GST mRNA abundances was performed according to our previous study
[28]. The relative liver GSTs cDNA levels of sliver carp
and grass carp were expressed as the ratio GSTs/ß-actin
mRNA (%).

TABLE 1 - Sampling time, number and total length (TL, mean±SE) of sliver carp and grass carp, and water quality parameters.
month
Oct.
Jan.
Apr.
Jul.

sliver carp

grass carp

TL (cm)

n

TL (cm)

Temp.
(°C)

DO
(mg/L)

pH

n
6
6
4
3

25.25±2.75
25.833±0.69
30.00±1.50
37.00±0.31

6
6
4
6

17.75±0.75
17.76±4.76
22.75±0.75
27.33±4.77

25.4
13.8
25.9
30.43

8.77
10.09
8.77
11.8

7.54
8.64
8.66
8.33
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TABLE 2 - Primers for sliver carp
and grass carp real-time RT-PCR.
NAME OF PRIMER
FQ-ACT 01F
FQ-ACT 02R
FQ-GSTR 01F
FQ-GSTR 02R
FQ-GSTA 01F
FQ-GSTA 02R
FQ-GSTT01F
FQ-GSTT02R
FQ-GSTM 01F:
FQ-GSTM 02R
FQ-GSTP 01F
FQ-GSTP 02R

SEQUENCE OF PRIMER
5’- CGTGACATCAAGGAGAAG-3’
5’- GAGTTGAAGGTGGTCTCAT-3’
5’-CCAGATGATCCAGCTGAAC-3’
5’-CCATCTTCTCCAAGTATCC-3’
5’-AAGACCTTAAAGAACGGGC-3’
5’-GCTCAACTGGTTTCCCAC-3’
5’-GGCTGAGAAGTTCCACAC-3’
5’- CTCTTCTGCAGTGTCCAT-3
5’-GGTACTAAGTACGAGGAG-3’
5’-CTCTCAGCTGCTCTTCTT-3’
5’-TCTCTTTGGACAGTTGCC-3’
5’-TCACCAACTAGGAATCCA-3’

2.4. Statistical analysis

The data were analyzed using one-way ANOVA and
t-tests, and values are presented as the means ± standard
error of the mean (SEM), with significance at P <0.05.
3. RESULTS
3.1. Seasonal variation of plankton in water

The seasonal variation of species and quantity of
plankton in water from Oct. 2007 to Jul. 2008 is shown in
Fig. 1. The dominant phytoplankton divisions were Chlorophyta, Bacillariophyta and Cyanophyta. The proportion of
Cyanophyta to all of the 3 phytoplankton species was rising
from winter to autumn, and Cyanophyta was the dominant
species of phytoplankton in Apr., Jul., and Oct. (65.0, 83.8
and 86.8%, respectively). Chlorophyta was dominant in
Jan. (64.4%) (see Fig. 1).

FIGURE 1 - Numerical composition (%) of plankton species and
quantity of water samples and each food item of sliver carp from
Xiangang Reservoir in different seasons (A. Numerical composition
(%) of plankton species and quantity of water samples; B. Numerical composition (%) of plankton species and quantity of sliver carp).

The zooplankton community mainly consisted of Rotifera, Cladocera and Copepoda (Fig. 1). Rotifera was the
dominant group in Apr. (8.6%) whereas Cladocera and
Copepoda were dominant in Oct. (2.4 and 2.2%, respectively) (Fig. 1).
3.2. Seasonal variation in diets of sliver carp and grass carp

Mainly Cyanophyta, Bacillariophyta and Chlorophyta
were observed in the foregut contents of sliver carp. Sliver
carp feed on Cyanophyta all the year round. Cyanophyta
constituted nearly 100% of the prey consumption in Oct.
and Jan. but 68.6% in Apr. and 88.6% in Jul. (Fig. 1). In
Apr. and Jul., sliver carp ingested a little of Bacillariophyta
and Chlorophyta.
Grass carp were herbivorous. There were a lot of
muddy contents which originated from waterweeds in grass
carp gut, and little plankton might be occasionally ingested
sticking to the waterweeds.
3.3. Relative mRNA abundance of various liver GSTs in different seasons

Using ß-actin as control, the mRNA expression levels
of various GST genes were found to be different in the liver
of sliver carp during the four seasons. The mRNA expression level of silver carp GSTM was high all the year round

FIGURE 2 - Relative mRNA abundance of various liver GSTs of
sliver carp and grass carp from Xiangang Reservoir in different
seasons (A. Relative mRNA abundance of various liver GSTs of
sliver carp; B. Relative mRNA abundance of various liver GSTs of
grass carp).

with a peak in Apr., second highest in Jan., and lowest in
Jul. (Fig. 2). The mRNA expression level of silver carp
GSTM gene was higher than those of other GSTs in all
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the seasons, except summer. In Jul., the silver carp GSTR
gene expressed actively (Fig. 2). The GSTT, GSTP, and
GSTA genes of silver carp were generally expressed at
similarly low levels, except in Apr. when the mRNA expression level of GSTA increased abruptly (Fig. 2).
The mRNA expression levels of grass carp in different
seasons are shown in Fig. 2. The seasonal GST mRNA expression pattern of grass carp was different from that of the
sliver carp (Fig. 2). The mRNA expression levels of grass
carp GSTR or GSTA gene were higher than the other GSTs
in all the seasons (Fig. 2). The mRNA expression level
of grass carp GSTR was highest in Jul. whereas GSTA was
highest in Apr. (Fig. 2). The liver mRNA expression levels
of grass carp GSTs were extremely low in Jan., compared
with the other 3 seasons (Fig. 2).
4. DISCUSSION
Xiangang Reservoir is one of the largest eutrophic
reservoirs in South China, and sliver carp and grass carp
are ranched in this reservoir. In the present study, we observed that the specific composition of phytoplankton community in this reservoir displayed a seasonal pattern from
Oct. 2007 to Jul. 2008 in water. Chlorophyta and Bacillariophyta dominated in Jan. whereas Cyanophyta dominated in Apr., Jul. and Oct. The toxic Cyanophyta which is
known to produce MCs might cause damage in the natural
environment.
Silver carp is a phytoplanktivorous fish, which is suggested to maintain an ability to suppress Microcystis blooms
[29], and consume large amounts of blue-green algae, including toxic Microcystis aeruginosa [30]. Grass carp
mainly feed on aquatic vascular plants and do not directly
ingest any blue-green alga, except possibly a few algae
attached to submergent macrophytes [30]. These specific
food habits of silver carp and grass carp were well confirmed in Xiangang Reservoir in the present study.
The liver conversion of MC was considered to be
correlated with a deletion of the glutathione pool of the
cell [13]. During the process of conversion, the first step
in the detoxification of a cyanobacterial toxin started along
with MC conjugating with glutathione, which was catalyzed by GSTs [14]. Liver GST genes were found to be
important MC detoxification-related genes in the major
cultivated species of Chinese freshwater fishes [27, 31].
Many experimental studies have been conducted to document the toxicity of MC exposure on different fish species,
and have revealed that the vulnerability to MC among
different fish species is quite different, depending on the
nature of fish habitat and feeding mode [21, 28]. Previous
laboratory studies also demonstrated that the expression
levels of the liver GST genes in sliver carp and grass carp
presented a clear relationship with their tolerance to MCs
[26, 27, 32]. In this study, Q-PCR was used to determine
the expression levels of various live GST genes of the two
carps in Xiangang Reservoir under natural environmental

conditions. The seasonal mRNA expression patterns of the
5 classes of GST genes (GSTA, GATR, GSTT, GSTM and
GSTP) were different between the two carps. Most GST
mRNA expression levels of sliver carp were stably lower
than those of grass carp during the year. Compared with
our previous laboratory studies [26, 27], it seemed that the
mRNA expression patterns of both Chinese carps in the
reservoir were more close to their constitutional expression
patterns, indicating that the sampled fish of both species
during all the sampling seasons were still not under the
stress conditions generally used in the laboratory studies.
Plankton and water quality parameters seasonally
varied in Xiangang Reservoir. The relative liver GST
mRNA abundances in different seasons were also varied
accordingly. The mRNA expression level of sliver carp
GSTM gene increased from Oct. to Apr., and decreased
in Jul, of which the highest mRNA expression level in
Apr. was related to the blooms occurring in this month.
Meanwhile, the sliver carp GSTA mRNA abundance
abruptly increased in Apr. Sliver carp might take in and
contact with more Cyanophyta in the season with blooms,
and the expression level of GSTM and GSTA mRNA increased under the greater MC stress. Although grass carp
did not absorb MCs directly through digestive system, it
would also be affected by the MCs in the water environment. The mRNA expression levels of various grass carp
liver GSTs, being the lowest in Jan., coincided with the
percentage of Cyanophyta in the water samples being the
lowest in the same month. The mRNA expression levels
of grass carp GSTA were the highest in Apr., and successively decreased during Jul., Oct. and Jan. The results
suggested that GSTM and GSTA could be developed as
the biomarkers of silver carp and grass carp, respectively,
to monitor cyanobacterial blooms in reservoirs, especially
those for providing drinking water.
The present experiment showed a diverse variation in
gene transcription of GST isoforms (GSTA, GATR, GSTT,
GSTM and GSTP) in the liver of sliver carp and grass carp
in different seasons, and the changes of their gut contents in
a tropical reservoir under natural environment. The relative
liver GST mRNA abundance had a positive correlation
with the Cyanophyta quantity in the gut contents of sliver
carp as well as in the water contents which grass carp
might contact, indicating an increased health risk for the
fish. It is reasonable to assume that, if fish are not able to
eliminate toxic cynobacteria effectively, the variations of
GSTs might affect metabolization capability of the toxins,
such as MC, and subsequenlyt cellular damages, physiological alterations, behavioral changes and other effects
may occur [8, 9, 33-35].
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ABSTRACT
The potential application of bamboo shoot shell (BSS),
which is a naturally available waste biomass, in the removal of malachite green (MG) from aqueous solutions was
evaluated in this work. Batch adsorption studies were performed to investigate the effects of adsorbent dosage, adsorbent particle size, contact time, initial MG concentration and temperature on adsorption process. The results
showed that the MG adsorption capacity of BSS increased
with increasing initial MG concentration and temperature.
In contrary, it decreased with the increases of BSS dosage
and particle size. The adsorption kinetics of MG was best
described by the pseudo-second-order rate model. Intraparticle diffusion was not the only rate-controlling factor.
The Freundlich isotherm was adequate to explain the adsorption equilibrium. Thermodynamics parameters such
as free energy change, enthalpy change and entropy
change were analyzed and it was found that the adsorption of MG by BSS was spontaneous and endothermic in
nature. Based on these results, BSS could be a promising
adsorbent for the treatment of MG contaminated water.

KEYWORDS: Dye adsorption; Malachite green; Bamboo shoot
shell; Kinetic; Thermodynamic

1. INTRODUCTION
Dyes are widely used in different industries such as
leather and textile dyeing, printing, pharmaceutical and
food technology [1]. Dye wastewater discharged from these
industries without any treatments not only has adverse
effects on environment, but also causes a significant impact
on public health and aquatic life due to the mutagenic and
carcinogenic effects of dyes [2]. For example, malachite
green (MB), though found useful in textile, dyeing of paper,
aquaculture and manufacturing of paints is toxic to animals
and human beings. The adverse effects of MB, such as car* Corresponding author

cinogenesis, mutagenesis, and teratogenesis have been reported [3]. Increased concern of the toxic effect of dyes
including MG pollution in the aquatic environment has
resulted in an intensive effort to find suitable methods to
remove dyes from aqueous solutions.
Among these methods for the removal of dyes from
water, adsorption is one of the most commonly used. Indeed, activated carbon is the most effective adsorbent, but
its high cost in production and regeneration may restrict
its widespread application. In recent years, there has been
growing interest in finding low-cost and effective alternatives to carbon, such as sunflower seed peel [4], rattan sawdust [5], degreased coffee bean [6], almond shell [7] and
coconut-husk [8].
Bamboo is a grass-like plant which is widely cultured
in large amounts in the Asia-Pacific region. Bamboo shoot
shell (BSS) naturally falls off mainly in spring as the
bamboo shoot grows. It is also a waste product from food
factories that produce dried or canned bamboo shoot. The
annual output of BSS is proportional to the number of
newly growing bamboos and was estimated to be 17.6422.05 million tons in China [9]. Although BSS, a widely
available waste material, is almost free of cost, its application for the removal of dyes has never been reported so far.
Thus, this study was conducted to investigate the potential
of using BSS as a new low-cost adsorbent to remove MG
from aqueous solutions. The effects of adsorbent dosage,
adsorbent particle size, contact time, initial MG concentration and reaction temperature on MG adsorption onto
BSS were studied in batch experiments. Adsorption kinetics, isotherms and thermodynamic parameters were also
evaluated and reported.
2. MATERIALS AND METHODS
2.1. Materials

The BSS used in this study was collected from a local
community in Wuhan, Hubei, China in January 2011.
Firstly, it was thoroughly washed with distilled water
to remove dust and any unwanted particles on the surface.
The BSS was then dried at 70 °C for 24 h, crushed in a
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domestic grinder and sieved into the following particle
size ranges: <0.45, 0.45-0.85, 0.85-1.4 and >1.4 mm. Finally, the powdered BSS was stored in desiccators until use.
No other chemical or physical treatments were used prior
to adsorption experiments.
All chemicals were analytical grade and used as received. The MG stock solution was prepared in double
distilled water to a concentration of 1000 mg/L. All experimental solutions of different concentrations were obtained by diluting the stock solution with double distilled
water. The values of MG solution pH were near 4 and not
adjusted during experiment process.

the percentage of MG removed by BSS increased from
38.78 to 97.85%. As the adsorbent dose increased, the
MG adsorption capacity decreased with the maximum
MG adsorption capacity (41.153 mg/g) obtained at adsorbent dose of 1 g/L. This trend is in good agreement with
the results of previous studies [10, 11].

2.2. Batch adsorption experiments

Adsorption tests were performed to estimate the applicability of BSS as adsorbent for dye wastewater treatment. All batch tests were conducted in a series of 50ml
Erlenmeyer flasks containing 20 ml MG solutions at various adsorbent doses (1-7 g/L), BSS particle sizes (<0.45,
0.45-0.85, 0.85-1.4 and >1.4 mm), dye concentrations
(25-200 mg/L) and temperatures (15-35 °C). Those flasks
were then shaken at 160 rpm in a temperature controlled
shaker until to reach the equilibrium conditions. At the
desired times, samples were collected and centrifuged
(5000 rpm, 10 min) for solid-liquid separation. The
amounts of MG remaining in supernatants were measured
using a spectrophotometer at 618 nm.
2.3. Calculation

The percentage of MG removal (R%) at equilibrium
and the amounts of MG adsorbed onto BSS at time t (qt,
mg/g) and at equilibrium (qe, mg/g) were determined
according to the following equations:

R% =

(C0 - Ce )
× 100
C0

(C0 - Ct )
m
(C - C )
qe = 0 e
m
qt =

FIGURE 1 - Effect of adsorbent dose on MG adsorption by BSS.

The increase in the percentage of MG adsorbed may
be due to the increase in the surface, which in turn accounts for higher MG binding as the adsorbent dose is
increased. The decrease in qe with increasing adsorbent
dose may be due to the unsaturation of adsorption sites
through the adsorption process [12, 13] and the decrease
in total surface area of the adsorbent because of the particle interactions such as overlapping or aggregation [14].

(1)

(2)
(3)

where C0, Ce, and Ct (mg/L) are the MG concentrations in solution before adsorption, at equilibrium and at
time t, respectively, and m (g/L) is the concentration of
BSS. Each experiment was performed in triplicate and the
result was reported using the mean value. Control experiments, conducted without the addition of BSS, showed that
the adsorption of MG on the walls of Erlenmeyer flasks
was negligible.

FIGURE 2 - Effect of BSS particle size on MG adsorption by BSS.
3.2. Effect of adsorbent size

3. RESULTS AND DISCUSSION
3.1 Effect of adsorbent dose

Fig. 1 illustrates the effect of BSS dose on MG removal. Along with increasing BSS dose from 1 to 10 g/L,

Effect of the adsorbent particle size on MG adsorption by BSS was investigated at four different particle
sizes (<0.45, 0.45-0.85, 0.85-1.4 and >1.4 mm). As shown
in Fig. 2, the amount of dye adsorbed at equilibrium increased as the adsorbent particle size decreased. The reason for this trend may be that the larger particle has longer

3065

© by PSP Volume 20 – No 11a. 2011

Fresenius Environmental Bulletin

diffusion paths and consequently the adsorbate molecules
are difficult to reach the internal surface of the adsorbent
leading to low adsorption capacity [15]. The breaking down
of the large particles could open the sealed channels and
adsorbent sites to the adsorbate. Therefore, the decrease in
adsorbent particle size lead to increases in the surface area
and the adsorption capacity of the adsorbent [16]. Considering breaking down the adsorbent could increase the cost
of wastewater treatment, the BSS powder with the particle
size of 0.45-0.85 mm was used in other adsorption experiments.
3.3. Effect of contact time and adsorption kinetics
3.3.1. Effect of contact time

The amounts of MG adsorbed at different agitation
times were plotted in Fig. 3. As shown in it, the MG uptake was rapid at early stages due to the high driving force
(qe-qt) and the abundance of free adsorption sites on the
external surface of the adsorbent. Conversely, the MG removal rate declined gradually in the following several hours.
This is because the concentration driving force reduced
continuously and the MG molecule must diffuse into inner
active sites to be adsorbed. And after that no significant
change in the adsorbed amount of MG was observed,
indicating that an equilibrium condition had been reached.
According to Fig. 3, the adsorption achieved equilibrium
within about 19.75 h for initial dye concentration of
50 mg/L, 24 h for initial dye concentration of 100 mg/L
and 34.5 h for initial dye concentration of 150 mg/L. The
time needed to reach equilibrium increased with increasing initial MG concentration as reported by previous researchers [17, 18]. This result indicated that MG adsorption
occurred mainly on the surface of BSS at low MG initial
concentration.
3.3.2 Adsorption kinetics

In order to investigate the adsorption mechanism, four
kinetic models, i.e., the pseudo-first-order, pseudo-secondorder, Elovich and intraparticle diffusion were applied to
the experimental data.

FIGURE 3 - Effect of contact time on MG adsorption by BSS.

The pseudo-first-order kinetic model [19] is based on
the assumption that the adsorption rate is proportional to
the number of vacant active sites. The linear form of
the pseudo-first-order kinetic model can be given by the
below expression:

ln(qe - qt ) = ln qe - k1t

(4)

-1

where k1 (h ) is the rate constant of the pseudo-firstorder adsorption. The values of qe and k1, calculated from
the slope and intercept of the plot obtained by plotting
ln(qe – qt) versus t for all studied initial MG concentrations were presented along with the correlation coefficients (R2) in Table 1. Although some values of R2 obtained from pseudo-first-order kinetic model were relatively high, the calculated qe values (qe,cal) did not agree
with values of the experimental qe (qe,exp) for all initial dye
concentrations. This indicated that the adsorption of MG
onto BSS did not follow pseudo-first-order reaction.
The kinetic data were also analyzed using the pseudosecond-order model. This kinetic model is based on the
assumption that the rate of adsorption is proportional to
the square of the number of unoccupied sites [20]. The
mathematical form of this model can be represented as:

TABLE 1 - Kinetic parameters of various kinetic models for MG adsorption onto BSS
Kinetic model
Pseudo-first-order
Pseudo-second-order

Elovich
Intraparticle diffusion model

Parameter
qe,exp (mg/g)
k1 (h-1)
qe,cal (mg/g)
R2
k2 (g/(mg*h))
qe,cal (mg/g)
h0 (mg/(g*h))
t1/2 (h)
R2
α (mg*h1/2/g)
β (g/mg)
R2
kip (mg*h1/2/g)
I (g/mg)
R2

3066

50 mg/L
9.682
0.151
4.501
0.878
0.153
9.634
14.225
0.677
0.999
167.277
0.821
0.985
1.750
3.952
0.912

100 mg/L
14.814
0.103
8.051
0.943
0.098
13.210
17.036
0.800
0.998
233.009
0.620
0.983
1.713
6.374
0.945

150 mg/L
19.139
0.071
7.867
0.909
0.048
19.305
17.762
1.087
0.998
5026.718
0.596
0.960
1.223
11.921
0.954
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where k2 (g/mg/h) is the pseudo-second-order rate
constant. The plots of t/qt versus t at different initial concentrations were obtained and all showed high linearity
(Fig. 4). The values of qe and k2 can be determined from
the slopes and intercepts of the plots. The calculated parameters and R2 were summarized in Table 1. As shown
in this table, the values of R2 were high and the values of
qe,cal estimated from the pseudo-second-order equation
were close to the qe,exp values for all three initial concentrations. These observations indicated that the process of
sorption kinetics of MG by BSS could be represented by
the pseudo-second-order equation. Recently, the pseudosecond-order equation has been successfully used to describe the processes of the MG adsorption by adsorbents
such as sawdust [18], clayey soil [21], plane tree leaves
[22] and degreased coffee bean [6].

Elovich model [25] assumes the adsorption rate decreases due to the increase in surface coverage of adsorbent with time. The Elovich equation can be expressed
as follows:

qt =

ln(αβ ) ln t
+
β
β

where α (mg/g/h) is the initial adsorption rate and β
(g/mg) is the desorption constant. A plot of qt versus lnt
should yield a linear relationship. The parameters calculated from the slopes and intercepts of these lines were
listed in Table 1. The value of α increased from 167.277
to 5026.718 mg/g/h with the increase of initial concentration from 50mg/L to 150mg/L. This trend was in accordance with the increasing initial adsorption rate h0 from
pseudo-second-order model with the increase in initial
concentration. However, the desorption constant β decreased
with increasing dye concentration. A similar result was observed in the adsorption of MG onto activated carbon
prepared from the epicarp of Ricinus communis [11].
In order to identify the diffusion mechanism, sorption
data were analyzed for the intraparticle diffusion model.
The intraparticle diffusion model [26] describes the intraparticle uptake of the adsorbate during the adsorption process varies proportionally with the half power of time, t1/2

qt = Kipt 1/ 2 + I

FIGURE 4 - Pseudo-second-order kinetic plots for MG adsorption
by BSS.

The initial rate of sorption for pseudo-second order
kinetic model (h0) represents the rate of initial adsorption
and is determined using the equation as follows[23]:

h0 = K 2qe2

(6)

The half-sorption time, t1/2 means the time required
for the adsorption capacity reaches half as much as qe
value. This time is often used as an indication of the adsorption rate [24] and can be estimated using the following equation:

t1/ 2 =

1
K 2q e

(7)

(8)

(9)

where Kip (mg/g/h1/2) is the intra-particle diffusion
rate constant and I (mg/g) is a constant that indicates the
thickness of the bounding layer. The Kip and I values were
found from the slopes and intercepts of qt versus t1/2 plots,
respectively, and were presented in Table 1.
If the adsorption process obeys the intraparticle diffusion, the plot qt versus t1/2 must give a straight line passing
through the origin [5]. Table 1 showed that the values of
R2 for intraparticle diffusion model were not satisfactory
and the values of I were not equal to zero. This suggests
some degree of boundary layer control and further shows
that the adsorption rate may not be governed by intraparticle diffusion [12]. It could be stated that this process
was complex and involved more than one mechanism
[27].
The constant I increased with the increase in initial
dye concentration. This implied the increase of the thickness of the boundary layer and the decrease of the chance
of the external mass transfer and hence increase of the
chance of internal mass transfer [11].
3.4 Effect of initial MG concentration and adsorption isotherms
3.4.1 Effect of initial MG concentration

The results showed that as the initial dye concentration increased, t1/2 and h0 increased, but k2 decreased (Table 1). This was attributed to the increase in driving force
(qe-q0) with the increase in the initial dye concentration.
And similar results were reported by Santhi et al. [11] and
Chatterjee et al. [17].

The effect of initial dye concentration on MG adsorption onto BSS was conducted by varying the MG concentration from 25 to 200 mg/L with a fixed adsorbent dose
(5 g/L) at three different temperatures (288, 298 and 308 K).
Since the results obtained at different temperatures showed
the same trend, only the results at 298 K were discussed
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here. As shown in Fig. 5, the adsorption capacity increased
with the increase of the initial concentration of MG. This
is because high initial MG concentration provided an enhanced driving force that can overcome all mass transfer
resistance of MG molecules between the aqueous and
solid phase [28, 29]. Similar results were reported by other
researchers on MG adsorption onto degreased coffee bean
[6], Phanerochaeta chrysosporium [30] and almond shell
[7]. However, with increasing the MG concentration from
25 to 200 mg/L, the percentage adsorption decreased from
98.64% to 59.10%. This can be explained as follows. At
low initial MG concentrations, the ratio of the number of
MG molecules to the available active sites on the adsorbent is low and the MG molecules are easily adsorbed,
resulting in a relatively high removal percentage. At higher
initial MG concentrations, this ratio is higher, leading to a
decrease in the removal percentage.

The Langmuir isotherm model assumes monolayer adsorption on a homogeneous surface. The linear form of the
Langmuir isotherm model can be expressed as:

Ce
Ce
1
=
+
q e q max K L q max

(11)
where qmax (mg/g) is the amount of adsorbate that can
be adsorbed by a unit weight of adsorbent when a complete monolayer is formed and KL (L/mg) is the adsorption constant related to the energy of adsorption.
The plot of Ce/qe versus Ce was employed to generate
the intercept value of 1/(qmax KL) and the slope of 1/qmax.
The values of parameters, R2 and RMSE were listed in
Table 2. As shown in this table, the values of qmax increased with increasing temperature, indicating that increasing temperature induced a higher maximum adsorption capacity. However, the values of R2 were low (0.8720.951) and the values of RMSE were higher than 2 at all
studied temperatures. Furthermore, the calculated qmax were
lower than those obtained from experiments (22.511,
23.640 and 25.001 mg/g at 288, 298 and 308 K, respectively). These observations suggested that the experimental data did not follow the Langmuir isotherm. However, the value of separation factor RL, which can be calculated
using the values of the constant KL and the initial MG
concentration C0, implies the adsorption to be either unfavorable (RL >1), linear (RL =1), favorable (0< RL <1) or
irreversible (RL >0). RL is defined by the below equation
[31]:

RL =
FIGURE 5 - Effect of initial MG concentration on MG adsorption
by BSS.
3.4.2 Adsorption isotherms

The adsorption isotherm represents the relationship
between the amount of dye adsorbed (qe) and its concentration (Ce) in the equilibrium solution at a fixed temperature. In this section, the Langmuir, Freundlich and Temkin models were applied to experimental adsorption data
obtained at 288, 298 and 308 K to identify the best fitting
isotherm model and investigate the mechanism of MG
adsorption by BSS. Linear regression was used to determine the best-fitting isotherm. And the applicability of
isotherm equations is compared by judging the correlation
coefficients (R2) and standard statistics of root mean
squared errors (RMSE). RMSE is defined by the following
equation:

RMSE =

∑(q p - q o ) 2
n

(10)

where qp is the predicted adsorption capacity (mg/g),
qo is the observed adsorption capacity (mg/g) and n is the
number of samples.

1
1 + K LC0

(12)
where the terms have the same meanings as stated
above. The values of RL were calculated for the entire MG
concentration range studied and found to be between 0 and
1, confirming that the adsorption of MG by BSS was favorable.
Freundlich isotherm assumes that the uptake of adsorbate occurs on a heterogeneous surface by multilayer
adsorption and the enthalpy of adsorption decreases exponentially with coverage. Expressions of the model can be
written as follow:

ln q e = ln K F +

1
lnCe
nf

(13)

where KF (mg/g)/(mg/l)1/n and nf are the Freundlich
constants which are adsorption capacity and intensity of
adsorption, respectively. The plots of lnqe versus lnCe at
different temperatures gave straight lines with slope of
1/nf and intercept of lnKF (figure not shown). This suggests that the Freundlich isotherm provided a good model
of the sorption system at all temperatures. This observation was further supported by the high values of R2 and
low values of RMSE (Table 2). From Table 2, it is seen
that the value of KF which can be taken as a relative
measure of sorption capacity increased with increase in
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temperature. The numerical value of nf can be used to
indicate the favorable nature of adsorption. A high value
of nf implies that the adsorption is favorable over the
entire investigated concentration range. The values of nf at
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TABLE 2 - Isotherm parameters of various isotherm models for MG adsorption onto BSS
Isotherm model
Langmuir isotherm

Freundlich isotherm

Tenkim isotherm

Parameter
KL (L/mg)
qmax (mg/g)
R2
RMSE
KF (mg/g)/(mg/l)1/n
nf
R2
RMSE
B
KT (L/mg)
R2
RMSE

288k
0.625
16.694
0.959
2.953
6.003
3.398
0.984
0.623
8.684
4.218
0.960
1.169

298k
0.467
19.011
0.875
2.563
7.094
3.769
0.980
0.923
3.112
10.831
0.950
1.365

ΔG° = ΔH ° - TΔS°

308k
1.027
20.367
0.937
3.016
8.684
4.218
0.993
1.803
2.960
28.451
0.912
1.301

three temperatures studied were higher than 3, implying a
good adsorption process over the entire range of concentrations [32].
The Temkin isotherm is based on the assumption that
the fall in the heat of adsorption is linear. The linear form
of Temkin isotherm model can be shown as:

where T is the absolute temperature (K), R is the universal gas constant (8.314 J/mol K) and K is the equilibrium constant which could be calculated by the following
equation:

qe = B ln(KT Ce )

K=

(14)

where B is related to the heat of adsorption and KT
(L/mg) is the equilibrium binding constant. B and KT were
determined by plotting qe versus lnCe (figure not shown)
and were shown in Table 2 along with the values of R2
and RMSE. Based on the values of the correlation coefficient, the equilibrium data could be well interpreted by
the Freundlich isotherm followed by Temkin and Langmuir isotherms. In addition, the values of RMSE also confirmed the Freundlich isotherm was the best fitting model.
This may be due to the co-existence of heterogeneous surface and multilayer adsorption in these experimental conditions.
3.5. Effect of temperature and thermodynamic parameters

Temperature could influence the adsorption capacity
significantly depending on the surface functional groups
and structure of the adsorbent [7]. Effect of temperature
on the adsorption of MG onto BSS was investigated in the
temperature range of 288-308 K at the initial MG concentration of 50, 100 and 150 mg/L and the adsorbent dose of
5.0 g/L (Fig. 6). The removal efficiency of MG was found
to be enhanced with the increase in temperature at a fixed
dye concentration as shown in Fig. 6. The result pointed
out that the adsorption process was endothermic in nature
so the MG adsorption onto BSS was favored at higher
temperature. This was in agreement with the earlier reports
on the adsorption of MG by degreased coffee bean [6],
plane tree leaves [22] and almond shell [7].
The influence of temperature on adsorption process
can be explained by thermodynamic parameters such as free
energy change (ΔG°), enthalpy change (ΔH°) and entropy
change (ΔS°). ΔG° (J/mol), ΔH° (J/mol/K) and ΔS° (J/mol)
could be determined from below relations [6]:

ΔG° = -RT ln K

Cads (C0 - Ce ) C0
=
=
-1
Ce
Ce
Ce

(16)

(17)

where Cads (mg/L) represents the concentration of adsorbed adsorbate at equilibrium, C0 and Ce have the same
meaning as stated in equation 1. The values of ΔG° and K
were calculated from equation 15 and 17, respectively.
ΔH° and ΔS° values could be obtained from the slopes
and intercepts of plots of ΔG° versus T (Fig. 7). The results were summarized in Table 3. It can be observed that
the values of ΔG° were negative at all initial dye concentrations studied in the temperature range of 288-308 K,
indicating that the adsorption is spontaneous in nature.
The ΔG° values at a fixed temperature increased with increasing initial MG concentration and this trend suggested
that lower dye concentrations were more favorable for the
adsorption process. A similar trend was observed in the
adsorption of eosin Y onto chitosan hydrobeads [17]. While
the decrease in the ΔG° values with increasing temperature

(15)
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inferred that higher temperatures could make the adsorption easier. This was confirmed by the positive values of
ΔH°, which indicated that the adsorption of MG by BSS
is an endothermic process. Similar results for endothermic
adsorption of MG were also obtained on activated carbon
derived from Borassus aethiopum flower biomass [33],
Luffa cylindrical [34] and degreased coffee bean [6]. The
positive values of ΔS° demonstrated the increased randomness at the solid-liquid interface during the adsorption
process and also reflected the affinity of BSS towards MG
[6, 7].
3.6. Comparisons with other adsorbents for MG

FIGURE 7 - Plots of ΔG° versus T at different initial MG concentrations.

Many adsorbents were used for MG removal from
aqueous solutions, like activated carbon and biosorbents.
The maximum MG adsorption capacities of various adsorbents including BSS were summarized in Table 4. Indeed,
MG adsorption capacity of BSS was moderate compared to

TABLE 3 - Thermodynamic parameters of MG onto BSS
Concentration of dye (mg/L)
50
100
150

ΔH
(kJ/mol)
24.276
21.891
9.009

ΔS
(J/mol/K)
107.2
84.368
35.522

288K
6.544
2.522
1.318

−ΔG (kJ/mol)
298K
7.777
3.019
1.383

308K
8.688
4.210
2.029

TABLE 4 - Comparison of adsorption capacities of various adsorbents for MG.
Adsorbent
Functionalized sawdust
Cyclodextrin-based adsorbent
Rattan sawdust
Degreased coffee beans
Borassus aethiopum flower
Luffa cylindrical
Almond shell
Ricinus communis
Phanerochaeta chrysosporium
Commercial activated carbon
Sugar cane dust
Neem sawdust
Lemon peel
Bamboo shoot shell (BSS)

qmax or experimental sorption capacity (mg/g)
196.08
91.9
62.71
55.3
48.48
29.4
29
27.78
18.7
8.27
4.88
3.42
3.2-51.7
41.153

other adsorbents. However, the utilization of BSS may
have several advantages. Firstly, the total cost of BSS will
be extremely low. The cost arises mainly from collection,
grinding and transportation. Secondly, since BSS is a
waste material, the application of BSS represents an exploitation of unused resources and also represents a solution to serious disposal problems. Another advantage is to
use the BSS without any previous activation treatment
which could reduce the adsorption cost and simplify the
utilization process. Furthermore, the exhausted BSS can
be dried and used to produce fire briquettes, or can be
used as a fuel in the boilers/incinerators. The bottom ash
may be blended with clay to make fire-bricks, thus, dis-

Reference
[18]
[12]
[5]
[6]
[33]
[34]
[7]
[11]
[30]
[35]
[13]
[36]
[37]
This work

posing of MG through chemical fixation. This MG disposal approach enables energy recovery from the BSS and
the safe disposal of the adsorbed MG. Thus, it is believed
that BSS could be a low-cost and efficient adsorbent for
the removal of MG from aqueous solutions
4. CONCLUSIONS
In the present study, the adsorptive removal of a toxic
basic dye, MG, by natural BSS was investigated in batch
experimental system. The results showed that the adsorbed
MG amount varied with several parameters including BSS
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dosage, adsorbent particle size, contact time, initial MG
concentration and temperature. To be specified, the amount
of dye removed (mg/g) increased with increasing initial dye
concentration and temperature, but decreased with increasing adsorbent dosage and particle size. The equilibrium
time was about 19.75-34.5 h depending on the dye concentration. Adsorption kinetics analysis revealed that the
adsorption process followed pseudo-second-order kinetic
model with intraparticle diffusion as one of the rate-controlling steps. The experimental equilibrium data were found
to fit well to the Freundlich isotherm, indicating multilayer
adsorption on a heterogeneous surface. Additionally, the
adsorption of MG on BSS seems to be a favorable process
since the values of Freundlich constant (nf) were higher
than 3. Further thermodynamic studies revealed that the
adsorption was spontaneous and endothermic. The results
demonstrated that the BSS could be used as a novel, lowcost and effective adsorbent for the removal MG from
aqueous solutions.
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ABSTRACT

1. INTRODUCTION

Although greenhouse vegetable cultivation is one of
the most productive industries in agriculture, it usually
results in soil secondary salinization (SSS) that degrades
soil quality, subsequently reducing agricultural efficiency.
Therefore, it is necessary to propose some guidelines to
direct the management of SSS in greenhouse agricultural
areas. In this study, NO3--SSS classification was studied
in greenhouses planted with tomato (Solanum lycopersicum L.) in Taizhou, Jiangsu province, East China. After
the soils in these greenhouses were treated with different
concentrations of nitrate, the SSS levels as expressed by
electrical conductivity (EC) were studied at 0.91 ds m−1 for
control (ck), 2.91 ds m−1 for treatment 1 (T1), 3.95 ds m−1
for treatment 2 (T2), 4.76 ds m−1 for treatment 3 (T3) and
6.30 ds m−1 for treatment 4 (T4). The results showed that
there were statistically significant relationships between
NO3- contents and soil EC in the surface soils, implying
that the change in soil quality resulted from the difference
in nitrate contents. The level of the NO3- - SSS was also
significantly related to the tomato height and yield (p <
0.05). The NO3- - SSS was divided into five levels according to the effects of SSS on the tomato height and
yield (level I: 2.14 ds m−1 < EC < 2.87 ds m−1, level II:
2.87 ds m−1 < EC < 4.20 ds m−1, level III: 4.20 ds m−1 <
EC < 5.57 ds m−1, level IV: 5.57 ds m−1 < EC < 6.94 ds
m−1, level V: EC > 6.94 ds m−1). This study provides practical guidelines for determining optimum levels of NO3treatment and NO3--SSS in facilities agriculture, and also
gives some valuable information to manage the cropping
of vegetable e.g., tomato, in greenhouse by adjusting
salinity in soil.

-

KEYWORDS: Classification; Greenhouse; NO3 ; Soil Secondary
Salinization (SSS); Tomato

* Corresponding author

Greenhouse cropping supplies most of the high-quality
fresh produce, including out-of-season fruits and vegetables, and also offers high profits for local farmers. However, the sustained intensive cropping leads to soil secondary salinization (SSS) [1]. As a result of the SSS,
agricultural activity has slowed down, and in extreme
cases the fields have been abandoned [2-3]. SSS has been
considered to be one of the major factors that limit sustainable development of facility agriculture [4]. Therefore,
it is of practical significance to develop guidelines to early
prevent the SSS occurrence and make the best of the SSS
in greenhouse agriculture. Concretely, once this classification guide-line set, it can be used as the critical value to early
prevent the SSS occurrence. If the SSS occurred, it can be
used as the guide to choose the adaptive vegetable to put
up with the different levels of SSS.
So far, some methods for management of SSS in agricultural ecosystems have been proposed, which can be
summarized as follows. The SSS level is decreased by (1)
agricultural measures such as irrigation and precise fertilization [5-7]; (2) soil replacement and amendments [811]; (3) establishing flexible cropping systems [1, 12]. Although these aforementioned methods have provided benefit for alleviating SSS, they are difficult to apply in different greenhouses with different types of SSS. Aiming at
managing the SSS in different facility agricultural areas, it
is first proposed to develop a classification guide on the
SSS.
The SSS is one of the main problems caused by salts
and nutrient accumulation [13]. For instance, excessive
accumulation of nitrate led to SSS and then inhibited the
growth and development of Cucumis sativus L. significantly [14, 15]. The accumulation of nitrate is the characteristic of SSS [16]. However, in some areas, especially
those areas in which potassium sulfate was used as the major source of potassium, the sulfate ion became the most
important impact factor of the SSS, rather than the accu-
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mulation of nitrate and/or nitrite [17, 18]. In other areas,
chloride ion is the greatest contributor to the SSS. Simultaneously, calcium is the major cation, contributing about
60% of the total cations and 11%-14% of the total salt
content. Then, considering the difference of salt composition, toxicity of ions, as well as mechanisms of ion toxicity
causing the SSS, it is necessary to distinguish different
kinds of SSS before being graded. The classification should
involve categorization and grade, which are both essential
to the research into and management of the SSS. In our
study，the research work was focused on the classification
of the SSS of nitrate (NO3--SSS).
Tomato (Solanum lycopersicum L.) is the major crop
in the greenhouse system, which is sensitive to moderate
salinity [19]. The response of tomato to the increase of
salinity has been characterized in a number of studies [19,
20]. In general terms, the response of tomato yield to increasing salinity follows the Maas and Hoffman model,
with a linear reduction after a threshold of root zone electrical conductivity has been reached [21]. Moreover, tomato is also sensitive to nitrate in soil. For example, the
nitrate contents in tomato increases with the increase of
nitrate in the soil [22, 23]. However, little information
focuses on the classification of the secondary salinity in the
soils planted with tomato. .
In this study, the main aim was to develop a guide related to classification of NO3--SSS in the greenhouse that
can enable efficient management and provide insight to
improve tomato yield and quality. Because nitrate (NO3-)
is a common salt in greenhouse soil [24], the classification
of NO3- - SSS has been studied in Jiangsu province, east
China which is a representative region of facility agriculture [25]. These findings should provide a uniform method
to manage the NO3--SSS in greenhouse agriculture and
optimize cropping measures, thereby resulting in enhancing agricultural yield and quality.
2. MATERIALS AND METHODS
2.1. Experimental design

The experiments were conducted in four replicates during two successive cropping periods (from April to July,
2009 and from January to April 2010) in Taizhou, Jiangsu
province (32.755°N, 119.891°E). The greenhouse (200 m
× 25 m) was covered with polyethylene transparent to
sunshine. The experimental areas (5 m × 3 m) were located
within this greenhouse. The agrochemical properties of the
experimental soil are presented in Table.1. Each experimental area was equally divided into 5 rows (plots) and
tomato (Solanum lycopersicum L.) was grown in each. To
avoid the exchange of salts and water between plots, each
row (plot) was isolated by a polyethylene film (5.0 m ×
0.8 m) buried to a depth of 0.6 m on both sides.
To obtain the experimental materials – the NO3--SSS,
soils were treated as follows: 25g Mg(NO3)2 and 28g
Ca(NO3)2 and 120L H2O for treatment 1 (T1), ie, 83.3 kg

ha-1 Mg(NO3)2 , 93.3 kg ha-1 Ca(NO3)2. 37g Mg(NO3)2 and
42g Ca(NO3)2 and 120L H2O for treatment 2 (T2), ie,
123.3 kg ha-1 Mg(NO 3)2, 140.0 kg ha-1 Ca(NO 3)2. 56g
Mg(NO 3)2 and 63g Ca(NO3)2 and 120L H2O for treatment
3 (T3), ie, 186.7 kg ha-1 Mg(NO3)2 , 210.0 kg ha-1 Ca(NO3)2.
and 75g Mg(NO3)2 and 84g Ca(NO3)2 and 120L H2O for
treatment 4 (T4), ie, 250.0 kg ha-1 Mg(NO3)2 , 280.0 kg ha-1
Ca(NO3)2.. No chemicals were added to the control (ck).
Correspondingly, the initial concentrations of soil EC might
be within the ranges 1.5-3.0 ds m -1for T1, 3.0-4.5 ds m -1 for
T2, 4.5-5.5 ds m -1for T3, and 5.5-7.0 ds m -1for T4.
TABLE l - The agrochemical properties of the experimental soil in
the greenhouse (means, n = 4).
Agrochemical properties
Nitrate (mg kg -1)
Available phosphorus (mg kg -1)
Available potassium (mg kg -1)
Total nitrogen (g kg -1)
Sulfate content (mg kg -1)
Organic matter (g kg -1)
pH (-)
Electric conductance (ds m-1)

Soil layer (0-8 cm)
98.92
65.40
117.54
2.479
79.33
2.253
6.83
0.921

Thereafter, the tomato (Solanum lycopersicum L. Var.
Jinpeng.No.1), a popular vegetable in East China, was used
for the experiment. The tomato seeds were sown in nursery
pots after having been immersed in deionized water at 4050 oC for 12 hrs. On the appearance of the second true
leaf, the tomato seedlings were transplanted to the control
and treated plots in the greenhouse. For the duration of the
experiment, the temperature in the greenhouse was kept at
25-30 oC in the daytime and at 18-20 oC at night. All plots
were irrigated six times with river water during the experimental period. The nitrate concentration in the river water was below 8.0 mg L-1.
2.2. Sample and Analyses

To assess the effects of different levels of SSS on the
tomato vegetative growth, the plants’ height was investigated at different periods (the first 10th, 20th, 30th, 40th,
50th, 60th, and 70th after the planting).
In order to estimate the effects of different SSS on the
tomato fruit yield, Y/P (fruit yield per plant), Nf (Number
of fruits per plant), WSF (weight of single fruit) were
determined at the harvesting time.
To assess the organoleptic fruit quality, 6 mature fruits
from every plot were randomly selected every 2 weeks
over the course of the experimental period. The total soluble sugar contents (TSC), total titratable acidity (TTA) and
vitamin C contents (VC) were determined according to
previously described methods [26, 27].
To assess the effect of different levels of SSS on nitrate
contents in tomato fruits, nitrate contents in the ck and
treatments were determined. Each dry fruit was milled to a
ﬁne powder which was then transferred to a 100-mL
beaker with deionized water (10 mL). This mixture was
heated (150 oC) in a shaker (150 rpm) for 10 mins, cooled
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(25 oC) and centrifuged for 15 min at 27 000 × g. The
supernatant was filtered through glass wool, and the residue was washed twice with small volumes of water. The
combined filtrate was centrifuged at 48 000 × g for 15 min.
The supernatant solution was then used for NO3- determination [28].
Soil samples were collected in triplicate on six occasions (April 14, June 25, July, 30, 2009 and January 10,
February 25, April 2, 2010). Fresh soil (50 mg) was
mixed with deionized water (10 mL). The soil nitrate concentration was determined spectrophotometrically using
phenol disulfonic acid [28].
The rest of each fresh soil sample was air-dried and
then sieved through a 1.0-mm mesh, homogenized and
stored in plastic bags at room temperature (from 20 to
25 oC) until they were required for analysis. Salinity as
expressed by electrical conductivity (EC), was measured
with a DDS-320 conductivity meter at 25 oC after the soil
was mixed with water (the weight ratio of soil to water is
1:5).
Initial soil available phosphorus (P) was extracted using 0.5 M NaHCO3 (pH 8.5) according to the method of
Olsen [29] and the P concentrations in the extracts were
determined using the molybdenum blue method [30]. Soil
available potassium (K) was extracted by 1 M NH4OAc
(pH 7) and K concentrations in the extracts were analyzed
by flame photometry [30]. Soil available sulfur (S) was
extracted by Ca(H2PO4)2-HOAc and analyzed by spectrophotometry [31]. Organic matter was determined using
the wet digestion tube method using potassium dichromate
as oxidant [32]. The total nitrogen was measured by the
Kjeldahl method [33]. The pH was measured as a soil water slurry (the weight ratio of soil to water is 1:2.5).
The physicochemical properties of the initial soil were
showed in Table 1.
2.3. Statistical analyses

TABLE 2 NO3- contents of the surface soil layer (0-8 cm) at different
periods (means, n=4)
NO3-（mg kg-1）
Treatment
T7ds
P40ds
FBA
H7ds
ck
98.76
67.49
34.17
30.14
T1
349.22
262.24
99.85
64.15
T2
706.55
507.15
285.4
126.5
T3
1087.34
847.15
367.5
301.46
T4
1513.59
1233.57
492.31
403.8
Note: T7ds - soil NO3- contents after one week of salt treatment, P40ds 40 days after planting, FBA - full bearing age, H7ds - 7 days after full
harvest.

planting, 70 days after planting, and 7 days after full harvest (Fig. 1). The levels of SSS expressed by electric conductivity (EC) were 2.91 ds m -1 for T1, 3.95 ds m -1 for
T2, 4.76 ds m -1 for T3 and 6.30 ds m -1 for T4. The level
of soil salinization was 0.91 ds m -1 in the ck. The EC
values in the ck were always lower than those in the treatments during the experimental period. The rates of decrease
in soil salinization (EC/sampling time) for the different
treatment groups (T1, T2, T3 and T4) were almost the
same despite the difference in initial levels of salinity. On
the 7thday after full harvest (day 77), the soil EC had
decreased to 0.29 ds m-1 for ck, 1.43 ds m-1 for T1, 2.35 ds
m-1 for T2, 3.09 ds m-1 for T3, and 4.05 ds m-1 for T4.
Compared with the initial value, EC values were individually reduced by 68.1% for ck, 50.9% for T1, 40.5% for
T2, 35.1% for T3 and 35.7% for T4.
6.5

ck
T1
T2
T3
T4

6.0
5.5
5.0
4.5

-1
EC (ds·m )
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The data were analyzed using SPSS software (version
17.0) and Origin (version 8.0). The level of statistical significance was accepted when p < 0.05.

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

3. RESULTS

7

40

70

77

Sample time (d)

-

3.1. Soil NO3 contents

Soil NO3- contents of 0-8 cm soil layer at different
times are shown in Table 2. The NO3- concentrations in
the control (ck) soil were lower than those in the treatments. The initial NO3- contents in the treatment groups
increased with the increase of salinity concentrations from
T1 to T4. The trend of the soil NO3- contents at the surface soils from 0 to 8 cm in the ck and treatments were to
lower values with experimental time.
3.2. SSS expressed by electrical conductivity (EC)

Soil electrical conductivity (EC) was determined at
four times, viz. - 7 days after salt treatment, 40 days after

FIGURE 1 - Soil EC (0-8 cm) dynamic variation of four treatments
(T1, T2, T3 and T4) and ck at different periods. Each data point is
the mean of six measurements ± SD. (The sample times are: ⅰ- 7
days after salt treatment; ⅱ - 40 days after planting; ⅲ - 70 days
after planting, which is also tomato full bearing age; and ⅳ - 7 days
after full harvest)
3.3. Tomato plant heights and fruit yields

As Fig.2 showed, except for T1, the tomato plant
heights in treatments were lower than those of ck at every
sampling time. The heights of T2, T3 and T4 at the end of
the experiment had decreased by 10.1%, 32.3%, 53.3%
compared to ck, respectively, while the tomato height in
the T1 increased by 13.7% (Table 3).
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signal fruit (WSF) also decreased by 6.6%, 21.1% and
42.7% for T2, T3 and T4, respectively.

ck
T1
T2
T3
T4

100
90

Height (cm)
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80

3.4. Nitrate concentration in tomato fruit

The nitrate contents in all treatments increased significantly (Fig. 3). T1, T2, T3 and T4 increased by 1.1, 2.3,
3.6 and 5.2 times than those of ck, respectively.

70
60
50

800

30
20

10

20

30

40

50

60

70

Day after planting (d)
FIGURE 2 - Height of tomato plants for 5 treatments at different
times: p10, p20, p30, p40, p50, p60, p70 (the day after planting 10d,
20d, 30d, 40d, 50d, 60d, 70d.) Each data point is the mean of six
measurements ± standard deviation.

The Y/P, Nf, WSF values for T2, T3 and T4 decreased significantly compared to those of ck (p <0.05),
while the Y/P, Nf, WSF generally increased slightly for
T1 (Table 3). Tomato fruit yield per plant (Y/P) was increased with the increase of salinity before soil EC reached
the EC-threshold (maximum salinity without yield reduction). However, Y/P decreased with increasing salinity
after the EC-threshold. The Y/P reduced by 11.8% for T2,
40.2% for T3 and 74.6% for T4. The same trend of fruit
number and weight per plant with the increasing salinity
can be found. The fruit number decreased 11.1%, 27.8%
and 55.6% for T2, T3 and T4, respectively. The weight of

-1
NO3 contents (mg kg )

40

600

400

200

0

ck

T1

T2

T3

T4

Treatments

FIGURE 3 - Fruit nitrate contents (mgkg-1) in treatments T1 - T4
and ck. Each data point is the mean of six measurements ± SD.
3.5. Tomato fruit quality

Tomato quality parameters including fruit VC, soluble
sugar, organic acid and sugar-acid ratio (TSC/TAA) are
shown in Table 4. In general, the quality parameters except
TSC/TAA in treatments were higher than those of ck. While
the TSC/TAA decreased with the increase in salinity.

TABLE 3 - Tomato height, fruit yield, number and weight in ck and treatments (n = 6, means ± SD)
Treatments

ck
Height (cm)

T1
107.8

94.8

T2
85.2

T3
64.2

T4
44.3

TY(kg)
41.0±0.2
44.4±0.4
32.2±0.2
17.7±0.2
4.6±0.1
Y/P (g)
2277.8.0±13.5
2466.7±22.5
2012.5±15.7
1361.5±16.6
575.0±10.2
Np
18
18
16
13
8
Nf
18
19
20
14
10
WSF
126.5±1.0
129.8±1.8
100.6±1.0
97.25±1.7
57.5±2.5
Notes: TY - total yield per plot; Y/P - fruit yield per plant; Np - number of plants surviving in each treatment; Nf - number of fruits per plant; WSF weight of single fruit.

TABLE 4 - Fruit vitamin C (VC), soluble sugar content (TSC), total titratable acid (TTA) and sugar-acid ratio (TSC/TTA) in the ck and
treatments (n=6, means ± SD)
Property
VC (mg 100g-1)
TSC (g 100g-1)
TTA (g 100g-1)
TSC/TTA

ck
7.54±0.37
2.60±0.20
0.51±0.08
5.10±0.12

Samples
T2
8.81±0.38
3.13±0.13
0.63±0.08
4.97±0.15

T1
8.50±0.50
2.90±0.24
0.58±0.04
5.00±0.09
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T3
9.98±0.41
3.49±0.19
0.71±0.10
4.91±0.18

T4
11.57±0.57
3.77±0.18
0.78±0.04
4.83±0.12
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4. DISCUSSION
-

4.1. The relationship between Soil NO3 contents and EC

With the growth of the tomato, NO3- contents of the
ck and treatment soils decreased. This reduction is attributed to both the uptake by plants and the infiltration of
the NO3- into deeper layers [34]. It was found that there
were significant relationships between NO3- contents and
top soil EC (Table 5). This finding is consistent with previous studies by Albiach et al [34] and Shi et al. [35]. These
results implied that the change in soil quality resulted
from the difference in nitrate content could be expressed
by the soil EC. In other words, it is feasible to demonstrate the classification of the NO3- - SSS by the soil EC.
TABLE 5 The relationships between electrical conductivity (EC)
and NO3- contents in 0-8 cm horizon of the control (ck) and treatments (T)
ck
T1
T2
T3
T4

Linear regression equation
NO3- = 0.00839 EC + 0.13231
NO3- = 0.00465 EC + 1.23249
NO3- = 0.00271 EC + 1.98389
NO3- = 0.00253 EC + 2.07091
NO3- = 0.00270 EC + 2.05906

r
0.986
0.981
0.997
0.996
0.984

p
0.010
0.020
0.004
0.005
0.020

4.2. Relationships between soil EC and tomato height and
yield

During the experimental period, from the whole trend
line, the tomato height in the T2, T3 and T4 decreased with
the increase of EC in soils. There was a significant relationship between EC in soil and tomato height (Height =
115.58 - 10.07EC, r = - 0.88, p = 0.049). when the height
decreased by 15%, 30%, 60%, the corresponding soil EC
were 3.48 ds m-1, 4.89 ds m-1, 7.71 ds m-1.
The correlation between tomato Y/P and the soil EC
(ds m -1) was negative, following the linear equation: Y/P =
- 332.35EC + 2991.53 (r = -0.87, p = 0.05). When Y/P
decreased by 10%, 30%, 50% and 70%, the corresponding
soil EC were 2.87 ds m-1, 4.20 ds m-1, 5.57 ds m-1and 6.94
ds m-1, respectively. The same relationship between Nf
and soil salinity (soil EC) can be found as follows, Nf
= -1.93EC + 22.08 (r = - 0.88, p = 0.049). When Nf decreased by 10%, 30%, 50% and 70%, the soil EC were
3.04 ds m-1, 4.90 ds m-1, 6.77 ds m-1and 8.63 ds m-1, respectively. There was a linear relationship between the
weight of single fruit (WSF) and soil EC [WSF = -10.28EC
+ 148.15 (r = - 0.88, p = 0.05)]. When WSF decreased by
10%, 30%, 50% and 70%, the soil EC values were 3.32 ds
m-1, 5.79 ds m-1, 8.25 ds m-1and 10.72 ds m-1, respectively.
4.3. Relationships between EC and tomato quality

Fruit nitrate contents increased with the increasing salinity. The linear equation was NO3- = -45.32 + 138.62EC
(r = 0.98, p = 0.003). The effects of salinity are not always
negative; salt treatment can slightly improve tomato fruit
quality. In our study Fruit vitamin C contents (VC), total
soluble sugar contents (TSC) and titratable organic acid

(TOA) were linearly increased to varying degrees with the
increasing soil EC (VC = 6.50 + 0.74EC, r = 0.96, p =
0.08; TSC = 2.33 + 0.23EC, r = 0.98, p = 0.02; TOA =
0.45 + 0.052EC, r = 0.98, p = 0.002).
-

4.4. The proposed classification of NO3 - SSS

According to the WHO (World Health Organization )
and FAO (Food and Agricultural Organization) [36], fresh
vegetables which had less than 432 mg kg-1 nitrate are
defined as mild contaminated, 432 - 785 mg kg-1 as medium contaminated, 785 - 1440 mg kg-1 as serious contaminated, 1440 - 3100 mg kg-1 as heavy contaminated. With
the increase of soil EC from 3.95 to 4.76 ds m-1, the nitrate
contents changed in an rapid enhancement from 456.5 to
644.1 mg kg-1, up to the level of medium contamination,
indicating that the soil salinity was above medium levels; at
6.30 ds m-1 the nitrate contents reached the rank of serious
contamination, indicating the soil was strongly saline.
The classification of SSS might be generally reflected by
the nitrate in fresh vegetable. But the in-crease of nitrate in
fresh vegetable is not sensitive or precise enough to reflect
the fluctuation of soil salinity. In addition, the measure
method of nitrate in fresh vegetable is complicated.
Therefore, it is not appropriate to choose the nitrate in
fresh vegetable as one of the main parameters to classify
NO3--SSS.
In a certain extent, it could be concluded that increasing salinity might improve tomato fruit quality. The conclusion in the present study has been consistently observed in the report by Eltez et al. [37]. However, the improvement in quality was unable to economically compensate for the reduction in fruit yield [38]. Moreover, the
VC, TSC and TTA increased with the increase of salinity
while the ratio of TSC to TTA decreased with the increase
of salinity. In addition, the measure of VC, TSC and TTA
in fresh vegetable is complicated, leading to errors. The
last is that the parameters such as VC, TSC and TTA are
hard to reflect the sensitive change in soil salinity. Then,
the quality of tomato such as VC, TSC and TTA is not
appropriate to be used to grade quantificationally the SSS.
It is worthily noted that the number and weight of
harvested fruits per plant decreased with salinity, and was
a contributing factor to reduced fruit yield. This result was
consistent with previous studies [39-41]. So it is possible
that the NO3- -SSS classification can be performed based
on the height and yield of harvested fruits per plant.
Plants exposed to saline environments are subjected
to several adverse conditions, which can be categorized as
shown in Table 6 [42, 43]. Plants differ widely in their
ability to tolerate salts in the soil. Salt tolerance ratings of
plants are based on yield reduction on salt-affected soils
when compared with yields on similar non-saline soils.
The classification for NO3- -SSS might be similar to the
salt tolerance ratings of plants.
Similarly, based on the results of the relationships
and analyses aforementioned above, the classification of
NO3- -SSS in greenhouse should be proposed according to
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TABLE 6 - General guidelines for plant response to salinity (Adapted from FAO 1988 [42]
Soil salinity class
Non saline
Slightly saline
Moderately saline
Strongly saline
Very strongly saline

Conductivity of the saturation extract
(EC, ds m−1)
0-2
2-4
4-8
8 - 16
> 16

Effects on crops
Salinity effects negligible
Growth of sensitive plants may be restricted
Growth of many plants are restricted
Only tolerant plants grow satisfactorily
Only a few very tolerant plants grow satisfactorily

TABLE 7 - The classification standard for the NO3- - SSS in tomato-based greenhouse in China’s Yangtze River Delta
Soil secondary Salinity class
I
II
III
IV
V

EC1:5, 25℃ (ds m -1)
2.14 - 2.87
2.87 - 4.20
4.20 - 5.57
5.57 - 6.94
> 6.94

Effects on tomatoes
Salinity effects negligible or slightly improved with increased salinity
Plant growth decreased by 0-15%, yield dropped by10%-30%,
Plant growth decreased by 15%-30%, yield dropped by 30%-50%,
Plant growth decreased by 30%-60%, yield dropped by 50%-70%,
Plant growth decreased by > 60%, yield dropped by >70%

the height and yield parameters. It is then suggested that
the NO3- -SSS in this study was classified into five catalogues from level I (light salinity) to level V (heavy salinity). When the height and yield are not affected by the
salinity in soils, the NO3- -SSS classification is defined as
level I. When the height and yield reduce by 0-15%
caused by salinity in soils, the NO3- -SSS classification is
defined as level II. When the height and yield reduce by
15%-30% caused by salinity in soils, the NO3- -SSS classification is defined as level III. When the height and
yield reduce by 30%-60% caused by salinity in soils, the
NO3- -SSS classification is defined as level IV. As long as
the height and yield reduce more than 60% caused by
salinity in soils, the NO3- -SSS classification is defined as
level V. Correspondingly, level I means no secondary
salinization; level II stands for a slight salinization; level
III indicates moderate salinization; level IV presents severe salinization, and level V refers to heavy salinization.
According to the above-mentioned classification
method in this study, the NO3- -SSS can be classified
preliminarily as follows: level I: EC < 2.91 ds m -1, level
II: 2.91 ds m-1 < EC < 3.95 ds m-1, level III: 3.95 ds m-1 <
EC < 4.76 ds m-1, level IV: 4.76 ds m-1 < EC < 6.3 ds m-1,
level V: EC >6.3 ds m-1.
In our study, the EC-threshold of Y was at 2.14 ds m -1,
which is lower than the average threshold EC of 3.2 ds m -1
[38]. Maas and Hoffman (1977) [21] reported, for open
ﬁeld tomato grown in soil, an ECt of 2.5 ds m-1 in saturated soil extract, which is equivalent to 3.8 ds m-1 in the soil
solution using the conversion proposed by Sonneveld et
al. (1990) [44]. Therefore, the ECt value for tomato yield
in the present work is similar to that reported by Magan et
al. (2008) [38]. When Y decreased 10%, 30%, 50% and
70%, the soil EC were 2.87 ds m-1, 4.20 ds m-1, 5.57 ds m1
and 6.94 ds m-1, respectively.
Taken together, the classification of NO3- -SSS in tomato-based greenhouse in China’s Yangtze River Delta is

proposed as follows, level I: level I: 2.14 ds m-1 < EC <
2.87 ds m-1, level II: 2.87 ds m-1 < EC < 4.20 ds m-1, level
III: 4.20 ds m-1 < EC < 5.57 ds m-1, level IV: 5.57 ds m-1 <
EC < 6.94 ds m-1, level V: EC > 6.94 ds m-1 (Table 7).
5. CONCLUSION
The significant relationship between NO3- content
and soil EC in the surface soils implies that the change in
soil quality resulted from the difference of nitrate contents
could be expressed by the soil EC of the NO3- -SSS. With
the soil salinity increase, significant relationships were
observed between EC and tomato growth, yield and quality. The NO3- -SSS can be graded as follows: level I: 2.14
ds m-1 < EC < 2.87 ds m-1, level II: 2.87 ds m-1 < EC <
4.20 ds m-1, level III: 4.20 ds m-1 < EC < 5.57 ds m-1, level
IV: 5.57 ds m-1 < EC < 6.94 ds m-1, level V: EC > 6.94 ds
m-1 This study provided a practical guideline for NO3-SSS classification in greenhouse agriculture, thereby
guiding the alleviation of SSS in greenhouse agriculture.
It is advisable for farmers to maintain soil EC below the
moderate SSS. This conclusion has important practical
implications for the management of tomato-based greenhouse in China’s Yangtze River Delta and similar areas,
where soil tends to NO3- -SSS.
The conclusions in this study were based on only 2yr
of data sets. To minutely classify the NO3--SSS in tomatobased greenhouse, further researches should be carried out.
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REMOVAL AND SEPARATION OF NEUTRAL RED
FROM WATER SAMPLES BY ADSORPTION
ON ACID-TREATED SAWDUST
Nahid Pourreza* and Tina Naghdi
Department of Chemistry, College of Science, Shahid Chamran University, Ahvaz, Iran

ABSTRACT
Pine sawdust was treated with hydrochloric acid and
used for the removal of Neutral Red. Conditions of maximum adsorption of the dye on treated sawdust were optimized studying the effects of pH, dye concentration, particle size of the sawdust and amount of adsorbent on different dye concentrations. The concentration of neutral red in
the diluted phase was determined by measuring the absorbance at 526 nm. Maximum extraction efficiencies
were obtained at pH 5.25 and using 0.3 g of adsorbent.
The adsorption data were fitted to Langmuir equation for
the calculation of various adsorption parameters. The
results showed that optimum adsorption capacity of the
adsorbent is 26.7 mg g-1. The removal procedure was
successfully applied for neutral red-spiked tap and river
water samples.

KEYWORDS:
Neutral Red; sawdust; removal; dye

1. INTRODUCTION
Textile dyes and other industrial dyestuffs constitute
one of the largest groups of organic compounds that represent an increasing environmental danger. Removal of
many dyes by conventional waste treatment methods is
difficult since they are stable to light and oxidizing agents.
Possible methods of color removal from textile effluents include adsorption, coagulation and cloud point extraction [1,
2]. Neutral red is a cationic dye (Fig. 1) that is used extensively for nuclear counterstaining in biological research. It
is also widely used in analytical laboratories as pH indicator. The toxic nature of the dye can be explained by considering the fact that on decomposition it gives out hazardous products, such as carbon monoxide (CO), carbon
dioxide (CO2), nitrogen oxides and hydrogen chlorides [3].
* Corresponding author

Most of the dyes, including neutral red, are toxic and
hazardous to humans. Therefore, they must be removed
before entering the environment. Silica-based materials and
carbon are the most popular adsorbents and have been
used with great success. Activated carbon has an extended
surface area, high adsorption capacity and high degree of
surface reactivity, and is the most widely used absorbent
material. Unfortunately, because it is derived from high-cost
sources, such as wood, coal, and coconut shells, activated
carbon is considered to be an expensive material [4]. Different adsorbents, such as clays [5], sand [6], zeolites [7],
biosorbents [8], polymeric resin [9], peanut hull [10], mesoporous carbon [11], surfactant-modified alumina [12] and
sawdust [13] have also been applied for the removal of
color dyes. In recent years, considerable attention has been
devoted to the study of removal of dyes from wastewater
by adsorption on agricultural products and by-products.
Studies have shown that sawdust is one of the most promising adsorbents among the low-cost ones for removing
different types of dyes [14] and some other materials from
aqueous solution [15].
The focus of the present paper is to evaluate HCltreated sawdust as a naturally occurring cheap source of
adsorbents for removal of neutral red dye. The effects of
different parameters, such as pH, particle size, sawdust
dose and initial dye concentration, on the adsorption of
neutral red onto pine sawdust were investigated.
2. MATERIALS AND METHODS
2.1. Apparatus

A GBC Model Cintra 101 UV–Vis spectrophotometer
(Australia) was used for recording absorption spectra using
1-cm glass cells. SEM pictures were obtained by a scanning electron microscope model LEO 1455 VP (Germany).
A Metrohm digital pH-meter Model 632 (Switzerland) with
a combined glass electrode was used to measure pH values.
2.2. Reagents

All chemicals were of analytical grade and doubledistilled water was used for all experiments. A stock solu-
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tion of 100 mg L-1 of neutral red was prepared by dissolving 0.1 g of the reagent (Merck) in water and diluting it to
1000 ml in a volumetric flask. A 2.0 mol L-1 of hydrochloric acid was prepared by diluting 33 ml of HCl (Merck) to
500 ml in a volumetric flask. An acetate-acetic acid buffer
was prepared by adding 1.0 mol L-1 of NaOH to 100 ml of
acetic acid (0.1 mol L-1) and adjusting the pH to 5.25.
2.3. Preparation of acid-treated sawdust

3.1. Adsorbent characterization

In order to compare the treated and untreated sawdust, the image of both was taken and analyzed by SEM.
Figs. 2 a and b display the representative SEM images for
both treated and untreated sawdust. The treatment of
sawdust with hydrochloric acid contributed to the formation of more porous sawdust, which is beneficial for
the adsorption of the dye on the surface.

Pine tree sawdust was collected from a local sawmill.
It was washed with water to remove dust and then dried at
45 ºC in an electrical oven for 30 min. 10 g of the sawdust
was placed in a beaker; 100 ml of hydrochloric acid (2.0 mol
L-1) was added and stirred for 60 min. Then, it was decanted
and dried at 45 ºC in an electrical oven.
2.4. General removal procedure

The adsorption of neutral red from aqueous solution
was performed by using the column method. A minicolumn (10 cm length and 0.7 cm diameter) was packed
with 0.3 g of the sawdust adsorbent and used for removal
process. 100 ml solution containing 50 mg L-1 of neutral
red and 5 ml of acetate buffer pH 5.25 was passed through
the column at a constant flow-rate. The concentration of
remaining dye was calculated by measuring the absorbance of the solution collected after passing through the
column at 526 nm and using a calibration graph for neutral red with the equation A = 0.067C+0.014 (r = 0.9990).
The percentage of dye removal was calculated using the
following equation:
Removal % = (1-Cd/Co)

(a)

× 100

where, Co and Cd are the initial and diluted phase
concentration of neutral red, respectively. All experiments
were carried out at room temperature.

N

N

N

NH2

H.Cl

FIGURE 1 - The structure of neutral red.

3. RESULTS AND DISCUSSION
The wood sawdust was treated with hydrochloric acid
and used as an adsorbent for removal of neutral red. The
conditions for maximum adsorption on sawdust were initially optimized for the dye sample solution. In this regard,
the effects of different variables, such as pH, salt concentration, particle size of the sawdust and amount of adsorbent, affecting the removal of dye were investigated in
order to optimize the conditions.

(b)
FIGURE 2 - Scanning Electron Microscopy (SEM) of (a) untreated
and (b) treated sawdust.

One of the most important characteristics of adsorbent surface is the point of zero charge (pzc) which corresponds to the pH value of the liquid surrounding oxide
particles when the sum of surface positive charges balances
the sum of surface negative charges [16]. The surface charge
depends on the pH of the surrounding electrolyte [17]. Noh
and Schwarz [18] have proposed a method for pzc evaluation of the surface. This method was carried out to estimate
the pHpzc of the adsorbent. Accordingly, suspensions with
weight percentages of 0.1, 1, 5, 10, 15 and 20% of the
adsorbent prepared in 0.1 mol L−1 of NaCl solutions were
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sealed under nitrogen and kept at constant temperature
under nitrogen atmosphere. The pH value of each suspension was measured after 24-h contact time. The suspension
pH values were plotted as a function of solid mass content.
It has been considered that the pzc value is the pH value
of the suspension having the higher solid content. As
shown in Fig. 3, the pHpzc value derived from experimental measurements was found to be 2.0. This means
that the surface of the adsorbent is acidic.
6
5

by electrostatic attraction, pH 5.25 was selected for further work by adding 5 ml of acetate buffer pH 5.25 to the
solutions to maintain this pH.
3.3. Effect of adsorbent dose

The effect of adsorbent dose on neutral red removal is
shown in Fig. 5. The percentages of dyes adsorbed increased as the adsorbent dose was increased over the range
0.1–0.5 g. Above 0.3 g adsorbent dose, the adsorption
equilibrium of dye was reached and the removal ratios of
dye were held constant. So, the sawdust dose of 0.3 g was
chosen for subsequent experiments.
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FIGURE 3 - Determination of point of zero charge (pzc) of the
adsorbent.
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FIGURE 5 - Effect of adsorbent dose on the removal of 50 mg L-1 of
neutral red on sawdust.
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3.4. Effect of particle size
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The particle size of the adsorbent has significant effect on the adsorption process. The rate of adsorption
on a solid surface is also expected to vary with particle
size. The adsorption capacity is also directly proportional to the total exposed surface adsorbents. This study
showed that as the particle size is decreased (mesh <60),
the amount of adsorbed dye increased. The smaller particles provide an adsorption system with a larger surface
area available for dye removal.
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FIGURE 4 - Effect of pH on the removal of (a) 50 mg L-1 and (b) 20
mg L-1 of neutral red.

3.5. Adsorption isotherms

3.2. Effect of initial pH of the solution

The adsorption phenomena at the solid–liquid interface
are commonly described by Langmuir isotherms described
by the equation given below:

The adsorption on sawdust adsorbents is a complex
process which could be influenced by both the nature of
adsorbent and that of the dye. The pH is an essential factor for the adsorption process and this parameter should
be thoroughly considered. The effect of pH on adsorption
by various sawdust materials can be explained on the basis
of the pH of point of zero charge pHpzc, at which the adsorbent is neutral. Thus, the influence of pH of the dye
solution on the removal of neutral red was investigated
for 20 and 50 mg L-1 solutions of neutral red. The results
are shown in Fig. 4. The highest dye removal was obtained when solution pH is 5.25. Since the pHpzc value
derived from experimental measurements was 2.0, and
system pH increased with the number of negatively charged
adsorbed sites favoring the adsorption of the cationic dye

Ce
C
1
=
+ e
q kq m q m
where, q is the amount of dye adsorbed per unit weight
of the adsorbent (mg g-1) at equilibrium, Ce the final concentration in the solution (mg L-1), qm the maximum adsorption in mono-layered adsorption systems (mg g-1) and
k is the adsorption equilibrium constant related to adsorption energy (L mg-1). A plot of Ce/q versus C shows a
linear relationship, and Langmuir constants q m and k can
be calculated from the slope and the intercept of the plot.
Langmuir plots of Ce/q versus C (Fig. 6) were found to be
linear (R2 = 0.9982). This indicates the applicability of the
Langmuir model. Langmuir isotherm shown in Fig. 6 was
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used to determine the adsorption capacity which was
found to be 26.7 mg g-1 of the adsorbent, and the adsorption equilibrium constant k was 2.3 L mg-1.
27
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q (mg g )

26
25
24
23
22
21
0

10

20

30

40

50

-1

Ce (mg L )

(a)

2.0

y = 0.0375x + 0.0178
R2 = 0.9984

Ce /q (g L-1 )

1.0
0.5
0.0
10

20

30

Industrial wastes are always contaminated with various compounds such as inorganic salts. Therefore, it is important to study the effect of these ions on the adsorption
property of dye solution. The effects of various ions and
two other dyes, such as methylene blue and direct blue, as
potential interferences on the removal of neutral red were
investigated. Known concentrations of potential interfering ions were added to a solution containing 20 mg L-1 of
neutral red, and the diluted phase solution was analyzed
by the proposed method. The tolerance limit of each ion
or substance was taken as the highest concentration yielding an error of less than ±5%. The results of this investigation revealed that the ions tested, such as Ca2+, NH4+,
PO43-, Cl-, Mg2+, K+, Na+, CO32-, SO42- , I- and NO3-, are
tolerated up to 500 mg L-1 whereas methylene blue (cationic dye) and direct blue (anionic dye) are tolerated up to
50 mg L-1.
3.7. Application

1.5

0

3.6. Study of interferences

40

50

In order to check the reliability of the proposed removal methodology, the procedure was applied to the removal
of neutral red spiked to tap and river water samples. For
this purpose, 100 ml of the water samples containing 20
and 50 µg ml-1 of neutral red was treated under the general procedure. The results presented in Table 1 show that
quantitative removal efficiencies (>95%) could be obtained for all samples.
TABLE 1 - Removal of neutral red
spiked to tap and river water samples.

-1

Ce (mg L )

(b)

Sample

FIGURE 6 - (a) plot of q versus C and (b) Plot of C/q against C for
the adsorption of Neutral red on sawdust

Tap water

The adsorption isotherms are also described by
Freundlich model. The Freundlich equation is an empirical equation employed to describe heterogeneous systems,
characterized by the heterogeneity factor 1/n. The empirical equation can be written as follows:

Karoon River water
Bahnmanshir River water

Neutral red added
(mg L-1)
20
50
20
50
20
50

Recovery
(%)
100
99
100
99
100
99

4. CONCLUSION

qe = Kf Ce1/n
where, qe is the adsorbate concentration in equilibrium (mg g-1), Ce the equilibrium liquid phase concentration
(mg L-1), KF the Freundlich constant (mg g-1) (L mg-1), and
1/n is the heterogeneity factor [19]. The Freundlich equation can also be obtained by taking logarithms of the
above equation as follows:
Log qe = Log KF +1/n Log Ce
Therefore, a plot of log qe versus log Ce gives a
straight line and enables the constant KF and exponent 1/n
to be determined. Analysis of the experimental data set
showed that Freundlich model is not appropriate for the
prediction of the isothermal profiles of neutral red dye
adsorption on the sawdust. A plot of log qe versus log Ce
did not show a straight line (R2 = 0.5970).

Removal of neutral red dye from aqueous solution by
acid-treated sawdust surface was carried out at room temperature. The conditions of maximum adsorption of the dye
were optimized. It was seen that, under optimized conditions, up to 100% of the dye can be removed from the
solution. The experimental data were fitted to Langmuir isotherm and the adsorption capacity was found to be 26.7 mg
of the dye per gram of adsorbent. On the basis of the reults obtained, it can be concluded that sawdust acts as a potential adsorbent for the removal of neutral red dye from
water samples. Treated sawdust is a cheap and easily found
material that can act as a replacement for activated carbon. The developed adsorbent is very useful and economical for neutral red removal from wastewater and any other
effluents.
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