FEB – Fresenius Environmental Bulletin
founded jointly by F. Korte and F. Coulston
Production by PSP – Parlar Scientific Publications, Angerstr. 12, 85354 Freising, Germany
in cooperation with Lehrstuhl für Chemisch-Technische Analyse und Lebensmitteltechnologie,
Technische Universität München, 85350 Freising - Weihenstephan, Germany
Copyright © by PSP – Parlar Scientific Publications, Angerstr. 12, 85354 Freising, Germany.
All rights are reserved, especially the right to translate into foreign language. No
part of the journal
may be reproduced in any form- through photocopying, microfilming or other processesor converted to a machine language, especially for data processing equipment- without
the written permission of the publisher. The rights of reproduction by lecture, radio
and television transmission, magnetic sound
recording or similar means are also reserved.
Printed in GERMANY – ISSN 1018-4619

© by PSP Volume 21 – No 3. 2012

Fresenius Environmental Bulletin

Environmental Toxicology:

FEB - EDITORIAL BOARD

Prof. Dr. H. Greim
Senatskomm. d. DFG z. Prüfung gesundheitsschädl.
Arbeitsstoffe
TU München, 85350 Freising-Weihenstephan, Germany

Chief Editor:
Prof. Dr. H. Parlar
Institut für Lebensmitteltechnologie und Analytische
Chemie
TU München - 85350 Freising-Weihenstephan, Germany
e-mail: parlar@wzw.tum.de

Prof. Dr. A. Kettrup
Institut für Lebensmitteltechnologie und Analytische
Chemie
TU München - 85350 Freising-Weihenstephan, Germany

FEB - ADVISORY BOARD

Co-Editors:
Environmental Analytical Chemistry:

Environmental Analytical Chemistry:

Dr. D. Kotzias

K. Ballschmitter, D - K. Bester, D - K. Fischer, D - R.
Kallenborn, N
D.C.G. Muir, CAN - R. Niessner, D - W. Vetter, D – R.
Spaccini, I

Commission of the European Communities,
Joint Research Centre, Ispra Establishment,
21020 Ispra (Varese), Italy

Environmental Proteomic and Biology:
D. Adelung, D - G.I. Kvesitadze, GEOR
A. Reichlmayr-Lais, D - C. Steinberg, D - R. Viswanathan,
D

Environmental Proteomic and Biology:

Prof. Dr. A. Görg

Environmental Chemistry:

Fachgebiet Proteomik
TU München - 85350 Freising-Weihenstephan, Germany

J.P. Lay, D - J. Burhenne, D - S. Nitz, D - R. Kreuzig, D
D. L. Swackhammer, U.S.A. - R. Zepp, U.S.A. – T. Alpay, TR
V. Librando; I

Prof. Dr. A. Piccolo
Università di Napoli “Frederico II”,
Dipto. Di Scienze Chimico-Agrarie
Via Università 100, 80055 Portici (Napoli), Italy

Environmental Management:

Prof. Dr. G. Schüürmann

Environmental Toxicology:

O. Hutzinger, A - L.O. Ruzo, U.S.A - U. Schlottmann, D

UFZ-Umweltforschungszentrum,
Sektion Chemische Ökotoxikologie Leipzig-Halle GmbH,
Permoserstr.15, 04318 Leipzig, Germany

K.-W. Schramm, D - H. Frank, D - H. P. Hagenmeier, D
D. Schulz-Jander, U.S.A. - H.U. Wolf, D – M. McLachlan, S

Environmental Chemistry:

Prof. Dr. M. Bahadir

Managing Editor:
Dr. G. Leupold

Institut für Ökologische Chemie und Abfallanalytik
TU Braunschweig
Hagenring 30, 38106 Braunschweig, Germany

Institut für Chemisch-Technische Analyse und Chemische
Lebensmitteltechnologie, TU München
85350 Freising-Weihenstephan, Germany
e-mail: leu@wzw.tum.de

Prof. Dr. M. Spiteller
Institut für Umweltforschung Universität Dortmund
Otto-Hahn-Str. 6, 44221 Dortmund, Germany

Prof. Dr. Ivan Holoubek
RECETOX_TOCOEN
Kamenice 126/3, 62500 Brno, Czech Republic

Editorial Chief-Officer:
Selma Parlar

Environmental Management:

PSP- Parlar Scientific Publications
Angerstr.12, 85354 Freising, Germany
e-mail: parlar@psp-parlar.de - www.psp-parlar.de

Dr. H. Schlesing

Marketing Chief Manager:
Max-Josef Kirchmaier

Secretary General, EARTO,
Rue de Luxembourg,3, 1000 Brussels, Belgium

MASELL-Agency for Marketing & Communication, PublicRelations
Angerstr.12, 85354 Freising, Germany
e-mail: masell@masell.com - www.masell.com

Prof. Dr. F. Vosniakos
T.E.I. of Thessaloniki, Applied Physics Lab.
P.O. Box 14561, 54101 Thessaloniki, Greece

Dr. K.I. Nikolaou
Organization of the Master Plan &
Environmental Protection of Thessaloniki (OMPEPT)
54636 Thessaloniki, Greece

Abstracted/ indexed in: Biology & Environmental Sciences,
BIOSIS, C.A.B. International, Cambridge Scientific Abstracts,
Chemical Abstracts, Current Awareness, Current Contents/ Agriculture, CSA Civil Engineering Abstracts, CSA Mechanical & Transportation Engineering, IBIDS database, Information Ventures, NISC,

1

© by PSP Volume 21 – No 3. 2012

Fresenius Environmental Bulletin

Research Alert, Science Citation Index Expanded (SCI Expanded),
SciSearch, Selected Water Resources Abstracts

521

© by PSP Volume 21 – No 3. 2012

Fresenius Environmental Bulletin

CONTENTS

ORIGINAL PAPERS
ASSESSMENT OF PHYTOEXTRACTION EFFICIENCY OF NATURALLY
GROWN PLANT SPECIES AT THE FORMER TIN MINING CATCHMENT

523

Muhammad Aqeel Ashraf, Mohd. Jamil Maah and Ismail Yusoff

CHARACTERIZATION OF ZOOPLANKTON COMMUNITIES IN
WATERS WITH DIFFERENT EUTROPHIC STATES IN A LARGE,
SHALLOW, EUTROPHIC FRESHWATER LAKE (LAKE TAIHU, CHINA)

534

Yang Guijun, Qin Boqiang, Tang Xiangming, Gong Zhijun, Zhong Chuni and Wang Xiaodong

DETERMINATION OF Fe, Mg, Mn AND Pb IN GIRASOL (HELIANTHUS
TUBEROSUS L.) TUBERS, SOIL AND ASH BY U-SHAPED DC ARC

543

Ivana R. Milošević, Dragan M. Marković, DragicaVilotić and Milorad Vilotić

IN VITRO EFFECTS OF SOME HERBICIDES AND FUNGICIDES
ON HUMAN ERYTHROCYTE CARBONIC ANHYDRASE ACTIVITY

549

Nahit Gençer, Adem Ergün and Dudu Demir

MICRONUTRIENT VARIABILITY IN A LACUSTRINE ENVIRONMENT OF CALCIC HAPLOSALIDS

553

Halil Erdem, Mesut Budak, Nurullah Acir and Fatih Gökmen

PHYSIOLOGICAL AND BIOCHEMICAL ATTRIBUTES OF LETTUCE (LACTUCA
SATIVA L.) TREATED WITH LEAD IN THE PRESENCE OR ABSENCE OF GINGER POWDER

563

Salwa Mohamed Abbas and Samia Ageeb Akladious

KRBR EXCILAMP BY MW-DRIVEN USED FOR WASTEWATER ADVANCED TREATMENT

578

Cheng Lu Bi, Zhao Lian Ye, Liang Dai and Ren Xi Zhang

HYDROTHERMAL STABILIZATION OF FLY ASH FROM A
FLUIDIZED BED INCINERATOR CO-FIRING REFUSE AND COAL

586

Xiao-jun Ma, Xu-guang Jiang, Yu-qi Jin, Hong-mei Liu, Xiao-dong Li and Jian-huaYan

EFFECTS OF PLANTING PATTERNS ON SHOOT CD AND
PB CONCENTRATIONS IN TWO WATER SPINACH CULTIVARS

593

Junliang Xin, Baifei Huang, Aiqun Liu and Kebing Liao

INTERACTION OF COPPER AND HERBICIDE IN CONTAMINATED SOIL UNDER REMEDIATION

599

Stanisław Wróbel and Jerzy Sadowski

PILOT STUDY OF AN ULTRAFILTRATION
MEMBRANE SYSTEM FOR A WATERWORKS UPGRADE
Hang Xu, Chao Wang, Wei Chen, Jinhu Yang and Lei Zhao

522

604

© by PSP Volume 21 – No 3. 2012

Fresenius Environmental Bulletin

PERFORMANCE OF LEAST SQUARES SUPPORT VECTOR
MACHINE FOR MONTHLY RESERVOIR INFLOW PREDICTION

611

Umut Okkan

CHARACTERIZATION OF PHOSPHORUS COMPOUNDS
IN SEDIMENT FROM A DRINKING WATER RESERVOIR

621

Mariola Bartoszek, Natalia Młynarczyk, Justyna Polak and Wiesław W. Sułkowski

SEDIMENT PHOSPHORUS ADSORPTION AND FRACTIONATION DIFFERENCE
OF IRRIGATION AND DRAINAGE CANALS IN UPPER REACH OF YELLOW RIVER BASIN

627

Wei Ouyang, Xinfeng Wei, Fanghua Hao, Chunye Lin and Xuan Zhang

FUZZY MODELLING OF CONCENTRATION IN
CHAMOMILE SOLUTION USING REVERSE OSMOSIS

634

Abdolmohammad Ghaedi, Azam Vafaei, Majid Mohagheghian, Navid Afshar and Saeid Hafezi

DEGRADATION OF DMSO IN AQUEOUS SOLUTIONS BY
THE FENTON REACTION BASED ADVANCED OXIDATION PROCESSES

644

Chih-Chung Wen, Chih-Ta Wang, Wei-Lung Chou, Wen-Chun Chang and Sheng-Ru Lee

AN APPROACH TO TEST RELATIVE RECOVERY RATE
BETWEEN DIFFERENT STANDARD PHASES IN THE ANALYSIS OF VOCS
USING THERMAL DESORBER –GAS CHROMATOGRAPHY – MASS SPECTROMETRY

651

Sudhir Kumar Pandey, Janice Susaya, Ki-Hyun Kim and Jong Ryeul Sohn

INDEX

660

522

© by PSP Volume 21 – No 3. 2012

Fresenius Environmental Bulletin

ASSESSMENT OF PHYTOEXTRACTION EFFICIENCY
OF NATURALLY GROWN PLANT SPECIES AT
THE FORMER TIN MINING CATCHMENT
Muhammad Aqeel Ashraf 1,*, Mohd. Jamil Maah 1 and Ismail Yusoff 2
1

Department of Chemistry, University of Malaya, Kuala Lumpur 50603, Malaysia
Department of Geology, University of Malaya, Kuala Lumpur 50603, Malaysia

2

ABSTRACT
Removal of heavy metals from soil and water by plants
(phytoremediation) has appeared as a promising costeffective technology. Nine plant species (Cyperus rotundus L., Imperata cylindrica, Lycopodium cernuum, Melastoma malabathricum, Mimosa pudica Linn, Nelumbo
nucifera, Phragmites australis L., Pteris vittata L. and
Salvinia molesta) were selected and analyzed to assess the
phytoextraction potential for remediation of lead (Pb),
copper (Cu), zinc (Zn), arsenic (As) and tin (Sn) from
contaminated tin tailings. Results showed that Cyperus
rotundus L. accumulated 658 mg kg-1, Imperata cylindrica
245 mg kg-1, Nelumbo nucifera 288 mg kg-1, Phragmites
australis L. 345 mg kg-1, and Pteris vittata L. 278 mg kg-1
(dry weight), with bioconcentration factors up to 0.40,
0.32, 0.57, 0.71, and 0.65, respectively, as well as phytoextraction rates of 86% for Sn, 42% for Zn, 56% for As,
49% for Cu, and 31% for Pb. It can be concluded that these
plant species could successfully be used for phytoremediation of mining tin tailings in Peninsular Malaysia.

KEYWORDS: Heavy metals, plant species, bioconcentration
factor, tin tailings, phytoremediation.

1. INTRODUCTION
The increasing levels of heavy metals in the environment, their entry into food-chain and the overall health
effects are of great concern to researchers in the field of
environmental sciences. Cleanup (remediation) technologies available for reducing the harmful effects of heavy
metal-contaminated sites include, among others, excavation (physical removal), stabilization of these metals in
situ, and the use of plants to extract the metals from the
polluted site (phytoextraction). Each of these methods, however, has its advantages depending on the nature and size
* Corresponding author

of the site being remediated. Excavation could be ideal
when the site is a small dry or wetland (not aquatic). Stabilization could be considered to be a more practical remediation approach, especially when the site being remediated is an agricultural land [1].
Phytoremediation is the use of plants and their associated microbes for environmental cleanup. This technology makes use of the naturally occurring processes by
which plants and their microbial rhizosphere flora degrade
and sequester organic and inorganic pollutants [2]. Phytoremediation is an environmentally friendly, safe and cheap
technique to eliminate pollutants. Phytoremediation of toxic
metals from contaminated soil basically involves the extraction or inactivation of these metals in soils [3].
Phytoremediation is a new approach that offers more
ecological benefits and a cost-efficient alternative. Although
it is cheaper, the method requires technical strategy, expert
project designers with field experience that choose the proper
species, and cultivars for particular metals and regions. The
plant used in the phytoremediation technique must have a
considerable capacity of metal absorption/accumulation,
and strength to decrease the treatment time. Many families of vascular plants have been identified as metal hyperaccumulators [4, 5], and many of them belong to Brassicaceae. These hyperaccumulators are metal-selective,
having slow growth rates, produce small amounts of
biomass, and can be used in their natural habitats only [6, 7].
Phytoextraction is the uptake of contaminants by plant
roots and movement of the contaminants from the roots to
aboveground parts of the plant. Contaminants are generally
removed from the site by harvesting the plants. Phytoextraction accumulates the contaminants in a much smaller
amount of material to be disposed off (the contaminated
plants) than does excavation of soil or sediment [8]. The
technique is mostly applied to heavy metals and radionuclides in soil, sediment, and sludges. It may use plants
that naturally take up and accumulate extremely elevated
levels of contaminants in their stems and leaves. It can
also entail the use of plants that take up and accumulate
aboveground significant amounts of contaminants only
when special soil amendments are used [9]. Another ap-

523

© by PSP Volume 21 – No 3. 2012

Fresenius Environmental Bulletin

proach is the use of plants that trap the contaminants in
their root systems, and are then harvested including their
roots).
Natural phytoextraction is suitable for the remediation of metal-contaminated sites However, there are great
concerns regarding the entry of metals into the foodchain. So, there has been a progressive shift away from
phytoextraction towards phytostabilization. Recent reviews
and studies indicate that phytostabilization has more
scope of application than phytoextraction [10]. But this
research is mainly concerned with phytoextraction efficiency of naturally grown plants, for future selection of
suitable plants for wetland development in the area.
Phytoextraction is usually conducted by planting (or
transplanting) selected plant species in the contaminated
soil. These plants are grown under normal farming conditions (fertilized and irrigated as necessary) until they reach
their maximum size. The aboveground parts of the plants
containing the contaminants are then harvested and disposed appropriately [11]. Induced phytoextraction is conducted by growing selected fast-growing plants in the
contaminated soil. Throughout the growth period, amendments are added to the soil to increase availability of metals
to the plants. When the plants are mature, inducing agents
(chemicals) are used to trigger accumulation of metals from
the soil. The plants are then harvested and disposed appropriately. Phytoextraction by whole plant harvesting is conducted by growing the selected plants under normal conditions, including fertilization and irrigation as necessary
[12]. Modified agricultural implements, typically used to
harvest below-ground crops (potatoes, beets, carrots,
peanuts, etc.), are used herein to harvest the whole plant,
including the roots [13, 14].
The ecosystem is becoming progressively polluted
with various heavy metals produced by different anthropogenic activities including mining operations. Mining industry, especially tin mining industry, is a very important
contributor to Malaysia's economy, producing about one
third of total world production. Continuous mining operations which began about 150 years ago have resulted in
large areas of barren land, called tin tailings. It is estimated
that about 250,000 hectares of land fall under this category [15]. This represents almost 2% of the total land area of
Peninsular Malaysia. According to Department of Minerals & Geosciences Malaysia, the area is increasing at an
average rate of more than 4000 hectares per year [16]. Tin
tailings have been defined as tracts of waste land made up
of washed waste products of alluvial mining. The tailings consist of two fractions: sand tailing and slime tailing. The former is very coarse-textured, and shows an
absence of aggregation and profile development. The slime
tailing consists mainly of very fine soils and minerals (silt
and clay), and has compact structure. In terms of fertility,
the tin tailings are extremely deficient in almost all nutrients, and have very low water retention capacity.
Various attempts have been made to utilize the tin
tailings. Planting of agricultural and horticultural crops

has achieved some degree of success. Some areas are
being used for housing estates while others are converted
into recreational parks. The mining ponds have been used
for aquaculture. Phytoremediation of these tailings has not
received any attention from the authorities. However, in
general, this waste land has been a source of concern for
land administrators, agriculturists, aquaculturists, realestate developers, and environmentalists.
In the light of this, research aimed at proffering solutions of this problem is of interest. The main objective of
this study is to assess the feasibility of rehabilitating
abandoned tin mining areas with nine plant species naturally
growing in the low nutrient soil of tin tailings
2. MATERIALS AND METHODS
2.1. Study Area

The site selected is an old mining area which has
been abandoned for over 30 years. The tin-tailing area
chosen for the study is located at ex-tin mining catchment,
Bestari Jaya, Kuala Selangor, which is about 300 m west
of University Industry Selangor (UNISEL) main campus.
An area of 8 ha, sandy in texture and representative of the
entire ex-mining area in the country, was selected for the
3 trials (parent material: riverine-alluvium pH 3.5-5.0).
The experimental site has an undulating topography with
loose sandy surface, and lies in a valley with hill slopes of
more than 12°. This area also contains swampy patches
and small streams which are the result of mining activities
[17]. Overall, the area is virtually barren, except for patches
of some grass species, with isolated hardy shrubs, herbaceous plants and creepers. Some of the species identified
include Cyperus rotundus L. [17], Imperata cylindrica [18],
Lycopodium cernuum [19], Melastoma malabathricum [20],
Mimosa pudica Linn [21], Nelumbo nucifera [22], Phragmites australis L. [23], Pteris vittata L. [24] and Salvinia
molesta [25].
The period during 2010-2011 was relatively dry as
compared to other years, with intermittent unexpected
heavy downfalls interspersed with dry spells. The average
rainfall was 209 mm per month, with highest rainfall rates
of 234 mm in March, April and May [17].
2.2. Sampling

The sampling sites were selected in order to cover the
major tailing area of the ex-tin mining catchment. Soil
samples (25 per hectare) were taken with soil auger at a
depth of 0-30 cm, and composite samples were made
from the individual soil samples. Plant samples (leaves,
shoots, roots and flowers) were collected from every plant
rooted in the sampling location. About 100 roots, shoots,
leaves and flowers were collected from each plant species. The samples were collected from all sides of the
plant using shoppers and pruning shears. The samples of
roots, leaves and shoots were selected from each plant
species in such a way that they were of similar age and
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FIGURE 1 - Bestari Jaya catchment showing mine tailings.

colour to compare the metal values in the nets of similar
organs reasonably. Five replicates of each plant were
collected from each sampling location; two of which were
employed for the purpose of identification by dichotomous keys [26, 27]. The rest of the replicates were mixed
to obtain a composite sample, which was then utilized to
quantify the metals concentration. The nomenclature of the
plant species is according to International code of botanical
nomenclature [28]. The leaves and flowers were preserved
in 5-5-5 FAA solution (formic acid 5%, acetic acid 5%,
methyl alcohol 5%, and distilled water 85% by volume),
whilst the roots and shoots were preserved in 13-13-13
FAA solution ( formic acid 13%, acetic acid 13%, methyl
alcohol 13%, and distilled water 61% by volume). The
rest of plant samples was labeled with numbered tags, and
then pressed between sheets of paper in order to preserve
them for laboratory analysis.
2.3. Soil analysis

Analytical-grade reagents were used throughout the
experiments. Distilled-deionised water was prepared by
passing distilled water through a Milli-Q reagent-grade
water system. Glassware and polyethylene containers were
soaked overnight in 10% (v/v) laboratory reagent-grade

nitric acid, rinsed three times with distilled water, and then
three times with distilled-deionised water before use. The
composite samples of soil and sediment were air-dried
and milled so as to pass through a 2-mm sieve, homogenized and stored in plastic bags prior to laboratory analysis. The pH was measured in a 1:2.5 soil/H2O suspension
using a waterproof pH/ORP meter [29]. The determination of electrolytic conductivity (EC) is made with a conductivity cell (Eutech's smartest series TDScan 4) by
measuring the electrical resistance of a 1:5 soil: water
suspension following the method of Rayment and Higginson [30]. Carbonate contents of soil was determined by
the method of Tucker (1954) [31]. Cation exchange capacity (CEC) was measured following the standard procedure de-veloped by Tucker (1974) [32], and the texture was
analyzed by the hydrometer method as described by Gee
and Bauder [33]. Organic matter was determined by the
Walkley and Black procedure [34]. All parameters were
determined in triplicate. For the analysis of metals, homogenized soil samples were ashed in a muffle furnace at
400 °C for 1 h, and digested by microwave-assisted acid
digestion [35]. Solutions from digested soil samples were
stored in 100 ml high density polyethylene sample bottles
at 4 °C until analysis. Total metals in soil were measured
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in a sub-sample of 0.5 g soil by inductively coupled plasma optical emission spectrometry ICP-OES (Varian; Perkin Elmer AA Analyst). Working standards for chemical
analyses were prepared from Perkin-Elmer stock solutions. The methodology for total metal concentration in
soil was referenced using the CRM027-050 Certified
Material (Resource Technology Corporation, USA) and
analyzed concurrently with the soil samples. Recovery of
metal was 99% for tin, 97% for arsenic, 112% for copper,
99% for zinc and 94% for lead; the coefficient of variation was between 3 and 7% when analyzed in triplicate.

layer of soil, and that soil bulk density was 1.3 g cm−3. We,
therefore, propose the metal phytoextraction rate (PR),
which is calculated as follows [47, 48]:
PR = (Cplant x Mplant / Csoil x M rooted zone) 100%
where, Mplant is the mass of the aboveground biomass
of plant species, Cplant is the metal concentration in the
plant species, Mrooted zone is the mass of the soil volume
rooted by the species under study, and Csoil is the metal
concentration in the soil volume.

2.4. Plant Analysis

All analytical results were performed as the average
of 4 replicates. Descriptive statistics were made using SPSS
13.0 and Excel (Microsoft Inc.) software packages.

Biomass of selected plant species has been estimated
primarily on the basis of mass direct visual observations
and counts, and obtained density values (kg/km2) were
extrapolated to selected sampling locations [36-38]. Plants
samples were cleaned sequentially with a phosphate-free
detergent (Extran, 2%), rinsed once with tap water, once
with distilled water, and finally twice with deionized water
to remove adhering materials. Absorbing (roots) and nonabsorbing parts of plants (leaves, shoots, flowers etc.) were
usually separated in order to obtain information about the
species’ ability to transfer metals. Plant samples were divided into two portions, the first one for wet chemical destruction [39-41] and the second one for dry ash chemical
destruction [42-45]. Solutions from digested plant samples obtained from wet and dry ash chemical destruction
were stored in 100 ml high-density polyethylene sample
bottles at 4 °C until analysis. Solution concentrations were
measured using ICP-OES analysis. Working standards for
chemical analyses were prepared from Perkin-Elmer stock
solutions. The methodology for total metal concentration
in plants was referenced using CRM 281 [46], and analyzed concurrently with the plant samples. Recoveries of
metals by dry ash chemical destruction method of analysis
were 99% for tin, 91% for arsenic, 95% for copper, 90%
for zinc and 93% for lead, and the coefficient of variation
was between 8 and 14% when analyzed in triplicate. The
results obtained by wet chemical destruction method of
digestion have limited metal concentration values, and
were not discussed here.
2.5. Determination of Phytoextraction Efficiency

Two indices were calculated to evaluate plants for
phytoextraction purposes. The bioconcentration factor (BCF)
was calculated by the following equation:
BCF = Ctissue / Csoil
where, Ctissue is the metal concentration in plant tissues, and Csoil is the metal concentration in soil.
To make a crude evaluation of the general phytoextraction efficiency of the plants, the depth of the rooting
zone, the density of the soil, and the biomass production
and mortality of the aboveground biomass components
harvested were taken into account to calculate the phytoextraction capability. We assumed that metal pollution
occurred only in the active rooting zone, the top 20-cm

2.6. Statistical Analysis

3. RESULTS AND DISCUSSION
3.1. Characterization of Soil

Table 1 shows mean values of the characteristics of topsoil samples from ex-tin mining area, Bestari Jaya. Values
of pH ranged from acidic to neutral (4.8-7.2). The carbonate percentages were in a broad range, and the organic
matter values were <10%. According to SISS, 1985 criteria, the soil of the location mine dumps can be considered
to be poor in organic matter [49]. The CEC represents the
ability of the soils to absorb or release cations and, consequently, is an important parameter in sites contaminated
by heavy metals. Organic matter and clay minerals are
responsible for the CEC. CEC ranged from low 17.81 to
high 26.98 cmol kg-1. According to Conesa [50, 51], pH
and ECs are the most important factors because under
acidic conditions the tailings matrix will dissolve more salts.
These both parameters play the key role in determining
plant colonization of land that is degraded by mining activity. Due to the moderately acidic and saline conditions of
the soil, pH and ECs could be the limiting factors for plant
establishment in the studied zone. At all sampling locations, the soil showed a sandy texture. Sandy substrates
generally present oxidizing conditions; however, in this
case, the water-saturation state of soils and the flooding of
sediments explained the reducing environment.
In the study area, analyzed metal contents in soils
were highly variable and also found to be high depending
on the mine and type of ore [52]. At sampling location in
mine tailings, metal concentrations were averaged from
541 to 3589, 761 to 2781, 638 to 3698, 239 to 2956, 1896
to 6453 mg kg-1 d.w. for lead, copper, zinc, arsenic and
tin, respectively. These high variations of metal levels at
different locations can affect metal uptake by different
plant species. In the last decade, most researchers working
in the field of soil contamination have reported that the
total metal concentrations alone are inadequate for environmental risk assessment, since large fractions of contaminating metals may not be bioavailable [53]. However,
this research mainly focused on the determination of phytoremediation ability of naturally grown plant species that
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can utilized for the remediation of old mining sites. Therefore, only the high metal contents in soil and plant species
are discussed herein due to brevity.
3.2. Biomass Availability in the Tin Tailings

The average biomass availability of 9 plants grown in
the field is shown in Fig. 2. Great differences in biomass
were observed between different plants. The total average
biomass production (d.w.) was approximately 11.25 t ha−1
for Salvinia molesta, 13.02 t ha−1 for Pteris vittata L.,
19.26 t ha−1 for Phragmites australis L., 14.12 t ha−1 for
Nelumbo nucifera, 9.98 t ha−1 for Mimosa pudica Linn,
6.64 t ha−1 for Melastoma malabathricum L., 11.58 t ha−1
for Lycopodium cernuum, 18.12 t ha−1 for Imperata cylindrica, and 9.52 t ha−1 for Cyperus rotundus L. The total
average yields of the largest plants, Phragmites australis
L., Imperata cylindrica and Nelumbo nucifera, were
19.26 (15 t ha−1 for shoot), 18.12 (14 t ha−1 for shoot), and
14.12 (12 t ha−1 for shoot) t ha−1 (d.w.), respectively. The
biomass production rates of Cyperus rotundus L. and
Mimosa pudica Linn, were low, or similar to those of
hyperaccumulators.
3.3. Metal Accumulation in Plant Tissues

The concentrations of Pb, Cu, Zn, As and Sn in roots,
shoots, leaves and flowers collected from 5 different locations are presented in Table 2. Lead accumulation in
shoots varied between 24.51 - 278.23 mg kg−1, with Pteris
vittata L. having the highest concentration and Lycopodi-

um cernuum the lowest. Concentrations of Cu in the
shoots ranged from 18.91 mg kg−1 in Lycopodium cernuum to 345.91 mg kg−1 in Phragmites australis L. Zn concentration ranged from 38.94 mg kg−1 in Mimosa pudica
Linn. to 245.24 mg kg−1 in Imperata cylindrical (Fig. 3).
Concentrations in shoots varied between 34.55 and
312.78 mg kg−1, with Phragmites australis L. having the
lowest but Pteris vittata L. the highest. Shoot Sn levels
(109.56 and 658.12 mg kg−1) were lowest in Phragmites
australis L. and highest for the hyperaccumulator Cyperus
rotundus L. The accumulations of Sn in Cyperus rotundus
L. and Cu in Phragmites australis L. were significantly
higher than those of accumulating plants (p<0.01).
3.4. Bioconcentration Factor (BCF)

Table 2 shows the BCFs of all tested plant species.
The BCF values for Zn in Salvinia molesta, and Sn in
Lycopodium cernuum, Nelumbo nucifera and Phragmites
australis L. were <0.2 for all the 9 tested plants. The lead
BCFs of all plants varied between 0.2181-0.7638, being
lowest in Lycopodium cernuum and highest in Mimosa
pudica Linn. The BCFs for Cu varied between 0.2670 and
1.5705, with the lowest BCF observed in Melastoma
malabathricum L., while Pteris vittata L. had the highest.
Similarly, the BCFs for Zn in Salvinia molesta (0.1327 0.7258) were the lowest and highest values. The BCFs for
Sn varied between 0.4022-0.1715 (highest in Cyperus
rotundus L., lowest in Lycopodium cernuum).

FIGURE 2 - The total biomass production (t ha−1 dry weight (dw), mean ± SD, n=4) of plant species grown in the mine tailings.
TABLE 1 - Chemical and physical characteristics of soil.
Location
S1
S2
S3
S4
S5
S6
S7

Sand %
60 ±14
65 ±13
67 ±11
59 ±13
68 ±13
61 ±12
61 ±14

Silt %
29 ±9
26 ±8
21 ±9
30 ±7
20 ±8
27 ±8
29 ±9

Clay %
11 ±3
9 ±4
12 ±3
11 ±2
12 ±3
12 ±4
10 ±2

Textural Class
Sandy
Sandy
Sandy
Sandy
Sandy
Sandy
Sandy

pH
6.1±0.02
6.3 ±0.01
6.7 ±0.01
5.1 ±0.01
4.9 ±0.01
4.8 ±0.01
7.2 ±0.02

EC (dSm-1)b
18 ±8
17 ±7
11 ±5
12 ±4
10 ±5
14 ±4
10 ±6

CaCO3
5.7 ± 0.8
18.4 ±0.6
6.9 ±1.2
12.1 ±2.4
2.5 ±0.9
0.99 ±0.3
1.4 ±0.8

OMc %
8.39 ±0.7
9.91 ±0.4
7.98 ±0.5
5.13 ±0.3
4.78 ±0.4
5.18 ±0.3
7.24 ±0.5

± Standard Deviation, n= 5; b Electrolytic Conductivity (EC); c Organic matter (OM); d Cation Exchange Capacity (CEC)
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CEC (cmol(+)/kg)d
17.81 ±4
19 .43±3
13.76 ±3
26.98 ±3
24.42 ±3
23.77 ±4
18.53 ±4
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TABLE 2 - BCF C and PR D of nine plant species grown in ex-mining area, Bestari Jaya, Peninsular Malaysia.
mg kg-1 dwA
Plant Specie

Metal Contents in BCFC
Soil

PR %D

Roots

Shoots

Leaves

Flowers

Cyperus rotundus L.

440

151

188

142

2561

0.3599a

13.42

Imperata cylindrica

152

260

345

291

1973

0.5319b

18.97

Lycopodium cernuum

688

24

56

13

3589

0.2181b

19.89

Melastoma malabathricum L.

491

104

178

151

3589

0.2578d

11.24

Mimosa pudica Linn.

641

25

63

35

1000

0.7638b

16.78

Nelumbo nucifera

518

71

109

85

2588

0.3031b

10.23

Phragmites australis L.

745

56

129

110

1459

0.7135c

18.97

Pteris vittata L.

114

278

412

0

1231

0.6540a

31.14

Salvinia molesta

162

244

367

0

2588

0.2990c

28.29

LEAD

COPPER
Cyperus rotundus L.

689

78

134

85

1756

0.5623a

12.43

Imperata cylindrica

128

241

267

175

2689

0.3023c

10.34

Lycopodium cernuum

724

18

24

21

2561

0.3077d

28.88

Melastoma malabathricum L.

498

45

88

51

2561

0.2670b

18.37

Mimosa pudica Linn.

689

78

102

71

1355

0.6941b

13.36

Nelumbo Nucifera

128

245

326

144

2561

0.3302b

17.77

Phragmites australis L.

633

345

426

352

1119

0.7158c

48.98

Pteris vittata L.

548

78

156

B

998

1.5705a

19.42

Salvinia molesta

680

104

91

B

2561

0.3422d

21.28

Cyperus rotundus L.

624

157

213

111

1524

0.7258a

22.77

Imperata cylindrica

214

245

288

198

2891

0.3273b

41.80

Lycopodium cernuum

598

110

186

56

2891

0.3292d

18.59

Melastoma malabathricum L.

678

86

103

81

1624

0.5843c

28.39

Mimosa pudica Linn.

810

38

63

54

2887

0.3346b

20.19

Nelumbo nucifera

751

22

78

42

3671

0.2437b

22.00

Phragmites australis L.

356

211

228

140

2569

0.3647c

31.62

Pteris vittata L.

744

45

88

B

1578

0.5558a

29.17

Salvinia molesta

128

136

222

B

3671

0.1327a

21.79

Cyperus rotundus L.

711

94

88

34

2477

0.3751b

27.30

Imperata cylindrica

458

88

103

102

2477

0.3040c

29.64

Lycopodium cernuum

376

118

210

86

2567

0.3083c

18.10

Melastoma malabathricum L.

791

12

56

10

2328

0.3739d

29.09

Mimosa pudica Linn.

791

56

62

34

2388

0.3955a

19.19

Nelumbo Nucifera

561

288

315

326

2878

0.5179a

56.00

Phragmites australis L.

746

34

51

34

2231

0.3887b

29.16

Pteris vittata L.

288

312

398

B

2231

0.4479b

27.45

Salvinia molesta

628

110

128

B

2878

0.3014d

19.37

Cyperus rotundus L.

194

658

670

661

5432

0.4022b

86.11

Imperata cylindrica

412

344

428

177

5624

0.2421c

22.30

Lycopodium cernuum

677

129

111

81

5832

0.1715c

18.47

Melastoma malabathricum L.

486

296

362

374

5200

0.2923d

13.11

Mimosa pudica Linn.

756

325

241

98

5832

0.2436a

19.87

Nelumbo Nucifera

581

128

172

142

5478

0.1869a

18.76

Phragmites australis L.

738

109

126

74

5586

0.1876b

20.41

Pteris vittata L.

755

397

468

B

5757

0.2816c

29.14

Salvinia molesta

817

224

298

B

5478

0.2446d

18.63

ZINC

ARSENIC

TIN

a, b, c, d

Data with different letters in the same row indicate a significant difference at p<0.05 according to the least significant difference (LSD) test.
A
Dry Weight; ±Standard Deviation, n=5; B Plant without this organ; CBio Concentration Factor (BFC); D Phytoextraction Rate %.
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FIGURE 3 - The uptake of Pb, Cu and Zn (kg ha−1) in shoots of nine plant species in ex-mining area Bestari Jaya, Peninsular Malaysia.
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FIGURE 4 - The uptake ofAs and Sn (kg ha−1) in shoots of nine plant species in ex-mining area Bestari Jaya, Peninsular Malaysia.

Phytoextraction Rate (PR)

The phytoextraction rates (PRs) of Pb, Cu, Zn, As
and Sn for Cyperus rotundus L., Imperata cylindrica,
Lycopodium cernuum, Melastoma malabathricum, Mimosa pudica Linn, Nelumbo nucifera, Phragmites australis
L., Pteris vittata L. and Salvinia molesta, naturally grown
in the tin tailings of Bestari Jaya ex-tin mining catchment,
are reported in Table 2. The Sn hyperaccumulator
Cyperus rotundus L. had the highest PR for Sn (86.11%)
among the tested plants whereas Pteris vittata L. had the
highest Pb PR (31.14%). The PRs of As, Cu and Zn were
56.00, 48.98 and 41.80%, respectively, due to their high
biomass production.
4. DISCUSSION
Plant biomass, BCF, and soil mass are three key variables that define the phytoremediation potential of a given

plant species [32]. Lead occurred at the highest concentrations (Table 2) in 5 species (Cyperus rotundus L, Imperata cylinderica, Lycopodium cernuum, Phragmites australis L., Phragmites australis L., and Salvinia molesta). The
lowest values were recorded in Lycopodium cernuum with
around 94.11 mg kg-1 lead. Regarding the plant accumulation of Cu (Table 2), three species had significantly higher
concentrations, namely, Imperata cylinderica, Phragmites australis L and Nelumbo nucifera, with 684.97,
717.49 and 1125.08 mg kg-1, respectively. The lowest Cu
values were obtained for Cyperus rotundus L, Lycopodium
cernuum, Melastoma malabathricum L., Mimosa pudica
Linn., Pteris vittata L. and Salvinia molesta, with <64.11 mg
kg-1 Cu in Lycopodium cernuum. Highest Zn level
(731.92 mg kg-1) was found in Imperata cylinderica (Table 2), and the lowest (133.45 mg kg-1) in Pteris vittata L.
Arsenic was high in Pteris vittata L. and Nelumbo nucifera
(929.53 mg kg-1) (Table 2) but lowest (79.02 mg kg-1) in
Melastoma malabathricum L. Tin concentration was found
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to be significantly higher in 4 plant species, namely,
Cyperus rotundus L (hyperaccumulator potential; 1990.44
mg kg-1), Imperata cylinderica, Melastoma malabathricum L. and Pteris vittata L. (Table 2) while the lowest
(310.00 mg kg-1) was found in Phragmites australis L.
The field survey further suggested that the biomass
availability of hyperaccumulator Cyperus rotundus L. with
9.52 t ha−1) was clearly smaller than that of generic accumulating plants, such as Imperata cylindrica [18], Lycopodium cernuum [19], Melastoma malabathricum [20],
Mimosa pudica Linn [21], Nelumbo nucifera [22], Phragmites australis L. [23], Pteris vittata L. [24], and Salvinia
molesta [25]. The BCF refers to the most important plant
feature in phytoremediation: the uptake of metals, their
mobilization into plant tissues, and storage in the aerial
plant biomass [54]. According to Zhu et al. (1999) {54], a
good accumulator is recognized by two criteria in experimental conditions: (a) its ability to take up concentration
>5,000 mg kg-1 d.w. of a given element, and (b) its ability
to bioconcentrate the element in its tissues; for example,
the BCF value exceeds 0.2 [54]. In our study, BF values
for the first and second group plants were from 0.2181 to
0.7638 for lead, 0.2670 to 1.5705 for copper, 0.1327 to
0.7258 for zinc, 0.3014 to 0.5179 for arsenic, and 0.1715
to 0.4022 for tin (Table 2) [55]. These high values indicate that plant species are suitable for phytoextraction and
follow the criteria of hypertolerants while fourth group
plants have values in the range of 0.0091-0.067 which
show that these plants can be suitable for soil stabilization
because there is less risk of metals entering the food-chain
if the plants are consumed. This study showed that the Pb,
Zn, Cu, As and Sn phytoextraction rates of Pteris vittata L.
[24], Phragmites australis L. [23], Imperata cylindrica [18],
Nelumbo nucifera [22] and Cyperus rotundus L. [17]
reached 31, 48, 41, 56 and 86, respectively, under natural
conditions, due to their adequate plant biomass. Furthermore, the results showed that Nelumbo nucifera and
Cyperus rotundus L. had a higher extracting potential for
removal of As and Sn from multi-contaminated soil and
sediments. The goal of the phytoextraction process is to
reduce heavy metal concentrations in contaminated soil to
acceptable levels within a reasonable time frame. Nelumbo
nucifera and Cyperus rotundus L. could extract up to 12.4 kg
Sn and 8.99 kg As per hectare of the study area (Fig. 4).
Hulina and Dumija [56] reported that Cyperus rotundus
L. and Nelumbo nucifera had great potential to remove Sn
and As. This result is in line with the view that a greater
shoot biomass of crops can more than compensate for
lower shoot metal concentration in phytoextraction techniques [57]. The efficiency of phytoextraction is determined by both the metal accumulation ability of plants
and the development of optimal agronomic management
practices, including soil management practices to improve
metal mobilization and crop management practices to develop a commercial cropping system [58]. The application
of metal mobilizing agents to soils has been proposed as a
way of chemically enhancing root uptake and transloca-

tion of metal contaminants from soil to plants, thereby
improving phytoextraction [59].
On the other hand, it is difficult to find plants with the
entire characteristics to follow the criteria of hyperaccumulation. The results, thus, confirmed the complexity of a
phytoextraction process, due to the availability of metal
varying spatially in the zone and affecting the capacity of
a plant to accumulate it. Cyperus rotundus L., identified
in this study, has not been previously reported as hyperaccumulator plant by other researchers. Thus, the present
research can contribute to increase the list of species with
such capacities.
5. CONCLUSIONS
Soil analysis of the studied area shows that mine tailing has the greatest probability of metals being leached
because of the high heavy metal concentrations, low pH
and low capacity of the soil to retain water and metals (low
cation exchange capacity, percentage of sand higher than
50%, and absence of structure) and studied plant species,
Cyperus rotundus L., Imperata cylindrica, Nelumbo
nucifera, Phragmites australis L., and Pteris vittata L.
could extract Sn, Zn, As, Cu and Pb, respectively, from
metal-contaminated soil with high efficiency. Higher bioaccumulation factors were found for Sn, Zn, As, Cu and
Pb in Cyperus rotundus L., for Zn in Imperata cylindrica,
for As in Nelumbo nucifera, for Cu in Phragmites australis
L., and for Pb in Pteris vittata L. resulting in greater extractions of these metals, respectively. The extraction ability of
Cyperus rotundus and Nelumbo nucifera removing capacity
for As and Sn were considerable, due to higher biomass.
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SHALLOW, EUTROPHIC FRESHWATER LAKE (LAKE TAIHU, CHINA)
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ABSTRACT
A study on the zooplankton community was conducted in three areas of Lake Taihu: River Mouth, Meiliang
Bay and Lake Center, from July 2006 to June 2007. Thirty-eight zooplankton species were identified in River
Mouth, 29 in Meiliang Bay, 26 in Lake Center. The annual average density of zooplankton was 728 ind. l-1 in River Mouth, 459 ind. l-1 in Meiliang Bay, 355 ind. l-1 in Lake
Center. The dominant species were Ceriodaphnia cornuta, Bosmina longirostris and Polyarthra trigla in River
Mouth, Meiliang Bay and Lake Center, respectively. Our
results suggested that the dominance of smaller crustaceans and rotifers in these lake areas may have different
explanations. In River Mouth, high concentration of NH4N, CODMn and high density of Chlorophyta may explain
why rotifer was the dominant group. In Meiliang Bay,
Microcystis blooms were likely to be the major factors
why smaller crustaceans were dominant. And in Gonghu
Bay, high suspended solids would be main cause of rotifer predominance.

KEYWORDS:
zooplankton; different eutrophic states; community; Lake Taihu;

1. INTRODUCTION
Studies on structural changes of zooplankton communities over the course of succession in water bodies are of
great scientific and practical significance, because they
can provide information on the trophic status of a water
body [1]. Notably, anthropogenic eutrophication is now
widespread, and studies of trends in the structural dynamics of zooplankton over the course of this process are
becoming increasingly important.
* Corresponding author

Nutrient enrichment generally leads to an increased
abundance and biomass of zooplankton [2-4] by influencing primary production and phytoplankton composition
[5] and indirectly affecting food availability for herbivorous zooplankton. Microbial food webs are coupled to
metazoan food webs, since bacteria, phytoplankton and
protists are suitable food resources for many zooplankton
species [6-9]. The role of zooplankton in efficient energy
transfer from the microbial food web to higher trophic
levels has been demonstrated for mesotrophic and eutrophic lakes [10-11].
Lake Taihu, a large shallow lake in China, has been
eutrophic since the early 1980s. Previous studies [12-14]
have been concerned more with the composition of zooplankton communities and little attention has been paid to
the relationship between the zooplankton and the eutrophication of this lake.
In this study, three lake areas of Lake Taihu were selected. These included River Mouth, Meiliang Bay and
Lake Center. River Mouth is located in a highly eutrophic
area near the river mouth of Liangxi River; the eutrophication is due to nitrogen and phosphorus from domestic
wastewater discharged from the river. Meiliang Bay is
also highly enriched with nitrogen and phosphorus and it
experiences intensive blooms of algae, dominated by
Cyanobacteria, during summer and autumn. In Lake Center, the water is less enriched with nitrogen and phosphorus but exposed to frequent wind mixing [15]. A different
community structure of zooplankton among these lake
areas with different eutrophic states in the large, shallow,
eutrophic freshwater lake (Lake Taihu, China) was expected. Zooplankton communities were investigated from
July 2006 to June 2007 monthly. The present study had
two objectives: (1) to investigate the structure of zooplankton community in the three lake areas, and (2) to
analyze the potential interacting factors influencing the
seasonality and community structure of zooplankton in
the three lake areas.
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2. MATERIALS AND METHODS
2.1. Study area

Lake Taihu is located between 30°05′N and 32°08′N
and between 119°08′E and 121°55′E (Figure 1). It is the
third largest freshwater lake in China, with an area of
2,338 km2 and an average depth of 1.9m. It is a typical
shallow lake located in the delta of Changjiang River, the
most industrialized and urbanized area in China [16]. It
began to become eutrophic from the late 1970s and early
1980s. The River Mouth, in the north of Lake Taihu, is a
heavily eutrophic area because of high nutrient loading
from the Liangxi River and from inputs from Wuxi City.
Meiliang Bay is in the north of Lake Taihu. This bay has
a surface area of approximately 100 km2 and it is also a
highly eutrophic region. Cyanobacteria blooms have occurred in this region from May to October every year
since the early 1980s [17]. The trophic status is lowest
and cyanobacterial blooms are least frequent in the Lake
Center of Lake Taihu.

FIGURE 1 - Map of sampling stations in Lake Taihu.
2.2. Sampling

Sampling was conducted at three stations corresponding to River Mouth, Meiliang Bay and Lake Center, in
Lake Taihu, from July 2006 to June 2007 (Figure 1). Three
replicate samples were conducted for each sampling station. Depth integrated samples of zooplankton were collected monthly by a tube-sampler (length 2 m, diameter
10 cm), and then 5 L of water was filtered through a 48 µm
mesh plankton net. The samples were fixed immediately in
4 % formalin (final concentration). Analysis for total nitrogen, dissolved total nitrogen, ammonium, nitrite, nitrate,
total phosphorus, dissolved total phosphorus, orthophosphate, chemical oxygen demand (CODMn), suspended solids and cations followed the Chinese Standard Methods
for the Surveys of Lake Eutrophication [18]. Chlorophylla (Chl-a) measurements followed Lorenzen (1967) with
spectrophotometric measurements (UV spectrophotometer) after a 90% hot ethanol extraction [19]. Secchi trans-

parency was measured with a Secchi disk. Other field
measurements including temperature, dissolved oxygen and
pH were taken using a Yellow Springs YSI 556 probe.
Cladoceran and copepod were enumerated at 100×
using a microscope (E200 produced by Nikon) and identified with reference to Sheng (1979) [20] and Jiang and Du
(1979) [21]. When the entire sample was not counted, the
sample was subdivided and a volume containing a minimum of 30 individuals of the most common cladoceran
species was counted. For each taxon of crustacean in each
sample, 30 individuals were measured to convert abundances to biomass using published length-weight regressions [22]. For quantification of rotifers, all individuals
were identified to species level, when possible, or to genus level, according to identification guides of Zhu (1997)
[23]. Abundances were converted to biomass using published length-weight relationships [22].
2.3. Statistical analyses

Univariate data analysis was performed using SPSS
15.0 for Windows. A t-test was performed to detect overall significant differences in the mean values of physical,
chemical and biological parameters among the three lake
areas.
Canonical correspondence analysis (CCA), using a
multivariate direct gradient analysis technique, was used
to elucidate the relationships between biological assemblages
of zooplankton species and the related environments [24,
25]. A log10 (x+1) transformation was applied to the data.
The data sets used for CCA consisted of monthly species
abundance values and corresponding variables. For CCA,
36 zooplankton taxa along with 26 environmental factors
(19 physicochemical, as listed in Table 1, and 7 phyla of
phytoplankton, i.e., Bacillariophyta, Crytophyta, Cyanobacteria, Chlorophyta, Xanthophyta, Euglenophyta and
Chrysophyta) were considered. All parameters were log10transformed to ensure normal distribution, and standardized. The forward selection of CCA, which is analogous to
step-wise multiple regression, was used to determine the
minimum number of explanatory factors that could explain
statistically significant (P < 0.05) proportions of variation
in the species data. The significance of these variables
was assessed using Monte Carlo permutation tests (with
499 unrestricted permutations). All the ordinations were
performed using CANOCO version 4.5 [25].
3. RESULTS
3.1. Physicochemical variables

The range of water temperature over the study period
was from 5.0oC to 31.0oC. The average values of the
Secchi transparency were highest in River Mouth (mean =
0.34m) and lowest in Lake Center (mean = 0.25m). Concentration of TN, TP and Chl-a was higher in River
Mouth than that in Meiling Bay and that in Lake Center
(Table 1).
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TABLE 1 - Mean, range (maximum and minimum) values of physicochemical parameters in Lake Taihu from July 2006 to June 2007.

Water temperature (℃)
Secchi-Depth (m)
Suspended Solids (mg l-1)
pH
Chemical Oxygen Demand (mg l-1)
Dissolved Oxygen (mg l-1)
Ammonium (mg l-1)
Nitrite (mg l-1)
Nitrate (mg l-1)
Dissolved total
Nitrogen (mg l-1)
Total Nitrogen (mg l-1)
Orthophosphate (mg l-1)
Dissolved total phosphorus (mg l-1)
Total phosphorus (mg l-1)
Chlorophyll-a (µg l-1)
K
Na
Ca
Mg

Mean
19.2
0.34
48.94
7.80
8.19
5.68
3.20
0.119
1.11

River Mouth
Range
5.6-31.0
0.05-0.62
20.64-121.50
7.27-8.16
4.24-34.59
0-10.08
0.89-6.02
0.014-0.256
0.11-3.01

Mean
18.5
0.32
58.16
8.30
6.27
9.15
0.74
0.048
1.28

Meiliang Bay
Range
5.2-29.9
0.18-0.50
19.92-124.70
8.04-8.92
4.76-7.72
6.96-11.11
0.06-2.49
0.006-0.116
0.09-3.20

Mean
18.0
0.25
83.89
8.25
5.25
8.96
0.23
0.017
1.16

Lake Center
Range
5.1-29.6
0.15-0.40
23.16-168.47
8.09-8.75
3.52-7.37
7.06-11.14
0.05-0.74
0.003-0.041
0.07-2.84

6.03

2.35-7.93

3.10

0.57-6.10

2.24

0.59-5.17

7.61
0.029
0.089
0.262
35.81
6.78
68.729
32.77
9.33

3.06-18.73
0.005-0.061
0.035-0.174
0.139-0.717
2.34-172.98
4.60-9.05
36.7-93.2
11.5-55.1
4.31-12.67

4.57
0.012
0.041
0.165
17.78
6.218
68.008
29.23
8.81

2.17-6.46
0.001-0.047
0.021-0.098
0.078-0.324
1.79-31.81
4.74-8.13
46.5-101.6
14.8-47.1
5.69-12.53

3.12
0.003
0.024
0.098
9.06
6.19
60.209
30.60
9.37

1.30-6.94
0.001-0.008
0.008-0.049
0.069-0.143
3.12-27.68
5.80-6.78
53.6-70.7
19.1-40.6
6.52-12.35

TABLE 2 - Species list of zooplankton in Lake Taihu from July 2006 to June 2007.
Copepoda
Cyclops strennus
C. vicinus
Microcyclops varicans
Microcyclops sp.
Schmackeria inopinus
Limnoithona sinensis
Sinocalanus dorrii
Cladocera
Daphnia hyalina
D. cucullata
D. longispina
D. carinata
Bosmina longirostris
Diaphanosoma brachyurum
Ceriodaphnia cornuta
Moina macrocopa
Alona rectangula
Rotifer
Brachionus caudatus
B. quadridentatus
B. angularis
B. calyciflorus
B. diversicornis
B. farficula
B. falcatus
B. budapestiensis
B. urceus
Asplanchna brightwelli
Keratella cochlearis
K. quadrata
K. valga
Filinia longiseta
Synchaeta pectinata
Trichocerca gracilis
Polyarthra trigla
Monostyla bulla
Conochilus dossuarius
Euehlalns dilatata
Hexarthra mira
Harringia cupoda
Ascomorpha ecaudis

River Mouth

Meiliang Bay

Lake Center

＋
＋
＋
＋
＋
＋
＋

＋
＋
＋
＋
＋
＋
＋

＋
＋
＋
＋
＋

＋

＋

＋

＋
＋
＋
＋
＋
＋
＋

＋
＋
＋
＋
＋
＋

＋
＋
＋
＋
＋
＋

＋
＋
＋
＋
＋
＋
＋
＋
＋
＋
＋
＋
＋
＋
＋
＋
＋
＋
＋
＋
＋
＋
＋

＋
＋
＋

＋
＋
＋

＋
＋
＋
＋
＋
＋
＋
＋
＋
＋
＋
＋
＋
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3.2. Species biomass and composition

In total, 38 zooplankton species were identified in
River Mouth, 29 in Meiliang Bay and 26 in Lake Center.
Among them, 23 zooplankton species were found in all
three lake areas (Table 2).
The annual average density of zooplankton was 728
ind. l-1 in River Mouth, 459 ind. l-1 in Meiliang Bay and
355 ind. l-1 in Lake Center. Marked differences were
found in the relative contribution of rotifers, cladocerans
and copepods to total zooplankton. In Meiliang Bay (35.7
%) rotifers played a smaller role in determining total
zooplankton abundance than in River Mouth (65.4 %) and
Lake Center (53.2 %). Cladocerans were the dominant
group in Meiliang Bay (38.8%).

The seasonal succession of zooplankton was similar
in Meiliang Bay and in Lake Center. Rotifers were dominant in winter and cladocerans and copepods were the
dominant group during other seasons (Figure 2). In River
Mouth, rotifers were the dominant group in most of the
seasons except April and June. The highest density of
zooplankton was 1634 ind. l-1 in January 2006 in Meiliang
Bay and 1702 ind. l-1 in Lake Center. In River Mouth, the
highest density of zooplankton was found in June 2006,
with 2315 ind. l-1 (Figure 2).
The annual average biomass of zooplankton was 3.69
mg l-1 in River Mouth, 4.23 mg l-1 in Meiliang Bay and
1.90 mg l-1 in Lake Center respectively. Biomass in River
Mouth, Meiliang Bay and Lake Center was dominated by
cladocerans, which contributed 55.7 %, 70.9 % and 48.4
% in these lake areas, respectively.

FIGURE 2 - Abundance and biomass of rotifers, cladocerans and copepods in Lake Taihu from July 2006 to June 2007.
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Seasonal changes in the biomass of rotifers, cladocerans and copepods are shown in Figure 2. The seasonal
development of the biomass of zooplankton was similar
in Meiliang Bay and in Lake Center, with rotifers dominant in January 2007 and cladocerans and copepods dominant in other months (Figure 2). In River Mouth, rotifers
were dominant in autumn and winter, and cladocerans and
copepods were dominant in other seasons (Figure 2). The
highest biomass of zooplankton was in June 2007, with
18.96 mg l-1 in River Mouth and 4.074 mg l-1 in Lake Center. In Meiliang Bay, however, the highest biomass of zooplankton occurred in September 2006, with 7.15 mg l-1 (Figure 2).

3.3. Dominant species

In River Mouth, Ceriodaphnia cornuta, Polyarthra
trigla and Brachionus calyciflorus, with average densities
of 105 ind. l-1, 98 ind. l-1 and 98 ind. l-1, respectively, were
the dominant species. In River Mouth, the highest density
of C. cornuta was found in June 2006, with 1244 ind. l-1
(Figure 3B).
In Meiliang Bay, Bosmina longirostris and Ceriodaphnia cornuta, with an average density of 98 ind. l-1
and 50 ind. l-1, respectively, were the dominant species
(Figure 4). The highest density of B. longirostris was found
in September 2006, with 379 ind. l-1 in Meiliang Bay (Figure 3G).
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FIGURE 3 - Abundance and biomass of dominant species of rotifers, cladocerans and copepods in Lake Taihu from July 2006 to June 2007.

FIGURE 4 - Percentage contribution of the dominant species of zooplankton in Lake Taihu from July 2006 to June 2007.

In Lake Center, Polyarthra trigla and Brachionus
calyciflorus, with an average density of 79 ind. l-1 and 53
ind. l-1, were the dominant species (Figure 4).

FIGURE 6 - Abundance of Microcystis in Lake Taihu from July
2006 to June 2007.

3.4. Zooplankton / chlorophyll-a and Microcystis

In Lake Taihu, ratios zooplankton biomass: chlorophyll-a suggested the pressure of fish on zooplankton was
the smallest in Meiliang Bay in February and March (Figure 5). In this study, abundance of Microcystis in
Meiliang Bay (9742, 735ind. l-1) was greater than that in
River Mouth (6195, 781ind. l-1) and that in Lake Center
(2414, 127ind. l-1) (Figure 6).

FIGURE 7 - Canonical correspondence analysis biplots showed the
differences in zooplankton communities in relation to the main
environmental factors in Lake Taihu (R=River Mouth; M=Meiliang
Bay; L= Lake Center). Months are represented by the numbers 1
(January) to 12 (December).
3.5. CCA analysis
FIGURE 5 - Ratios zooplankton biomass: chlorophyll-a in Lake
Taihu from July 2006 to June 2007.

Results of CCA illustrated that the differences in zooplankton among River Mouth, Meiliang Bay and Lake
Center are related to five most important physicochemical
factors, i.e., total dissolved nitrogen (DTN), ammonium
(NH4-N), NO3-N, pH, and CODMn, and two phyla of phytoplankton: Cyanophyta and Chlorophyta. They contributed
significantly to variance in zooplankton (P<0.05; Figure 7).
The eigenvalues of the first and second axis were 0.404 and
0.154, respectively, and the two axes explained 39.2% of
the observed variation in zooplankton. The first axis showed
a high canonical correlation with the pH, the concentrations
of DTN, NH4-N, DTP and the abundance of Bacillariophyta, while the second axis showed a high canonical
correlation with temperature, the concentrations NO3-N,
and the abundance of Crytophyta and Euglenophyta. The
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productivity (i.e., concentration of Chl a) and the abundance of Cyanophyta highly correlated with the fourth
axis. The permutation Monte Carlo test was also significant for both the first canonical axis and all canonical
axes (P=0.002).
4. DISCUSSION
The abundance and biomass of rotifers and cladocerans differ significantly among River Mouth, Meiliang
Bay and Lake Center. The phytoplankton, bacteria particles
and detritus are the main food for zooplankton. The concentration of Chla was higher in River Mouth (35.81µg l1
) than that in Meiliang Bay (17.78µg l-1) and that in Lake
Center (9.06µg l-1). Also, the concentration of CODMn
was the highest in River Mouth (8.19 mg l-1). The high
concentrations of food resources in River Mouth may
explain why the abundance of zooplankton was higher in
River Mouth compared to other locations.
In lakes, predation pressure on large crustaceans by
fish may lead to a shift towards smaller crustaceans and
rotifers [26-28]. In Lake Taihu, the planktovorous lake anchovy (Coilia ectenes taihuensis Yuen et Lin) is the dominant fish accounting for 64% of the total fish production in
2002 [29]. Ice Fish (Neosalanx tangkahkeii taihuensis)
contributed 1.2% to the total fish production in 2006 in
Lake Taihu [30]. Both the lake anchovy and ice fish are
effective planktivores on zooplankton. Cladoceans are the
dominant prey of the lake anchovy constituting almost
80% of their diet, while the diet of ice fish was dominated (>than 70%) by copepods [31]. Similarly, Liu et al.
(2005) [32] observed that C. ectenes taihuens grazed heavily on large crustaceans. Such size-selective predation [33],
would explain why smaller crustaceans, such as B. longirostris and C. cornuta, and rotifers, including Polyartra
trigla and Brachionus calyciflorus were the dominant
groups in River Mouth, Meiliang Bay and Lake Center.
Similar effects on zooplankton composition have been
observed from the introduction of a planktivorous fish
into a lake [33-34].
The CCA analysis showed that the differences in zooplankton structure among River Mouth, Meiliang Bay
and Lake Center are related to five most important physicochemical factors, i.e., pH, total dissolved nitrogen (DTN),
ammonium (NH4-N), nitrate (NO3-N), and CODMn, and two
phyla of phytoplankton: Cyanophyta and Chlorophyta. It is
known that the spatial and temporal variability of zooplankton is closely related to abiotic and biotic variables
[35]. High pH (7.5) improved reproductive rate of Simocephalus vetulus over pH 5.5 [36]. Different value of pH
among River Mouth, Meiliang Bay and Lake Center may
produce direct or indirect effect on zooplankton. Abundant research has been conducted on eutrophication, nutrient availability and productivity in freshwater ecosystems, and P has often been considered the ultimate limiting nutrient [37]. However, several studies also indicate that
primary production can be N-limited [38] or co-limited by
N and P [39]. High concentration of N (total dissolved

nitrogen, ammonium, nitrate) would lead to increase of
phytoplankton in River Mouth. Also, high ammonium
concentration is not favourable to many zooplankton
species, as it prevents their colonization [40]. Some rotifers can live under high concentration of ammonium. In
Funil Reservoir in Brazil, Rotaria rotatoria was the species most associated with high ammonium values [41].
This may explain why high density rotifer and high ammonium values were found in River Mouth.
Blooms of cyanobacteria, particularly Microcystis, occur in Lake Taihu from May to October and are particularly
intense in the northern region of the lake, especially
Meiliang Bay [17]. Microcystis blooms could potentially
influence the growth and reproduction of larger cladocerans [42-44]. Cyanobacterial blooms are also known to
restructure zooplankton populations by favoring smaller
species [45]. In our study, B. longirostris and C. cornuta
were observed in high densities in summer and autumn in
Meiliang Bay. Several studies have shown that Bosmina
and Ceriodaphnia are capable of coexisting with cyanobacteria during blooms [44, 46, 47]. These genera use their
fifth pair of limbs to screen and avoid feeding on cyanobacteria. This could explain why B. longirostris and C.
cornuta were dominant in Meiliang Bay.
Kirk and Gilbert (1990) [48] found that high, but naturally occuring, concentrations (50-100 mg/L) of coarse,
suspended clay (<2µm particle size) caused large reductions in the population growth rates (rm) of four cladoceran species (Bosmina longirostris, Ceriodaphnia dubia,
Daphnia ambigua, and Daphnia pulex). And the population growth rates of four rotifer species (Brachionus
calyciflorus, Keratella cochlearis, Polyarthra vulgaris,
and Synchaeta pectinata) were not affected by high concentrations of coarse or fine clay (<1 µm), even at very
low food levels. Lake Taihu is often turbid due to its large
size and shallow depth. The high suspended solids in
Lake Center would explain why Polyartra trigla and Brachionus calyciflorus were the dominant groups in Lake
Center.
In River Mouth, high density of Microcystis in May
in 2007 may explain great abundance of Ceriodaphnia
cornuta in June in 2007. CODMn is an important indicator
of organic matter including dissolved organic matter and
particle organic matter. Dissolved organic matter photoproducts are substrates for bacterial metabolism [49-51].
In eutrophic lakes, detrital particles with attached bacteria
are often more important than algae as food for zooplankton. These particles occur in concentrations four to six
times higher than those of live algae [52, 53]. Rotifers are
more able to benefit nutritionally from bacteria, than are
crustaceans [54]. Chlorophycea are generally considered
as suitable food for rotifer. Flores-Burgos (2003) [55] found
Brachionus calyciflorus and Brachionus patulus grew well
on either Chlorella vulgaris or Scenedesmus acutus. High
density of Scenedesmus (128, 228 ind./L) was found in
River Mouth in this study. High concentration of CODMn in
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River Mouth (8.19 mg l-1) and high density of Chlorophycea may explain why rotifer was the dominant group.
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ABSTRACT
Samples of girasol (Helianthus tuberosus L.) tubers
were collected together with their substrate (soil and ash)
from different locations in the municipality of Obrenovac,
Serbia, and Fe, Mg, Mn and Pb content were determined
by U-shaped DC arc with an aerosol supply. Correlations
for metal content between girasol samples and the substrates on which they had grown were established. Concentrations of Fe, Mg, Mn and Pb in girasol, soil and ash
were generally the highest in samples from Urovci, and
the lowest in those from the cassette 2 location. This was
related to the acidity of the soil. Weak and strong negative
correlations were visible in 50 % of the cases and were
mostly connected to soil pH of the soil. Soil pH had an
important influence on the concentration of Fe, Mg, Mn
and Pb in samples of both girasol tubers and the substrate.

KEYWORDS:
Girasol; Fe; Mg; Mn; Pb; DC arc

1. INTRODUCTION
Increasing urbanisation results in the production of a
wide range of different pollutants that can have an adverse effect on the surrounding environment. Most heavy
metals are essential elements of living organisms, but large
amounts are generally harmful to plants and animals [1, 2].
The primary sources of anthropogenic emission of most
trace metals are combustion of fossil fuels and automobile

exhaust emissions which now exceed or equal natural
emission [3]. Levels of atmospheric trace metal concentrations have been successfully registered using different
types of biological monitors and vegetation [4-13]. Heavy
* Corresponding author

metal contamination of soils derived from anthropogenic
activities and the consequent ecological security problems
have recently become the focus of world attention [14, 15].
Considering the increasingly strict demands for environmental control, the development of very sensitive methods for the detection of trace elements in natural samples
and complex matrices is of great importance. In order to
determine low concentrations of Fe, Mg, Mn and Pb we
have modulated and utilized an earlier developed spectrochemical method [16], where a U-shaped DC arc plasma
stabilized with an argon stream and aerosol supply was employed as the excitation source. The detection limits obtained this way were compared with those obtained using
other methods [17, 11].
Coal can be defined as a combustible sedimentary rock,
consisting of at least 50% of organic matter [18], while the
remainder is an inorganic fraction consisting of mineral fragments and various associated microelements. Coal combustion in power plants generates large amounts of ash, which
is marginally used for the construction industry, agriculture and glass production but, in most cases, it is stored
more or less unprotected in the environment, where it can
represent a significant source of heavy metals, PAHs and
other pollutants [18]. Ash-grounds are very specific objects with some problems, one of which is reclamation of
the ash remains. The idea of experimenting with plant mate-
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rial is well-known but the choice of plant species demands
particular attention. The plant, girasol, is suitable for reclamation because of some beneficial characteristics [19],
e.g. multiple application, resistance to eco- and other challenges, self-reproduction ability, adaptation to many different habitats, use as food and for medical purposes. The
girasol root can connect granulated ash into a powerful
united system. Girasol or Jerusalem artichoke (Helianthus
tuberosus L.) is native to North America and is presently
cultivated in Europe, Asia and Australia. The tubers accumulate high levels of polysaccharides during growth.
On a dry weight basis, the tubers contain 68-83% fructans,
15-16% proteins, 13% insoluble fibre and 5% ash [20].
The aim of this examination was to determine the
concentrations of Fe, Mg, Mn and Pb in girasol tubers and

in the substrate (soil and ash) in which they grew, to establish mutual correlations and to estimate the potential
risk for people, since girasol is used in nutrition.
2. MATERIAL AND METHODS
2.1. Sampling and sample preparation

Girasol (Helianthus tuberosus L.) tubers, together with
their substrates (soil and ash, 0-10 cm depth) were sampled in March 2008 at four locations in the municipality
of Obrenovac, Serbia: Urovci, Obrenovac town, cassette 2
and around the “Nikola Tesla A” power plant (TENT-A)
(Fig. 1).
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FIGURE 1 - Sampling locations: 1-Urovci, 2-Obrenovac, 3-Cassette 2 (3a and 3b) and 4- “Nikola Tesla A” power plant (TENT-A).
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The first location, Urovci (1), is 3 km (by air) far
from the TENT-A power plant and it is not densely inhabited but is close to the Beograd-Šabac road. The second
location Obrenovac town (2) is 6 km (by air) distant from
TENT-A and is an urban area. Samples were taken from
Vojvoda Mišić Street. The fourth area was TENT-A power
plant (4), the second largest one in Serbia. It is located on
the bank of the Sava river, near Obrenovac, 42 km upstream from the Serbian capital, Belgrade. It was built in
1970 and produces between 2.2 and 2.5×109 kg of coal ash
per year [18]. This ash is transported to a dump after being
suspended in water taken from the Sava river, in the approximate ratio 1:10. The dump has an area of 4 km2 consisting of three sections: cassette 1, which was filled from
1974 to 1982, cassette 3 filled from 1982 to 1990 and cassette 2 which has been in use since 1990 [18]. The third
location where the samples of girasol tubers were taken is
cassette 2 (3). Tuber and coal ash samples were collected
from the bottom (3a) and from the side (3b) of cassette 2.
The specimens were put in plastic bags and transported to the laboratory. The soil and the girasol samples were
dried separately to constant weight in an air-circulated oven
(60oC). The dried samples were then homogenized and wet
digested (ISO 11461; ISO 11047, ISO 6636/2). Plantavailable and total concentrations (ISO 11461, ISO 11047)
of Fe, Mg, Mn and Pb were measured in the substrate.
Aliquots for analysis of plant-available elements were extracted in 0.1 N HCl for 1 h and passed through an acidresistant filter; pH was determined in soil according to the
ISO 10390 method. Soil samples for analysis of total elements were extracted in conc. HNO3. The digested samples
were passed through a 0.45-µm filter, diluted with
bidistilled water, and then analyzed for element concentrations. Precision and accuracy were confirmed by repeated
analysis of NIST pine needles (1575a) as the standard reference material.

2.2. Experimental

A U-shaped low-current (7.5 A) argon DC arc with
aerosol supply was applied as the excitation source. The
main characteristics of the arc were presented earlier [21].
A laboratory-modified spectrograph PGS-2 (Carl Zeiss,
Jena) with holographic grating (Spectrogon, 2100 grooves/
mm, VIS) was used as a spectrometer. The intensity of the
analyte spectral line was recorded by a photomultiplier
(Hamamatsu R-375) and AD conversion card (ED-300)
connected to a PC. The slit width was 0.15 mm. Spectral
line intensities were measured for Fe I (λ = 371.99 nm),
Mn I (λ = 403.08 nm) and Pb I (λ = 405.78 nm) at 4 mm
from the axis of the arc, and for Mg I (λ = 383.83 nm) at
4.5 mm from the axis of the arc. A series of reference
solutions (Fe, Mg, Mn and Pb) were prepared by appropriate dilution of stock solutions (1 mg mL-1, Merck). Each
solution contained 0.5% KCl as the spectroscopic buffer.
The solution was nebulized on a Meinhard nebulizer (TR
30 K2) connected to a double-pass spray chamber.
3. RESULTS AND DISCUSSION
The mean Fe, Mg, Mn and Pb concentrations found
in girasol (H. tuberosus L.) tubers are shown in Figure 2,
where it can be seen that, in most cases, the highest metal
concentrations occurred in the samples from Urovci (75%),
followed by the TENT-A power plant location (75%) and
Obrenovac town (75%). The lowest concentrations were
measured in samples grown in substrate from the bottom
(3a) and side (3b) of cassette 2.
The total Fe, Mg, Mn and Pb concentrations determined in the substrate (soil and ash) from the four sampling locations are shown in Figure 3.
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FIGURE 2 - Mean Fe, Mg, Mn and Pb concentrations (µg g ) in girasol (Helianthus tuberosus L.) tubers.
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FIGURE 3 - Mean total Fe, Mg, Mn and Pb concentrations (µg g ) in substrates (soil and ash).

The highest concentrations of all the metals examined, were found in the soil collected at Urovci (1),
Obrenovac town (2) and around TENT-A (4), and the
lowest in the ash from the side (3b) and the bottom (3a) of
cassette 2. It may be noticed that Fe and Mn concentrations decreased as the pH value of the soil increased. The
lowest pH value was recorded for Urovci (1), followed in
order by Obrenovac town (2), around the TENT-A power
plant (4), from the bottom (3a) and side (3b) of cassette 2
Plant-available Fe, Mg, Mn and Pb concentrations in
the substrate (soil and ash) on which girasol was grown

and pH values (in H2O) for the four sampling locations
are shown in Figure 4.
Compared with the results in Figure 3 the values have
greater heterogeneity except for the lowest concentration
of Mg, Mn and Pb measured at the side of cassette 2 (3b).
If we arrange the sampling locations from those giving the greatest to those giving the lowest Fe, Mg, Mn and
Pb concentrations in girasol tubers, soil and ash, as well
as the soil pH in descending order of acidity, we obtain
the results shown in Table 1.
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FIGURE 4 - Mean plant-available Fe, Mg, Mn and Pb concentrations (µg g ) in substrates (soil and ash) and pH (in H2O).
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TABLE 1 - Concentrations of Fe, Mg, Mn and Pb in girasol tubers and in the substrates arranged in descending order for four sampling
locations, and soil pH presented in descending order of acidity for the same locations.
Fe
Girasol
tubers
1
4
2
3a
3b

Mg
Total soil
1
2
4
3a
3b

Girasol
tubers
2
1
3a
3b
4

Mn
Girasol
tubers
1
4
2
3b
3a

Total soil
2
4
1
3b
3a

Pb
Girasol
tubers
1
4
2
3a
3b

Total soil
1
2
4
3a
3b

pH
Total soil

Soil

2
4
3b
1
3a

1
2
4
3b
3a

TABLE 2 - Pearson’s correlation coefficients for Fe, Mg, Mn and Pb between girasol tubers, substrates (soil and ash) and pH in soil and ash.
Correlation coefficient

Fe

Mg

Mn

Pb

girasol-total soil

0.89

0.33

0.79

-0.03

girasol-plant available soil

-0.86

-0.25

0.66

0.23

Total-plant available soil
pH-girasol

-0.87

0.24

0.26

0.93

-0.84

-0.37

-0.93

-0.83

pH-total soil

-0.82

-0.61

-0.94

-0.21

pH-plant available soil

0.72

-0.66

-0.40

-0.45

Strong positive and negative correlations are marked in bold

In almost all cases, the first three positions refer to
the locations coded 1 (Urovci), 2 (Obrenovac town) and 4
(TENT-A), while the last two positions concern locations
3a (the bottom of cassette 2) and 3b (the side of cassette
2). At Urovci the Pb concentration in girasol tubers was
equal to 67% of the total Pb concentration in the soil,
although the highest Pb concentration in soil was found at
Obrenovac town where girasol tubers took up the lowest
amount (8%) in relation to the total Pb concentration in
soil. Heavy metals can influence biochemical processes in
plants. Potent inhibitory effects of Fe(II) and (III), Co(II),
Sr(II), Zn(II), Hg(II), Ni(II), Al(II) and Pb(II) on peroxidase (POD) were found earlier for Jerusalem artichoke
(H. tuberosus L.) [22].
Pearson’s correlation coefficients for Fe, Mg, Mn and
Pb between girasol tubers, soil and ash on which the plant
was grown and pH value of the substrate are shown in
Table 2.
There was no association in 25% of cases (correlation
coefficients from -0.3 to +0.3), in 21% there was a weak
negative correlation (from -0.3 to - 0.7) and in 8% a weak
positive correlation (from + 0.3 to + 0.7). The most dominant association (29%) was strong negative correlation
(from -0.7 to -1.0) but in 17% of cases a strong positive
correlation (from +0.7 to +1.0) was present.
Weak or strong negative correlations were present in
50% of cases, ten out twelve referring to soil pH, while
the other two were strong negative correlations between
Fe content in girasol tubers and plant-available Fe in soil
and between total and available content of Fe in the soil.
Correlations concerning Fe (5) were strongly negative

except for the strong positive correlation between Fe
contents in girasol tubers and the soil. Strong negative
correlations were also seen between pH and Fe, Mn and
Pb concentration in girasol tubers. pH had a large influence on the availability of Fe, Mn and Pb in girasol tubers.
If the results obtained for strong positive and negative
correlations (Table 2) are divided into two groups, according to the values for correlation coefficient, a) from
+/- 0.8 to +/- 0.9 and b) from +/-0.9 to +/- the following
can be noticed:
soil pH is negatively correlated with the total Fe content of the soil as well as with Fe and Pb contents in girasol tubers. The content of Fe in girasol tubers is negatively correlated with available Fe in the soil but positively
correlated with total Fe in the soil.
soil pH is negatively correlated with the Mn content
in girasol tubers, and with total Mn content in the soil.
The contents of total and available Pb in the soil are positively correlated.
4. CONCLUSIONS
Soil pH has a great influence on the concentration of
Fe, Mg, Mn and Pb in girasol (H. tuberosus L.) tubers and
in the substrate (soil and ash). The highest pH values were
measured in the ash samples (3a and 3b), which, in almost
every case, had the lowest concentrations of the examined
elements. Girasol tubers grown in those locations (3a and
3b) also had the lowest Fe, Mg, Mn and Pb contents.
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The highest concentrations of Fe, Mn and Pb were
detected in H. tuberosus L. tubers from the Urovci location, which had the most acid soil, while the highest concentrations of Mg and Pb were found in Obrenovac town.
There was greater heterogeneity in the values obtained for
maximal plant-available Fe, Mg, Mn and Pb concentrations, than for the maximal values for their total concentrations in soil and ash.
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IN VITRO EFFECTS OF SOME HERBICIDES AND FUNGICIDES
ON HUMAN ERYTHROCYTE CARBONIC ANHYDRASE ACTIVITY
Nahit Gençer*, Adem Ergün and Dudu Demir
Balikesir University, Science and Art Faculty, Department of Chemistry, Balikesir 10145, Turkey.

ABSTRACT
The effects of Imazethapyr, 2,4-D dimethylamine salt,
Glyphosate isopropylamine salt and Propamocarb HCl,
which are commonly used in agricultural fields, have been
investigated on human erythrocyte carbonic anhydrase isoenzymes (hCA-I, hCA-II) in vitro. Isoenzymes employed
in the study were purified by using Sepharose-4B-Ltyrosine-sulphanylamide affinity gel and the purity was
confirmed by SDS–PAGE. In vitro CA enzyme activity
was determined colorimetrically using the CO2 hydration
method of Maren. All the pesticides evaluated inhibited
the activity of isoenzymes to various degrees. IC50 values
of chemicals caused inhibition were determined by means
of activity percentage-[I] diagrams. These values of Imazethapyr, 2,4-D dimethylamine salt, Glyphosate isopropylamine salt and Propamocarb HCl, for CA-I and CA-II were
0.093 mM, 0.463 mM, 0.617 mM, 0.46 mM and 0.152 mM,
0.628 mM, 0.904 mM, 0.62 mM, respectively. Imazethapyr
was the most effective inhibitors for CA-H isoenzyme.

These small amounts of chemicals can cause sublethal
(chronic) damage to organisms and this is more insidious
and difficult to define than acute toxicity. Sublethal effects
may be further enhanced by persistent pesticides which are
accumulated in the organisms and magnified in the food
chain. Many chemicals at relatively low dosages affect
the metabolism of biota by altering normal enzyme activity [3-8]. In some of these interactions there is high reactivity involving a high degree effect on the whole animal
or plant. On the other hand, many chemicals affect the
activity of many enzymes only to a moderate degree and
it is presumed that the ultimate debilitating effect on the
whole organism develops from a variety of nonspecific biochemical functions [9, 10].
The purpose of this study was to investigate the in
vitro effects of 4 commonly used herbicides and fungicides: (Imazethapyr, 2.4-D dimethylamine salt, Glyphosate iso-propylamine salt and Propamocarb HCl on purified hCAI and hCA II enzyme activity.
2. MATERIALS AND METHODS

KEYWORDS:
Carbonic anhydrase, pesticides, inhibition

2.1. Materials

1. INTRODUCTION
The metalloenzyme carbonic anhydrase (CA, EC
4.2.1.1) catalyzes a very simple but critically important
physiological reaction: the involvement of the carbonic
anhydrase (CA) enzyme family, which catalyzes the physiological hydration of CO2 to yield bicarbonate and a proton,
in many physiological/pathological processes open up
widespread opportunities for the development of diverse,
specific inhibitors for clinical application [1, 2]. The amount
and variety of pesticides used have increased tremendously in recent years. This increase has caused a positive
effect on crop production, however, certain pesticides, their
residues, metabolites and/ or contaminants have created
many unforeseen adverse effects on the environment. Under
some conditions, pesticides may be present in very low concentrations which have no immediate detectable effect.
* Corresponding author

Sepharose 4B, L-tyrosine, sulphonamide, protein assay reagents and chemicals for electrophoresis were obtained from Sigma Chem. Co. All other chemicals used
were of analytical grade and obtained from either Sigma or
Merck.
2.2. Carbonic Anhydrase Enzyme Assay

Carbonic anhydrase activity was measured by the
Maren method which is based on determination of the
time required for the pH to decrease from 10.0 to 7.4 due
to CO2 hydration [11]. Human carbonic anhydrase I and II
were purified from red blood cells according to the method of Ozensoy et al. (2004) [12]. Erythrocytes were purified from the blood of human. The blood samples were
centrifuged at 1500 rpm for 15 min and the plasma and
buff coat were removed. The red cells were isolated and
washed twice with 0.9 % NaCl, and hemolysed with 1.5
volumes of ice-cold water. The ghost and intact cells were
removed by centrifugation at 20 000 rpm for 30 min at
4oC. The pH of hemolysate was applied to the prepared
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Sepharose 4B-L-tyrosine-sulfonamide affinity column
equilibrated with 25 mM Tris-HCl/22 mM Na2SO4 (pH
8.7). The affinity gel was washed with 25mM Tris-HCl/
22 mM Na2SO4 (pH 8.7). The human CAs were eluted
with 0.1 M NaCH 3COO/0.5M NaClO 4. The absorbance
at 280 nm of the protein in the column effluents was
determined spectrophotometrically. CO2- hydratase activities
in the eluants were determined and the active fractions were
collected. For SDS–PAGE, protein samples were fractionated on 12% SDS–PAGE gel [13] using a Minigel system
(Bio-Rad Laboratories, USA). Gel was fixed, stained with
Coomassie Brilliant Blues R-250, and destained using
standard methods to detect protein bands.

SDS–PAGE (Fig. 1). The overall purification gave CA in
a yield of 16.08% with a specific activity of 5430.06EU/mg
proteins and the overall purification was 262.57-fold
(Table 1). Results are listed in Table 2, in terms of
molarity of the test chemicals causing a 50 % reduction of
the enzymatic activities.

2.3. In Vitro Inhibition Studies

For the inhibition studies of pesticides different concentrations of these compounds were added to the enzyme
activity. Activity % values of carbonic anhydrase for
different concentrations of each pesticide were determined by regression analysis using Microsoft Office 2000
Excel. Carbonic anhydrase enzyme activity without a
pesticide solution was accepted as 100 % activity. For the
pesticides having an inhibition affect, the inhibitor concentration causing up to 50 % inhibition (IC50 values) was
determined from the graphs.
3. RESULTS AND DISCUSSION
Human erythrocyte carbonic anhydrase I and II were
purified by using the affinity gel with the elution buffers of 1 M NaCl / 25 mM Na2HPO4 (pH 6.3) and 0.1 M
NaCH3COO / 0.5 M NaClO4 (pH 5.6), respectively. For
in vitro studies, the human erythrocyte CA was purified
by Sepharose 4B-L-tyrosine-sulfonylamide affinity chromatography and purity of the enzyme was confirmed by

FIGURE 1 - SDS-PAGE of human carbonic anhydrase isozymes.
The poled fractions from affinity chromatography (Sepharose 4-B,
L-tyrosine, sulfanilamide) was analyzed by SDS-PAGE (%12 and
%3) and revealed by Coomassie Blue staining. Experimental conditions were as described in the method. Lane 1 contained 5 µg of
various molecular mass standards: β-galactosidase, (116.0), bovine
serum albumin (66.2), ovalbumin (45.0), lactate dehydrogenase,
(35.0), Restriction endonuclease (25.0), β-lactoglobulin (18.4),
lysozyme (14.4). 100 microgram of purified human carbonic anhydrase I and II (lane 2 and lane 3) migrated with a mobility corresponding to an apparent Mr 33.0 kDa.

TABLE 1 - Summary of the purification of human carbonic anhydrase I and II
Step
Hemolysate
Affinity Chromatography

Volume
(ml)

Activity
(U/ml)

25
2

41.33
83.08

Total
Activity
(U)
1033.25
166.16

Protein
Amount
(mg/ml)
1.998
0.0153

The herbicides and fungicides employed in this present study, which are commonly, used in agricultural fields
of Turkey, showed inhibitory effects on the activity of
human erythrocyte carbonic anhydrase isoenzymes I and
II to various degrees. Inhibition graphs are shown in Fig. 2.
As can be seen in Table 2, IC50 values of Imazethapyr,
2,4-D dimethylamine salt, Glyphosate isopropylamine salt
and Propamocarb HCl, for CA-I and CA-II were 0.093 mM,
0.463 mM, 0.617 mM, 0.46 mM and 0.152 mM, 0.628 mM,
0.904 mM, 0.62 mM, respectively. Imazethapyr was the
most effective inhibitors for CAI and CA II isoenzymes.
2,4-D dimethylamine salt, Glyphosate isopropylamine salt

Total
Protein
(mg)
49.95
0.0306

Specific
Activity
(U/mg)
20.68
5430.06

Overall
Yield %
100
16.08

Overall
Purification
(Fold)
262.57

and Propamocarb HCl also showed similar inhibitory effects
to CA-I and CA-II activities. Many pesticides, at relatively
low dosages affect the metabolism of biota by altering
normal enzyme activity. The pesticides employed in this
present study are showed inhibitory effects on the activity
of hCA I and hCA II isoenzyme to various degrees. For
instance, we previously reported the inhibitory effects of
some pesticides incorporating lead on the activity of paraoxonase [14]. Turan et al. [15] reported that some pesticides (Folidol, Amina, Trimidal, Fusilade and Rubigan)
effective inhibitor for carbonic anhydrase enzyme. Verep
[16] reported that bioassay tests of Leuciscus cephalus
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with some pesticides; deltamethrin is the most toxic compound in this study, when compared to malathion and
carbaryl. Hopa et al. [17] reported that the in vitro effects
of commonly used pesticides Glyphosate (TM) (N-(Phosphonomethyl) glycine) and 2,4D (TM) (2,4-Dichlorophenoxyacetic acid) were determined on the purified glucose6-phosphate dehydrogenase. Both pesticides were effective
inhibitors on the activity with IC 50 values of 32.35 and
38.34 mM, respectively. Ekinci et al. [18] reported that
deltamethrin, dinocap, mancozeb and cypermethrin are
potent inhibitors for fish CA enzymes, and might cause
undesirable results by disrupting acid–base regulation as
well as salt transport in freshwater or seawater adapted fish.
Ceyhun et al. [19] reported that pesticides inhibit rtCA
activity with rank order of deltamethrin > diazinon >
propoxur > cypermethrin. It was reported that the activities
of the enzymes decreased with increasing deltamethrin

concentrations and exposure time [20]. Erdoganet al. [21]
reported that deltamethrin exposure significantly (p<0.05)
increased the expression levels of Cyp1A, MT-A and
MT-B in a time dependent manner. It was reported that the
activities of the enzymes decreased with increasing
plant growth regulators [22] and Fenarimol [23], dexketoprofen trometamol [24], Gentavet [25] and Cd [26],
Parathion-methyl [27] concentrations.
TABLE 2 - IC50 values (mM) of pesticides on hCA I and hCA II.
Pesticides
Imazethapyr
2,4-D dimethylamine salt
Glyphosate isopropylamine salt
Propamocarb HCl

hCA I
0.093 mM
0.463 mM
0.617 mM
0.46 mM

hCA II
0.152 mM
0.628 mM
0.904 mM
0.62 mM

FIGURE 2 - Inhibition of carbonic anhydrase by fungicides and herbicides.

4. CONCLUSION
In agriculture, pesticides are widely used against possible harmful factors in order to minimize the loss of crops.
However, it is known that pesticides with long half-life are
a potential risk to animals and human health, since they
can be taken into the organisms by various food chains. In
most of the countries, the inappropriate use of pesticides
make this issue more important to deal with. The results

obtained in this work also confirmed the importance of
the use of pesticides consciously under the control of
specialists.
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ABSTRACT

1. INTRODUCTION

Micronutrients are important components of plant
production. Due to the high pH and calcium carbonate
contents, micronutrient deficiencies are widespread in the
soils of arid regions. The purpose of this study was to find
out the relationships between spatial distribution of soil
properties and available micronutrients (Zn, Cu, Fe, and
Mn) in a highly saline arid environment. Soils were collected from a 2650 ha field which was divided into square
sub-blocks, with 400 m spacing in x and y directions, for
sampling procedure. One hundred fifty one soil samples
were collected from 0-30 cm of soil surface, and diethylenetriamine penta-acetic acid DTPA-extractable micronutrients Zn, Cu, Fe, and Mn and some of physical and
chemical characteristics were determined. Geostatistical
techniques were employed to determine the spatial variability of micronutrients. Extractable micro nutrient contents varied from 0.59 to 5.49 mg kg-1 for Fe, from 0.04 to
0.61 mg kg-1 for Zn, from 1.54 to 14.01 mg kg-1 for Cu
and from 0.12 to 2.09 mg kg-1 for Mn. The correlations
between extractable contents of Fe and Cu were not significant but all the others were significantly important
(P<0.01) that was also clearly shown in the spatial distribution maps. The results of semivariance analysis showed
that the available Fe and Mn were spatially correlated at a
larger distance of 5940 and 5889 m, and the available Cu
and Zn were at a shorter distance of 1350 and 1740 m,
respectively. Concentrations except Mn were relatively
low in the northern part of the study area where the sand
content was high. Understanding how plant-available soil
micronutrients vary across the land enables to determine
the rational management of micronutrient fertility.

KEYWORDS: available micronutrients, saline soil, arid, spatial
variability, pasture

* Corresponding author

Micronutrient deficiencies in soils are critical problems for cereals productions causing severe reductions in
yield and nutritional quality of the grains. Zinc and iron
deficiencies are a growing public health and socioeconomic
issue, particularly in the developing world [1]. Nearly half
of the world’s cereal-growing area is affected by soil Zn
deficiency, particularly in calcareous soils of arid and
semiarid regions [2]. There were some reports about soilavailable Zn and Fe deficiency in the Central Anatolia [3].
More than 90% of soils in Central Anatolia contained less
than 0.5 mg kg-1 DTPA-extractable Zn which is widely
considered to be the critical deficiency concentration of
Zn for plants grown on calcareous soils, about 25% of
soils contained less than 2.5 mg kg-1 DTPA-extractable Fe
which is considered to be the critical deficiency concentration of Fe for plants. The concentrations of DTPAextractable Mn and Cu were in the sufficiency range.
Due to the importance in plant and human development, soil microelements received more and more attention and has became a hot research area of soils and environmental sciences [1,3-5]. Industrialization, urbanization,
and agricultural practices are three of the most important
sources of metal accumulations in soils. Acosta et al. [5]
compared different land uses for metal concentrations,
and concluded that natural sites consistently showed the
lowest concentrations of Zn, Cu, Cd, Mn, Cr and Ni, which
indicated a minimal anthropogenic influence in natural site
soils. Elevated concentrations of Zn and Cu concentrations
in agricultural soils were related to the long-term and widespread pesticide and fertilizer applications [4-5].
The spatial structure of micronutrients is determined
by soil forming factors (parent materials, topography,
vegetation and climate) and anthropogenic activities (agricultural practices and industry). The micronutrient content
of parent materials varies, modes of deposition and
transport of parent materials of soils may vary, and
weathering regimes of parent materials can be different
depending on the topography. Therefore, the content,
distribution, and availability of soil micronutrients vary
widely among soils within and between regions [6]. Tekin
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et al. [7] stated that variation of plant nutritions across a
small field located in an alluvial plain was mainly associated with the variation in soil texture, organic matter and
calcium carbonate contents of the field.
Geostatistics has been proven to effectively assess the
variability of soil nutrients in several field conditions. Nutrient maps based on intensive soil sampling of large areas are
useful to show where low micronutrient concentrations may
cause deficiencies in plants [6], thus to develop site-specific
management practices [8]. Soil micronutrient maps will
also improve our understanding the relationships of micronutrient with climate, soil properties, and soil genetic
characteristics determined at similar scales. The detailed
soil micronutrient maps in individual fields are developed
to employ site-specific agricultural practices [6].
The spatial correlation and the range of spatial dependence at different sampling scales have been successively determined by geostatistical techniques. If spatial
dependence is detected, the modeled semivariograms can
then be used to map the interested variable by kriging, an
interpolation method that produces unbiased estimates
with minimal estimation variance [8]. Liu et al. [9] studied the spatial variability of soil available Zn and Cu in
paddy rice fields of China, and detected moderate spatial
dependences for Zn and Cu over a long distance. The
spatial dependences of Zn and Cu were attributed to soil
types and anthropogenic activities.
In spite of the importance of microelements in plant
growth, little research has been done on spatial distribution of microelement concentrations in natural ecosystems
of Arid Region soils. The present study was undertaken to
increase our knowledge on the concentrations of microelement in the saline soils of natural pasture ecosystems
located in Central Anatolia, Turkey.

2. MATERIALS AND METHODS
2.1. Study area

Study area is 26 km away from Nigde Province, and
only 12 km away from Adana-Ankara highway which is
one of the most crowded highways of the Turkey. There
are many dairy farms at the surrounding area. Many of the
farms are governed by the international companies. Study
area is located within Emen Plain which is in the south of
Salt Lake and north of Bolkar Mountains. Emen plain is
surrounded by Neogene aged volcanic units of Mid-Toros
Mountains in the south and Erciyes Mountains in the north.
The basin formed mainly over tertiary aged units and salinity formed due to saline nature of upper Eocene aged
volcanisms [10]. Evaporative environments were dominated
during upper Eocene-Oligocene periods [11]. Jordan et al.
[12] stated possible sources of salts in study area are ancient drainage basin. Salts in the basin remained in soil
profile following the evaporation.

Study area covers 2650 ha land and has been used for
pasture up to 2008 when soil samples were collected. A
private company started a reclamation project to clean up
soils from salts. Following the reclamation of fields, wheat,
alfalfa, and barley will be the dominant crops of the study
area. Manure brought from surrounding farms will be applied to soils in order to increase the aggregation and
improve the soil quality.
Emen Plain is known as arid agricultural area for the
majority of its agricultural lands are dry land in the region. Altitude of the study area ranges from 1044 m to
1058 m and average slope of the land is around 0.6%. The
annual long term (1971-2000) average precipitation is
322.4 mm, mean air temperature is 11.7 ºC. Soil temperature
regime is mesic with 13.5 ºC mean annual soil temperature at
50 cm depth, and soil moisture regime is aridic [13].
2.2. Natural plant cover

The dominant plant species were halophytes. Spatial
variation in soil salinity resulted in differences at plant
species throughout the study area. Halocnemum strobilaceum (Pall.) Bieb. and Halimione verrucifera (Bieb.)
Aellen were found at the most saline environments where
the number of plant species was quite limited due to the
high salinity. The plant species of Aeluropus littoralis
(Gouan) Parl., Bromus sp., Gypsophila oblanceolata Bark.,
Scorzonera hieraciifolia Hayek, Taraxacum farinosum
Hausskn&Born., Panderia pilosa Fisch.&C.A.Mey., Petrosimonia brachiata (Pall.) Bunge, Plantago crassifolia
Forrskal. and Poa bulbosa L. were observed with the decreasing the level of salinity. The Camphorosma monspeliaca L. subsp. monspeliaca communities were the dominant
species along with Limonium spp., Lepidium caespitosum
Desv., Onopordum davisii Rech.Fil., Sueda spp. and
Salsola spp. at low saline environments. O. davisii, Cynodon dactylon (L.)Pers, Salsola spp., Elymus elongatus
(Host) Runemark subsp. salsus Melderis, Puccinellia
koeieana Melderis subsp. anatolica Kit Tan and Centaurea
spp. were the dominant species of non saline environments of study area.
2.3. Soil sampling

The total area sampled was 2650 ha and used as pasture at the time of sampling. Spatial locations of all sampling points were acquired using a portable GPS (global
positioning system) equipment. Considering the uniformity of soil sample distribution in the study area, 151 topsoil
samples were collected in a systematic pattern from different locations at an approximate grid interval of 400 m
during the same period. Distribution of sampling points is
presented in Figure 1
Soil samples were taken at a depth of 0–30 cm and
air-dried with stones and coarse plant roots or residues
removed. Samples were thoroughly mixed and ground to
pass a 2.0 mm sieve, then stored in plastic bags prior to
physical and chemical analysis.
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FIGURE 1 - The distributions of sampling locations within the study area.

2.4. Soil characterization

The plant-available Zn, Cu, Mn, and Fe contents were
assessed by extracting 10 g of each soil with 20 ml of
diethylenetriamine penta-acetic acid (DTPA) extractant
(0.005 M DTPA + 0.01 M CaCl2 + 0.1 M triethanolamine,
adjusted to pH 7.30) [14]. Determinations were performed
on the same extract with an ICP OES.
Particle size distribution of <2 mm fraction of each
sample was determined by the hydrometer method [15].
Electrical conductivity and pH of soils were measured at
1:2.5 soil water suspension [16]. Organic C was measured
by the Walkey Black method [17], and calcium carbonate

content was determined with a pressure calcimeter [18].
Exchangeable cations (Na, K, Ca and Mg) were determined with method described by Thomas [19]. Avaliable
P was extracted using 0.5 M NaHCO3 and using the molybdenum-blue method [20].
2.5. Statistical Evaluations

The statistical analysis was performed using the software SPSS (Version 13.0) which provided the main statistical moments (mean, median, minimum value, maximum
value, standard deviation, coefficient of variation, skewness, kurtosis). Mean, standard deviation, and coefficients
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of variation which are generally accepted as indicators of
the central trend and of the data spread, were analyzed.
Webster [21] indicated that examining the skewness of
soil data may be sufficient to decide whether or not data
follow the normal frequency distribution. All micronutrients and some other soil properties were positively skewed,
thus data were log transformed to sufficiently reduce the
skewness.

high ratio of nugget effect (> 75%) plays an important
role in spatial heterogeneity of soil properties [23].
A block kriging was used for constructing of surface
maps to provide enough estimate data. The semivariograms
were modeled with the kriging option of the GS+ (Version
7.0), and maps were produced with ArcGIS 9.2 software.
3 RESULTS AND DISCUSSION

2.6. Spatial Analyses

The spatial variability analysis of data was performed
using geostatistical tools, to estimate the fitting semivariogram parameters. The experimental semivariogram depicts
the variance of the sample values at various separation
distances.
The variogram is the function which interprets the
evolution of the semivariance within the distance of samples. The spatial structure of variables was characterized
using experimental semivariogram, expressed as;
2

λ (h ) =

1 N (h )
∑ [z(xi ) − z(xi +h )] ,
2 N (h) i =1

Where N(h) is the number of sample pairs with distance h as an interval and z (xi ) and z (xi + h) are the
values of variable at any two places separated by distance
h. The semivariogram is the plots of the semivariogram
against the distance, its shape indicates whether the variables are spatially conditional or not, e.g. there is spatial
autocorrelation.
One of the spherical, exponential, or gaussian models
was fitted to the experimental semivariograms of micronutrient contents determined [22].
The degree of spatial dependence (GD) was calculated as;

The ratio of nugget to sill (nugget/sill) can be used to
express the extent of spatial autocorrelations of environmental factors. If the ratio is low (< 25%), the variable
has strong spatial autocorrelations at a regional scale. A

3.1. General characteristics of soils

The soils of the study area were generally derived
from lacustrine sediments, developed on nearly level sloping
environment and classified as Calcic Haplosalids. Soil
texture was mainly clayey with the mean clay content of
52.4%, the clay content considerably increased from north
to south and soil consistency was generally friable. Since
the natural drainage of the land had never been established, water ponds in the soil surface for a long period of
time following the precipitation. Such water can only
leave the field either by percolating soil profile or evaporation. In both cases, salts brought by the surface water
are left on the surface or somewhere in soil profile. Therefore, the main restrictions for agricultural production in
the farmland are salinity, alkalinity, boron toxicity, existence of an impermeable layer between 60 to 120 cm and
inadequate drainage system.
Summary statistics for some of physical and chemical
characteristics and micronutrient contents of the soil samples were presented at Table 1 and 2. High pH values and
low organic matter contents are the two typical characteristics which define the general makeup of Anatolian soils.
Soils of the area are predominately basic (the pH of 50%
of samples is >8.2), due to the high percentage of carbonates (mean CaCO3 is 31.43%) in the parent materials
(Table 1). The mobility and retention of metals are strongly affected by soil pH and calcium carbonate contents of
soils. Cations tend to be more mobile with decreasing pH
levels [24-25], and many of the micro elements are adsorbed as pH levels increased. Plant available boron content was at toxic level to the plants.

TABLE 1 - Descriptive statistics for some of physical and chemical characteristics of soils (0-30 cm) studied.

Clay
%
Sand
Silt
pH
EC
dS/m
CaCO3
%
Na
meq 100gr1
K
Ca
Mg
B
mg kg-1
OM
%
CV: coefficient of variation

Minimum
22.0
3.9
8.8
7.37
0.40
3.99
0.55
1.63
14.98
1.12
1.41
0.32

Maximum
81.1
61.6
55.1
9.66
18.38
49.47
76.18
11.98
185.72
17.58
97.84
4.50

Mean
52.4
26.1
21.5
8.55
3.91
31.43
14.74
4.16
35.87
6.85
47.76
1.87
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Std.
Deviation
16.29
14.24
6.45
0.34
3.64
10.81
14.41
1.87
22.76
2.98
31.80
0.70

CV
31.09
54.58
29.97
3.98
92.91
34.40
97.77
44.83
63.46
43.54
66.58
37.19

Skewness
-0.12
0.43
0.67
0.22
1.30
-0.70
1.37
1.61
2.96
0.63
0.23
0.52

Kurtosis
-1.27
-0.83
2.56
0.74
1.38
-0.60
1.60
3.31
12.77
0.24
-1.46
0.60

© by PSP Volume 21 – No 3. 2012

Fresenius Environmental Bulletin

TABLE 2 - Descriptive statistics for micro elements of soils studied

Fe
mg kg-1
Zn
Cu
Mn
CV: coefficient of variation

Minimum

Maximum

Mean

0.59
0.04
1.54
0.12

5.45
0.61
14.01
2.09

2.69
0.15
4.78
0.53

DTPA-extractable concentrations of the micronutrients were quite variable within the study area. The coefficient of variation values (CV) indicate high variability of
Fe, Cu, Zn and Mn contents, ranging from 47.3% to 81.0%
(Table 2). Based on the coefficient of variation, Wilding
et al. [26] proposed the classification: CV ≤15% low, 1630% medium; and ≥30% high. Researchers have reported
that soil management may be contributing to the great
variability of plant nutritions, because fertilizers distribution is not very homogeneous. This fact causes a modification over the natural spatial variability of soil elements
[8]. Study area has never been cultivated and fertilized,
thus anthropogenic additions of micronutrients are not
possible. High variability of micronutrients in the study
area is probably related to the variation of sand and clay
contents of the study area (Table 1).
Plant available Zn content ranged from 0.04 mg kg-1
to 0.61 mg kg-1and averaged 0.15 mg kg-1 (Table 2) which
is classified in low category. Sharma et al. [27] also reported low Zn content under aridic moisture regime with
low organic matter content. DTPA-Zn content had only a
weak positive correlation with clay and a strong negative
correlation with sand content of soils. Akbas et al. [28]
also reported DTPA extracted Zn positive correlation with
clay content and negative correlation with sand content.
DTPA-Zn was also positively correlated with DTPAextractable Fe, Cu, and Mn contents. Strong correlation of
micronutrient cations suggests that variation in their distribution depends upon common soil factors as observed
in their spatial distribution maps. Follet and Lindsay [29]
and Sharma et al. [27] also had similar arguments in their
reports.
Copper (Cu) is present in relatively small amounts in
soils, with sandy soils low in organic matter having the
lowest concentrations. Copper concentration in the area
ranged between 1.54 and 14.01 mg kg-1 (mean, 4.78 mg kg-1)
with the lowest coefficient of variation (47.3%) as in Fe
concentration (Table 2). The Cu content of soils was reported different from various studies, and the normal varia-

Std.
Deviation
1.27
0.09
2.26
0.43

CV

Skewness

Kurtosis

47.3
60.0
47.3
81.0

0.41
2.00
1.21
1.69

-0.97
5.62
1.63
2.13

tion of Cu in soils was accepted ranging between 5 to 50 mg
kg-1 [30]. In general, 60 mg kg-1 is the threshold value at
which toxicity symptoms may occur. The mean Cu content
of soils was lower than the threshold value of toxicity and
not exceeded in any sampling locations. However, mean
Cu content is too high according to Lindsay and Norvell
[14] (Table 3). The organic matter contents of soils had a
strong negative correlation with Cu concentration, a relationship similar to that of DTPA-Mn and Fe (Table 4).
However, Rodríguez Martín et al. [31], De Temmerman
et al. [32] and Sharma et al. [27] reported positive correlation between DTPA-Cu and organic matter. Relatively,
higher level of organic matter in the soils studied by others further lends support to the higher Cu availability and
positive correlation of DTPA-Cu and organic matter. The
negative values of coefficients of correlation between
DTPA-Cu and sand content indicate that coarser soils have
less available Cu content. These findings explain the widespread Cu deficiency in sandy soils, reported earlier by
Arora and Sekhon [33] and Sharma et al. [27].
The range of adequate concentrations reported for Fe
in soils was 5.0 to 24.9 mg kg-1 which was also higher than
the iron (Fe) content of soils in study area. Iron content
ranged from 0.59 mg kg-1 to 5.45 mg kg-1 and averaged
2.69 mg kg-1 that is quite low for plant production (Table 2).
Based on the findings, Fe deficiency in regard to plant
production will become a serious problem in alkaline and
calcareous soils of the area studied. Marschner [34] indicated that Fe-efficient plants suffer morphological and
physiological changes during Fe deficiency, including enhanced root exudation of organic compounds when grown
under Fe-limited conditions. Calcium carbonate content
of soils in Central Anatolia is mainly greater than 5%,
organic matter content is lower than 2%, and pH is greater
than 7.0 [35]. Thus, Eyupoglu et al. [35] reported that
26% of 1511 surface soil samples had Fe deficiency, 49%
had Zn deficiency, and 0.7% had Mn deficiency in their
nationwide survey. Sharma et al. [27] pointed out that since
organic matter forms chelates and could reduce Fe (III) to

TABLE 3 - Critical limits of micronutrients in the soil (Lindsay and Norwell, 1978)
Content
Low
Mean
High
Too High

Cu
0.0-0.29
0.3-0.89
0.9-1.59
1.6-15.9

Fe
0.0-4.9
5.0-12.9
13.0-24.9
25.0-60.0

Mn
0.0-1.29
1.3-5.9
6.0-9.9
10.0-50.0
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Zn
0.0-0.59
0.60-1.29
1.3-2.39
2.40-15.9
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Fe (II), which upon oxidation precipitates as amorphous Fe
compounds, thus increasing Fe solubility. The incidence of
Fe deficiency is likely to be further aggravated with low
organic matter content of soils.
The range in DTPA-extractable Mn content for all
soil samples varied from 0.12 mg kg-1 to 2.09 mg kg-1 with
a weighted mean of 0.53 mg kg-1 (Table 2) that is also
classified in low category for plant requirement (Table 3).
Manganese had a positive correlation (P<0.01) with Fe,
Zn and Cu and clay contents and negative correlation with
sand and organic matter contents (Table 4 and Table 5).
Most sandy soils are deficient in micronutrients, and clay
soils are not comparatively to be low in plant available
micronutrients. Calcium carbonate has a dominating influence on any system in which it is present due to its
properties of high solubility, high buffer capacity and
basicity. At the pH of a calcareous soil, approximately 7.4
to 8.5, the equilibrium concentration of total dissolved Fe
(III) is approximately 10‐10 M, which is considerably less
than the 10‐8 M concentration which is required for optimum growth of plants in nutrient culture [36]. Though, a
strong positive correlation (r=0.421) was obtained between DTPA extractable Fe and calcium carbonate content of soils.
Correlation coefficients between micro nutrient contents, as shown in Table 5, revealed that Fe, Mn and Zn

(P<0.01 and P<0.05) were closely related to clay and sand
contents while Cu was closely related to the silt contents
of soils. The correlation coefficients carry little information about the scale dependent relationships of the
micronutrient contents. A weak correlation of two variables
could be the result of the counteractions of different correlation behavior at various spatial scales. Micro elements are
highly intercorrelated, except FexCu, and are also correlated
with sand and clay content (except Cu) (Table 5), suggesting that their mutual correlation is due to some pedogenic
processes and the subsequent bedrock influence [37].
3.2. Spatial distribution of micronutrients

The parameters for the models fitted to the semivariograms are presented in Table 6. The spherical model
was fitted to the semivariograms of Zn, Fe and Cu, and
the exponential model was fitted to the Mn (Fig. 2). The
strength of spatial dependence was assessed using the
values of nugget effect and range from the semivariogram,
the fitted range values decreased in the order of Zn>Cu>
Fe>Mn (1350, 1740, 5889 and 5950m). Akbas et al. [28]
indicated that range values should be considered to take
spatially independent samples in soil sampling. Considering spatial dependency in sampling for extractable micronutrients provides a cost reduction [38].

TABLE 4 - Correlation coefficients between micronutrients with physical and chemical properties of soils
Fe
Clay
Sand
Silt
pH
EC
CaCO3
Na
K
Ca
Mg
B
OM

Zn
0.546**
-0.455**
-0.372**
0.153
0.121
0.421**
0.022
-0.272**
-0.052
0.502**
0.247**
-0.196*

Cu
0.169*
-0.225**
0.065
-0.015
-0.138
0.157
-0.155
-0.066
-0.116
0.104
-0.024
-0.098

Mn
-0.021
-0.139
0.346**
-0.062
-0.190*
-0.244**
-0.139
0.165*
-0.009
-0.105
-0.159
-0.223**

0.468**
-0.542**
0.004
-0.085
-0.067
0.186*
-0.148
-0.147
-0.054
0.345**
0.072
-0.322**

TABLE 5 - Correlation coefficients of among micronutrients
Fe
Zn
Cu
Mn

Fe
1
0.220**
-0.048
0.526**

Zn
0.220**
1
0.505**
0.484**

Cu
-0.048
0.505**
1
0.486**

Mn
0.526**
0.484**
0.486**
1

TABLE 6 - Fitted semivariogram models and spatial characteristics of micronutrients
Semivariogram Model
Co
Co+C
SD
A (m)
R2
RSS
Zn
Spherical
0.0862
0.2574
33.5
1350
0.819
0.00504
Fe
Spherical
0.564
2.146
26.3
5940
0.966
0.108
Cu
Spherical
0.0147
0.2096
7.0
1740
0.709
0.0147
Mn
Exponential
0.055
0.557
9.9
5889
0.968
0.0063
Co: nugget effect; Co+C: structural variance; A: range (m); RSS: residual sums of squares; SD: spatial dependence (%); R2 correlation coefficient
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FIGURE 2 - Spatial distribution of micronutrients across the study area
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FIGURE 3 - Experimental semivariograms of soil micronutrients with fitted models

The smaller range suggests that smaller sampling intervals are needed for Mn and Fe than for Cu and Zn in
the study area. The shape of semivariograms for Zn and
Cu, and Fe and Mn (Fig. 2) were similar as their range
values close to each others. The pattern of spatial variability exhibited on maps was similar for Fe and Mn content,
and these two elements have the highest linear correlation
value (r=0.526). Shu-ying et al. [4] studied the spatial variability of micronutrients in a large county (1075 km2) of
China, and reported that available Fe and Mn were spatially correlated at a larger distance of 21.6 and 45.3 km,
and the available Cu and Zn were at a shorter distance of
3.1 and 2.9 km, respectively.
DTPA-Zn and Fe contents had moderate (33.5% and
26.3%), and Cu and Mn had strong spatial dependency
(7.0% and 9.9%) (Table 6). Moderate and strong spatial
dependencies of micro nutrients may be resulted from
intrinsic factors such as soil parent material. Camberdella
et al. [23] stated that strong spatial dependence of a soil
property is induced by intrinsic (pedogenic) factors and
weak spatial dependence is induced by extrinsic factors.
Previous studies have shown that human being is acting at
local spatial scales and is increasing the concentrations of
metals in soils by using fertilizers, pesticides and fungicides related to agricultural practices in the studied area.
Since the area has never been cultivated, the concentra-

tions of micronutrients evaluated were lower than the
threshold values.
The maps for each micro nutrient obtained using ordinary kriging showed some similarity in the spatial distribution with the high concentrations in the south west
area and low concentrations in the north area, suggesting
the delimitation of uniform management areas (Fig. 3). However, Mn concentration showed slightly different distribution trends with other three elements. The north area have
coarser texture soils, this apparently leads to lower soilavailable Zn, Fe and than that of the west area (Fig. 3).
The levels of the soil available micro nutrients (except
Cu) in study area were at deficient levels, which might be
attributed to low level of parent material contribution.
4. CONCLUSIONS
The results revealed that;
- Micronutrient distribution in arid and saline pastures
of Central Anatolia appears to depend largely on organic matter content, soil texture and calcium carbonate content.
- Zinc, iron and copper concentrations of saline alkaline
soils of Central Anatolia are lower than the lowest
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plant requirement, due to the low metal contents of
parent materials. However, the concentrations of particularly Cu and Zn can increase due to an intensification of farming practices and may locally reach contaminating levels under other edaphic conditions.
- In order to sustain crop growth and substantial yields,
low level of Zn and Fe requires some measures to solve
deficiency problems in plant production.
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PHYSIOLOGICAL AND BIOCHEMICAL ATTRIBUTES
OF LETTUCE (LACTUCA SATIVA L.) TREATED WITH
LEAD IN THE PRESENCE OR ABSENCE OF GINGER POWDER
Salwa Mohamed Abbas and Samia Ageeb Akladious*
Biological Science and Geology Department, Faculty of Education, Ain Shams University, Roxy Cairo, Egypt

ABSTRACT
The present investigations were carried out to study
the effects of 100, 150 and 200 µM of lead on physiobiochemical parameters of Lactuca sativa, and to compare
these effects with those of plants subjected to the same
treatments of lead grown in soil mixed with ginger powder. Ginger rhizomes were weighed (5g/kg) and mixed
with the soil before planting. Results obtained revealed
that increasing lead levels caused reductions of growth
parameters, chlorophyll, carbohydrate, protein, total free
amino acids, total flavonoids, total lipids and mineral ion
contents in roots and shoots of grown plants. Simultaneously, the activities of peroxidase and catalase were found
to be markedly decreased. These changes were accompanied by substantial increase in ascorbic acid, α-tocopherol,
retinol, proline and polyphenol-oxidase activities in the
same organs of lettuce plants coupled with the appearance
of novel protein bands. The application of ginger powder
to the soil caused an increase in growth and physio-biochemical parameters, showing highly significant increases
at all levels. It was concluded that the use of ginger powder
improves the growth and development of lettuce plants
which are grown in soil containing high levels of lead.

KEYWORDS: Pb toxicity, antioxidant enzymes, non-enzymatic
antioxidants, physiological changes, lettuce, ginger extract

1. INTRODUCTION
Heavy metals present in the atmosphere are ultimately
accumulated in the soil through precipitation; thus, they
are a major source of contamination of soils and water [1].
Lead (Pb) from sewage and ceramic industries leads to
adverse effects on agricultural and natural vegetation, which
is widely spread throughout the environment, reveals relatively high reactivity, and strongly affects many physiological processes in plants.
* Corresponding author

Pb is considered to be the most phytotoxic heavy metal,
and is accumulated in varying plant organs, though its accumulation is more detectable with plant roots, compared
to shoots. These phytotoxic effects of heavy metals depend
on metal concentration, plant species, pH and other factors in soil. Heavy metals, such as Pb, Cu or Zn, in high
concentrations, are toxic for plants, preventing their proper
development, affecting respiration, photosynthesis stomatal
opening and plant growth [2]. Due to heavy metal stress,
the production of reactive oxygen species (ROS) causes
damage to the plant cells. These active oxygen species,
produced excessively under stressful conditions, are removed by complex non– enzymatic (AsA, ascorbate, GSH,
glutathione, α-tocopherol) and enzymatic (CAT, catalase;
GPx, guaiacol peroxidase; SOD, superoxide dismutase; GR,
glutathione reductase, etc.) antioxidant systems. Modulation
in the activities of these enzymatic and non-enzymatic antioxidant systems may be important in plant’s resistance to
environmental stress.
Although some heavy metals, such as Cu and Zn,
have known functions as micronutrients in plants, they
become toxic at high levels [3]. The metals` availability
for plants is controlled by their demand for micronutrients, and their capacity to absorb and eliminate toxic
elements. This availability is different, depending on plant
species and their adaptation to the environmental conditions. The metal immobilization in plant roots determines
the recuperation of a high proportion of metals in roots
(80–90 %) [4]. The edible parts of vegetables like radish,
cabbage, tomatoes, carrots, green beans etc. grown on
sandy soils indicate an important accumulation of metals
(Cd, Cr, Pb), with regard to the parts that are not edible.
Edible crops, such as cabbage, spinach and green beans,
accumulate a major part of absorbed Pb and Cd in their
roots; but accumulation of latter metals in their shoots is
lower than their roots. Lettuce is a very good bioaccumulator of heavy metals and nutrients [5].
According to Carreras et al. [6], some heavy metals
including Pb caused damage to chlorophyll and, therefore,
to decreased chlorophyll content of lettuce leaves. The
latter impact, negatively influences photosynthesis rate,
which itself is crucial for plant dry matter production and
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yield. The exposure of lettuce plants to excess Cu resulted
in altered plant metabolism due to oxidative stress and increased proline concentration. Pb and Hg were reported to
cause an increase in ascorbic acid and α-tocopherol levels
in two Oryza sativa cultivars, and Hg exposure was found
to increase the ascorbic acid levels in Bacopa monnieri
[7]. Heavy metal-induced enhanced activity of enzymes is
involved in plant defense against oxidative stress as well
as NAD(P)+ reducing enzymes. Heavy metals, through
their action, disturb metabolism and affect plant growth.
Ginger (Zingiber officinale Roscoe), a well-known herb
widely used as a remedy for various ailments in traditional
medicine, belongs to the Zingiberaceae family. Ginger
has a proximate composition of 3-6 % fatty oil, 9 % protein, 60-70 % carbohydrate, 3-8 % fiber, 8 % ash, 12 %
water, and 2-3 % volatile oil, polyphenols and flavonoids.
It contains host compounds, which include acid resins,
vitamin C compounds (folic acid, inositol, choline and
panthothenic acid), gingerol, sesquiterpene, vitamins B3 and
B6, volatile oils, and bio-trace elements (Ca, Mg, P and K)
[8]. Zingiber officinale with its wide range of antioxidants
can be a major source of natural or phytochemical antioxidants. Previous studies on the antioxidant properties of
various ginger species had been confined only to the rhizomes which have been reported to have tyrosinase-inhibiting properties [9]. The bioactive molecules of ginger
are 6-gingerol, flavonoids and phenolic acids. Therefore,
it was applied as attempt to induce tolerance to Pb stress.
The aim of this study was to investigate the possible use
of ginger rhizome powder to ameliorate the effects of Pb
on stressed lettuce plants.
2. MATERIALS AND METHODS
The pot experiment was carried out under natural conditions to evaluate the effects of different Pb concentrations
separately, and their interactive effects and/or those of Ginger (Zingiber officinale) extracts on the growth and metabolic activities of lettuce plants (Lactuca sativa L.). The
seeds were obtained from the Agricultural Research Center
(ARC), Cairo, Egypt.
Ginger extract: Rhizomes of ginger were made into
powder and 5 g of the powder was mixed with each kg of
the used soil.
Lead application: Lead acetate at concentrations of
100, 150 and 200 µM was used for plant irrigation after two
weeks of planting for a six-weeks period.

ever needed but with equal amounts for all pots. The pots
were divided into 3 groups and treated as follows:
The first group (5 pots) was irrigated with tap water
to serve as control.
The second group (15 pots) was subdivided into three
sets representing the plants irrigated with test levels of
100, 150 and 200 µM Pb (5 pots for each set), and sown
in soil without ginger powder.
The third group (20 pots) was subdivided into four
sets; the first set (5 pots) included the plants irrigated with
tap water and grown in soil mixed with rhizome ginger
powder (5 g/kg). The 2nd, 3rd and 4th sets of pots (5 pots
for each set) were irrigated with the same Pb treatments,
and sown in the soil mixed with rhizome ginger powder
(5 g/kg).
When the developed plants were 70 days old, 5 plants
were carefully up-rooted from the soil of each treatment
where samples of roots, shoots or leaves were detached
and analyzed for the following measures:
Growth parameters (plant height, number of leaves,
leaf area, fresh weight and dry matter of shoots and roots)
were determined for each treatment. Photosynthetic pigments (chlorophyll a, b, and carotenoids) were extracted
from the leaves and estimated by the method of [10].
Estimation of carbohydrates was done in roots and shoots
of lettuce plants using phenol-sulphuric acid [11]. Estimation of total soluble protein was done in plant extracts by
the method of [12]. Total free amino acids were estimated
by using the method of Moore and Stein [13]. Proline
content was determined by the method of [14]. Ascorbic
acid was estimated according to [15]. Ascorbic acid oxidase activity was assayed according to the method of Key
[16]. Polyphenol oxidase, peroxidase and catalase activities were assayed following the method of [17]. SDSPAGE protein was determined according to the method of
[18]. Potassium, calcium, nitrogen and lead were determined according to [19]. A flame photometer (Corning
Scientific Instruments, Model 400) was used for K analysis, and an atomic-absorption spectrophotometer (PerkinElmer 3100) for determination of Ca, N and Pb. The content of α-tocopherol was measured by the method of [20].
The absorbance of α-tocopherol was recorded at 520 nm
against ethanol as a blank; α-tocopherol content in the
extracts was calculated from the regression equation of
the standard curve. Retinol level was analyzed spectrophotometrically [21]. Total flavonoid contents were determined by Folin-Ciocalteu method according to [22].
The lipids were extracted according to the method of [23],
but modified by [24].

2.1. Pot experiment and experimental conditions

Clay pots (25 cm diameter) were filled with 3 kg of
sand and loam soil. Each pot was planted with 10 seeds
which were thinned to 6 after one-week planting. The irrigation with lead was started after two-weeks planting, twice
weekly over a six-week period. Thereafter, plants were irrigated for additionally two weeks with distilled water when-

3. RESULTS
3.1. Growth parameters

Changes in growth parameters of lettuce plants are
presented in Table 1. Lead concentrations caused a signif-
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3.2. Photosynthetic pigments

icant reduction of growth parameters as compared to the
control (200 µM Pb caused greatest reductions in all
growth parameters: plant height (86.2%), root length
(89.2%), number of leaves (96.9%), fresh weight of shoots
(93.5%), fresh weight of roots (85.9%), dry weight of
shoots (84.7%) and dry weight of roots (81.4%) below those
of control plants, respectively). On the other hand, ginger
powder applications increased growth parameters of lettuce
plants with respect to untreated plants. The effects of heavy
metals on shoot growth are different from those on root
growth.

The result obtained for the effects of different Pb
treatments on pigment contents are shown in Table 2. The
pigments, such as chlorophylls (a & b) and carotenoids, in
lettuce leaves were significantly decreased with an increase in metal concentration, except at low doses of 100
µM in both Pb and/or ginger powder applications compared to control. The reduction in pigment level was
greater in case of plants irrigated with the highest Pb
concentration (decrease by 92.6%, below that of control)
than those observed in plants treated with that level and

TABLE 1 - Changes in certain growth parameters of lettuce plants (Lactuca sativa L.) grown for 10 weeks under the effect of different concentrations of lead (Pb) and/or ginger (Zingiber officinale) powder applications (Each value is a mean of 10 replicates).
Treatments

Pb
conc.
(µM)

Plant height
(cm)

Control

No. of leaves
/ plant

1 7 . 4 ± 1 . 01 4 .8 ± 1 .5 26 . 4 0 ±

Fresh weight of
shoot (g)

Dry weight of Fresh weight of Dry weight of
shoot (g)
root (g)
root (g)

0 . 5 73 . 6 8 ± 1 . 2 10.92 ± 0.181.50 ± 0.680.43 ± 0.12

100

17.80 **± 1.31

15. 00 **± 1.0

7.00 **± 0.57

4.34 **± 1.32

150

16.60 **± 0.58

13.40 **± 1.53

6.40± 0.58

3.67± 0.63

200

15.00 ** ± 1.53

13.20 **± 1.53

6.20 **± 0.50

3.44 **± 1.07

0.05 P

0.15

0.12

0.04

0.05

Plants grown
in soil without ginger
powders
L.S.D. at:

Root length
(cm)

1.09 ** ± 0.19 1.76 ** ± 0.76 0.57 ** ± 0.31
0.90 *± 0.17

1.40 ** ± 0.28

0.41 *± 0.24

0.79 ** ± 0 .14 1.27 ** ± 0.54

0.35 **±0.30

0.02

0.03

0.02

0.04

0.01

0.01 P

0.22

0.17

0.06

0.07

0

19.40 **± 1.0

16.60 **± 1.0

8.20 **± 0.65

5.20 **± 0.96

1.19 ** ± 0.34 2.34 ** ± 0.41

0.58 **±0.25

100

21.10 **± 1.53

19.00 **± 1.0

9.00 **± 0.81

7.25 **± 1.21

1.74 ** ± 0.49 2.48 **± 0.42

0.75 **± 0.14

150

20.20 **± 1.0

17.80 **± 0.38

8.80 **± 0.52

6.10 **± 1.32

1.36 **± 0.28

2.44 ** ± 0.50

0.60 **± 0.17

200

18.60 **± 0.58

16.20 **± 1.12

8.00 **± 0.73

4.50 **± 1.0

1.10 ** ± 0.27

1.91 **± 0.32

0.58 **± 0.23

0.05 P

0.20

0.23

0.15

0.20

0.04

0.06

0.02

0.29
0.33
** Highly significant change; * Significant change

0.21

0.29

0.06

0.09

0.02

Plants grown
in soil mixed
with ginger
powders

L.S.D. at:

0.01 P

0.02

TABLE 2 - Changes in contents of photosynthetic pigments of leaves of lettuce plants (Lactuca sativa L.) grown for 10 weeks under the effect
of different concentrations of lead (Pb) and/or ginger (Zingiber officinale) powder applications (Values listed are expressed as mg pigment
per g fresh weight; each value is a mean of 3 determinations).
Treatments

Pb conc.
(µM)

Chlorophyll (a)

Chlorophyll (b)

Chlorophylls (a+b)

Carotenoids

Total pigments

26.88 ± 0.35

10.61 ± .66

37.49 ± 0.48

8.65 ± 0.12

46.14 ± 0.35

100

28.42 ** ± 0.83

11.19 ** ± 0.67

39.61 ** ± 0.51

8.70 ** ± 0.23

48.31 ** ± 0.62

150

26.88 ± 0.80

10.61 ± 0.71

37.49 ± 0.32

8.65 ± 0.09

46.14± 0.32
42.71 **± 0.51
0.29

Control
Plants grown in
soil without
ginger powders

L.S.D. at:

Plants grown in
soil mixed with
ginger powders

L.S.D. at:

200

22.74 ** ± 0.71

11.59 ** ± 0.39

34.32 ** ± 0.34

8.39 **
± .08

0.05 P

0.30

0.06

0.27

0.02

0.01 P

0.34

0.09

0.39

0.02

0.41

0

29.32 ** ± 0.43

13.66 ** ± 0.55

42.98 ** ± 0.26

8.08 **± 0.16

51.06 ** ± 0.41

100

29.48 ** ± 0.62

13.51 ** ± 0.74

42.98 ** ± 0.35

8.25 ** ± 0.11

51.23 ** ± 0.65

150

28.85 **± 0.77

12.77** ± 0.45

41.63 ** ± 0.46

8.35 ** ± 0.09

49.98 ** ± 0.41

200

28.88 ** ± 0.53

12.18 ** ± 0.73

41.06 ** ± 0.34

8.87 ** ± 0.11

49.94 ** ± 0.52

0.05 P

0.15

0.18

0.32

0.05

0.29

0.21

0.25

0.46

0.07

0.42

0.01 P

** Highly significant change
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grown in soil mixed with ginger powder (increase in total
pigment by 108.2%, above that of control). The minimum
decrease in photosynthetic pigment contents was observed
at the highest concentration of Pb (200 µM) compared
with control. The data showed that chlorophyll b and carotenoid contents were reduced to a lesser extent than that of
chlorophyll a in leaves of Pb-treated lettuce.
3.3. Carbohydrate content

In L. sativa plants growing at 100, 150 and 200 µM
lead treatment, carbohydrate contents of roots and shoots
decreased compared to control (Figs. 1, 2). All the results
obtained were highly significant. Declines in carbohydrate
content were observed with increasing Pb levels whereas
total carbohydrates in roots and shoots of plants treated
with all Pb levels and ginger powder were increased compared to control. The maximum increases (169.3% in roots
and 144.8%, above that of control) were observed in
plants subjected to 100 µM Pb, and grown in soil mixed
with ginger powder.
3.4. Proline content

Proline accumulation rates (environmental stress indicators) are presented in Figs. 3 and 4. The results showed a
positive relationship between Pb concentration and proline
accumulation in roots and shoots of treated lettuce plants as
compared to control. In addition, the comparison of different treatments revealed that the maximum proline accumulation was observed at high PB levels (150 and 200 µM).
Ginger powder applications increased proline accumula-

tion of lettuce plants, with regard to plants grown without
ginger.
3.5. Free amino acids and total protein contents

Changes in contents of total free amino acids and total proteins in roots and shoots of Pb-treated lettuce plants
are presented in Figs. 5-8. Free amino acids and total
protein contents were significantly decreased in roots and
shoots of Pb-treated lettuce with increased Pb dosage,
except at low dose of Pb (100 µM) in both Pb and/or ginger
powder treatments compared to control. Free amino acids
and total proteins in roots and shoots of Pb-treated lettuce
plants were increased when ginger powder was applied.
3.6. Ascorbic acid content

Data presented in Figs. 9 and 10 indicate that ascorbic
acid content of L. sativa was significantly affected by
100, 150 and 200 µM Pb treatments. Increasing levels of
lead from 100 to 200 µM markedly increased ascorbic
acid content of L. sativa in contrast to control. The content of ascorbic acid in roots and shoots of lettuce plants
was increased in plants grown in soil contaminated with
Pb and ginger powder applications, with respect to plants
grown in soil only Pb-contaminated.
3.7. Retinol and α-tocopherol contents

Lead treatments resulted in an increase of retinol and
α-tocopherol in roots and shoots of lettuce plants, parallel
to increasing lead dosages (Figs. 11-14). Applications of
ginger powders also caused increase in these antioxidants.
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FIGURES 1 and 2 - Changes in carbohydrate content in roots and shoots of Lattuca sativa.
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FIGURES 3 and 4 - Changes in proline content of the roots and shoots of Lactuca sativa.
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FIGURES 5 and 6 - Changes in total free amino acid content of the roots and shoots of Lactuca sativa.
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FIGURES 7 and 8 - Changes in total protein content of the roots and shoots of Lactuca sativa.
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FIGURES 9 and 10 - Changes in ascorbic acid content of the roots and shoots of Lactuca sativa
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FIGURES 11 and 12 - Changes in retinol content of the roots and shoots of Lactuca sativa.
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FIGURES 13 and 14 - Changes in α-tocopherol content of the roots and shoots of Lactuca sativa
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TABLE 3 - Changes in activities of polyphenol-oxidase, peroxidase and catalase enzymes in roots and shoots of lettuce plants (Lactuca sativa
L.) grown for 10 weeks under the effect of different concentrations of lead (Pb) and/or Ginger (Zingiber officinale) Powders applications.
Values listed are expressed as the changes in enzyme activities per g fresh weight equivalent per hour. Each value is a mean of three determinations.
Treatments

Pb conc.
(µM)

Roots

Shoots

9.41 ± 0.08

1480 ± 4.38

Polyphenoloxidase
20.31 ± 0.21

100

14.19 ** ± 0.31

11.36 ** ± 0.06

1750** ±3.21

18.90 ** ± 0.35

Plants grown in
soil without
Ginger powders

150

27.69 ** ±0.53

7.74 ** ± 0.04

1500 ± 5.44

23.40 ** ± 0.12

200

35.04 ** ± 0.21

6.72 ** ± 0.09

1100 ** ± 4.94

31.05 ** ± 0.35

L.S.D. at:

0.05 P
0.01 P

1.09
1.57

0.25
0.36

33.19
47.73

0.67
0.97

0

11.31 ** ± 0.16

18.10 ** ± 0.07

1964 **± 3.12

12.66 ** ± 0.14

100

8.70 ** ± 0.36

27.90 ** ± 0.09

2398 **± 5.16

9.27 **± 0.16

150

10.74 ** ± 0.42

21.24 ** ±0.06

2100 ** ± 4.32

11.73 ** ± 0.22

200

13.14 ** ± 0.35

13.30 ** ± 0.04

1800 **± 3.51

13.11 ** ± 0.36

0.05 P
0.01 P

0.76
1.09

1.02
1.47

48.83
70.22

0.59
0.85

Control

Plants grown in
soil mixed with
Ginger powders

L.S.D. at:

Polyphenoloxidase
22.26 ± 0.44

Peroxidase

Catalase

7.38 ± 0.11
8.46 **
±0.09
6.64 **
± 0.12
5.16 **
± 0.08
0.17
0.25
10.08 **
± 0.07
15.66 **
± 0.31
11.31 **
± 0.24
9.72 **
± 0.16
0.44
0.63

Catalase
2050 ± 4.32
2500 ** ± 5.63
2000 * ± 6.21
1620 ** ± 5.73
44.61
64.16
3000 ** ± 4.23
3500 ** ± 3.21
3120 ** ± 4.65
2710 ** ± 5.21
77.44
111.36

7.00
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6.00

120.0

Lipid content (g/100 g dry wt.)
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FIGURE 15 - Changes in total flavonoids
content of the young leaves of Lactuca sativa

Soil mixed with Ginger powder

FIGURE 16 - Changes in total lipids
content of the young leaves of Lactuca sativa

3.8. Changes in activities of polyphenol-oxidase, peroxidase
and catalase enzymes

Changes in polyphenol-oxidase, peroxidase and catalase activities in roots and shoots of Pb-treated lettuce
plants are presented in Table 3; the results showed significant increases in polyphenol-oxidase at higher Pb level
(150, 200 µM)-treated lettuce. Application of ginger
powder resulted in activity reduction of these enzymes
with various Pb concentrations in roots and shoots of

lettuce plants. On the other hand, peroxidase and catalase
showed decreasing activity at (150 and 200 µM Pb doses
while their activities were increased in case of ginger
powder applications as compared with control.
3.9 Total flavonoids content

The concentration of total flavonoids was increased
in leaves of lettuce plants grown in soil irrigated with
lower Pb levels, while the highest Pb amount caused a
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reverse pattern of change in total flavonoid contents as
compared to control (Fig. 15). Application of ginger powder with various concentrations of Pb resulted in significant increases in flavonoids compared to control.
3.10. Total lipids content

Pb treatments adversely affected the total lipid contents of L. sativa leaves (Fig. 16). Lower Pb levels caused
significant increase in total lipids, in comparison with
control. Excess metal supply resulted in a reduction of
lettuce leaf lipids; leaf total lipids of plants grown in soil
mixed with ginger powder and treated with various Pb
levels was increased compared to plants grown in soil
without ginger powder.
3.11. SDS-PAGE protein banding pattern

The SDS-PAGE patterns of polypeptides extracted
from leaves of L. sativa at different Pb concentrations
were analyzed using 12% SDS gel, and showed that total
number of bands increased at various Pb concentrations in
plants grown in soil without ginger powder and compared
to control (Table 4). The electropherograms of leaves of
control plants exhibited the existence of 14 protein bands
having molecular weights ranging between 15.47-151.61
kDa. The scanning profile of these detected protein bands
exhibited that bands with 26.28 kDa recorded the highest

intensity of proteins (5.84%). Comparison with protein
banding patterns of the control makes evident that the
leaves of plants irrigated with various Pb concentrations
revealed the induction of 10 specific new protein bands
having the molecular weights of 14.01, 19.01, 22.20,
25.46, 27.96, 29.05, 33.67, 46.81, 65.77 and 185.33 kDa,
respectively. Simultaneously the electropherograms of
leaves of plants grown in soil mixed with ginger powder
and irrigated with different Pb amounts showed the induction of 9 specific new protein bands having the molecular
weights of 19.01, 22.20, 25.46, 27.96, 29.05, 33.67,
46.81, 65.77 and 185.33 kDa, respectively. On the other
hand, plants grown in soil with ginger powder showed no
change in total number of bands compared to control. The
lowest concentration of Pb resulted in the appearance of a
new protein band with molecular weight of 14.01kDa.
The further results showed that ginger powder was effective in increasing the levels of proteins in the shoots of L.
sativa. The bands with molecular weights of 38.04, 30.45,
24.44 and19.01 kDa were only detected in the plants
treated with ginger powder and Pb.
It is obvious from the results that 14 pre-existing protein bands were recognized at 200 µM Pb in the presence
of ginger powder compared to 16 bands detected in the
absence of ginger powder. At 100 µM Pb, the same number of protein bands was detected in the presence ginger

TABLE 4 - Electrophoretic pattern and protein bands intensity (%) of the proteins in leaves of lettuce plants (Lactuca sativa L.) grown for 10
weeks under the effect of different concentrations of lead (Pb) and/or ginger (Zingiber officinale) powder applications.

Row
No.

Molecular
weight (kDa)
Control

1
185.33
2
151.61
3
134.5
4
111.43
5
86.88
6
74.68
7
65.77
8
62.85
9
57.62
10
50.46
11
46.81
12
41.98
13
38.04
14
33.67
15
30.45
16
29.05
17
27.96
18
26.28
19
25.46
20
24.44
21
22.2
22
19.01
23
15.47
24
14.01
Total number of bands

4.83
4.70
5.72
2.94
4.79
3.41
4.69
0.36
3.93
3.96
4.15

Soil without ginger
powder

Soil mixed with ginger
powder

Protein intensity (%)

Protein intensity (%)

100
7.65

Pb concentrations (µM)
150
200
7.83
7.71

6.45
5.10
5.35

4.66
6.32

6.78
5.81

3.80

3.09

3.55

3.69

2.63

2.80
4.00

6.15
3.25
4.57

6.05
2.59
6.36

3.06
6.42
3.69
3.19

3.02
4.73
3.99
2.79
2.98

5.84
5.51

4.20
14

5.73
3.57

4.61
4.21
27.2

3.29
16

6.70
6.67
4.68

2.98
4.53
2.23
6.20

0
5.05

5.71
3.11
5.59
4.80
5.49

Pb concentrations (µM)
100
150
8.7
8.71
6.72
5.83
5.58
5.27
3.47
5.97
4.08
6.93

7.06
3.24
8.74

4.33

3.29
3.06
4.84

4.18
4.20
4.09
2.98
5.37

6.94

2.22
4.23
3.03
3.33

2.98

200
7.04
5.75
5.58
6.33
2.77
6.31
2.27
2.94
3.39
3.24
2.96

3.48
4.12

5.22

2.96
3.21
4.04

3.85
3.38
2.96

2.88

2.18

2.65

2.81

2.98

4.04

16

14

14

15

14

16
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FIGURE 17 - Electrophoretic banding profiles of protein extracted from the leaves of Lettuce plants (Lactuca sativa L.) grown for 10 weeks
under the effect of different concentrations of lead (Pb) and / or Ginger (Zingiber officinale) Powders applications.
M: Marker protein
Lane (1): Control
Lane (2): Ginger powder
Lane (3): 100 µM of Pb
Lane (6) 100 µm of Pb + Ginger
Lane (4): 150 µm of Pb
Lane (7): 150 µm of Pb + Ginger
Lane (5): 200 µm of Pb
Lane (8): 200 µm of Pb + Ginger

TABLE 5 - Changes in mineral ions content in roots and shoots of lettuce plants (Lactuca sativa L.) grown for 10 weeks under the effect of
different concentrations of lead (Pb) and/or ginger (Zingiber officinale) powder applications (Values listed are expressed as mg per g dry
weight; each value is a mean of 3 determinations).
Treatments

Pb conc.
(µM)

Control
100
Plants grown in
soil without
ginger powders

L.S.D. at:

Shoots
N
3.21

Pb
1.76

K
14.57

Pb
1.5

9.51**±0.53 4.32**±0.64

18.52**±0.62 7.53**±0.30 2.64*±0.52 1.95**±0.30

34.71** ±0.52 10.23**±0.48 5.21**±0.81 3.32**±0.71 20.14**±0.35
0.91
1.31

N
2.56

12.1**±0.41 5.41**±0.51 2.00**±0.45 1.13**±0.21

200
0.05 P
0.01 P

Ca
6.82

6.23**±0.42 2.63**±0.24 1.9**±0.61

30.2** ±0.41

0.22
0.31

0.14
0.20

26.47**±0.32 9.01* ±0.65 4.32**±0.74

2.5**±.54

0.09
0.13

0.45
0.65

2.41**
±0.83

16.51**
±0.64

8.41**
±0.51
0.16
0.23

3.21**
±0.36
0.06
0.09

2.50**
±0.41
0.07
0.11

6.30**±0.65 4.12**±0.25 2.12**±0.34

100

29.83**±0.41 7.63**±0.34 5.00**±0.61 2.00**±0.26 17.32**±0.52 7.65**±0.45 4.05**±0.34 2.00**±0.34

150

33.41**±0.31 9.85**±0.26 5.12**±0.35 2.94**±0.54 19.84**±0.39 9.50**±0.36 4.67**±0.51 2.40**±0.56

200

38.52**±0.72 12.43**±0.53 6.35**±0.40 3.95**±0.36 25.61**±0.46 9.47**±0.56 5.32**±0.69 2.61**±0.32

0.05 P
0.01 P
** Highly significant change
L.S.D. at:

Ca
8.64

150

0
Plants grown in
soil mixed with
ginger powders

Roots
K
24.53
17.62**
±0.61

0.80
1.15

0.26
0.37

0.16
0.24

0.12
0.18
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0.21
0.30

0.15
0.21

0.06
0.09
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powder as compared to control. However, ginger powder
at these Pb doses increased the banding intensity of the
pre-existing bands as compared with the respective controls. Furthermore, protein bands with molecular weights of
111.34 and 62.85 Daltons were present in all treatments as
well as in the untreated control. Three protein bands with
molecular weights of 50.46, 41.98 and 151.61 kDa disappeared in plants without ginger powder treatment. The
results also revealed that ginger powder application to Pbtreated L. sativa plants significantly improved the electrophoretic banding pattern of proteins, as well as the banding intensity of leaves compared with the banding profile
seen in the presence of Pb alone.
3.12. Changes in certain mineral ions

Data presented in Table 5 reveal that low Pb concentrations decreased mineral contents (K, Ca, N and Pb) of
lettuce plant shoots and roots. When Pb concentration in
soil increased, uptake of these metals by the plants rose.
Application of ginger powder influenced the mineral accumulation in the direction of enhancing growth and
productivity. This could be due to the role of ginger powder
in increasing the mineral uptake. The obtained results
showed that the accumulation of Pb was higher in roots
than in leaves of lettuce plants.
4. DISCUSSION
4.1. Plant growth

The effects of heavy metals on plants resulted in growth
inhibition, structure damage, a decline of physiological and
biochemical activities, as well as the function of plants.
Among these plants (lettuce), metal-accumulating ones are
used to remove heavy metals from soil (phytoextraction,
commonly implying accumulation of up-taken metals in
parts of the plant, which implies high root uptake of metals
and does not require efficient translocation of metals from
roots to shoots necessary for phytoextraction). For efficient
phytoextraction, the main requirement is the availability
of metal-hyper-accumulating fast growing plants producing large amounts of biomass. Heavy metals can cause
oxidative stress and produce ROS, which damage cells in
plants. The transfer of heavy metals from soils to plants is
dependent on three factors: the total amount of potentially
available elements (quantity factor), the activity as well as
the ionic ratios of elements in the soil solution (intensity
factor), and the rate of element transfer from solid to liquid
phases and to plant roots (reaction kinetics) [25]. On the
other hand, a generous availability of nutrients promotes
plant growth which, in turn, creates an increasing number
of uptake sites for metals in the plants. Heavy metals at
higher concentrations inhibit uptake and transportation of
other metal elements, such as Fe, Zn and Mn, by antagonistic effects. These metals play an important role in the
synthesis of biomolecules as well as enzymatic activities
in plant cells.	
  

L. sativa plants produced visible symptoms of toxicity and growth retardation, due to high accumulation of
heavy metals when exposed to undiluted industrial
wastewater [26]. These responses of lettuce plants indicated their behavior as bio-indicator of heavy metal pollution
in waste-water, and may be helpful in research studies and
phytoremedial approaches. The remediation effect of Pb
may be referred to the beneficial effect of Pb applied at
100 µM, thus increasing the growth parameters of lettuce
compared to other concentrations applied. Lettuce plants
from pots without ginger powder showed a reduction in
growth, with regard to lettuce from Pb-polluted and ginger powder-treated pots. The change in root growth characteristics is probably due to the consequences of the
direct exposure of the radicals to metal toxicity, and preferential accumulation of metals in the emerging roots,
followed by slow mobility to the plant shoots; such an
effect can be explained as the affected roots may cause a
slower movement of metals to the shoots. Lead concentration in plant root was far more than that in plant shoot.
Heavy metal accumulation in roots compared to that in
shoots is possibly due to its slow translocation to upper
parts. However, a high degree of Pb accumulation at plant
organs, such as roots, is indicative of some potential for
accumulation and, hence, phytoremediation of contaminated soils by a plant species such as lettuce. Higher doses of heavy metals can affect physiology, and reduce plant
growth as well as dry biomass yield. Organic matter in
soil could effectively increase the activity of metals in
soil, and improve metal mobility and distribution in soil.
The retardation in growth and development of toxicity
symptoms in plants could be attributed due to high uptake
of heavy metals, and their accumulation in plant parts.
Furthermore, enhancement in the growth parameter with
ginger powder on soil may be due to ginger constituents
that lead to improved plant yield. The increase in yield
productivity with bio-fertilizer application is due to microelements and plant growth regulators contained in the
fertilizer. Significant inhibition of root length of all crop
seedlings at higher Pb has already been reported. It appears that the inhibition of root growth under lead toxicity
is a result of lead-induced inhibition of cell division in
root tips. Lead toxicity inhibits germination of seeds and
retards growth of seedlings.
4.2. Photosynthetic pigments

Photosynthetic pigment contents were also measured
in plants in order to assess the impact of Pb stress, as
changes in pigment contents are linked to visual symptoms
of plant health and photosynthetic productivity. Lettuce
plants from the pots without ginger powder showed a
reduction in photosynthetic pigments with regard to those
containing Pb and ginger powder. Pb inhibited photosynthesis of plants at higher doses (200 µM) may be the result
of inhibition of the enzymes responsible for chlorophyll
biosynthesis. Chlorophyll content, as an indicator of the
photosynthetic activity of the plant, shows marked reduction when plants were exposed to metal toxicity. Higher
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increasing rates in chlorophyll a than chlorophyll b in Pbtreated plants showed that chlorophyll ‘b’ is more sensitive to disruption of the balance between energy trapping in
photosystem II causing a decrease in electron transport
[27]. Pb inhibits chlorophyll synthesis by causing impaired
uptake of essential elements, such as Mg and Fe, by plants.
It damages the photosynthetic apparatus. An enhancement
of chlorophyll degradation occurs in lead-treated plants due
to increased chlorophyllase activity [28].
4.3. Carotenoid

Carotenoids are non-enzymatic antioxidant pigments
that protect chlorophyll, membrane and cell genetic composition against ROS under heavy metal stress. Carotenoids (ß-carotene, xanthophylls) play an important role in
protecting cells against the stress, and have ability to quench
ROS. Carotenoid contents increase with increasing Pb concentration in lettuce plants treated with ginger powder compared to untreated ones. These results are in agreement
with previous studies which evidenced that decrease in
carotenoids is a common response to metal toxicity, but
increase is due to the important role of these pigments in
detoxifying ROS [29].
4.4. Carbohydrates

Lettuce plants from the pots without ginger powder
showed a reduction in carbohydrate contents compared to
lettuce from Pb-polluted pots with ginger powder. On the
other hand, carbohydrate content of plants was reduced at
high Pb doses (150, 200 µM). This reduction might be the
result of decreased photosynthesis. Moreover, a decrease
in proteins could be attributed to both breakdown of existing proteins and reduced de novo synthesis. Such a reduction in protein content may be utilized as a suitable bioindicator of pollution [30]. An increase in glucose level was
observed in pea seedlings growing on a substrate containing lead, whereas in birch leaves and spruce and pine needles subjected to lead dust emission, a decline was registered in glucose content.
4.5. Proline

The obtained results showed a positive relationship
between Pb concentration and proline accumulation at all
treatments, with regard to roots and shoots of lettuce
plants. The same results have previously been reported for
Triticum aestivum [31]. Proline increases the stress tolerance of the plants through various mechanisms, such as
osmoregulation, protection of enzymes against denaturation, and stabilization of protein synthesis. It was reported
that the elevated tissue proline levels under stressful growth
conditions constitute a component of cellular antioxidative
network involved in mitigation of stress effects [32]. Induced proline accumulation in response to abiotic stress
may be due to increase in its de novo synthesis, or decreased degradation, and the effect of proline on membrane permeability. It was suggested that this amino acid
acts as an osmolyte (antioxidative osmoprotection properties) and metal chelator which takes part in reconstruction

of chlorophyll, regulation of cytosolic acidity, tolerance to
stress by osmoregulation, and stabilization of protein synthesis, thus stabilizing the macromolecules and organelles
and protecting the enzymes from denaturation.	
  
4.6. Total free amino acids

The results presented in this study showed an increase in
the content of free amino acids at low doses of Pb (100 µM)
in untreated lettuce plants with ginger powder whereas free
amino acids increased at all doses of Pb in treated lettuce
plants with ginger powder as compared to control. These results may be due to ginger powder contents which might
induce tolerance to Pb-stress. Total free amino acids with
increasing concentrations of heavy metals in plants were
also reported by [33]. The proteinogenic amino acid proline
functions as an osmolyte, radical scavenger, electron sink,
stabilizer of macromolecules, and a cell wall component,
in osmoregulation and metal chelation.	
  
4.7. Protein content

It is obvious from the results that a significant reduction in protein contents was proportional to increased
doses of Pb in untreated lettuce plants compared to control, but content was increased at all doses of Pb in lettuce
plants treated with ginger powder compared to control. It
is possible that decrease in total soluble protein content
under heavy metal stress may be due to increase in protease activity. Lipids and proteins are important constituents
of the cell that easily damage under environmental stress
conditions. Hence, any change in these compounds can be
considered as an important indicator of oxidative stress in
plants. Reduction in protein content in plants could be
attributed to effects on nitrate reductase activity. The protein degradation to amino acids is, in fact, an adaptation of
the cells to the carbohydrate deficiency. Moreover, the reduced amount of total protein and proline contents in
roots and shoots of Cu-treated plants was most probably a
result of the reduced biosynthesis, or the accelerated protease activity and catabolic processes [34]. On the other
hand, the accelerated catabolism is probably due to the
considerable disturbances in the membrane systems, in
response to the metal phytotoxicity. Protein carboxylation
is an irreversible oxidative process leading to a loss of function of the modified proteins. These oxidized proteins are
selectively recognized and degraded by proteolytic enzymes.
The soluble protein contents in plant cells are important indicators of their physiological state. Protein content under
heavy metal influence may be affected due to enhanced
protein hydrolysis resulting in decreased content of soluble proteins under all stress conditions. Lead toxicity lowers the protein content of tissues and causes significant
alterations in lipid composition.	
  
4.8. Ascorbic acid, α-tocopherol and retinol contents

In order to repair the damage initiated by the ROS,
plants have evolved complex antioxidant defense system
that included both enzymatic and non-enzymatic antioxidants. In order to mitigate and repair the damage initiated
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by active oxygen, plants have developed a complex antioxidant system which plays an important role in the cellular defense strategy against oxidative stress, inducing resistance to metals by protecting labile macromolecules. The
results in the present investigation showed significant increase in all non-enzymatic antioxidant (ascorbic acid,
tocopherol and retinol) contents at increasing Pb doses in
both Pb and Pb/ginger powder treatments compared to
control. In this sense, several investigators have pointed out
that vitamin E (α-tocopherol) is one of the best quenchers
for singlet oxygen, and can act as a chain-breaking antioxidant. Also, α-tocopherol is the major form found in green
parts of plants, since it protects lipids and other membrane
components by physically quenching and reacting chemically with singlet oxygen. Furthermore, α-toco-pherol may
effect intracellular signaling in plant cells. The effects of
this compound in intracellular signaling may be either
direct, through interaction with key components of the
signaling cascade, or indirect, through prevention of lipid
peroxidation or the scavenging of singlet oxygen. In the
latter case, α-tocopherol may regulate the intracellular
concentrations of ROS and plant hormones, such as
jasmonic acid, which control both the growth and development of plants, and also a plant response to stress. The
antioxidant potential of the puncture vine plants is defined
by the content of antioxidant metabolites (vitamin E, ascorbate, glutathione and total phenols) and antioxidant
enzyme activities of glutathione peroxidase, glutathione
reductase and dehydroascorbate reductase [35].
4.9. The antioxidant enzymes

The antioxidant enzymes showed variation in their response to Pb. Herein, the enzymatic antioxidants (peroxidase (POX), polyphenoloxidase, catalase (CAT)) showed
different activity changes. Polyphenoloxidase increases at
high concentrations of Pb in plants grown in soil without
ginger powder but its content decreased in the plants grown
in soil with ginger powder. On the other hand, peroxidase
and catalase decreased with increasing Pb concentration
in plants grown in soil without ginger powder but increased in lettuce plants grown in soil with ginger powder.
Under Pb-treatment, enzyme activity was inhibited with
increase in metal concentration. The response of antioxidant system to lead is dose-dependent stimulated by low
metal concentrations whereas, at higher metal level, the
free radical emission is beyond the quenching capacity of
antioxidant enzymes which, in turn, might contribute to
the reduced root growth. Some of the reasons for decreased assembling of catalase subunits and enzyme inactivation, or catalase activity under stress conditions, are
changes in the proteolytic degradation by peroxisomal protease. A decline in the activity of catalase has been observed
in Pb-stressed plants. Such a decrease appears to be due to
a decline in enzyme synthesis, or a change in the assembly of enzyme subunits. Peroxidase and catalase activities
are essential for the plant antioxidant defense system. Elevation in peroxidase activity in nickel-treated P. stratiotes
suggested its role in the detoxification of H2O2 [36] under

metal–stress conditions, including excess nickel exposure.
The activities of CAT and POX protect the metabolism in
plant cells [3]. Increased POX activity with Pb-treatment
can be correlated with the release of POX localized in the
cell walls. Diversity in POX activity under heavy metal
stress depends on plant species (physiological status and
genetic potential of plant), time of treatment and metal
concentration. These findings supported the concept that
monitoring of the oxidative metabolism parameters in
various plant species should be an integral part of evaluation, as well as accumulation of the effect of metal stress
in the plants.
4.10. Flavonoids

Flavonoids are important in plant biochemistry and
play an important role in plant physiology, acting as antioxidants, enzyme inhibitors, pigments and light screens. It
is possible that a relationship exists between flavonoid
production and photosynthesis rate in plants. A positive and
highly significant correlation between total flavonoids and
total carbohydrates was observed in this study. It was also
observed that lettuce with high total flavonoids had a
higher soluble carbohydrate content. These results are in
agreement with [37] who reported that flavonoids present
in ginger extract regulate sugar contents (translocation from
source to sink) and cause a significant increase in total
soluble sugars. It could be concluded that phenolics and
flavonoids are able to regulate plant growth, improve the
physiological efficiency, and can enhance effective partitioning of accumulates from the source-sink in plants. In
addition, flavonoid components are able to change the rate
of electron transport and photophosphorylation, bringing
about the change of ATP/NADPH ratio. In carbon metabolism reactions, they can shift the dynamic equilibrium of
pentosephosphate reduction cycle to enhance the synthesis of main metabolites due to both the change in energy
substrate intake and the interaction with enzymes of the
cycle. Previous studies have shown that the increase in
phenolic concentration is related to the balance between
carbohydrate sources and sinks, and that greater source or
sink ratios result in higher phenolic concentration.
4.11. Total lipids

In this study, we have found that the amount of total
lipids was changed in Pb-treated plants, and remarkably
dependent on metal doses as well as the presence of ginger powder in the soil. The results given in Fig. 16 indicate a dramatic decrease (70%) of the total lipid content in
the leaves of plants grown at the highest Pb concentration
(200 µM) but it increased by 156.7% in leaves of plants
subjected to the same Pb concentration and grown in soil
mixed with ginger powder, in comparison with control
plants. Lead treatment (100 µM) caused an increase in the
amounts of total lipids in comparison with control. The
drastic alteration in lipid contents can be explained by Pbinducing disturbance of the membrane lipid turnover. Lead
metal enhanced lipoxygenase activity, which is responsible
for catalyzing lipid peroxidation by using membrane lipid
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components as substrates, particularly unsaturated fatty
acids [38]. Heavy metals are also involved in many ways
in the production of activated oxygen species that actively
induce peroxidation of membrane lipids.
4.12. SDS-PAGE protein analysis

It is apparent from Fig. (17) and Table 4 that there
were both quantitative and qualitative differences in the
banding pattern of proteins, particularly at higher Pb levels. The results revealed that Pb ions and/or ginger extract
evoke changes in the pattern of protein profile of lettuce
plants; therefore, induction of new protein bands of low
molecular weights may play functional roles in Pb tolerance. Possibly, putative phytochelatins or heat shock proteins might be involved as documented by several investigators. In several reports, an increase in heat shock protein expression of plants, in response to heavy metals
stress, was observed. Reduction in soluble proteins under
the action of different heavy metals has been also reported
in several studies. Mohan and Hossetti [39] found a reduction in soluble proteins of Lemna minor under Cd and
Pb stress. The decrease in soluble protein content and the
alteration in protein banding patterns and intensity of
Vigna unguiculata shoots and roots may be attributed to
the metal-induced inhibition of protein synthesis. Furthermore, the reduction in soluble protein level with the
corresponding decrease in protein banding patterns and
intensity could be attributed to Pb-stimulating hydrolytic
enzyme activities. However, when ginger powder was
applied simultaneously with different Pb concentrations,
the ginger powder was partially effective in overcoming
the inhibitory effect; thus, an increase in the level of proteins and, hence, an improvement in the electrophoresis’
banding pattern of proteins as well as the banding intensity of lettuce leaves was observed. This stimulatory effect
decreased with increasing heavy metal concentration. The
present results may be attributed to the direct role of the
ginger powder in increasing protein synthesis at the level
of transcription and translation.

strong complex agents for metals, and can potentially
increase metal mobility.
5. CONCLUSION
Our results showed that both growth and biochemical
attributes of lettuce plants were affected by the presence
of Pb. The plants showed better development when ginger
powder was mixed with the soil. These responses of lettuce plants indicated their behavior as bioindicator of
heavy metal pollution, and may be helpful for phytoremedial approaches.
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ABSTRACT
A novel electrodeless discharge excilamp (EDEL)
generated by microwave-driven Kr/Br2 mixtures (named
KrBr-excilamp) was employed for organic pollutants degradation in aqueous solution for the first time. The usefulness of KrBr-excilamp so developed was assessed by examining the photodegradation of quinoline and indole in
aqueous solution. The photodissociation efficiency and
TOC loss of quinoline and indole with the KrBr-excilamp
were estimated. The results indicated that removal efficiency
of 50 mg/L quinoline and 60 mg/L indole can reach 48.6%
and 61.8% after 120 min and 60 min, respectively. The
kinetic analysis showed that the direct photodegradation of
quinoline and indole was in agreement with pseudo-firstorder kinetics. Additionally, the identification of main intermediate products during quinoline and indole degradation process was conducted by rotary evaporation coupled
to headspace gas chromatography–mass spectrometry
(RE-HE-GC–MS). This study proposed that photodegradation mechanism of quinoline and indole attributed mainly
to the direct photolysis.
KEYWORDS:
KrBr-excilamp, quinoline, indole, RE-HE-GC-MS

1. INTRODUCTION
Photodegradation has been accepted as an effective
environmental clean-up technology for pollutants treatment in aqueous solution. There has been increased attention in new types of narrow-band UV excilamp, which
was proved to have low cost, high intensity and energy
efficiency. The production of excimer radiation of the
electromagnetic spectrum is made possible in different
ways, e.g., dielectric-barrier discharge (DBD), capacitive
discharges, and microwave (MW) excitation [1, 2]. As far,
the excilamp photodegradation technology offers a multitude of potential applications for the treatment of wastewater
and gas. For example, Sosnin et al. [3] presented appli* Corresponding author

cations of capacitive and barrier discharge excilamps in
photoscience. Oppenländer et al. [4] introduced a Xe excimer flow-through photoreactor used for mineralization of
organic compounds in water [4]. Gomeza et al. [5] reported photodegradation of 4-chlorophenol using XeBr, KrCl
and Cl2 barrier-discharge excilamps. Horikoshi et al. [6]
reported photodegradation of acetaldehyde over TiO2
pellets by MW discharge electrodeless lamps (MDELs).
Among these, MDELs was extensively exploited for
pollutant degradation due to their high performance, their
miniaturization and the lower costs of the magnetron, as a
result, such lamps can be used on large scale [7].
However, previous experiments were mainly focused
on MW electrodeless Hg lamp (filled material: Hg and
Ar) for its light source exploration and its application on
photochemistry field [8]. In a recent report of Müller et al.
[9], the emission characteristics of various EDELs containing different fill materials (Hg, HgI2, Cd, I2, KI, P, Se,
and S) were described, which implied that MW field, like
DBD, can excite other gases (Kr/I2 , Kr/Br2, KrCl et al. )
to create radiative dissociation of excimer states. In our
recent article [10], we discussed photodegradation of organic pollutants under 206 nm irradiation from discharge
of mixtures of Kr/I2 by MW energy excitation.
In this paper, a new-type electrodeless discharge excilamp (EDEL) generated by MW-driven Kr/Br2 mixtures
(named KrBr-excilamp) was employed for organic pollutants degradation. Why we selected KrBr-excilamp rather
than other excilamp as our light source? The reasons
relied on that: Br2 are less corrosive than chlorine [11],
and KrBr-excilamp has relatively higher penetration depth
into water compared with Xe-excilamp [4] (the penetration depth at λ of 172 nm is ca. 0.0036 cm). Moreover,
according to reference [3], the majority of organic compounds contained in water absorbed radiation over the
range of 200-320 nm and underwent direct photolysis. So,
we inferred KrBr-excilamp from MW excitation was
suitable for wastewater advanced treatment. To date, only
sever articles [12-16] reported characters and application
of KrBr-excilamp. Zhang et al. [12, 13] reported that
DBD can excite Kr/Br2 mixtures to generate excimer UV
radiation. Feng et al. [14] investigated excimer UV
sources from DBD discharge in Kr and halogen mixtures.
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In another reference, 207 nm UV radiations from Kr/Br2
mixture discharge for degradation of organic dye was
investigated [15]. Fang et al. [16] reported CS2 gas photodegradation by DBD plasma and KrBr-excilamp.
In order to examine and assess the application potential for pollutant degradation with KrBr-excilamp by MWdriven, two kinds of representative nitrogen-heterocyclic
compounds (NHCs) (quinoline and indole) were selected as
target contaminants in a simulating wastewater. Quinoline
and indole have unpleasant smell and can cause more important damage to living organisms [17, 18]. They are
highly toxic and are even mutagenic and carcinogenic.
Moreover, NHCs constitute nearly 40% total organic compounds in coke-plant wastewater [19]. Previous studies
concerning NHCs removal mainly focused on biological
methods [20, 21]. Therefore, this paper will provide a novel
setup for treating of NHCs.
2. MATERIALS AND METHODS
2.1 Chemicals

Quinoline and indole standard was purchased from
AccuStandard Inc., USA. Quinoline and indole in simulating wastewater was analytical grade. All experimental
solutions were prepared with deionized water without other
buffers.
2.2 Photodegradation process

As illustrated in Figure 1, MW source (frequency,
2.45 GHz; maximal power, 800 W) generated high voltage, which can be transmitted by a coaxial cable to the
magnetron to establish a uniform MW field in the resonant cavity. EDEL, fabricated using VUV transparent synthetic quartz as the envelope (transparency percentage for
>200nm UV exceed 80%), filled with mixtures of Kr/Br2
(Kr 400 Pa, Br2 40 Pa), was inserted into resonant cavity.

Due to free electrons in the fill that are accelerated by the
MW field energy, they collide with the gas atoms and ionize them to release more electrons (the “avalanche” effect).
The energetic electrons collide with the Kr/Br2 atoms, thus
exciting them from the ground state to higher energy levels,
which are then released as an electromagnetic radiation
with the UV spectral characteristics. UV acted on organic
pollutant in container and led to the removal of pollutants.
In order to avoiding lamp contacting directly with solution, another quartz envelope was set between EDEL and
solution using a PTFE ring as a bracket. The detailed
properties of quartz envelope were reported earlier [10].
Br2 possesses relatively high vapor pressure, which
led to hard self-ignition of the EDEL at low MW power
levels. According to Horikoshi et al. [22], self-ignition of
EDEL light sources in an aqueous medium can be improved by the use of a metal wire antenna device embedded in a quartz tube. The addition of antenna or metal wire
served as trigger can cause a decline of MW set-up power
as a result of accumulating MW energy. For example, Horikoshi et al. [23] reported a novel self-ignition system incorporating metallic MW condensing cones to activate MDELs
in photochemical reactions. Therefore, double-layer quartz
tube (inner quartz tube was vacuumized and enclosed a Mo
wire) was designed at one end of EDEL in our experiment
to ensure continuity of the emitted UV. The container was
filled with 100 ml of an aqueous solution of quninoline or
indole (initial concentration of 0-200 mg/L, pH of without
adjusting). The solution temperature was kept at 40±1 ℃
by means of circulating solution to a cooler by a peristaltic pump. During the photochemical reactions, samples
for gas chromatography (GC) and total organic carbon
(TOC) analysis were taken at different time intervals.
The limit on the safe stray leakage of MW power
density is kept below 0.5 mW/cm2 measured at 200 mm
distance from the EDEL.

Resonant cavity

Fan

MW

Coaxial cable

Envelop
MW source

EDEL

Flow meter

Cooling
water

Magnetron
Peristaltic pump

Cooling
water

FIGURE 1 - Experimental setup of EDEL by MW-driven for pollutant degradation in aqueous solutions
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sponding radiation power of EDEL was 70 w. If no otherwise note, next experiments were conducted under the
same power. As can be seen, quinoline removal efficiency
increased monotonously with photodegradation time. For
25 mg/L of quinoline, removal efficiency reached 60.8%
after 120 min. The increment of quinoline initial concentration resulted in a sharp decrease of removal efficiency,
especially at higher initial concentration.
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FIGURE 2 - Emission spectra of Kr/Br2 mixture driven by MW field.
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FIGURE 3 - Temporal increase in the removal efficiency of quinoline during its photodegradation in aqueous solutions.

3. RESULTS AND DISCUSSIONS
3.1 Emission spectra

Figure 2 illustrated the UV emission spectrum from
the mixtures of Kr/B2 driven by MW field. As seen, the
radiation spectrum of KrBr-excilamp consists of bands of B–
X transitions of KrBr∗ (207 nm) and Br2* (291 nm) molecules and B–A (228 nm) transitions of the KrBr∗ molecule.

60
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5
-20

80
70
60
50
40
30
20
10

TOC loss efficiency(%)

The emission spectra from EDEL were recorded from
the light source by a precalibrated UV detection system,
which consisted of a VUV spectrometer (VM-505, American). The radiation power of EDEL could be measured by
monitoring the temperature of the solution and the reactor
[24]. The concentration of each quinoline and indole was
determined with a GC (Shimadzu GC-2014) equipped with
flame ionization detector and a 30 m×0.32 mm× 0.4 µm
stainless-steel column (OV-1701). Injector and detector
temperatures were, respectively, kept at 250 and 280 °C,
while the column temperature was increased from 100 to
240 °C with an increment of 20 °C min-1. N2 was used as
the carrier gas. A Shimadzu TOC 5000 analyzer was used
for determination of TOC concentration.
Due to lower concentration of degradation products,
it was necessary to condense the pertinent analytes and
eliminate the interfering compounds from the matrix
before gas chromatography–mass spectrometry (GC–MS)
or liquid chromatography–mass spectrometry (LC–MS)
analysis. That is to say, degradation products in aqueous
solution must undergo sample-pretreatment effectively.
Conventional sample-pretreatment method included solvent extraction, headspace (HS) solid-phase microextraction coupled to GC–MS, and so on. In this work,
rotary evaporation (RE) coupled to HS-GC–MS (RE-HPGC-MS) has been used for analysis of degradation products in aqueous solution. The degradation products were
concentrated from 100 mL to 10 mL by rotary evaporator,
and then 1 mL sample was placed in a vial capped with a
metal ring and incubated for 30 min at 30 °C. A volume
of 80 µL of headspace sample was injected to GC-MS
(Agilent 7890 GC and 5975c MS detector) for analysis.
After sample injection, samples were separated on a HP-5
fused silica capillary column (30 m × 0.25 mm i.d., 0.25µm film). The column temperature was initially set at 40
°C and increased to 100 °C at 10 °C min-1, and then from
100 to 240 °C at a rate of 40 °C min-1, remained at 240 °C
for 2 min. The MS detector was operated in electron impact mode with the following conditions: potential ionization 70 eV, source temperature 230 °C, and selected ion
monitoring (SIM) mode.

Quinoline removal efficiency(%)

2.3 Sampling and analytical procedure

TOC concentration(mg/L)
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3.2 Quinoline removal with KrBr-excilamp

Figure 3 showed the temporal change of quinoline removal efficiency at initial concentration of 25, 50, and
100 mg/L. MW power was adjusted to 201 w and corre-

FIGURE 4 - Temporal variations of TOC concentration and loss
efficiency during the photodegradation of the quinoline solution. (●, ○:
50 mg/L quinoline TOC concentration and TOC loss efficiency; ■, □:
25 mg/L quinoline TOC concentration and TOC loss efficiency)
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and indole was in a good agreement with the pseudo-firstorder kinetics. The rate constant was listed in Table 1.

3.3 Indole removal with KrBr-excilamp

According to Section 3.2, efficient decomposition and
mineralization of quinoline could be achieved by utilizing
KrBr-excilamp driven by MW. In order to explore the
feasibility and efficiency of KrBr-excilamp for
wastewater advanced treatment, we also investigated the
removal efficiency of indole under four different initial
concentrations (20, 40, 60, 100 mg/L) (see Figure 5). The
experimental results showed that indole removal efficiency
remarkably increased with the prolonging of photodegradation time and removal efficiency as 61.8% of 60 mg/L
indole was achieved after 60 min reaction. Obviously, the
destruction of indole molecules was highly dependent on
irradiation time.

-20

Indole removal efficiency(%)
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FIGURE 6 - Temporal variations of total organic carbon (TOC) and
loss efficiency during the mineralization of the indole solution. (●, ○:
50 mg/L indole TOC concentration and TOC loss efficiency; ■,
□: 25 mg/L indole TOC concentration and TOC loss efficiency)
TABLE 1 - The kinetics equation and parameters of quionline and
indole in aqueous solution
System

Indole

110

60
55
50
45
40
35
30
25
20
15
10
5

TOC loss efficiency(%)

Significant mineralization of quinoline was also evident from the loss of TOC. The time-profiles of TOC concentration and corresponding TOC loss efficiency during
the photodegradation process (initial quinoline concentration: 25 and 50 mg/L) were depicted in Figure 4. The initial
24.9 mg/L TOC of quinoline (quinoline concentration of
25 mg /L) solution decreased to 19.8 mg/L (20.5% loss),
to 15.8 mg/L (36.5% loss), and to 10.7 mg/L (57.0% loss)
at 60, 90, and 150 min, respectively. The photodegradation process with KrBr-excilamp was proved to be effective for quinoline decomposition and mineralization from
the above experimental data.

TOC concentration (mg/L)

© by PSP Volume 21 – No 3. 2012

Initial
concentration (mg/L)
20 mg/L
40 mg/L
60 mg/L
100 mg/L

25 mg/L
Quinoline 50 mg/L
100 mg/L

Pseudo-first-order
kinetics equation
ln(Ct/C0) = -0.3956t
ln(Ct/C0) = -0.1890t
ln(Ct/C0) = -0.0158t
ln(Ct/C0) = -0.0105t

k(min−1) R2
0.3956
0.1890
0.0158
0.0105

0.9625
0.9657
0.9743
0.9926

ln(Ct/C0) = -0.1145t
ln(Ct/C0) = -0.0828t
ln(Ct/C0) = -0.0427t

0.1140
0.0828
0.0427

0.9621
0.9852
0.9709

70

3.5 Byproduct analysis

60

In order to better understanding the degradation mechanism, it is necessary to detect the intermediate products
formed in the degradation process. GC–MS system was
employed to identify the products in solution. In the beginning, photodegradation solution was extracted by dichloromethane, followed by GC-MS analysis. Analysis results
showed that there is hardly any intermediate species or the
amount is so tiny that it cannot be discerned via GC-MS,
implying that most of intermediate products present watersoluble. Next, HS-GC-MS was selected as analysis method,
which avoided water-soluble question, whereas, no intermediate products were detected also. A possible explanation is concentration of intermediate products too lower.
To achieve a better signal/noise ratio, the pertinent analytes were condensed with rotary evaporation (RE) before
HS-GC-MS analysis. Four initial concentrations of quinoline (100 mg/L, 200 mg/L, 500 mg/L and 1000 mg/L) were
degradated for 2 h, and RE-HS-GC-MS was used for detecting the intermediate products formed in the photodegradation process as seen in Figure 7. According to the result
of RE-HS-GC-MS analysis from Figure 7, intermediates
products were discerned as: toluene, hexanal, 2-ethoxy-ethyl
acetate, hydroxyurea, et al. Moreover, intermediate products of indole direct photodegradation were also discerned

50
40
30
20
20

30

40

50

60

70

80
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Photodegradation time(min)
FIGURE 5 - Temporal increase in the removal efficiency of indole
during its photodegradation in aqueous solutions.

The results on the loss of TOC for 25 mg/L (TOC of
24.6 mg/L) and 50 mg/L indole (TOC of 48.5 mg/L)
solution are even more revealing as illustrated in Figure 6.
It was observed that TOC decreased to 11.1 mg/L, corresponding loss efficiency was 55% with an irradiation time
of 120 min for 25 mg/L of indole solution.
3.4 Reaction rate constants

According to experimental data presented in Figure 3
and Figure 5, we calculated reaction rate constants of
quinoline and indole photodegradation under KrBr-excilamp. It was found that the decomposition of quinoline
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via RE-HS-GC-MS (Figure 8). All the identified degradation products and their retention times, names, structures
and molecule are presented in Table 2.
As can be seen in Figure 7, the species of the intermediate products under four initial concentrations of quinoline were alike, whereas the quantities appears to be dissimilar, indicating RE-HS-GC-MS only appropriate to qualitatively identify products in solution. Intermediate products of
quinoline photodegradation were identified as: benzene,
toluene, hexaldehyde, ester, acetate, hydroxyurea, etc.,
among which, products with relatively higher concentra-

tion were butyl ester and 2-ethoxyethyl acetate, which were
less harmful to not only human health but also the environment compared with the matrix compounds. Products
of indole photolysis were characterized as 1-Methyl-2phenylindole, 1,7-Methyl-7H-dibenzo[b, g] carbazole and
5H-naphtho [2, 3-c] carbazole, which were all big molecule compounds, hinting that possible aggregation reaction occurred during photodegradation process. However,
from the evaluation of their concentration (Figure 8), it is
obvious that their formation is minor.

FIGURE 7 - GC-MS spectrum of byproducts of quinoline photolysis under four initial concentrations: a 100 mg/L, b 200 mg/L, c 500 mg/L, d
1000 mg/L.

FIGURE 8 - GC-MS spectrum of byproducts of indole photolysis with initial concentration of 100 mg/L.
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TABLE 2 - Degradation products of quinoline and indole identified by GC/MS.
Target
compounds

Order

Retention
time/min

Name of compounds

1

2.610

benzene

2

3.329

2-Ethoxyethyl methacrylate

Structure

Molecule
C6 H6

O

O

C8H14O3

O
3

4.545

Toluene

C7 H8

4

5.527

hexaldehyde

O

C6H12O

O

5

Quinoline

6.059

C6H12O2

Acetic acid, butyl ester

6

7.725

7

7.436

Ethylbenzene

8

7.927

1-Methoxy-2-propyl acetate

O

C8H10

Benzene,1,3-dimethyl

C8H10

O

O

C6H12O3

O
9

8.535

C8H10

10

9.222

2-Ethoxyethyl acetate

11

12.378

Hydroxyurea

o-Xylene

O

O

O
H
N

C6H12O3

NH2

OH

CH4N2O2
O

12

17.682

Quinoline

C9 H7 N
N

1

15.263

2

17.565

Indole
3

4

N

C15H13N

1-Methyl-2-phenylindole

1,7-Methyl-7H-dibenzo[b,g]
carbazole

18.271

Indole

19.775

5H-naphtho[2,3-c]carbazole

C21H15N
N

N
H

C8 H7 N

C20H13N
N
H

3.6 Degradation mechanism analysis

The molecule structure of quinoline resembles that of
indole, with the six-membered nitrogen-heterocycle substituting five-membered heterocycle. The photodegradation mechanism of quinoline, therefore, was presumably

consistent with that of indole system. However, the course
of photodegradation of quinoline seemed to be fairly complicated as the obtained GC–MS spectra exhibited more
peaks of varying intensity. The dissociation of target compounds occurred via two pathways: photodissociation by
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direct UV irradiation and indirect dissociation from active
radicals generated by direct photolysis of H2O and O2.
Quinoline and indole would be excited into its transient
state, and followed by dissociation into fragments. Moreover, active species including ·OH,·H and ·O from H2O
and O2 photolysis initiates a number of radical chain reactions between radicals and complex molecular species,
which in turn accelerate pollutants degradation [25]. Which
pathway played main role in our research? OH· radicals
have a very high oxidative potential, thereby capable of
mineralizing the majority of organic compounds. However,
photo absorption by H2O at wavelength >200 nm was
lower, thus, photoxidation from ·OH radical could not
occur to any significant extent in this work. Moreover, the
amount of photos absorbed by oxygen was lower significantly than that of target compounds, indicating that contribution to pollutant treatment of ·O radical from oxygen
photolysis could also be ignored [10]. So, the mechanism
of photochemical oxidation of quinoline and indole degradation in water using novel KrBr-excilamp depends
mainly on the direct photolysis, which led to lower mineralization degree. Future research of the KrBr-excilamp for
photodegradation must overcome the limitation of lower
mineralization efficiency, possibly by combination with
other technologies.

ment of the new light source for wastewater advanced
treatment. It is noteworthy that this novel excilamp has not
been totally optimized for pollutant treatment. The direction of effort is optimization for this technology in the
future.
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4. CONCLUSION
In brief, a novel and simple KrBr-excilamp driven by
MW field might be utilized to efficiently removal two kinds
of NHCs in aqueous solution. Quinoline and indole in aqueous solution can be directly decomposed and mineralized
with no additional auxiliary chemicals or catalyzers added.
Removal efficiency of 50 mg/L quinoline and 60mg/L
indole can reach 48.6% and 61.8% after 120min and 60 min,
respectively, corresponding TOC loss of 25 mg/L of quinoline and indole were 36.7% and 64.0% in 150 min, respectively. Moreover, an effective and rapid analytical method
named RE-HS-GC-MS for trace organic compound in solution was put forward in this paper. Intermediate products
of quinoline and indole photodegradation were identified
by use of this technique. Although RE-HS-GC-MS is an
effective method for chemical screening of many trace
component samples in water, simultaneous analysis by
use of an exhaustive method, for example LC-MS-MS, is
needed to identify all constituents providing that analysis
apparatus conditions allowed.
NHCs in aqueous solution can be degradated and
mineralized via KrBr-excilamp, thus, it is reasonable to
foresee that this novel excilamp would probably be suitable for the removal of most of organic pollutants with
lower concentration in aqueous solution, which will provide another alternative way to photo-degrade organic
compounds in aqueous solution.
This paper mainly focuses on a novel photochemical
approach to abate NHCs, so as to facilitate the develop-
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ABSTRACT
Hydrothermal stabilization of heavy metals in fly ash
from a municipal solid waste and coal co-firing fluidized
bed incinerator was experimentally investigated, with alkali
concentration, liquid/solids ratio, and temperature as major
reaction parameters. The properties of fly ash were studied
by means of X-ray fluorescence (XRF) spectrometry, Xray diffraction (XRD), and scanning electron microscopy
(SEM); its hydrothermal stabilization was examined by
using Toxicity Characteristic Leaching Procedure (TCLP)
tests. The stabilization of Cr, Cu, Pb, and Zn is less effective than that of Mn, Ni and Cd. The optimal alkali concentration, liquid/solids ratio, and temperature are found
to be 0.5 mol/L, 4:1 ml/g and 150℃, respectively, and the
stabilization efficacy of all heavy metals is more than 95 %.
XRD analysis shows that zeolite-like minerals, including
sodalite and amorphous geopolymer, are synthesized during the hydrothermal process. The stabilization of heavy
metals is mainly attributed to absorption, ion exchange,
and physical encapsulation of heavy metals in the zeolitelike minerals synthesized. Under optimal conditions the
quality of the treated fly ash and of the residual hydrothermal liquid attains the corresponding national standards.
Overall results indicate that the hydrothermal technique
tested is a promising and seemingly effective way for stabilizing heavy metals in fly ash.

PCDD/Fs in flue gases and to meet the emission standard
[1]. Fly ash is collected from baghouse filters as a mixture
with lime and activated carbon. Due to high concentrations of toxic PCDD/Fs and heavy metals, MSWI fly ash
in many countries is classified as hazardous waste.
Recently, hydrothermal processes have been considered to be a promising technique for recycling incinerator
waste residues and destroying hazardous organic pollutants [2-6]. Generally, zeolites synthesized from coal fly
ash under alkali conditions are eventually applied to remove heavy metals from wastewater [7-9]. In addition,
previous studies demonstrated the poor effect of hydrothermal processing on heavy metal stabilization under
alkali conditions [10,11], as high Pb and Zn concentrations persist in the residual hydrothermal liquids and Cd,
Pb, and Zn concentrations in the leaching liquor obviously exceed the German TCLP limits [10,11].
The objective of this research was to investigate the
effects of alkali concentration, liquid/solids ratio, and reaction temperature on the stabilization efficiency of these
heavy metals. It was also determined whether or not hydrothermal techniques are effective for the heavy metal stabilization of MSWI fly ash. In this work NaOH was applied
as an alkali activator, considering that it is more effective
to synthesize zeolite than KOH and Na2CO3 [2, 12]. Finally, obtaining minimum heavy metal concentrations in the
TCLP leaching liquors and in the residual hydrothermal
liquids was defined, as an optimization criterion.

KEYWORDS: Hydrothermal process; Heavy metal; Stabilization;
Zeolite-like mineral; MSWI fly ash

2. MATERIALS AND METHODS
2.1. Materials

1. INTRODUCTION
In many Chinese cities, restrictions on municipal solid
waste (MSW) landfilling have resulted in increased recycling and using incineration in waste-to-energy facilities.
Air pollution control devices (APCDs) and activated carbon injection are employed to reduce heavy metals and
* Corresponding author

Fly ash was collected from a fluidized bed incineration plant in Changxing, Zhejiang province, China. The plant
operates two lines, with a total daily capacity of 600 tons
MSW; it co-fires MSW and coal, in a weight ratio of about
5:1. Incineration temperature is sustained within a range
850-950℃. Flue gases are purified by means of a semi-dry
scrubber, sprayed with Ca(OH)2 slurry, injection of activated
carbon and fly ash and additives collection in a baghouse
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TABLE 1 - Characterizations of the MSWI (one line with 300 tons/ day MSW).
Coal incineration
Capacity (t/h)
2.5
MSW incineration
capacity( t/h)
12.5
Lime Ca(OH)2 (kg/h)
Injection activated carbon (kg/h)

Proportion of ash (%)

15

Fly ash (kg/h)

187.5

Proportion of ash (%)
165
0.6

20

Fly ash (kg/h)
Lime CaO (kg/h)
Flue gas( Nm3/h)

1250
125
75000

filter. The characterizations of the MSWI are shown in
Table 1. Fly ash was sampled under this filter. All chemicals used were of analytical reagent grade unless indicated,
and double-deionized water was used to prepare the solutions and all dilutions.

Where
Craw is the total concentration of heavy metals in original fly ash, mg/kg;

2.2. Methods

20 is the factor that is derived from the 20:1 liquid-tosolid ratio employed in the TCLP test, L/kg;

A 316L stainless steel autoclave of 1 L capacity was
employed for hydrothermal treatment. Batches of 50 g fly
ash were prepared, and then mixed with different NaOH
alkali solutions in predetermined ratios. Reaction temperature (125-300 °C), treatment time (12 h), liquid/solids
ratio (2:1-14:1 ml/g), and NaOH concentration (0-2.0 mol/L)
were selected as operating parameters. The autoclave pressure varied with reaction temperature in a range of 0.56 MPa. Treatment time was kept constant at 12h, assuming that this would sufficiently stabilize heavy metals,
according to the results of previous study [13].
After hydrothermal treatment, the reaction mixture
was centrifuged to separate liquid and solid, and then the
treated fly ash was dried at 105℃ for 24h. A single-step
leaching test was performed to evaluate the potential leaching of heavy metals from the original and the treated fly ash,
according to the standard TCLP method 1311. The liquidto-solid ratio was 20:1 (ml/g), since 5 g dried ash was
subsequently agitated with 100 ml of extraction a liquid
(acetic acid, pH 2.88) for 18±2 h with rotary tumbler at
30±2 rate/min. After extraction, the leachates were filtered
through a 0.45-µm glass fiber filter. The leachate was then
acidified to < pH 2 with HNO3 and subjected to inductively
coupled plasma mass spectrometry (ICP-MS) analysis.
The total concentrations of heavy metals in raw fly ash
were analyzed using HF/HClO4/HNO3 digestion followed
by ICP-MS.
Major elements of fly ash were determined by X-ray
fluorescence spectrometry (XRF, ThermoFisher, IntelliPowerTM 4200). The concentrations of heavy metals in
solutions were measured by ICP-MS (Thermo Scientific
XII). The scanning electron microscope (SEM, Philips-Fei)
provided detailed imaging and information about morphology and surface texture of fly ash. The mineralogy was
determined by X-ray diffraction (XRD, RigakuRotaflex)
on a RigakuRotaflex using Cu α radiation 40 kV, 250 mA.
The instrument was operated in continuous mode, and
XRD patterns were recorded in the range of 2θ=5~80°.
The stabilization efficiency is calculated from:
Craw − (20C1 + AC2 )
×100%
Craw
(1)

C1 and C2 is the concentration of analyte in TCLP
leachate liquor and residual liquid, respectively, mg/kg;

A is the liquid/solids ratio of hydrothermal experiment, L/kg.
In addition, some salts may dissolve from fly ash during the hydrothermal process. However, the mass loss of
fly ash is negligible in this paper.
3. RESULTS AND DISCUSSION
3.1. Characterization of original and treated fly ash

Chemical analysis (Fig. 1) indicated that SiO2, CaO,
and Al2O3 are the most abundant oxides found in the raw
fly ash, comprising 34 %, 26.8 %, and 16.3 %, respectively. The high concentrations of SiO2 and Al2O3 are due to
both MSW and coal. The composition of the fly ash in
this study is similar to that of volcanic materials, a good
precursor for synthesizing zeolite [4]. The Ca(OH)2 slurry
sprayed in the spray scrubber results in a high concentration of Ca and a high pH value in the original fly ash.
Composition of the fly ash is approximate 69.3 % residue,
26.8 % lime, and 3.9 % loss of ignition. On the other hand,
among the heavy metals to be evaluated, only ZnO and
PbO are present in significant amounts, comprising 0.41 %
and 0.21%. Of the non-metallic elements, Cl is present in
the largest quantity, i.e. 3.85%.
Na2O

P2O5,SO3
5.48%

K2O

MgO
3.11%

ZnO
PbO
MnO2

Cl,Br
3.86%

SiO2
34%
Al2O3
26.8%

Fe2O3
4.45%

CaO
26.8%

CuO
Cr2O3
NiO
CdO
Other
6.01%

FIGURE 1 - Chemical composition of MSWI fly ash, as determined
by XRF.
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The SEM images of raw and treated fly ash are compared in Fig. 2. The surface of raw fly ash is mainly
amorphous with only few regularly-shaped particles, including prisms, flakes, and needles. In the SEM image of
treated fly ash, the surface morphology has markedly
changed, with synthetic crystal sizes less than 5 µm.
Figure 3 shows the XRD pattern of raw and treated
fly ash. The major crystalline phases in raw fly ash are
identified as halite, calcite, calcium sulfate, cristobalite, and
portlandite. After hydrothermal processing, halite, calcium
sulfate, and portlandite are nearly eliminated; the main
crystals become silica, calcite, and sodalite. Moreover, a
broad and amorphous hump appears from 20° to 40° (2θ),
attributed - according to literature - to the formation of
amorphous geopolymer [14-17]. Hence, sodalite synthesis
competes with geopolymeric formation reactions. Generally, sodalite and geopolymer are zeolite-like minerals.

the residual hydrothermal liquids (Fig. 4) indicate that the
concentrations of Pb and Zn increase significantly when
the alkali concentration exceeds 1.0 mol/L. This tendency
is mainly attributed to the hydrothermal formation at high
pH values of soluble Pb and Zn complex ions such as
Pb(OH)3- , Pb(OH)42-. The trend of Cu with alkali concentration is similar to that of Zn and Pb. However, the concentrations of Cr, Cd, Mn, and Ni remain low, suggesting
that alkali concentration has little impact on the metal
leachability during hydrothermal processing.
As shown in Fig. 4b, in TCLP leachates the concentration of Zn is highest. However, the leachate concentration of Zn in the range of 9.93-19.45 mg/L in treated fly
ash has significant decreased as compared to that in raw
fly ash, 45.75 mg/L, and Zn is considered to be a nonhazardous element, according to national TCLP leaching toxicity 100 mg/L [18]. In contrast, the TCLP leaching concentration of Cu in all treated fly ash increased in
comparison with that in the raw fly ash, but the leaching
toxicity of Cu is also far below the current national regulatory limit 40 mg/L [18]. Although low Pb concentrations are obtained in TCLP leachates, only poor stabilization efficiency

3.2. Effect of alkali concentration

Among the operating parameters, the initial sodium
hydroxide (in the range of 0-2 mol/L) is taken into consideration first, while the reaction temperature and liquid/
solids ratio are kept constant at 275℃ and 10:1 ml/g, respectively. The resulting heavy metal concentrations in

(b)

(a)

FIGURE 2 - SEM images of (a) raw fly ash and (b) treated fly ash. Conditions: 150℃, 4:1 (ml/g) and 0.5 mol/L (× 10000).
A

(a)

a

(b)

A: Halite
B: Calcite
C: Calcium sulfate
D: Cristobalite
E: Portlandite

a: Silicon
b: Calcite
c: Sodalite

b

D
C
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B
C

a

20
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c c
b

c
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40
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A
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70

80

10

20

b
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b
c

a
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40
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b

a
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2θ(°)

2θ(°)

FIGURE 3 - XRD patterns of raw fly ash (a) and treated fly ash (b) at 150℃, 4:1 (ml/g) and 0.5 mol/L.
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200

Metal concentration (mg/L)

150

(a)

Zn
Pb

Metal leaching concentration (mg/L)

175
125
100
75
50
25
0
5

Cr
Mn
Ni
Cu
Cd

4
3
2
1

Zn
Cu

45
40
35
30
25
20
15
10
5
0
7

(b)

Mn
Pb
Ni
Cr
Cd

6
5
4
3
2

0

1

-1
0.0

0.5

1.0

1.5

2.0

0

0

0.5

NaOH concentration (mol/L)

1.0

1.5

2.0

Raw fly ash

NaOH concentration (mol/L)

FIGURE 4 - Effect of sodium hydroxide addition on heavy metal distributions, reaction temperature, 275 °C; liquid/solids ratio, 10:1 (ml/g),
(a) The concentrations of heavy metals in residual liquids; (b) TCLP test results of treated fly ash in comparison to raw fly ash.

of Pb is recorded, because of the high concentration of Pb
in hydrothermal liquids, especially when alkali concentrations exceed 1.0 mol/L (Fig. 4a).
The concentrations of heavy metals (Cd, Cr and Ni)
in TCLP leachates are also very low and almost do not
change with increasing NaOH concentration. Therefore,
the influence of alkali concentration on those metals could
be neglected. In the case of Mn, the concentration of Mn
decreased with rising alkali concentration. Because of a
high pH-value, of 13.06, in the raw mixture high stabilization is still obtained without any sodium hydroxide addition. In short, a low addition dosage of alkali activator is
more effective for preventing heavy metals leaching and
for promoting the stabilization effects, especially for Pb
and Zn.
3.3. Effect of the liquid/solids ratio

Experiments were performed with varying liquid/solids
ratios, for 1 mol/L NaOH dosage, and at 275 ℃ for 12 h.
The liquid/solids ratio was varied from 2:1 to 14:1 (ml/g).
The concentrations of Cr and Cd (in Fig. 5) range from
100

Metal leaching concentration (mg/L)

Metal concentration (mg/L)

50

60
40
20
0
7

Cu
Ni
Mn
Cr
Cd

6
5
4
3

The concentrations of Cu and Zn increase with rising
liquid/solids ratio in the residual liquids. The concentrations of them in TCLP leaching liquors present an increasing trend but have some fluctuation with liquid/solids ratio
increasing. The concentration of Cu in all treated fly ash
increased in comparison with the original values. However, the concentration of Pb in TCLP leachates shows a
decreasing trend with increases in the liquid/solids ratio.
This is possibly due to most Pb has already been dissolved
in residual liquids. The concentration of Ni in residual
liquids at a liquid/solids ratio of 2:1 (ml/g) exceeds the
wastewater discharged guideline of 1.0 mg/L, and the lowest concentration of Mn in TCLP leachates is observed at
a liquid/solids ratio 10:1 (ml/g).

(a)

Pb
Zn

80

0.004-0.015 and 0.002-0.024 mg/L, in residual hydrothermal liquids respectively, and that range from 0.02-0.22
and 0.034-0.21 mg/L in TCLP leaching liquor respectively.
The results demonstrate that the concentrations of Cr and
Cd, already are low both in residual hydrothermal liquids
and in TCLP leaching liquor, but change obvious with
this liquid/solids ratio.
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FIGURE 5 - Effect of liquid/solids ratio on heavy metal distributions, reaction temperature, 275℃; the alkali concentration, 1 mol/L,
(a) Heavy metal concentrations in residual liquids; (b) Comparison of TCLP test results between raw and hydrothermally treated fly ash.
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Overall, high stabilization efficiency is observed at
low liquid/solids ratios. However, a liquid/solids ratio 2:1
(ml/g) is problematic because considerable fly ash stuck
to the wall after hydrothermal treatment. Hence, the preferred liquid/solids ratio is 4:1 (ml/g).
3.4. Effect of reaction temperature

The effect of reaction temperature on heavy metal:
stabilization was studied in the range of 125-300℃ for the
following conditions (Fig. 6): 12 h with 1 mol/L NaOH
solution and liquid/solids ratio of 10:1 (ml/g). In the case
of Cu, the concentrations in residual liquids vary with
temperature, with a peak value of 5.92 mol/L at 225℃. In
addition, the Cu concentration of treated fly ash in TCLP
leachates is higher than the original values when temperature exceeds 200℃. As stated above, the stabilization
efficiency of Cu is more affected by reaction temperature
than by any other parameters.
As shown in Fig. 6a, the concentrations of Pb and Zn
in residual liquids increase relatively slowly with temperature between 150℃ and 250℃. In contrast, a significant
decrease is observed as temperature varied from 250 to
275℃. However, Pb and Zn concentrations (109.2 mg/L
and 25.54 mg/L, respectively) reach the highest point at
300℃. For Zn, Pb, and Mn in TCLP leachates, the high-

est stabilization effect appears at 150℃, again indicating
that reaction temperature has the greatest impact on the
stabilization of Zn, Pb, and Mn during hydrothermal treatment, this result is similar with the case of Cu.
For Cr, Ni, and Cd cases, low concentrations are observed both in residual liquids after hydrothermal treatment and in leaching liquor after the TCLP test, suggesting that hydrothermal treatment of MSWI fly ash has a
great stabilization effect on those metals at all temperatures in this study. Overall, the optimum reaction temperature is 150℃.
Possibly, the high levels of soluble salts in the original fly ash also improve the leaching of heavy metals
from fly ash during hydrothermal treatment. As in previous studies, NaCl is mentioned as an effective agent in Pb
extraction from various residues during hydrothermal
treatment [19, 20]:

PbSO4 + 2 NaCl → PbCl2 + Na2 SO4

In the presence of high concentrations of chloride,
lead chloride is subsequently converted to PbCl3− and
PbCl42− complexes having higher solubilities [21, 22].
Rusen et al. [20] also stated that reaction temperature beyond 50 °C caused a substantial increase in Pb solubility.
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FIGURE 6 - Effect of reaction temperature on heavy metal distributions, the alkaline concentration, 1mol/L; liquid/solids, 10:1(ml/g), (a)
Heavy metal concentrations in residual liquids; (b) TCLP test results of before and after treated fly ash.

TABLE 2 - Effect of hydrothermal treatment on the distributions of heavy metals at 150 ℃ with different alkali concentrations and liquid/
solids ratios

Cr
Mn
Ni
Cu
Zn
Cd
Pb

Effect of alkaline concentration
(liquid/solids ratio=10:1)
In residual liquids
In TCLP leaching solu(mg/L)
tions(mg/L)
0
0.5
1
0
0.5
1
0.007
0.007
0.006
0.546
0.33
0.129
0.016
0.006
0
2.768
3.008
0.035
0.032
0.025
0
0.202
0.116
0.043
0.700
1.792
1.792
2.55
1.624
0.078
0.053
0.495
4.482
20.68
12.06
0
0.006
0.006
0.015
0.282
0.231
0.024
0.051
4.177
23.31
6.845
1.573
0.04
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Effect of liquid/solids ratio
alkali concentration 0.5 mol/L
In residual liquid
In TCLP leaching
(mg/L)
solutions (mg/L)
4:1
10:1
4:1
10:1
0.005
0.007
0.250
0.33
0.011
0.006
0.010
3.008
0.018
0.025
0.007
0.116
1.281
1.792
0.035
1.624
0.047
0.495
0.024
12.06
0.006
0.006
0
0.231
0.506
4.177
0.011
1.573
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TABLE 3 - Stabilization efficiency and distribution of heavy metals in TCLP leachates and residual liquids
Stabilization efficiency
(%)
Total
concentration
(mg/kg)
TCLP limits (mg/L)
Raw fly ash (mg/L)
Treated fly ash (mg/L)
Wastewater
(mg/L)

standard

Cr

Mn

Ni

Cu

Zn

Cd

Pb

95.55

99.97

99.77

98.55

99.97

99.81

99.87

In this study

112.7

730.6

91.5

400. 7

1987

12.7

1680

In this study

4.5
1.08
1
NS
0.250
1
NS

NS
6.63
ND
NS
0.010
ND
NS

0.5
0.46
3
NS
0.007
1
NS

40
3.23
14
NS
0.035
1
NS

100
45.75
397
NS
0.024
27
NS

0.15
0.38
12
NS
ND
1
NS

0.25
7.19
17
NS
0.011
1
NS

GB 16889-2008[18]
In this study
Bayuseno et al [10]
Yang and Yang[11]
In this study
Bayuseno et al [10]
Yang and Yang[11]

1.5

5.0

0.005
0.011
residual liquids (mg/L)
NS
NS
<0.06
ND
ND: not detected; NS: not stated in paper

References

1.0

2.0

5.0

0.1

1.0

GB 8978-1996[23]

0.018
NS
ND

1.281
NS
0.2

0.047
NS
156.6

0.006
NS
0.17

0.506
NS
102.2

In this study
Bayuseno et al [10]
Yang and Yang[11]

As discussed above, the optimum parameters for stabilization the heavy metals in MSWI fly ash are recommended as 0.5 mol/L, 4:1 (ml/g) and 150℃. A similar experiment is conducted at 150℃ with different alkali concentrations (0-1.0 mol/L) and liquid/solids ratios (4:1 and
10:1). Results, listed in Table 2, show that the best stabilization efficiency occurred at 150℃, 0.5 mol/L and 4:1 ml/g.
The distribution change trends of heavy metals with alkali
concentration and liquid/solids ratio are similar with that
at 275℃.
3.5. Analysis of the optimum condition

The qualities of treated fly ash, listed in Table 3, are
in accordance with current stringent TCLP regulation.
The stabilization efficiency of total heavy metals is more
than 95 % under optimum conditions. It is noted that the
concentration of Cu, 1.28 mg/L, in residual water met the
national water discharge standards of grade III, 2.0 mg/L,
while that of others is lower than the standards of grade I
in China [23].
Compared with the results observed by Bayuseno et
al [10] and Yang and Yang [11], the hydrothermal products in this study displayed far better stabilization effects
both in TCLP test and in residual liquids. For the studies
of Bayuseno et al [10] the Pb and Zn retained high concentrations in the residual liquids, as also reported by
Yang and Yang [11]. Thus, it is important to choose reasonable parameters to stabilize heavy metals in MSWI fly
ash using hydrothermal methods.
The optimum stabilization efficiency observed in this
study is due to the interactions between zeolite-like minerals and heavy metal ions during hydrothermal treatment.
Zeolite-like minerals form a three-dimensional cage-like
network and consist of [SiO4] and [AlO4] tetrahedral, linked
alternately by sharing the oxygen. The [SiO4] units are electrically neutral, but each [AlO4] unit carries a net negative
charge, creating negatively charged sites throughout the
network. Because of its cage-like network and negative
charge, heavy metals are attracted to the zeolite-like min-

erals and flow into the network, and then are captured
within its cage structure. The reactions can be described
by the following two equations:
(1) Cation exchange with Na+/H+,
(3)
nX - ONa/H + M e n + → (X-O) n − M e + nNa/H
(2) Directly absorption in negatively charged sites,
nX-O- + M e n + → (X-O) n − M e

(4)

Where X-O- represents the surface of zeolite-like
minerals, Me denotes heavy metal cations with a valence
n. In addition to cation exchange and adsorption, parts of
heavy metals are precipitated and physically encapsulated
in the minerals. When hydrothermal treatment occurs at
higher pH value solution, parts of heavy metal cations
should be precipitate, i.e. Cu(OH)2, then nucleus growth
of zeolite-like minerals are attached in those precipitate,
finally precipitations are physical encapsulation in those
zeolite-like minerals. Precipitations not encapsulated by
zeolite-like minerals, become cations again under acidic
conditions, such as TCLP solution. Those behaviors of
heavy metals could effectively prevent leaching out from
fly ash into the residual liquids. In the case of the TCLP
tests, portions of the precipitated heavy metals would
become cations, and then be adsorbed by zeolite-like
minerals.
4. CONCLUSIONS
During hydrothermal treatment there are significant impacts of all parameters studied on the distribution of heavy
metals in the residual liquids, yet the major factor effecting
heavy metals in TCLP leachates is reaction temperature.
The stabilization efficiency of Cr, Cu, Pb, and Zn is lower
compared to that of Mn, Ni, and Cd, and Cr and Pb being
relatively easy to leach out in TCLP leachates, and Cu and
Zn being easily retained in liquids arising during hydrothermal treatment. However, the stabilization efficiency of
heavy metals exceeds 95 % under optimal conditions.
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XRD analysis shows that zeolite-like minerals, including sodalite and geopolymer, are synthesized during
the hydrothermal treatment. Stabilization of heavy metals
is attributed to absorption on and ion exchange with zeolite-like minerals synthesized from MSWI fly ash, while
precipitation and physical encapsulation simultaneously
promote heavy metal stabilization. Remarkably, the concentrations of treated fly ash are far below the regulatory
limits in all TCLP leachates, and the qualities of residual
water reached the national wastewater discharge standards
under optimal conditions. Overall, the results demonstrate
that hydrothermal treatment is a promising solution for
the stabilization of heavy metals.
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EFFECTS OF PLANTING PATTERNS ON SHOOT Cd AND Pb
CONCENTRATIONS IN TWO WATER SPINACH CULTIVARS
Junliang Xin, Baifei Huang*, Aiqun Liu and Kebing Liao
Department of Safety and Environmental Engineering, Hunan Institute of Technology, Hengyang 421002, China

ABSTRACT
To study the effects of rhizosphere interaction between
a low-Cd-Pb cultivar (cv. YQ) and a high-Cd-Pb cultivar
(cv. T308) of water spinach on their accumulation of Cd
and Pb, a pot experiment was designed by two planting
patterns, monoculture and mixculture, in four soil treatments, including low Cd, high Cd, low Pb and high Pb. The
results showed that the shoot biomass per pot in the
mixculture was higher than the average values of the
two cultivars in the monoculture. Shoot Cd concentrations of cv. YQ and cv. T308 in the mixculture were significantly decreased by 14.2% and 20.8% compared to
those of monoculture cv. YQ and cv. T308 under low Cd
exposure, respectively. Under the two Pb exposures, only
shoot Pb concentrations of cv. T308 were significantly
decreased when compared with those of monoculture cv.
T308. At population level, shoot Cd and Pb concentrations also showed a decrease of different degrees. The
changes in rhizosphere soil characteristics caused by the
mixculture might be the main reason influencing shoot Cd
and Pb concentrations and transfer factors of Cd and Pb.
These results indicated that rhizosphere interaction in the
mixculture played an important role in increasing the total
shoot biomass and reducing shoot Cd and Pb concentrations especially in low Cd and Pb contaminated soil. Thus,
mixculture, as an approach to control heavy metal pollution,
is worth being further investigated in other crop species.

KEYWORDS: water spinach (Ipomoea aquatica Forsk.); cadmium (Cd); lead (Pb); biomass; accumulation

investigated in many crops [3-5]. Based on the genetic
differences, some researchers proposed that the selection
of low heavy metal cultivars could minimize heavy metal
accumulation in edible parts of the crops to levels below
the proposed international limits [1].
Although much attention has been paid to the selection of low heavy metal cultivars, the mechanisms that are
responsible for the differences in heavy metal accumulation among cultivars are not well understood. It was reported that the differences between rice genotypes in the
rhizosphere affected the chemical behavior of Cd near the
root surface and the Cd content in rice tissues [6]. However, it is still unclear whether the interaction between the
rhizosphere of different cultivars affects heavy metal accumulation in each cultivar.
Water spinach (Ipomoea aquatica Forsk.), an important leafy vegetable in Southern Asia, India and southern China, is vulnerable to Cd and Pb pollution [5, 7]. In
our previous study, a low-Cd-Pb cultivar and a high-Cd-Pb
cultivar were obtained [5]. Further, it was also reported that
the differences in shoot Cd and Pb accumulation among
water spinach cultivars were less influenced by soil characteristics [5, 7]. However, little information has been published on the effects of interaction between different cultivars
of the same species differing in Cd and Pb accumulations
on the uptake of Cd and Pb by the plants. Therefore, in the
present study, the two cultivars were used to investigate the
effects of planting patterns, including monoculture and
mixculture, on shoot Cd and Pb concentrations. We hypothesized that mixculture between the low-Cd-Pb cultivar and the high-Cd-Pb cultivar will affect the uptake of
Cd or Pb via the change of rhizosphere processes and thus
decrease or increase their accumulations in shoot.

1. INTRODUCTION

2. MATERIALS AND METHODS

Cadmium (Cd) and lead (Pb) are highly toxic heavy
metals to plants and can threaten human health through
bioaccumulation and biomagnification along the food chain
[1, 2]. Therefore, there is an increasing concern about the
safety of Cd and Pb in agricultural products. Differences in
Cd and Pb concentrations among cultivars (cv.) have been
* Corresponding author

2.1 Water spinach cultivars

Two water spinach cultivars, cv. YQ and cv. T308,
were used in the present study. In our previous study [5],
shoot Cd concentrations (fresh weight, FW) of cv. YQ and
cv. T308 were 0.428-0.434 mg kg-1 and 0.594-0.659 mg kg-1,
respectively, when grown in a Cd-contaminated soil (0.61
mg kg-1, dry weight, DW). And their shoot Pb concentrations (FW) were 0.185-0.205 mg kg-1 and 0.281-0.319 mg
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kg-1, respectively, when grown in a Pb-contaminated soil
(85.4 mg kg-1, DW). Therefore, cv. YQ and cv. T308 were
considered to be typical low-Cd-Pb cultivar and high-CdPb cultivar, respectively.
2.2 Experimental site and soil

This experiment was conducted in an experimental garden of Hunan Institute of Technology (112°41′E, 26°52′N),
Hengyang, Hunan, China. The experimental soil was collected from a vegetable farm of the institute, and was airdried and ground to pass through a 5 mm sieve for testing
the soil properties, including pH (pH meter, soil : deionized water = 1:2.5) [8], organic matter (sequential extraction method) [9], cation exchange capacity (ammonium
acetate method) [10], total nitrogen (Kjeldahl method)
[11], total Cd and total Pb (atomic absorption spectrophotometer, Z-2300, Hitachi, Japan, following HNO3- HClO4HF digestion) [12]. The soil pH, organic matter, cation exchange capacity, total nitrogen, total Cd and total Pb were
6.38, 1.82%, 8.7 cmol kg-1, 0.16%, 0.22 mg kg-1 (DW)
and 35.3 mg kg-1 (DW), respectively. Four treatments,
including low Cd, high Cd, low Pb and high Pb, were carried out by adjusting soil Cd and Pb concentrations. The
soils spiked 0.4 and 1.0 mg kg-1 of Cd in the form of
Cd(NO3)2·4H2O and 60 and 160 mg kg-1 of Pb in the form
of Pb(CH3COO)2·3H2O were treated as low Cd, high Cd,
low Pb and high Pb, respectively. Each of the four soils
were placed in a large basin, watered, and left to balance
outdoors under a waterproof tarpaulin for three months.
The final soil Cd concentrations were 0.58 and 1.14 mg
kg-1 (DW) for low Cd and high Cd, respectively, and soil
Pb concentrations were 90.6 and 207.3 mg kg-1 (DW) for
low Pb and high Pb, respectively.
2.3 Experimental design

The pot experiment was carried out by two planting
patterns, monoculture and mixculture. Plastic pots, with
diameters of 18 cm (top) and 13 cm (bottom) and height
of 15 cm, were each filled with 2.5 kg (DW) of the prepared soil. In each soil treatment, three pots (n=3) were
used for each planting treatment for each cultivar. The
seeds were covered with two layers of moist gauze at 28 °C
for 48h. For monoculture, four germinated seeds per pot
were sown into the soil. For the 4-plant mixculture, two
germinated seeds of each cultivar were grown alternately
in the same pot. The experiment was laid out as a completely randomized design with a total of 36 pots. The
seedlings were watered with tap water daily and the solid
compound fertilizer (N:P:K = 15:15:15) was applied into
the soils for 3.0 g pot-1 on the 15th day after plantation.
2.4 Sampling and chemical analysis

Only the shoots (including stems and leaves) were
sampled as the work being focused on the soil-plant-human
pathway of heavy metals. On the 45th day after seeding, the
shoots were harvested and washed thoroughly with tap
water and then with deionized water. The plant samples

were dried at 105°C for 20 min and then at 70°C to the
constant weigh. The dried samples were crushed to pass
through a 0.149 mm sieve for chemical analysis after their
dry weights were weighed. Cd and Pb concentrations of
the dry samples were determined by atomic absorption spectrometry (Hitachi Z-2300) after digestion with HNO3:H2O2
(10:3, v/v) in a microwave oven (Microwave digester
MDS-6, Shanghai Sineo Microwave Chemistry Technology
Co., Ltd, China). A Certified Reference Material (CRM) of
plant GBW07605 (provided by the National Research
Center for CRM, China) was used for quality control in
the Cd and Pb analytical procedures of the plant samples.
2.5 Statistical methods

To evaluate the transfer potential of Cd and Pb from
soil to plant, the transfer factor (TF) [5] was calculated as
follows:
TF = Cshoot /Csoil
where Cshoot is the shoot Cd or Pb concentration (DW),
and Csoil is the total Cd or Pb concentration in corresponding soil.
Data were statistically processed on a computer using
SPSS 13.0 and Excel 2003 and analyzed by independent
samples t test and one-way ANOVA with the least significant difference (LSD) test.
3. RESULTS AND DISCUSSION
3.1 Shoot biomass of water spinach

The shoot biomasses of the two water spinach cultivars are shown in Fig. 1. Under both low and high Cd
exposures, the shoot biomasses of cv. YQ in the monoculture were significantly higher (p < 0.05) than those in the
mixculture. However, no significant difference (p > 0.05)
in shoot biomass of cv. YQ was found between the two
planting treatments under the two Pb exposures. The shoot
biomass of cv. T308 in the mixculture was always significantly higher (p < 0.05) than that in the monoculture except under high Cd exposure. Furthermore, the shoot biomasses of cv. YQ per pot in the monoculture were always
conspicuously lower (p < 0.05) than those of cv. T308
and were also lower (p < 0.05) than those of the mixculture (Fig. 2). These results indicated that the growth promotion of cv. T308 in the mixculture could be attributed
to its faster growth rate comparing to cv. YQ. Nevertheless, the shoot biomass of cv. T308 per pot in the monoculture was higher (p < 0.05) than that of the mixculture
of the two cultivars per pot under Cd treatment, but there
was no significant difference (p > 0.05) between them
under Pb treatment (Fig. 2). It was worth noting that the
shoot biomasses per pot in the mixculture were 0.4-10.8%
higher than the average shoot biomasses of cv. YQ and
cv. T308 in the monoculture in all the treatments. This
demonstrated that the mixculture of the two water spinach
cultivars could increase the total shoot biomass. It has also
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FIGURE 1 - Shoot biomass of the tested cultivars in the monoculture and mixculture in different soils. The ns and * indicate that differences
between the monoculture and mixculture treatments were not significant and significant at p < 0.05 level, respectively.
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FIGURE 2 - Shoot biomass per pot of the tested cultivars in different soils. Different small letters indicate significant difference at p < 0.05
level among different cultivar treatments within the same soil. YQ+T308 represents the mixculture of cv. YQ and cv. T308.

been reported that the mixed cropping of 2-3 wheat cultivars decreased the intraspecific competition and increased
the grain yield [13]. However, the increase of shoot biomass in the mixculture could be attributed to the effective
utilization of growth space by the two water spinach cultivars differing in plant types.
3.2 Cd and Pb accumulation

Shoot Cd and Pb concentrations of cv. T308 were
1.23-1.47-fold and 1.19-1.52-fold of those of cv. YQ, respectively, under the tested soils, which was consistent with
the previous report [5]. This proves again that the traits of
Cd and Pb accumulation in water spinach are genotypedependent. Under low Cd exposure, shoot Cd concentrations of cv. YQ and cv. T308 in the mixculture were significantly decreased by 14.2% and 20.8% compared to
those in the monoculture, respectively (Fig. 3A). Howev-

er, under high Cd exposure, there was no significant difference (p > 0.05) in shoot Cd concentration of the two
tested cultivars between the mixculture and the monoculture (Fig. 3A), indicating that the interaction between the
rhizospheres of the two cultivars resulted in real decrease
in shoot Cd concentrations only under low Cd exposure.
The reason might be that the spiked Cd in the high Cd
treatment influence the process of rhizosphere effects
between the cultivars, and further investigation is needed.
Therefore, the hypothesis that the mixculture between the
low-Cd-Pb cultivar and the high-Cd-Pb cultivar will decrease or increase Cd accumulation in shoot is acceptable
only under the low Cd treatment. Additionally, there were
always no significant differences (p > 0.05) in shoot Pb
concentration of cv. YQ between the two planting treatments, but shoot Pb concentration of cv. T308 in the
mixculture was always significantly lower (p < 0.05) than
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A

der high Cd exposure (Fig. 3A). The average shoot Pb
concentration of cv. YQ and cv. T308 in the mixculture
was also similar to that of cv. YQ in the monoculture, and
was significantly lower (p < 0.05) than that of cv. T308
under low Pb exposure (Fig. 3B). Nevertheless, the average shoot Pb concentration in the mixed population of cv.
QLQ and cv. T308 was between those of the two cultivars
in monoculture and there was significant difference (p <
0.05) among them under high Pb exposure (Fig. 3B). The
results indicated that the mixculture method could effectively decrease the Cd and Pb accumulations in shoots of
water spinach.

Monoculture

Mixculture

10

a

ab

Mixed sample

c

d

a

b

bc

YQ

T308

T308

Mixed sample

4
2
0

Low Cd
8

B

High Cd

Monoculture
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Shoot Pb concentration (mg kg , DW)

a

T308

b

T308

b

YQ

6

YQ

8

YQ

-1

Shoot Cd concentration (mg kg , DW)

that in the monoculture (Fig. 3B), indicating that the
mixculture between cv. YQ and cv. T308 could significantly decrease the shoot Pb concentration of cv. T308. A
possible reason was that shoot Pb concentration in cv.
T308 was more sensitive to the rhizosphere interaction
than that in cv. QLQ.
The average shoot Cd concentration in the mixed
population of cv. YQ and cv. T308 was similar to that of
cv. YQ in the monoculture, but was significantly lower (p
< 0.05) than that of cv. T308 under low Cd exposure (Fig.
3A). However, there were no significant differences (p >
0.05) in the average shoot Cd concentration between the
mixed population and the two monoculture cultivars un-

bc

T308

T308

Mixed sample

0

Low Pb

b

b

Mixed sample

b

a

T308

a

c

T308

bc

c

YQ

c

YQ

2

YQ

4

YQ

6

High Pb

FIGURE 3 - Shoot Cd (A) and Pb (B) concentrations of the tested cultivars in the monoculture and mixculture in different soils. Mixed
sample represents the sample mixed with shoots of cv. YQ and T308 in mixculture of the two cultivars. Different small letters indicate significant difference at p < 0.05 level within the same Cd or Pb treatment.
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Transfer factors (TFs) of Cd and Pb in different treatments were shown in Fig. 4. Generally, TFs of Cd and Pb
were both lower than those of the previous report [5]. This
may be explained by the difference of soil pH values between our case (pH 6.38) and the previous cases (pH 5.375.65), because it has been reported that Cd and Pb uptake
by plants was decreased with the increase of soil pH [14,
15]. The mixculture significantly decreased (p < 0.05) the
Cd TFs of the two cultivars under low Cd exposure, but
there was no significant difference (p > 0.05) under high
Cd exposure (Fig. 4A). Under the two Pb exposures, the
significant decreases of Pb TFs caused by the mixculture
were only found in cv. T308 (p < 0.05) (Fig. 4B). These
results suggest that the effects of the interaction between
rhizospheres of the two cultivars on Cd and Pb uptakes
from soil to shoot tissue are relied on soil condition and
genotype.
A

Monoculture

Mixculture

a

a

9
6

b

c

b

low Cd
B

0.05

T308

It is concluded that the mixculture of cv. YQ and cv.
T308 resulted in the increase of shoot biomass per pot as
well as the decrease of the shoot Cd and Pb concentrations, which was associated with the interaction between
the rhizospheres of the two cultivars. It is considered that
the mixculture method is a useful tool of minimizing Cd
and Pb accumulations in water spinach under low Cd and
Pb exposures and is worth being investigated in other crop
species. In addition, the relevant mechanisms of rhizosphere
interaction are still necessary to be further investigated.
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ture of the mixculture [16, 17]. In the present study, the
mixculture of two water spinach cultivars differing in shoot
biomass resulted in the increase of the average shoot biomass of the mixculture population, which was also attributed to the optimization of resources use according to the
ecological niche theory. There have been reports that the
mixculture between Zea mays and Sedum alfredii significantly increase the uptake of Zn, Cd, and Pb by S. alfredii,
which was due to that the decrease of soil pH and the
increase of dissolved organic carbon and metals concentrations caused by corn roots promoted the metals transported to the S. alfredii side [18, 19]. Gove et al. reported
that Thlaspi caerulescens co-cropped with Hordeum vulgare L. and Lepidium heterophyllum Benth. increased the
Cd concentrations of T. caerulescens and the two species,
suggesting that the alterations of soil conditions and increased the Cd availability in the rhizosphere of T.
caerulescens might be in favor of soil remediation if intercropped with other species [20]. However, the co-cultivation
of T. caerulescens with T. arvense and Festuca rubra was
found to have no effect on the uptake of Zn by the cocultivated species [21]. There is little information about
the effects of the mixculture between different cultivars of
a species on the heavy metal uptake and accumulation of
plant. Therefore, the results of the present study are noticeable because of the evidences proving that rhizosphere
effect between different cultivars can alter Cd or Pb accumulation in shoot.

high Pb

FIGURE 4 - Cd (A) and Pb (B) transfer factors of the tested cultivars in different planting treatments. Different small letters indicate
significant difference at p < 0.05 level among the monoculture and
mixculture cultivars within the same soil.

A yield advantage of some cultivar mixtures has also
been found in soybean (Glycine max Merr.), which was
treated as the results of boosting the competitive ability of
one or both cultivars and/or improving canopy architec-
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INTERACTION OF COPPER AND HERBICIDE
IN CONTAMINATED SOIL UNDER REMEDIATION
Stanisław Wróbel* and Jerzy Sadowski
Institute of Soil Science and Plant Cultivation - National Research Institute in Pulawy,
Department of Weed Science and Tillage Systems, 50-540 Wroclaw, Orzechowa Str. 61, Poland

ABSTRACT
A vegetative experiment was carried out to determine
the consequences of phytotoxicity and results of the remediation of soil contaminated with excess copper and
residue of the herbicide metazachlor. The remediation
treatments consisted of the soil enrichment with organic
matter in the form of peat or earthworm humus, separately
or in combination with CaCO3. The test plant was oat.
When no remediation was conducted, copper contamination at the level of 360 mg Cu·kg-1 reduced oat yield by
95% versus the yield obtained on natural (unpolluted)
soil. It has been found out that combined presence of the
metal and herbicide in soil compounded the negative effect
of these pollutants compared to their separate effect. When
copper concentration in soil was elevated, the decomposition of metazachlor in soil was slowed down. The best
remediation effect such as improved yields of oat and
depressed Cu concentration in plants was obtained by
introducing to soil a combination of 3% by weight of soil
dry matter of the earthworm humus and CaCO3 in a doze
according to 1.5 hydrolytic acidity.

KEYWORDS:
soil pollution, excess copper, herbicide residue, soil remediation

1. INTRODUCTION
In the surroundings of smelting plants and other large
industrial centers which emit harmful substances including heavy metals, there are often intensively cultivated
farmlands. In a situation like this, it can be expected that
toxic substances will produce a detrimental interaction on
agricultural production [1]. Apart from heavy metals,
relatively small quantities of a selective herbicide applied
under a preceding crop can also turn toxic to the successive cultivated plant [2]. Undesirable interactions can manifest themselves not only as the depressed volume of yields
* Corresponding author

but, first of all, as the inferior yield quality, assessed in
terms of the concentration of harmful substances [3]. The
harvested yields then do not meet the requirements set up
in the EU White Paper of Food Safety [4].
The present research was based on a vegetative pot
experiment, in which the soil remediation effects of highmoor peat and earthworm humus, applied alone or in conjunction with calcium carbonate, were tested in terms of
preventing the phytotoxicity of excess copper and herbicide residue in sandy soil cropped with oat.
2. MATERIAL AND METHODS
The study was carried out in two-factor pot experiments, in which pots holding 10 kg dry matter soil were
used. The test soil originated from the humic layer of
grey-brown podzolic soil of the granulometric composition of loamy sand. It was acidic and moderately abundant
in macro- (P, K, Mg) and micronutrients (B, Cu, Mn, Mo
and Zn). The levels of soil simulated contamination with
copper and the herbicide metazachlor (MCH), n=7 made
up the first-order factor (A) in the experiment (A1 - 0, A2
- 0.05 mg MCH·kg-1, A3 - 0.20 mg MCH ·kg-1, A4 - 180
mg Cu·kg-1, A5 - 360 mg Cu·kg-1, A6 - 0.05 mg MCH +180
mg Cu·kg-1, A7 - 0.20 mg MCH+360 mg Cu·kg-1 of dry
soil). The second-order factor (B - remediation treatments, n
= 6), consisted of application of highmoor peat (HP) or
earthworm humus (EH), combined with CaCO3: B1 = 0,
B2 = HP 3% by weight of soil dry matter, B3 = EH 3%,
B4 = CaCO3 - acc. to 1.5 Hh (Hh – hydrolytic acidity), B5
= HP+CaCO3 and B6 = EH+ CaCO3 in doses given
above.
Both the pollutants (Cu as CuSO4·5H2O solution, metazachlor as Metazanex 500 SC) and the remedial substances
were applied before sowing oat. Highmoor peat was used
in the experiment (57% organic substance, pHKCl = 5.4),
while the earthworm humus (of pHKCl = 6.3; 23% of organic substance) was produced by Californian earthworms on
a substratum of cattle manure. During the vegetation
period, the soil moisture in pots was kept at 60% of the
maximum water absorbability (MWA). The test plant was
spring oat (Avena sativa, variety Borowiak) harvested at
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the early shooting stage and the yield of the aerial parts
was determined. The plant tissue was assayed for the
content of Cu and MCH whereas the soil was tested for its
reaction (pHKCl), the content of organic carbon and available forms of Cu (soluble in 1 mol HCl dm-3) and MCH.
The results obtained in experiment underwent statistical processing with analysis of variance, correlation and
stepwise multiple regression being completed. For the
evaluation of the phytotoxic effect produced by excess
copper in soil on volume of yields, plants’ tolerance index
(TI) was applied, where TI = weight of yield from polluted
soil to yield from the control soil (A1). Copper bioaccumulation indices (BI) were also calculated. The BI index is
a ratio of the increase of a metal content in plants to its
increase in soil and, as such, it reflects the metal’s ability
to migrate from soil to plant tissues [5, 6].

tained (5% and 3% of yield relative to control subblock
A1, respectively). MCH applied separately in the higher
dose reduced the yields by as much as 41%. The phytotoxicity of Cu in soil containing residue of MCH grew
stronger, as a result of which larger yield losses were
recorded.
Soil amendment with peat or earthworm humus as
well as liming treatments effectively mollified the toxicity
of the pollutants in soil, thus improving the conditions for
the growth of oat plants. The most effective remediation
treatment limiting the concentration of the metal in plants
and improving oat yields was a combination of EH+ CaCO3 acc. to 1.5 Hh (B6), (Fig. 1). Under the most severe
soil contamination conditions (360 mg Cu + 0.20 mg
MCH·kg-1 soil), it was possible to recover up to 48% of
yield relative to uncontaminated soil (Table 1).
Yields of oat aerial part biomass increased as the
concentration of copper in plant tissues fell (Table 1, Fig.1).
The negative correlations found between the yield of oat
aerial parts and content of bioavailable copper in plant
tissues reflect clearly the phytotoxic effect produced by
copper excess in soil on the test plant: Cu in oat plants
tissue/yield of oat green mass = - 0.609 at α = 0.01.

3. RESULTS AND DISCUSSION
Phytotoxicity of excess copper and MCH residue in
soil had nearly completely inhibited the growth and development of plants under the experimental conditions. In
treatments with the higher contamination level (A5B1 and
A7B1), hardly a minimal yield of green matter was ob-

TABLE 1 - Indices of oat plants tolerance (TI)
Soil contamination (first-order factor)
A3
A4
A5
TI
B1
1.09
0.59
0.40
0.05
B2
0.98
0.96
0.70
0.11
B3
1.05
0.85
1.01
0.49
B4
0.98
0.81
1.05
0.26
B5
0.95
0.85
0.89
0.32
B6
1.09
0.89
1.03
0.60
LSD p = 0.01
B/A = 0.11; A/B = 0.09
TI = quotient: mass yield obtained on contaminated soil/ mass yield produced on natural soil
* - B1 = 0, B2 = HP 3%, B3 = EH 3%, B4 = CaCO3 – acc. to 1.5 Hh, B5 = HP+CaCO3 and B6 = EH+CaCO3
Second-order
factor*

A1
g·pot -1
206.3
239.8
234.0
220.3
249.5
223.3

A2

A6

A7

0.14
0.24
0.91
0.81
0.85
0.98

0.03
0.06
0.34
0.09
0.17
0.48

-1

mg Cu • kg

A2

A1

40

mg MCH • kg-1

A4

A3

LSD P = 0.01 (Cu) B/A = 6.13; A/B = 9.05

A6

A5

A7

0,04

(MCH) B/A= 0.006; A/B = 0.009
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FIGURE 1 - Cu in oat aerial part tissue against metazachlor concentration in soil after harvest
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TABLE 2 - Indices of metal bioaccumulation (BI) in oat aerial parts.
Soil contamination (first-order factor)
Second-order factor
(remediation
A4
A5
A6
treatments**)
180 mg Cu·kg-1
360 mg Cu·kg-1
180 mg Cu·kg-1 + 0.05 mg MCH
B1
0.13
*
0.16
B2
0.05
0.07
0.09
B3
0.02
0.04
0.04
B4
0.02
0.04
0.03
B5
0.03
0.04
0.03
B6
0.01
0.01
0.01
LSD P = 0.01 B/A = 0.02; A/B = 0.03
* – no plant material
** - B1 = 0, B2 = HP 3%, B3 = EH 3%, B4 = CaCO3 – acc. to 1.5 Hh, B5 = HP+CaCO3 and B6 = EH+CaCO3

Presence of metazachlor in soil, especially in the amount
of 0.200 mg·kg-1, significantly raised the accumulation of
Cu in oat biomass (Fig.1). This was clearly expressed by
calculated bioaccumulation indices. Statistically significant
rises of its values in the subblock A7 with higher level of
MCH in soil, imply the occurrence of conditions which
favour transfer of metals from soil to plants (Table 2).
Thus, in this case one can consider the role of the herbicide as a stimulator in the uptake of copper by oat plants.
Although metazachlor contained in soil evidently affected
the uptake of the metal and yields of oat, the chemical
analysis (gas chromatography) did not reveal the presence
of this substance in plants (the concentration below the
detectability threshold). MCH added to soil separately,
regardless of its dose, or in combination with the lower
dose of Cu underwent decomposition to the detectability
level under the effect of the applied remediation treatments. However, when the metal appeared in increased
concentrations (360 mg Cu·kg-1 of soil), its decomposition became evidently retarded (fig. 1). The results of
some in-vestigations allow drawing a conclusion that soil
enriched with the heavy metals kills the microbial life,
responsible for the herbicide degradation [7]. No distinct
effect of metazachlor additives on Cu determined in 1 mol
HCl·dm-3 concentration in soil was found (Table 3).
The remediation treatments applied caused certain
modifications in the physicochemical properties of soil,
which in turn reduced the phytotoxicity of the pollutants
and restored soil productive capacity.

A7
360 mg Cu·kg-1 + 0.20 mg MCH
*
*
0.06
0.07
0.07
0.06

Of such changes, the most important were a decrease
in the amounts of available forms of the metal, increased pH
of soil and higher organic matter concentration (Table 3).
The negative effect of excess Cu and herbicide residue on
oat yield as well as the positive impact of improved soil
reaction and soil enrichment with organic substance were
formulated as a function expressed with a multiple regression equation:
y = 113.65 - 2014.59 MCH + 13.19 pH + 52.56 Corg.
– 0.48 Cu
R2 = 74.56%; p = 0.000
where: y = oat yield (g.pot-1), pHKCl - soil pH determined in 1 mol KCl.dm-3, C org. - percentage of organic
carbon determined with Tiurin’s method, Cu – available
copper content in soil, in mg Cu.kg-1 (determined in 1 mol
HCl·dm-3) [8,9].
The present study has supported the claim presented
in some reports, stating that soil reaction has the strongest
influence on the immobilization of excess copper in mineral soils [10-14]. Lombi et al. [15] in soils treated with
lime have found significant amounts of nonlabile Cu to be
associated with colloids < 0.2 µm in the soil solution phase.
However, when the soils were re-acidified, the labile pool
of the metal increased sharply. The most successful solution, also indicated in other papers [16-20], proved to be
combinations of the both, liming and soil amendments with
organic sorbents. Neaman et al. [21] in a study on sandy
loam texture soil, polluted with copper (310–640 mg·kg-1)
stated that in solutions percolating through the soil during

TABLE 3 - Soil reaction (pHKCl), content of plant-available* Cu (in mg·kg-1) and organic carbon (Corg in %) of subblocks with excess Cu.
Soil contamination (first-order factor)
A5
A6
Second-order
180 mg Cu
factor**
180 mg Cu·kg-1
360 mg Cu·kg-1
+ 0.05 mg MCH
pH
Cu
C
pH
Cu
C
pH
Cu
C
B1
5.45
170.0
0.70
5.25
345.0
0.70
5.25
175.0
0.58
B2
4.85
164.0
1.22
4.85
329.0
1.45
4.85
160.0
1.43
B3
5.00
150.0
1.00
5.00
328.0
1.00
5.24
155.0
1.00
B4
6.76
145.0
0.65
6.70
330.0
0.75
6.70
145.0
0.72
B5
6.00
133.0
1.37
6.10
325.0
1.25
6.40
133.0
1.45
B6
6.30
119.0
0.98
6.30
315.0
1.00
6.30
122.0
0.98
LSD (Cu) p = 0.01 B/A = 16.35, A/B = 115.22; (Corg) p = 0.01 B/A = 0.33; A/B = non-significant
* - soluble in 1 mol HCl·dm-3
** - B1 = 0, B2 = HP 3%, B3 = EH 3%, B4 = CaCO3 – acc. to 1.5 Hh, B5 = HP+CaCO3 and B6 = EH+CaCO3
A4
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A7
360 mg Cu
+ 0.20 mg MCH
pH
Cu
C
5.35
352.0
0.65
4.95
330.0
1.30
5.30
330.0
0.99
6.73
335.0
0.70
6.65
320.0
1.28
6.43
305.0
1.30
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rain events, dissolved organic carbon was the major factor
controlling total dissolved copper concentrations while
soil pH was the major factor controlling the free Cu2+
activity. In a study carried out by Alvarenga et al. [22]
joint application of municipal solid waste compost and
liming materials led to a decrease in the mobile fractions
of Cu, but mobilisable fractions of Cu increased with
separate compost application.
4. CONCLUSIONS
When simulation contaminated soil was left without
remediation, a strong phytotoxic effect of the tested pollutants, i.e. excess Cu and residue of metazachlor, on oat
plants was observed.
Yield losses were accompanied by elevated concentrations of copper in plants.
Combined presence of the metal and herbicide in soil
intensified the negative influence of both pollutants compared to the same substances appearing separately.
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ABSTRACT
This study was conducted to solve the problem of existing water purification processes which were incapable
of purifying increasingly contaminated raw water. In this
pilot experiment, three ultrafiltration devices were set
separately after the sedimentation tank, the sand filtration
tank and the ozone-biological activated carbon pool. The
efficiency of the three ultrafiltration devices was then
analyzed and compared. The results showed that the turbidity and particles of the effluent of the ultrafiltration
devices were irrelevant to the influent. The average turbidity of the effluent was below 0.1 NTU and the number
of particles with a diameter > 2 µm was less than 20 per
ml. Bacteria were easily removed, indicating that ultrafiltration could serve as a barrier to prevent bacteria from
leaking from the activated carbon pool. Also, algae were
completely removed. The removal rate of dissolved organic carbon (DOC) by ultrafiltration was around 10%
and the main compounds removed were hydrophobic
organic compounds, while hydrophilic organic compounds could penetrate the ultrafiltration membrane. The
front-end process ensured that ultrafiltration occurred
under a stable transmembrane pressure in the long run.
Using an ultrafiltration membrane after the sedimentation
tank, the sand filtration tank and the ozone-biological
activated carbon pool increased the production costs for
water purification by 0.1288 Yuan, 0.1116 Yuan and
0.1242 Yuan per ton, respectively.

KEYWORDS: ultrafiltration; transmembrane pressure (TMP);
Coagulation sedimentation; Sand filter; O3-BAC.

1. INTRODUCTION
Because the water quality in the south China is deteriorating, traditional treatment processes are starting to
become inadequate. Therefore there is a need to find new
* Corresponding author

and more effective water purification processes. In addition, as living standards improve and health awareness increases, better water quality is required by the general
public, which has also contributed to the demand for new
processes [1-6]. In recent years, as membrane technology
has evolved and prices decreased, it has been widely
applied in the water treatment industry. Among these
processes, ultrafiltration (UF) membrane technology for
the purification of drinking water has developed particularly fast. Indeed, UF is expected to replace conventional
water treatment technologies, including coagulation, sedimentation, sand filtration and disinfection. As such, UF is
one of the greatest technological innovations that has
occurred in the water treatment field. Columbine Waterworks (Colorado, USA), which has a water supply of
18.7×104 m3/d, found that replacement of sand filtration
with UF led to a water recovery rate as high as 99%. Lakeview Waterworks (Canada), which has a water supply
capacity of 26.5×104 m 3/d, is the largest OzonationActivated Carbon-UF advanced water treatment system.
Columbia Heights Waterworks (USA), which used UF as
a substitute for traditional filtration to remove Cryptosporidia and Giardia organisms and consequently guarantee the biosafety of drinking water, has a water supply of
26.5×104 m3/d. The UF demonstration project in
Yangliuqing Waterworks (Tianjing, China), which has a
treatment capacity of 5000 m3/d, uses Coagulation-UF to
treat the raw water from the Luan River. The turbidity of
the effluent of this plant is always lower than 0.1 NTU.
The removal of organic compounds by UF is superior to
that of conventional treatment, and algae can be completely re-moved [7]. Xia Shengji et al. [8] treated the
water from a reservoir in northern China by CoagulationUF, and found that the quality of the effluent met the national standard.
Although many successful UF waterworks have been
developed worldwide, there are still relatively few in China.
Additionally, studies of the application of UF membranes in
municipal water treatment facilities in China have focused
on research and development of new combined processing techniques, and no in-depth studies have been
conducted to investigate its use to upgrade existing waterworks that employ conventional treatment. Therefore,
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in this study, PVC alloy UF was used to treat the effluent
of
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FIGURE 1 - Schematic diagram of the pilot experiment.

different treatment processes from waterworks. The treatment efficiency and operational performance were then
analyzed, and the economic and technical costs were evaluated.

TABLE 1 - Membrane characteristics data.

2. MATERIALS AND METHODS
2.1. Ultrafiltration test apparatus and procedure

Three UF systems were individully installed in the #3
coagulation–sedimentation (CS) tank catchment canal
(Process A), #3 sand filter (SF) catchment canal (Process
B) and #3 ozone-activated carbon (O3-BAC) workshop
(Process C) of the second Kunshan waterworks located in
the southern river area of China. Fig. 1 shows a schematic
diagram of the pilot experiment.
The second Kunshan waterworks water supply was
6.0×105 m3/d, and its processes included pre-ozonation,
CS, SF, and O3-BAC treatment. The coagulant (Al2(SO4)3)
dosage was 30 mg/L, and the pre-ozonation and ozonation
dosages were 0.5 mg/L and 1.5 mg/L, respectively. The
water from the sedimentation, sand filtration, and O3BAC tanks was pumped through a pre-filter (100 µm) to
eliminate the particles that could destroy the UF fibers.
The influent of UF A and UF B were pre-chlorinated with
1 mg/L of free chlorine.
The UF pilots were designed to operate in dead-end
and cross-flow filtration modes, but they were only operated in dead-end mode in this study. In all three processes,
the water was filtered at a constant current and the permeated water quantity was 4 m3/h. The filtration cycles of
UF A, UF B and UF C were 40 min, 50 min and 60 min,
respectively, and the contaminants deposited on the fibers
were removed by backwashing with the permeated water.
Chemical washing was executed when the transmembrane
pressure (TMP) reached 120 kPa. The effluent of the
ultrafiltration was gathered in a water tank and the overflow was returned to the settling tank. Backwashing water
was discharged into the sewer. The filtration and washing
processes of UF were controlled by a programmable logic
controller (PLC).
2.2. Membranes

UF membranes made of PVC alloy were used in the
experiments. The nominal cut-off molecular weight of
these membranes reported by the manufacturer is 100,000
Dalton. The effective membrane area was 40 m2. Characteristics of the membranes are shown in Table 1.

Parameters

UF membrane

Outer size (mm)
Inner/outer diameter of hollow fiber (mm)
Designed flux (L/m-2·h-1)
Standard membrane area (m2)
Cutoff molecular weight (Da)
Number of hollow fibers
Max TMP (kPa)

Ф277×1715
1.0/1.66
60-160
40
100,000
9100
120

2.3. Raw water

Table 2 presents the average water quality of Kuilei
Lake. During the pilot testing period, the raw water was
characterized by a turbidity ranging from 6.74 to 44.3
NTU with significant daily variations. Organic analyses
indicated a DOC of 5.17 mg/L and an UV of 0.116 cm-1
on average. Increased temperature during summer was
associated with an algal bloom that resulted in an algae
concentration which reached 1.64×107 cells/L, and this
led to increased difficulty in conventional treatments.
TABLE 2 - Raw water quality.
Index

Concentration

Average

Temperature(℃)
pH
Turbidity (NTU)
DOC (mg/L)
UV254 (cm-1)
Number of algal cells (107 cells/L)

22.1~29.8
7.36~8.09
6.74~44.3
4.95~5.55
0.093~0.133
0.93~2.11

26.2
7.72
19.84
5.17
0.116
1.64

2.4. Analysis of water samples

The UV absorbance at 254 nm and DOC was measured using a Shimadzu UV-2550 spectrometer and Shimadzu TOC-VCPH, respectively. The turbidity was surveyed with a Hach-2100N turbidity meter and the particle
count was calculated using an IBR particle counter. The
UV254 and DOC were measured after the water was
passed through a 0.45-µm membrane filter. The method
used to measure the algae was as follows: a 1-L water
sample was added with 3 mL Ruger solution in a graduated cylinder, after which the sample was allowed to precipitate for 24 hours. Next, 30 mL of the supernatant was
removed and used for a plate count. Finally, the specimens were counted with a microscope. All other items
were tested according to the Water and Exhausted Water
Monitoring Analysis Method (fourth edition) [9].
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3. RESULTS AND DISCUSSION
3.1. Permeate quality
3.1.1. Organics

It is well known that deposition of foulants onto membrane surfaces influences the separation capacity of the
membrane because the porosity and pore size of the fouled
membrane decreases, the fouling layer accumulated on
the membrane surface acts as a secondary dynamic membrane, and the permeate flow channel in the membrane
pores becomes contaminated by the foulants.
Organic compounds in the natural waters are primarily
humic substances, tannins, lignin, algae and some odorous
substances [10,11]. As shown in Fig. 2, the average DOC
concentration of raw water was 5.26 mg/L, and this value
decreased after sedimentation, sand filtration and O3-BAC
treatment. The average DOC concentration of the effluent
of UF A, UF B and UF C was 4.21 mg/L, 3.93 mg/L and

3.52 mg/L, respectively. The use of UF as a terminal treatment for waterworks can remove approximately 10% more
DOC. The preceding treatment also removed the most
granular and gel-like organic compounds, reducing the concentration of organic compounds deposited onto the membrane, thereby alleviating the processing load of the UF.
Additionally, the removal of organic compounds by UF improved the chemical security of the permeate.
The removal effect of organic compounds by membrane filtration has been shown to be related to the concentration of the feed solution entering the membrane, as
well as the characteristics of the feed solution. Carroll et
al [12] and Fan et al [13]. separated a solution into four
types based on organic components, and then treated each
type by UF. They found that neutral hydrophilic organic
compounds had the best removal effect. James et al [14]
studied nanofiltration and found that hydrophobic organic
compounds had the best removal rate, but that they caused
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FIGURE 2 - DOC concentration in the processing units.

FIGURE 3 - Organic polarity distributions in the processing units.
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FIGURE 4 - Particles with size larger than 2µm number in the processing units.

a severe decrease in flux. Figure 4 shows the polarity
characteristics of the organic compounds in raw water and
effluent from each process in the waterworks. In raw
water, VHA, SHA, CHA and NEU accounted for 38.54%,
16.15%, 19.79% and 25.52% of the total organic compounds, respectively. The majority of the organic compounds in raw water are hydrophobic, and hydrophobic
organic compounds are primarily removed at the coagulation and sand filtration stage. O3-BAC primarily remove
hydrophilic organic compounds. During this process, ozone
oxidizes this portion of the organic compounds, resulting in
the conversion of hydrophobic organic compounds into
hydrophilic organic compounds. The results of the present
study revealed that, after UF, the proportion of hydrophobic organic compounds decreased while that of the hydrophilic compounds increased. The majority of compounds
rejected by the membranes were hydrophobic and weakly
hydrophobic organic compounds, while neutral organic
compounds were removed to varying degrees, and polar
hydrophilic organics could penetrate the membrane. The
removal rate of the polar organic compounds by ultrafiltration was as follows: VHA> SHA> NEU> CHA. TMP
analysis revealed that hydrophobic organic compounds
were the main factor responsible for membrane fouling.
To slow down the process of membrane fouling, the concentration of hydrophobic organic compounds in the influent of UF should be reduced by preceding treatment
technology. Moreover, based on the security of the effluent, the hydrophilic organic compounds should be given
attention, and some neutral organic hydrophilic compounds also are likely to cause membrane fouling.

3.1.2 Particles

Increased water pollution has lead to greater pressure
on waterworks using conventional water treatment processes. Determining how to ensure the water quality and
water supply security has become the focus of scientific
research and the water industry. Turbidity is an important
indicator of daily management. The turbidity of effluent
from UF is generally lower than 0.1 NTU, which is beyond the detection limit; therefore, it is difficult to accurately measure changes in water quality. Accordingly,
some countries use the particle counting method, which
has higher sensitivity, as a means of supporting monitoring. Particle counting can be used to monitor UF filtration
performance and working conditions, as well as for the
detection of Giardia and Cryptosporidium [15].
As shown in Figure 4, the number of particles > 2 µm
in the raw water varied largely, reaching up to 34,021 per
mL and consisting primarily of particles 2 ~ 7 µm. After
coagulation, the average number of particles > 2 µm dropped
to 4,033 per mL, while this number was 445 per mL in the
filter effluent. In the effluent of the O3-BAC, particles
larger than 2 µm occasionally increased. This may have
occurred because the microbial metabolites and the biological cell outflow led to increased particle levels. It could be
easily found that, despite the number of particles in effluent
of UF varies, but the number of particles larger than 2 µm
are less than 20 per mL, particles with sizes between 2 and 7
µm could penetrate into the membrane, however particles
with sizes larger than 15 µm are completely removed.
Therefore, it is unlikely that Giardia, Cryptosporidium
and other protozoa were present after UF.
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3.1.3 Algae

Water containing high levels of algae causes many
problems during drinking water treatment. For example, it
can weaken the coagulation effect and clog or penetrate
the filter. As shown in Fig. 5, the original number of algal
cells was 1.98 × 107 cells/L. After coagulation, sand filtration and O3-BAC, the number of algae cells were reduced
to 6.01 × 105 cells/L, 2.41 × 105 cells/L and 1.61 × 105
cells/L. Algae were not detected in the permeate water.
Theoretically, the algae can be completely removed because the membrane pore size is 0.01. Moreover, UF does
not destroy algal cells during filtration, which prevents
the release of by-products including toxins and organic
compounds.

met the drinking water health standards (GB5749-2006).
Moreover, the turbidity of the effluent of the three processes was lower than 0.1 NTU, indicating that the removal effect was far better than that of conventional processes. Furthermore, the total coliforms and fecal coliforms
were completely removed. The total bacteria was 2 CFU/mL
in the UF C permeate water, whereas no bacteria was detected in the UF A and UF B permeate. Comparative analysis suggests that the bacteria in the UF C permeate water
may have been introduced from the pipes in the system.
In process A and process B, NaClO was added to the
influent of the UF, which can control breeding by bacteria
in the pipes. UF also performed well for removal of the
total aluminum and iron. Even though Al2(SO4)3 was used
as a coagulant, the aluminum removal rate was high.
3.2 TMP variation

In the case of constant flux, TMP is the pressure required to drive water flow through the membrane; therefore, TMP indicates membrane pollution and working
efficiency. Figure 6 shows the variation in the TMP of the
three UFs during the pilot experiment. The TMP of UF A
and UF B rapidly increased to 120 kPa within 40 h of UF.
At 40 h, the system was stopped for chemical cleaning, after
which NaClO was added to the permeate to give 1 mg/L of
free chlorine to prevent the TMP from increasing excessively. Over 120 days, the TMP of UF A showed the greatest
increase, from 22.21 kPa to 29.47 kPa (32.69%). The
TMP of UF B increased from 21.88 kPa to 25.45 kPa
(16.32%), while that of UF C increased from 21.43 kPa to
23.82 kPa (11.15%) over 120 days.

FIGURE 5 - Quantity of algae in the processing units.

TABLE.3 - The quality of raw water and UFs permeate water
Parameter
Total rigidity (mg/L)
Turbidity (NTU)
Fe (mg/L)
Cu (mg/L)
Al (mg/L)
As (mg/L)
Sulfate (mg/L)
Ammonia (mg/L)
Phenol (mg/L)
CCl4 (mg/L)
CH3Cl (mg/L)
Total bacterial count (CFU/mL)
Total coliforms (100 mL)
Fecal coliforms (100 mL)

Raw water
137
24.5
0.151
≤0.03
0.21
0.0008
112
0.17
≤0.002
0.002
0.06
12000
3500
220

UF (A)
128
0.08
≤0.06
≤0.03
0.11
≤0.005
124.3
0.12
0.002
0.002
2.81
0
0
0

UF (B)
127
0.08
≤0.06
≤0.03
0.092
≤0.005
120.22
0.1
0.002
0.002
2.79
0
0
0

UF (C)
112
0.07
≤0.06
≤0.03
0.081
≤0.005
118.21
0.07
0.002
0.002
0.06
2
0
0
FIGURE 6 - TMP variation with three UFs.

3.1.4 Other indices

Table 3 lists other parameters measured in the raw
water, UF A, UF B and UF C permeate water. Kuilei
Lake is characterized by high algal levels ranging from
0.93×107cells/L to 2.11×107 cells/L with high variations
due to run-off events. Retention of trace amounts of Fe,
Cu and A1 was detected. This was likely caused by adsorption effects on the membrane and resulted in fouling
and thus a decrease in permeability. Nevertheless, the
results indicated that the quality of effluent was good and

The TMP of UF C was much lower than that of UF
A and UF B. Hydraulic washing could recover the TMP
of all three UFs to different degrees. These findings indicate that the processes before ultrafiltration would affect
the working condition of the UFs and the variation in the
TMP of the UFs. During process C, ozone probably degraded hydrophobic humic acid into small hydrophilic
organic compounds, which led to a reduction in the rate at
which the TMP increased. Additionally, a small amount
of activated carbon in the effluent and other macromolec-
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ular organic matter deposited on the membrane surface
forming a cake layer, which played a role in the dynamic
filtration by the membrane, namely that of adsorption and
filtration. Specifically, this cake layer could prevent pollution from accumulating on the membrane surface and
holes, and prolong the filtration time. When the dynamic
membrane cake layer thickens or the pores become small
or clogged, the TMP increases. In process B, the preceding treatment was conventional treatment with prechlorination. NaClO is an oxidant that can effectively
oxidize the organic coatings on the surface of the colloids,
which could effectively reduce the ξ potential on the surface of colloidal particles in water. The oxidation ability
of NaClO could influence the hydrophilic properties of
dissolved organic matter in the water, and thus increase
the rate at which dissolved organic compounds are removed from the water. In process A, the first treatment
was pre-chlorination–coagulation/sedimentation, which probably removed most of hydrophobic organic compounds
and particulates. The remaining organic compounds were
primarily small hydrophilic molecules that precipitated on
the flocculate. By washing and backwashing, the filter
cake layer became clean so that the TMP was effectively
recovered. However, because the flocculate was not completely sedimented during the coagulation/sedimentation
phase, the particles were withheld by the laminated filter
in the ultrafiltration system, which increased the cleaning
frequency and influenced the membrane water production
rate. Moreover, in processes A and B, NaClO was added
prior to the ultrafiltration, which inhibited the reproduction of microorganisms in the membrane and prevented
biological contamination of the membrane.

RMB/kg with a concentration of 12.5% and a proportion
of 1.2 kg/L. The price of solid sodium hydroxide with a
concentration of 99% is 2.0 RMB/kg. The price of hydrochloric acid is 2.0 RMB/kg, with a concentration of 31%
and a proportion of 1.8kg/L.
(5) The cost of wastewater treatment is estimated to
be 0.5 RMB/ton.
In conclusion, when waterworks are upgraded and
transformed by the adoption of UF processes A, B and C,
the increasing cost of the UF system including membrane
changing and the operation electricity fee is 0.1,116
RMB, 0.1,242 RMB and 0.1,288 RMB per ton of water,
respectively.
TABLE.4 - The pilot experiment parameters.
Value
Parameter name
Filtration flow (m3·h-1)
Front wash flow (m3·h-1)
Back wash flow (m3·h-1)
Filtration cycle (min)
Water production rate (%)
NaClO adding rate (mg·L-1)
Chemical cleaning interval (a)
Cleaning liquid volume (L)
NaOH (g)
HCl (mL )
NaClO (mL)
Raw pump efficiency (%)
Raw pump efficiency during front
wash (%)
Backwash pump efficiency (%)

3
5
7
40.75
96.58
0.68
0.30
200
500
645
800
70

Process
B
3
5
7
50.75
97.26
0.68
0.47
200
500
645
800
70

Process
C
3
5
7
60.75
97.73
0
1
200
500
645
800
70

50
70

50
70

50
70

Process A

TABLE 5 - The cost estimate for water works upgraded with a UF
system in Yuan/ton.

3.3 Cost analysis

The operational costs of the Kunshan second waterworks for a daily output of 600,000 tons and the membrane treatment process were estimated based on the
parameters of the membrane in the pilot tests (Table 4)
using an ultrafiltration cost model (Table 5).
(1) The membrane module was LH3-1060, which
costs 7,000.00 RMB and has a service life of 6 years.
During each process, the daily output is 600,000 tons of
permeate water. The UF water production rate is calculated according to Table 6-3. In processes A, B and C,
8,527, 8,569 and 8,629 branches of membrane module are
used, respectively.
(2) Non-membrane costs were calculated using the
following formula:

C fm = 150037.56 × Nm0.74
(3) The working pressure of the raw water pump is
0.12 MPa, whereas the working pressure associated with
front washing is 0.04 MPa and that associated with the
backwashing pump is 0.20 MPa. The electricity fee is
0.55 RMB/degree.
(4) The cost of chemicals was determined based on
market prices. The price of sodium hypochlorite is 1.0

Combined ultrafiltration process
Cost details
Process A
Process B
Process C
Membrane depreciation cost
0.0460
0.0456
0.0454
Non-membrane investment
cost
0.0280
0.0279
0.0278
Electricity fee
0.0274
0.0271
0.0269
Chemicals drugs cost
0.0101
0.0099
0.0001
Wastewater disposal cost
0.0173
0.0137
0.0114
Total
0.1288
0.1242
0.1116

4. CONCLUSION
(1) A UF system that increased the removal of organic compounds by about 10% was added after the existing
treatment process. Pre-ozone oxidation could oxidize
some hydrophobic organic compounds into hydrophilic
organic compounds, which could reduce membrane fouling. Coagulation and sedimentation was used as the preceding process before ultrafiltration, and NaClO should
be added into the UF system to control TMP growth.. The
O3-BAC was able to enhance the water production rate of
the UF system and control TMP growth.
(2) Regardless of the front process, UF resulted in the
turbidity of the effluent being less than 0.1 NTU and the
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number of particles with a size larger than 2 µm being
less than 20 per mL. Total and fecal coliforms were completely removed and the number of algal cells was below
1.5 × 104 per L following ultrafiltration. These findings
indicate that there is little possibility of the existence of
Giardia, Cryptosporidium and other protozoa in the effluent after UF treatment.
(3) Using inside pressure UF to treat the effluent of
the sedimentation tank, sand filtration tank and activated
carbon filtration tank increased the cost of treating each
ton of water by ￥0.1288, ￥0.1242 and ￥0.1116, respectively.
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ABSTRACT

1. INTRODUCTION

Over the past decade, artificial intelligence techniques have been widely used in the hydrological modeling studies. As favorite artificial intelligence algorithms
have disadvantages relating to the local minima problems
and slow convergence in some cases, a new alternative
Kernel based-artificial intelligence technique called a Support Vector Machine (SVM) has gained popularity in
modeling of hydrological variables recently. In this study,
least squares support vector machine (LS-SVM), which is a
simplified version of SVM, was used in prediction of
reservoir inflows of Demirkopru Dam/Turkey. The
modeling study applied with input data consisting of the
concurrent monthly precipitation, temperature and onemonth-ahead precipitation values and the corresponding
inflows as output. The maximum determination coefficients (R2) and the minimum mean square errors (MSE) of
LS-SVM obtained with the related model parameters γ = 16
and σ2 = 0.97, were 81.10 % and 932.15 (106 m6) and 73.58
% and 1228.24 (106 m6) for the training and testing periods respectively. The LS-SVM results were also compared
with another kernel function based approach called generalized regression neural networks (GRNN) and a traditional method multiple linear regression (MLR). When the
performances of the training and testing periods are compared, it is observed that LS-SVM approach has better
performance for R2 values in the training and testing periods; on the other hand, in terms of MSE values, GRNN
proves itself to be successful in the testing period. Furthermore, it was proved with this study that LS-SVM is a
successful artificial intelligence technique and can be
applied to other hydrological variables with a nonlinear
nature to carry out a better performance than would be
obtained from traditional techniques and kernel function
based neural networks, such as the MLR and GRNN.

Over the past years, artificial intelligence techniques
have been widely used in the modeling and prediction of
river flow and reservoir inflow. Many successful studies
have been achieved by using artificial neural networks
(ANN) algorithms [1-8]. In addition to ANN, some applications have been also examined by using fuzzy-logic [911] and genetic programming [12-14].
However, the extent of difficulty obstructs the practicality of such favorite techniques in some cases. Recently,
a new alternative artificial intelligence technique called a
support vector machines (SVM) has been found to be more
popular in modeling of continuous variables due to its
connatural advantages over conventional techniques.
SVM was first developed for classification and regression problem that have been inspired from the statistical
machine learning theory [15]. Since then, least squares
support vector machines (LS-SVM) have been improved
[16-18] and applied to some scientific areas [19, 20].
The applications of SVM in modeling and prediction
of hydrological variables have been limited in terms of
absolute studies. In these studies, streamflow modeling
and rainfall-runoff modeling were carried out by using
SVM [21-25]. Other hydrological studies using SVM cover
prediction of suspended sediment [26], evapotranspiration
modeling [27], determination of evaporation losses in reservoirs [28], and downscaling of precipitation and temperature to a certain basin scale by using atmospheric variables [29-31].
In this study, the application of a least squares support vector machines (LS-SVM) to predict the reservoir
inflow of Demirkopru Dam, which is located in the Gediz
Basin/Turkey, is presented.
2. LEAST SQUARES SUPPORT VECTOR
MACHINE (LS-SVM)

KEYWORDS: least squares support vector machine (LS-SVM),
inflow prediction, Demirkopru Dam

* Corresponding author

The details of standard SVM method [15] were given
by Vapnik (1998). In this study least squares support vector
machine (LS-SVM), which method is a simplified version
of standard SVM, is used in prediction of reservoir in-
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flows. LS-SVM method can be described as fallow according to the studies proposed by Suykens et al. [17] and
Gestel et al. [18].
Like ANNs, the main concept of a LS-SVM model is
that is made up neurons which are organized in two layers
(Figure 1). However, unlike ANNs, it is based on theory in
statistical learning and different error optimization approach
[17].
x1 x

N
∂L
= 0 → ∑α k = 0
∂b
k =1

∂L
= 0 → α k = γ ek ,
∂ek

Solution
rT
⎡0
⎤ ⎡b ⎤ ⎡0 ⎤
1
⎢r
⎥ ⎢ ⎥ = ⎢ ⎥
−1
⎣⎢1 Ω + γ I ⎦⎥ ⎣α ⎦ ⎣ y ⎦

α1
x2x

K(x2, x)

y

(7)

Resulting LS-SVM model for function estimation can
be expressed as

αN
1

xN
x

(6)

Ωkm = φ ( xk )T φ ( xm ) = K ( xk , xm ), k , m = 1,..., N

K(x3, x)

3

(5.d)

r

α3
x3
x

(5.c)

with y = [ y1 ;....; yN ], 1 = [1;....;1], α = [α1;....;α N ] and
by applying Mercer’s theorem [32, 33].

α2

2

k = 1,..., N

∂L
= 0 → W T φ ( xk ) + b + ek − yk , k = 1,..., N
∂α k

K(x1, x)

1

(5.b)

N

1

(8)

y = ∑ α k K ( xk , x) + b

K(xN, x)

k =1

N

b
FIGURE 1 - LS-SVM structure

Given n-dimensional input vector xk ∈ R n , the output

where K(xk, x) is the kernel function.
The kernel functions treated by standard SVM and
LS-SVM are the functions with the polynomial, Gaussian
radial basis, exponential radial basis, splines etc. [26].
The Gaussian radial basis function was used in this study
can be defined as:

of the LS-SVM model yk ∈ R , can be written as

y = W T φ ( x) + b

⎛ x − xk
K ( xk , x) = exp ⎜ −
⎜
2σ 2
⎝

(1)

where W is weight vector, φ ( x) is nonlinear mapping
n

function ( φ Rn → R h mapping to high dimensional feature space) and b is the bias term.
Given training set {xk , yk }kN=1 , the error optimization
problem is defined as:

1
1 N
min J (W , e) = W T W + γ ∑ ek2
2
2 k =1

(2)

2

⎞
⎟
⎟
⎠

(9)

where σ is the Gaussian radial basis kernel function
width.
The advantages with Gaussian radial basis function
are that it is computationally simple than the other function types and nonlinearly maps the training data into an
infinite-dimensional space [30]. Thus it can handle situations when the relation between input and output variables
is nonlinear (such as rainfall-runoff relation).

subject to equality constraints

yk = W T φ ( xk ) + b + ek ,

k = 1,..., N

where ek is error term and γ is regularization parameter.
Because of high dimensional feature space, solution
of this optimization problem cannot be obtained by using
classical numerical methods. The solution of the optimization problem is obtained by considering the Lagrangian
as
N

L(W , b, e, α ) = J (W , e) − ∑ α k {W T φ ( xk ) + b + ek − yk } (4)
k =1

where αk are Lagrange multipliers and b is the bias
term. Conditions for optimality can be obtained by differentiating with respect to W, b, ek and αk, i.e.
N
∂L
= 0 → W = ∑ α k φ ( xk )
∂W
k =1

3. STUDY AREA AND DATA

(3)

(5.a)

The study area covers the drainage basin of
Demirkopru Dam (total drainage area of 6590 km2),
which is located in the Gediz basin and Aegean region of
Turkey. The reservoir of the dam is fed by four streams.
Flow values of them are observed by four gauging
stations (Demirci/EIE-522, Deliinis/EIE-515, Selendi/EIE514, and Gediz/EIE-523) located at the upstream of
the dam (Figure 1).
For the study area, the monthly data sets of streamflow (106 m3) data were collected from the records of II.
Regional Directorate of State Hydraulic Works of Turkey.
The collected reservoir inflow data were prepared for the
period between January 1977 and December 2006. In
addition to inflow data, the monthly data sets of precipita-
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Gediz

Demirci
İcikler
EIE-522

Kiransih

EIE-514

EIE-515

Fakili

EIE-523

Demirkopru
Dam

FIGURE 2 - The flow gauging stations and the meteorological stations in the study area (

tion at Demirci, Icikler, Kiransih, Fakili and Gediz meteorological stations were obtained from the State Meteorological Organization of Turkey and the General Directorate of State Hydraulic Works of Turkey. Next, the
monthly mean areal precipitation values determined from
these meteorological stations by using Thiessen polygons.
The monthly data sets of temperature at Demirci and Gediz
meteorological stations were also obtained from the State
Meteorological Organization of Turkey and the monthly
mean areal temperature values computed by using arithmetical mean values from these meteorological stations for
the period from January 1977 to December 2006.

In the application, a PC program which involves LSSVM algorithm was written by using MATLAB language.
In this study, monthly meteorological data were used as
input. In addition to concurrent values of these data, delaying process that precipitation transforms into flow was
considered and one-month-ahead precipitation values were

: meteorological stations)

included in model. Thus, three input data (Pt, Tt, Pt-1) were
prepared for 30 years (January 1977-December 2006).
To evaluate the generalization capability of model,
time series data consisted of two periods. And input-output
data were divided into training and testing periods by
proportions of 2/3 (January 1977- December 1996) and
1/3 (January 1997-December 2006), respectively. Before
presenting the input-output data to LS-SVM, the data sets
were scaled to prevent the model from being dominated
by the variables with extreme values.
In this study, the scaling was carried out using

zi =
4. APPLICATION OF LS-SVM TO INFLOW
DATA

: flow gauging stations

xi − xmin
xmax − xmin

(10)

where zi is the scaled data, xmax and xmin are the maximum and minimum values of the original data, respectively.
After training was completed, model outputs were
back-transformed to their original scale.
When the methodology is examined, it can be shown
that the importance and the functionality of the inputs on
model are obtained with LS-SVM parameters γ and σ2. In
other words, the success of a LS-SVM model depends on
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the determination of these parameters precisely. In this study,
trial-error approach was used to determine the optimum
range for the LS-SVM parameters.
LS-SVM model with these optimum parameters provided the best training result in terms of the minimum
mean square errors (MSE), and the maximum determination coefficients (R2) were also employed for the testing
period.

MSE =

1 T
(dt − yt ) 2
∑
T t =1

T
⎛ T
⎞
R 2 = ⎜ ∑ (dt − d mean ) 2 − ∑ (dt − yt ) 2 ⎟
t =1
⎝ t =1
⎠

(11)
T

∑ (d

t

− d mean ) 2

(12)

where T is the number of training or testing samples,
yt is the actual network output, dt is the observed (desired) data in the tth time period, and dmean is the mean
over the observed periods.
The optimum values of LS-SVM parameters γ (regularization parameter) and σ2 are found to be 16 and 0.97
for testing period respectively, using the trial and error
approach (Figure 3). For γ =16, relation between different
σ2 values and MSE are also presented (Figure 4).
The scatter plots and hydrographs of this model which
has the best results of training and testing period are shown
in Figure 5a and 5b.

t =1
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FIGURE 3 - Presentation of the domain trials performed to determine optimum LS-SVM parameters for the testing period.
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FIGURE 4 - Relation between different σ2 values and MSE for the testing period
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FIGURE 5 - The scatter plots (a) and hydrographs (b) of LS-SVM which used the concurrent precipitation, temperature and one month
ahead precipitation data as input (γ = 16 ; and σ2 = 0.97)
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5. COMPARISON OF LS-SVM AND OTHER
METHODS FOR INFLOW DATA PREDICTION
The LS-SVM results are compared with multiple linear regressions (MLR) and kernel function based generalized regression neural networks (GRNN) which is a special four-layered neural network that imitates the kernel
regression process and is used in the prediction of continuous variables. This approach has been preferred in applications instead of the feed forward neural networks for
the reason that the problem of local minimums was not
faced in the GRNN so that it does not require an iterative
procedure and it has only one parameter called smoothing
parameter (σ). The detailed description of the GRNN can
be found in the literature [3, 8].

Before presenting the input-output data to GRNN, the
training and the testing subsets were scaled to the range of
0-1 using the Eq.8.
In the training and testing period, with three inputs
(Pt, Tt, Pt-1) and a smoothing parameter having the value
σ=0.19 (Figure 6), the R2 values 0.7950 and 0.7255 were
obtained respectively. The scatter plots and hydrographs
of GRNN and MLR for training period (January 1977December 1996) and testing period (January 1997December 2006) are shown in Figure 7a-7b and Figure
8a-8b. MLR coefficients were computed by using the
variables of training period (January 1977- December
1996). Thus, the testing of MLR model was carried out
using
(13)
Qt = −45.64 + 1.20Pt + 1.15Tt + 0.73Pt −1

5000
4500
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FIGURE 6 - Relation between different σ values and MSE for the testing period
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FIGURE 7 - The scatter plots (a) and hydrographs (b) of GRNN which used the concurrent precipitation, temperature and one month ahead
precipitation data as input (σ=0.19)
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FIGURE 8 - The scatter plots (a) and hydrographs (b) of MLR which used the concurrent precipitation, temperature and one month ahead
precipitation data as input

All of these comparisons were presented in Table 1.
In addition, descriptive statistics (mean, standard deviation, variation coefficient, minimum value, maximum

value, skewness coefficient, kurtosis coefficient respectively) of models for training and testing periods were
shown in Table 2.

TABLE 1 - The performances of different methods in inflow modeling

Method

R2

MSE

%

106 m6

Training

Testing

LS-SVM

81.10

GRNN

79.50

MLR

61.42

623

Training

Testing

73.58

932.15

1228.24

72.55

1218.49

1064.41

59.11

1890.73

2054.20
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TABLE 2 - Descriptive statistics of models for training (a) and testing (b) periods
(a)
Mean
StDev
CoefVar
Minimum
Maximum
6
3
6
3
(10 m )
(10 m )
(106 m3)
(106 m3)
49.95
70.15
1.40
0.00
425.00

LS-SVM

49.95

60.79

1.22

GRNN

47.21

48.16

MLR

49.95

54.98

Skewness
3.09

Kurtosis
11.11

6.39

366.20

3.13

11.24

1.02

11.59

314.86

3.06

11.50

1.10

-33.05

240.51

1.05

0.99

Minimum
(106 m3)
0.00

Maximum
(106 m3)
353.00

Skewness
2.68

Kurtosis
9.41

(b)

Observed

Mean
(106 m3)
37.79

StDev
(106 m3)
57.84

CoefVar
1.53

LS-SVM

54.94

57.24

1.04

7.01

329.88

2.30

6.51

GRNN

50.11

47.83

0.95

11.28

349.81

2.94

13.55

MLR

60.59

57.86

0.95

-18.28

293.81

0.88

0.93

7. CONCLUSIONS

REFERENCES

This study deals with the application of least square
support vector machine (LS-SVM) to predict the reservoir
inflow of a dam in Turkey. LS-SVM is modified version
of SVM, which is a set of related supervised learning
methods that analyzes data and recognizes patterns, and
which is used for regression analysis. In this study, LSSVM was compared with generalized regression neural
network (GRNN) and multiple linear regression (MLR).
When the performances of the training and testing periods
are compared, it is observed that LS-SVM approach has
better performance in terms of R2 values in the training
period and testing period; on the other hand, in terms of
MSE values and some descriptive statistics (mean, maximum values, and skewness), GRNN proves itself to be
successful in the testing period (see Table 1 and Table 2).
It was also seen that the minimum value and variation
coefficient (CoefVar) statistics of LS-SVM outputs for all
period were quite satisfactory providing superior results
compared with GRNN and MLR (see Table 2).
When the scatter graphs of the models are examined,
it is observed that the standard deviations around the y=x
line are far less for the LS-SVM predictions. Furthermore,
when y=ax+b fitted lines in graphs are examined, it is
observed that, in LS-SVM model, “a” get closer to the
value 1, and “b” gets closer to the value 0, compared to
the GRNN and MLR models. Moreover, the LS-SVM
and GRNN models eliminates the negative value generation observed in MLR model.
These were also proved with this study that LS-SVM
is an alternative artificial intelligence technique which is
capable of reservoir inflow modeling and nonlinear relations can be analyzed efficiently due to the usage of
Gaussian radial basis kernel function. Thus, this method
can be applied to other hydrological variables with a nonlinear nature to carry out a better performance than would
be obtained from traditional techniques and kernel function based neural networks.
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CHARACTERIZATION OF PHOSPHORUS COMPOUNDS
IN SEDIMENT FROM A DRINKING WATER RESERVOIR
Mariola Bartoszek*, Natalia Młynarczyk, Justyna Polak and Wiesław W. Sułkowski
Department of Environmental Chemistry and Technology, Institute of Chemistry, University of Silesia, Szkolna 9, 40-006 Katowice, Poland

ABSTRACT
Phosphorus compounds present in bottom sediment collected from a drinking water reservoir have been investigated by means of 31P NMR spectroscopy and UV-Vis spectrophotometry with the use of the molybdenum blue
method. Surficial sediment samples for studies were taken
from different places of the reservoir, varying in depth,
the distance to the shore and to the rivers as well as in the
texture of the sediments.
The aim of the conducted studies was to determine the
main factors affecting the content of phosphorus in the
sediment and to define the role of bottom sediments in
supplying the water reservoir in phosphorus.
The percentage of an individual phosphorus fraction
in the studied sediment samples was estimated. It was
ascertained that the texture of the sediment as well as the
distance from the river bed are the main factors affecting
the quantity of phosphorus in the sediment.
KEYWORDS:
31
P NMR spectroscopy, reservoir, sediment.

1. INTRODUCTION
Phosphorus is an essential nutrient in aquatic environments and it is the most critical nutrient limiting the
primary production [1,2]. It is regarded as the key factor
in water eutrophication. Phosphorus in water can be of
external or internal origin. Phosphorus from external origin
comes from diffuse sources (natural and agricultural) or
point sources (industrial and domestic effluents). However,
this nutrient is also released from the sediment, which acts
as an internal source [3]. For several lakes it has been
demonstrated that internal P loading from sediments can
equal or even exceed the external input from the watershed
[4,5].
Basic resources of phosphorus and nitrogen are accumulated in bottom sediments. The influence of bottom
sediments on the water depends on the amount of accumulated components released into the water. A 10 cm layer of

* Corresponding author

surface sediment contains about 90% of phosphorus, present in the whole aquatic ecosystem [1,2]. The basic processes which control translocation of phosphorus between
water and sediments include sorption, desorption, dissolution and precipitation, which highly depend on physical and
chemical qualities of the bottom water layer and sediments
(e.g. redox potential, pH, salinity, and temperature). Bottom sediments as a source of autochthonous phosphorus
play an important role in the process of eutrophication of
a reservoir.
Past studies of phosphorus in bottom sediments show
that they differ both in Ptot content and in the individual P
forms. The appearance of the latter depends on the source,
location, catchment management, the age of the sediment
environment, the trophic state and the kind of sediment
(silt, gytia, clay, peat, sand) [6]. Moreover, the land use of
the drainage basin, especially in the vicinity of agricultural areas where phosphorus is used as a fertilizer, significantly influences the concentration of the nutrient, flowing into the reservoir.
Goczałkowice Reservoir is the largest reservoir in the
south of Poland. It is polymictic reservoir where thermal
stratification occurs only in winter. Some of morphometric
features of the Goczałkowice reservoir are as follows:
maximum area - 32 km2; maximum volume - 165.6×106m3,
mean depth - 5.0 m; maximum depth - 14 m; catchment
area - 523.6 km2. The reservoir is mainly supplied by the
water from the Vistula River (82%) and Bajerka River (4%).
Summer blooms of phytoplankton are observed in the
Goczałkowice reservoir. The dominant blue-green algae
species are Microcystis aeruginosa, whereas Aphanizomenon
flosaquae. Anabaena flos-aquae, Woronichinia naegeliana,
W. compacta are the accompanying species [7].
Since bottom sediments are an important source of
phosphorus in reservoirs it seems worthwhile to characterize the phosphorus present in sediments at different
places of the reservoir varying in: depth, distance to the
shore and to the river beds Small Vistula and Bajerka as
well as in the quality of the sediments. The establishment
of the dependence between the content of phosphorus in
sediments and the local occurrence of algae blooming at
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the points of sediment sampling can help us to prevent
algae blooming by inactivating phosphorus in bottom
sediments.
2. MATERIALS AND METHODS
Surficial sediment samples were collected from eight
sampling locations at the Goczałkowice Reservoir (Table 1).
The SMT protocol [8] was used to obtain phosphorus
fractions: non-apatite inorganic phosphorus (NAIP)
bounded to Al, Fe and Mn oxyhydrates; apatite phosphorus (AP), bounded to Ca; inorganic phosphorus (IP); and
organic phosphorus (OP). Seven extractions were made
from each point of sampling. Then for each extracted
sample the content of phosphorus was determined. This
procedure was repeated three times. This means that a
sediment sample from one place was measured 21 times.
The determination of the individual phosphorus fraction
content was carried out by UV-Vis spectrophotometry,
using the molybdenum blue method.
Phosphorus for 31P NMR measurements was extracted by shaking 5 g of dry sediment with 100 mL of a solution containing 0.25 M NaOH and 0.05 M EDTA for 16 h
at 200C. The NaOH–EDTA extracts were centrifuged,
frozen and then freeze-dried. The 31P NMR spectra were
obtained after dissolving 30 mg of freeze-dried NaOH–
EDTA extracts in 0.6 mL of 0.3 M solution of NaOD in
D2O. All measurements were obtained with a BRUKER
400 Ultrashield spectrometer at room temperature using a
5-mm broad band inverse probe. Chemical shifts were
measured in relation to external 85% H3PO4. Sediment

size distribution was measured using the Sieve analysis
method.
3. RESULTS AND DISCUSSION
The content of phosphorus compounds extracted from
bottom sediment collected from eight places at the
Goczałkowice reservoir varied markedly (Table 2).
The highest P content was obtained for samples collected from points 5 and 8. The minimum concentration
of phosphorus compounds was obtained for sample 7.
The form and content of phosphorus compounds accumulated in sediments depend on their texture (silt, clay,
loam, sand). The depth at which it is situated can also be
of significance. For example, the phosphorus content dependence on the reservoir depth was observed for sediments from the Gulf of Gdańsk where the highest content
of total P was found at the depth of 100 m (2450 – 5970 mg
PO43- /kg d.m.) while at the depth of 38 m it was significantly lower (1920 – 2960 mg PO43- /kg d.m) [9]. On the
other hand the total P content (150 – 180 mg PO43- /kg
d.m.) in sandy sediments from the shallow areas of the
Puck Bay (3m) was lower than the total P content (330 –
1640 mg PO43- /kg d.m.) in peaty sediments (480 – 1390 mg
PO43- /kg d.m) as well as in gytia (1480 – 2210 mg PO43- /
kg d.m.) from the delta of the Vistula River where the
depth is 24 m [9]. These results suggest that both the
quality of sediments and the depth of the reservoir affect
the content of phosphorus.
For the sediment sampled in the deepest sites of the
reservoir (S1 and S8) a high content of phosphorus was

TABLE 1 - Geographical location of sampling points at the Goczałkowice Reservoir
Point of sampling
S1
S2
S3
S4
S5
S6
S7
S8

Geographic longitude

Geographic latitude

18° 55’ 45’’ E
18° 53’ 12’’ E
18° 52’ 05’’ E
18° 50’ 09’’ E
18° 49’ 19’’ E
18° 49’ 48’’ E
18° 53’ 49’’ E
18° 54’ 49’’ E

49° 55’ 58’’ N
49° 56’ 02’’ N
49° 54’ 37’’ N
49° 55’ 17’’ N
49° 55’ 26’’ N
49° 56’ 10’’ N
49° 56’ 38’’ N
49° 56’ 33’’ N

Location
[m.a.s.l.]
251
251
254,2
254,2
254,2
254,2
251
251

Depth
of reservoir [m]
14
5
1,5
1,5
1
0,8
5
11

TABLE 2 - Concentration of phosphorus compounds in the sediment: non-apatite inorganic phosphorus (NAIP) bounded to Al, Fe and Mn
oxyhydrates; apatite phosphorus (AP), bounded to Ca; inorganic phosphorus (IP); and organic phosphorus (OP).

Sample
S1
S2
S3
S4
S5
S6
S7

IP
[mg PO43-/kg]
363,8 ± 7,1
213,8 ± 5,8
253,6 ± 4,9
312,2 ± 4,2
358,8 ± 9,8
330,4 ± 7,6
62,7 ± 1,9

OP
[mg PO43-/kg]
219,6 ± 4,4
289,3 ± 3,1
123,9 ± 4,8
146,8 ± 3,1
379,1 ± 7,7
320,8 ± 5,1
14,6 ± 1,2

627

NAIP
[mg PO43-/kg]
348,1 ± 5,5
590,6 ± 6,2
155,5 ± 1,8
220,5 ± 2,5
648,5 ± 4,9
447,1 ± 5,2
22,6 ± 1,8

AP
[mg PO43-/kg]
171,5 ± 5,7
296,9 ± 12,6
126,6 ± 4,5
167,2 ± 3,6
291,5 ± 7,9
313,8 ± 4,3
13,7 ± 1,1
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449,9 ±6,6

356,3 ± 3,9

obtained (Table 2). However, high phosphorus content
was also noticed for sediment S5, collected from a shallow zone, at the depth of 1m, and also for sediment S2
extracted at a medium depth of 5m. Hence it seems that
the depth of reservoir, in the case of shallow polymictic
reservoirs, is not of significant importance.
For the surface sediments collected from the
Goczałkowice reservoir the following textural classification was determined: S1 – clay, S2 – silty loam, S3 - silty
loam, S4 – loam sand S5 – silty loam, S6 – silt, S7 – sand,
S8 – silt (Table 3). It should be noted that the samples S8
and S5 are classified as silt and silty loam, respectively.
This kind of sediment has good sorptive properties and
contains a greater amount of humic substances, which play
an important role in the accumulation of phosphorus compounds. Moreover, the sampling point S2 is located in the
Vistula River bed (crossing the reservoir) and S5 is located in the backwater of the Vistula River. These facts
cause an influx of external phosphorus together with the
inflow of the river water.
Sampling point S7, for which the lowest content of
phosphorus was received, is situated at a place distant
from the river bed where the depth is about 5m (Table 1).
Moreover, sediments S7 were sandy and had a big grain
structure - 98% of the fraction was >0.05 mm in diameter
(Table 3). These characteristics hinder accumulation of
phosphorus compounds. A low concentration of phosphorus was also noticed for sediment S3. This point is located
next to the estuary of the Bajerka river but this river contributes only 4% of water to the reservoir and hence its
affect on the phosphorous content is significantly smaller
than that of the Vistula river. It seems that the distance

569,9 ± 6,6

269,6 ± 4,5

from the river bed as well as the particle size (clay, silt,
sand) play a decisive role in phosphorus concentration.
There are places in the Goczałkowice reservoir where
the content of phosphorous is significantly high however
at some studied places its content is markedly low.
The trophy of water reservoirs can be determined on
the basis of secchi depth, the presence of chlorophyll-a as
well as the total phosphorus content in water [10]. However, there also exists dependence between phosphorus
concentration in sediment and the trophy. Yet the data
available on the relationship between P content in sediments and the trophic status are not conclusive. Some
authors have reported higher contents of P in eutrophic
than in oligotrophic sediments [11]. Others, who studied
lakes from different regions have not confirmed this finding [12]. For instance, phosphorus content in oligotrophic
mountain lake sediments was 830 – 880 mg PO43- /kg d.m.
[13], in eutrophic lake sediments it ranged from 1062,60 –
1640,00 mg PO43- /kg d.m., and in mezotrophic sediments
from 217,80 – 486,10 mg PO43- /kg d.m. [14]. In this
respect, the Goczalkowice reservoir can be divided into
several zones: from the eutrophic zone with a high content
of phosphorus – more than 2000 mg PO43- /kg d.m. to the
oligotrophic zone where the phosphorus content is low –
below 100 mg PO43- /kg d.m. The high con centration of
phosphorus in sediments correlates with the blooming of
algae in these zones of the reservoir. This is clear evidence that the phosphorus from bottom sediments is released into the water and moreover that there is a close
relationship between the content of phosphorus in sediments and the blooming of algae.

TABLE 3 - Particle size analysis of sediment sampled from Goczałkowice Reservoir.
Sample
Particle size
<0,002 mm
0,002 - 0,005 mm
0,005 – 0,02 mm
0,02 – 0,05 mm
>0,05 mm
Textural classification

S1
12 %
8%
21 %
12 %
47 %
clay

S2

S3

S4

0%
12 %
37 %
24 %
27 %
silty loam

4%
2%
15 %
39 %
40 %
silty loam

0%
0%
4%
22 %
74 %
loam sand

S5
1%
8%
33 %
34 %
24 %
silty loam

S6
10 %
11 %
45 %
28 %
6%
silt

S7
0%
0%
0%
2%
98 %
sand

S8
2%
8%
36 %
37 %
17 %
silt

TABLE 4 - Distribution of P forms in NaOH-EDTA extracts for each type of sample calculated from integration of signals on
spectra.

Sample
S1
S2
S3
S4
S5
S6

10 – 5 ppm
[%]
86,46
88,94
87,83
87,72
86,24
91,28

5 – 3 ppm
[%]
9,1
7,73
9,67
11,08
10
6,81

3 – 0 ppm
[%]
0,28
0,11
0
0
0,58
0,25

628

0 – (-2) ppm
[%]
3,42
3,1
1,93
0,82
2,06
1,23

31

P NMR

-2 – (-6) ppm
[%]
0,74
0,12
0,57
0
1,11
0,43
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83,49
82,73
87,85 ± 2,54
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14,17
10,05
9,96 ± 2,27

0
2,45
0,62 ± 0,94
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1,21
3,65
2,23 ± 1,17

1,13
1,12
0,54 ± 0,46
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Inorganic phosphorus is the most bioavailable P fraction. Its compounds constitute about ¾ of the total phosphorus compounds in the bottom sediments of the
Goczałkowice Reservoir (Table 2), the remaining ¼ are
organic compounds, constantly released into the water as
the result of the decay of organic matter. Similar results
were obtained for other dams on lakes located in different
parts of the world [12]. In sediments from these dams the
content of organic phosphorus compounds was insignificant, since it amounted to 2-5% only. However, the content
of organic P in oligotrophic bottom sediments of mountain lakes was high - 50% as well as in river sediments
where it reached the value of 38.4% [13]. Non-apatite
inorganic phosphorus - bounded to Al, Fe and Mn oxyhydrate fraction (NAIP) was the most abundant P fraction in
bottom sediments from the Goczalkowice dam reservoir.
Whereas fraction (AP) (apatite phosphorus - bounded to
Ca) constituted the smallest part in the total content of
phosphorus compounds (Table 2). From the comparison
of the average values for inorganic phosphorus compounds it can be seen that the highest content (449.9 PO43/kg d.m. of sediment) was obtained for the sample S8.
The depth at this point is relatively large in comparison
with the mean depth of the reservoir and amounts to 11.0
m. This is consistent with the theory of dominance of bioavailable P at the down-lake site [15]. Bottom sediments
taken from this point are dark in colour and have a
midsize grinding grain structure (Table 3). The lowest
concentrations of IP is found for S7, where the average
depth was 5.0 ± 0.5 m and sediment collected from this
point is characterized as sandy. This part of the dam has
been recently dredged and desilted. This may be the main

10

10

8

6

4

8

6

2

reason for the lower concentration of phosphorus since
the age of sediment significantly influences the concentration of phosphorus.
The 31P NMR analysis confirms the highest participation of inorganic phosphorus compounds in bottom sediments of the Goczałkowice reservoir. The exemplary 31P
NMR spectrum of bottom sediments (S1) collected from
Goczałkowice reservoir is presented in Fig. 1.
The interpretation of spectra was made on the basis of
previous reports [16-18]. The observed signals originated
from orthophosphate (Orto-P) (10 – 5 ppm), orthophosphate monoesters (Mono-P) (5 – 3 ppm), orthophosphate
diesters (Di-P) (3 – (-2) ppm) and pyrophosphate (Pyro-P)
((-2) – (-6) ppm).
Integration of signals visible on 31P NMR spectra allows determining the percentage content of individual P
compound groups in the total extractable P (Table 4).
The obtained spectra were dominated by the signal in
the range of 10-5 ppm, which is attributed to Orto-P
(82.73 % - 91.28 %). This result is consistent with the
analytical determination (Table 2). Orto-P is the simplest
form of phosphorus in bottom sediments. It usually originates from a different source than biological transformation. Orto-P occurs often as Fe or Al phosphate. It
should be noted that Orto-P may also be associated with
metals that are bound in humic matrixes.
Inorganic orthophosphate also dominates in other spectra of lake and marine sediments [18-20], soils [16,21] and
humic acids extracted from sewage sludge [22].

4
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FIGURE 1 - Solution 31P NMR spectrum of NaOH-EDTA extracts of bottom sediment S1.
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The dominating organic form of phosphorus in all
studied samples is Mono-P (6.81 % - 14.17 %) (Fig. 1,
Table 4). This is a large group of P compounds which includes phospholipids, sugar phosphates and inositol-P.
They are considered to be the most abundant Mono-P in
sediments. These compounds form a very stable group,
especially if they are attached to humic substances.
The other signals (3- -2 ppm) on the 31P NMR spectrum originated from Di-P. In this spectrum the greatest
participation of DNA-P (0- -2ppm) can be clearly seen.
The source of DNA-P is bacterial DNA and products of
phytoplankton decomposition.
The most labile groups of P compounds in sediments
are Piro-P and Poli-P. The 31P NMR spectra indicate the
presence of Piro-P in the studied bottom sediment but their
contribution is insignificant. As far as Poli-P are concerned
they were not detected in any of samples.
It should be noticed that for S7, where the minimal
quantity of phosphorus was obtained with the UV/Vis
method (Table 2), the 31P NMR spectrum is characterized
by the lowest signal to noise ratio in comparison to other
samples. This observation confirms that S7 contains the
lowest content of phosphorus. It seems that the quality
and the quantity of phosphorus in the bottom sediment
depend significantly on the kind of sediment, especially
on its granulation.
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SEDIMENT PHOSPHORUS ADSORPTION AND FRACTIONATION
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IN UPPER REACH OF YELLOW RIVER BASIN
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ABSTRACT

1. INTRODUCTION

Canal sediment is an important chain for phosphorus (P)
transport in irrigation and drainage canals. This research
investigated P adsorption and fractionation characteristics
of sediments in irrigation and drainage canals with isotherm
adsorption and selective sequential fractionation of P. The
impacts of physico-chemical properties of sediment on P
retention characteristics were also analyzed. The total
phosphorus (TP) of sediments was about 565.01-1232.06
mg kg−1 in irrigation canals and 608.10-1109.22 mg kg−1
in drainage canals. The content of potential bioavailable
P, including soluble and loosely bound P, aluminum (Al)
bound P, iron (Fe) bound P, and reductant soluble P, was
6.04-16.88% of TP in irrigation canal sediment, and ranged
from 12.89 to 33.16% in drainage canal sediments. Maximal
adsorption capacity values in irrigation and drainage canal
sediments were about 51.68-429.26 mg kg−1 and 162.42875.75 mg kg−1, respectively, which increased from upper
reach to lower reach in drainage canal but decreased in
irrigation canal. The equilibrium P concentration without
net P sorption (EPC0) in sediments of irrigation and drainage canals was 0.093-0.182 mg kg−1and 0.029-0.192 mg
kg−1, respectively. As EPC0 was larger than soluble P in
overlaying water, the canal sediments can release P into
the water, and the release ratio in irrigation canal is higher
than in drainage canal. It was found that the adsorption
capacity also affected clay and silt percentages of the sediment. Native adsorbed exchangeable P was closely correlated with the potential bioavailable P fractionations. Sediments from drainage have lower P release risk as the higher
sediment P adsorption capacity. These findings are helpful
for agricultural water management and P pollution prevention.

KEYWORDS: Phosphorus; adsorption; fractionation; sediment;
irrigation; drainage, Yellow River

* Corresponding author

Phosphorus (P) from farmland accelerates the eutrophication of receiving water [1, 2]. In the areas of low
precipitation but high evaporation, irrigation and drainage
system is critical for intensive agriculture. As P is primarily
transported in water, the irrigation and drainage networks
play an important role in P transport of irrigated lands.
Excessive fertilization increases the content of P in soil,
and part of it is transported through drainage water. P, including ortho-P, poly-P and P bound in particulate matter
forms, is transformed via deposition-dissolution, adsorption-desorption, advection-diffusion, bio-uptake and biorelease during the movement in canals [3, 4]. The adsorption-desorption is controlled by sediments, which have more
influence in transformation of soluble P. This is positive
for algal growth when compared to the non-reactive soluble and particulate P fractions [5], than bio-uptake and
bio-release [6]. The evaluation of P adsorption characteristics of sediments in irrigation and drainage canals of agricultural areas will be helpful for the water management
and eutrophication prevention.
The sediment adsorption capacity is mainly dependent on its physico-chemical property. Sediment with small
particle size has large specific surface areas, which results
in big adsorption capacity. As widely accepted, Fe- and Aloxyhydroxide contents increase the adsorption capacity due
to their large specific surface area [6, 7]. However, the effects of organic compounds on adsorption capacity are still
the subject under debate [8]. Adsorption equation is the key
to understand the process of adsorption-desorption [9]. The
maximum P adsorption capacity can indicate the extreme
adsorption range and the EPC0 (equilibrium P concentration without net P sorption) is used to judge whether sediment is source or sink [10]. P is present in sediment in
form of Ca, Fe, Al complex salts and organic species, or
sorbed onto the surface minerals. The attached P with
the surface minerals can be designed to quantify discrete chemical or mineralogical compounds of P by selective sequential extractions [11]. Being helpful in estimation
of the potentially bio-available P in the sediments, the
selective sequential fractionation method has been widely
used to determine P species in sediments [12].
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The main objectives of this paper were (1) to study
the difference in P adsorption/desorption and fraction characteristics of the sediment in the irrigation and drainage
canals, (2) to assess the effects of drainage water on P retention in agricultural canals.

silt (2–20 µm) and sand (20-2000 µm). The overlying water
was ﬁltered through 0.45-µm ﬁlter and the aquatic soluble
phosphorus (ASP) in the filtrate was measured by molybdenum-blue complex method.

2. MATERIALS AND METHODS
2.1. Study area description

The selected irrigation area, Jiefangzha Irrigation Area,
is a part of Hetao Irrigation Area, which is one of the three
largest agricultural areas in China. With an annual precipitation of 128-213 mm and evaporation of 2105-2298 mm,
the salinity in top 0-20 cm soil layers is higher than 1%.
The only irrigation water source for this area is from Yellow River, which has a high concentration of suspended
solids. The soils are irrigation-silted soil, saline soil, alkaline earth, meadow soil, and sandy soil. In order to decrease
the content of soil salinity, irrigation water is used to rinse
the salt, and the rinsed water is drained to drainage canals
in spring and autumn. The salinity of drainage water
could be higher than 3 g L-1. About 136 kg P ha-1 is applied every year, and P lost in the drainage water is about
0.05-0.55 mg P L-1. Water is drawn from Yellow River by
the main irrigation canal, and allocated into 12,200 km2
farmlands by 4 secondary branches and hundreds of small
branches. The irrigated farmlands cover 52% of this area,
and their drainage water is drained to a lake via the main
drainage canal and 6 secondary branches. This poses a
huge risk on water eutrophication.
2.2. Sediment sampling and analysis

In April 2009 (spring irrigation), 12 sediment samples
(c.a. 0–15 cm depth) were collected from the main irrigation canal (I1, I2, I3), the secondary branch irrigation
canal (I4, I5, I6), the main drainage canal (D1, D2, D3),
and the secondary branch drainage canal (D4, D5, D6)
(Fig. 1) by cable-operated sediment samplers (Van Veen
grabs, Eijkelkamp). All samples were placed in plastic bags
and kept at 4 °C until transported back to the laboratory.
The samples were then air-dried at room temperature; after
that, they were ground to pass though a 60-mesh sieve
(0.301 µm). Overlying water samples were also collected
for P analyses at the same time and kept in glass bottles at
4 °C before lab treatment.
Fe oxyhydroxide (Feox) and Al oxyhydroxide (Alox),
which are oxalate-extractable, were determined by ICPAES following extraction of the sediments with 0.3M ammonium oxalate (pH = 3) in dark conditions [13, 14]. The
content of total organic carbon (TOC) of sediment was
measured by a LiquiTOC (Elementar, Germany) after being
treated with 1.6% HCl solution to remove the inorganic
carbon. The content of total nitrogen (TN) was measured
by Element Analyser (Vario EI, Germany). The sediment
particle size was analyzed with a MASTERSIZER2000
(Malvern Instruments, UK) and classified as clay (<2 µm),

FIGURE 1 - Location of study area and the distributions of sampling.

Selective sequential fractionation of P was analyzed in
the native sediment samples, aimed to investigate the partition of native P into various minerals. Soluble and loosely
bound P (S/L-P), Al bound P (Al–P), Fe bound P (Fe–P),
reductant soluble P (RS–P), and Ca bound P (Ca–P) were
selectively extracted by NH4Cl, NH4F, NaOH, Na2S2O4,
and H2SO4 solutions, respectively [23]. The suspensions
were centrifuged at 4,000 rpm for 15 min using av Xiang
Yi centrifuge (H-1650, China), and then supernatant was
decanted and ﬁltered through 0.45-µm ﬁlter. P in the
supernatant was measured employing the same method as
for ASP determination. TP in sediment was measured by
ICP-OES (IRIS Instrepid II, Thermo Electron) after digestion with HNO3–HF–HClO4. Residual phosphorus (RES–
P) was obtained from the difference between TP and the
sum of the 5 fractions.
2.3. Adsorption isotherm measurement

To measure the adsorption isotherm, 0.5 g dried sediment sample was added in a series of 100-ml acid-washed
centrifuge tubes containing 50 ml KH2PO4 solution with
a final concentration of 0 (blank), 0.1, 0.3, 0.6, 1, 2, 3 and
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5 mg-P/L. Two drops of 0.1% chloroform were added to
each sample to prevent bacterial activity before incubation. After 24 h of incubation at 25 °C with a shaking frequency of 220 rpm, the suspensions were decanted and
ﬁltered through 0.45-µm ﬁlters. P in the supernatant was
measured by the same method as for ASP determination.
The net P sorbed was also calculated by Equation (Eq) (1):

qn = (Cadd − Ce ) ⋅ V / w

(1)

where, qn (mg kg-1) is the net sorbed amount of P per
mass unit of sediment; Ce (mg L−1) is the concentration of
soluble P at equilibrium; Cadd (mg L−1) is the initially
added concentration of P; V (L) is the solution volume,
and w (kg) is the air-dried sediment weight.
Taking native adsorbed exchangeable P (qnap) into account, a modified Langmuir model [20] was used to fit
the isotherm data, which was described as follows:

qn =

q max ⋅ k ⋅ Ce
− q nap
1 + k ⋅ Ce

(2)

where, qmax (mg kg-1) is the maximum P adsorption
capacity, Ce (mg L−1) is the concentration of soluble P at
equilibrium, and k (L mg−1) is a constant related to the
binding energy.
When Cadd = 0, the qnap would be described as follows:
qnap =

qmax ⋅ k ⋅ C0 C0 ⋅ V
+
1 + k ⋅ C0
w

(3)
where, C0 is the concentration of soluble P at equilibrium when Cadd = 0.
When Ce = Cadd = EPC0, the EPC0 would be described
as follows:

EPC0 =

q max ⋅ k ⋅ C0 /(1 + k ⋅ C0 ) + C0 ⋅ V / w
q ⋅ k /(1 + k ⋅ C0 ) − k ⋅ C0 ⋅ V / w

(4)

The significance of the fitting in this paper was assessed by F-test, and the goodness of fitting was assessed
by adjusted coefficient of determination (R2). The p is the
probability to refuse the fitting in F-test.
3. RESULTS AND DISCUSSION
3.1. Sediment properties

The properties of sediments in the irrigation and drainage canals are listed in Table 1. Sediment texture was
loamy sand in I1 and I6 sites, clay in D3 site, and sandy
loam in other nine sites. The surface soil texture of farmland was mainly sandy loam and silty clay, and the sediments of the nearby Yellow River mainly were loamy
sand [15]. I1 locates next to the Yellow River and its result
can present the feature of the Yellow River. The percentage of sand in sediment of irrigation and drainage canal
was about 60.00%-89.53% and 38.63%-61.02%, respectively. While the irrigation canal sediments had larger particle size than drainage canal sediments did. The analysis
indicated that the sediment in irrigation canal was mainly
from Yellow River and some of them were detained in the
farmland.
The contents of TN and TOC in sediments were in the
ranges of 0.003-0.045% and 0.12-0.75% in irrigation
canal but 0.015-0.174% and 0.23-1.66% in drainage canal, respectively. The previous researches showed that the
concentrations of TN and TOC in the surface soil of farmland were about 0.040-0.147% and 1.15%, respectively,
and about 0.003 and 0.215% in Yellow River sediments
[15]. By comparison, it was found that the contents of TN
and TOC of sediments in drainage canal were higher than
in irrigation canal. The spatial trend of concentration also
demonstrated that the irrigation canal sediments were
mainly from Yellow River.

TABLE 1 - Physico-chemical properties of the studied sediments in irrigation and drainage canals.
Site

Clay
%

Silt
%

I1

0.39

10.08

I2

1.25

16.38

I3

6.28

33.72

I4

5.43

31.77

I5

3.06

22.62

I6

0.76

Ave

Sand
%

TN
%

TOC
%

Feox
mg kg −1

Alox
mg kg −1

TP
mg kg −1

S/L-P
mg kg −1

Al-P
mg kg −1

Fe-P
mg kg −1

RS-P
mg kg −1

Ca-P
mg kg −1

RES-P
mg kg −1

89.53 0.003
82.37 0.014

0.12

2509.4

435.6

565.01

11.60

18.73

4.81

36.42

262.20

231.25

0.25

2029.1

452.9

575.44

12.62

23.25

6.49

45.07

304.89

183.12

60.00 0.028
62.80 0.045

0.75

2072.2

654.5

648.95

12.48

25.42

7.24

60.97

333.76

209.08

0.68

2692.7

679.6

678.82

12.11

23.90

10.54

68.04

380.14

184.09

0.39

2245.6

543.4

647.89

10.43

16.45

6.41

56.58

326.23

231.77

14.15

74.32 0.023
85.09 0.007

498.0

1232.06

6.02

19.54

4.64

44.20

460.05

697.61

2.86

21.45

75.69

0.13
0.39

3838.7
2564.6

544.0

724.70

10.88

21.22

6.69

51.88

344.55

289.49

D1

4.88

34.10

3505.2

686.7

658.31

9.29

17.37

5.02

53.17

342.34

231.12

7.06

34.45

61.02 0.015
58.49 0.025

0.23

D2

0.32

4737.5

775.5

622.77

10.83

20.88

6.46

55.88

289.58

239.13

D3

11.84

49.53

0.58

3943.4

1085.9

657.52

11.38

22.75

7.77

53.85

274.06

287.72

D4

6.83

36.78

38.63 0.057
56.39 0.038

0.46

2685.8

633.3

608.10

11.26

23.02

5.57

54.77

244.98

268.51

D5

7.19

37.45

0.72

3591.1

834.5

609.59

14.18

26.50

8.03

71.99

251.63

237.27

D6

5.58

35.31

55.36 0.056
59.11 0.174

934.3

1109.22

17.39

42.76

54.95

252.70

388.29

353.14

Ave

7.23

37.94

54.83

1.66
0.061 0.66

8077.9
4423.5

825.0

710.92

12.39

25.55

14.63

90.39

298.48

269.48

0.020
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The Feox and Alox concentrations of sediments ranged
between 2029.1-3838.7 and 435.6-679.6 mg kg−1 in irrigation canal, but 2685.8-8077.9 and 633.3-1085.9 mg kg −1 in
drainage, respectively. These results were in the same order
of magnitude with that of a drainage canal in New Zealand [7], but an order of magnitude lower with that from
Taihu Lake in China [14]. The Alox contents were in an
order of magnitude lower compared to both above sites.
These differences indicated that the higher sand concentration in water affected the content of Feox and Alox.
TP values in sediments from most of sampling locations were among 565.01-678.82 mg kg−1, except at I6
and D6 located in the northeast of the Jiefangzha irrigation area, and content of soil P of this area was higher
than in the rest parts, which made their TP higher than at
the other sites. All sites had similar P fractionation concentration, except D6 which had much higher levels of
Al-P, Fe-P and RS-P. The one-way analysis of variance
between sediments in irrigation and drainage canals with
every P fractionation indicated no significant (p>0.05)
differences. The content of S/L-P being exchangeable and
biologically available [16, 17] was low in all the sediments ranging from 0.49% to 2.33% of TP (Fig. 2). The
sum of Al-P and Fe-P being active was also low, (about
1.96-8.81% of TP). The content of RS, which can be
released in reductive environment, was 3.59-22.78% of
the TP. The sum of Ca-P and RES-P took more than 80%
of the TP, except at D6 (66.84%).

FIGURE 2 - P fractionation in sediments from irrigation and drainage canals.
3.2. Adsorption isotherm

Adsorption isotherms of P on sediments are shown in
Fig. 3. Sediment in the drainage canal adsorbed more P
than that in the irrigation canal, at the same Ce. About
irrigation canal sediment, the qn decreased from upper to
low reach at the same Ce value, while it increased from
upper to lower reach of drainage canal. The decreasing qn
from upper to lower reach was also observed in similar
studies in China [18].
To estimate maximum adsorption capacity (qmax), native adsorbed exchangeable P (qnap), binding energy constant (k) and equilibrium P concentration without net P

sorption (EPC0) of sediment, the isotherm adsorption data
were fitted with the modified Langmuir equation (Eq. 2).
The results of regression of these 4 indicators are shown
in Fig. 4. All the 12 fittings were accepted by F-test and
the goodness of fitting was acceptable (Table 2). The
detailed results of qmax, qnap, k and EPC0 are also listed in
Table 2. The qmax of sediment in drainage canal ranged
from 162.42 to 875.75 mg kg−1, which was larger than
51.68 to 429.26 mg kg−1 in irrigation canal. The qmax of
sediment in irrigation canal was in the order of I1>I3> I2
and I4>I5>I6, but D2<D3<D1 and D4<D5<D6 in drainage canal. Except I2 and D1, qmax decreased in irrigation
canal but increased in drainage canal from upper to lower
reach. Except the 171.57 mg kg−1 in I3 and 384.43 mg
kg−1 in D6, the qnap of sediment in irrigation and drainage
canal ranged from 6.28-49.59 mg kg−1 and 9.88-48.51 mg
kg−1, respectively. As the sediment qnap was about 1.4676.13% of qmax in irrigation canal and 2.45-43.90% of the
qmax in drainage canal, the adsorption capacity in irrigation canal was higher than in drainage. About the irrigation canal, the k fluctuated from 0.082 to 28.020 mg kg−1,
which was much larger than the drainage canal. These
analyses showed that the characteristics of adsorption
isotherms are different between irrigation and drainage
canals. The drainage water and sediments increased the P
retention in drainage canals

FIGURE 3 - Adsorption isotherms of phosphate (qn) by the sediments from irrigation and drainage canals with equilibrium phosphate concentration (Ce).

The EPC0 of sediment ranged from 0.093 to 0.182 mg
kg−1 in irrigation canal and 0.029 to 0.192 mg kg−1 in
drainage. The concentration of net adsorption or desorption of dissolved P does not occur between the aqueous
phase and the benthic sediments (Fig. 5). All the concentrations of soluble P in overlaying water were smaller
than its EPC0, which suggested that there was P desorption risk in all the canals. EPC0 of sediment was larger in
irrigation than in drainage canal, which indicated the
sediments in irrigation canal can release more P than
those in drainage canal. The analysis suggested that the
drainage water and sediments can decrease the P desorption risk by increasing the P retention in the drainage
canals.

636

© by PSP Volume 21 – No 3. 2012

Fresenius Environmental Bulletin

TABLE 2 - Adsorption isotherm parameters of sediments from irrigation and drainage canals.
Site
I1
I2
I3
I4
I5
I6
Ave
D1
D2
D3
D4
D5
D6
Ave

qmax (mg kg −1)
429.26
84.80
225.36
149.64
113.92
51.68
175.78
259.37
185.71
257.37
162.42
813.63
875.75
425.71

qnap (mg kg −1)
6.28
11.51
171.57
49.59
25.20
7.03
45.20
9.88
20.04
16.67
48.51
19.91
384.43
83.24

K (L mg−1)
0.082
1.337
28.020
5.306
2.509
1.298
6.425
1.365
1.584
1.253
6.028
0.283
4.081
2.432

R2
0.923
0.872
0.828
0.856
0.917
0.795
0.865
0.919
0.915
0.905
0.893
0.825
0.904
0.894

qnap/ qmax
1.46%
13.57%
76.13%
33.14%
22.12%
13.61%
26.67%
3.81%
10.79%
6.48%
29.87%
2.45%
43.90%
16.22%

EPC0 (mg L −1)
0.182
0.117
0.114
0.093
0.113
0.121
0.123
0.029
0.076
0.055
0.071
0.089
0.192
0.085

ASP (mg L −1)
0.018
0.013
0.014
0.020
0.011
0.013
0.015
0.012
0.012
0.017
0.013
0.032
0.045
0.022

FIGURE 4 - Adsorption isotherms of P plotted according to the modified Langmuir equation. Calculated isotherm parameters are given in
Table 2. The qn is the net sorbed amount of P, Ce is the concentration of soluble P at equilibrium, R2 is the adjusted coefficient of determination, and p is the probability to refuse the fitting results.
3.3. Correlation between sediment properties and adsorption
characteristics

FIGURE 5 - Overlaying aquatic soluble P (ASP) plot against equilibrium P concentration without net P sorption (EPC0) of sediments
from irrigation and drainage canals. Point on left of the 1:1 line
indicates P desorption from the sediments, and on right of 1:1 line
indicates P adsorption from the overlaying water.

To assess the relationship between sediment properties, the adsorption characteristic (the linear model) was
used to analyze the qmax and qnap data. Because the qmax of
sediments in I1, D5 and D6 were much larger than at the
other sites, which might mislead the results, both fitting
with all the data and without the data of the 3 sites were
calculated.
For fitting with all the data, the linear correlation between qmax and TOC was positive and significant (R2=
0.440, p<0.05) (Fig. 6). But for fitting without the I1, D5,
and D6, the linear correlation between qmax and TOC was
not significant (R2=0.110, p>0.20). A previous study showed
that the content of organic matter was correlated with qmax
[19]. The organic matter may enhance the adsorption of
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phosphate by forming Fe and Al chelates, which provide
adsorption places for the phosphate [20]. Interestingly,
there was significant linear correlation between qmax and
TOC for fitting with I1, D5, and D6 but no significant
linear correlation for fitting without I1, D5, and D6. Especially, D5 and D6 had bigger qmax and TOC values than
other sites. This difference showed that the content of TOC
had little impact on qmax when being less than a certain
value, such as 0.72% in D5.
Similarly, for fitting with all the data, the linear correlation between qmax and Feox+Alox was positive and significant (R2=0.358, p<0.05) (Fig. 6). But for fitting without
the I1, D5, and D6, the linear correlation between qmax
and Feox+Alox was not significant (R2=0.110, p>0.30). It
was reported that Feox and Alox have high specific surface
areas, and thus high adsorption capacity [10-12]. D5 and
D6 also had much larger qmax and Feox+Alox than the other
sites. This difference indicated that the content of Feox+Alox
also had little effect on qmax when less than a threshold
value.

TOC and Feox+Alox as mentioned above. For fitting without the I1, D5, and D6, the qmax was significantly linearcorrelated with clay+silt but not closely linear correlated
with TOC and Feox+Alox. Under the conditions of high
TOC, Feox and Alox levels, qmax was mainly controlled by
the composition of clay+silt.
The contents of S/P-P (R2=0.441, p<0.05), Al-P+Fe-P
(R =0.853, p<0.01) and RS-P (R2=0.841, p<0.01) were
positively correlated with qnap (Fig. 7). When the amount
of P adsorbed increased, the major increments of adsorbed P were joined in Fe-P and Al-P but minor increments joined in S/L-P and RS-P. The comparison suggested that the adsorbed P, Al-P, Fe-P, S/P-P and RS-P
might exchange with each other, especially between adsorbed P with Al-P and Fe-P.
2

FIGURE 7 - Linear correlation between qnap and content of S/L-P,
Fe-P+Al-P and RS-P in sediments.

4. CONCLUSION

FIGURE 6 - Linear correlation between qmax and content of
Feox+Alox, TOC, and clay+silty in sediments.

However, for fitting with all the data, the qmax and
clay+silt were not significantly (R2=-0.022, p<0.5) linearcorrelated (Fig. 6). For fitting without the I1, D5, and D6,
the qmax and clay+silt values were significantly (R2=0.713,
p<0.01) and closely correlated. The sediment with small
particle size has large specific surface areas, which cause
large adsorption capacity [2]. The unsatisfied fitting with
all the data might be due to the effect of high contents of

The sediment in irrigation canal had a higher ratio of
sand in texture than that in drainage canal, while the sediment in drainage canal had higher contents of TN, TOC,
Feox and Alox than that in the irrigation canal. The content
of potential bioavailable P in sediments, including S/L-P,
Al–P, Fe–P, and RS–P, was 6.04-16.88% of TOP in irrigation canal but 12.89–33.16% in drainage canal. The
content of P fractionations had no significant differences
between both kinds of canals. The maximal adsorption
capacity of sediment, increasing from upper to lower
reach in drainage canal but decreasing in irrigation canal,
was larger in irrigation canal than in drainage canal. The
EPC0 was larger than the soluble P of overlaying water in
both canals, which indicated that the sediment had higher
P desorption risk. The sediments in irrigation canals can
release more P than in drainage canals. It was also found
that the TOC, Feox+Alox and clay+silt were positively
correlated with the adsorption capacity. Moreover, the
adsorption capacity was mainly controlled by the clay+silt
unless there were considerable contents of TOC, Feox and
Alox. Natively adsorbed exchangeable P was positively
correlated with the S/P-P, Fe-P+ Al-P and RS-P.
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In brief, sediments in drainage canal had larger P adsorption capacity than in irrigation canal, and the physicochemical properties influenced the P circle. These findings can be used in agricultural water management and P
pollution prevention.

[11] Pettersson, K., Bostr, M.B. and Jacobsen, O.S. (1988) Phosphorus in sediments—speciation and analysis. Hydrobiologia
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ABSTRACT
The aim of this work was to study the concentration
of a chamomile solution using reverse osmosis (FT30)
membrane. A fuzzy inference system (FIS) has been utilized as a powerful tool to predict the permeate flux and rejection. The influences of concentration, trans-membrane
pressure, feed temperature, feed pH and cross-flow velocity
on permeate flux and rejections were determined. A labscale cross-flow set up using flat-sheet configuration membrane was applied for all experiments. Scanning electron
microscopy (SEM) micrographs showed the alterations in
the cross section of reverse osmosis (RO) membrane at
various pH solutions and surface change fouled during
operation time. The employed concentration, trans-membrane pressure, feed temperature, feed pH and cross-flow
velocity were varied from 3 to 6 °Brix, 8 to 15 bars, 25 to
40 °C, 3 to 10, and 0.2 to 0.7 m.s-1, respectively. The
achieved rejection values varied between 97.14 to 99.51%.
The optimum operating conditions for concentration of
chamomile solutions using FT30 reverse osmosis membrane were 6 °Brix, 0.7 m.s-1 cross-flow velocity, 15 bar
trans-membrane pressure, feed temperature 40 °C, and pH
9. The membrane was tested for 10 h. The permeate flux
was gradually diminished during the operating time, and
eventually reached a constant value. The results showed
that there is a good agreement between the experimental
data and predicted values.

KEYWORDS: Fuzzy inference system, membrane, chamomile,
reverse osmosis, concentration

1. INTRODUCTION
Membrane technologies including reverse osmosis (RO)
process have been applied in many various industrial applications (concentration, sterilization, purification, clarification and desalination). These processes can separate mate* Corresponding author

rials based on size or electrical nature. Membrane processhas become a competitive process to traditional technologies because of avoiding toxic solvents in the separation, easy automation, scale up, shorter process time,
lower laboratory and energy costs, and mild operation
conditions [1-3].
Chamomile has been applied as a medicinal herb in
many countries such as Iran. The herbal plant grows wild
over broad areas. The major bioactive ingredients in
chamomile include chamazulene, α-bisabolol, apigenin, etc.
Chamomile extracts are utilized in cosmetic industry and
have several important pharmacological activities including anti-inflammatory, anti-spasmodic, anti-bacterial and
anti-fungal ones [4-6]. Some studies have reported on the
supercritical fluid extraction (SFE) and the conventional
extraction techniques of chamomile [7-9]. Svehlikova et al.
[10] used rapid extraction (SFE and preparative HPLC)
methods to isolate and determine the chemical structures of
all the apigenin-derived flavonoids present in the anthodia
of chamomile. There have been no data published on the
concentration of chamomile solution using RO membrane.
A variety of models and theories have been developed
to demonstrate performance of the membranes. Nowadays,
researchers have tried hard to seek more accurate models
which have efficient modelling performance of membrane
filtration, economical process design, and facilitate scaling-up the membrane systems. Mathematical models are
complex and, generally, they cannot describe the dynamic
process behaviours because of the complexity of solute,
solvent and membrane characteristics as well as their
interactions [11]. Santos et al. [12] applied mechanistic,
chemometric and hybrid models to the modelling of
transport of solvents through RO membranes. They used
different solvent-membrane systems for comprehensive
models validation. In general, they found that the most
commonly used mechanistic models are not sufficiently to
cover a wide range of membrane-solvent systems. They
reported which hybrid model was the best approach for
predicting solvent permeability data [12]. Modelling
methods based on direct analysis of experimental data
appear to be a good option to the models, on the basis of
phenomenological hypotheses. In recent years, Fuzzy
Inference System (FIS) has been used to solve the nonlin-
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earity problem, and it is considered to be low in mathematical equation requirements. Recently, FIS have been
successfully applied to model membrane process. Madaeni
and Kurdian [13] applied fuzzy modelling for virus removal from water using microfiltration membranes. Rahmanian
et al. [14] employed fuzzy modelling for lead removal using
micellar-enhanced ultrafiltration. Sargolzaei et al. [15] used
FIS for modelling of cross-flow milk ultrafiltration. Vaija
et al. [16] utilized fuzzy mathematics to predict the flux
through an ultrafiltration membrane. The aim of this study
was to evaluate the capability of RO processes for the
concentration of chamomile solutions. The impacts of
operating parameters including trans-membrane pressure,
temperature, cross-flow velocity, as well as concentration
of feed and pH on permeate flux and rejection were investigated. In addition, the ability of FIS was used to model
and predict permeate flux and rejection of RO processes
for the concentration of chamomile solutions.
2. MATERIALS AND METHODS

FIGURE 1 - UV absorption spectrum of chamomile solution.
2.4. Membranes

A reverse osmosis FT30 membrane from FILMTEC
(USA) with a surface area of 0.002 m2 was used for the
experimental trials. The FT30 is a composite membrane
made of polyamide on a support layer.
2.5. Instruments and operational conditions

2.1. Materials

Chamomile flower was obtained from Fars province
in Iran. Sodium hydroxide and sulfuric acid were provided from Merck (Germany). Deionized water was used for
solution preparation.
2.2. Determination of concentration of chamomile aqueous
solutions

The concentration of chamomile aqueous solutions
was measured using a UV-visible spectrophotometer
(Lambda Bio 25, Perkin Elmer, USA). Samples of chamomile solutions were prepared by dissolving the dry extract,
obtained from chamomile flower, as follows: a 30 g sample
of raw chamomile flower was weighted and added to 1 L
aqueous ethanol solution (40 vol %) for 60 min by sonication using an ultrasonic cleaning instrument. The supernatant fluid including the extract was decanted and concentrated to dryness. The UV absorption spectrum of
chamomile solution is presented in Fig. 1. The concentration of chamomile aqueous solutions was calculated using
dry extract as the calibration standard. A good linear relationship was obtained over the range of 0.01-0.15 mg.ml-1.
The regression equation was as follows:

Experiments were carried out in batch concentration
cross-flow mode (Fig. 2). The operation leads to the concentration of chamomile solution. The temperature of feed
solution was maintained from 25 to 40 °C by a water-flow.
The trans-membrane pressure was controlled from 8 to 15
bars. Feed cross-flow velocity varied from 0.2 to 0.7 m.s-1,
and the suitable pH of feed solution was adjusted from 3 to
10 by adding proper amounts of 98 % (w/w) sulfuric acid
or sodium hydroxide pellets. The concentrate was recycled back to the feed tank, and permeate samples were
gathered and weighted for determining the permeate flux.

y = 0.006x – 0.007 (R2 = 0.998), where y is the absorbance at λmax = 320 nm, and x is the concentration of
chamomile aqueous solutions (mg.ml-1).
FIGURE 2 - A schematic of the experimental system.

2.3. Preparation of sample solution

A 30-g aliquot of raw chamomile flower was extracted with 1 L of aqueous ethanol solution (10 vol %) for 60
min by sonication. After filtering, the residue was washed
with 100 ml of 10 % aqueous methanol solution. The
extracts were mixed. This was repeated for a total of 25
times. To keep the quality of the extracted solutions, these
solutions were stored in a refrigerator at 5 °C.

The hydrophobicity/hydrophilicity of the RO membrane was estimated via a contact angle measuring system
(Krüss, model G10, Hamburg, Germany). The reported
contact angles are the average of 4-6 measurements using
pure water drops.
The surface of the membranes was detected by a scanning electron microscope (SEM) (Philips, model XL30,
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Holland). The membrane samples were gold-coated and
examined with the SEM.
Zeta potentials were determined with the electrokinetic analyzer (EKA, Anton Paar KG, Graz, Austria) based on
the streaming potential method. The streaming potential
was measured at 22.1 °C by forcing the KCl aqueous solution of 1.0 mol.m-3. The zeta potential of the samples was
measured according to the method of Fairbrother and
Mastin [17]. Permeating experiments with highly pure
water were performed using a 600-ml Clamping cell.
The viscosity of chamomile solutions at different temperatures and pH values was calculated with a kinematic
viscometer (model Kv4000, Koehler, USA).
2.6. Membrane performance

The performance of the membrane process was calculated by permeate flux and removal percentage. The permeate flux was measured by weighing the permeate samples at regular intervals. The permeate flux was measured
using the following equation [18]:
J = V / A.t
(1)
where, J, V, A and t are permeate flux (L.m-2.h-1),
permeate volume (L), membrane area (m2), and time (h),
respectively.
The rejection percentage (R%) of chamomile solution
was determined according to [19]:
R (%) = (1 – Cp / Cf) × 100
(2)
where, Cp and Cf are concentrations of chamomile
solution in permeate and feed, respectively.

ference engine. Fuzzy rules (if-then rules) play a central
role in most applications of fuzzy logic (FL). Fuzzy rule
is a kind of linguistic variable that is a variable whose values are words rather than numbers. A fuzzy rule is of the
following form: if x is A, then y is B, where A and B are
linguistic values defined by fuzzy sets on universes of
discourse X and Y, respectively. These labels of fuzzy
sets are characterized by appropriate membership function
of database. The if-part of a fuzzy if-then rule is called the
premise or antecedent, while the then-part of the rule is
called the consequent or conclusion. If there are multiple
parts to the premise, use fuzzy logic operators and resolve
the antecedent to a single number between 0 and 1 [13].
Logical operations consist of the fuzzy intersection or conjunction (AND), fuzzy union or disjunction (OR), and fuzzy
complement (NOT). Fuzzifier unit converts real numbers of
input into fuzzy sets. If X is the universe of discourse and
its elements are specified by x, then a fuzzy set A in X is
denoted by a membership function µA(x) which takes
values between 0 and 1. Different membership functions
were used in this study as Gaussian membership functions
as follows:
3)
where, σ and x* are function parameters. Fig. 4 indicates membership function of input and output variable in
the model.

2.7. Fuzzy inference system

One of the powerful methods to obtain input-output
relationship in complex nonlinear systems is fuzzy modelling. The process of FIS involves membership function,
logical operation and if-then rules. Fig. 3 indicates a FIS.
It includes fuzzy rules, fuzzifier, defuzzifier, and fuzzy in-

FIGURE 3 - A schematic of fuzzy inference system (FIS).

FIGURE 4 - Membership function of input and output variables applied in this work (VL: very low, L: low, VMO: very moderate, MO:
moderate, M: medium, I: increase, VI: very increase, H: high, VH: very high).
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FIGURE 5 - The structure of fuzzy inference system.

The mean of defuzzification consists of centriod, bisector, smallest of maxima (SOM), mean of maxima
(MOM), and largest of maxima (LOM). The most common defuzzifier is named the center of gravity method, in
which the center of gravity of the fuzzy set is measured
and projected to the x-axis to get a non-fuzzy output real
number domain [15].
Fig. 5 exhibits the FIS structure. There are two kinds
of fuzzy inference systems. The most commonly used FIS
models are the Mamdani or Max-Min model [20] and
Takagi-Sugeno model [21]. The consequences of the rules
of Mamdani models are fuzzy sets, which incorporate
linguistic information into the model, whereas the TakagiSugeno model differs from Mamdani model by introducing constant or linear functions as the output membership
functions. Since Mamdani model is more suitable for
modelling qualitative input, it is employed in this study.

the flux and rejection in diverse operating conditions. Fig.
7 compares the testing rejection and flux obtained by
fuzzy model and experimental results.
3.2. Effect of trans-membrane pressure

Fig. 8 indicates the effects of applied pressure on
permeate flux and rejection using RO membrane and the
fuzzy model predictions. As the trans-membrane pressure

3. RESULTS AND DISCUSSION
3.1. Estimation of performance efficiency of the FIS

The database was divided into two sets (78% used for
training and 22% utilized for testing the FIS model). The
performance efficiency of the FIS model was estimated
using the values of experimental and FIS predicted data.
The FIS performance applied in this study was coefficient
of determination (R2). Comparison between trained data
obtained by fuzzy model and experimental data are exhibited in Fig. 6. Good agreements were detected between
trained and experimental data for both flux and rejection.
Subsequently, testing data was computed by inserting into
the constructed FIS. Totally, 4 dataset in different operating conditions were selected as the test data in a random
way. The correlation between tested and experimental
data for flux and rejection were achieved. The high Rsquare values for both flux and rejection were 0.962 and
0.966, respectively. The fuzzy system was able to predict

(a)

(b)
FIGURE 6 - Comparison between the training data calculated by
fuzzy model and experimental values for (a) flux and (b) rejection.
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was enhanced from 8 to 15 bars, permeate flux was increased from 5 to 10.2 L.m-2.h-1. The flux increment with
the additional driving force, i.e. trans-membrane pressure,
is anticipated. A high trans-membrane pressure provides
favourable conditions for fouling. Fouling and concentration polarization appear to be important factors in flux
reduction [22]. The rejection rate by RO membrane varied
between 98.87 and 99.25% for all applied pressures. Results indicate that rejection increased by increasing the
trans-membrane pressure. Rejection increment with elevating the trans-membrane pressure may be explained on
the basis of fouling. The rejection was gradually increased
due to the deposition of organic molecules and formation
of a secondary barrier which acts as a membrane preventing the passage of other molecules through the membrane.
The surface morphologies of the virgin and fouled RO
membranes were observed by SEM. The obtained images
are depicted in Fig. 9. The images clearly present that
organic molecules deposited on the surface of membranes
formed a secondary barrier. It can be observed that the
experimental data for permeate flux and rejection have a
good agreement with data obtained by the FIS model.

(a)

(b)
FIGURE 7- Comparison between the testing data calculated by
fuzzy model and experimental values for (a) flux and (b) rejection.

(a)

(a)

(b)
FIGURE 9- SEM photos of (a) virgin RO membrane and (b) fouled
RO membrane.
3.3. Effect of feed cross-flow velocity

(b)
FIGURE 8 - Effect of pressure on (a) permeate flux, (b) rejection
using RO membrane (FT30, pH 7, 0.35 m.s-1, 3 °Brix and 25 ± 1 °C).

Fig. 10 indicates the effects of cross-flow velocity on
permeate flux and rejection of RO membrane. The per-
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meate flux was enhanced with elevating the cross-flow
velocity. For example, when the feed cross-flow velocity
was increased from 0.2 to 0.7 m.s-1, at constant temperature and pH, the permeate flux was increased from 7.2 to
9.8 L.m-2.h-1. The cross-flow velocity had a vital impact
on concentration polarization. Higher cross-flow velocity
causes turbulency [23], and diminishes the concentration
polarization. Both phenomena result in higher flux.
The rejection rate by RO membrane varied between
99.01 to 99.51 % due to an increase in the cross-flow velocity (Fig. 10 b). The rejection was enlarged by improving the cross-flow velocity. The slight increase in rejection may be attributed to the diminishment of concentration
polarization. This results in lower concentration of species
in the vicinity of the membrane surface leading to lower
passage through the membrane, i.e. higher rejection.
Similar behaviour has been reported in literature [23].
From Fig. 10, it can be seen that the results obtained from
FIS model are in good agreement with experimental data
for permeate flux and rejection.

13.5 L.m-2.h-1. Fig. 11 also shows that the rejection increased with elevating the feed pH. The rejection varied
between 98.37-98.7%. A lower rejection was obtained at
pH 3.

(a)

(b)
FIGURE 11 - Effect of feed pH on (a) permeate flux, (b) rejection
using RO membrane (FT30, 0.5 m.s-1, 3 °Brix, 12 bar and 30 ± 1 °C).

The permeate increment with elevating the feed pH is
probably due to the enhancement of membrane hydrophilicity. If the membrane is altered to more hydrophilic
media, a higher flux is anticipated. Greater hydrophilicity
designates greater tendencies for water passage through the
membrane, i.e. higher flux [24, 25]. For elucidation of
alteration in membrane hydrophilicity with changes in feed
pH, contact angle was measured. The results are exhibited
in Fig. 12 for RO membrane as a function of pH. The water
contact angle was diminished with pH increment. The
lower contact angle indicates higher hydrophilicty.

(a)

(b)
FIGURE 10- Effect of feed cross-flow velocity on (a) permeate flux,
(b) rejection using RO membrane (FT30, pH 7, 12 bar, 3 °Brix and
25 ± 1 °C).
3.4. Effect of feed pH

Fig. 11 exhibits the effects of feed pH on permeate
flux and rejection of RO membrane, and the FIS model
predictions. The permeate flux was boosted with elevating
the feed pH. For example, when the feed pH was increased
from 3 to 10, the permeate flux was improved from 5.4 to

FIGURE 12 - Effect of pH on the water contact angle using RO
membrane (FT30).
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Numerous bioactive compounds are present in chamomile. Essential oils and flavonoids are the major active
constituent in chamomile. The major ingredients are chamazulene, α-bisabolol, bisabolol oxides and farnesene [6]. The
phenolic compounds are mainly flavonoids, including
apigenin 7-glucoside [26].
Under strong acidic conditions, most of organic compounds exist as molecular form. At higher pH, phenolic
hydroxyl groups in organic compounds can dissociate to
form H+ and their corresponding anions. Accordingly, under
acidic conditions, the solution achieves higher viscosity because of the formation of intramolecular hydrogen bonds
through phenolic groups. The variation in viscosity of
chamomile solution with pH was measured (Fig. 13). The
results confirm the theoretical prediction that the solution
viscosity is increased with a decrease in pH. On the basis
of Darcy’s equation, higher viscosity obtains lower flux.

3.5. Effect of feed temperature

Fig. 15 exhibits the effects of feed temperature on permeate flux and rejection of RO membrane, and the FIS
model predictions. There was up to 53% enhancement in
the permeate flux for RO membrane by increasing the feed
temperature from 25 to 40 °C. For example, at 12 bars, pH 7
and feed cross-flow velocity of 0.5 m.s-1, the permeate flux
was increased from 9.4 to 20 L.m-2.h-1. Fig. 15 b represents
the effect of feed temperature on rejection of RO membrane. The rejection varied between 97.14 to 99.1 %, and
decreased by increasing the feed temperature.

(a)

FIGURE 13 - Effect of pH on viscosity (25 °C and 15 °Brix).

The effect of pH on zeta potential for RO (FT30)
membrane in the presence of KCl (1.0 mM) at 22.1 °C is
shown in Fig. 14. The zeta potential of RO (FT 30) membrane was changed from positive to negative with the increase of pH. Accordingly, both electrostatic repulsion and
size exclusion mechanisms are responsible for higher rejection at elevated pH values [27]. As the results show, it can
be found for flux and rejection, there is a good agreement
between the predictive ability of the FIS model and obtained experimental values.

FIGURE 14 - Effect of pH on zeta potential with solution of 1.0 mM
KCl at 22.1 °C using RO membrane (FT30).

(b)
FIGURE 15 - Effect of feed temperature on (a) permeate flux, (b)
rejection using RO membrane (FT30, 0.5 m.s-1, 3 °Brix, 12 bar and
pH 7).

Goosen et al. [28] suggested that the flux improvement may be due to the changes in the diffusivity of solvents passing through the membrane. A decline in solution viscosity is another possibility for flux enhancement
[23]. Wang and Shi [3] also reported that the permeation
flux increases when the temperature enhances, but the
rejection decreases. They explained when the temperature
was increased, the viscosity of organic solutions was reduced, which induced the fouling degree to decrease because the molecular interaction between organic compounds
and membrane surface became weak when the temperature was enhanced. Therefore, the permeation flux increases, but the rejection decreases. This behaviour was
observed for the feed in this study (Fig. 16). By increasing the feed temperature from 25 to 45 °C, the viscosity
was decreased from 2.1813 to 1.2612 MPa. Accordingly,
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the diminishing viscosity of the feed results in an enhancement in the flux and a decline in the rejection. It can
be observed that the experimental data for flux and rejection have a good agreement with data obtained by the
FIS model.

(a)

FIGURE 16 - Effect of feed temperature on viscosity (pH 7 and 15
Brix).
3.6. Effect of concentration

The impact of concentration is very important in the
filtration process. Fig. 17 shows the effect of different
feed concentrations (3 to 6 °Brix) on permeate flux, rejection and FIS model. By increasing the feed concentration
from 3 to 6 °Brix (12 bar, pH 6, 30 °C, feed cross-flow
velocity 0.5 m/s), the permeate flux was decreased from
9.6 to 4.7 L.m-2.h-1. The main cause of this is the organic
solute adsorption on the membrane surface [29]. Moura et
al. [19] have indicated the decline of permeate flux due to
the polarization layer which usually leads to the formation
of a “gel” on the membrane surface and extensive fouling.
Therefore, it leads to a greater resistance to permeate flux
[19]. Xu et al. [23] have shown that total membrane resistance is the main cause of permeating flux decrease.
This will grow larger if concentration is enhanced while
other factors are kept; therefore, permeate flux decreased
by increasing the feed concentration [23].
Fig. 17 b represents the effect of feed concentration
on rejection of RO membrane. By increasing the feed
concentration from 3 to 6 °Brix, the rejection increased
from 98.55 to 99.4 %.
Results show that rejection was enhanced by increasing the feed concentration. These results may be explained on the basis of fouling. The rejection was gradually enlarged due to the deposition of organic molecules
and formation of a secondary barrier which acts as a
membrane, and prevents the passage of other molecules
through the membrane. Another cause taken into consideration is that the higher concentration may favour aggregation; therefore, the sizes of particles of solutes found in
the solutions were big enough not to be readily transported trough the membrane [18]. As the results show, a good
agreement between the predictive ability of the FIS model
and obtained experimental values for permeate flux and
rejection could be found.

(b)
FIGURE 17 - Effect of feed concentration on (a) permeate flux, (b)
rejection using RO membrane (FT30, 0.5 m.s-1, 30 ± 1 °C, 12 bar
and pH 6).
3.7. Effect of operating time

To evaluate the membrane efficiency (productivity
and selectivity) for long-term concentration of chamomile
solution, experiments were accomplished for 10 h using
RO membrane. The results are illustrated in Fig. 18. As
expected, flux is dwindled and rejection is improved during time due to fouling. The deposition of organic materials on the membrane surface is responsible for both phenomena. The SEM images of the membrane surface before and after filtration (Fig. 9) clearly indicate the deposition on the membrane surface. This layer acts as a barrier leading to lower flux and enhanced rejection.

FIGURE 18 - Effect of operating time on permeate flux and rejection
of RO membrane (FT30, 0.5 m.s-1 , 12 bar, pH 10, 3 °Brix and
30±1°C).
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4. CONCLUSIONS
The concentration of chamomile solution by reverse
osmosis membrane was accomplished. The results reveal
that the concentration of chamomile solution can be effectively performed using RO (FT30) membrane. The flux
was enhanced by increasing trans-membrane pressure and/
or feed pH, improvement of membrane hydrophilicity, feed
temperature, and decline in solution viscosity and feed concentration. Although the membrane obtained steady state
conditions, permeate flux was gradually reduced. Membrane compaction and fouling apparently caused a decline
in permeate flux. The rejection was enhanced with increasing the trans-membrane pressure, cross-flow velocity, feed
concentration, feed pH but decreasing the temperature.
The SEM images indicated that the deposited layer on the
surface of membranes formed a secondary barrier. The
hydrophilicity was enlarged with the pH increment. The
zeta potential of membrane was changed from positive to
negative with the pH increment. We have also investigated the ability of FIS for modelling of cross-flow reverse
osmosis process of chamomile solution in order to predict
rejection and permeate flux. The results reveal that fuzzy
inference system can be employed to model the cross
flow reverse osmosis of chamomile solution with a high
degree of precision.
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ABSTRACT
Wastewater containing dimethyl sulfoxide (DMSO),
a widely used organic solvent in the high-tech industry,
requires expensive treatment. This study was conducted to
evaluate the feasibility of using the Fenton oxidation process to remove DMSO from aqueous solutions. We also
investigated the effects of different process parameters,
such as the H2O2/Fe2+ molar ratio and ferrous ion concentration, initial pH values and temperature, on the degradation performance. The results indicated that the optimum
ferrous ion concentration, initial pH, and temperature
were 0.05 M, 3, and 298 K, respectively. The reaction
kinetic constant (kap) for the degradation of DMSO presents a linear relationship with the initial Fe2+ concentra2
tion: kap =0.0188[Fe2+]o (R ＞0.99). An optimum H2O2/Fe2+
molar ratio of 10 was determined for this study. Based on
the mechanism of Fenton oxidation, the intrinsic reaction
rate constant of HO‧with DMSO in aqueous solution
was calculated to be 5.849×1010 M-1s-1.

KEYWORDS: Dimethyl sulfoxide (DMSO); Fenton treatment;
Kinetics; Advanced oxidation processes

1. INTRODUCTION
Dimethyl sulfoxide (DMSO) is an industrially valuable organic solvent, which is highly hygroscopic, chemically and thermally stable, and weakly flammable, and it
has strong solvency for organic and inorganic compounds.
It has been extensively used in the manufacturing of semiconductors, polymers, dyes, and membranes. The rapidly
growing integrated circuit (IC) packaging and optoelectronic industries in Taiwan have used DMSO as a polyimide-silylated packaging solvent and a major photoresist
stripper, respectively. DMSO is recognized as an environ* Corresponding author

mentally friendly product because it can easily be recycled in a sustainable manner due to its high boiling point
[1]. It is considered to be a good substitute for many organic solvents, and the annual worldwide sales of industrial DMSO are increasing. As a consequence, large quantities of wastewater containing DMSO are produced and
released into the environment. This sulfoxide can be easily biodegraded through a reduction pathway to form volatile and harmful compounds, such as hydrogen sulfide and
dimethylsulfide. The U.S. Environmental Protection Agency
allows the discharge of wastewater containing DMSO at a
concentration below mg L-1 [2]. Therefore, it is of urgent
need to develop a treatment technology to remove DMSO
from wastewater.
Advanced oxidation processes (AOPs) that involve in
situ generation of highly potent chemical oxidants such as
hydroxyl radicals have emerged as an important class of
technologies for accelerating the oxidation and destruction of a wide range of organic contaminants in water and
air [3-5]. Among the AOPs, the application of Fenton’s
reagent for the destruction of water contaminants is one of
the most promising technologies because of its powerful
oxidizing potential and comparatively low cost. Iron (II)
salts have traditionally been used as sources of the iron
catalyst because they provide near-stoichiometric generation of hydroxyl radicals from dilute H2O2 (classical Fenton system). The aqueous hydrogen peroxide is a “green”
oxidant due to its high effective oxygen content, cleanliness, and safety in storage and operation. In the presence
of organic compounds (RH), the highly reactive hydroxyl
radical with a relatively short life-span (rate constants in
the range of 107－1010 M-1s-1) undergoes oxidation, generating a new radical [6, 7]:

RH +•OH →•R + H 2O

(1)

Organic compounds present in the reaction can abstract
a hydrogen atom or add a radical ‧OH, creating a new
radical (‧R), which can subsequently be oxidized by Fe3+:
•

R + Fe3+ → Fe2 + + product

(2)
The reaction (2) regenerates Fe2+, which guarantees
the continuity of the chain reaction, but it can lead even-
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tually to the decomposition of the organic substrate to carbon dioxide and water.
Generally, a considerable amount of scientific research
on the degradation of DMSO has been carried out, most
of which use biological processes to provide an effective
treatment solution for wastewater containing DMSO [1, 2,
8-10]. The biological treatment of wastewater containing
DMSO is difficult because aerobic biological processes
cannot reach an efficacious level of decomposition, and
anaerobic biological treatment can generate volatile and
noxious compounds such as dimethyl and hydrogen sulfides, which makes it difficult to control the treatment
process. Recently, it has been reported that DMSO degradation and its degradation intermediates using a UV/H2O2
system followed by a biological treatment could be an
effective treatment for wastewater containing DMSO [11].
Koito et al. [12] also showed that the UV/H2O2 process could
efficiently oxidize DMSO into methanesulfonic acid, which
is biodegradable, without generating any harmful and reduced sulfur-containing byproducts. The oxidative degradation of DMSO by H2O2 over a goethite catalyst [13] or
by hydroxyl radicals in a streamer corona discharge process [14] was also proposed. However, the high cost of
equipment and energy can outweigh the advantages of
these methods.
To the best of our knowledge, the studies available in
the literature on DMSO degradation by Fenton oxidation
are limited in their scope to investigating the effects of
operating parameters. In-depth understanding of the degradation kinetics of the process has remained relatively
limited until recently. The effect of reaction parameters
should be studied for implementing Fenton oxidation at an
effective level. Furthermore, knowledge of the kinetics,
reaction rate laws and rate constants is critical for predict-

1

ing the performance of the reaction parameters. Therefore, this study aimed to experimentally determine the
optimal conditions for the Fenton process and to investigate the effects of the process parameters, such as hydrogen peroxide and ferrous ion concentrations, initial pH
values and temperature on the degradation performance.
The degradation kinetics for Fenton oxidation was investigated based on experimental data to determine the reaction kinetic constants. Based on reports of Fenton oxidation in the literature, a kinetic model of DMSO degradation in the Fenton system was established to calculate the
intrinsic reaction rate of HO‧and DMSO.

2. MATERIALS AND METHODS
2.1. Materials and Apparatus

Hydrogen peroxide (H2O2) (30% w/w) and dimethyl
sulfoxide were purchased from Merck (Darmstadt, Germany). The ferrous sulfate heptahydrate (FeSO4．7H2O)
was obtained from ACROS organics (New Jersey, USA).
The initial pH of each aqueous solution was adjusted by
adding sodium hydroxide (Aldrich, St. Louis, MO, USA)
and sulfuric acid (Chemical Co. Ltd., SHOWA, Japan).
All of the chemicals used in this work were at least reagent grade. All aqueous solutions were prepared with pure
water obtained from a Millipore Milli-Q system at 25 ℃.
Fig. 1 shows a schematic diagram of the experimental
apparatus for the Fenton system. The reaction cell was a
1.0 L Pyrex glass reactor equipped with a water jacket
and a magnetic stirrer. The temperature of the electrolytic
cell was controlled by continuously circulating water
through the water jacket from a refrigerated circulating
bath (Model BL-720, Taiwan). The dimethyl sulfoxide
solutions were characterized using a pH meter (Sartorius,
Professional Meter PP-20, Germany).

1
H2 O2

Fe2+

2
1. Refrigerated circulating bath
2. Lid
3. Fenton reactor
4. Magnetic stirrer

3
4

2

3

4

FIGURE 1 - A schematic diagram of the experimental apparatus for the Fenton system.
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3.1. Time dependent degradation of DMSO

The relationship between the reaction time and the
removal efficiency of DMSO at different Fe2+ concentrations is shown in Fig. 2. All Fe2+ concentrations showed a
rapid initial removal rate followed by a slower removal
rate. As expected, an increase in the Fe2+ concentration
caused an increase in the removal efficiency of DMSO.
This trend can be explained by the fact that the oxidation
rate increases with Fe2+ concentration due to the higher
production of hydroxyl radicals according to the reaction
H 2O2 + Fe2 + → Fe3+ +•OH + OH − [15]. The removal efficiency increased rapidly from 21.5 % to 89.1 % between
0 and 10 min at a Fe2+ concentration ranging from 0.01 to
0.07 M at a reaction time of 10 min. However, the removal efficiencies of DMSO reached a plateau and remained
steady in all cases at reaction times longer than 10 min.
As shown in Fig. 2, these findings were indicated that the
Fenton oxidation progress for the removal of DMSO involved two stages. The degradation rate was very rapid for
the initial 10 min (the first stage). In the second stage (≧10
min), the degradation rate proceeded at a slower rate and
eventually approached a steady state in all cases as the
reaction progressed. These observations could be ex-

80
Fe2+ : 0.01M
Fe2+ : 0.03M
Fe2+ : 0.05M
Fe2+ : 0.07M

60

40

20

0
0

10

20

30

40

50

60

Time (min)

FIGURE 2 - Effect of Fe2+ concentrations on the DMSO removal
efficiency during Fenton treatment. (H2O2/Fe2+ ratio = 10, pH = 3, T
= 298 K and agitation speed = 400 rpm)
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3. RESULTS AND DISCUSSION

100
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During each Fenton oxidation process, 0.5 L of an
aqueous solution containing DMSO was placed into the
reactor. The pH adjustment of aqueous solution containing DMSO was carried out with diluted H2SO4 or NaOH.
Hydrogen peroxide and Fe2+ concentration were added
simultaneously at the beginning of the experiment. Then,
the magnetic stirrer was turned on and set at a speed of
400 rpm, which was sufficient for good mixing in the
reaction cell during the treatment process. A Fe2+ concentration of 0.01, 0.03, 0.05 or 0.07 M in the aqueous solution was used in the Fenton oxidation treatment process.
The initial DMSO concentration ranged between 10 and
80 mg L-1. A steady temperature of	
  288 to 318 K was
maintained by circulating water from the refrigerated
circulating bath through the water jacket. After oxidation
treatment, the conductivity and pH of synthetic
wastewater were measured with a multimeter and pH
meter, respectively. Samples were drawn out from the
reactor at default time intervals and then analyzed. The
concentration of DMSO in each sample was measured
three times and analyzed by HPLC (LC-10 AT Shimazdu)
equipped with an Ultra Aqua C18 column (5µm,
250mm×4.6 mm) with UV detection at a wavelength of
214 nm. The mobile phase consisted of de-ionized (DI)
water containing acetonitrile in a ratio of 60:40, and the
flow rate was 1.0 ml/min. All experiments were repeated
fifth to ensure the reducibility of the data. The statistic
standard deviation and coefficient of variation were 0.0213
and 5.705×10-4, respectively.

plained by the fact that the Fe2+ and H2O2 in the aqueous
solution are consumed during the Fenton process in the
first stage, and the intermediate products can decrease the
apparent rate of DMSO degradation. Similar to previous
studies [16-18], the Fenton oxidization process followed
first-order rate constants. The slope (kap) of the best-fit
line through the data points is the first-order rate constants. As shown in Fig. 2, the reaction followed a simple
first-order rate law during the first stage for the initial 10
min.

DMSO removal efficiency (%)

2.2. Procedures and Analysis

DMSO removal efficiency (%)
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FIGURE 3 - Effect of Fe concentrations on the DMSO removal
efficiency and the reaction kinetic constant. (H2O2/Fe2+ ratio = 10,
pH = 3, T = 298 K and agitation speed = 400 rpm)
3.2. Effect of Fe

2+

concentration

The amount of catalyst (i.e., Fe2+ concentration) is
one of the main parameters for the DMSO degradation
process by Fenton treatment. The effect of the Fe2+ concentration on the removal efficiency of DMSO and the
reaction kinetic constant (kap) were studied by varying the
Fe2+ concentration between 0.01 and 0.07 M while keeping the H2O2/Fe2+ ratio, pH and temperature constant at
10, 3, and 298 K, respectively, as shown in Fig. 3. The
experimental results indicated that an increase in the Fe2+
concentration from 0.01 to 0.05 M led to a significant
increase from 21.5 % to 83.1 % in the DMSO removal
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FIGURE 4 - Effect of H2O2/Fe2+ ration on the reaction kinetic constant. (Fe2+ = 0.05 M, T = 298 K, pH = 3 and agitation speed = 400
rpm)

ratio

2+

The H2O2/Fe ratio is a critical parameter for improving the removal efficiency of the Fenton process [21].
In this study, the reaction rate was determined for the first
10 min with various molar ratios of H2O2/Fe2+, covering a
range of 1 to 20. In order to find the optimal H2O2/Fe2+
ratio, the kinetic constant (kap) was plotted against the
H2O2/Fe2+ ratio calculated for the experiments. As shown
in Fig. 4, the degradation rate initially increased with
increasing H2O2/Fe2+ molar ratio until an optimal rate was
obtained at a molar ratio of 10, after which the degradation rate decreased. The degradation kinetic constant
significantly improved from 0.003 to 0.036 min-1 after 10
min reaction as the molar ratio of H2O2/Fe2+ was increased from 1 to 10. The optimal H2O2/Fe2+ ratio of 10
was found to be a critical point for the degradation rate of
DMSO under our experimental conditions. With a constant Fe2+ concentration, higher H2O2 concentrations led
to enhanced DMSO degradation due to the addition of
H2O2, which increased the generation of ‧OH radicals
by the reaction H 2O2 + Fe2 + → Fe3+ +•OH + OH − [15].
However, when the value of molar ratio was above 10, the
degradation kinetic constant significantly decreased. Indeed, the degradation rate decreased by almost 67 %
when the H2O2/Fe2+ ratio was increased from 10 to 20,
likely due to the high concentration of hydrogen peroxide
acting as a scavenger of the ‧OH radicals to generate
‧OOH radicals, which were much less reactive compared to hydroxyl radicals. Almost no degradation of
DMSO occurred without Fe2+. Therefore, a H2O2/Fe2+
molar ratio of 10 was considered to be the optimum molar
ratio for the Fenton process for DMSO treatment.

0,03

100

0.15

80

0.11

60

0.07

k ap(min-1)

3.3. Effect of the H2O2/Fe

0,05

k ap(min-1)

efficiency. The increased Fe2+ likely led to a faster ‧OH
generation rate, which should have accelerated the degradation of DMSO. However, when the Fe2+ concentration
was increased from 0.05 to 0.07 M, the DMSO removal
efficiency was slightly improved from 83.1 % to 89.1 %.
This observation implied that a high Fe2+ concentration
does not increase the degradation of DMSO in the Fenton
oxidation process due to the Fe2+ ion competing against
reacted molecules for ‧OH, as expressed in the reaction
2+
Fe 2 + +• OH ⎯
⎯→ Fe3+ + OH − [19]. Consequently, a Fe
concentration of 0.05 M provided the optimum performance for the present study. Fig. 3 also shows that the kap
value of DMSO increased from 0.0088 to 0.0747 min-1 as
the Fe2+ concentration increased from 0.01 to 0.07 M. The
initial Fe2+ concentration indicates a linear correlation,
corroborating results described in a previous study [20].
In this study, the reaction kinetic constant (kap) for the
degradation of DMSO exhibited a linear correlation with
the initial Fe2+ concentration: kap =0.0188[Fe2+]o (R2=
0.995), suggesting that the decomposition of H2O2 and
generation of ‧OH can be promoted by Fe2+ as a catalyst.

DMSO removal efficiency (%)
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40
2

0.03
3
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FIGURE 5 - Effect of initial pH value on the DMSO removal efficiency and the reaction kinetic constant. (H2O2/Fe2+ ratio = 10, Fe2+
= 0.05 M, pH = 3, T = 298 K and agitation speed = 400 rpm)
3.4. Effect of solution pH

Fenton oxidation is as a highly pH dependent process
because the solution pH is a significant parameter in the
mechanism of ‧OH generation in the Fenton reaction
[17, 21-24]. The influence of the pH value on the removal
efficiency of DMSO and the reaction kinetic constant (kap)
was studied by varying the solution pH between 2 and 5
while keeping the H2O2/Fe2+ ratio, Fe2+ concentration and
temperature constant at 10, 0.05 M, and 298 K, respectively, as shown in Fig. 5. It can be seen obviously from
Fig. 5 that an increase in the pH value from 2 to 3 increased the removal efficiency from 79.7 % to 96.2 %,
whereas the corresponding kap of DMSO increased from
0.0725 to 0.1092 min-1. However, when the pH value of
the solution increased from 3 to 5, the DMSO removal
efficiency decreased sharply from 96.2 % to 73.1 %,
whereas the corresponding kap of DMSO decreased from
0.1092 to 0.0436 min-1. When the pH value was greater
than 3, the Fenton oxidizing ability was decreased due to
the formation of the ferric hydroxo complexes, hindering
the reaction between Fe3+ and H2O2 and therefore the
regeneration of Fe2+. In addition, the self-decomposition
of H2O2 (particularly unstable in basic media) can be
catalyzed to molecular oxygen and water, leading to a decrease in the Fenton oxidizing ability [25, 26]. On the other
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hand, at pH values lower than 3, the reaction of H2O2 with
Fe2+ was slowed down due to the formation of the complex
species [Fe(H2O)6]2+, which reacts slower with peroxide
when compared to that of [Fe(OH)(H2O)5]2+ . Besides, the
peroxide is solvated in the presence of the high concentration of the H+ ion to generate the stable oxonium ion (i.e.,
H3O2+). The oxonium ion makes peroxide electrophilic,
improving its stability and substantially reducing its reactivity with the Fe2+ ion [25]. Therefore, the initial pH
value of the solution has to be in the acidic range (3-4) to
generate the maximum amount of ‧OH to oxidize organic compounds, which is in accordance with previous studies using the Fenton process [25, 26]. In particular, the pH
value of 3 is considered to be the optimum pH in the
Fenton process for DMSO treatment.
100

80

0.1

60

3.6. Kinetics study

The reactivity of the Fenton system was first observed in 1984 by H.J.H. Fenton, but its applicability was
not recognized until the 1930s when the mechanism based
on hydroxyl radicals was proposed [15]. In a weak acid
medium, Fe2+ is oxidized by H2O2 to generate Fe3+, hydroxyl radical (‧OH) and OH－[27]. The highly active‧OH attacks and destroys organic compounds (RH).
The overall reactions can be expressed as follows:
k1
Fe 2+ + H 2O2 ⎯⎯→
Fe3+ +• OH + OH − , k1 = 76M −1s −1 (3)

Meanwhile, the ‧OH created from Reaction (3) can
also oxidize Fe2+ to Fe3+ in an aqueous solution [28]:

0.06

k3
Fe2 + +• OH ⎯⎯→
Fe3+ + OH − ,

removal efficiency
k (min )

1

40
288

308

k3 = 3.2 × 108 M −1s −1

(5)

Moreover, additional reactions between ‧OH, H2O2
[29] and ‧OH peroxide radicals (‧OOH) occur [30]:

0.02
298

(4)

k2
RH +• OH ⎯⎯→
RH oxide

k ap(min-1 )

DMSO removal efficiency (%)

0.14

accelerate hydrogen peroxide decomposition into oxygen
and water, thus decreasing the DMSO removal efficiency
and the reaction kinetic constant. As a result, these two
effects competed with each other and resulted in opposite
effects on the removal efficiency and the reaction kinetic
constant, indicating that a temperature of 298 K provides
the optimum performance for the present study.

318

•

k4
H 2O2 +• OH ⎯⎯→
OOH + H 2O,

Temperature (K)

FIGURE 6 - Effect of temperature on the DMSO removal efficiency
and the reaction kinetic constant. (H2O2/Fe2+ ratio = 10, Fe2+ = 0.05
M, pH = 3 and agitation speed = 400 rpm)
3.5. Effect of temperature

Temperature is one of the most important parameters
that influence oxidation reaction. In order to evaluate the
effect of the reaction temperature on the degradation of
DMSO by Fenton treatment, a series of experiments were
conducted by varying the solution temperature between
288 and 318 K while keeping the H2O2/Fe2+ ratio, Fe2+
concentration and pH value of solution constant at 10,
0.05 M, and 3, respectively. The solution temperature was
controlled at the desired level by a water jacket from a
thermostatic circulating bath. As can be seen from Fig. 6,
an increase in the reaction temperature from 288 to 298 K
slightly increased the removal efficiency from 94.1 % to
96.2 %, whereas the corresponding kap of DMSO increased from 0.1028 to 0.1092 min-1. However, when the
reaction temperature was increased from 298 to 318 K,
the DMSO removal efficiency presented a little decrease
from 96.2 % to 92.6 %, whereas the corresponding kap of
DMSO noticeably decreased from 0.1092 to 0.0871 min-1.
This could be explained by the fact that the increased
temperature had opposite effects on the reaction yield. On
the one hand, increasing the temperature from 288 to 298
K enhanced the generation rate of ‧OH and thus improved the removal efficiency and kap of DMSO. On the
other hand, temperatures greater than 298 K started to

•

k5

OH + OOH ⎯⎯→ H 2O + O2
•

(6)

k4 = 3.3 × 107 M −1s −1
7

(7)

−1 −1

k5 = 2.7 × 10 M s

Eqs. (3)-(7) are the main reactions that occur during
the early stage. The rate of the disappearance of DMSO
can be represented by:
d [ RH ]
(8)
−
= k2 [• OH ][RH ]
dt
The concentration of ‧OH can be obtained by applying a steady-state assumption.
d [• OH ]
= k1[ Fe 2 + ][H 2O2 ] − k2 [• OH ][RH ] − k3 Fe 2 + •OH
dt

[

[

][

][

]

− k4 [• H 2O2 ][ • OH ] − k5 •OOH •OH = 0

]
(9)

d [• OOH ]
= k4 [ H 2O2 ][• OH ] − k5 [• OOH ][• OH ] = 0 (10)
dt

[• OH ] =

k1[ Fe 2 + ][H 2O2 ]
k2 [ RH ] + k3[ Fe 2 + ] + 2k4 [ H 2O2 ]

(11)

Combining Eqs. (9) and (11) yields:

−
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d [ RH ]
k1k2 [ Fe 2+ ][H 2O2 ][RH ]
=
dt
k2 [ RH ] + k3[ Fe 2+ ] + 2k4 [ H 2O2 ]

(12)

Therefore, Eq. (12) can be rewritten as:

[ H 2O2 ][RH ]
k
2k [ H O ]
[ RH ]
= 3 + 4 2 2 +
(−d [ RH ] / dt ) k1k2 k1k2 [ Fe 2 + ] k1[ Fe 2 + ]

(13)
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The Fenton oxidization process follows first-order kinetics, so:
d [ RH ]
(14)
−
= kap [ RH ]
dt
In the initial reaction conditions of the Fenton process, conjoining Eqs. (13) and (14) yields:
[ H 2O2 ]0
(15)
= K[ RH ]0 + B
kap
k
2k [ H O ]
(16)
B = 3 + 4 2 2+2 0
k1k 2 k1k 2 [ Fe ]0

sic reaction rate of ‧OH and DMSO. The intrinsic rate
constant of DMSO in aqueous solution during Fenton
oxidation is 5.849×1010 M-1s-1.
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The experimental results in Fig. 7 indicate the linear
relationship between [H2O2]0/kap and [DMSO]0. Based on
the intercept (B), the calculated intrinsic rate constant (k2)
of DMSO with ‧OH in aqueous solution is 5.849 × 1010
M-1s-1.
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GAS CHROMATOGRAPHY – MASS SPECTROMETRY
Sudhir Kumar Pandey1,*, Janice Susaya1, Ki-Hyun Kim1,* and Jong Ryeul Sohn2

2

1
Department of Environment & Energy, Sejong University, Seoul, 143-747 Korea
Department of Environmental Health, Korea University, Seoul, 136-703, Republic of Korea

ABSTRACT
The focus of this paper is to assess the relative performance of thermal desorber–gas chromatography–mass
spectrometry (TD-GC-MS) between liquid and gaseous
phase calibration of VOCs. The calibration results derived
by the standards of two different phases indicate an excellent linearity property (e.g., r2 > 0.99), although the sensitivity of the liquid phase standard was generally nearly 2fold enhanced relative to those of the gaseous counterpart.
The results of this comparison suggest that the use of gas
phase standard can suffer from systematic loss in sensitivity relative to the liquid phase standard. In spite of these
differences, both methods exhibited similar results in
terms of their basic quality assurance (QA). It is thus recommended that the pattern of bias due to phase difference
should be defined, if quantification of airborne VOCs is
made by standards prepared in different types of media
(i.e., liquid phase).

KEYWORDS:
Gas chromatography (GC); volatile organic compounds (VOCs);
calibration; phase difference; thermal desorber (TD)

1. INTRODUCTION
VOCs are emitted into the atmosphere from a wide
array of natural processes and man-made activities [1].
Many of them are chemicals used and/or produced in the
manufacture of paints and paint thinners, adhesives, petroleum products, pharmaceuticals, refrigerants, and dry
cleaning agents. Quantification of VOCs is very important
because of their involvement in photochemical pollution
* Corresponding authors

and their adverse impacts on human health [2-4]. According to the report of the US EPA [5], the concentration
levels of many VOCs are 2 to 5 times higher indoors than
outdoors, regardless of the location (e.g., rural or highly
industrial areas). It further indicated that elevated concentrations of VOCs can persist long after the application of
those VOC-containing products.
The analysis of VOCs is most commonly carried out
by techniques based on gas chromatography (GC), or in
combination with mass spectrometry (MS). Although the
use of GC is made to derive quantitative data, its combination with MS extends its applicability for both qualitative and quantitative analysis at the same time [6, 7]. In
case of highly concentrated gaseous samples, one may
rely on traditional approaches like direct injection (DI)
with a gas-tight syringe or through a loop system [8-10].
The use of such technique is, however, restricted for certain types of environmental analysis due to limited sensitivity. It thus requires the selection of more delicate preconcentration treatments, such as solid-phase microextraction (SPME) in dynamic (or static) mode [11, 12], wet
effluent diffusion denuder technique [13], or cryogenic
trapping on sorbent beds [14, 15].
In this research, we attempted to evaluate the detection property of GC-MS for the analysis of 7 VOCs in
relation to diverse sample loading approaches. The target
VOCs investigated in this study included methyl ethyl
ketone (MEK), isobutyl alcohol (i-BuAl), methyl isobutyl
ketone (MIBK), butyl acetate (BuAc), benzene (B), toluene (T), and p-xylene (p-X). Although the analysis of GCMS is highly reliable in measuring trace amounts of
VOCs, the system often requires the modification for the
enhancement of sensitivity (e.g., combination with TD).
As this step may introduce a new source of analytical bias
[16], one may have to learn more about the performance
of the GC-MS method if bound with such system. Therefore, relative recovery patterns of major VOCs were investigated between different sample loading modes. To
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this end, two types of calibration experiments were conducted for comparative purposes. As the first part of our
study (method 1), we carried out the calibrations of 7
VOCs based on thermal desorption of liquid working
standard (L-WS) with the aid of an adsorption tube sampling system. Moreover, the performance of GC-MS was
also examined by method 2 in which gaseous VOC standards were loaded into the TD (without sorbent tube) with
a modified injection through a thermal desorber (MITD)
[17]. Hence, the difference between L-WS and gaseous
working standard (G-WS) was tested by comparing their
calibration results. In this paper, we discuss the calibration properties and basic quality assurance parameters
(detection limit (DL) and relative standard error (RSE))
for each target compound in relation to the 2 selected independent analytical methods for comparative calibration.

2.1.1 Preparation of liquid phase working standard (L-WS) of
VOCs

Liquid stock solutions of the 7 target VOCs were
purchased and used as a primary standard (Table 1).
These VOCs were categorized into 2 groups, namely, (1)
aromatic VOCs (B, T, S, p-X, and o-X) and (2) miscellaneous VOCs (MEK, i-BuAl, MIBK, and BuAc). The LWS of VOCs was prepared at various concentration levels
through gravimetric dilution of primary standards with
methanol. Calibration of L-WS for the tube-based analyses (method 1) was conducted to cover fairly extended
concentration ranges of these VOCs (3, 6, 35, 110, 200,
420, 850, 1700, 3500, and 5000 ng µl-1). Each of the LWS standards was stored in a 1-ml umber glass bottle (LP
2907: Interface Engineering Co. Ltd, Korea) and kept in
the refrigerator at 3 ± 2 oC.
2.1.2 Preparation of gas phase working standard (G-WS) of
VOCs

2. MATERIALS AND METHODS
2.1 Preparation of standard

The basic physicochemical properties (molecular formula, molecular weight, and boiling point) of the target
compounds in this study are shown in Table 1. The liquid
and gas phase standards were prepared according to the
protocol described below.

The seven target VOCs in the gas phase standard
were used as a reference standard for the assessment of
GC-MS performance by the TD system (method 2). To
prepare the G-WS of all seven VOCs, primary standard (PS)
gases purchased separately in two cylinders were used
(Ri Gas, Dae Jeon, South Korea). One cylinder contained
4 VOCs (MEK, MIBK, BuAc, and i-BuAl) at an equimolar

TABLE 1 - Detailed information of GC-MS calibration in terms of absolute loading mass (ng) of target analytes: comparison between liquid
and gaseous VOC standards for each respective calibration.
Approximate
conc. (ng)

Injected vol.
Loading mass: BTX (ng)
Loading mass: Other VOCs (ng)
(µl) a
B
T
p-X
MEK
i-BuAl
MIBK
BuAc
[A] Basic information of target compounds b
MW (g mol-1)
78.11
92.14
106.2
72.11
74.1
100
116.16
Boiling point(o C)
80.1
110.6
138.3
79.64
107.8
117-118
126
Formula
C6 H6
C7 H8
C8H10
C4 H8 O
C4H10O
C6H12O
C6H12O2
CAS number
71-43-2
108-88-3
106-42-3
78-93-3
78-83-1
108-10-1
123-86-4
[b] Liquid phase standard by tube mode (method 1)
3
1
3.01
3.00
2.98
3.05
3.04
3.04
3.05
6
1
6.03
5.99
5.96
6.11
6.09
6.08
6.10
35
1
36.2
36.0
35.7
36.7
36.5
36.5
36.6
110
1
106
105
104
107
107
106
107
200
1
196
195
194
199
198
198
198
420
1
422
420
417
428
426
426
427
850
1
844
839
834
855
852
851
854
1700
1
1688
1678
1668
1711
1704
1702
1707
3500 c
1
3376
3357
3336
3421
3409
3405
3415
5000 c
1
4823
4795
4765
4888
4869
4864
4878
[c] Gas phase standard by MITD technique d (method 2)
1
0.05
1.12
1.32
1.52
0.96
0.99
1.33
1.54
2
0.1
2.24
2.64
3.04
1.92
1.97
2.66
3.09
5
0.2
4.47
5.28
6.08
3.83
3.94
5.33
6.18
10
0.4
8.94
10.55
12.16
7.67
7.88
10.65
12.35
20
0.8
17.9
21.1
24.3
15.3
15.8
21.3
24.7
50
2
44.7
52.8
60.8
38.3
39.4
53.3
61.8
100
4
89.4
105.5
121.6
76.7
78.8
106.5
123.5
200
8
179
211
243
153
158
213
247
500
20
447
528
608
383
394
533
618
1000
35
783
923
1064
671
690
932
1081
a
Injection volumes are in µl for all liquid standard (method 1) and mL for all gaseous standard (method 2), respectively; b MEK - Methyl Ethyl Ketone; i-BuAl - Isobutyl alcohol; MIBK - Methyl Isobutyl Ketone; BuAc - Butyl Acetate; B - Benzene; T - Toluene; p-X - p-Xylene; c The 3500 and
5000 ng µl-1 were not included since the peaks were off-scale; d Back-up gas volume (nitrogen): 40 ml min-1 for 2 min = 80 ml.
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concentration of 10 ppm, while the other had 3 VOCs
(benzene, toluene, and p-xylene) at 20 ppm. To prepare
G-WS in a single matrix and at a desired concentration,
the PS of both cylinders were placed together inside a
Tedlar bag with the aid of a gas-tight syringe. A 350-ml
volume of BTX (benzene, toluene, and p-xylene) at 20 ppm
and 650 ml of the other odorants (MEK, MIBK, BuAc, and
i-BuAl) at 10 ppm were mixed inside a 1-L Tedlar bag to
attain the desired concentrations of 7 and 6.5 ppm levels,
respectively (Table 1). The prepared G-WS was then
allowed to stand for 15-min stabilization before calibration.
2.2. Calibration of VOC standards by 2 different modes

The analysis of VOCs was made by GC-MS (Shimadzu GCMS-QP2010, Japan) after being interfaced with
a TD equipped with an air server (AS) unit (UNITY model, Markes, Ltd., UK). The details on analytical settings
for GC-MS and AS-TD system are provided in Table 2.
2.2.1 Analysis of liquid phase standard of VOCs by tube
mode (TM)

To derive the comparative data sets between liquid
and gaseous standards of VOCs, the GC-MS system was
interfaced with TD. The data set for L-WS was then obtained by calibrating the L-WS based on an adsorption
tube approach. To this end, a stainless steel tube was
packed with 300 mg of Carbopack X sorbent (40/60 mesh).
A tedlar bag containing ultrapure N2 (a minimum of 2 L)
and a vacuum pump (Sibata, Japan) were attached to the
airflow inlet and outlet of the sampling tube, respectively.
N2 in the tedlar bag was then transferred into the tube at a
flow-rate of 0.2 L min-1 for 5 min (total of 1 L). After 10
seconds of the initial N2 flow, 1 µl of the L-WS was slow-

ly delivered through a temporary injection port into the
tube. As such, the L-WS was loaded into the sorbent tube
along the N2 gas stream. The pump was then stopped, and
the tube was detached (after 5 min) for TD-based analysis.
All calibration experiments were conducted by loading LWS into TD (3 to 1700 ng µl-1) at a fixed standard volume
of 1 µl (Table 1). Although the experiments with L-WS
were carried out at 10 concentration levels (3 to 5000 ng µl1
), the calibration curves for each compound were drawn by
pooling the data derived after excluding the two largest
concentration levels. This is to the occurrence of off-scale
peaks at that extrem levels (i.e., 3500 and 5000 ng µl-1).
Nevertheless, this extended range of calibration was intended to test the full linearity range for the tube method.
Table 2 lists the instrumental conditions used for the TDbased analysis for the L-WS of VOCs.
2.2.2. Analysis of gas phase standard of VOCs by modified
injection through a TD (MITD)

As the TD-GC-MS system was run to cover L-WS
and G-WS of VOCs, the results of both methods can be
used to assess the differences in the relative performance
in terms of the combined effects between the transfer
routes and between standard phases. As G-WS is basically
prepared via multi-stage dilution, its maximum concentrations are much limited relative to L-WS (Table 1). As
such, the maximum quantities of gaseous VOCs delivered into the TD-GC-MS are much lower than their L-WS
counterparts (Table 1). For instance, under our experimental settings, the maximum gaseous benzene loaded to
the system was 783 ng, while that for liquid phase benzene was 4823 ng. The calibration experiments of G-WS
were conducted following a fixed standard concentration
(FSC) approach [18] to cover a considerably extended

TABLE 2 - Instrumental setting for the analysis of liquid and gas phase VOC standards using gas chromatography/mass spectrometry (GCMS) with 2 different sample loading modes.
GC
MS
Column

Oven

SHIMADZU GC-2010, JAPAN
SHIMADZU GCMS-QP2010, JAPAN
Name:VOCOL Supelco
Diameter:
0.32
mm
Length:
60
m
Film thickness:
1.8
µm
o
Initial temp:
35
C
Hold time:
4
min
Ramp rate:

Detector

B. AS-TD (UNITY, MARKES International, Ltd., UK)
(liquid VOC - tube mode and gaseous VOC – modified TD (M-TD)
injection)

4

o

AS-TD

C min-1

o
Final temp:
200
C
Hold time:
10
min
Total time: 55.25
min
Carrier gas:
He
99.999%
MSD
Ionization mode: EI (70 eV)
o
Ion source temp.:
200
C
o
Interface temp.:
200
C
TIC scan range: 35~250
m/z
threshold:
100
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Cold trap:
Carbopack B+ Carboxen
split ratio:
20
split flow:
5.0
ml/min
hold time:
5.0
min
o
trap low:
5
C
o
trap high:
300
C
flow path temperao
120
C
ture
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TABLE 3 - The basic quality assurance of both calibration approaches
L-WS a tube mode (M1)
G-WS b MITD (M2)
c
d
DL (ng)
DL (ppb)
RSE (%)
DL (ng)
DL (ppb)c
RSE (%)d
1
B
0.06
0.02
1.98
0.06
0.02
0.46
2
T
0.05
0.01
5.37
0.05
0.01
2.86
0.05
0.01
7.74
3
p-X
0.05
0.01
2.45
4
MEK
0.23
0.08
2.32
0.10
0.03
2.38
5
i-BuAl
0.10
0.03
3.99
0.10
0.03
1.22
6
MIBK
0.05
0.01
4.55
0.06
0.02
3.59
0.06
0.01
3.71
7
BuAc
0.07
0.01
2.97
L-WS denotes liquid working standard; b G-WS denotes gaseous working standard, c Calculated for 1-L sampling volume, d n = 3
Order

a

VOCs

concentration range (1 to 900 ng) (Table 1). To minimize
the memory effect of the adsorption tube, the direct loading of G-WS into the TDstarted from the lowest injection
volume (or concentration level) of 0.05 ml and ended at
the highest one of 35 ml (Table 1). The TD gas flow was
set at 40 ml min-1 for 2 min. Peak integration for all target
constituents was conducted using total ion chromatogram (TIC) mode. The calibration curves for each target
VOC were drawn by pooling the data derived from all 10
injection volumes (0.05 to 35 ml). It was, however, found
that peaks of VOCs derived at the two largest injection
volumes of 20 and 35 ml tend to be deflected from the
linearity trend. Hence, in the case of gaseous standard, we
only considered up to 8 calibration points (up to 8 ml
injection volumes (e.g., 179 ng for benzene)) to compute
calibration curves for each compound. Table 2 lists the
instrumental conditions used for the analysis of gaseous
VOC standards using the MITD method.
2.2.3. Basic quality assurance (QA) of both methods

A comparison of the basic quality assurance parameters, such as detection limits (DL) and precision (expressed
in terms of relative standard error (% RSE)), was also
evaluated to compare relative performance of each method
(Table 3). DL values were considerably low for both
methods applied: (1) method 1 from 0.05 ng (0.011 ppb)
for xylene or MIBK up to 0.28 ng (0.092 ppb) PA; and
(2) method 2 from 0.054 ng (0.012 ppb) p-X to 0.099 ng
(0.033 ppb) i-BuAl.
The RSE values of VOCs fell within the reasonable
range of less than 10% for both methods. However, most
RSE values (%) of the 7 G-WS (B, T, pX, MEK, i-BuAl,
MIBK, and BuAc) analyzed by method 2 (MITD approach) (0.46, 2.86, 2.45, 2.38, 1.22, 3.59, and 2.97 =
2.28 ± 1.08) were better than those derived by the tube
mode approach (1.98, 5.37, 7.74, 2.32, 3.99, 4.55, and
3.71: 4.24 ± 1.95).
3. RESULTS AND DISCUSSION
In light of our experimental designs, the relative performance of the GC-MS system can be explored basically
between 2 different standard phases along with their re-

spective setups. In the course of this study, the performance
of the TD-GC-MS system was examined for the effect of
standard phases by assessing their calibration slope values
with zero offset (i.e., to the response factors (RF)) and their
correlation coefficients (r2) derived via linear regression
analysis.
3.1 General patterns of calibration between two different
standard phases

The calibration pattern of the VOCs in L-WS was initially examined against the combination of TD-GC-MS
technique (method 1). Because L-WS for this set-up was
prepared to cover an extensive range of concentration
levels up to 5000 ng µl-1, the linearity was clearly identified for most compounds other than the two upper most
points (i.e., 3500 and 5000 ng µl-1) used in this study;
those two values were excluded from further evaluation of
calibration trend. The correlation coefficients (r2) of linear
regression analysis were excellent for most VOCs ( >
0.99), while it was not the case for MEK (0.97) due to its
instability (limited linearity) (Fig 1).
A calibration pattern of TD-GC-MS system was also
examined by G-WS (method 2). Although the calibration
of G-WS cannot be extended as much as that of L-WS
(method 1), we initially intended to go for the highest
achievable calibration range by taking 10-point concentration levels that cover 3 orders of magnitude (~ 1, 2, 5, 10,
20, 50, 100, 200, 500, and 1000 ng). The results of method
2 yielded an effective separation of all VOCs for all concentrations. However, those taken from the upper 2 concentrations (20 and 35 ml injection: ~500 to 1000 ng (e.g.,
toluene)) deflected noticeably; so, calibration of G-WS
was made to cover up to 8 points in the range of 1-200 ng.
The adjusted calibration results yielded excellent linearity
for all 7 compounds with r2 of > 0.99. Although the maximum loading volume on TD can be limited with the MITD
approach (e.g., due to build-up of back pressure), the
calibration based on this modified approach can be made
to cover a very extensive range relative to the normal TD
operation. When the best-fit calibrations of the TD-GCMS mode are compared between liquid (method 1) and
gas phase standard (method 2), the enhancement in linearity range of the former approach is apparent relative to the
latter one (Fig 1).
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FIGURE 1 - Comparison of calibration results between liquid (3-1700 ng) and gas phases (1-200 ng) considering all data (prior to split ratio
adjustment).
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TABLE 4 - Results of calibration between two different analytical approaches (gas and liquid phases):
[A] Using the calibration data obtained at maximum calibration point of each standard phase
Calibration type
Target VOCs
B
T
p-X
MEK
(i) Before adjustment
L-WS (M1)
52991
66773
64554
13409
G-WS (M2)
74920
82445
79330
43904
a
(ii) After adjustment of split ratio
L-WS (M1)
937,941
1,181,882
1,142,606
237,339
G-WS (M2)
449,520
494,670
475,980
263,424
Slope ratio (M1/M2) b
2.09
2.39
2.40
0.90

i-BuAl

MIBK

BuAc

31545
42994

67930
68973

50318
61511

558,347
257,964
2.16

1,202,361
413,838
2.91

890,629
369,066
2.41

[B] Using the data obtained at the same concentration range (~ up to 200 ng)
(i) Before adjustment
L-WS (M1)
61708
70885
70960
19285
31291
61596
49481
G-WS (M2)
74920
82445
79330
43904
42994
68973
61511
(ii) After adjustment of split ratio a
L-WS (M1)
1092232
1254665
1255992
341345
553851
1090249
875814
G-WS (M2)
449520
494670
475980
263424
257964
413838
369066
Slope ratio (M1/M2) b
2.43
2.54
2.64
1.30
2.15
2.63
2.37
a
The split ratios computed for each method (1/17.7 for L-WS and 1/6 for G-WS) were used to adjust the slope values derived from each method.
b
Slope ratio was calculated after slope adjustment considering the split ratio used for sample transfer.

3.2 Comparison of the relative performance between both
experimental methods

The two calibration procedures applied to the TDGC-MS for the detection of VOCs were compared using
their mean response factors (RF). Hence, when the RF
values of 7 VOCs were evaluated between the liquid and
gaseous phases of standards, the relative enhancement of
the latter was apparent for B, T, p-X, MEK, i-BuAl,
MIBK, and BuAc (Table 4). The RF ratios of M1/M2 for
B, T, p-X, MEK, i-BuAl, MIBK, and BuAc were 0.71,
0.81, 0.81, 0.31, 0.73, 0.98, and 0.82, respectively. However, as each method employed its own distinct split ratios, sensitivities should be balanced firstly to account for
the absolute differences in split set ups for each method.
The computed split ratios of method 1 (liquid) and method
2 (gaseous standards) were 1/17.7 and 1/6, respectively.
The RF values for both approaches were thus corrected by
considering the split ratio (i.e., multiplying 17.7 and 6 to
the slope ratios of M1 and M2, respectively to derive
something comparable to the split-less slope values). The
corrected results generally indicated enhancement of RF
for L-WS relative to G-WS (Table 4). According to the
adjustment of the RF ratio, the M1/M2 ratio values derived for B, T, p-X, MEK, i-BuAl, MIBK, and BuAc
were 2.09, 2.39, 2.41, 0.90, 2.17, 2.91, and 2.42, respectively (Table 4).
As the concentration range of calibration can also affect the calibration characteristics, the results of two types
of calibration were plotted again to match the concentration range (i.e., ~ 1 to 200 ng range) (Fig 2). As shown in
Fig 2, the gas phase calibrations (M2) have shown comparatively high calibration slope values relative to their
liquid counterpart for all the VOCs (prior to adjustment).
The results obtained in similar concentration range were
also adjusted based on their respective split ratio, as mentioned above (Table 4). After this adjustment, the patterns

were again reversed to show that the RF values of L-WS
were approximately 2 times higher than that of G-WS for
all the VOCs (except MEK, where it was slightly high). In
fact, the comparison of both methods in a comparable
concentration range has also yielded moderate enhancement in their ratios (i.e., M1/M2 ratio = 1.30 (MEK) to
2.64 (p-X)) relative to ones without considering concentration range (i.e., M1/M2 ratio = 0.90 (MEK) to 2.91 (MIBK)).
These findings conform to previous studies that tube mode
analysis of L-WS can yield more sensitive results than the
gas phase analysis (e.g., MITD mode). We suspect that
this deficiency in the latter should arise from the systematic loss of the analyte. For instance, Demeestere et al. [19]
found an 80% high response factor for the liquid phase
analysis of Toluene-d8 relative to its gaseous counterpart
by a TD-GC-MS analysis. Likewise, when BTX standards
prepared in both gas and liquid phases were analyzed by
the identical tube method with a combination of TD-GCFID, about 43-56 % loss was also observed in the gas
phase analysis compared to liquid phase analysis [16].
Although the analytical conditions of the present
study are not fully identical to the previous studies, the
comparatively smaller recoveries in gas phase were apparent for other VOCs as well in most of the cases (i.e., iBuAl, MIBK, and BuAc). The analyte loss observed in
method 2 may occur both during sample storage and sample transfer into the cryo-focusing unit along the air server
flow-path lining [20]. However, MEK showed almost
comparable slope values with method 1 (liquid phase)
relative to method 2 (gas phase) (M1/M2 ratio = 0.90
considering full calibration range and 1.30 considering
similar concentration range). The analytical response of
MEK was also distinguished from with other target VOCs
in a previous study [10]. The results of the same target
VOCs were compared between liquid and gas phase made
by direct injection (DI)-based GC-MS analysis. Accord-
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FIGURE 2 - Comparison of calibration results between liquid (~ 3-200 ng) and gas phases (~1-200 ng) in a similar concentration range (prior
to split ratio adjustment).
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ing to the comparison, MEK showed 88 % recovery in
gas phase, whereas other VOCs suffered from lower recovery rates (55.2% (i-BuAl) to 75.5 % (B)), in comparison to its liquid phase counterpart. Hence, the observance
of this contrasting phenomenon can be attributed to the
unique physicochemical property of MEK along with
other unknown biases in sampling and analysis.
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Based on the results of this study, it is clear that the
use of different standard phases along with the associated
transfer setups for the GC-MS method can yield sensitive
and reliable data in the analysis of target VOCs in absolute terms. However, the significant differences observed
in the results of the two methods used clearly indicate that
cautions are required to use the data of different standard
phases interchangeably for the quantification of airborne
VOCs. When using the L-WS based calibration for the
quantification of gas phase VOCs, the results will be underestimated, in most cases. If one considers that the generation of reliable gaseous standards is not possible for certain VOCs, it still remains an indispensable task to reduce
analytical bias of liquid phase standard that arises in a
calibration stage due to such phase differences.
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