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 processes- or 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 24 – No 10b. 2015

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

Prof. Dr. A. Kettrup

Institut für Lebensmitteltechnologie und Analytische Chemie
TU München - 85350 Freising-Weihenstephan, Germany
e-mail: parlar@wzw.tum.de

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

Via Germania 29
21027 Barza (Va)
ITALY

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

Environmental Proteomic and Biology:
Environmental Chemistry:

Prof. Dr. A. Görg

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

Fachgebiet Proteomik
TU München - 85350 Freising-Weihenstephan, Germany

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

Environmental Management:
L.O. Ruzo, U.S.A - U. Schlottmann, D

Prof. Dr. G. Schüürmann

Environmental Toxicology:

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

K.-W. Schramm, D - H. Frank, 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

Editorial Chief-Officer:
Selma Parlar

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

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

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

Marketing Chief Manager:
Max-Josef Kirchmaier
MASELL-Agency for Marketing & Communication, Public-Relations
Angerstr.12, 85354 Freising, Germany
e-mail: masell@masell.com - www.masell.com

Environmental Management:

Dr. H. Schlesing
Secretary General, EARTO,
Rue de Luxembourg,3, 1000 Brussels, Belgium

Prof. Dr. F. Vosniakos

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

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

0

© by PSP Volume 24 – No 10b. 2015

Fresenius Environmental Bulletin

CONTENTS

ORIGINAL PAPERS
ENHANCED GROWTH AND LIPID PRODUCTION OF
Chlorella pyrenoidosa BY PLANT GROWTH REGULATOR GA3

3414

Kui Du, Huanping Tao, Xiaobin Wen, Yahong Geng and Yeguang Li

LOW POLLUTION TECHNOLOGY OF Mn3O4
PREPARATION BY THERMAL DECOMPOSITION OF MnSO4

3420

Kejie He, Weiyi Sun, Sanglan Ding and Shijun Su

ULTRASOUND-ASSISTED EXTRACTION OF PAH-CONTAMINATED
CLAY SOIL IN THE MIDDLE YANGTZE RIVER BASIN, CHINA:
OPTIMISATION WITH RESPONSE SURFACE METHODOLOGY

3426

Mijia Zhu, Jun Yao, Kanaji Masakorala, Radhika Chandankere, Huilun Chen and Brunello Ceccanti

CLIMATE CHANGE AND FOREST FIRE TREND IN THE
AEGEAN AND MEDITERRANEAN REGIONS OF TURKEY

3436

Tuğrul Varol and Mertol Ertuğrul

EFFECT OF DROUGHT STRESS ON THE
PHYSIOLOGICAL AND BIOCHEMICAL CHANGES IN Vigna radiata

3445

Mohammed Nasser Alyemeni and Sarah Mohammed Al-Quwaiz

BACTERIAL COMMUNITY STRUCTURES IN SEDIMENTS OF
LAKES RESPONSES TO PETROLEUM CONTAMINATION IN DAQING, CHINA

3452

Dalong Ma, Shuying Zang, Ying Li and Yu Wen

PROPERTIES OF WASTE CATALYST-CEMENT MORTARS:
IMPACT OF ORGANOCLAY TYPE

3460

Regina Kalpokaitė-Dičkuvienė, Irena Lukošiūtė, Kristina Brinkienė, Arūnas Baltušnikas and Jūratė Čėsnienė

HEAVY METALS IN GROUNDWATER FROM DEEP SEATED AQUIFER IN
NORTHERN ANHUI PROVINCE, CHINA: SOURCE IDENTIFICATION AND QUANTIFICATION

3467

Linhua Sun

REMEDIATION OF COPPER (II)-CADMIUM (II)
CONTAMINATED LOESS SOIL USING A NOVEL CHELATING SURFACTANT

3473

Baowei Zhao, Liping Huang, Jingru Diao, Hongtao Qiao, Tingting Shang and Lijuan Yan

BIOACCUMULATION OF COPPER, CADMIUM AND NICKEL IN DUCKWEED (Lemna trisulca)

3479

Yesim Kara and Osman Akba

COMPARATIVE PERSISTENCE OF FLUBENDIAMIDE RESIDUES IN
GHERKIN AND SOIL UNDER DIFFERENT ENVIRONMENTAL CONDITIONS
Mohapatra Soudamini, Buddidhathi Radhika, Siddamallaiah Lekha, Manikrao Gourishankar and Bheemaiah Nethravathi

3412

3483

© by PSP Volume 24 – No 10b. 2015

Fresenius Environmental Bulletin

WHEAT STRAW PRETREATMENT WITH POTASSIUM
HYDROXIDE FOR ENHANCED BIOGASIFICATION AND FERTILIZER VALUE

3491

Muhammad Jaffar, Hairong Yuan, Dexun Zou, Yanping Liu, Rashid Mustafa Korai, Yunzhi Pang and Xiujin Li

AN EFFICIENT IN VITRO PLANTLET REGENERATION OF
Ceratophyllum demersum L., AN IMPORTANT MEDICINAL AQUATIC PLANT

3499

Muhammet Dogan, Mehmet Karatas and Muhammad Aasim

SYNTHESIS, CHARACTERIZATION AND PHOTOCATALYTIC
ACTIVITY OF PURE AND Sb CO-DOPED TiO2 NANO PHOTOCATALYST

3505

Maryam Nozari and Shahram Moradi Dehaghi

SHORT COMMUNICATION
RADON MEASUREMENT IN DRINKING WATER AND ASSESSMENT
OF AVERAGE ANNUAL EFFECTIVE DOSE IN THE WEST REGION OF IRAN

3515

Meghdad Pirsaheb, Kiomars Sharafi, Lida Hemati and Mehdi Fazlzadehdavil

DEVELOPMENT OF A MULTIFUNCTIONAL MICROBIAL MANURE BY USING
A METHYL PARATHION-DEGRADING BACTERIUM, Paenibacillus maceransZZQ-6

3520

Jiangwei Zhu and Yan Zhao

NOTICE
DETERMINING THE EFFECTS OF INDUSTRIAL
DISCHARGES ON URBAN WASTEWATER CHARACTERISTICS AND
THE PLANT OPERATION, INSPECTION OF INDUSTRIAL DISCHARGES

3524

Yeter Tursun and Bulent Keskinler

INDEX

3532

3413

© by PSP Volume 24 – No 10b. 2015

Fresenius Environmental Bulletin

ENHANCED GROWTH AND LIPID PRODUCTION OF
Chlorella pyrenoidosa BY PLANT GROWTH REGULATOR GA3
Kui Du1,2, Huanping Tao 1,2, Xiaobin Wen 1,2, Yahong Geng 1 and Yeguang Li 1,*
1
Key Laboratory of Plant Germplasm Enhancement and Specialty Agriculture,
Wuhan Botanical Garden, Chinese Academy of Sciences, Wuhan 430074, PR China
2
University of Chinese Academy of Sciences, Beijing 100049, PR China

ABSTRACT
To investigate the effects of GA3, a plant growth regulator, on lipid production of Chlorella pyrenoidosa XQ20044, five levels of GA3 concentration (0 (as control), 0.1,
1, 10 and 20 mg L-1) were tested. The results suggested that
GA3 enhanced both microalgal growth and lipid accumulation by stimulating esterase activity and regulating intracellular distribution of carbon. Both the maximum lipid
content (292.3 mg g-1) and lipid productivity (17.1 mg L-1
d-1) were achieved at 20 mg L-1 GA3. The main fatty acid
components were C16 and C18 which accounted for more
than 91.5% of the content of total fatty acids at all GA3 concentrations. Moreover, higher GA3 concentrations (10 and
20 mg L-1) increased unsaturated fatty acid content significantly (1.6 times as high as that of the control). The results
provided an effective method to enhance the lipid production of microalgae, and could potentially to overcome the
current bottleneck in microalgal biodiesel production.

production of microalgal biodiesel mainly comprises 4
steps,cultivation, dewatering, lipid extraction, and transesterification. Cultivation is the most expensive one among
them [5]. Therefore, developing a more efficient microalgal cultivation technology is important.
Gibberellin A3 (GA3), a plant growth regulator, is
widely used to promote cell elongation and seed germination in higher plants [6, 7] and microorganisms [8]. Besides
that, GA3 is also usually involved in growth regulation of
algae [6, 9-11]. Previous studies mainly focused on the effect of GA3 on the growth and biomass production of microalgae, however, the effects of GA3 on lipid content and
fatty acid composition of Chlorella still remain unclear.
In this work, the effects of GA3 on growth, lipid content and fatty acid composition of microalga Chlorella pyrenoidosa XQ-20044 were investigated, aiming at enhancing lipid productivity so as to possibly lower the production
costs and promote the industrialization of microalgal biodiesel.

KEYWORDS:
GA3; microalgal biodiesel; lipid production; fatty acids

2. MATERIALS AND METHODS
2.1 Microalga species and growth medium

1. INTRODUCTION
Over the centuries, the development of social economy
has been greatly depended on the extensive consumption of
fossil fuels. Consequently, the human society is more and
more under threat from critical energy crisis and serious environmental problems, e.g. greenhouse effect [1]. Biofuel is
an alternative source of energy that may overcome these
problems. In general, microalgae grow fast, and for some
species, they are capable of capturing and utilizing CO2 efficiently to produce lipids [2-4], which make them to be
widely considered as one of the most ideal feedstock for
biodiesel production.
Currently, the industrialization of microalgal biodiesel
is limited by its high production costs. Generally speaking,
* Corresponding author

A fast-growing and lipid-rich microalga Chlorella pyrenoidosa XQ-20044 was used in this study. It was provided
by the Algae Culture Collection of Wuhan Botanical Garden, Chinese Academy of Sciences (Wuhan, China). Prior to
use, the microalga was maintained in modified BG-11 medium [12] under 60 μmol m-2 s-1, 14h/10h light-dark cycle
at 25 ± 1°C in 1-L glass Erlenmeyer flask, and shaken at
100 rpm on an orbital shaker. The medium contains (per liter
of distilled water): NaNO3 (100 mg), K2HPO4·3H2O (40 mg),
MgSO4·7H2O (75 mg), CaCl2·2H2O (36 mg), Fe-citrate
(6 mg), Citric acid (6 mg), EDTA·Na2 (1 mg), Na2CO3
(20 mg), (NH4)6Mo7O24·4H2O (0.1104 g), Co(NO3)2·6H2O
(0.0494 g), ZnSO4·7H2O (0.22 g), MnCl2·4H2O (1.8 g),
H3BO3 (2.86 g), CuSO4·5H2O (0.08 g).
2.2 Experimental conditions

Algal cells in exponential growth phase were collected
by centrifugation and re-inoculated into fresh modified
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BG-11 medium supplemented with five levels of GA3
(Sigma) concentration (0 (as control), 0.1, 1, 10 and 20 mg
L-1), with the initial biomass density of 0.05 g L-1. 500 ml
microalgal suspension was cultured in 1-L glass Erlenmeyer
flasks for 7 days under 100 μmol m-2 s-1 illumination
(14h/10h light-dark cycle) at 25°C. The flasks were shaken
at 110 rpm on an orbital shaker. Each treatment was undertaken in triplicate.
2.3 Measurement of growth

Algal growth was measured by the changes of biomass
concentration. 10 ml algal suspension was filtered through
a pre-dried GF/C glass microfiber filter paper (0.45 μm),
then dried at 105°C overnight and finally re-weighed to
calculate biomass dry weight (DW).
Biomass productivity (P, g L-1 d-1) was calculated from
the change in biomass concentration (X, g L-1) within a
given cultivation time (t, d) according to the following
equation:

P

X1- X 0
t

(1)

Specific growth rate (μ) was calculated via the following equation:


ln( X 1 / X 0)
t

(2)

Where X0 and X1 denoted the initial biomass concentration and the final biomass concentration after t days, respectively.
2.4 Analysis of esterase activity

The relative esterase activity (%) was analyzed as described by Hong et al. [13]. Cells were harvested by centrifugation (3 000×g, 10 min), washed once with phosphate
buffer (50 mM, pH 7.0) and diluted to the cell density of
105~106 cells mL-1. A stock solution of 1000 μM fluorescein diacetate (FDA) (Sigma-Aldrich Company, dissolved
in acetone) was added into 3 ml cell suspension to give a
final concentration of 25 μM FDA. Cells were incubated
with FDA in the dark for 8 min. Fluorescein fluorescence
was collected by a flow cytometry (CyFlow® Cube 8, Germany) at the FL1 channel (excitation, 488 nm; emission,
536 ± 20 nm). At least 2000 cells were measured for each
treatment. The relative esterase activity (%) was calculated
with the formula given below:
Relative esterase activity (%) 

Mean fluorescein fluorescence intensity of treatment
 100
Mean fluorescein fluorescence intensity of control

(3)

2.5 Determination of lipid, carbohydrate and protein

After 7 days of culture, cells were harvested by centrifugation at 3 000×g for 10 min, washed twice with distilled water, and then lyophilized and ground to powder for
biochemical analysis. Total lipid was determined gravimetrically by n-hexane-ethyl acetate extraction method [12].
50 mg dry algal biomass was homogenized with 5 ml mixture of n-hexane and ethyl acetate (1/1, v/v). The mixture
was sonicated for 45 min at 50°C, and then the supernatant

was recovered after centrifugation at 3 000×g for 10 min.
The pellet was extracted again using the same procedure
twice. Finally all the extracts were combined and dried with
a stream of nitrogen in a pre-weighted glass tube. Thereafter, the lipid content (L) was gravimetrically determined
and the lipid was used for fatty acid analysis.
Lipid productivity (LP, mg L-1 d-1) was calculated as
follows:

LP 

X 1  L1 - X 0  L0
t

(4)

Where X1 and L1 denoted the biomass concentration
(mg L-1) and lipid content (%) at the harvesting time, X0
and L0 were initial biomass concentration and lipid content,
t was the cultivation time (d), respectively.
Carbohydrates were analyzed by the phenol-sulfuric
acid spectrophotometric method [15] with minor modification. About 30 mg sample was homogenized in 8 ml pure
water. This mixture was incubated for 30 min at 40°C, and
then centrifuged at 4 000×g for 10 min. The supernatant
was used for soluble carbohydrate assay and the precipitate
was used for insoluble carbohydrate assay, respectively.
The analyte was diluted with distilled water to 15 ml, and
then 7.5 ml of 6 mol L-1 hydrochloric acid was added for
hydrolysis. The reaction was kept at 121°C for 20 min. The
hydrolysate was cooled to room temperature, and then neutralized with 6 mol L-1 NaOH and diluted with distilled water to 250 ml. Samples of 2 ml were taken from the carbohydrate solution and centrifuged again (4 000×g, 10 min).
1 ml of supernatant was mixed with 1 ml distilled water
and then 1 ml fresh 6% (v/v) phenol in water. 5 ml of concentrated sulfuric acid was added rapidly to the mixture.
After 10 min, the mixture was vortexed for 30 s and placed
for 20 min at room temperature for color development. The
absorbance of sample was read at 490 nm using distilled
water as blank. Glucose was used to make the standard
curve to determine the amount of carbohydrates. Total carbohydrate was the sum of soluble carbohydrate and insoluble carbohydrate.
The protein content was determined by the Coomassie
Brilliant Blue G-250 Bradford method using bovine serum
albumin (Sigma) for calibration [14]. About 20 mg sample
was resuspended in 10 ml pure water and homogenized using a sonicator (KQ5200E Sonifer, China). After centrifugation at 4 000×g for 10 min, the supernatant was collected.
1 ml supernatant was mixed with 5 ml of reagent solution
containing 0.01% Coomassie brilliant blue G-250, 5% ethanol and 8.5% phosphoric acid. The mixture was incubated
at room temperature for 3 min and its absorbance at 595
nm was measured.
2.6 Fatty acid analysis

Fatty acid composition was determined using gas chromatography as described by Wen et al. [12] with minor
modification. Lipid was fully dissolved in 3 ml n-hexane
and transmethylated with 3 ml of 0.5 mol L-1 KOH–
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CH3OH solution at 50°C for 15 min to obtain fatty acid
methyl esters (FAMEs). After cooling to room temperature,
the hexane layer was collected and dried with anhydrous sodium sulfate. The FAMEs were injected into a gas chromatograph (7890N network GC system, USA) for analysis. The
chromatograph was equipped with a HP-5MS capillary column (30 m × 0.25 mm × 0.25 μm) and a flame ionization
detector (FID). Nitrogen was used as the carrier gas at a
constant flow rate of 1 ml min-1. The oven temperature was
set to 150°C for 2 min, and then further increased to 250°C
at a rate of 10°C min−1 and held steady at this temperature
for 8 min. The temperature of the detector was set to
250°C. Fatty acids in the sample were identified by comparison of retention times and peak areas with those of an
authentic standard compounds mixture (FAME Mix C8C24, USA).
2.7 Statistical analysis

Data were presented as mean (n = 3) ± SD and analyzed for significant differences at p < 0.05 among groups
with SPSS 13.0. Tukey’s multiple comparison tests were
used to compare all pairs of means where applicable.

TABLE 1 - The maximum biomass concentration (Bmax), biomass
productivity (P) and specific growth rate (μ) of C. pyrenoidosa XQ20044 under different GA3 concentrations (means±SD) (n=3).
P
μ
Bmax
GA3
(g/L)
[mg/(L d)]
(d-1)
concentration
(mg/L)
0
0.34 ± 0.01 a
41.14 ± 0.71 a
0.28 ± 0.00 a
0.1
0.36 ± 0.01 ab
44.24 ± 0.82 b
0.29 ± 0.00 b
48.05 ± 0.82 c
0.30 ± 0.00 c
1
0.38 ± 0.01 abc
49.00 ± 1.43 cd 0.30 ± 0.00 cd
10
0.39 ± 0.01 bc
51.86 ± 1.43 d
0.31 ± 0.00 d
20
0.41 ± 0.01 c
a, b, c and d denote significant differences between different GA3 concentration treatments (P < 0.05).

The effects of GA3 on algae have been reported since
1960’s [16]. Most previous studies suggested that GA3
stimulated microalgal growth [6, 9, 17-19] by shortening
the time of cell division [19], particularly in nitrogen-limited media [6]. GA3 could eliminate the lag period and increase the microalgal yield [20], and the growth-stimulation effect of GA3 on microalgae was affected by its concentration [17, 20]. Our study confirmed that the biomass
productivity increased with increasing of GA3 concentration (Fig. 1).
3.2 Effect of GA3 on esterase activity

3. RESULTS AND DISCUSSION
3.1 Effect of GA3 on microalgal growth

As shown in Fig. 1 and Table 1, C. pyrenoidosa XQ20044 grew well at all experimental GA3 concentrations
(0~20 mg L-1). Overall biomass concentration increased
with increasing of GA3 concentration, however, it varied
significantly by different GA3 concentrations. The maximum biomass concentration, 0.41 g L-1, was achieved at
20 mg L-1 GA3, which was 1.21-fold of that of the control.
Both the highest biomass productivity and the specific
growth rate were achieved at 20 mg L-1 GA3. In conclusion,
20 mg L-1 was the optimal GA3 concentration for the
growth of C. pyrenoidosa XQ-20044 under the experimental conditions in this study.

FIGURE 1 - Effect of GA3 on biomass concentration of C. pyrenoidosa
XQ-20044. Values are means ± SD (n=3)

Esterase activity is an important parameter that indicates cellular metabolic activity and is generally detected
by changes in FDA fluorescence. As a non-polar and nonfluorescent substance, FDA is able to diffuse into cells
freely. Non-specific cellular esterases hydrolyse the FDA
molecule into one fluorescing fluorescein and two acetates,
and then the fluorescein is trapped by intact cytoplasmic
membrane. Therefore, fluorescence intensity can be used as
an indicator of metabolic activity [21, 22]. In this study, the
esterase activity was presented as the mean fluorescence intensity. As shown in Fig. 2, increasing GA3 concentration
led to a gradual elevation (P < 0.05) in esterase activity of
the alga during 7-day cultivation. The results indicated that
the metabolic activity of the alga was enhanced by GA3.

FIGURE 2 - Effect of GA3 on esterase activity of C. pyrenoidosa XQ20044. All error bars indicate SD (n=3). a, b, c and d indicate significant differences compared to the control (P < 0.05).
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TABLE 2 - Effects of GA3 on the contents of lipid, soluble protein, carbohydrate and lipid productivity of C. pyrenoidosa XQ-20044. Values are
means ± SD (n=3).
Carbohydrate content (mg g-1)
Soluble
Insoluble
Total
carbohydrate
carbohydrate
carbohydrate
0
231.3 ± 3.1 a
77.9 ± 1.3 a
308.0 ± 14.6 a
385.9 ± 14.4 a
0.1
239.0 ± 10.0 a
87.2 ± 1.5 ac
181.8 ± 6.8 b
269.0 ± 8.3 b
a
ac
b
1
245.7 ± 4.9
86.7 ± 4.3
176.1 ± 2.8
262.8 ± 6.2 b
b
bc
c
10
104.1 ± 5.4
210.6 ± 3.5
314.7 ± 6.5 c
268.0 ± 2.0
c
c
d
20
102.6 ± 11.3
272.7 ± 6.3
375.3 ± 5.0 a
292.3 ± 7.6
a, b, c and d denote significant differences between different GA3 concentration treatments (P < 0.05).
GA3
concentration
(mg L-1)

Lipid content
(mg g-1)

Soluble
protein content
(mg g-1)

Lipid
productivity
(mg L-1 d-1)

45.7 ± 0.7 a
42.8 ± 0.1a
27.9 ± 5.9 b
26.2 ± 2.6 b
13.5 ± 5.0 c

11.1 ± 0.0 a
12.2 ± 0.7 a
13.5 ± 0.1 b
14.9 ± 0.3 c
17.1± 0.6 d

TABLE 3 - Effect of GA3 on fatty acid composition of C. pyrenoidosa XQ-20044. Values are means ± SD (n=3).
Fatty acid
(%)

0

GA3 concentration (m g-1)
1

0.1

C16:1
10.41±0.77 a
10.05±0.55 ab
10.04±0.55 ab
ab
ab
C16:0
25.66±1.26
25.18±0.66
25.13±0.68 a
a
a
26.44±0.93
26.13±0.90 a
C18:0
27.38±0.77
29.85±0.83 ab
30.39±0.23 b
C18:1
28.88± 0.23 a
C20:0
8.66± 0.61 a
8.49± 0.24 a
8.64±0.40 a
C16-C18
92.33
91.52
91.69
Saturated
61.70
60.11
59.90
Unsaturated
39.29
39.90
40.43
a, b and c denote significant differences between different GA3 concentration treatments (P < 0.05).

3.3 Effects of GA3 on contents of lipid, carbohydrate and protein

Lipid, carbohydrate and protein are all made up of carbon. Therefore, to study the effect of GA3 on lipid content,
it is necessary to measure protein and carbohydrate content.
As indicated in Table 2, the biomass compositions of
microalgae were also affected by GA3. The algal biomass
was mainly composed of insoluble carbohydrate and lipid.
The increase in GA3 concentration led to a marked elevation in the lipid and soluble carbohydrate content of the
alga, while the soluble protein content was decreased with
increase of GA3 concentration. The lipid content was positively correlated to the esterase activity (Fig. 2 and Table 2).
Therefore, it is reasonable to suppose that GA3 enhanced
lipid accumulation by promoting the cellular metabolic activity. However, both the contents of insoluble carbohydrate
and total carbohydrate with GA3 treatment were lower than
that of the control. The results suggested that GA3 might affect intracellular distribution of carbon. Namely, carbon
fixed by the microalgal photosynthesis is preferred to be
used for lipid synthesis rather than carbohydrate with GA3
treatment. Further research should be performed with respect to the specific mechanism for the possibility of improving the efficiency of microalgal lipid production.
3.4 Effect of GA3 on lipid productivity

Similar to the lipid content, the lipid productivity of C.
pyrenoidosa XQ-20044 increased with increasing GA3
concentration (Table 2). The maximum lipid productivity
(17.1 mg L-1 d-1) was achieved at 20 mg L-1 GA3, which

10

20

8.79±0.55 bc
27.06±0.28 b
0.00 b
56.29±0.35 c
7.86±0.08 a
92.14
34.92
64.99

8.46±0.16 c
29.85±0.10 c
0.00 b
55.00±0.02 c
6.66±0.27 b
93.31
36.51
63.46

was notably higher than that of other concentrations (P <
0.05). In this study, 20 mg L-1 was the optimal concentration of GA3 that gave highest lipid content and lipid
productivity.
N-starving [23, 24] cultures induce high lipid content
of microalgae, but decrease growth rate and lipid productivity overall. Two-stage heterotrophic and phototrophic
culture strategy increases microalgal biomass and lipid
production [25], but this technique is complicated and expensive. In the present study, both the growth and lipid
content of C. pyrenoidosa XQ-20044 were significantly
enhanced by GA3.
3.5 Effect of GA3 on fatty acid composition

As shown in Table 3, the effects of GA3 on fatty acid
composition varied depending on GA3 concentration. As opposed to the C18:1 increase, C16:1, C18:0 and C20:0 decreased as GA3 concentration increased. In addition, C16:0
decreased at low GA3 concentrations (0.1 and 1 mg L-1) but
significantly increased at high GA3 concentrations (10 and
20 mg L-1). C18:0 was not detected at both 10 and 20 mg L-1
GA3 concentrations. The main fatty acid components of C.
pyrenoidosa XQ-20044 were C16 and C18 at all GA3 concentrations, which accounted for more than 91.5% of the
content of total fatty acids. Moreover, high GA3 concentrations (10 and 20 mg L-1) increased the content of unsaturated fatty acid content of C. pyrenoidosa XQ-20044 significantly (1.6 times as high as that of the control). It is interesting that GA3 can significantly increase the proportion
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of unsaturated fatty acids in microalgal cells. Hence, GA3,
as a kind of physiological regulator, play a role in cultivation of microalgae that to produce high unsaturated fatty
acids for human health care products.

[6]

Park, W.K., Yoo, G., Moon, M., Kim, C.W., Choi, Y.E., Yang,
J.W. (2013) Phytohormone supplementation significantly increases growth of Chlamydomonas reinhardtii cultivated for
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(2010) Methyl jasmonate- or gibberellins A3-induced astaxanthin accumulation is associated with up-regulation of transcription of beta-carotene ketolase genes (bkts) in microalga
Haematococcus pluvialis. Bioresource Technology 101, 64686474.

4. CONCLUSIONS
GA3 had significant positive effects on the growth, lipid content and lipid productivity of microalga C. pyrenoidosa XQ-20044. A concentration of 20 mg L-1 GA3 was
optimal for the growth of C. pyrenoidosa XQ-20044. Both
the maximum lipid content (292.3 mg g-1) and lipid productivity (17.1 mg L-1 d-1) were achieved at 20 mg L-1 of GA3.
Moreover, higher GA3 concentrations (10 and 20 mg L-1)
elevated unsaturated fatty acid content significantly to
more than 63.46% of the total fatty acid content. The results provided a new method to enhance microalgal lipid
production as feedstock for microalgal biodiesel. GA3 may
enhance the production efficiency of microalgal lipid by
stimulating esterase activity and regulating the distribution
of carbon between lipid and carbohydrate. Further research
on this mechanism may discover a new method of physiological regulation of microalgal lipid production.

[10] Saono, S. (1964) Effect of gibberellic acid on growth and multiplication of some soil microorganisms and unicellular green
algae. Nature 204, 1328-1329.
[11] Tarakhovskaya, E.R., Kang, E.J., Kim, K.Y., Garbary, D.J.
(2013) Influence of phytohormones on morphology and chlorophyll a fluorescence parameters in embryos of Fucus vesiculosus L. (Phaeophyceae). Russian Journal of Plant Physiology 60, 176-183.
[12] Wen, X.B., Geng, Y.H., Li, Y.G. (2014) Enhanced lipid production in Chlorella pyrenoidosa by continuous culture. Bioresource Technology 161:297-303.
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LOW POLLUTION TECHNOLOGY OF Mn3O4
PREPARATION BY THERMAL DECOMPOSITION OF MnSO4
Kejie He, Weiyi Sun, Sanglan Ding and Shijun Su*
College of Architecture and Environment, Sichuan University, Chengdu, 610065, China

ABSTRACT
With the development of lithium ion power battery
electric vehicles in recent years, the demands of lithium
manganese oxide (LiMn2O4) increased rapidly. As superior
raw materials of LiMn2O4 preparation, the potential application of hausmannite (Mn3O4) becomes increasingly extensive. Aiming at solving the problem of inevitable generation of waste water in traditional liquid phase methods
of Mn3O4 preparation, a low pollution technology of Mn3O4
preparation by thermal decomposition of MnSO4 combined
with using low grade pyrolusite as absorbent to removal SOx
from decomposition gas was investigated. The results showed
that MnSO4 decomposed completely into Mn3O4 with release
of decomposition gas dominated by SO2 at 1000 °C for 1h.
SO2 in the decomposition gas was approximately 100% absorbed and the manganese extraction rate reached 94% when
low grade pyrolusite was used as absorbent. This new technology can not only avoid causing pollution in the production
process of Mn3O4 preparation, but also has the advantages of
resource recovery of sulfur resources in the decomposition gas
and manganese in low grade pyrolusite simultaneously.
KEYWORDS: Mn3O4; MnSO4; thermal decomposition gas; pyrolusite; resource recovery

1. INTRODUCTION
Mn3O4 (hausmannite) has wide industrial applications,
especially in soft magnetic ferrite production around the
world [1, 2]. Numerous researches indicated that Mn3O4 is a
good raw material for LiMn2O4 preparation [3, 4]. With the
fast development of lithium ion power battery electric vehicles, the potential demands of Mn3O4 might increase rapidly. Recently, a great number of studies have focused on
the synthesis of Mn3O4 with high performance like nanosized Mn3O4 particle or thinfilm by methods of hydrothermal [5], solvothermal [6], sonochemical reaction [7], microwave heating [8]. Among the methods reported, waste water
was the main drawback using solution-based method in consideration of industrialization, which was a thorny problem
because of the contamination of environment and high cost
* Corresponding author

of treatment. Therefore, preparation methods or processes
of Mn3O4 with the advantages of low cost, high performance and environmental friendliness are required.
Previous studies have documented that MnSO4 power
was proved to decompose into Mn3O4 at temperature
higher than 950 °C [9-11], no wastewater was discharged
and a simpler production process as compared with the solution-based methods. However, SO2 can be formed during
the thermal decomposition of MnSO4 [10], which is harmful to the ecosystem and environment. Recently, pyrolusite
was proved to be a potential absorbent for SO2 removal due
to its fast leaching rate [12, 13], high Mn extraction rate
[13, 14] and selective leaching of Mn [13, 15]. To our
knowledge, previous studies mainly focused on the thermal
decomposition process of MnSO4, and few aimed at synthesis of Mn3O4 and the control of decomposition gas from
the calcination.
The objective of this study was to develop an environmental friendly Mn3O4 preparation process by thermal decomposition of MnSO4, while SOx were removed simultaneously using low grade pyrolusite as absorbent to removal
the SOx in the decomposition gas. To this end, the effect of
temperature on the calcination product was estimated, and
the products at different temperature were characterized by
XRD (Phillips X’pert MPD, CuKα radiation, λ = 1.54056Å
40KV; 35mA; in the 2θ range from 10 to 80°) and FT-IR
(Nicolet 6700 in the wave number range of 1000-400cm-1)
to determine the best thermal decomposition temperature.
Then, the components of decomposition gas produced by
thermal decomposition of MnSO4 were analyzed at the optimum temperature, and the feasibility of using low grade
pyrolusite as absorbent to removal the SOx in decomposition gas was also investigated.

2. MATERIALS AND METHODS
2.1 Materials and apparatus

MnSO4•H2O was dehydrated at 500 °C to obtain anhydrous MnSO4, and the compositions is 99.2%MnSO4.H2O,
<0.0005%Fe, <0.002%Ni, <0.002%Zn, <0.0002%Pb and
<0.002%Cl. Other reagents were all of analytical grade.
Pyrolusite was a commercial product from Guangxi Province, China, and the compositions of pyrolusite are shown
in Table 1.
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TABLE 1 - The compositions of pyrolusite(wt.%).
Mn

Si

Al

Fe

Zn

Cu

Pb

Ni

Co

26.64

20.71

5.29

3.44

0.047

0.015

0.11

0.028

0.013

The calcination was conducted in a tube type resistance furnace (Tianjin Zhonghuan Furnace Ltd. China).
Air was used as carrier gas, and the flow rate is 20 mL/min.
The experimental apparatus is shown in Fig. 1.

where C0(Mn) and Ct(Mn) are the initial and equilibrium concentrations of Mn in the pyrolusite slurry, respectively, g/L; n0(S) and nt(S) are the amount of substance of
S in pyrolusite slurry of original and after absorption, respectively, mol; n(s) is the total amount of substance of S
in decomposition gas SOx, mol, which is equivalent to the
amount of substance of S in raw material MnSO4•H2O.

3. RESULTS AND DISCUSSION
3.1 Mn3O4 preparation and characterization

FIGURE 1 - Experimental apparatus of leaching of low grade pyrolusite with MnSO4 decompotion gas

Fig. 2 shows the XRD patterns of products obtained by
calcining MnSO4 for 2 h at different temperatures (800 °C –
1100 °C). As can be seen in Fig. 2a, the XRD patterns of
products at 300°C and 400°C were similar to anhydrous
manganese sulfate (JCPDS, 35-0751). At 200 , there are

2.2 Experimental methods
2.2.1 Mn3O4 preparation and decomposition gas determination

The experiment was implemented by two steps. Firstly,
anhydrous MnSO4 was heated at 800 -1100 at interval of
50 , respectively. Associated products at different temperatures were characterized by XRD to determine the appropriate temperature for Mn3O4 preparation. Secondly, Mn3O4
was prepared under the optimized temperature, while the decomposition gas was purified by absorbent (low grade pyrolusite) in the presence of stabilizer sulfamic acid ammonia,
then SO32- and SO42- in the absorption liquid were measured
by Ion Chromatography (Dionex ICS-2500 ion) to detect
the levels of SO2 and SO3.
2.2.2 Low-grade pyrolusite leaching by decomposition gas

The decomposition gas was purified by pyrolusite
slurry, which was conducted in the absorption flask (I). The
residual decomposition gas from flask (I) was bubbled in
another absorption flask (II) containing ammonium sulfamate solution. After absorption, the pyrolusite slurry was
separated with suction filtration to measure the concentration of Mn, SO42- and S2O62- . The manganese concentrations both in both liquid samples and solid products were
determined by Atomic Absorption Spectrometer (Varian
SpectrAA 220FS). The leaching efficiency of Mn (XMn)
and absorption rate of SOx( η) was calculated as follows:

X Mn 
η

C t Mn 
 100%
C 0 Mn 

n t S  n 0 S
 100%
n S

(1)
(2)

FIGURE 2 - XRD patterns of decomposition product of MnSO4 at
different temperatures
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some peaks of MnSO4.H2O and MnSO4 in the product pattern, indicating a very slow dehydration process at this temperature. As can be seen in Fig. 2b, there is almost no peaks
of Mn3O4 in the XRD pattern at 800 °C and 850 °C, while
peaks of Mn2O3 were obviously found. Especially, at
850 , all diffraction peaks of decomposition product were
indexed to Mn2O3(JCPDS, 24-0508). The product at 900°C
was characterized as a mixture of Mn2O3 and Mn3O4, implying that 900°C is the starting temperature of MnSO4 decomposed into Mn3O4. The XRD patterns of products at
950°C, 1000°C and 1100°C were in agreement with cubic
Mn3O4 (JCPDS 24-0734), which was in line with the previous study [10].
As can be seen in Fig. 3, faster MnSO4•H2O decomposition rate was found with the increasing temperature. Manganese content in the decomposition product reached
71.83% at 1000°C after 45 min heating, which was in line
with the theoretical manganese content (72.03%) in Mn3O4.

Mn content /%

70

spicuous that all diffraction peaks of the product are in agreement with cubic Mn3O4 (JCPDS 24-0734), and no peaks of
other matrices were observed, suggesting a high purity of
the product.
The prepared product was further characterized by FTIR and the result was shown in Fig. 5. As can be seen in the
spectra, three strong absorption bands are observed at 420,
526 and 627cm-1, which might be associated with coupling
between Mn-O stretching modes and are in perfect agreement with previous reports [16-18]. No other absorption
peaks were observed in the FTIR spectra, implying that the
as-prepared product was a single phase of Mn3O4.

Transmittance / %
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FIGURE 5 - FTIR spetrum of as-prepared Mn3O4
3.2 Ingredients of the decomposition gas

60

Temperature/℃
FIGURE 3 - Effect of temperature and time on the manganese content of Mn3O4 products

Under high temperature and in the presence of oxygen,
the transformation between SO2 and SO3 exists in the decomposition gas SOx [10, 29]. The reaction equations of
synthesis of Mn3O4 through calcining MnSO4 are listed as
follows [19]:
3MnSO 4 s   Mn 3 O 4 s   3SO 2 g   O 2 g 

(3)

2SO2 g   O 2 g   2SO3 g 

(4)

The ingredients of SOx in the decomposition gas were
measured and are shown in Table 2.

FIGURE 4 - XRD pattern analysis of as-prepared Mn3O4

As stated above, Mn3O4 was synthesized by thermal
decomposition of MnSO4 at 1000 °C for 1h. The XRD
pattern of the obtained product was shown in Fig.4. It is con-

Compared with SO3 in the decomposition gas, SO2 is
easier to react with MnO2 (pyrolusite), which is the main
property of pyrolusite, and it would not react with H2SO4
[20, 21]. Therefore, it is necessary to determine the ingredients of SOx. As can be seen in Tab.2, the amount of substance of SOx in the decomposition gas was comparable
with the amount of substance of S in MnSO4, indicating
that MnSO4 decomposed almost completely into Mn3O4.
Besides, the results showed that the mole ratio of SO2 and
SO3 was about 5:1, suggesting that SO2 was the dominance
content in the decomposition gas. Therefore, low-grade pyrolusite could be used as absorbent for removal of SOx in
the decomposition gas in this study.
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TABLE 2 -The results of SO2 and SO3 in the decomposition gas released by decomposition of MnSO4
SOx (mol)
3.23E-02
3.28E-02
3.26E-02

3.3 Reductive leaching of pyrolusite using decomposition gas

In the leaching process, 5 g anhydrous MnSO4 were
employed to prepare Mn3O4 at 1000 for 1 hour, at the
same time, the decomposition gas, containing SO2 and
SO3, was blown into the absorption flask where SO2 reacted with MnO2 into MnSO4 and MnS2O6; SO3 dissolved
in the water into H2SO4. Those reaction equations are listed
as follows [22, 23]:

MnO 2  SO 2 aq   MnSO 4

(5)

MnO 2  2SO 2 aq   MnS 2 O 6

(6)

SO 3 aq   H 2 O  H 2 SO 4

(7)

3.3.1 Effect of pyrolusite dosage on the absorption efficiency
of SO2 and manganese extraction rate

Fig.6 showed the effect of pyrolusite dosage on SO2
absorption efficiency and manganese extraction rate. The
experiment was operated at 20 °C and agitated at 300rpm.
As can be seen in the Fig. 6, the SO2 absorption efficiency
increased and the manganese extraction rate decreased with
the increaing dosage of pyrolusite. By 5g pyrolusite dosage,
the SO2 absorption efficiency reached 99.52 % whereas the
manganese extraction rate achieved only 61.86 %; by 3g pyrolusite dosage, the SO2 absorption efficiency was only
78.69 % while the manganese extraction rate accomplished
92.15 %. To guarantee the SO2 absorption efficiency, 5g pyrolusite was used to investigate the effect of temperature, agitation rate and initial H2SO4 on the leaching of pyrolusite.
100

90

90

80

80

70

70
Mn extraction rate
SOx absorption efficiency

60

60

50

Mn extraction rate /%

SOx absorption efficiency/%

100

50
3.0

3.5

4.0

4.5

5.0

Pyrolusite Dosage / g

FIGURE 6 - Effect of pyrolusite dosage on manganese extraction rate
and absorption efficiency of decomposition gas

S in MnSO4 (mol)
3.31E-02
3.31E-02
3.31E-02

relative error /%
2.41
0.91
1.51

experiments were run at 20 °C. As can be seen in the figure,
the effect of agitation rate on the leaching process could be
negligible. The manganese extraction enhanced only about
5% by increasing of agitation rate from 200 rpm to 400 rpm.
Therefore, 300 rpm was adopted as agitation rate in the
subsequent experiments.
100
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Mn extraction rate
SO2 absorption efficiency

80
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70
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60

60

50

200

250

300

350

400

The effect of agitation rate on manganese extraction
rate and SO2 absorption efficiency was shown in Fig.7. The

50

Agitation rate /rpm
FIGURE 7 - Effect of agitation rate on manganese extraction rate and
absorption efficiency of decomposition gas
3.3.3 Effect of reaction temperature on the absorption efficiency of decomposition gas and manganese extraction rate

Fig.8 showed the effect of temperature on manganese
extraction rate and absorption efficiency of decomposition
gas. The corresponding experiments were applied with 300
rpm agitation rate. It was obviously that enhanced reaction
temperature could significantly increasing the manganese
extraction rate, which could reached 85.59 % at 60 °C. This
result is in coincidence with previous studies [20]. Because
higher temperature consumes more energy and results in
strong water evaporation, 60 °C was chosen as the highest
temperature in the experiments.
100
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60

60

Mn extraction rate
SOx absorption efficiency

50
3.2.2 Effect of agitation rate on the manganese extraction rate
and SO2 absorption efficiency

Mn extraction rate /%

SO2/SO3
5:1
5:1
5:1

Mn extraction rate /%

SO3 (mol)
5.32E-03
5.38E-03
5.41E-03

SO2 absorption efficiency /%

SO2 (mol)
2.70E-02
2.74E-02
2.72E-02

SOx absorption efficiency /%

Run Nr.
1
2
3

50
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Temperature / ℃
FIGURE8 Effect of temperature on manganese extraction rate and
absorption efficiency of decomposition gas
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3.2.2. Effect of initial H2SO4 concentration on the absorption efficiency of decomposition gas and manganese extraction rate
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4. CONCLUSIONS
1) Mn3O4 can be prepared by thermal decomposition
of MnSO4 at 1000 °C for 1h. During the Mn3O4 preparation
under thermal decomposition of MnSO4, mole ratio between SO2 and SO3 in the released decomposition gas was
determined as 5:1, suggesting that SO2 was the dominance
content in decomposition gas.
2) Reductive leaching of pyrolusite using SO2 in the
decomposition gas was achieved. High reaction temperature
and initial H2SO4 concentration were beneficial to the leaching of pyrolusite. Under the conditions of 60 °C, 300 rpm
agitation rate and 0.1mol/L H2SO4, manganese extraction
rate reached 94% while SOx was totally absorbed.
3) The presented method was simple, high-efficiency,
and environmental friendly, no waste water discharged,
and the sulfur resources in the decomposition gas and manganese resources in low grade pyrolusite were recycled
simultaneously.
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ABSTRACT
The continuous increase in oil production has led to the
contamination of soil and water ecosystems. Contamination results in negative effects. Polycyclic aromatic hydrocarbons (PAHs) persist in soil because of their low volatility, low solubility and low bioavailability. Thus, PAH removal using conventional surfactant washing is difficult. Laboratory experiments were conducted using anionic washing
agent sodium dodecyl sulphate (SDS) combined with ultrasound to optimise phenanthrene recovery efficiency from contaminated clay soil. We investigated the following process parameters that affect the efficiency of the recovery process:
temperature (30 °C to 60 °C), SDS concentration (242 mg/L
to 726 mg/L) and ultrasonic time (10 min to 20 min). A
response surface methodology based on Box–Behnken statistical experiment design was applied to analyse the experimental variables. All variables showed a positive effect
on phenanthrene recovery efficiency. Interactions between
temperature and SDS concentration and between temperature and ultrasonic time were significant, whereas the interaction between SDS concentration and ultrasonic time was
insignificant. Under optimal conditions, the predicted and observed recovery efficiencies were 73.67% and 74.32%, respectively. Results confirmed that the model was accurate
and reliable for analysing the variables of ultrasound-assisted surfactant extraction treatment.

rings which can accumulate in soils because of biodegradation resistance [1]. PAHs in soil can originate from oil
spills during well exploitation and pumping and accidental
spillage during long distance transportation [2, 3]. The contamination is related to negative health effects on the local
population, ground or marine life [4, 5]. Therefore, PAHs
are identified as priority pollutants by the Environmental
Protection Agency of the United States [6-8]. Given the
toxicity and carcinogenicity of pollutants, remediation of
PAH-contaminated soil is vitally important.
Numerous methods such as bioremediation, phytoremediation, physical treatment, chemical oxidation and integrated technologies have been tested in the treatment of
PAH-contaminated soils [1, 6, 9-12], but these methods
have limitations because of the low water solubility of
PAHs. In the present study, phenanthrene was selected as
the model PAH in the laboratory experiment. Response
surface methodology (RSM) is used to optimise the conditions, which also enables the evaluation of the effects of
multiple parameters and their interactions on response variables [13]. Few studies have applied a combined approach
with ultrasound and washing agent to extract phenanthrene
from clay soil. Therefore, we aimed to study and maximise
the effects of ultrasound-assisted surfactant washing process parameters (i.e. temperature, surfactant concentration
and ultrasonic time) on phenanthrene recovery efficiency
from a developed BBD–RSM mathematical model.

KEYWORDS: Sodium dodecyl sulphate ; clay soil ; phenanthrene
recovery efficiency ; ultrasound-assisted extraction ; Response
surface methodology ; Box–Behnken design.

2. MATERIALS AND METHODS
2.1 Soil Preparation

1. INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are persistent organic compounds with two or more fused aromatic
* Corresponding author

PAH-contaminated soil sample was collected at a depth
0 cm to 15 cm from the JHWC 36-1 Oilfield (E 117°17′, N
29°30′), Hubei Province, China. Another soil sample was
collected from the nearest area to the oilfield with undisturbed soil for use in the simulation experiment. All soil
samples were air dried and homogenised by sieving through
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less than 2 mm to remove roots and large particles. The
samples were stored in polyethylene bags at 4 °C for use in
further experiments. The major soil physicochemical characteristics are listed in Table 1. Soil pH was measured in
distilled water at a solid/liquid ratio of 1.0:2.5 g mL−1PHS-3C,
Shanghai Rex Instrument Factory, Shanghai, China) [14, 15].
Soil particle size distribution was analysed with Mastersizer
2000 (Malvern Instrument Ltd., UK). The total organic carbon
(TOC) was measured by burning the soil at 1,300 °C with a
TOC-VCPH/CPN (Shimadzu Corporation, Kyoto, Japan). Initial
moisture content was determined as weight loss at 100 °C of
dry soil using an air circulation oven (DGG-9053A, Shanghai
Senxin Instrument Ltd., Shanghai, China). Phenanthrene
concentration in oil-contaminated soil was measured by high
performance liquid chromatography [16]. To simulate PAHcontaminated soil, phenanthrene (Acros Organics, US, purity: 99%) was completely dissolved in acetone (AR. Lanxiang Chemical Industry Corp. Nan Chang, Jiang Xi, China).
Acetone solution was mixed into uncontaminated soil samples. After evaporation of the acetone, phenanthrene was homogeneously distributed in the soil. The initial concentration
was 100 mg phenanthrene/kg soil.
TABLE 1 - Major properties of sieved uncontaminated soil in JHWC
36-1 Oilfield
Properties
Soil texture
(vol. %)

Clay (<0.002 mm)
Silt (0.002 mm to 0.020 mm)
Sand (0.020 mm to 2.00 mm)

pH
TOC (%)
Initial moisture
content (%)

Value
75
15
10
8.2
1.5
5.3

zene sulphonate (SDBS), were selected in the batch experiments. The surfactants were obtained from the Lantian Chemical Factory (purity ≥ 97%, Xingtai, Hebei, China). The properties of these surfactants are summarised in Table 2. The initial phenanthrene concentration of the soil was 100 mg/kg.
Batch studies were conducted over a range of surfactant concentrations [0.05, 0.1, 0.2, 0.4, 0.8, 1, 2, 4 and 10 times the
critical micelle concentration (CMC)], and the extraction efficiency was measured. Distilled water was used to prepare
solutions containing the different surfactant concentrations.
Soil washing experiments were conducted by placing a constant ratio of soil to surfactant solution (3 g/15 mL) in a 25 mL
cylindrical vessel at 25 °C. The vessel was shaken for 30 min
in a whole temperature oscillation incubator (HZQ-F160, Taicang Experimental Equipment Factory, Jiangsu, China). The
solution was separated by centrifugation (Neofuge 15R High
speed refrigerated bench-top centrifuge, Shanghai Lishen
Scientific Equipment Co., Ltd.) at a speed of 5,000 rpm, and
aqueous phenanthrene concentration was measured by gas
chromatography (GC-MS-QP2010, Shimadzu Corporation,
Kyoto, Japan).
2.3 Laboratory Ultrasound-Assisted Soil Washing Experiments

Up to 3 g of phenanthrene-contaminated soil was mixed
with surfactant solution in a 25 mL cylindrical vessel, which
was shaken for 30 min at a speed of 800 rpm. Ultrasoundassisted extraction was performed in an ultrasonic bath (KQ300DV, Kunshan Ltd., Jiangsu, China) with a working frequency of 40 kHz and a maximum input power of 210 W.
The ultrasonic time and temperature were controlled.
2.4 Preliminary Study

2.2 Surfactant Comparison

Cationic, anionic and non-ionic surfactants can be applied to displace non-aqueous phase liquids by reducing interfacial tension between oil and water [17]. Anionic surfactant was usually selected as contaminated soil washing reagents due to their potential use for the treatment of phenanthrene contaminated soil while compared with the cationic
or non-ionic surfactants [18, 19]. To assess the soil washing
performance, two representative anionic surfactants, namely,
sodium dodecyl sulphate (SDS) and sodium dodecyl ben-

A preliminary study was conducted to determine a set
of parameter ranges for phenanthrene extraction efficiency.
The batch experiments were conducted in the same apparatus. In the preliminary experiments, a temperature range
of 0 °C to 80 °C, a surfactant concentration range of 0 to
10 times CMC and ultrasonic time of 0 min to 60 min
were tested. Based on the preliminary results, the selected study ranges for temperature, surfactant concentration and ultrasonic time were 30 °C to 60 °C, 0.1 to
0.3 times CMC (242 mg/L to 726 mg/L) and 10 min to
20 min, respectively.

TABLE 2 - Properties of two anionic surfactants
CMC
mM
(mg/L)

Activity
(%)

288

8.4
(2420)

100

348

1.19
(390)

100

Surfactant

Formula

Molecular
weight

SDS a)

C12H25NaO4S

SDBS b)

C18H29NaO3S

Chemical structure

a): Sodium dodecyl sulphate; b): Sodium dodecyl benzene sulphonate
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2.5 Detection Method

Phenanthrene recovery efficiency was detected by gas
chromatography. Rest phenanthrene was extracted from
the surfactant washing solution with hexane four times. Before extraction, 50 mL of triphenylamine internal standard
was added to each sample. The organic materials were dehydrated with anhydrous sodium sulphate and were vaporised in a rotary evaporator (RE-201D, Shanghai Hujia Instrument Co., Ltd., Shanghai, China) to 1 mL to 2 mL. Up
to 1 mL of the organic phase was analysed by gas chromatography. A RXI-5MS diphenyl–dimethyl polysiloxane capillary column (30 m length, 0.25 mm inner diameter and
0.25 μm film thickness) was used for the analysis. The oven
temperature was programmed as follows: initial temperature
at 80 °C (for 1 min); increased to 255 °C at 15 °C/min (for
1 min); and further increased to 265 °C at 1 °C/min. The injector and detector temperatures were maintained at 250 °C
and 300 °C, respectively. Helium was used as the carrier gas
at a velocity of 1.1 mL/min. The phenanthrene concentration
in the samples was identified by comparing the retention
time with that of the phenanthrene standard.
2.6 BBD

BBD is a spherical, rotatable quadratic design that consists of a central point with the middle points of the edges
of the cube circumscribed on the sphere. BBD consists of
three interlocking 22 factorial designs with points lying on
the surface of a sphere surrounding the centre of the design.
In the present study, BBD was used to statistically develop
the model and to study and evaluate the single and interaction effects of the process parameters on the phenanthrene
extraction efficiency. Based on the preliminary experiment, the three independent process variables were temperature (X1), surfactant concentration (X2) and ultrasonic time
(X3). For single-factor analysis, independent variables and
their ranges were selected. Batch experiments were conducted based on a BBD with three factors at three levels
between -1, 0 and +1. The coding of the variables was performed by using Equation 1, as follows:

xi 

X i  X cp
X i

i=1, 2, 3,…, k

fit the second-order polynomial to the experimental data
and to identify the relevant model terms. The quadratic response model can be described as follows:
k

Y  0    j x j  
j 1

k

 j 2

j 1

 ij xi x j    jj x2j  ei (2)

where Y is the response; xi and xj are variables (i and j
range from 1 to k); β0 is a constant coefficient; βj, βjj and βij
are interaction coefficients of linear, quadratic and secondorder terms, respectively; k is the number of studied parameters; and ei is the error.
2.7 Statistical Analysis

Analysis of variance (ANOVA) was used to analyse
the experimental data. The suitability of the developed
model was evaluated using Fisher’s test value (F value),
coefficient of determination (R2) and adjusted coefficient
of determination (Radj2). After fitting the models, the generated data were used for 3D response surface optimisation. All statistical analyses were performed using Design
Expert 8.0 software (Stat Ease Inc., Minneapolis, USA).
2.8 Percentage Contributions of Process Variables

Based on the sum of squares obtained from ANOVA,
the percentage contributions for each variable were evaluated by the following Equations (3–5), as described by Maran et al. (2013) [27]:
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where xi is the dimensionless value of an independent
variable; Xi is the real value of an independent variable; Xcp
is the real value of an independent variable at the centre
point; and ΔXi is the step change of the real value of the
variable i corresponding to a variation of a unit for the dimensionless value of the variable i [20].
The experimental design consists of 15 experiments
with 3 centre points (to allow estimation of pure error).
This design allows the calculation of the response function
at intermediate levels and enables the estimation of the system performance at any experimental point within the studied range.
All the experiments were performed in triplicate, and
the phenanthrene extraction efficiency was considered as
the response. A non-linear regression method was used to

i

k

n

n

i 1

j 1

  SS

i

ij

 SSii  SSij

where TPCi, TPCij and TPCii are total percentage contributions of linear, interactive and quadratic variables, respectively. SSi, SSij and SSii are the corresponding sums of
squares for linear, interactive and quadratic terms.
2.9 Optimisation and Verification of Optimised Conditions

After obtaining the results, a numerical optimisation
technique (Derringer’s desired function methodology) was
performed to evaluate the optimal operating conditions to
yield maximum phenanthrene recovery rate from contaminated soil by surfactant washing-ultrasonic method. To test
the validity of the developed mathematical model equation,
experiments were performed in triplicate under the condi-

3428

© by PSP Volume 24 – No 10b. 2015

Fresenius Environmental Bulletin

tions greater than the CMC. Maximum phenanthrene extraction efficiency occurred at less than the CMC values
(0.2 times CMC for SDS and 0.4 times CMC for SDBS).
The low efficiency at high concentrations may be due to
the change in micelle shape and size; such result has been
reported by some researchers [24-26].
Below the CMC, surfactants exist in the monomeric
state, and enhancement of organic solubility is insignificant (Cheah et al. [23]. Above the CMC, the solubility of
organic phase increases because of the aggregation of surfactant micelles. Therefore, high phenanthrene extraction
using both SDS and SDBS was due to the increase in the
mobility of phenanthrene, and the separation from soil was
enhanced because of the reduction of the capillary force,
which held the soil and phenanthrene together. From the
plot, SDS achieved slightly higher contaminant concentrations than SDBS. Thus, SDS was selected for the soil washing experiments.

tions as predicted by the model. The average value of the
experiments and predicted values were compared to determine the accuracy and suitability of the model.

3. RESULTS AND DISCUSSION
3.1 Selection of Surfactant Type

To assess the performance of soil washing, two anionic
surfactants (SDS and SDBS) were introduced in the experiments. The vital measurement in the experiment was phenanthrene concentration in the wash solution, which is the
basis for determining the enhancement in organic recovery
as a function of surfactant concentration. Aqueous solubility
of phenanthrene increased because of the reduction of surface/interfacial tension at air–water and water–oil interfaces.
As the interfacial tension decreased and the aqueous surfactant concentration increased, the hydrophobic segments aggregated easily to form micelles [21]. The concentration at
which micelles started to form was the CMC. Many physical
properties, such as oil solubilisation and interfacial and surface tensions, were used to characterise surfactants depending on the CMC [22]. Previous studies have reported that
both mobilisation and solubilisation could enhance organic
recovery by surfactant soil washing [23].

3.2 Preliminary Study of Ultrasound-Assisted Extraction

Ultrasound-assisted extraction is inexpensive, simple,
rapid and highly efficient compared with conventional extraction [13]. Previous research suggested that ultrasoundassisted extraction can potentially be used for conventional
extraction combined with ultrasound. This method could
promote desorption of contaminants from soil, thereby enhancing the performance of surfactant washing [27, 28]. To
determine whether extraction efficiency would increase using the combined method, single extraction and surfactantultrasonic methods were compared under different conditions, as follows: increasing temperature from 15 °C to 35 °C
and increasing ultrasonic time from 5 min to 15 min.
The phenanthrene recovery efficiency from the contaminated soil is controlled by surfactant washing and ultrasonic extraction capability (Table 3). When SDS was
used as washing solvent, the phenanthrene recovery effi-

To understand if solubilisation of phenanthrene by surfactant solution was responsible for phenanthrene removal
from contaminated soil, soil washing tests were performed
using the aqueous surfactant solutions at varying concentrations. The test involving distilled water was considered
zero concentration. Phenanthrene concentration (mg/L)
was plotted as a function of the surfactant concentration
relative to the CMC (Fig. 1). Phenanthrene concentration
in the washing solution was 1.0 mg/L using distilled water.
As described in the plot, phenanthrene extraction from soil
using SDS and SDBS was not effective even at concentra-

Aqueous contaminant concentration
(mg/L)

3.0

SDS
SDBS

2.5

2.0

1.5

1.0

0.5

0.0
0

0.05

0.1

0.2

0.4

0.8

1.0

2.0

4.0

10.0

Surfactant concentration(times of the CMC)
FIGURE 1 - Extraction studies of phenanthrene from soil as a function of the surfactant and its concentration
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ultrasonic time, the recovery efficiencies increased to 25%
and 37% at 15 °C and 35 °C, respectively. Up to 43%
recovery efficiency was achieved at an ultrasonic time of
15 min.
Based on the preliminary single-factorial experiments,
the ranges for the three main factors (temperature, SDS
concentration and ultrasonic time) were identified as 30 °C
to 60 °C, 242 mg/L to 726 mg/L and 10 min to 20 min,
respectively.

TABLE 3 - Phenanthrene recovery efficiency under different extraction processes
3 g soil +
484 mg/L SDS
Without
ultrasonic

Temperature
(oC)
15
25
35
15
25
35
15
25
35

Ultrasonic time
5 min
Ultrasonic time
15 min

Phenanthrene recovery efficiency (%)
13 ± 0.08
14 ± 0.07
15 ± 0.12
25 ± 0.12
30 ± 0.02
37 ± 0.24
32 ± 0.15
37 ± 0.07
43 ± 0.15

3.3 BBD–RSM Experimental Results

A total of 15 designed batch runs of experimental conditions, including three centre points, were derived from
BBD. The experiments were conducted in triplicate to obtain different combinations of the process parameters using
statistically designed experiments. The various combinations of experimental conditions (coded and uncoded) with
their responses are presented in Table 4.

ciency was only 13%, whereas the surfactant concentration
was 484 mg/L (0.2 times CMC). These findings were due
to the limited mobilisation of phenanthrene in the soil-surfactant system. At 484 mg/L of SDS solution and at 5 min of

TABLE 4 - RSM–BBD matrix and experiment results
Operating conditions
Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Coded factors

Temperature (°C)

Surfactant concentration (mg/L)

30
45
60
60
45
45
30
60
30
30
45
60
45
45
45

242
726
484
242
242
484
484
726
726
484
726
484
484
484
242

Ultrasonic
time (min)
15
20
20
15
20
15
10
15
15
20
10
10
15
15
10

X1

X2

X3

Phenanthrene recovery efficiency
(%)

-1
0
1
1
0
0
-1
1
-1
-1
0
1
0
0
0

-1
1
0
-1
-1
0
0
1
1
0
1
0
0
0
−1

0
1
1
0
1
0
-1
0
0
1
-1
−1
0
0
−1

52.35
72.38
66.16
69.91
50.91
67.12
60.53
65.84
65.74
69.43
68.50
73.46
68.34
68.22
67.62

TABLE 5 - ANOVA for response function (phenanthrene recovery efficiency)
Source

Degree of freedom

Dum of squares

Mean square

F-value

Prob > F

Model
X1
X2
X3
X1 X2
X1 X3
X2 X3
X12
X22
X32
Residual
Lack of Fit
Pure Error
Cor Total

9
1
1
1
1
1
1
1
1
1
6
4
2
15

585.06
256.51
49.95
28.61
66.26
29.70
0.40
112.56
26.15
7.64
2.14
1.84
0.30
587.20

65.01
256.51
49.95
28.61
66.26
29.70
0.40
112.56
26.15
7.64
0.43
0.61
0.15

151.82
599.08
116.66
66.83
154.75
69.37
0.94
262.88
61.07
17.85

<0.0001
<0.0001
0.0001
0.0004
<0.0001
0.0004
0.3764
<0.0001
0.0005
0.0083

4.13

0.2011
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3.4 Statistical Analysis

Statistical analysis of the presented model was performed with Fisher’s statistical method using ANOVA.
ANOVA provided the value of the model and could explain whether this model adequately fits the variation observed in phenanthrene recovery efficiency with the designed level. The result of ANOVA for phenanthrene recovery efficiency (Table 5) indicated that the second-order
equation fitted well. In the suggested model, the F-value of
151.82 implied that the model was significant. There was
only a 0.01% chance that a “Model F-value” this large
could occur because of the noise. Values of “Prob > F” less
than 0.05 indicated that the model terms were significant.
In this case, insignificant model terms, such as the interactive effect between surfactant concentration and ultrasonic
time, were removed to improve the model. The “Lack of
Fit F-value” of 4.13 also implied that the Lack of Fit was
not significant relative to the pure error. There was a
20.11% chance that a “Lack of Fit F-value” of 4.13 would

occur, which implied that the Lack of Fit was not significant relative to the pure error. There is a 20.11% chance
that a “Lack of Fit F-value” this large could occur because
of the noise.
From the ANOVA, independent variables (temperature and surfactant concentration) showed more significant
effects on phenanthrene recovery efficiency than the ultrasonic time. The interactive effects between X1–X2 and X1–
X3 were also significant in the ultrasound-assisted surfactant washing process. To fit the model, all the insignificant
factors were removed according to the selected confidence
level [(Prob > F) < 0.1].
3.5 Diagnostics of Model Adequacy

Model adequacy checking was conducted to determine
whether the approximating model would yield poor results.
The normality of the data can be tested by constructing a
normal probability plot of the residuals, which were distributed if the points on the plot followed a straight line. The

(a)

(b)

(c)

(d)

FIGURE 2 - Diagnostic plots for model adequacy
(a) Normal probability plot of internally studentised residuals in model based on Box–Behnken Design (BBD);
(b) Predicted vs. actual values in response surface model (linear fitting plot);
(c) Internally studentised residuals vs. experimental runs;
(d) Leverage values vs. experimental runs.
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normality assumption of the model was satisfied (Fig. 2a).
The values calculated with the predictive equation were
very close to the experimental values. The points on the
plot nearly formed a straight line (Fig. 2b). The good fit of
the model was calculated by constructing the internally studentised residuals vs. experimental runs, which showed
that all the points lay within the limits (Fig. 2c). Given that
all leverage values were less than 1, no unexpected errors
were detected in the model. (Fig. 2d).
3.6 Fitting of Second-Order Polynomial Equation

An empirical relationship expressed by a second-order
polynomial equation with interaction terms was fitted between the experimental results on the basis of BBD and input variables, which would help predict the extraction efficiency of the three process variables on the response. A
model was developed to understand the interactive correlation between the response and process variables. The final equation obtained in terms of coded factors is described
as follows:
Y  68.06  5.66 X1  2.50 X 2  1.89 X 3  4.07 X1 X 2  2.73 X1 X 3  0.32 X 2 X 3
5.52 X  2.66 X  1.44 X
2
1

2
2

2
3

(6)
where Y denotes phenanthrene recovery efficiency; X1,
X2 and X3 denote the coded values with temperature (°C),
surfactant concentration (mg/L) and ultrasonic time (min),
respectively.
3.7 Percentage Contribution of Process Variables

Based on the sum of squares obtained from ANOVA,
the percentage contribution for each individual process variable was measured. The detailed schematic of the percentage contributions of process variables on the response is
shown in Fig. 3. The linear terms showed the highest level
of contribution (57.31%) on the phenanthrene recovery followed by the quadratic (25.03%) and interactive terms
(17.66%).

FIGURE 3 - Detailed schematic of percentage contributions of process variables
3.8 Effect of Process Variables on Phenanthrene Recovery Efficiency

From the developed model, the 3D response surface and
2D contour plots were the graphical representations of regression equation. These representations were very useful
for evaluating the relationship between independent and dependent variables. This technique was also used to locate the
optimum conditions. The interaction between temperature
and surfactant concentration at ultrasonic time of 15 min is
illustrated in Fig. 4a. The elliptical contour lines indicated
that the interactions were large and important, thereby verifying the term X1X2 in Equation 6 and Table 5. Increase in
surfactant concentration led to the increase in phenanthrene
recovery at the investigated temperature range, and this
effect was more significant under low temperature conditions than under high temperature conditions. At 30 °C,
phenanthrene recovery increased by 13.81% (from 52.35% to
66.16%) as surfactant concentration increased from 242 mg/L
to 726 mg/L. At 60 °C, phenanthrene recovery slightly decreased by 2.47% (from 72.38% to 69.91%) when surfactant

(a)

(b)

FIGURE 4 - Response surface plots and their contour plots for the interaction of temperature and surfactant concentration (a); interaction of
temperature and ultrasonic time (b).
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TABLE 6 - Verification test of the fitting model

Test number
1
2
3
4
5

Operation parameters
X1
X2
X3
0.7
-0.3
0.1
-0.3
-0.1

-0.9
0.4
-0.2
0.7
-0.6

Observed value

Y(%)
Predicted value

% Error

68.72
69.21
65.82
65.85
60.15

68.89
67.86
66.71
65.88
58.94

-0.25
1.99
-1.33
0
2.05

-0.2
0.6
-0.5
-0.7
0.8

concentration increased from 242 mg/L to 726 mg/L. From
the fitted model (Equation 6), temperature exhibited a positive linear effect on phenanthrene recovery. The recovery efficiency was improved with increasing temperature because
of the increased mobility and diffusion coefficient of phenanthrene in aqueous phase. A series of investigations examined the extraction efficiency of target compounds with
temperature under an ultrasound-assisted process [29-31].
Yang et al. [27] extracted baicalin from Radix Scutellariae
using ultrasound-assisted extraction and reached the maximum yield at 60 °C. Increasing the temperature to 80 °C
failed to significantly affect the yield. The decrease in temperature, viscosity and density of the extracts facilitated the
mass transfer of the solvents into the sample matrix. A similar phenomenon was reported in the extraction of natural
pigment from annatto seeds [32]. The extraction efficiency
increased because of increasing solubility of the pigments,
and solvent viscosity decreased at high temperature. However, the effect of temperature on extraction efficiency in
previous studies was inconsistent [33, 34]. As reported by
Yang et al. [29], the extraction efficiency under the ultrasound-assisted process may be attributed to the combination
of thermal and cavitation effects. Based on the cavitation effect, an increase in temperature would negatively affect extraction because cavitation intensity decreases with increasing temperature. Therefore, the cavitation effect would reduce the efficiency of the extraction process, and phenanthrene recovery would decrease slightly at high temperature.
The interaction between temperature and ultrasonic
time at a surfactant concentration of 484 mg/L is shown in
Fig. 4b. The elliptical contour lines suggested that the interaction between temperature and ultrasonic time was significant, thereby verifying the term X1X3 in Equation 6 and Table 5. Increasing ultrasonic time improved phenanthrene recovery at the investigated temperature range, and this effect
was more significant at a low temperature. At 30 °C, phenanthrene recovery increased by 9.62% (from 50.91% to
60.53%) as ultrasonic time increased from 10 min to 20 min.
At 60 °C, phenanthrene recovery slowly decreased by 1.28%
(from 67.12% to 65.84%) with increasing ultrasonic time.
These findings may be partly attributed to the variation of
diffusion parameters. The diffusion front moved towards the
interior of the soil, diffusion distance increased, the diffusion
area was reduced and the diffusion rate decreased accordingly. Such trend agreed with the results of Sun et al. [35],
in which 50 min of ultrasonic time was sufficient to extract

four acetophenones from Clerodendrum bungei. With increasing extraction time, the continuous collapse of cavitation micro-bubbles could also reduce the extraction efficiency [27, 36].
Ultrasonic time significantly affected phenanthrene recovery, but additional time was unnecessary to obtain additional phenanthrene from contaminated soil because extraction efficiency decreased slightly with prolonged duration.
3.9 Optimisation of Operating Parameters and Validation of
the Model

Derringer’s desired function methodology was introduced to optimise the extraction process conditions on the
maximum extractive phenanthrene from contaminated clay
soil as follows: temperature of 45 °C, SDS concentration of
726 mg/L and ultrasonic time of 20 min. Under these conditions, the predicted response value was 73.67% with a desirability value of 0.983. To confirm the validity of the model,
triplicate confirmatory experiments were performed under
the predicted conditions, and the average phenanthrene recovery was described in Table 6. The results were closely
related with the data obtained from the analysis using desirability functions, thereby indicating the suitability of the
developed model.

4. CONCLUSIONS
Removal of phenanthrene from clay soil by ultrasound-assisted washing method using the surfactant SDS
was investigated using RSM based on BBD. Phenanthrene
was efficiently removed by optimising effective parameters in soil ex situ extraction. ANOVA showed that the effects of temperature, SDS concentration and ultrasonic
time on phenanthrene recovery efficiency were positive.
The interactions between temperature and SDS concentration and temperature and ultrasonic time were significant.
The optimum conditions included the following: temperature of 45 °C, SDS concentration of 726 mg/L and ultrasonic time of 20 min. The predicted maximum recovery efficiency of phenanthrene was 73.67%. Under optimised
conditions, the experimental values agreed closely with the
predicted value, which further corroborated the effectiveness of the BBD–RSM model. Given the high costs and
secondary pollution issues involved in using surfactants,
the recovery and reuse of the SDS solution (as a part of the
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entire extraction system) must be studied further to reduce
the expense.
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ABSTRACT
The climate change has significant effects on the fire
activity. Fire statistics in Turkey have been kept since
1937. When these records are analyzed, it can be seen that
the large fires have been more active in the Mediterranean
region after 1990, while the small fires have been active in
the Aegean region. When top 5 years, in which large fires
are seen in the Mediterranean region, are examined, there
is 14.75 times increase in terms of the area burned in fires
that occurred after 1990. In the Aegean region, where the
number of small fires is at highest, there are no fires before
1990 in the largest five fires in respect of burned area. In
the fires that occurred after 1990, 5% of the forests of the
Mediterranean region and 2% of the forests of the Aegean
region have been damaged. In this article, the fire statistics
obtained from the General Directorate of Forestry and climate data obtained from General Directorate of Meteorology for the years 1973-2009 were used. The statistical analysis of the fire and climate data of 36 years indicates that
the fire activity in both regions has increased.

KEYWORDS: Aegean, climate change, fire activity, forest fire,
Mediterranean.

1. INTRODUCTION
Forest fires are one of the most extreme dangers posing
a threat to the forests in countries of the Mediterranean region. Pine tree is the dominant tree species in entire Mediterranean basin and, due to frequent fires, these forests are
replaced by fire-prone maquis and bushes [1]. Prolonged
summer drought, high temperatures, low atmospheric humidity, and hot and strong winds are the typical characteristics of the Mediterranean climate [2].
When the countries having a coast on the Mediterranean Sea are considered, it can be seen that an average
number of fire per year are 4,735 fires in France, 833 fires
in Greece, 7,733 fires in Italy, 27,021 fires in Portugal, and
19,496 fires in Spain. And, in terms of the average land
burned in these fires annually, the average land burned in
* Corresponding author

France is 23,296 ha, 27,362 ha in Greece, 92,906 ha in Italy, 163,214 ha in Portugal, and 131,453 ha in Spain [3].
The frequency of the forest fires in European- Mediterranean countries is an important issue, and there are
many studies carried out on this topic. In study of Lloret et
al. [4] carried out in Tivissa-Catalonia, the fires that occurred between the years 1956-1993 and the land cover
changes have been examined. Homogenous lands have
been found to be more prone to fires. During the study period, since the agricultural lands have been abandoned and
forest area land cover has decreased and the land covered
by bushes has increased, a homogenous plant cover developed [4]. It has also been emphasized by Moriera et al. [5]
that the climate change and the change in land usage in recent years increased the fire risk and danger. It has been
stated that the large fires occurred in southern Europe more
frequently, and socioeconomic factors were effective on
this issue. Moreover, the increase in fire frequency led to
the formation of homogenous shrubbery areas that are
prone to fire [5].
According to the results of Dimitrakopoulos et al. [6]
on the forest fires between years 1961-1997 in Greece,
which is another Mediterranean country, a positive and increasing trend has been found between annual drought and
fire activity. As a result, it has been determined that summer and annual drought values had effects on the number
of fires and the land burned in Greece between the years
1961-1994. As a result of drought that has increased due to
the climate change, there has been an increase in the
amount of land burned in Greece after 1977. Therefore, it
can be concluded in the light of the results obtained from
the study that, according to the climate change scenarios,
more forest fire problems are expected in Greece in the future [6]. Similarly, an increase in the number of fires and
the air temperature since mid-1970s has been found by
Koutsias et al. [7]. It has been determined that the annual
number of fires and the area burned have significant correlation with mean maximum and maximum air temperature
values. It has also been found that the rains during the fire
season have negative effects on the total area burned. As a
result, it has been emphasized that the air conditions are
more important than other factors from the aspect of fire
occurrence in Greece [7].
Today, one of the growing dangers for the Mediterranean region is the transition areas between natural areas
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and urban areas. These areas are called wild land-urban interfaces (WUI). In order to better manage the forest fires
exhibiting the disaster character, the WUI regions must be
taken into consideration in plans to be prepared [8]. However, in many of the Mediterranean countries, legislation
related to these areas is inadequate or does not exist. This
issue will lead to the large fires in near future. In fires that
occurred in 2007 summer, many houses burned and more
than 60 people lost their lives. Nowadays, all the countries in
this region have built their fire-fighting policies mainly based
on fire-extinguishing. The adequacy of economic resources,
training staff, equipment and air vehicles led to the increase
in firefighting options. Every year, more than 400 air vehicles
support the fight against the forest fires in European-Mediterranean countries, and more than 2.5 billion euros are spent
on protection and firefighting in 5 European-Mediterranean
countries annually. 60% of this amount is spent on firefighting equipment, staff and operations, and the remaining
amount is spent on preventive works [9].
Fires are also an important threat to forests in Turkey
as they are in all other countries bordering to the Mediterranean Sea. The statistical records of fires have been kept
since 1937 in Turkey. According to the fire report published by the General Directorate of Forestry in 2010, a total number of 86.769 fires occurred in Turkey between the
years 1973-2009, and a total of 1.617.701 ha land burned
in these fires [10]. Accordingly, an average of 1.189 fires
occurred every year and an area of 22.160 ha land burned
every year. Of the large fires that have occurred between
1973 and 2009, 30,13% (49.164 ha) have occurred in the
Mediterranean region, and 40,59% (66.235 ha) have occurred
in the Aegean region (Table 1).What is outstanding here is
that, among the worst 10 years since 1937 in terms of the
number of fires, 6 of them was in the 2000s and 4 of them
was in 1990s [10].
The study of Akkaş et al. [11], which is one of the rare
studies on the meteorological factors affecting the fires in
Turkey and in which they examined 46 large fires that occurred in Turkey between 1985-2006, showed that the first
determinant factor in large forest fires is the speed and direction of the wind, which is followed by relative humidity and
high temperature [11]. As in the rest of the world, there are
changes in fire regimes in Turkey under the effect of climate
change. Especially in recent years, there have been climatic
changes in Turkey with possible effects on fires. In Demir et
al.’s [12] study on this subject, it was stated that the changes
in the annual maximum temperature sequence show an increasing trend, and that the warming trends in Mediterranean
and Southeastern Anatolia regions and southern parts of East
Anatolia are statistically significant [12].
A similar result was obtained from the study of Şensoy
et al. [13]. When they examined the climate in Turkey between years 1971 and 2004, they have found that there was
a warming trend that affects the maximum and minimum
temperatures throughout the country [13].
In another study by Türkeş et al. [14] on the reasons of
this warming trend, it has been found that the increase in

air temperatures in Turkey was the result of global warming arising from the greenhouse gases and rapid urbanization [14]. The results of the study of Piervitali et al. [15]
carried out for the entire Mediterranean region showed that
the increase in temperatures around the Mediterranean Sea
was higher than the increase in global scale [15].
TABLE 1 – Comparison of theAegean and the Mediterranean regions
in Turkey.

Land Area (ha)
Forest Area (ha)
Number of Fires
Burnt Area (ha)
Remarks

Mediterranean
4.621.480
2.697.695
43
49.164
1973-2009

Aegean
6.315.500
2.888.795
65
66.235
1973-2009

Ratio(A/M)
1,37
1,07
1,51
1,35

Hayasaka et al. [16] analyzed the fire activities in
Alaska and Sakha regions between the years 1955- 2005. In
that study, it has been found that the forest fires showed an
increase during the 1990s. Forest fires and climate trend in
50 years covered in the study were examined and the rainfall
and temperatures of the years, in which the highest number
of large and small fires were seen, were compared [16].

2. MATERIALS AND METHODS
2.1 Materials

As the material of this study, the Aegean and Mediterranean regions, where the fire activity in Turkey is centered
around, have been chosen. Although these two regions
have similar plant cover types. The fire activities in these
two regions are different because of the changes in temperature and precipitation values in last decades.

FIGURE 1 - The Aegean and The Mediterranean regions of Turkey
(Csa: Dry summer-hot summer Cfa: No dry season-hot summer.
BSk: Semiarid-cold. H: Unclassified highlands).

The Aegean region is the region that borders to the Aegean Sea in Turkey and has the longest coastal line. The
region is divided into two parts as the Coastal Aegean and
the Inner Aegean regions. While the Coastal Aegean part
has its own local topographic structure type and the plant
cover of the Mediterranean climate, the Inner Aegean has
the characteristics of continental climate. The enlarging ur-
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3. RESULTS AND DISCUSSION
3.1 Fire activity in the Aegean region

There is a significant increase in the summer temperatures in the Aegean region up to 2°C. Moreover, there is a
significant decrease in precipitation in June and July and a
significant increase in other months. The relationship between forest fires and weather conditions in the Aegean region is summarized in Figure 2. The fire activity in the Aegean region between years 1973-2009 is examined in two
different periods (1973-1989 and 1990-2009). When these
two periods are compared with each other, small differences are observed in the average number of fires and the
area burned in those fires. In terms of the number of fires,
there is a 3% difference between 1990-2009 and 19731989. When the area burned in fires is considered, there are
19% and 48% differences between the period of 1990-2009
and the other periods.
100
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In this study, the fire statistics taken from General Directorate of Forestry for the years 1973-2009 and the climate data taken from General Directorate of Meteorology
are used. The annual fire and climate data are divided into
two periods as the periods of 1973-1989 and 1990-2009,
and evaluated within the 36-year period of 1973-2009. Another study with a similar method was carried out by
Hayasaka et al. [16] on Alaska and Sakha regions. The
study examined the relationship between the fire activity
and climate variables between the years 1955-2005 in these
two regions, and the result of the study showed that there
was a significant increase in the fire activity in the area after 1990s. The reason behind the increasing fire activity
was mentioned to be the increase in temperatures in Alaska
and the drought that was seen particularly in August. Despite the increase in temperatures in Sakha in April-June
period, the change in the August precipitation is the main
determinant factor in the fire activity in that region [16].
Three methods of analysis, Durbin Watson statistic,
two-way analysis of variance and conditional probability,
were used in order to analyze the correlation of climate data
with the data of the area burned. While the direction and
strength of the correlation between the area burned and climate data were found via Spearman test, the impact of two
independent variables - temperature and precipitation - on
the area burned was tried to be found out via two-way analysis of variance. While conditional probability explains the
probability of the existence of A when B happens (B represents the case in which both the value of the area burned
and the temperature are over and the precipitation is below
the mean value), the conditional probability, which can be
defined as the intersection of A with B. represents the conditions other than zero [21]. All analyses were carried out
separately for 1973-1989 and 1990-2009 periods.

Total precipitation (mm)

2.2 Method

Burned Area (ha)

banization, increase in population, industrialization, and
the high number of forest-settlement interfaces cause to an
increase in the pressure on forest areas. The Mediterranean
region extends along the Mediterranean coasts of Turkey
(Figure 1). According to Koppen classification a large part
of both regions is located in the Csa [17].
Dry and continuous north winds affect forest fires during fire season in the Aegean (Etesian) and the Mediterranean (Northeastern) regions [18-20].
Taurus Mountain chain that extends along the entire
Mediterranean region creates a border between the seaside
and the inner side of the region, and makes the warm aircurrent coming from the south reflect from the mountains
and return back to the coast. Tourism is very important in
this region, and this is the main reason lying behind the
pressure on forest areas. In both of the regions, the Mediterranean climate reigns, and the dominating plant cover is
maquis and Pinus brutia.
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FIGURE 2 - Trends of forest fire and weather in the Aegean region.

In order to determine both of the area burned and the
reason behind the increase in the number of fires, the average temperatures and total precipitation values were analyzed. It can be seen in Figure 2a that, except June and July,
there is an increase in total precipitation between the years
1990-2009. Compared to the period of 1973-1989, there is
approx. 42% decrease in June and 19% decrease in July.
When these periods are analyzed according to the average
temperatures, the increase in the period of 1990-2009 can
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be seen. This increase peaks in May (7%), June (5%) and
July (4%).
When the lowest precipitation and the highest temperature values are taken into consideration for the Aegean region, June stands out with 8,3 mm (5,8 mm decrease from
the 6-month average) precipitation and 2,5°C (almost 1°C
increase from the 6-month average) temperature. The change
in weather conditions in June causes to the extension of fire
period in the region, and forms a basis for the fires that
might occur later.
3.2 Forest fires-climate relationship in the Aegean region

Figure 3 shows the years, in which the largest 5 fires
happened in the Aegean region since 1973. In order to reveal the reasons of the large fires in the region, the precipitation and temperature values of the given years are also
listed in the same table. Of 34 fires in those five years, when
the largest fires occurred, 11 fires occurred after 1989. Both
of the number and the area of the fires that occurred between
the years 1990-2009 are less than the 1973-1989 period, on
the contrary with the Mediterranean region.
As in the Mediterranean region, there is an increase in
average temperatures and a decrease in total precipitation
in 1990-2009 period in proportion to the previous period.
However, only 11 fires among the total of 34 fires that occurred in the top 5 years occurred in this period. The large
fires that occurred between the years 1990-2009 have a
32% share in terms of their number in the top 5 years and
a 33% share in terms of the total land burned in those fires.
The changes in precipitation and temperatures in the Aegean region do not cause to changes in the number of fires
and area burned in fires, unlike the Mediterranean region.
The results of statistical analyses also support this argument. According to the results of Durbin Watson statistic, precipitation values of 1973-1989 and 1990-2009 periods separately have a negative impact on the area burned
(DW values are 3,420; 2,909; respectively), however their
impact on temperature data could not be identified. It has

been found that the precipitation values had effect on area
burned at levels of 64% and 72%, respectively.
Although there is a continuous decrease in precipitation values in May-June-July in the Mediterranean region,
the decrease in precipitation values in the Aegean region is
not continuous. This irregularity in precipitation values
poses an obstacle for the large fires that might occur in the
region. Although there are such decreases in precipitation
as 43 and 29 mm in April, there are such increases 52 and
36 mm in May. As seen in Figure 3, the Aegean region has
larger negative values in terms of precipitation values in
proportion to the Mediterranean region. However, while
these negative values are distributed to three months in the
Mediterranean region, they concentrated in April in the Aegean region.
When the temperature values are examined, 4°C increases are seen in the table. When the year 1994, when the
4°C increase is seen, is considered. 4 mm decrease in precipitation values is observed in August, when there is a
temperature increase. When the dates of the 9 large fires
that occurred in 1994 are analyzed, it can be seen that 5 of
them occurred in August and has 74% share in total area
burned with 4.635 ha of land burned in those fires.
Figure 4 shows the 5 years, in which the lowest number of fires occurred in the Aegean region. On the contrary
to large fires, 2.426 fires occurred between the years 19972009 (2nd period). While the total land burned in one large
fire is 1.313,82 ha, the same value for each small fire is
2,41 ha. The lowest area burned in total is 674 ha in 2005.
When the deviation of the precipitation values are examined, it can be seen that the number of small fires in the
second period increased as a result of decrease in precipitation in May-June-July months and increase in the temperature in same period. On contrary to large fires, it is seen
that the decrease in precipitation values and increase in
temperature values in the 2nd period caused to increase in
small fires.
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FIGURE 3 - Top five large forest fire years and weather in The Aegean region (Burnt area – number of fires in 1979. 1996. 1985. 1994. 1988
years 16.370 ha-6. 8.528 ha-2. 7.775 ha-9. 6.238 ha-9. 5.759 ha-8, respectively).
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While there is a decrease in total precipitation averages
from April to June in the Mediterranean region, there is an
increase in precipitation after July. There is an increase up
to 2°C in average temperatures in all months.
Under the light of the data obtained from the General
Directorate of Meteorology, the relationship between the
forest fires and weather conditions in the Mediterranean region is summarized in Figure 5. Average number of fires
and the area burned are examined for 1st Period (19731989) and 2nd Period (1990-2009). The increase in fire activity in 2nd period (both in the number of fires and in the
area burned) can be obviously seen in Figure 5. There is
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FIGURE 5 - Trends of forest fire and temperature in the Mediterranean region.
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mentioned differences are not valid for the precipitation
values. The averages are close to each other and the confidence intervals intersect. The result of conditional probability revealed that when the precipitation was below the
average, the possibilities of the burn of an area above the
average value of 1973-1989 and 1990-2009 periods were
80,20% and 87,50%, respectively.

Burned Area (ha)

Total Precipitation (mm)

When Figure 4a is analyzed, 30, 29, and 27 mm decreases in precipitation are seen in April-May period. The
decrease in precipitation continues in other months, although the decrease is not as significant as in these two
months. In second and fourth line in Figure 4a, the decrease
in precipitation, which has the highest effect on fire activity, was seen in 1999 and increase in temperature was seen
in 2009. As a result, the highest number of small fires occurred in 1992 and the total number was 592.
In the table, where the mean values based on precipitation independent variable are shown for the Aegean region, it is seen that, when precipitation is below or over the
average that confidence intervals do not intersect. When
precipitation value is below the average value, confidence
intervals do not intersect. When precipitation value is below the average value, the confidence interval of the area
burned ranged between 0,590 and 1,067; and when the precipitation is above the average value, it ranges between 0,052 and 0,485. Thus, it can be concluded that depending
on whether precipitation is above or below the average
value, the area burned differs. In the table, in which the averages are given based on the temperature and period, the
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2,93 folds of difference between 2nd period and 1st period
in terms of the number of fires. When the area burned is
considered, the difference between 2nd period and 1st period
is 5,96 folds.
In order to determine the effect of climate values on the fire
activities in recent years, the average temperatures and total precipitation values are used. Between 2nd period and 1st
period, there is a decrease up to 4,1 mm in precipitation. In
terms of temperatures, the difference between these two
periods raises up to 2,5 °C. The lowest change in both of
precipitation and temperature is seen in June.
3.4 The relationship between forest fires and climate in the
Mediterranean region

Five years, in which the largest fires in the Mediterranean region occurred, are listed in Figure 6. As seen in the
Figure. 4 of the top 5 fire years are after 1990.
Some of the reasons of the expansion of fires are generally the climate factors such as high temperatures, low
moisture, low precipitation and strong wind. Therefore, the
total precipitation and average temperatures, which have
been calculated from the climate values in order to examine
the relationship of top 5 fires that occurred between the
years 1973 until 2009, are summarized in Figure 5. Moreover, in order to better evaluate the precipitation and temperature values, the deviation of the mentioned values from
the average are also calculated. The deviations from the average are given in the last two lines in Figure 6.

60

ΔT5 (Temperature‐˚C)

ΔP5 (Precipitation‐mm)

The precipitation and temperature values in summer
(June-August) are very important for the large fires. In Figure 6a, it is seen that, although decrease in precipitation is
expected to occur in summer months, it decreased in April
and May by 15 and 13 mm. In the years, in which top 5
fires occurred, May and June draw attention with 35 and
38 mm decreases. Therefore, it is thought that the continuity
of the decrease in precipitation in these months increases the
risk of fire. While the changes in summer months are between
-1 mm and -13 mm. these values are -3 mm and -15 mm in

April and May. As it can be seen, the decrease in precipitation in both of periods is 12 mm. When the precipitation values in August are examined from the aspect of top 5 fires, it
is seen that the decrease was lower than other months. As in
precipitation, maximum changes in temperatures are seen in
August 2008 and September 1994 with 3°C.
However, according to the values in the top 5 years in
which the highest number of fires occurred, the largest
changes were observed in June, August and September. The
5th (2007) and 3rd (1994) years in the six-month period evaluated draw attention with the low precipitation and high temperature values. The changes in the precipitation and temperature values in periods following each other indicate drier
summer and spring months. Average deviations also show
the same results, and the change continues for the Mediterranean region from April to September at different ratios.
According to the data of Mediterranean region, Durbin
Watson statistic results reveal that precipitation affects the
area burned negatively, while temperature affects it positively for the period of 1990-2009. For the period of 19902009, DW value is 2,916 (precipitation). 0,882 (temperature). It has been found that precipitation and temperature
values for the period of 1973-1989 are not statistically significant.
Figure 7 lists the 5 years in which the lowest number of
fires occurred in the Mediterranean region. 4 of these 5 fires
occurred in the 1980s. While the average of the area burned
in large fires in top 5 years is 7.248 ha, that of the small fires
is 18,33 ha. There is a 395 times difference between these
two groups. In 1984, 263 fires burned 2.636 ha land, while
4 fires in each year burned an area of 2.300 and 2.069 ha in
1987 and 2007, respectively. These numbers show that the
small fires are also as important as large fires in the Mediterranean region. In 183 fires in 1983, the average area of land
burned is 1.274 ha, and it is larger than the 1.221 ha average
of 36-years period. This emphasizes the importance of small
fires in The Mediterranean region.
When the average of the annual values in the Mediterranean region is examined, it is seen that low precipitation

40
20
0
‐20
Apr

a

2008 ΔP5
1987 ΔP5

May

Jun

July

Months
2000 ΔP5
2007 ΔP5

Aug

Sep

4
3
2
1
0
‐1
‐2
‐3
Apr

b

1994 ΔP5

May

Jun

July

2008 ΔT5

Months
2000 ΔT5

1987 ΔT5

2007 ΔT5

Aug

Sep

1994 ΔT5

FIGURE 6 - Top five large forest fire years and weather in The Mediterranean region (Burnt area – number of fires in 2008. 2000. 1994. 1987.
2007 years 21.138 ha-4. 6.115 ha-4. 4.618 ha-39. 2.300 ha-4. 2.069 ha-4. respectively).
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FIGURE 7 - Small forest fire years and weather in The Mediterranean region (Burnt area – number of fires in 1984. 1976. 1981. 1982. 1983
years 2.636 ha-262. 1.960 ha-179. 1.853 ha-128. 1.440 ha-174. 1.274 ha-177. respectively).

and high temperatures cause to the large fires, and that low
precipitation itself is enough for the occurrence of small
fires. While total increase in temperature averages in Figure 6b is 34°C, there is 13°C decrease in Figure 7. That
result corroborates this conclusion.
It shows that the temperature values in the Mediterranean region are more effective on the size of the fires.
100 mm precipitation required for extinguishing fires is
not expected in Mediterranean. Because, the average annual precipitation in the Mediterranean region is approximately 300 mm. and this value is approximately 5,4 mm
for summer periods.
Deviations that are smaller than 1°C can be seen in
Figure 7. In 1976, the low temperatures start in April and
continue until September. Moreover, in 1976, the fire activity was more frequent in July, when the temperatures
were low, and the precipitation was high.

SEPT.

tersect. When precipitation value is below the average
value, confidence level of the area burned ranges between
0,361 and 1,106, whilst it ranges between -0,266 and 0,252
when it is above the average value. Thus, it is seen that depending on whether precipitation is above or below the average value, the area burned differs. Unlike the Aegean region, the confidence intervals of the temperature values
above and below the average do not intersect and range between -0,193 and 0,343 and 0,398 and 1,352. When the relation between fire and climate values is considered, the results above allow us to conclude that both of the precipitation and temperature values in the Mediterranean region are
effective on the number of fires as well as the size of fires.
The result of conditional probability test revealed that,
if the precipitation is below the average value, the possibility of fire in an area with a value above the average is
66,67% and 80,00% for 1973-1989 and 1990-2009 periods, respectively. And in case of temperature above the average value, the possibility of fire in an area with a value
above the average is found as 99,00%, and %75,00 for the
same periods.

AUG.
JULY

4. DISCUSSION AND CONCLUSIONS

JUNE

Since the reasons of forest fires in Turkey are generally
human-driven, it would not be appropriate to link these fires
only to the climatic factors. However, the transformation of
fires into large ones is directly related with the climatic factors. The statistical analysis of 36-years forest fires and climate data shows that, as of the years of 1990, the large forest
fires in the Mediterranean region increased, while it is the
small fires that increased in the Aegean region.
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FIGURE 8- Monthly distribution of the percentage of the burned
area at The Mediterranean and The Aegean regions.

In the table, in which mean values based on the independent variable of precipitation are shown for The Mediterranean region, it is seen that, in case of the precipitation
below or over the average, confidence intervals do not in-

There was a 596% increase in the annual land burned
in the Mediterranean region in proportion to the period before 1990, while there was 148% increase in the Aegean
region. This difference between these two regions depends
on the climatic changes that are effective on large fires in
the Mediterranean region and on small fires in the Aegean
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region. After 1990, there has been an increase in temperatures as of April until June in the Mediterranean region, and
the largest temperature change was seen in July with 2,5°C.
Again in the Mediterranean region in 2nd period, between
April and August, it has been seen that there was a fall in
precipitation values and the maximum fall was in June with
4,1 mm. which made the region more susceptive to fires.
As seen in Figure 8, the analysis of forest fires and climate
data shows that the temperature increase in July (the percentage of the land burned is 59%) and the drought in the
previous periods for the Mediterranean region made fires
inevitable.
In the Aegean region, on the other hand, there has been
an increase in temperatures from April to July as of 1990,
and the highest temperature change was seen in June with
2,5°C. Similarly, there has been a decrease in precipitation
from April to August after 1990 in the Aegean region, and
the highest decrease has been in June with 8,3 mm. The dry
period of June-July in the Aegean region with the increase
of temperatures around 2°C and above in May-June-July period confirm that July is a risky month in terms of fires. The
percentage of the land burned in August and September
(30% and 27%) is close to the percentage of July (37%) as a
result of the increase in temperature and excessive drought.
There are many studies investigating the relationship
between fires and precipitation and temperature. Among
them. Lafon and Quiring [22] have found that rare but
heavy rainfall caused to more fires regardless of the average humidity. Holden et al. [23] have found that the increase in the land burned in fires between 1984-2004 period was related with the intensity and timing of the rainfall. Precipitation has significant effect on the occurrence
and amplitude of forest fires. In a study carried out for Yunnan area in South-west China, it has been found that there
was a significant relationship between fires and precipitation for the two period of the study (1982-1988. 19892008) [24]. Dimitrakopoulos et al. [6] have found an increasing trend and statistically significant positive correlation between the area burned and drought for 1961-1977
and 1978-1997 periods.
The results of the analyses in this study have revealed
that precipitation values have an effect on the area burned
in both of the Aegean and Mediterranean regions. Whilst
this effect exists for both periods in the Aegean region, it
is only seen in 1990-2009 period for the Mediterranean region. From the aspect of correlation between temperature
and the area burned, whilst there was not a statistically significant correlation in both periods, a positive correlation
has been found for the Mediterranean region for both periods.
The authors have declared no conflict of interest.
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EFFECT OF DROUGHT STRESS ON THE PHYSIOLOGICAL
AND BIOCHEMICAL CHANGES IN Vigna radiata
Mohammed Nasser Alyemeni* and Sarah Mohammed Al-Quwaiz
Department of Botany & Microbiology, King Saud University, Riyadh-11451, Saudia Arabia

ABSTRACT
A study was undertaken to examine the different level
of drought stress under different stages of growth on the
basis of physiological and biochemical traits. Sterilized
seeds of Vigna radiata (T-44 and PDM-139) were inoculated with specific Rhizobium consortium and allowed to
grow and then 7 days old seedlings were exposed to
drought stress i.e. DS I and DS II and allowed to grow under natural environmental conditions. At 15 and 21 days
stage, plants were harvested to evaluate various morphophysio and biochemical parameters. The results clearly indicated that growth bio-markers decreased in response to
drought stress whereas, accumulation of proline and activities of various antioxidant enzymes increased most prominently in T-44 at later stage of growth. It is concluded that
drought stress (DS I) destruct the physiological functions
and biochemical metabolism of Vigna radiata by decreasing photosynthetic efficiency and altered antioxidant system. However, deteriorating effect of drought stress was
more effective in PDM-139 over T-44 at early stage of
plant growth. At later stage, it believed that increased accumulation of proline and enhanced antioxidant system
provide tolerance against drought stress.

KEYWORDS: Drought stress, biomarker, metabolism, photosynthesis, proline, antioxidant enzymes, Vigna radiata L.

factors that have shaped and continue shaping plant evolution, water availability is the most important. Water stress
in its broadest sense encompasses both drought and salt
stress. At the very first step, drought stress alters the water
relation or water balance [1], whereas, at the cellular level,
it affects the integrity of membranes and proteins, which in
turn leads to metabolic dysfunction, mediated by general
disruption of cellular compartmentation and loss of activity
of membrane-based enzymes [2]. It is also well documented
that drought induced stomatal closure and consequently the
reduction in internal CO2 concentration [3]. Drought stress
also affects area of leaf, absorption of photosynthetically
active radiation and the efficiency with which the absorbed
radiation is used to carry out carbon fixation at the leaf
level [3]. In addition to this, it also affects the activities of
RUBISCO [1]. These damaging steps ultimately result in a
decline in the photosynthates of the plant and finally there
is loss of crop productivity. It is also well established that
water stress generates oxidative stress that results from a
disturbance of pro-oxidant–antioxidant balance in the cell,
in favour of the former [4]. However, to counter drought
induced oxidative stress, plants possess cellular adaptive
responses like up-regulation of oxidative stress protectors
and accumulation of protective solutes [5], and besides leaf
area adjustment that reduces transpiratory loss during the
time of limited water availability [2].
The present investigation was conducted with an objective to explore the physio-biochemical traits of Vigna
radiata plants under different level of drought stress.

1. INTRODUCTION

2. MATERIALS AND METHODS

It is believed that human population will increase over
8 billion by the year 2020 that will worsen the current scenario of food insecurity. According to FAO 2003, an estimate improved crop productivity over the past 50 years has
resulted in increasing world food supplies up to 20% per
person and reducing proportion of food-insecure peoples
living in developing countries from 57% to 27% of the total
population. Moreover, now a day plants are products of
evolution from primal living organisms in response to abiotic and biotic environmental changes. Among the abiotic
* Corresponding author

The uniform sized seeds of Vigna radiata cultivar T44 (Drought-tolerant) and PDM-139 (Drought-sensitive)
were surface-sterilized with 0.01% mercuric chloride solution for 2 min, followed by repeated washing with doubledistilled water (DDW). The experiment was conducted in a
complete randomized design. Thirty earthen pots of 6 inch
diameter were divided into 6 sets of 5 pots each (replicates)
representing one treatment. Set I to III and IV to VI belongs
to cultivar T-44 (Drought tolerant) and cultivar PDM-139
(Drought sensitive), respectively. Seeds of T-44 and PDM139 were inoculated with specific Rhizobium and were
sown in the earthen pots filled with sandy loam soil and
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farmyard manure (mixed in the ratio 6:1) at the rate of 6
seeds per pot. On germination, three plants per pot were
maintained after thinning and allow to grow under natural
environmental conditions. The treatment pattern are as set
I: served as control (-DS I, and –DS II); set II: 7 days old
seedlings were exposed PEG-6000 to create drought stress
equivalent to -6 bar (DS I); set III: 7 days old seedlings
were exposed PEG-6000 to create drought stress equivalent to -12 bar (DS II); set IV: served as control (-DS I, and
–DS II); set V: 7 days old seedlings were exposed polyethylene glycol (PEG-6000) to create drought stress equivalent to -6 bar (DS I); set VI: 14 days old seedlings were
exposed PEG-6000 to create drought stress equivalent to –
12 bar (DS II). At 15 and 21 days stage, plants were harvested to evaluate various morpho-physio and biochemical
parameters. Data were analyzed statistically and analysis
of variance (ANOVA) was performed on the data using
SPSS (ver. 10.0 Inc., USA) to determine the least significant difference (LSD) for significant data to identify difference in the mean of the treatment and cultivars. The
treatment means were separated by LSD test.
Growth biomarkers: The plants were removed from
the pots along with the soil and were dipped in a bucket
filled with water. The plants were moved smoothly to remove the adhering soil particles and the length of root and
shoot were measured by using a meter scale. The plants
were blotted to measure fresh mass of root and shoot and
then placed in an oven, run at 70ºC for 72 h. The samples
were weighed after allowing them to cool at room temperature to record their root and shoot dry mass separately.
The leaf area was measured by using a portable digital leaf
area meter (ADC Bioscientific, UK).
SPAD chlorophyll content: The SPAD values of chlorophyll in the leaf was measured, under natural conditions
by using the SPAD chlorophyll meter (SPAD-502; Konica,
Minolta sensing, Inc., Japan).
Photosynthetic traits: Photosynthetic traits were determined on the third fully expanded leaves between 11:00
and 12:00 h by using an infrared gas analyzer (IRGA) portable photosynthetic system (LI-COR 6400, LI-COR, and
Lincoln, NE, USA). To measure net photosynthetic rate and
its related attributes (stomatal conductance, internal CO2
concentration, and water use efficiency), the air temperature,
relative humidity, CO2 concentration and PPFD were maintained at 25°C, 85%, 600 µmol mol-1 and 800 µmol mol-2 s-1,
respectively.
Estimation of catalase, peroxidase and superoxide dismutase: The leaf tissue was homogenized in 50 mM phosphate buffer (pH 7.0) containing 1% soluble polyvinylpyrrolidine. The homogenate was centrifuged at 15,000 rpm for
10 min at 4 ◦C and the supernatant obtained was used as
crude enzyme extract for assaying the activity of peroxidase
(POX), catalase (CAT) and superoxide dismutase (SOD).
The activity of CAT was assayed following the method
described by Chance and Maehly [6]. The reaction mixture
for CAT consisted of phosphate buffer (pH 6.8), 0.1 M
H2O2 and 1.0 ml enzyme extract as a substrate. H2SO4 was

added to stop the reaction after incubating it for 1 min
at 25 ◦C. The disappearance of H2O2 was detected by titrating the reaction mixture against potassium permanganate
solution. The reaction mixture without enzyme was treated
as blank.
For the estimation of POX activity [6], the enzyme extract (0.1 ml) was added to the reaction mixture consisting
of pyrogallol phosphate buffer (pH 6.8) and 1% H2O2. Due
to the formation of tetraguaiacol, the change in the absorbance was read for 2 min at the interval of 20 s, at 420 nm
on a spectrophotometer. A control set was prepared by adding double distilled water instead of enzyme extract.
The activity of superoxide dismutase was assayed by
measuring its ability to inhibit the photochemical reduction
of nitroblue tetrazolium (NBT) using the method of Beauchamp and Fridovich [7]. The reaction mixture containing
50 mmol phosphate buffer (pH 7.8) 13 mM methionine,
74 mmol NBT, 2 mmol riboflavin, 0.1 mM EDTA and
0.5 ml enzyme extract and was placed under 15 W fluorescent lamp. The reaction was started by switching on the
light and was allowed to run for 10 min. The reaction was
stopped by switching off the light. 50% inhibition by light
was considered as one enzyme unit.
Proline content: The proline content in fresh leaf samples was determined by adopting the method of Bates et al.
[8]. Sample was extracted in sulphosalicylic acid. To the extract, an equal volume of glacial acetic acid and ninhydrin
solutions were added. The sample was heated at 100 °C, to
which 5 ml of toluene was added. The absorbance of toluene layer was read at 528 nm, on a spectrophotometer.

3. RESULTS AND DISCUSSION
With the advancement of growth, all the growth biomarkers (shoot and root length, fresh and dry mass of
shoot and leaf area) significantly decreased by the treatment in comparison to their control plants (Table 1-5). The
plants raised under DS I proved more deleterious over the
DS II for both the varieties at both the stages of growth.
Moreover, the plants raised in the presence of DS I showed
reduction of shoot length (18.01%), root length (14.0%),
shoot dry mass (15.2%) and leaf area (20%) compared with
their controls in T-44 at 15 days stage of growth. Of two,
(15 d stage and 21 d stage) of growth, 15 days stage of
growth showed more reduction under drought stress than
21 days stage of growth in PDM-139. The growth biomarkers (root-shoot length, shoot fresh-dry mass and leaf
area) decreased significantly in the presence of both DSI
and DSII and the loss was more effective at earlier stage of
growth. Sobrado and Turner [9] observed that the reduction
in dry matter of Helianthus species under stress was mainly
due to decrease in the rate of leaf expansion and assimilation per unit leaf area.
The data presented in Table 6 clearly shows a marked
decrease in chlorophyll content in both varieties (T-44 and
PDM-139) at both the stages (15 and 21 days) of growth in
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TABLE 1 - Effect of drought stress (DS I and DS II) on shoot length in two varieties (T-44 and PDM-139) of Vigna radiata at 15 and 21 days
stage of growth.
Shoot length (cm)

Control
DSI
DSII
Mean
LSD @ 5 %

T-44
11.05 ± 0.21
9.06 ± 0.10
9.60 ± 0.19
9.90

15 DAS
PDM-139
8.84 ± 0.13
6.98 ± 0.09
7.33 ± 0.11
7.71

Mean
9.94
8.02
8.46

21 DAS
PDM-139
9.98 ± 0.15
8.20 ± 0.09
8.58 ± 0.11
8.92

T-44
12.48 ± 0.22
10.73 ± 0.11
11.23 ± 0.17
11.48

V = 0.79
T = 0.70
V×T = NS

Mean
11.23
9.46
9.90

V = 0.91
T = 0.82
V×T = 1.75

TABLE 2 - Effect of drought stress (DS I and DS II) on root length in two varieties (T-44 and PDM-139) of Vigna radiata at 15 and 21 days
stage of growth.
Root length (cm)

Control
DSI
DSII
Mean
LSD @ 5 %

T-44
4.92 ± 0.07
4.23 ± 0.05
4.42 ± 0.06
4.52

15 DAS
PDM-139
3.83 ± 0.04
3.10 ± 0.05
3.29 ± 0.04
3.40

Mean
4.37
3.66
3.85

21 DAS
PDM-139
4.28 ± 0.06
3.63 ± 0.05
3.80 ± 0.04
3.90

T-44
5.53 ± 0.08
4.92 ± 0.06
5.14 ± 0.09
5.19

V = 0.35
T = 0.31
V×T = 0.70

Mean
4.90
4.27
4.47

V = 0.40
T = 0.36
V×T = 0.81

TABLE 3 - Effect of drought stress (DS I and DS II) on shoot fresh mass in two varieties (T-44 and PDM-139) of Vigna radiata at 15 and
21 days stage of growth.
Shoot fresh mass (g)

Control
DSI
DSII
Mean
LSD @ 5 %

T-44
3.40 ± 0.05
2.89 ± 0.04
3.02 ± 0.05
3.10

14 DAS
PDM-139
2.89 ± 0.04
2.28 ± 0.03
2.42 ± 0.02
2.53

Mean
3.14
2.58
2.72

21 DAS
PDM-139
3.32 ± 0.05
2.82 ± 0.03
2.92 ± 0.05
3.02

T-44
3.91 ± 0.06
3.47 ± 0.04
3.59 ± 0.05
3.65

V = 0.25
T = 0.22
V×T = 0.47

Mean
3.61
3.14
3.25
3.33

V = 0.30
T = 0.26
V×T = 0.58

TABLE 4 - Effect of drought stress (DS I and DS II) on shoot dry mass in two varieties (T-44 and PDM-139) of Vigna radiata at 15 and 21 days
stage of growth.
Shoot dry mass (g)

Control
DSI
DSII
Mean
LSD @ 5 %

T-44
1.36 ± 0.03
1.08 ± 0.02
1.19 ± 0.02
1.21

15 DAS
PDM-139
1.12 ± 0.03
0.84 ± 0.01
0.90 ± 0.02
0.95

Mean
1.24
0.96
1.04

21 DAS
PDM-139
1.32 ± 0.04
1.05 ± 0.02
1.13 ± 0.03
1.16

T-44
1.60 ± 0.03
1.36 ± 0.02
1.42 ± 0.04
1.46

V = 0.09
T = 0.08
V×T = 0.18

Mean
0.97
1.20
1.27
1.14

V = 0.10
T = 0.09
V×T = 0.19

TABLE 5 - Effect of drought stress (DS I and DS II) on leaf area in two varieties (T-44 and PDM-139) of Vigna radiata at 15 and 21 days stage
of growth.
Leaf area (cm2)

Control
DSI
DSII
Mean
LSD @ 5 %

T-44
7.61 ± 0.19
5.68 ± 0.12
6.04 ± 0.15
6.44

15 DAS
PDM-139
6.08 ± 0.17
4.56 ± 0.10
5.01 ± 0.09
5.21

Mean
6.84
5.12
5.52

V = 0.52
T = 0.46
V×T = NS

21 DAS
PDM-139
6.97 ± 0.18
5.57 ± 0.16
5.99 ± 0.15
6.17

T-44
8.21 ± 0.21
6.97 ± 0.17
7.38 ± 0.15
7.52
V = 0.55
T = 0.54
V×T = NS
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TABLE 6 - Effect of drought stress (DS I and DS II) on chlorophyll content (SPAD value) in two varieties (T-44 and PDM-139) of Vigna radiata
at 15 and 21 days stage of growth.
SPAD chlorophyll content

Control
DSI
DSII
Mean
LSD @ 5 %

T-44
7.24 ± 0.06
5.79 ± 0.05
6.44 ± 0.06
6.49

15 DAS
PDM-139
6.15 ± 0.05
4.55 ± 0.04
5.16 ± 0.06
5.28

Mean
6.69
5.17
5.8

21 DAS
PDM-139
7.40 ± 0.08
5.92 ± 0.07
6.43 ± 0.06
6.58

T-44
8.32 ± 0.07
7.15 ± 0.08
7.48 ± 0.07
7.65

V = 0.11
T = 0.08
V×T = 0.20

Mean
7.86
6.53
5.45

V = 0.13
T = 0.10
V×T = 0.23

TABLE 7 - Effect of drought stress (DS I and DS II) on net photosynthetic rate in two varieties (T-44 and PDM 139) of Vigna radiata at 15 and
21 days stage of growth.
Net photosynthetic rate ( mol CO2 m-2 s-1)

Control
DSI
DSII
Mean
LSD @ 5 %

T-44
7.24 ± 0.11
5.50 ± 0.09
5.93 ± 0.07
6.22

15 DAS
PDM-139
6.37 ± 0.08
4.45 ± 0.07
4.77 ± 0.06
5.19

Mean
6.80
4.97
5.35

21 DAS
PDM-139
7.32 ± 0.12
5.56 ± 0.13
5.89 ± 0.11
6.25

T-44
8.32 ± 0.11
6.82 ± 0.09
7.15 ± 0.11
7.43

V = 0.08
T = 0.17
V×T = 0.92

Mean
7.82
6.19
6.52

V = 0.10
T = 0.16
V×T = 0.26

TABLE 8 - Effect of drought stress (DS I and DS II) on stomatal conductance in two varieties (T-44 and PDM-139) of Vigna radiata at 15 and
21 days stage of growth.
Stomatal conductance (mol H2O m-2 s-1)

Control
DSI
DSII
Mean
LSD @ 5 %

T-44
0.017 ± 0.002
0.013 ± 0.001
0.015 ± 0.002
0.015

15 DAS
PDM-139
0.014 ± 0.001
0.010 ± 0.001
0.012 ± 0.002
0.012

Mean
0.015
0.011
0.013

T-44
0.019 ± 0.001
0.016 ± 0.001
0.017 ± 0.001
0.017

V = 0.001
T = 0.003
V×T = NS

21 DAS
PDM-139
0.016 ± 0.001
0.012 ± 0.001
0.014 ± 0.001
0.014

Mean
0.017
0.014
0.015

V = 0.001
T = 0.002
V×T = NS

TABLE 9 - Effect of drought stress (DS I and DS II) on internal CO2 concentration in two varieties (T-44 and PDM-139) of Vigna radiata at
15 and 21 days stage of growth.
Internal CO2 concentration (ppm)

Control
DSI
DSII
Mean
LSD @ 5 %

T-44
171 ±3.13
136 ± 2.98
145 ± 3.00
150

15 DAS
PDM-139
147 ± 3.00
108 ± 2.95
116 ± 3.00
123

Mean
159
122
130

21 DAS
PDM-139
168 ± 2.85
117 ± 2.75
139 ± 2.98
141

T-44
191 ± 3.07
160 ± 2.97
169 ± 3.97
173

V = 2.05
T = 4.74
V×T = 6.80

Mean
179
138
154

V = 2.35
T = 3.14
V×T = 5.49

TABLE 10 - Effect of drought stress (DS I and DS II) on transpiration rate in two varieties (T-44 and PDM-139) of Vigna radiata at 15 and
21 days stage of growth.
Transpiration rate ( mmol H2O m-2 s-1)

Control
DSI
DSII
Mean
LSD @ 5 %

T-44
1.15 ± 0.07
0.95 ± 0.04
0.98 ± 0.05
1.02

14 DAS
PDM-139
1.01 ± 0.09
0.78 ± 0.03
0.81 ± 0.04
0.86

Mean
1.08
0.86
0.89

V = 0.14
T = 0.17
V×T = NS

21 DAS
PDM-139
0.86 ± 0.06
0.72 ± 0.05
0.76 ± 0.04
0.78

T-44
0.98 ± 0.07
0.85 ± 0.05
0.88 ± 0.03
0.90
V = 0.12
T = 0.19
V×T = NS
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the presence of DS I and DS II in comparison to their respective controls. Moreover, DS I caused maximum decrease in chlorophyll content at 15 days stage by 20.0% in
T-44 and 26.0% in PDM-139, in comparison to non-treated
control plants whereas, at 21 days stage of growth reduction was comparatively lower under DS I and DS II. All the
photosynthetic parameters (net photosynthetic rate, stomatal
conductance, internal CO2 concentration and transpiration rate) increased with the advancement of growth
whereas, DS I was more deleterious at earlier stage i.e.
15 days stage of growth (Table 7-10). The maximum loss
in net photosynthetic rate, stomatal conductance, internal
CO2 concentration and transpiration rate was noted in varieties PDM-139 in presence of DS I at 15 days stage of growth
and the values were reduced by 30.14%, 28.5%%, 26.5%
and 22.7% respectively, compared with their corresponding control. Drought stress inhibited dry matter production
largely through its inhibitory effects on leaf development
and consequently reduced light interception [10]. Moreover, drought stress reduced stomatal conductance (Table 8)
leading to reduced carbon assimilation and consequently
low biomass production [11]. When the plants are subjected to drought stress a variety of physiological and biochemical changes occur that can be used as markers against
stress. In the present study it was observed that water stress
reduced SPAD chlorophyll value and photosynthetic attributes (Table 6-10) and hence may ultimately lead to an
overall decrease in crop yield. Decrease in photosynthetic
rate mediated by water stress was the consequence of the
closure of stomata, thereby decreasing CO2 supply as well
as internal CO2 concentration [12] and consequently a decrease in the activity of CA [13], because its activity, to a
large extent, is regulated by the CO2 concentration [12].

Moreover water stress also inhibits the activity of Rubisco
[1] and that of other enzymes of photosynthesis [4, 14].
The activity of CAT, POX and SOD enzymes increased significantly in both the varieties under drought
stress and the maximum increase was noted in CAT
(30.0%), POX (28.9%) and SOD (35.0%) over their controls at 21 days stage of growth in T-44 (Table 11-13). A
pattern similar to that of antioxidative enzymes (CAT,
POX, and SOD) was followed by the proline content (Table 14). The leaves of the plants developed from the seeds
raised in DS II had more proline content at both the stages
of growth (15 and 21 days stage of growth) in T-44 over
the non-treated control plant. Maximum accumulation of
proline content was noted in T-44 at 21 days stage growth
by 31.0% more than the non-treated control plants. On the
exposure of plants to drought stress, a variety of active oxygen species (AOS) are generated, such as superoxide,
H2O2 and hydroxyl radicals, which cause oxidative damage
to the plants. They are toxic to living organisms and unless
removed rapidly, they destroy or inactivate various cellular
components [15]. Plants have antioxidant enzymes to scavenge AOS; these enzymes are postulated to be involved in
stress tolerance of plants. In this study, variety T-44 showed
higher activity of antioxidant enzymes (Table 11-13) at later
stage of growth which proved that drought stress was recovered at later stage of growth. Proline is another important
component of the defense system of the plants to counter
stress. According to Hong et al. [16] proline is synthesized
by the enzyme Δ’-pyrroline-5-carboxylates synthetase (Δ’P5CS) and Δ’-pyrroline-5-carboxylate reductase (Δ’-P5CR)
and is subsequently metabolized by the enzyme proline dehydrogenase (Pro DH). The activities of the enzyme Δ’-

TABLE 11 - Effect of drought stress (DS I and DS II) on catalase activity in two varieties (T-44 and PDM-139) of Vigna radiata at 15 and
21 days stage of growth.

Control
DSI
DSII
Mean
LSD @ 5 %

T-44
296 ± 7.98
349 ± 8.18
378 ± 9.09
341

Catalase activity (mM H2O2 decomposed g-1 FM)
14 DAS
21 DAS
PDM-139
Mean
T-44
PDM-139
239 ± 8.18
267
340 ±6.66
274 ± 8.11
274 ± 7.17
311
408 ± 7.17
323 ± 9.11
297 ± 6.77
337
442 ± 7.88
342 ±6.74
270
396
313

V = 9.15
T = 12.11
V×T = 21.26

Mean
307
365
392

V = 10.64
T = 11.06
V×T = 21.70

TABLE 12 - Effect of drought stress (DS I and DS II) on peroxidase activity in two varieties (T-44 and PDM-139) of Vigna radiata at 15 and
21 days stage of growth.
Peroxidase activity (units g-1 FM)

Control
DSI
DSII
Mean
LSD @ 5 %

T-44
8.81 ± 0.29
10.13 ± 0.31
11.01 ± 0.35
9.98

14 DAS
PDM-139
7.48 ± 0.25
8.30 ± 0.29
8.97 ± 0.27
8.25

Mean
8.14
9.21
9.99

V = 0.27
T = 0.50
V×T = NS

T-44
9.86 ± 0.31
7.78 ± 0.33
12.71 ± 0.27
10.11

21 DAS
PDM-139
8.38 ±0.27
9.55 ± 0.32
10.13 ± 0.21
9.68

V = 0.29
T = 0.54
V×T = 0.48
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TABLE 13 - Effect of drought stress (DS I and DS II) on superoxide dismutase activity in two varieties (T-44 and PDM-139) of Vigna radiata
at 15 and 21 days stage of growth.
Superoxide dismutase activity (units g-1 FM)

Control
DSI
DSII
Mean

T-44
149 ± 3.75
178 ± 4.00
196 ± 3.38
174

LSD @ 5 %

14 DAS
PDM-139
125 ± 3.10
146 ± 3.33
158 ± 3.99
143

Mean
137
162
177

21 DAS
PDM-139
134 ± 2.99
171 ± 3.13
186 ± 4.55
163

T-44
166 ± 3.99
205 ± 4.24
224 ± 4.23
198

V = 5.55
T = 7.96
V×T = 12.51

Mean
150
188
205

V = 6.33
T = 8.01
V×T = 14.34

TABLE 14 - Effect of drought stress (DS I and DS II) on proline content in two varieties (T-44 and PDM-139) of Vigna radiata at 15 and
21 days stage of growth.
Proline content (mol g-1 FM)

Control
DSI
DSII
Mean

T-44
6.80 ± 0.14
8.09 ± 0.20
8.63 ± 0.19
7.84

LSD @ 5 %

14 DAS
PDM-139
5.57 ± 0.11
6.18 ± 0.15
6.68 ± 0.17
6.14

Mean
6.18
7.13
7.65

T-44
8.01 ± 0.12
10.01 ± 0.22
10.49 ± 0.25
9.50

V = 0.24
T = 0.30
V×T = NS

21 DAS
PDM-139
6.64 ± 0.22
7.96 ± 0.22
8.23 ± 0.29
7.61

Mean
7.32
8.98
9.36

V = 0.29
T = 0.35
V×T = 0.64

P5CR are reported to increase and that of Pro DH decrease
in cowpea grown under water stress [17]. Moreover, the
genes responsible for the transcription of these proteins were
also overexpressed in transgenic plants under stress [18]. It
was found that the level of proline in the plants exposed to
water stress was higher than those of control (Table 12).
Similar observation was made in different plant species subjected to drought, Medicago sativa [19] and wheat [20].

4. CONCLUSIONS
It may be concluded that drought stress (DS I) deteriorates the metabolism of Vigna radiata by decreasing
growth and photosynthetic efficiency more effectively in
PDM-139 over T-44 at earlier stage of growth. However,
enhanced antioxidant system at later stage in T-44 over the
PDM-139 play pivotal role for Vigna radiata to overcome
drought stress through higher accumulation of proline at
the later stage of growth.
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ABSTRACT
Bacterial community compositions were examined in
sediments of different lakes (Lake Xidahai, Lake Qingkenpao and Lake Longhupao) in Daqing using terminal restriction fragment length polymorphism (T-RFLP) and 16S
rRNA gene clone library. The major phylogenic groups of
all sediments included Proteobacteria, Firmicutes, Cyanobacteria, Actinobacteria, Nitrospira, Acidobacteria, Bacteroidetes, Chloroflexi, Planctomycetes and Verrucomicrobia among them, Proteobacteria, Acidobacteria, Bacteroidetes and Chloroflexi were the dominant phyla. The
highest bacterial diversity occurred in Lake Longhupao
and the lowest in Lake Qingkenpao. Relationships between
environmental factors and bacterial community compositions were identified with redundancy analysis. It was identified that pH and total petroleum hydrocarbon (TPH) were
related to bacterial community compositions and pH was
the most influential parameter. Our results found different
bacterial community compositions in sediments of three
lakes, which suggested environmental factors exerted a key
influence on the bacterial communities in lake ecosystems.

KEYWORDS: T-RFLP, Bacterial community, Sediment, TPH, 16S
rRNA clone library

1. INTRODUCTION
Sediment microbes play significant roles in biogeochemical cycling of carbon (C), nitrogen (N), phosphorus
(P), sulfur (S) and various metals as well as contaminants
in aquatic ecosystems [1]. Therefore, investigating the microbial composition and diversity in sediments of such
freshwater environment is important for a better understanding of how ecosystem health and balance is maintained [2].
* Corresponding author

Within the last decade, the application of molecular
fingerprinting techniques have made it possible to solve the
problems related to culture-dependent methods which underestimating the true diversity [3]. Significant advancements in molecular methods such as terminal restriction
fragment length polymorphism (T-RFLP) [4-6], denaturing gradient gel electrophoresis (DGGE) [7, 8], fluorescence in situ hybridization (FISH) [9, 10] and ribosomal
intergenic spacer analysis (RISA) [11] have led to more
precise analyses of microbial diversity in different environments and refinements in our understanding of the relationship between microbial communities and various environmental factors.
Previous studies indicated that microbial community
compositions can be influenced by a multitude of environmental factors including nutrient concentration [10], organic matter composition [12], salinity [13], pH [14], temperature [15] and river flow rate [16] in river and marine
ecosystems. Actually these environmental factors also
have significant effects on the microbial community in sediments of lake ecosystems, however, it received little attention [17, 18]. A more intimate understanding of the influence of environmental factors on microbial community
structure is needed in the restoration and maintenance of
lake ecosystems. Daqing is the most important oil industry
base of China. The major environmental problem in
Daqing region has been oil contamination of soil and lake
by oil exploitation from 1959. Lakeside oil industries and
other human activities have input great amounts of pollutants and nutrients into the lakes in Daqing and affected the
community structures of microbe inhabiting in sediments.
However, studies regarding structure and species composition of the overall microbial community in sediments of
lakes in Daqing are largely lacking.
In this study, the composition and diversity of bacterial
community in sediments of lakes in Daqing (Lake Xidahai,
Lake Qingkenpao and Lake Longhupao) was analyzed using T-RFLP and clone library analysis of 16S rRNA gene
sequences. The aim of this study was investigating which
environmental factors have significant influences on the
bacterial community structure in the lake sediments.
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2. MATERIALS AND METHODS
2.1 Sampling site and sample collection

Lake Xidahai (45°59'57"-46°0'36"N, 124°35'9.20"124°37'55"E), Lake Qingkenpao (46°22'10"-46°23'36"N,
125°30'46"-125°31'48"E) and Lake Longhupao (46°41'7"46°44'31"N, 124°19'46"-124°24'6"E) are located in Daqing,
Heilongjiang Province (China). Located near two oil refineries, Lake Xidahai (XDH) receives oil contamination from
surrounding surface runoff due to spillage and transportation
of oil and related products. Lake Qingkenpao (QKP) is located near the petrochemical complex and the sewage outfalls of it are just in the lake. Lake Longhupao (LHP) is one
of the few lakes which have been polluted slightly and is
the largest water source in Daqing region. Despite being an
environmentally protected area, Lake LHP receives sewage from human activities and other pollutants transported
by the Nenjiang river into the lake.
For each lake, three composite replicate samples each
consisting of five sediment cores (0–15 cm depth, 5 cm diameter) using a K-B Corer Sampler (Wildlife Supply Company, NY, USA) were randomly collected with at least 10 m
distance from each other. The sediment samples were kept
in sterile plastic containers with ice packs to slow bacterial
activity. They were processed immediately on return to the
laboratory. Subsamples were divided into two parts, one
for physicochemical analysis stored at 4 °C, and the other
for microbial molecular analysis stored at −80 °C.
2.2 Sediment physicochemical analysis

Sediment pH was measured with specific electrodes
(PHS-3C, REX, China). Sediment samples were freeze dried
(ALPHA 1-2 LD plus, Martin Christ Inc., Germany). Total
organic carbon (TOC) and total nitrogen (TN) were measured using a Multi N/C 3100 analyzer (Analytik Jena AG,
Germany). Total phosphorus (TP) was measured using the
ammonia persulfate digestion procedure [19]. TPH was
measured using the method described by Nadim et al. [20].
2.3 DNA extraction and PCR amplification

DNA was extracted from 0.25 g soil from each sediment
sample using a MoBio PowerSoilTM DNA extraction kit
(MoBio Laboratories, Inc., USA) according to the manufacturer's instructions. The quantity of the extracted DNA was
determined using spectrophotometer (Shimadzu, Kyoto, Japan) and the size of the DNA was checked on 1.0 % agarose
gel. The extracted DNA was stored at −20 °C until analysis.
The bacterial community structure was determined by
T-RFLP analysis using the extracted DNA. The primers
used for PCR were 6-carboxyfluorescein (6-FAM)-labeled
27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and unlabeled
1492R (5′-GGTTACCTTG TTACGACTT-3′) [21]. Each
sample was amplified using a MJ Research thermal cycler
PTC 100 (MJ Research, Waltham, MA, USA) and the following conditions: 94°C for 5 min followed by 35 cycles of
denaturation at 94°C for 30 s, annealing at 56°C for 30 s
and extension at 72°C for 1 min. Final extension was at

72°C for 7 min. Products were electrophoresed in 0.8%
agarose gel, stained with ethidium bromide and visualized
under UV light. Prior to enzyme digestion, labeled PCR
products were purified with a MOBIO UltraClean PCR
Clean up-M Kit (MoBio Laboratories, Inc., USA).
2.4 T-RFLP

PCR amplified 16S rRNA amplicons were digested in
20 µL reactions. For Hha I and Msp I digests, the reaction
mixture contained 2 µL of 10×buffer, 0.5 µL of restriction
enzyme (TaKaRa, China) and 300 ng of purified PCR product. Restriction digests were incubated at 37°C for 6 h with
a final step of 65°C for 15 min to stop the reaction. Aliquots
(5 µL) of reaction digests were examined by 3.0% agarose
gel electrophoresis using ethidium bromide staining. The
T-RFLP profiles were analyzed by Sangon Biotech
(Shanghai) Co., Ltd (Shanghai, China).
The bacterial T-RFLP profiles of each sample were analyzed separately. Hha I digestion which was superior to Msp
I digestion was chosen for further analysis (data not shown).
TRFs whose length ranged from 50 bp to 500 bp and whose
height was greater than 100 fluorescence units were included
in the analysis. The bacterial community diversity indices
were calculated according to Zhang et al. [22]. Richness (S)
was calculated as the sum of distinct TRF sizes in a profile.
Shannon-Weiner diversity index was calculated as H=∑pi×log2pi, where p represents the proportion of an individual
peak area relative to the sum of all peak areas and pi represents the relative abundance of fragment i. Evenness was calculated as E=H/Hmax, where Hmax= log2(S).
2.5 Cloning and Sequencing

Clone libraries were constructed from the sediment
samples of three lakes. PCR amplification was performed
as described for T-RFLP (above), except that no fluorescent label was attached to the forward primer. Purified PCR
products were ligated into the pMT18-T vector in accordance with the manufacturer′s instructions (TaKaRa, China)
and then transformed into Escherichia coli DH5a cells.
Amplification was carried out in a direct colony PCR of the
positive clones with plasmid-specific primers M13F (5′CGCCAGGGTTTTCCCAGTCACGAC-3′) and M13R
(5′-AGCGGA TAACAATTTCACACAGGA-3′). Purified
M13 PCR product was used as templates and bi-directionally sequenced by the Sangon Biotech (Shanghai) Co., Ltd
(Shanghai, China).
Sequence analysis was performed with Sequence
Match and BLAST searches in the Ribosomal Database
Project II (http://rdp.cme.msu.edu/) and NCBI (http://
www.ncbi.nlm.nih.gov). Bacterial sequences with ≥97%
similarity were considered to be the same phylotype or
operational taxonomic units (OTU). Phylogenetic trees
were constructed using the Neighbor joining (NJ) method
[23]. Bootstrap analysis based on 1000 replicate datasets
was performed to assess stability among the clades. The
assignment of sequences to terminal restriction fragments
(T-RFs) was done using in silico HhaI digestion of 16S
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clone sequences (Sequence manipulation suite-Restriction
digest-http://www.bioinformatics.org.html) according to
Kim et al. [24].
2.6 Accession numbers

The clone library 16S rRNA gene sequences determined in this study had been deposited into GenBank under
accession numbers KJ176717–KJ176908.
2.7 Statistical analysis

The correlation analysis was explored using SPSS 18.0
with significance defined at the P<0.05. Redundancy analysis (RDA) was used to identify the effects of the environmental factors (including pH, TOC, TN, TP, TOC⁄TN and
TPH) on T-RFLP profiles. RDA was performed using
CANOCO 4.5 software [25].

TP of QKP ranged from 8.81 to 9.12 and 0.83 to 0.97 g·kg-1,
respectively, which were significantly higher than those of
XDH and LHP (P<0.05). And those of XDH were the second highest among the three lakes. The TOC concentration
of XDH was significantly higher than that of the other two
lakes (P<0.05). QKP3 showed a remarkably higher TOC concentration than QKP2 and QKP1, but it had no significant difference with LHP. The concentration of TN of XDH was
significantly higher than that of the other two lakes (P<0.05).
QKP3 which had the similar TN concentration to LHP was
remarkably lower than QKP1 and QKP2. LHP showed significantly higher C:N values than XDH (P<0.05). QKP3
which had the similar C:N values to LHP was remarkably
higher than QKP1 and QKP2. The TPH concentration of
LHP was significantly lower than that of XDH and QKP
(P<0.05).
3.2 Bacterial community compositions

3. RESULTS
3.1 Environmental characteristics

The physicochemical parameters of the sediment samples in three lakes are given in Table 1. The sediment pH and

Bacterial community compositions of sediment samples collected from three lakes being analyzed by T-RFLP
revealed 52 distinct T-RFs ranging from 55 bp to 378 bp
(Table 2). Ten T-RFs (58, 72, 82, 92, 106, 237, 293, 342,
358 and 362 bp, respectively) were present in all three

TABLE 1 - Physical and chemical parameters of the sediment samples collected from three lakes (mean±SE, n=5).
Sample

pH

TOC
TN
TP
C:N
TPH
(g.kg-1)
(g.kg-1)
(g.kg-1)
(g.kg-1)
XDH 1
8.47±0.10 b
30.35±0.62 a
1.85±0.18 a
0.61±0.04 b
16.41±0.72 b
0.66±0.05 b
XDH 2
8.55±0.11 b
32.41±0.74 a
2.05±0.26 a
0.59±0.02 b
15.81±0.18 b
0.75±0.06 b
XDH 3
8.43±0.13 b
31.59±0.51 a
1.98±0.11 a
0.63±0.03 b
15.95±0.33 b
0.62±0.03 b
QKP 1
9.03±0.12 a
22.97±0.47 c
1.51±0.06 b
0.97±0.04 a
15.22±0.55 b
1.03±0.07 a
QKP 2
8.81±0.15 a
23.69±0.53 c
1.63±0.09 b
0.86±0.03 a
14.53±0.79 b
0.96±0.03 a
QKP 3
9.12±0.11 a
25.24±0.59 b
1.25±0.12 c
0.83±0.04 a
20.19±1.72 a
1.15±0.06 a
LHP 1
8.06±0.10 c
27.32±0.42 b
1.38±0.06 c
0.43±0.02 c
19.79±0.67 a
0.09±0.01 c
LHP 2
8.12±0.09 c
26.54±0.39 b
1.31±0.04 c
0.39±0.03 c
20.25±0.99 a
0.11±0.01 c
LHP 3
7.96±0.10 c
25.36±0.65 b
1.27±0.03 c
0.47±0.04 c
19.97±0.71 a
0.08±0.01 c
TOC total organic carbon, TN total nitrogen, TP total phosphorus, C:N TOC/TN ratio, TPH total petroleum hydrocarbon. Values with different letters
are statistically significant (P<0.05).
TABLE 2 - Bacterial community compositions in sediments of three lakes according to T-RFLP profiles.
Phylum

Gammaproteobacteria

XDH1
82
72,106,
204
81,162

Deltaproteobacteria
Firmicutes

84
180,237

Cyanobacteria
Actinobacteria
Nitrospira
Acidobacteria

98
221
58,209

Bacteroidetes

92,293,
310
225
212,214

Alphaproteobacteria
Betaproteobacteria

Chloroflexi
Planctomycetes
Verrucomicrobia
Unclassified

XDH2
82
106,204
,219
81,162,
358
84
180,237
,362
98
221
58,342
56,92,
310
225
66,212,
308

XDH3
82
72,106,
219
81,358

QKP1
82,231
64,72,
106
358

84
237,362

55,331
102,237

98
58,209,
342
56,92,
293
225
66,214,
308

T-RF size (bp)
QKP2
64,72,
106
358,378

-

LHP1
82,192
72,149,
219,206
358

LHP2
82,192
72,149,
106,219
-

LHP3
82,192
72,106,
219,206
358

55,331
237

229,237

342

293

92,293

92,293

93
340
66

93
340
239
66

93
340,100
239
66

98,107
126
337
58,278,
342
90,293,
246
340
366
79,214,
349,371

229,237
,362
98,107
126
337
58,278

87
237,362

337
58,342

331
102,237
,362
337
58,342

90,92,
293,246
239
59,79,
214,349

90,92,
293,246
340
366
59,349,
371
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82,231
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98
126
337
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FIGURE 1 - Cluster analysis dendrogram based on comparison of the T-RFLP profiles in sediments of three lakes. Lake Xidahai (XDH), Lake
Qingkenpao (QKP) and Lake Longhupao (LHP).

TABLE 3 - Bacterial community diversity indexes in sediments of three lakes.
Sampling site
XDH1
XDH2
XDH3
QKP1
QKP2
QKP3
LHP1
LHP2
LHP3

Richness (S)
19
22
20
17
18
15
25
24
24

Evenness (E)
0.91
0.91
0.91
0.89
0.89
0.88
0.94
0.93
0.93

lakes. Three T-RFs (98, 214 and 219 bp) shared between
XDH and LHP, one T-RF (66 bp) shared between XDH
and QKP, three T-RFs (239, 337 and 340 bp) shared between LHP and QKP. In XDH, 12 of 26 T-RFs (56, 81, 84,
162, 180, 204, 209, 212, 221, 225, 308 and 310 bp, respectively) were unique; in QKP, 8 of 22 T-RFs (55, 64, 93,
100, 102, 231, 331 and 378 bp, respectively); and in LHP,
15 of 31 T-RFs (59, 79, 87, 90, 107, 126, 149, 192, 206,
229, 246, 278, 349, 366 and 371 bp, respectively).
Based on the in silico analysis, T-RFs 72, 106 and 219
were considered as Beta-proteobacteria; T-RFs 93 and 225
Chloroflexi; T-RF 90 Bacteroidetes; T-RFs 58 and 342 Acidobacteria; T-RF 237 Firmicutes. They were the predominant bacterial communities in the sediments of three lakes.
Other T-RFs were present in most samples but they were
only in small proportions. Results of cluster analysis indicated that there were distinct differences among T-RFLP

Shannon–Wiener index (H′)
2.77
2.81
2.73
2.53
2.51
2.46
3.02
2.97
3.08

patterns of three lakes (Figure 1). T-RFLP profiles obtained for each sediment sample formed well-defined clusters with high similarity among replicates.
Richness, evenness and Shannon–Wiener diversity
were calculated based on the T-RFs (Table 3). The LHP1
sample had the highest richness and evenness (S=25, E=
0.94), while the QKP3 sample had the lowest (S=15, E=
0.88). The Shannon-Weaver diversity index of the LHP3
sample was the highest (H′=3.08) while the index of the
QKP3 sample was the lowest (H′=2.46).
3.3 Bacterial clone library analysis

A total of 450 16S rRNA gene fragment clones derived
from three independent libraries, of which 192 clones were
sequenced (63 from the XDH library, 59 from the QKP library and 70 from the LHP library). The phylogenetic affiliations of the various clone sequences were determined us-
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ing the neighbour-joining tree method (Supporting Information Fig. S1). In each library, a large proportion of clones
had sequences that matched NCBI database sequences at
≥97% (XDH 61.9%, QKP 62.7% and LHP 68.6%).
All sediments in three lakes were dominated by four
major bacterial phylogenic groups (Proteobacteria, Acidobacteria, Bacteroidetes and Chloroflexi), which accounted
for more than 66.7% of all the sequences (Fig. 2). The other
phyla found in different libraries were Firmicutes, Cyanobacteria, Actinobacteria, Nitrospira, Planctomycetes and
Verrucomicrobia. The Proteobacteria which consisted of
the Alpha-, Beta-, Gamma- and Delta-proteobacteria subclasses were found in XDH and QKP; while the Alpha-,
Beta- and Gamma-proteobacteria were detected in LHP.
Among the three lakes, Beta-proteobacteria was the most
abundant group, with the percentage 19.0% (XDH), 20.3%
(QKP) and 20.0% (LHP), respectively. Except for Betaproteobacteria, two other abundant groups Bacteroidetes
(14.3%) and Chloroflexi (12.7%) were also observed in the
library of XDH. In QKP, the second abundant group was
Chloroflexi (18.6%), followed by Bacteroidetes (11.9%).
In LHP, the second abundant group was Bacteroidetes
(14.3%), followed by Acidobacteria (12.9%). Actinobacteria was detected in XDH and LHP; Nitrospira was detected
in XDH and QKP; Verrucomicrobia was detected in QKP
and LHP. But the proportions of them were smaller. These
results further confirmed that the compositions of the sediment bacterial community among three lakes were different.
3.4 Redundancy analysis (RDA)

Detrended correspondence analysis (DCA) showed a
linear response (length of gradient=1.87) in bacterial T-

RFLP profiles to environmental factors. For this reason,
RDA was used to determine how environmental factors influenced the sediments bacterial T-RFLP profiles.
The RDA results showed that axes 1 and 2 explained
40.6% and 22.8% of the total variation, respectively (Fig. 3).
The variation among different compositions of bacterial
community was most significantly correlated with pH (P=
0.012 as determined using a Monte Carlo permutation test
within the RDA analysis). There was a slightly significant
correlation between TPH and the bacterial community
compositions (P=0.069). The other environmental variables included in the analysis were not significant.

4. DISCUSSION AND CONCLUSION
In this study, ten known phyla of bacteria were found
in sediments of three lakes. As described in previously
studies [4, 26, 27], Proteobacteria, Bacteroidetes, Chloroflexi and Acidobacteria were predominant and ubiquitous
in sediments and similar results were obtained in this study.
Other major bacterial phyla detected in the clone libraries
(Firmicutes, Cyanobacteria, Actinobacteria, Nitrospira,
Planctomycetes and Verrucomicrobia) could also be found
in other lakes, but they were non-dominant part of the bacterial community in many aquatic sediments [8, 9].
Proteobacteria was the most abundant phylogenetic
group in the sediment samples collected from three lakes.
Similar results have also been reported in the 16S rRNA
gene analysis of other lake sediments [5, 18]. Beta-proteobacteria phylotypes, the predominant lineages in all sedi-

100
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Betaproteobacteria
Gammaproteobacteria
Deltaproteobacteria
Firmicutes
Cyanobacteria
Actinobacteria
Nitrospira
Acidobacteria
Bacteroidetes
Chloroflexi
Planctomycetes
Verrucomicrobia

80

Relative abundance

70
60
50
40
30
20
10
0

XDH
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FIGURE 2 - Relative abundance and distribution of major bacterial phyla in sediments of three lakes. Lake Xidahai (XDH, n=63), Lake
Qingkenpao (QKP, n=59) and Lake Longhupao (LHP, n=70).
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FIGURE - 3 Redundancy analysis (RDA) biplot showing bacterial communities in lake sediments in relation to six environmental factors, pH,
TOC/TN ratio (C:N), total organic carbon (TOC), total phosphorus (TP), total nitrogen (TN) and total petroleum hydrocarbon (TPH), which
are indicated by arrows. Arrows represent the environmental variables. Symbols open circle, closed circle and triangle represent samples
collected from Lake Qingkenpao, Lake Xidahai and Lake Longhupao, respectively.

ment samples, accounted for over 19% of the clone libraries
(Fig. 2). Wobus et al. [28] indicated that the abundance of
Beta-proteobacteria increased with the eutrophication of
aquatic ecosystems. The Beta-proteobacteria is able to degrade complex organic macromolecules. Therefore it is very
important in the functioning and precessed of freshwater
lake ecosystems. Bacteroidetes (together with Proteobacteria) were the most frequent groups in water and sedimentsamples collected from aquatic environments [9]. Zeder et
al. [29] found that Bacteroidetes played an important role in
degrading complex biopolymers. The higher Bacteroidetes
in sediments of XDH and LHP (18.6% and 13.6% respectively) could be attributed to the higher concentrations of
TOC in these lakes.
The study found that Acidobacteria was another dominant group and Peralta et al. [30] also made the similar
findings that it was one of the most abundant groups of
bacteria in soil. Luka et al. [31] revealed that the bacterial
community composition and diversity responded strongly
to soil pH. The lower the pH was, the higher the abundance
of Acidobacteria increased. This strongly supported our
findings that the Acidobacteria sequences in clone libraries
were negatively correlated to the pH of sediments (P<0.05),
suggesting that pH might influence the distribution of this
phylum.
Winderl et al. [32] found that Chloroflexi was the major group in oil-contaminated soil, which further confirmed

the involvement of Chloroflexi in the biodegrading of oil
pollutants. Consistent with their findings, we found that
there was a greater number of Chloroflexi detected with increasing TPH in the sediments. QKP library had the highest percentage of Chloroflexi (18.6%) where the average
concentration of TPH was 1.05 g·kg-1. In XDH library, the
average concentration of TPH was 0.68 g·kg-1 and the
Chloroflexi was 12.7%. Only 1.4% of Chloroflexi was detected in LHP library where the average concentration of
TPH was 0.09 g·kg-1. Additionally, it had been observed
previously that Chloroflexi was positively correlated with
pH [33]. The further research on Chloroflexi eco-physiological characteristics would facilitate our exact understanding of its functions in the decomposition of oil pollutants in freshwater lakes.
The RDA plot revealed that pH contributed significantly to changes in the bacterial community compositions
of the lake sediments (P=0.012) (Fig 3). The bacterial community compositions had correlation with TPH, but it was
slightly significant statistically (P=0.069). Soil pH has been
found to have a strong influence on the bacterial communities in aquatic and terrestrial ecosystems [14, 16, 34, 35].
We discovered that the relative abundance of Bacteroidetes,
Acidobacteria and Chloroflexi in the sediments were significantly correlated with pH (P<0.05). It was reported that the
abundance of Acidobacteria and Bacteriodetes had great significant correlations with pH in different biomes [36, 37].
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The variation of bacteria in abundance and diversity
under the influences of petroleum contamination is rather
complex. Petroleum provides a series of carbonaceous substrates which can be metabolized and utilized by microbial
for their growth or can prove multiple toxic to microbial
growth and activity [38]. Li et al. [39] demonstrated that
TPH concentration had a close correlation with petroleumcontaining wastewater irrigation and it could significantly
increase the bacterial diversity based on DGGE analysis.
Hernandez-Raquet et al. [40] revealed that hydrocarbon
contamination had no affect on the diversity of the microbial mats. Marcial Gomes et al. [41] showed that different
sources of hydrocarbon pollutions in surface sediments
could shape the structural composition of bacterial communities, but did not necessarily reduce the bacterial diversity.
Nevertheless, Lamontagne et al. [35] found that bacterial
diversity and richness decreased with the increase of the
sediment hydrocarbon content in a marine hydrocarbon
seep field. Our findings suggested that bacterial diversity
had significant negative correlation with TPH concentration (P<0.05).
The combination of T-RFLP and clone library could
detect dominant bacterial groups in different lake sediments and our results agreed with the previous study that
T-RFLP did not have the ability to differentiate some taxa
or detect rare taxa [37]. Although presently we still do not
know the functional roles and specific relationships of rare
taxa within microbial assemblages, but it may play critical
functional roles. The using of pyrosequencing technology
will provide comprehensive analysis of the community
structure and diversity of microbial, which can reveal more
diverse bacterial communities than T-RFLP and clone library. T-RFLP can lead to higher estimates of community
similarity than pyrosequencing. On the positive side, TRFLP can provide a cost-effective and relatively rapid snapshot of the dominant bacterial groups in lake sediments. Petroleum industry and human activities pose a serious challenge to the eco-health of the lakes in Daqing. But sediment
microbial communities play a key role in the nutrient recycling and the balance of lake ecosystems. How the bacteria
respond to environmental stresses and ecosystem functioning need further studies on the microbial ecology in this
comlicated environment using a combination of methods.
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PROPERTIES OF WASTE CATALYST-CEMENT MORTARS:
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ABSTRACT

1. INTRODUCTION

The strategy for reducing environmental impact of the
cement industry is to reuse industrial waste or to find supplementary materials for cement substitution. In Lithuania,
200 tons of fluidized bed cracking catalyst waste (FC) are
produced annually. FC waste has high content of silicon and
aluminum oxides and, therefore, presents pozzolonic characteristics and can be utilized in cementitious materials. Organically modified clays are nano particles, small quantities
of which can improve the microstructure and properties of
cement based materials. In this paper, the combined effect
of two simultaneously applied substitutes on properties of
mortar was investigated. Cement was partially replaced by
three organically modified nano clays (OC) with different
basal spacing (d001), while aggregate was substituted by
fluidized bed cracking waste catalyst (FC). The aim was to
evaluate mechanical strength and water absorption of mortars by replacing from 0.5 % up to 4 wt% of cement by
three OC, and 5 % or 15 % of aggregate by industrial byproduct. Another purpose of this study was to identify
which of OC was the most appropriate for cement substitution in the mortar. It was found that due to cement replacement by all OC, flexural strength of modified mortar
increased substantially (from 3 % up to 16 %), while compressive strength increased slightly (up to 4 %) and only
for samples with 0.5 % of OC. In waste catalyst – cement
mortars no significant increase of strength was observed
due to cement substitution by OC, and, therefore, the optimal cement replacement level was found to be less than
1 wt%. However, due to OC application, water absorption
of mortar was substantially retarded, and retardation increased with the increment of d001 of OC. The obtained results suggest the idea that d001 of OC is not the major factor
during the selection of appropriate OC, and, thus, the type
of organic modifier should be taken into account.

KEYWORDS: organoclay, waste catalyst, cement, strength, water
absorption, basal spacing

* Corresponding author

Nano engineering of clays through organic modification is of growing interest, because it allows the creation of
new materials with new applications [1]. Nano clay particles are hydrophilic-layered silicate material; they absorb
water in the interlayer regions between silicate sheets, characterized by basal spacing (d001). After organic modification,
nano clay particles become organically modified hydrophobic clay particles, because organic modifier prevents water
penetration into the interlayer region [2]. Organically modified clays (OC) as adsorbent materials have found their
potential application in the treatment of organic hazardous
industrial waste and as pre-solidification agents of organic
compounds in cement based matrix [3-5]. Obtained results
showed that OC might adversely affect the hydration reactions; however, OC application as a cement substitution
material has also attracted researchers’ interest [2, 6-8]. For
example, it was found that cement substitution by OC with
basal spacing (d001) of 3 nm has substantially increased
compressive strength and only slightly flexural strength [2,
6]; meanwhile, application of OC having d001=1.85 nm enhanced flexural strength more than the compressive
strength [7, 8]. Although the effect of OC on the mechanical strength of cement based material was demonstrated,
the criteria for the selection of an appropriate OC for cement substitution remain unclear.
In order to reduce environmental pollution, a lot of research has been done on utilization of industrial waste in the
building materials. Fluidized bed cracking catalyst waste
(FC) has received much attention due to its chemical composition similar to other pozzolans; therefore, it is widely
used for partial substitution for either cement or aggregate in
mortars and concretes. However, it was recognized that
properties of materials strongly depend on the size of FC particle and its chemical composition [9-11]. It was demonstrated that significantly higher compressive strength could
be obtained with aggregate substitution by fine-grained particles of FC having more than 50 % of SiO2.
To our knowledge, in order to improve properties of
mortar, simultaneous application of OC and FC was not reported previously; therefore, the aim of this study was to
investigate how mechanical strength and water absorption
of mortar are changed under impact of two substitutes. A
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portion of cement was substituted by three OC with different d001 in order to find out which of OC was the most effective for cement replacement. It was considered to use
FC for aggregate substitution, since the quantity of aggregate is much higher than that of cement in the mix, and
therefore, it is more reasonable from the environmental
point of view.

2. MATERIAL AND METHODS
2.1 Materials

Ordinary Portland cement type CEM II/A-LL 42.5 N
(PC) was purchased from Akmenes Cementas, Lithuania
and then used to prepare various mixes of cement-based
composites. Chemical composition and physical properties of PC are summarized in Table 1. Natural sand with particle size of 0-4 mm was used as an aggregate for the production of mortar samples. Fine-grained fluidized bed cracking waste catalyst (FC) was supplied by enterprise ORLENLietuva, Lithuania. FC properties are given in Table 1.
TABLE 1 – Chemical composition and properties of PC and FC
Compound

wt %

SiO2
Al2O3
Fe2O3
CaO
MgO
SO3
Others

PC
20.61
5.45
3.36
63.42
3.84
0.80
2.18

FC
50.1
39.4
1.3
0.5
0.49
2.3
0.33

Particle size, μm
Specific gravity, g/cm3
LOI

5-30
2.95
<5

~44
0.945
5.4

Three OC with different functional groups of organic
modifier, the length of alkyl chain of which was approximately 18 carbon atoms, were chosen and then used to prepare cement – OC mixes. Two OC Dellite® 43B (denoted as
ncB) and Dellite® 67G (denoted as ncG) were obtained as
powder from Laviosa Chimica Mineraria, Italy. According
to their data, two modifiers used in ncB and ncG were dimethyl-benzyl-hydrogenated tallow ammonium and dimethyldihydrogenated tallow ammonium chloride, respectively.
The same enterprise supplied the raw materials for production of the third OC (denoted as ncM). Delite LVF (CEC 105
meq/100g) was used as bentonite nanoclay, and methyl-benzyl-dihydrogenated tallow ammonium chloride was a modifier. The preparation procedure of ncM was not within the
scope of this study; therefore, it is not presented in detail.
Analysis of particle size distribution of all OC was carried out on the CILAS®1090 particle size analyzer under
pressure of 7000 mbar in dry state. Variation among OC
samples was negligible, and the measured average particle
size of all OC was in the range of (7÷9) μm.
Interlayer spacing of each OC was qualitatively evaluated from XRD patterns using Bragg’s law, while X-ray

analysis was carried out on BRUKER D8 Discover diffractometer with CuKα radiation at 35 kV and 20 mA, in 2Θ
(3 º÷70 º) interval at scanning step 0.01 º. The calculated
basal spacing (d001) of ncB, ncG and ncM was 1.8 nm,
3.6 nm and 3.88 nm, respectively.
2.2 Experimental testing program

Control and FC-modified mortar samples were prepared according to standard EN 1015-2 procedure. At first,
cement was mixed with aggregate at ratio of 1:3 (by mass)
in dry state, and then water was added. Water-to-binder ratio
(w/b) was 0.5 (Table 2). Consistence of fresh control mix
(CM) was 4.5 cm and it was determined by the method of
standard plunger penetration, specified in EN 1015-4.
Other set of samples was produced with OC. Part of
dry cement (0.5 %, 1 %, 2 % and 4 % by weight) was substituted by each of OC. At first, every dosage of each OC
was mixed with distilled water and rigorously stirred for
24 h at 20 ºC on the magnetic hotplate stirrer MR Hei-Tec.
Before the ending of stirring time, the required amount of
dry cement was mixed with dry aggregate until the homogeneous mix was obtained. Immediately after the stirring time
was up, the OC-water solution was mixed with cement-aggregate mix for 8 min. It should be noted that no superplasticizer was used to avoid any possible interaction with OC.
However, due to OC incorporation, workability of the paste
slightly changed; therefore, in order to maintain the same
consistence of modified pastes as CM (4.5 cm), additional
water was added, and, consequently, water-to-binder (w/b)
ratio of modified pastes has changed (Table 2).
As prepared fresh paste was cast into prismatic steel
moulds and vibrated for 1 min, and then fresh samples were
placed in a climate chamber CTC 256 (Memmert GmbH)
at (20±1) ºC temperature and (95±5)  relative humidity.
The samples were demoulded after 24 h and left to cure in
chamber in order to hydrate until testing day, as it is specified in EN 1015-2.
The next set of samples was produced with simultaneous incorporation of OC and FC. Sample preparation procedure was the same as described above, except that 5 wt%
(and 15 % in the next set) of aggregate was replaced by FC.
Overall, 39 sets of samples were produced for the experiment (Table 2).
Flexural and compressive strength was obtained using
the Zwick Roell universal test machine, which is equipped
with a 50 kN load cell and attached to computer interface
with testExpert® software for data acquisition. All samples
were tested at room temperature according to EN 1015-11
procedure after 7 and 28 days of hydration. In this paper,
flexural and compressive strength results are presented as
an average value of three (for flexural) and six (for compressive) measurements.
After 28 days of hydration, three prismatic specimens
were selected for a water absorption test, performed in accordance with standard EN 1015-18 procedure. Cumulative water absorption was expressed as quantity of water absorbed by a unit surface area versus square root of elapsed
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TABLE 2 - Composition of the samples

0
0.5
1.0
2.0
4.0

Composition
FC
Cement
wt%
to aggregate
ratio
0
1:3
0
1:3
0
1:3
0
1:3
0
1:3

Water
to binder
ratio
0.50
0.50
0.50
0.52
0.52

0
0.5
1.0
2.0
4.0

5
5
5
5
5

0.54
0.54
0.54
0.56
0.56

Sample code*

Cement
wt %

OC
wt %

CM (control mix)
ncB-0.5; ncG-0.5; ncM-0.5
ncB-1; ncG-1; ncM-1
ncB-2; ncG-2; ncM-2
ncB-4; ncG-4; ncM-4

100.0
99.5
99.0
98.0
96.0

CM-FC5
ncB-0.5-FC5; ncG-0.5-FC5; ncM-0.5-FC5
ncB-1-FC5; ncG-1-FC5; ncM-1-FC5
ncB-2-FC5; ncG-2-FC5; ncM-2-FC5
ncB-4-FC5; ncG-4-FC5; ncM-4-FC5

100.0
99.5
99.0
98.0
96.0

1:3
1:3
1:3
1:3
1:3

CM-FC15
100.0
0
15
1:3
0.62
ncB-0.5-FC15; ncG-0.5-FC15; ncM-0.5-FC15
99.5
0.5
15
1:3
0.62
ncB-1-FC15; ncG-1-FC15; ncM-1-FC15
99.0
1.0
15
1:3
0.62
ncB-2-FC15; ncG-2-FC15; ncM-2-FC15
98.0
2.0
15
1:3
0.64
ncB-4-FC15; ncG-4-FC15; ncM-4-FC15
96.0
4.0
15
1:3
0.64
*
ncB, ncG and ncM indicates OC type; number indicates dosage of cement replaced by OC, while FC5 or FC15 indicates dosage of aggregate replaced
by FC, for example “ncM-4-FC5” decodes as cement is replaced by 4 wt% of OC ncM, and aggregate is replaced by 5 wt% of FC.

time. These results allow deriving sorptivity S from each
absorption experiment.

PC-ncM-FC

As it was mentioned earlier, the aim of this research
was to investigate the impact of OC with different d001 on
the properties of control and FC-modified mortar. Since cement was partially replaced by OC, the XRD analysis of
the samples was performed, and results are shown in Figure 1. As can be seen from Figure 1, the peaks of alite (C3S),
belite (β-C2S), portlandite (CH) and calcite (CaCO3) are present in the control cement sample. Cement substitution by
OC ncM seems did not change neither phase composition
nor intensity of the peaks with the exception of slight increase of the intensity of belite, what suggests about poor
pozzolanic activity of OC (there was no differences in the
XRD patterns of different OC; therefore, only one curve
with ncM was presented in Figure 1). On the other hand,
sharp intensity reduction of portlandite peak (PC-FC) together with slight reduction of alite and belite peaks indicates that FC particles participate in the process of cement
hydration by formation of additional calcium silicate hydrate gel. Figure 1 shows that XRD pattern of cement paste
with both substitutes (PC-ncM-FC) vary a little from the
pattern of paste with only FC (PC-FC); however, there is a
slightly higher content of calcite. According to Taylor et
al. [12], calcite as a pure mineral has great affinity for water, but it also strongly adsorbs fatty acids and carboxylated
polymers, which form adsorbed layers, reducing wettability to water (it will be discussed later).
Compressive and flexural strength of samples with OC
addition was obtained after 7 and 28 days and is shown
in Figure 2. As can be seen from Figure 2 a, due to cement

PC-FC

Intensity / arb.un.

3. RESULTS AND DISCUSSION

PC-ncM
x

¤
¤

15

20

25

++
● ●●

30
2Θ / degree

x

●

35

+
●

●

40

PC

45

FIGURE 1 – XRD patterns of plain cement paste (PC) with substitutes: 4 % of ncM; 15 % of FC. The main phases are C3S (●); C2S (+);
CH (x); calcite (¤)

substitution by low concentrations of OC, compressive
strength slightly increased up to 5 %, while higher quantities of OC reduced strength from 5 % up to 15 % as compared to control mix (CM). On the other hand, cement substitution by OC resulted in noticeable increase in the flexural strength of mortars, as it is shown in Figure 2 b. Relatively low concentrations of OC enhanced flexural strength
by more than 15 %, while the highest dosages of OC generated up to 6 % increase with exception of 4 % ncM, which
reduced the strength by up to 5 %. Moreover, these results
are consistent with findings obtained by Hakamy et al. [18].
Although ncG and ncM had similar basal spacing (3.6 and
3.88 nm), the best strength results were found for samples
with ncG, while the lowest for ncM, indicating that d001 is
not a major factor when selecting the appropriate OC for
cement substitution. On the other hand, presence of organic
modifier possibly stimulates specific microstructural mo-
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difications and thereby influences stress concentration or
its distribution inside the material and, therefore, results in
the increase of flexural strength of samples with cement
substituted by OC.
Strength results obtained for samples with FC incorporation are presented in Figure 3. While aggregate is substi-
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FIGURE 2 – Compressive (a) and flexural (b) strength of mortars at
various replacement levels of OC. Hydration time – 7 days (thin lines)
and 28 days (solid lines)
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tuted by 5 % or 15 % of FC without cement replacement by
OC, it results in the increase of compressive strength from
7 % up to 14 % (Figure 3a,c). On the contrary, when 5 % of
aggregate is substituted by FC, there is a very small enhancement (~6 %) of flexural strength, while 15 % of FC results
in the reduction (~6 %) of flexural strength (Figure 3b,d) as
compared to control mix (CM). However, these results are
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Flexural strength of mortars was much more affected
due to simultaneous application of both OC and FC substitutes (Figure 3 b,d). Comparing with control mix (CM),
only samples modified with 0.5 % OC and 5 % of FC resulted in up to 13 % higher flexural strength, while other
samples generated approximately the same strength as CM
(Figure 3 b). On the contrary, higher quantity of FC (15 %)
substantially reduced flexural strength of almost all samples (Figure 3 c). According to Kuo [2], flexural strength
of mortar is controlled by critical pore size as well as total
porosity, and, therefore, it may be assumed that higher content of FC adversely affected porous structure of the paste.
On the other hand, changes in strength of mortar can be
attributed to the increase in capillary porosity, responsible
for the sorption properties of the mortar. Therefore, a water
absorption test was performed, and calculated sorptivity results are presented in Table 3. For illustration, part of water
absorption results is presented in Figure 4. It can be seen
that at first, data point of control mix (CM) lies on a straight
line indicating that the pore surface is completely wet (Figure 4a). But later, a nonlinear behavior of water absorption
is observed suggesting partial wetting of the pore surface.

in line with those obtained by other researchers [9-11]. According to Isaia et al. [15] and Tironi et al. [16], improvement in compressive strength is attributed to the pozzolanic
reactions of FC causing a segmentation of larger pores and
increasing number of nucleation sites for the precipitation of
hydration products. Higher compressive strength suggests
possible brittleness of the material and, therefore, may explain the reduction of flexural strength.
Due to simultaneous incorporation of OC and FC, compressive strength of mortars slightly increased; meanwhile,
approximately the same strength as that of control mix (CM)
was shown by samples with 2 % ncG and ncB or 1 % ncM
in the mixes with 5 % of FC (Figure 3 a). However, in the
mix with 15 % of FC, the optimal cement substitution level
by OC decreased to 1 % (Figure 2 c). It was also observed
that compressive strength of samples having 4 % of cement
substituted by OC was approximately the same as those having both substitutes – OC and FC (Figure 2 a, Figure 3a,c).
Therefore, based on findings in Tironi et al. [16] and Garcia
de Lomas et al. [17], it could be assumed that dilution effect
by OC was greater than compensating effect of pozzolanic
reactions produced by FC.
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FIGURE 4 – Cumulative water absorption for samples with various replacement levels of OC ncM and FC (a – FC 0 %, b – FC 5 %, and c –
FC 15 %)
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TABLE 3 – Sorptivity of the samples

Sample

CM
ncB
ncG
ncM
CM-FC5
ncB-FC5
ncG-FC5
ncM-FC5
CM-FC15
ncB-FC15
ncG-FC15
ncM-FC15

Sorptivity (kg/m2min0.5)
Organoclay wt%
1
2

FC wt%

5
5
5
5
15
15
15
15

0

0.5

0.169
0.161
0.154
-

0.155
0.139
0.131
0.141
0.134
0.126
0.131
0.128
0.114

0.121
0.121
0.101
0.116
0.116
0.096
0.119
0.114
0.088

0.110
0.096
0.087
0.100
0.090
0.085
0.092
0.084
0.080

4
0.103
0.089
0.076
0.087
0.084
0.073
0.077
0.070
0.067

According to Griffin et al. [13], it may be due to hydrophobic pore surface of CM probably arising from presence of
residual organics or calcite in the cement (LOI~5 %). In
contrast, absorption and transition of water into the mortar
was far more retarded due to cement substitution by OC.
Moreover, with the increase of OC concentration, wettability of mortars reduced (Figure 4 a).

Then again, hydrophobicity of ncM may explain lower values of compressive and flexural strength as compared with
ncB and ncG.

For samples with aggregate substitution by FC (Figure 4b,c), pore-blocking effect was more pronounced at the
later stage of a long-term capillary test and mostly at higher
dosages of FC. It may be assumed that FC addition into the
mortar changed either content or the structure of pores and,
more likely, the tortuosity of pores.

Results presented in this study showed that due to cement substitution by OC, flexural strength of mortar increased significantly (from 3 % up to 16 %), while a moderate (up to 4 %) compressive strength increment was observed only for samples with 0.5 % of ncG. Since samples
with ncG (d001=3.6 nm) and ncB (d001=1.8 nm) generated
slightly higher strength than samples with ncM
(d001=3.88 nm), it could be concluded that d001 of OC is not
the major factor during the selection of appropriate OC for
cement substitution, and the type of organic modifier
should be taken into account.
Regarding mechanical strength, no significant increase
was observed in mortars due to simultaneous application of
OC and FC; therefore, the optimal cement replacement
level by OC was found to be less than 1 % (by weight).
Although three OC were used for experiment, slightly better strength results were obtained for samples with ncG.
The sorptivity results lead us to conclude that capillary
absorption into cement mortar was substantially retarded
by effects of partial wetting, arising from cement substitution by OC. Regardless to strength results, sorptivity of water reduced with the increase of d001 of OC. Moreover, the
sorptivity of mortars was significantly reduced due to simultaneous application of two substitutes (OC and FC).

Simultaneous application of both substitutes resulted
in even higher reduction of water absorption; moreover, it
rose with the increase of both OC and FC concentrations in
the mix (Figure 2b,c). These reductions are well reflected
in sorptivity results summarized in Table 3. The results
show that aggregate substitution by 15 % of FC reduced
sorptivity by less than 9 %, meanwhile cement substitution
by very low dosages (0.5 %) of OC reduced sorptivity from
8 % up to 26 %, while samples with 4 % of OC (Table 3)
showed much higher (40÷56 %) reduction of sorptivity.
According to the data, it is apparent that ncM reduced water sorptivity far more than ncG or ncB, especially at low
percentages. It should be mentioned that due to different
amount of organic modifier, the basal spacing of three OC
was different: ncB (d001=1.8 nm), ncG (d001=3.6 nm) and
ncM (d001=3.88 nm). It is known that higher content of
modifier results in larger basal spacing [14]. On the other
hand, according to a recent study [14], penetration of water
molecules into adsorbed monolayer of modifier depends on
the head group of modifier; therefore, modifier possessing
aromatic group in hydrophilic head (in our case it was ncB
and ncM) might exist more on the surface of OC instead of
presence between the layers. So, it may be assumed that
due to the presence of both aromatic group and higher content of organic modifier in ncM, porous surface of mortars
with addition of ncM becomes more hydrophobic and,
thus, results in substantial reduction of wettability to water.

4. CONCLUSIONS
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HEAVY METALS IN GROUNDWATER FROM DEEP SEATED
AQUIFER IN NORTHERN ANHUI PROVINCE, CHINA:
SOURCE IDENTIFICATION AND QUANTIFICATION
Linhua Sun*
School of Resources and Civil Engineering, Suzhou University, Anhui 234000, P.R.China

ABSTRACT
Groundwater is important for the coal mining areas in
northern Anhui Province, China because most of the water
used for agriculture, industry and domestic are supplied by
groundwater. In this study, 53 groundwater samples from
three representative aquifer systems (loose layer, coal bearing and limestone) in the Huaibei coalfield, northern Anhui
Province, China have been collected, and the concentrations of eight kinds of heavy metals (Pb, Cd, Cu, Ni, Cr,
Zn, Fe and Mn) have been analyzed by EPA Unmix model
for identifying and quantifying the sources of the these
heavy metals. Three sources (the dark minerals, Fe-Mn oxides-hydroxides and sulfide) with different degrees of contributions for the groundwater samples from different aquifer systems have been identified, and they can be explained to be related to the variations of wall rock compositions in the aquifer system, to a lesser extent, the hydrological conditions (open or close).
KEYWORDS: heavy metals; groundwater; aquifer system; source
identification and quantification; coalfield

1. INTRODUCTION
Groundwater is the most important component and
constitutes about two thirds of the freshwater resources of
the world and, groundwater accounts for nearly all usable
freshwater if the polar ice caps and glaciers are not considered. Even if consideration is further limited to only the
most active and accessible groundwater bodies, then they
constitute 95% of total freshwater [1]. Lakes, swamps, reservoirs and rivers account for 3.5% and soil moisture accounts for only 1.5% [2]. The dominant role of groundwater resources is clear and their use and protection is, therefore, of fundamental importance to human life and economic activity.
In coal mining areas in northern Anhui Province,
China, groundwater is important for the human activities,
because most of the water used for drinking, irrigation and
* Corresponding author

industrial purpose are obtained from underground [3]. However, it can also threat the safety of coal mining, because water is considered to be the most dangerous one among the
five typical disasters in coal mines (including water, fire,
gas, dust and roof), as water inrush has brought to human
with highest loss, not only the loss of property, but most
importantly, the life of people [4].
To be one of the most important tools, hydrochemistry
has played important roles for water disaster controlling in
coal mines, because it can be used for water source identification, which is essential for water disaster prevention
and management. And therefore, a large number of studies
related to groundwater hydrochemistry have been processed, and most of them focused on statistics [5-9]. However, the environmental studies related to the groundwater
in the coal mines are still limited, with only few of them
focused on the quality evaluation based on major ions [3].
For heavy metals, the related work has only just begun,
such as water quality assessment and the establishment of
environmental background [10, 11]. The sources of these
heavy metals have not been determined yet.
Therefore, in this study, a total of 53 groundwater samples from three representative aquifer systems in the Huaibei coalfield, northern Anhui Province, China have been
collected, and the concentrations of eight kinds of heavy
metals (Pb, Cd, Cu, Ni, Cr, Zn, Fe and Mn) have been analyzed by EPA Unmix model for identifying and quantifying the sources of the these heavy metals, which will be
useful for groundwater quality management in the area.
Moreover, because the chemical composition of groundwater is controlled by the wall rocks they followed over,
the study can provide information for understanding the
wall rock compositions of the underground, which cannot
be simply obtained by drilling programs.
2. MATERIALS AND METHODS
2.1 Hydro- and geological background

The Huaibei coalfield is located in the east part of Yuhuai depression zone in the southeast margin of North
China Craton. The coalfield is bounded by the GuzhenChangdeng fault in the east, the Guangwu-Guzhen fault in
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the south, the Xiafu-Gushi fault in the west and the Fengpei
fault in the north. The recharge, flow and discharge of the
groundwater are controlled by the faults around the coalfield, and the field is a closed to semi-closed grid hydrogeological unit.
There are three-four aquifer systems related to the
safety of coal mining from shallow to deep: the loose layer
(QA), coal bearing (CBA) and limestone aquifer systems
(TA and OA, including Carboniferous and Ordovician
limestone aquifer systems). The distribution of the aquifer
systems and the hydraulic connections between them are
shown in Fig.1.
All of these aquifer systems have different hydrological features, e.g. the loose layer aquifer system is mainly
composed of conglomerate and loose sediments, and the
hydrological condition is open as it can be recharged by
precipitation or surface water. Whereas the coal bearing
aquifer system is mainly composed of hard sandstones with
cracks and coal seams, and the hydrological condition is
relative close under the condition that there is no natural
fault or cracks produced by coal mining activities. The
limestone aquifer system is mainly composed of carbonate
rocks, to a lesser extent, clastic rocks, and the hydrological
condition is also open, as it can be recharged by surface
water because the limestone stratas in the area have outcrops.
2.2 Methods

A total of 53 samples have been collected from the coal
mines in the Huaibei coalfield, northern Anhui province,
China, including 16, 23 and 14 from the loose layer, coal
bearing and limestone aquifer systems, respectively. Concentrations of eight kinds of heavy metals (Pb, Cd, Cu, Ni,
Cr, Zn, Fe and Mn) have been analyzed by Atomic absorption spectrometer (model: TAS-990, made in China). Calibration curves were obtained using a series of different
concentrations of metal standards and all eight calibration
curves were linear, with a correlation coefficient higher
than 0.99. Analysis was carried out at the Engineering and
Technology Research Center of Coal Exploration in Anhui
Province, China.

All of the analytical results were firstly processed by
Mystat software (version 12) and the min, max, median,
mean, coefficient of variation and p-value of AndersonDarling test have been obtained. Then, the data were analyzed by EPA Unmix model (version 6) following the processes: firstly, factor analysis has been processed for obtaining the number of potential sources of heavy metals;
secondly, all of the data were analyzed by Unmix model
for get the number of sources, the compositions of the
sources and their contributions for each sample; Lastly, the
meanings of each source has been discussed according to
the results obtained by Unmix model and the geo- and hydrological background.

3. RESULTS AND DISCUSSIONS
3.1 Descriptive statistics

All of the analytical results are synthesized in Table 1
and 2. As can be seen from the Table 1, these groundwater
samples have mean concentrations of Fe > Mn > Ni > Zn
> Pb > Cu > Cd > Cr. Their mean concentrations are 562,
86.0, 70.4, 52.5, 15.5, 11.9, 4.73 and 4.08 μg/l, respectively.
As to different aquifer systems, the samples from the
loose layer aquifer system have the highest mean concentration of Mn, but lowest mean concentrations of Pb, Cd,
Cu, Ni, Cr and Fe among other two aquifer systems; the
samples from the coal bearing aquifer system have highest
mean concentrations of Cu, Ni and Cr, but lowest mean
concentration of Zn, whereas the samples from the limestone aquifer system have highest mean concentrations of
Pb, Cd, Zn and Fe (Table 2). This phenomenon suggests
that the heavy metal compositions of groundwater from
different aquifer systems are different, which might be related to their different compositions of wall rocks or, the
different hydrological conditions.
Previous environmental studies revealed that a low coefficient of variation (< 10%) indicates the low degree of
anthropogenic contribution, whereas a high coefficient of
variation (> 90%) indicates high degrees of anthropogenic

FIGURE 1-Cartoon illustration showing the distribution of aquifer systems and hydraulic connections between aquifer systems
(QA, CBA, TA and OA mean loose layer, coal bearing sandstone, Carboniferous and Ordovician limestone aquifer systems, respectively)
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TABLE 1 - Descriptive statistics of heavy metal concentrations in groundwater samples (μg/l).

N
Min
Max
Median
Mean
CV
p-value

Pb

Cd

Cu

Ni

Cr

Zn

Fe

Mn

53
2.87
75.7
11.4
15.5
0.82
<0.01

53
1.26
19.0
3.93
4.73
0.59
<0.01

53
2.75
68.3
8.69
11.9
0.96
<0.01

53
14.1
393
51.8
70.4
1.00
<0.01

53
0.07
47.4
1.95
4.08
1.90
<0.01

53
30.3
77.7
50.5
52.5
0.17
0.15

53
524
614
560
562
0.04
>0.15

53
1.00
345
29.0
86.0
1.06
<0.01

TABLE 2 - Mean concentrations of heavy metals in groundwater samples from different aquifer systems (μg/l).
Mean
LA
CA
TA

N
16
23
14

Pb
9.30
15.92
21.95

Cd
3.50
4.76
6.10

Cu
6.75
14.28
13.95

Ni
30.80
109.36
51.67

contribution [12]. In this study, heavy metal concentrations
of the groundwater samples have coefficients of variations
range from 0.04 to 1.90, which indicates that all of them
are statistically inhomogeneous except for Fe and cannot
be contributed by a single source. This consideration can
also be supported by their p-values of Anderson-Darling
test, as only Zn and Fe have p-values higher than 0.05 (Table 1), which means that all of the concentrations cannot
pass the normality test.
3.2 Source of heavy metals – the factor analysis approach

Factor analysis is considered to be one of the most popular tools for identifying the source of pollutants in environmental studies [13-15]. In this study, two factors have
been obtained with eigenvalue higher than one after varimax rotation (Table 3), and the total variance explanation
is 68.9 %.
TABLE 3-Results of factor analysis (after varimax rotation).

Pb
Cd
Cu
Ni
Cr
Zn
Fe
Mn
Eigenvalue
Explained covariance (%)

Factor 1
0.33
0.18
0.88
0.73
0.97
0.22
0.26
-0.18
3.94
49.3

Factor 2
0.10
0.07
0.14
-0.36
-0.01
0.77
0.14
0.84
1.57
19.6

The first factor, which accounts for 49.3% of the total
variance, is dominated by Cu, Ni and Cr with high loadings; factor 2 accounts for 19.6% information and is dominated by Zn and Mn with high loadings. These results suggest that at least two sources are responsible for the heavy
metal concentrations of Cu, Ni, Cr, Zn and Mn in this

Cr
1.18
6.64
3.17

Zn
54.35
49.49
55.46

Fe
549.38
561.91
576.00

Mn
156.69
15.52
120.93

study. In consideration with the hydro- and geological conditions of the aquifer systems, the first one can be explained to be dark mineral factor because these three heavy
metals (Cu, Ni and Cr) can be released by weathering of
dark minerals (e.g. chromium spinel and chromite),
whereas factor 2 can be explained to be related to Mn oxides or hydroxides.
However, the source information about Pb, Cd and Fe
cannot be obtained. Moreover, factor analysis can give
only the number of potential sources, and other method is
needed for calculating the contributions of sources.
3.3 Source of heavy metals – the Unmix model approach

Based on the calculation of UNMIX model, three
sources have been identified and the results are listed in
Table 4. These three sources have Min Rsq = 0.88, representing that more than 88 % of the variance information
can be explained by the modeling and it is higher than the
minimum requirement of the model (Min Rsq > 0.8).
Moreover, the Min Sig/Noise is 2.02, also higher than the
minimum requirement (Min Sig/Noise > 2).
It can also be obtained from Fig. 2 that the relationship
between predicted and observed values of eight kinds of
heavy metals are all significant because r values range from
0.30 to 0.99, higher than the critical value (rα=0.27, α=0.05,
n=53), suggesting that the modeling is efficient [16]. The detailed explanations about these three sources are as follows:
Source 1 has the highest loadings of Cr and Cu, and
moderate loadings of Ni among the three sources. This
source has 97, 49 and 49% contributions for Cr, Cu and Ni,
respectively (Table 4). This source can be explained to be
the source related to dark minerals, such as chromium spinel and chromite, which were always found in the sandstone strata. This consideration can be supported by the
variations of source contributions that the groundwater
samples from the coal bearing aquifer system have the
highest contributions from this source (Fig. 3). In this aquifer
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system, feldspathic sandstone with high contents of dark
minerals is the main rock relative to other rock types [4].
Source 2 has the highest loadings of Zn, Fe and Mn,
and moderate loadings of Pb, Cd, Cu and Cr among the
three sources. The contributions of this source for Zn, Fe,
Mn, Pb, Cd, Cu and Cr are 52, 48, 100, 24, 29, 30 and 3%,
respectively. This source can be explained to be Fe, Mn
oxides or hydroxides source, which means that the mentioned heavy metals are absorbed by Fe, Mn oxides or hydroxides, which is always occurred in water or groundwater environment [17]. Moreover, this source can also be
considered to be an indication of open system, as it can be
found the groundwater samples from the loose layer and
limestone aquifer systems have higher contributions from
this source than the groundwater samples from the coal
bearing aquifer systems (Fig. 3), that’s because under the

condition of oxidation, Fe and Mn can be more easily form
the oxides and/or hydroxide.
Source 3 has the highest loadings of Pb, Cd and Ni,
and moderate loadings of Zn and Fe among the three
sources. This source has 53, 55 and 52% contributions for
the Pb, Cd and Ni, respectively, and 37 and 41% of the Zn
and Fe are contributed by this source (Table 4). This source
can be explained to be a sulfide source, such as galena,
sphalerite or pyrite, because all of these heavy metals can
be combined with sulfide to be sulfur minerals [18-20].
This source has high contributions for the groundwater
samples from the coal bearing aquifer system, to a lesser
extent, the limestone aquifer system (Fig. 3). In these two
aquifer systems, sulfide minerals can always be found, especially pyrite [4].

TABLE 4 - Results of source estimation (μg/l).

Pb
Cd
Cu
Ni
Cr
Zn
Fe
Mn

Source 1
3.95
0.78
5.95
34.1
4.19
5.34
52.2
-4.84

Contribution 1
23%
16%
49%
49%
97%
11%
11%
-

Source 2
4.04
1.43
3.61
-0.73
0.15
24.5
239
102

Contribution 2
24%
29%
30%
0
3%
52%
48%
100%

Source 3
9.11
2.72
2.52
36.2
-0.298
17.4
201
-6.80

Contribution 3
53%
55%
21%
52%
37%
41%
-

FIGURE 2-Predicted versus measured concentrations of heavy metals. (r values for Pb, Cd, Cu, Ni, Cr, Zn, Fe and Mn are 0.95, 0.97, 0.94,
0.94, 0.99, 0.52, 0.30 and 0.99, respectively)
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FIGURE 3-Variations of source contributions (samples 1-16, 17-39 and 40-53 were collected from the loose layer, coal bearing and limestone
aquifers systems, respectively).
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ABSTRACT
Heavy metals are an increasing environmental problem worldwide. They pose threats to environment and human health. A novel chelating surfactant, sodium N-lauroyl
ethylenediamine triacetate (LED3A), was used to evaluate
the removal efficiency of heavy metals (Cu and Cd) from
contaminated loess soil by batch washing. The desorption
capacities for Cu and Cd under various experimental conditions, including LED3A concentration, contact time, pH
value of solution, temperature, water-soil ratio and co-existing ions, were investigated in this paper. The equilibrium
time (720 min) for Cu desorption was consistent with that
of Cd; 16000 mg/L LED3A could significantly desorb Cu
and Cd simultaneously, and 30% of the Cu and 40% of the
Cd were removed. The highest desorption rate improved
when the experimental conditions were attained at a 20:1
water-soil ratio, a pH value of 10 and a temperature of 35
°C; these conditions could desorb 35% of the Cu and 46%
of the Cd simultaneously from contaminated loess soil. pH
values ranging from 6 to 12 were evaluated, and the pH
value had a significant effect on the Cu and Cd desorption.
The water-soil ratio had an effect on the metal removal in
the order of 20:1 > 15:1 > 10:1. The efficiency of the metal
removal increased with increasing temperature (15, 25 and
35 °C). Co-existing cations affected the desorption of metals depending on the cation type and concentration. The kinetics of the Cu and Cd desorption were investigated using
different kinetic models. The results showed that a pseudosecond-order equation performed best to describe the desorption of both metals.
KEYWORDS:
desorption; copper; cadmium; chelating surfactant; loess soil

1. INTRODUCTION
Industry leads to many improvements in our society.
However, it also resulted in the release of many pollutants
into the soil, water and air. Heavy metal (HM) pollution,
which poses a threat to human lives and health, has been
one of the most prominent examples of soil pollution [1-4].
* Corresponding author

Heavy metals (HMs) exist in various chemical species
in the soil and exhibit different physical and chemical behaviors, producing higher toxicity to the environment as
well as healths [5]. For example, cadmium poses nearly no
toxicity in the form of atomic metal. However, its metal
compounds, such as cadmium oxide and cadmium sulfate,
are highly toxic and exist diffusely in the environment due
to being released from various sources, including batteries,
fertilizers, waste disposal, electroplating and fuel burning
[6]. Another heavy metal, copper, is an essential trace
metal element for humans. However, copper salts, including copper acetate and especially copper sulfate, can cause
poisoning. These salts result from copper mining, metal
fishing and machine manufacturing [7].
Soil flushing is an efficient and practical technology to
remediate heavy metal-contaminated soils [8-10]. Previous
studies have shown that chelating agents, such as diethylene trinitrilo pentaacetic acid (DTPA) and ethylene diamine tetraacetic acid (EDTA) can efficiently remove HMs
from soils. EDTA is a representative chelating agent that
has been widely used for heavy metal desorption from soil
because of its considerable chelating ability [11-12]. However, the application of these chelating agents has been limited due to their high biotoxicity, high biorecalcitrance and
low biodegradability. Anionic surfactants, such as sodium
dodecyl sulfate (SDS) and sodium dodecylbenzene sulfonate (SDBS), are attractive for soil washing processes
because they have lower toxicity and higher biodegradability than chelating agents [13]. However, they are much less
effective for HMs desorption compared with chelating
agents because only weak electrostatic attraction occurs
between the anionic heads of surfactants and the catonic
metal ions [14-16].
Sodium N-lauroyl ethylenediamine triacetate (LED3A)
is structurally similar to both EDTA and anionic surfactant.
Our previous study has shown that LED3A possessed
much capability to solubilize and desorb hydrophobic organic compounds (HOCs) in aqueous phase and from loess
soil [17, 18]. Due to its similar structure to EDTA, LED3A
would be simultaneously promising to chelate and desorb
HMs from soils. Moreover, LED3A possesses a low toxicity and a high biodegradability, and it is environmentally
benign, so it could be a potential washing agent in the soil
remediation industry [19]. Nonetheless, there have still
been very few studies about the effect of LED3A-metal in-
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teraction on soils [20]. The objectives of the present study
are therefore to investigate the desorption performance of
Cu and Cd from loess soil using LED3A. A batch washing
process was used in this study, and the washing parameters
tested were the LED3A concentration, contact time, pH
value of solution, temperature, water-soil ratio and co-existing cations. The results could provide an implication for
chemical washing/flushing remediation of soils contaminated with HMs.

2. MATERIALS AND METHODS
2.1 Chemicals

Cu and Cd were selected as the representative heavy
metals in this study. Cu(NO3)2 and Cd(NO3)2 were analytically pure and purchased from Guangfu Chemical Research Institution, China. LED3A (C20H35N2Na3O7, molar
weight 484 g/mol, critical micelle concentration or CMC
687.3 mg/L (25 oC)) [17] with no further purification was
purchased from Hangzhou Pharmaceutical Technology Co.,
China. The deionised water was used in all experiments.
2.2 Materials

The clean soil used in this study was vadose zone loess
soil collected from Lanzhou, China. It was air dried and
sieved through a 0.38 mm sieve. The contaminated soil
samples were prepared in the laboratory. Desired amounts
of Cu(NO3)2 and Cd(NO3)2 were dissolved in deionized
water to prepare metal solutions and were added to the contaminant-free soils. The muddy mixtures were evaporated
under a hood, and the soils spiked with Cu and Cd were
mixed and homogenized. The initial concentrations of Cu
and Cd in soil were 700 mg/kg, respectively.

and used to automatically calibrate the instrument. The desorbed amount and the removal efficiency of HM were calculated according to the metal concentration difference between in aqueous phase and on solid.

3. RESULTS AND DISCUSSION
3.1 Effect of LED3A concentration

As shown in Fig. 1, a batch surfactant washing was
dosed with a series of concentrations of LED3A at pH 10
and 25 oC. The desorption efficiency increased with increasing concentrations of LED3A at first, but the desorption rate approached maximum at 16000 mg/L LED3A and
then slightly decreased at higher doses. Specifically, higher
concentrations of LED3A did not always lead to greater
metal desorption rates because of the re-adsorption of some
metals at higher LED3A concentrations, which was similar
to a result observed for SDS [21]. Therefore, the maximum
desorptions of both Cu and Cd were 35% and 40%, respectively, at a surfactant dose of 16000 mg/L. In this case,
LED3A was more efficient in desorbing Cd than Cu at a
constant surfactant concentration. Generally, LED3A is
similar to EDTA, which has a higher binding affinity to Cu
than Cd [22, 23] and incurs a greater release of Cu than that
of Cd by forming Cu-LED3A complexes and Cd-LED3A
complexes. However, this study showed the opposite result
of more desorption of Cd-LED3A complexes from the soilwater interface into solution phase than that of Cu-LED3A
ones. One possible explanation is that the amount of Cd existing in the loess soil as exchangeable and carbonate fractions and as Fe and Mn oxide fractions was higher for Cu,
indicating that more Cd was desorbed from the exchangeable and carbonates fractions from the loess soil, followed by
the Fe and Mn oxide fractions, than Cu [24, 25].

2.3 Procedure

2.4 Analysis

The Cu and Cd contents in the samples were analyzed
by AAS at 324.8 nm and 228.8 nm, respectively. The flame
type was air-acetylene. Standard solutions were prepared

40
Cu
Cd

30
Romoval rate (%)

Batch experiments were performed by contacting 1 g
of soil with 20 mL of LED3A solution in 50 mL glass vials.
0.01 mol/L NaNO3 was added to all of the aqueous solutions to maintain a constant ionic strength, and 0.1 mL
NaN3 (100 mg/L) was added to inhibit microbial growth. The
controls were prepared using Cu-Cd-free soil. A series of reactors were equilibrated in a reciprocating shaker (CHA-S
Shaker, Jintan Danyang Instrumental Company, China) at
150 rpm and 25 for a desired interval. The suspended samples were then centrifuged for 30 min at 3500 rpm. The supernatants were diluted and analyzed on an atomic absorbance spectrophotometer (AAS) (Varian Spectrum AA110/
220, USA). These procedures were performed under varying experimental conditions, including the surfactant concentration, contact time, pH value (adjusted by NaOH and
HNO3), co-existing ions (Na+ and Ca2+), temperature (15,
25, and 35 oC), and water-soil ratios (20:1, 15:1 and 10:1).

20
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0
0

5
10
15
3
LED3A concentration ( x10 mg/L)

FIGURE 1 – Plots of Cu and Cd removal efficiencies versus LED3A
concentrations
3.2 Effect of time

The efficiency of the Cu and Cd desorptions increased
with time. The highest Cu desorption value was observed to
be 30%, and the Cd desorption value was 40% after 720 min.
The desorption rate of Cu was initially rapid and was fol-
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lowed by a slower rate. Over the first 60 min, the Cu desorption rate by LED3A was 54% of the total desorbed during
the full 24 h washing time. Compared with Cu, the Cd desorbed during the first 60 min was only 46% of the amount
desorbed during the full 24 h equilibration period. Generally,
the chelating reaction between the Cu ion and LED3A followed a 1:1 molar ratio, which was the same as the ratio with
EDTA. Therefore, the reaction slowed down, leveled off and
reached equilibrium at the end of the time course.
50
Cu
Cd

Removal rate (%)

40
30
20
10
0
0

200 400 600 800 1000 1200 1400 1600
t (min)

FIGURE 2 - Effect of contact time on Cu and Cd desorption by
LED3A

Four kinetic equations were used to evaluate the desorption of Cu and Cd. These models included the parabolic diffusion model [26-28], the Elvovich model [29], the
pseudo-first-order and the pseudo-second-order kinetic
model [30].
Parabolic diffusion model can be expressed as:

y  Rt 1 / 2  a

(1)

where y (mg/g) denotes the desorbed amount of a species at time t; R is the overall coefficient; and a is a constant.
Elvovich model can be expressed as:

y

1



ln( ) 

1



ln t

(2)

where y (mg/g) represents the desorbed amount of a
species at time t; and α and β are the constants defined by
experiments.
The linear forms of pseudo-first-order and pseudo-second-order kinetic model models are expressed as:

log(q e  qt )  log q e 
t
1
1

 t
2
qt k 2 q e q e

k1
t
2.303

(3)
(4)

where qe (mg/g) represents the equilibrium desorption
amount of a species by per unit mass of chelating surfactant; qt (mg/g) is the desorption amount of a species by per
unit mass of chelating surfactant at time t (min); k1 (L/min)

is the constant of the pseudo-first-order kinetic model; and
k2 (g/(mg·min)) is the constant of the pseudo-second-order
kinetic model.
Fig. 3 illustrates the regression results of four equations for the desorption of Cu and Cd using LED3A. The
plot of Cu desorption using the pseudo-first-order kinetic
model showed a low R2 value of 0.75016 (Fig. 3c). The
Elvovich and parabolic diffusion models could be used to
describe the desorption of Cu but showed lower R2 values
(Fig. 3a, 3b). The pseudo-second-order kinetic model best
explained the kinetics of Cu desorption because it had the
highest R2 value of 0.98727 (Fig. 3d). This result explained
that the Cu desorbed from loess soil was controlled by a
complexation reaction between Cu and LED3A. Of these
four kinetic models, the most accurate description for Cd
was obtained with the pseudo-second-order kinetic model,
with an R2 value of 0.96675 (Fig. 3c). The Elvovich model
performed poorly for Cd desorption and had a lower R2
value of 0.89298 (Fig. 3b). The parabolic diffusion and
pseudo-first-order kinetic models provided a better description of Cd desorption (Fig. 3a, 3d) with slightly higher
R2 values, but they still showed lower R2 values than the
pseudo-second-order kinetic model. The results suggested
that Cd desorption was also controlled by the complexation
between Cd and LED3A.
3.3 Effect of pH value

16000 mg/L LED3A was used to evaluate the Cu and
Cd desorption at pH 6 to 12 (Fig. 4). The desorption value
of Cu ranged from 3% to 30%, while the Cd desorption
value varied from 6% to 35%, depending on the varying
pH. In fact, a large proportion of HMs were desorbed at
alkaline conditions of pH varying from 8-11. The highest
desorption rates of Cu and Cd were 30% and 35%, respectively, at pH 11, principally because the hydrophilic portion of LED3A is qualitatively similar to EDTA, which can
solublize Cu (II) hydroxide and Cd (II) hydroxide effectively. Fig. 4 shows an insignificant desorption efficiency
for Cu and Cd when the pH values are less than 8. This
result, most likely due to LED3A exhibiting a strong pH
dependence [19], shows that overly acidic conditions could
decrease the solubility of LED3A and form insoluble matter, reducing the desorption of HMs. However, while the
pH values are larger than 11, overly alkaline conditions
could cause the precipitation of Cu and Cd ions, which
therefore could not be readily desorbed by LED3A.
3.4 Effects of temperature, water-soil ratio and co-existing
ions

The HM desorption mechanism by LED3A was further evaluated through varying other experimental conditions including the temperature and water-soil ratio. The
results are displayed in Fig. 5. The results confirmed that
the desorption rate of Cu and Cd could be increased by increasing the temperature. The desorption rates for Cu and
Cd were approximately 28% and 41% at 35 °C, respectively. Therefore, both Cu and Cd were removed more at
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FIGURE 3 – Regression results for Cu and Cd desorption using different kinetic models (a. parabolic diffusion; b. Elvovich; c. pseudo-firstorder kinetic, and d. pseudo-second-order kinetic models)
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FIGURE 4 - Effect of pH value on Cu and Cd desorption by LED3A
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FIGURE 5 - Effects of the temperature and water-soil ratio on Cu
and Cd desorption by LED3A.

higher temperatures. Two mechanisms could explain the
results. Firstly, increasing the temperature would decrease
the energy needed for the chelation reaction of LED3A
with Cu and Cd ions. Secondly, the thermal-induced displacement action of the chelating agent at the soil-water interface improved the complex bonding between the metal
ions and the soil surface [31]. For both Cu and Cd, the efficiencies of the metal desorption increased as the watersoil ratio increased. Because a higher amount of chelating
agents was in a suspension with an increasing water-soil
ratio [32], more LED3A could be found in the aqueous
phase and could react with the given amount of metals on
the soil surface, thus resulting in removing more metal ions
at the soil-water interface.
As shown in Table 1, with respect to the efficiencies of
Cu and Cd desorption affected by co-existing cations, it is
obvious that increasing the Na+ concentration could decrease
the metal desorption from the loess soil. The desorption efficiencies of Cu and Cd with 8000 mg/L NaNO3 were only
37% and 31%, respectively, of those with 100 mg/L NaNO3.
This result suggests that LED3A is similar to EDTA, in
which the desorption of metal ions was retained in the presence of NaNO3 [33]. The efficiencies of Cu and Cd were also
affected by adding Ca(NO3)2. However, the results show a
trend different than the one produced by NaNO3. It seems that
the desorption values of metals increased at low concentration of Ca(NO3)2. One possible explanation is that a positive
interaction for HM desorption existed in the presence of a
certain mass of cationic ions [34].
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TABLE 1 - Effects of electrolyts on Cu and Cd desorption by LED3A
Electrolyt (mg/L)

NaNO3

Ca(NO3)2

Cu in aqueous phase (mg/L)
7.88

11.8

500

7.99

10.1

1000

8.69

7.19

4000

6.53

8.16

8000

2.97

3.63

5

8.69

11.1

10

10.8

11.4

15

9.07

11.1

20

7.67

8.22

25

3.26

5.24

4. CONCLUSIONS
Based on the above studies, LED3A could remove Cu
and Cd simultaneously, and it was more effective for Cd
removal than for Cd removal from loess soils. The optimum desorption conditions for Cu and Cd, including the
contact time, pH value of solution, temperature, and watersoil ratio, were the same for both metals and were found to
be 720 min, 11, 35 °C, and 20:1, respectively. The pseudosecond-order kinetic model provided the most accurate
representation for both Cu and Cd desorption in the presence of LED3A, suggesting that the desorption of both
metals was controlled by the complexation between HMs
and LED3A. LED3A at alkaline conditions (pH =10-12)
could desorb Cu and Cd effectively. The desorption rates
of Cu and Cd increased with increasing temperature and
water-soil ratio. The concentrations of Cu and Cd in the
aqueous phase decreased as NaNO3 was added, while the
aqueous concentrations of Cu and Cd increased at low
Ca(NO3)2 concentrations.
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ABSTRACT
Duckweeds are small free-floating plants often farming dense mats on the surface of stillor slow flowing water.
Lemna trisulca (Duckweed) was examined for its ability to
remove heavy metals. In laboratory conditions, plants were
exposed to the copper, cadmium and nickel concentrations
of 1.0, 3.0, 5.0 and 7.0 mg L-1 in certain periods (24, 48, 72
and 96 hours). The accumulation levels of metals in plants
depending on different time and concentrations were investigated by using atomic absorption spectrometer. The results on bioaccumulation rates of Ni, Cd and Cu ions in
Duckweed showed that the plant was able to remove the
heavy metals. The maximum BCF values obtained were
541 for Cd, 848 for Cu and 1867 for Ni. Among the metals
used, Ni was found to be accumulated at higher levels depending on the metal concentrations and time periods.

KEYWORDS: Phytoaccumulation, aquatic macrophyte, Lemna trisulca, copper, cadmium, nickel

1. INTRODUCTION
Heavy metals are among the contaminants in the environment. Beside the natural activities, almost all human activities, also have potential contribution to produce heavy
metal pollution [1]. Toxic heavy metal pollution in water
and soil are the major causes of environmental problems,
and most conventional remediation approaches do not provide acceptable solutions. Recently, there is a considerable
interest in developing effective, expensive and friendly environmental technologies for the remediation of soil and
wastewater polluted with toxic trace elements. The value
of metal-accumulating plants to aquatic remediation has
been recently realized [2, 3]. This capability is useful in
removing toxic heavy metals and trace elements from contaminated soils and waters in a process referred to as phytoremediation. An attempt was made for availability of
wastewater reuse reclamation for irrigation purposes using
* Corresponding author

phytoremediation at low cost and with less technology, by
using aquatic macrophytes as biological waste purifies.
Plants that can process heavy metals might provide efficient and ecologically sound approaches to sequestration
and removal. Hyper accumulators can tolerate, uptake and
translocate high levels of certain heavy metals that would
cause toxicity in most organisms. In recent years, accumulation and particularly hyper accumulation have attracted
considerable interest. Aquatic plants play important role in
balancing water systems. The plants that were examined
and reported have better balancing water systems. A similar trend was reported, where the copper analyses showed
that the copper concentration in the roots of the monkeyflower and parrot feather was higher than the concentrations of copper in the shoots [4,9]. Duckweed (Lemna trisulca) is a species of the Lemnaceae. Duckweeds are small
free-floating plants often farming dense mats on the surface
of still or slow flowing water.
The objectives of this study are to assess the ability of
an aquatic plant (Lemna trisulca) in toleration with three
heavy metals (Ni, Cd and Cu) and to determine the bioaccumulation of these metals in the aquatic plant at various
concentrations and time periods in laboratory conditions.
Moreover, results were discussed for the possible use of
this plant in cleaning of wastewater treatments.

2. MATERIALS AND METHODS
Lemna trisulca was collected from Işıklı Lake in Denizli city, Turkey (Fig.1) and was transferred to the laboratory in polyethylene bags. Plants at similar size, shape and
height were selected and washed.
Working metal and standard solutions with different
concentrations (1.0, 3.0, 5.0 and 7.0 mg L-1) of each metal
were prepared by diluting the stock solution (1000 mg L-1)
using deionized water. Lemna trisulca was inoculated with
medium containing various concentrations of Ni, Cd and
Cu and exposed for 24, 48, 72 and 96 h. Metal contents of
the plant samples were determined using an Atomic Absorption Spectrophotometer (AAS 700, Perkin Elmer). The
values of the metal contents in the aquatic plant were calculated in µg g-1 dry wt. The bioconcentration factor (BCF)
provides an index of the ability of the plant to accumulate
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TABLE 1 - Bioconcentration factors and rate of total element accumulation of Cu+2, Cd+3 and Ni+2 by Lemna trisulca
Metal const. BCF (Accumulation by Lemna trisulca)
mgL-1
Ni
Cd
Cu
Time
(hours)

48

72

FIGURE 1 - Map of the study area
96

the metal with respect to the metal concentration in the substrate. The BCF values were calculated as described by
Zayed [4] based on the initial concentration of the given
element in the culture medium.
BCF 

Trace element concentration in plant tissue at harvest
Initial concentration of the element in the external nutrient solution

2.1 Statistical Methods

All experiments were carried out in duplicate and the
results were analyzed using the Minitab program 13.0.

3. RESULTS AND DISCUSSION
Duckweed (Lemna trisulca) is a species of the
Lemnaceae. Duckweeds are small freefloating plants often
farming dense mats on the surface of stillor slow flowing
water. In this study, the heavy metal bioaccumulation efficiency in plant, Lemna trisulca (Duckweed), which is distributed in aquatic ecosystems were investigated. In the laboratory conditions, the aquatic plant Duckweed was exposed to
the copper, cadmium and nickel concentrations of 1.0, 3.0,
5.0 and 7.0 mg L-1 at different time periods (Table 1). The
bioaccumulation concentration factor (BCF) provides an index of the ability of the plant to accumulate the metal with
respect to the metal concentration in the substrate. Bioconcentration factors calculated for Ni, Cd and Cu accumulation in aquatic plants in Table 1 showed that Cu, Cd and Ni
were accumulated by aquatic plants in different ratios depending on time and metal concentrations used. The accumulation at all metal concentrations increased upto the
fourth day. The maximum BCF values obtained were 541
for Cd, 848 for Cu and 1867 for Ni. A good heavy metal
accumulator should have BCF of more than 1, 000, which
is obtained only for Ni.

1

158 ± 2.83

75.0 ± 3.54

128 ± 1.41

3

299 ± 5.66

115 ± 4.24

313 ± 2.12

5

315 ± 3.54

234 ± 8.49

513 ± 0.71

7

616 ± 9.90

400 ± 11.31

809 ± 2.83

1

333 ± 7.07

136 ± 2.83

133 ± 2.12

3

448 ± 1.41

247 ± 7.07

388 ± 4.24

5

638 ± 8.49

304 ± 13.44

539 ± 0.71

7

857 ± 7.07

437 ± 5.66

818 ± 8.49

1

359 ± 9.90

148 ± 11.31

138 ± 1.41

3

539± 12.73 263 ± 9.90

395 ± 2.12

5

696 ± 5.66

584 ± 3.54

7

879 ± 15.66 476 ± 4.24

828 ± 7.07

1

576 ± 0.71

153 ± 12.73

151 ± 0.71

3

642 ± 3.54

387 ± 8.49

407 ± 1.41

5

1348±16.97 442 ± 5.66

595 ± 7.78

7

1867 ± 9.90 541 ± 12.02

848 ± 8.49

355 ± 14.14

In other studies, Water hyacinths, pennwort, duckweed
and water velvet were found to take up Pb, Cu, Cd and Fe
from contaminated solutions [10,11].The extent of metal
accumulation within aquatic macrophyte is known to vary
significantly between species [12]. More studies are required to gain a better understanding in the mechanism involved in the uptake and the removal of contaminants from
wastewaters that can be utilized for phytoremediation technology [13]. The results show that under experimental conditions, Lemna trisulca also proved to be a good accumulator
of Cd, Cu and Ni. The data evaluation shown at Figure 2,
using the concentrations of 1, 3, 5 and 7 mgL-1 , indicates
that although there is an increase in metal accumulation for
all metals by the aquatic plant between 1-4 days, Ni seems
to be accumulated at significant levels after 4 days. The
metal bioaccumulation by Lemna trisulca were calculated
as 3787 for Cd, 5936 for Cu and 13069 for Ni µg/g.
The toxicity effect of each trace element on plant growth
was in descending order of damage. Further, the growth rates
and harvest potential make duckweed a good species for
phytoaccumulation activities. Especially wetland plants are
being used successfully for the removal of metals in wastewaters. Lemna trisulca is found to be a hyperaccumulator
plant. Heavy metal contamination in aquatic environments is
a serious environmental problem, which threatens aquatic
ecosystems, agriculture and human health. Some researchers believe that plants for phytoremediation should accumulate metals only in roots. Phytoremediation and other
pollutant treatment systems, which may have only one specific pollutant removal mechanism, in that several strategies, such as planned periodic harvest or natural dieback of
aerial shoot of plant biomass to eliminate the accumulated
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FIGURE 2 - Bioaccumulation of Ni, Cd and Cu by Lemna trisulca

metals, can be employed. Heavy metals are the most useful
and also possible toxic metals. Some plants as an accumulator and bioindicators can play a huge role in cleaning environment in an affecting way. Every accumulating or bioindicating properties for fixed heavy metals. Aquatic plants
called hyacinths for phytoremediation which are necessary
for that environment, like Lemna minor, Ceratophyllum
demersum, Lemna trisulca, Myriophyllum verticillatum are
hyperaccumulating metals such as Ni, Cd, Cu etc. Aquatic
plants (Lemna polyrrhiza, Elodea nuttali, Water Hyacinth)
have been already reported to possess the potential to accumulate Cd [14]. Lemna minor is known to be a good accumulator of Cu. Further, the growth rates and harvest potential make Lemna minor ideal species for phytoaccumulation
activities [15]. In a previous study, Elodea canadensis was
found to accumulate high content of Ni (310-2150 µg/DWg
[16]. In the present study, we have obtained higher bioaccu-

mulation values with Lemna trisulca as 3787 for Cd, 5936
for Cu and 13069 for Ni µg/g.
As a result, the selection process for the plant for the
phyto accumulation is a most important and diffıcult process. The selection of the plant is also done on basis of climate and seasonal statue. Research reveals that the accumulation in the plants by remediation is most important
technique for removal of heavy metals from the environment [17]. Sekomo et al. [18,19] showed that duckweed
and algal ponds are suited as polishing step for heavy metal
removal. Demim et al. [20] used the response surface methodology to describe the individual and interactive effects
of two variables initial Cd concentration and initial Ni concentration at five levels, combined under controlled conditions. In another study, the effects of Zn on the growth, the
lipid peroxidation and accumulation were investigated in
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L. gibba, L. minor and S. polyrrhiza. It is also indicated that
the use of L. gibba, L. minor S. polyrrhiza could be used
for water stabilization in abandoned low level Zn contaminated wetlands. Ceratophyllum demersum was used to investigate the effects of Cd and Ni toxicity under environmentally relevant conditions in soft and hard water, including a German lake. The results showed that synergistic
heavy metal toxicity may change ecosystems in many more
cases than estimated so far [21,22].

[9]

Lasat, M.M., 2002, Phytoextraction of toxic metals: A review of
biological mechanisms. J. Environ. Qual. 31:(1),109-120.

[10] Kovacks, M. and Toth, L., 1984, The microelement content of
some submerged and floating aquatic plants. Acta. Bot. Hung. 30,
173-185.
[11] Dierberg, F.F., De Busk, T.A., Goulet, N.A., 1987, Removal of
copper and lead using a thin film techinique, In Reddy KBSmith
WH (eds) Aquatic plants for water treatment and resource recovery. Magnolia Publishing Inc., Florida.
[12] Jain, SK. and Vasuden, Jha N.K., 1989, Removal of some heavy
metals from polluted waters by aquatic plants studies on duckweed
and water velvet. Biol. Wastes. 28:115-126.
[13] Albers, P.H. and Camardese, M.B., 1993, Effects of acidification
on metal accumulation by aquatic plants and invertebrates 1., Constructed wetlands. Environ. Toxicol. Chem. 2: 969-976.

4. CONCLUSION
The growth rates and harvest potential make duckweed
a good species for phytoaccumulation activities. The toxic
effects of copper, nickel and cadmium on Lemna trisulca
were discussed in this paper. The results interestingly
showed that under experimental conditions, Lemna trisulca
proved to be a good accumulator of Cd, Cu and Ni. Heavy
metals tested were accumulated by the aquatic plant in different ratios depending on time and metal concentrations
used. Although there is an increase in metal accumulation
for all metals by the aquatic plant between 1-4 days, Ni
seems to be accumulated at more significant levels.
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ABSTRACT

1. INTRODUCTION

Flubendiamide is used for control of gherkin fruit
borer which is a major insect pest. Its application may result in residue levels in gherkin above the safe limits at harvest. Environmental conditions may have effect on the residue persistence of flubendiamide on gherkin. Studies were
conducted to evaluate the residue persistence of flubendiamide on gherkin at 2 locations (Bangalore and Dharwad)
after spray applications at 60 and 120 g a.i./ha. QuEChERS
method in conjunction with HPLC was used for analysis of
flubendiamide. The method was validated by studying parameters such as recovery, limit of detection (LOD), limit
of quantification (LOQ), linearity, accuracy, precision and
measurement uncertainty (MU). Recovery of flubendiamide and des-iodoflubendiamide from gherkin and soil
was in a range of 96.3-100.4% with relative standard deviation (RSD) within 3.2-7.8% and MU, 10.0-15.3%. The
LOQ of both compounds was 0.01 mg/kg. Initial residues
of flubendiamide were 2.246 and 3.382 mg/kg at Bangalore; 2.003 and 2.982 mg/kg at Dharwad from treatments
at 60 and 120 g a.i./ha, respectively. Flubendiamide degraded with the half-life of about 2 days at both locations.
The pre-harvest intervals (PHIs) were 7 and 9.7 days at
Bangalore; 6.3 and 8.1 days at Dharwad. The metabolite,
des-iodoflubendiamide was not detected in gherkin. Field
soil was free from residues on the 15th day at both locations.
Flubendiamide application should be given at early stage
of the crop growth to allow residues to dissipate to the safe
levels and environmental conditions may not have significant effect on its residue persistence.

KEYWORDS: Environmental conditions, flubendiamide, gherkin,
persistence, residues

* Corresponding author

Gherkin (Cucumissativus L.), is a cucurbitaceous vegetable crop cultivated in India exclusively for exports.
Gherkins are rich in calcium, iron, potash, vitamin B, vitamin B1, vitamin B2, vitamin C and Vitamin A. The major
part of this vegetable is used for pickling purpose.India is
one of the world’s leading producers and suppliers of the
gherkin and grows about 250,000 tonnes in a year. Gherkin
is exported to Europe, USA, Russia, Australia etc. The production of gherkins has increased over the years in India,
as the crop can be cultivated round the year due to the varied
agro climatic conditions of the country. Gherkin crop is susceptible to attack by several pests and diseases such as
aphids, downey mildew, fruit borer, melon fly etc. Among
them fruit borer Diaphaniaindica (Saunders) (Lepidoptera:
Pyralidae), is a challenging pest. The larvae mainly attack
leaves, but also infest flowers and fruits, and cause considerable yield loss during outbreak [1].Gherkin is a short duration crop and harvested at regular intervals for pickling
purpose. Any pesticide applied for control of this insect
pest may pose serious food safety issues.
Flubendiamide, (NNI 0001) N2-[1,1-dimethyl-2-(methylsulfonyl)ethyl]-3-iodo-N1-[2-methyl-4-[1,2,2,2-tetrafluoro-1-(trifluoromethyl) ethyl]phenyl]-1,2-benzenedicarboxamide, is a novel class of insecticide, having a unique
chemical structure. The uniqueness of the structure results
from three parts, a heptafluoroisopropyl group in the anilide
moiety, a sulfonylalkyl group in the aliphatic amide moiety,
and an iodine atom at the 3-position of the phthalic acid
moiety. The major metabolite of flubendiamide is des-iodoflubendiamide, which is produced by photodegradation
of the parent compound. Flubendiamide shows extremely
strong insecticidal activity especially against lepidopterous
pests including resistant strains [2-3]. Flubendiamide has
been effective in controlling HelicoverpaarmigeraHubner
in tomato without any adverse effect on the population of
non-target organisms and phytotoxicity to the crop [4]. It
has been used effectively against fruit and shoot borer of a
wide variety of agricultural crops including aphids of gherkin [5-9]. Flubendiamide could give effective control of
fruit borer which is a serious pest.
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Persistence study of flubendiamide has been carried out
on a variety of crops and its behavior was found to be different on different crops. It persisted for 10 days on cabbage
and 15 days on tomato [10, 11]. When applied to okra, chilli
and brinjalflubendiamide persisted for 5 days only even
though the application rate varied from 24-60 g a.i./ha.[1214]. The crops described above are harvested at marketable/maturity stage where the time gap between pesticide application and harvest of the crop is longer than that of gherkin. Gherkin is harvested at an early stage of fruit growth
for pickling purpose. Moreover other crops are harvested
at marketable/maturity stage where the time gap between
application and harvest of the crop is longer. But gherkin
is harvested at an early stage of fruit growth for pickling
purpose. To the best of my knowledge, the only available
information on the residue persistence of flubendiamide on
gherkin is from a different agro-climatic zone in India
[15].Dissipation of pesticides in/on the plant surface is by
growth dilution, photodegradation, evaporation and washoff due to rainfall. Dissipation of foliar applied pesticides
is dependent on various environmental factors besides the
crop species and stage of application [16]. Pesticides in the
environment undergo photodecomposition [17, 18]. Therefore pesticide dissipation on crop may vary depending on the
environmental conditions under which it is applied. Gherkin
is grown under the agri export zones (AEZ) created in the
state of Karnataka, India. Bangalore and Dharwad are two
locations under the AEZ having different agro-climatic conditions where gherkin is grown. This study was conducted to
compare the residue persistence of flubendiamide on gherkin and soil at IIHR, Bangalore and Dharwad. The analytical
method used for analysis of flubendiamide and its metabolite, des-iodoflubendiamide in gherkin and soil was validated by studying the method validation parameters.

prepare working standard solutions. For method validation
standards in range of 0.10-10 μg/mL were prepared for
spiking. Calibration standards (0.01-1.0 μg/mL) were prepared by serial dilutions of the working standard solutions.
Matrix matched standards were prepared by adding the insecticides to blank samples. Blank sample (1 mL) extract
was evaporated to dryness under nitrogen using a TurboVap LV Concentration Workstation and reconstituted
with 1 mL of working standard solution at the appropriate
concentration.
Residue study of flubendiamide on gherkin was carried out at 2 locations i.e. at the experimental farm of Indian Institute of Horticultural Research (IIHR), Bangalore
during August–October, 2010; and at Dharwad during December 2010-March 2011. The environmental parameters
such as temperature, humidity and rainfall were recorded
at both the locations. Gherkin crop was grown using randomized block design with plot size of 25 square meters
each. For each treatment 5 such plots were selected. The
treatments were repeated 3 times. Flubendiamide formulation Fame 48% SC spray application was given twice at
2 concentrations using a knapsack sprayer with triple action/hollow cone nozzle. The applications were recommended dose at 60 g a.i/haand double the recommended
dose at 120 g a.i/ha. The spray volume taken was 500 L/ha.
The first spray application was given at fruit formation
stage and the second application was given 7 days later. In
both experiments untreated control plots were kept for comparison. Residue analysis of gherkin fruits was carried out
after the second spray application over a period of 15 days,
i.e. on 0 (2 h), 1, 3, 5, 7, 10 and 15th day. Soil sample from
field was collected after 15 days of application. Gherkin
samples from Dharwad were transported in ice boxes to the
laboratory at IIHR, Bangalore. The samples were processed
immediately on arrival.

2. MATERIALS AND METHODS
Reference standards of flubendiamide (purity 99.5%)
and des-iodoflubendiamide (purity 99.2%) and the formulation, Fame 48% SC were obtained from Bayer Crop Science Ltd. (Mumbai, India). Primary secondary amine
(PSA), particle size 40 µm, was procured from Varian India Ltd. Bondesil-C18 (particle size 40 µm) was procured
from Agilent Technologies Ltd. Anhydrous magnesium
sulphate was procured from Ranbaxy Fine Chemicals Limited (Rankem), India. It was activated by heating in a muffle furnace at 6000C for 5 hrs followed by heating in an
oven at 1100C for 1 hr and kept in desiccators before use.
Anhydrous sodium sulphate was procured from Thomas
Baker, Bangalore. It was activated in an oven at 1100C for
5 hr and kept in desiccators before use. Acetonitrile used
was of gradient HPLC grade and procured from Spectrochem (Bangalore, India).
Stock solutions of flubendiamideand des-iodoflubendiamide (400 μg/mL) were prepared in gradient HPLC
grade acetonitrile and further dilutions were carried out to

From each plot 500 g (approximately) gherkin samples
were harvested and samples from all 5 replicates were
pooled together. From each treatment 2.5 kg samples were
collected, cut into small pieces mixed in a Waring blender
and a representative 15 g sample (3 replications) was taken
for analysis. From each plot soil samples were collected
from 0-15 cm depth and 3-5 cm diameter using soil augur.
From each plot 1 kg soil was collected and soil from all
5 replicates was pooled together, mixed thoroughly, air
dried and subsampled. A representative 20 g sample (3 replications) was taken for analysis.
Extraction and clean up of flubendiamide treated gherkin samples were carried out as per QuEChERS method
[19]. The samples (15 g) were placed in 50-mL polypropylene tubes, 15 mL of gradient HPLC grade acetonitrile was
added to it and shaken vigorously for 1 min. To the tube containing the samples 6 g anhydrous magnesium sulphate and
1.5 g sodium acetate was added and mixed for 2 min. The
tubes were centrifuged at 10,000 rpm for 10 min using a
Restek Centrifuge (Q-Sep 3000). An aliquot (4 mL) of the
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upper acetonitrile extract was placed in a 15-mL polypropylene tubes containing 200 mg primary secondary amine
(PSA) sorbent and 600 mg anhydrous magnesium sulphate
and 100 mg of bondesil C-18 sorbent. The tubes were
shaken vigorously for 1 min and centrifuged for 10 min at
10,000 rpm. The supernatant acetonitrile phase (2 mL) was
taken in a vial and injected into HPLC after passing
through Millipore 0.45 µm filters. Control gherkin samples
were processed in the similar manner. Soil sample (20 g) in
triplicate was extracted with 30 mL acetonitrile: water (2:1,
v/v) by volume. After centrifugation the upper solvent layer
was transferred to a measuring cylinder with stopper to which
10 mL saturated sodium chloride solution was added and
mixed thoroughly. Three mL of the upper acetonitrile layer
was dried over anhydrous sodium sulphate and cleaned-up using PSA and magnesium sulphate as described above.
Flubendiamide was analyzed by Shimadzu HPLC
2010 CHT with a PDA detector using an autosampler. The
column used was Phenomenex C18, Luna, 250x4.6 mm
i.d.Acetonitrile+water were used as the mobile phase at a
flow rate of 1 mL/min. Analysis was carried out at acetonitrile: water ratio of 60:40, v/v. The injection volume was
20 µL and wavelength was set at 235 nm. With these operating parameters the retention time of the des-iodoflubendiamide was at 10.6 min and flubendiamide was 14.7 min.
Method validation was carried out to establish the efficiency of the analytical method used for analysis of the
flubendiamide and des-iodoflubendiamide in gherkin and
soil as per Thompson et al. (2002) [20]. Validation studies
were carried out by taking into account the parameters such
as: recovery, limit of detection (LOD) limit of quantification (LOQ), linearity, accuracy and precision, recovery and
uncertainty of measurement. Before analyzing field samples a recovery study was carried out to evaluate the efficiency of the analytical method used for analysis of flubendiamide and des-iodoflubendiamidein gherkin and soil.
The study was carried out by spiking gherkin and soil with
both the compounds at 3 fortification levels, i.e. 0.01, 0.1
and 0.5 mg/kgand each spiking was carried out with 5 replications. The analytical method followed was the same as
in case of field samples. The LOD was determined by analyzing solvent standard of flubendiamide and des-iodoflubendiamide in the range of 0.01-1.0 µg/mL. Each analysis was
carried out 5 times. The lowest concentration at which the
peaks could be determined at a signal: noise ratio of 3:1
was considered the LOD. The average peak area obtained
from HPLC chromatogram was plotted against the concentration of the standards to obtain the linearity curve. The
limit of quantification (LOQ) of the method was determined by analyzing the compounds at different concentrations (0.01-0.5 mg/kg) in both the matrices. The lowest
concentration at which the chromatographic peaks could be
reliably determined in a complex matrix (sample) and the
signal/noise ratio ≥10:1 was considered the LOQ. The accuracy values were evaluated using low to high concentrations (3 levels) of the pesticides in gherkin and soil. The
precision of the method was studied under repeatability

conditions and expressed as the percentage relative standard deviation (RSD) of the replicate measurements (6 replications).
Selectivity of a method is the extent to which it can
determine the particular analyte/ analytes in a complex matrix without interference from other components in the matrix. For selectivity, blank samples of the matrices (gherkin
and soil) and the spiked samples at 3 concentrations with
5 replications each were analyzed. Matrix interference is
one of the major problems of pesticide residue analysis in
food commodities. Matrix effect can suppress or enhance
chromatographic signals compared to pure calibration standards [21, 22]. To avoid this problem matrix matched standards were prepared in the concentration range of 0.011.0 µg/mL by adding flubendiamide and des-iodoflubendiamide to blank samples as described above. Calibration
curves were drawn and the same was used for quantification
of the insecticides. The uncertainty of measurement of the
method was calculated by considering the various factors contributing to it. The factors were recovery of flubendiamide,
purity of the certified reference material, preparation of
standard solutions, weight of sample taken for analysis,
volume of solvent used, calibration of balance and volumetric glass wares and temperature etc. The uncertainties
were determined individually and the expanded uncertainty was determined by using the coverage factor K=2, to
give a confidence level of 95%. Flubendiamide residue dissipation on gherkin was studied by subjecting the data to
first order kinetics; Ct = C0 e-kt, where Ct is the concentration at time t; C0 is the initial concentration, k is the rate
constant for dissipation and t is the time. The half-life was
calculated from the k value using the formula, t1/2=
.
For computing the pre-harvest interval (PHI) the residue
data was subjected to statistical analysis [23].
3. RESULTS AND DISCUSSION
Recovery of flubendiamide and des-iodoflubendiamide
from gherkin and soil is given in Table 1. Recovery of both
analytes from gherkin and soil was always above 96% which
was within the acceptable range of 70-120% (Method validation and quality control procedures for pesticide residues
analysis in food and feed, SANCO/12495/2011). The precision expressed as RSD, remained within a range of 3.2-7.8%.
This showed that the method had closeness of agreement between a series of analyses. The chromatographic peaks could
be distinguished easily without interference from matrix
peaks. The chromatograms of pure standards, gherkin spiked
samples and field treated samples is given in Fig. 1. Matrix
effect on recovery was nullified by calculating the recovery
percent based on matrix matched standards. The LOQ of
flubendiamide and des-iodoflubendiamide was 0.01 mg/kg.
The calibration curve was linear in the range of 0.011.0 μg/mL for flubendiamide and des-iodoflubendiamide
with the correlation coefficient (R2) of > 0.99 for both the
analytes. The expanded uncertainties associated with the
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analytical method are given in Table 2. The uncertainties
associated with the analytical method were least at the
highest spiked level of 0.5 mg/kg and increased as the

spiked concentration decreased. The major contribution
towards the uncertainties of the analytical method was
from the standards deviation (SD) values. The SD values

TABLE 1 - Recovery of flubendiamide and its metabolite des-iodoflubendiamidefrom gherkin and soil at various spiking levels
Average recovery (%)  SD *
Gherkin
Flubendiamide
Des-iodoflubendiamide
0.01
98.6 ±6.2
97.2±6.8
0.10
99.6 ±5.4
98.9 ±5.2
0.50
100.4 ±3.2
99.5 ±4.5
*
Average of five replicate analyses  standard deviation
Spiked concentration
(mg/kg)

Soil
Flubendiamide
96.5 ±5.7
97.5 ±4.8
98.2 ±3.4

Des-iodoflubendiamide
96.3±7.5
97.2±5.8
98.2 ±4.2

FIGURE 1 - HPLC chromatogram of des-iodoflubendiamide (1) and flubendiamide (2) (a), recovery of des-iodoflubendiamide and flubendiamide spiked at 0.5 mg/kg (b), field treated gherkin sample at 60 g a.i/ ha on 0 day (c) and 7th day (d) at IIHR, Bangalore.

TABLE 2 -Uncertainty of measurement of the analytical method

Spiked concentration
(mg/kg)
0.01
0.10
0.50

Expanded uncertainty (%)
Gherkin
Flubendiamide
Des-iodoflubendiamide
13.9
15.3
13.0
13.8
11.2
12.3
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Soil
Flubendiamide
13.5
11.0
10.0

Des-iodoflubendiamide
13.5
13.4
10.5
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increased as the spiked concentration decreased, thereby
increasing the uncertainties. However the uncertainties remained within a range of 10.0-15.3% showing the accuracy
of the analytical method carried out. There was no major
difference in the uncertainties of measurements between
flubendiamide and des-iodoflubendiamide in gherkin or
soil.
Residues of flubendiamide on gherkin at IIHR, Bangalore
after 2 spray applications at 60 g a.i./ha was 2.246 mg/kg.
When the treatment was doubled the residue was 3.382 mg/kg
(Table 3). After 1 day of application the residue from the
lower treatment dissipated by 65% to 0.785 mg/kg. From
the higher treatment residue dissipation was only 20% after
1 day. By the 3rd day dissipation of flubendiamide residues
from both treatments was about 75%. After this stage dissipation of residues was a slow process. Residue level of

flubendiamide was 0.135 and 0.35 mg/kg, respectively after 7 days. From recommended dose treatment flubendiamide residue reached below the LOQ of 0.01 mg/kg after
10 days whereas from double dose treatment it was below
LOQ after 15 days. Residues of the major metabolite, desiodoflubendiamide was <LOQ on all days.
At the second location, Dharwad, flubendiamide residues as initial deposits were 2.003 and 2.982 mg/kg from
treatment at 60 and 120 g a.i./ha, respectively (Table 4). After
1 day the residues had dissipated to 0.9 and 2.103 mg/kg, respectively. Flubendiamide residues degraded very fast on
gherkin to reach <LOQ by 7 days from recommended dose
and 10 days from double dose treatment. Dissipation of
flubendiamide residues followed a similar pattern as it was
at IIHR, Bangalore. After 1 day 55 and 29.5% dissipation
was observed which reached to about 72% by the 5th day.

TABLE 3 -Residues of flubendiamide on gherkin and soil at IIHR, Bangalore
Days after
treatment

Untreated control

0
1

ND
ND

3

ND

5

ND

7

ND

10

ND

Average residues recovered (± SD)a(mg/kg)
Application at 60 g a.i./ha
Application at 120 g a.i./ha
Flubendiamide
Des-iodoflubendiamide
Flubendiamide
Des-iodoflubendiamide
<LOQ
<LOQ
2.246±0.191
3.382±0.304
0.785±0.041
<LOQ
2.706±0.237
<LOQ
(65.0)
(20.0)
0.540±0.025
<LOQ
0.874±0.060
<LOQ
(75.9)
(74.1)
0.405±0.015
<LOQ
0.541±0.021
<LOQ
(82.0)
(84.0)
0.135±0.006
<LOQ
0.350±0.010
<LOQ
(94.0)
(89.6)
<LOQ
<LOQ
0.156±0.003
<LOQ
(95.4)
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
BDL
<LOQ

15
ND
ND
Soil
(on 15th day)
Limit of Quantification (LOQ) - 0.01 mg/kg
ND-Not detected
Figures in the parenthesis are the percent dissipation of

TABLE 4-Residues of flubendiamide 480 SC on gherkin and soil at Kalaghatagi, Dharwad
Days after
treatment

Untreated control

0
1

ND
ND

3

ND

5

ND

7

ND

Average residues recovered (± SD)a(mg/kg)
Application at 60 g a.i./ha
Application at 120 g a.i./ha
Flubendiamide
Des-iodoflubendiamide
Flubendiamide
Des-iodoflubendiamide
<LOQ
<LOQ
2.003 ±0.122
2.982±0.196
0.900 ±0.067
<LOQ
2.103±0.175
<LOQ
(55.0)
(29.5)
0.550±0.031
<LOQ
0.840±0.045
<LOQ
(72.5)
(71.8)
0.253±0.014
<LOQ
0.483±0.024
<LOQ
(87.4)
(83.8)
<LOQ
<LOQ
0.232±0.018
<LOQ
(92.2)
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ
<LOQ

10
ND
15
ND
ND
Soil
(on 15th day)
Limit of Quantification (LOQ) - 0.01 mg/kg
ND-Not detected
Figures in the parenthesis are the percent dissipation of
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FIGURE 2 - Dissipation of flubendiamide on gherkin at two locations

After this phase faster dissipation was observed at Dharwad
compared to the first location. Dissipation of flubendiamide
on gherkin at the two locations is given in Fig. 2.
Growth dilution plays an important role in the dissipation of pesticides on the plant surface [24, 25]. The faster
growth of the crop results in faster dissipation of the pesticides and vice versa. Gherkin is a crop fast growing crop.
Therefore residue dissipation due to growth dilution could
be the major factor here. Besides the growth dilution factor,
environmental conditions are responsible for pesticide degradation on plant.Many pesticides adsorb to the leaf surface, move into the waxy surface of the cuticle or are absorbed into plant cells [26].Pesticides on the surface of the
plant may degrade faster due to various environmental factors. The amount of residues getting adsorbed may degrade
slowly. It was observed that at both the locations of the study
(Bangalore and Dharwad) within the first 3 days about 7276% flubendiamide residues had dissipated. The remaining
24-28% residues remained upto 7-10 days. During the study
period the atmospheric temperature at IIHR, Bangalore
was in the range of 19.8-28.20C; the humidity, 60.7-81.6%
and total cumulative rainfall 438 mm. At Dharwad, temperature was in the range of 14.0-35.60C; the humidity,
22.0-81.2% and total cumulative rainfall 22.4 mm. Flubendiamide residues remained longer on gherkin at Bangalore even
though the total rainfall was high (438 mm). At Dharwad total
rainfall was very low, but residue dissipation was faster.
Flubendiamide has a low water solubility of 2.87 µg/mL at
200C (www.fao.org/fileadmin/templates/agphome/.../Flubendiamide.pdf). In water flubendiamide residues persisted
beyond 250 days with half-lives ranging from 250.8 to

301.0 days [27]. The low water solubility of flubendiamide
may be the reason for the residues to persist slightly longer
at Bangalore even though the rainfall was much higher
compared to that of at Dharwad. Flubendiamide has positive temperature coefficient [28] which suggests that it may
not be affected by temperature under field conditions. During the study period at both locations the highest temperature was 28.2 and 35.60C, respectively. Dissipation of
flubendiamide may not have been affected by these conditions as flubendiamide has positive temperature coefficient.
The initial residue deposits of flubendiamide at IIHR, Bangalore was higher than that of at Dharwad. This could be reason for the residues to persist on gherkin for 10 days at Bangalore compared to 7 days at Dharwad. At both locations the
concentration of the metabolite, des-iodoflubendiamide, was
less than the LOQ values (0.01 mg/kg). As in the present study
the metabolite was not detected when flubendiamide application was given to other crops [10-14]. Flubendiamide metabolism after foliar application on plants involved mostly two
different routes, the first route was the des-iodination of the
parent compound to yield des-iodoflubendiamide followed
by hydroxylation to 3-OH flubendiamide. Another route involved the stepwise oxidation to flubendiamide-benzylalcohol and flubendiamide-benzoic acid. [29] Therefore if any
des-iodoflubendiamide metabolite would have been formed,
the same would have got further degraded.
Flubendiamide residue dissipation on gherkin followed a first order rate kinetics. The half-life of degradation (DT50) expressed as the time taken by which 50% of
the concentration was reduced, was computed. The preharvest interval (PHI) for safe consumption of the gherkin
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TABLE 5 - Rate of residue decay of flubendiamide on gherkin
Rate of application

IIHR, Bangalore

Kalaghatagi, Dharwad

Regression
Equation

Regression
Coefficient

Half-life
(days)

PHI
Regression
(days) Equation

Regression Half-life
Coefficient (days)

PHI
(days)

Flubendiamide at 60 g a.i./ha

Y=3.216560.1479X

-0.96

2.03

7.0

Y=3.224760.16663 X

-0.98

1.8

6.3

Flubendiamide at 120 g a.i./ha

Y=3.480090.13489 X

-0.99

2.23

9.7

Y=3.460900.15834 X

-0.99

1.9

8.1

fruits was calculated based on the residue data obtained and
the maximum residue limit (MRL). PHI is the time lapse
between pesticide application and harvest so that the residue level in the harvested crop reduces to a safe level
known as the maximum residue limit (MRL). The half-life
of degradation and PHI values of flubendiamide on gherkin
at Bangalore and Dharwad are given in Table 5. The halflife of degradation of flubendiamide on gherkin at both locations was almost the same. At Bangalore the half-life was
2.03 and 2.23 days; at Dharwad it was 1.8 and 1.9 days,
from treatment at the recommended and double doses, respectively. The half-life of degradation of flubendiamide
on other crops (tomato, cabbage) varied from 4-5 days [10,
11]. The faster degradation of flubendiamide on gherkin
could be due growth dilution effect as gherkin grows faster
compared to tomato or cabbage. The MRL of flubendiamide on gherkin is fixed at 0.15 mg/kg [30]. Taking into
account the persistence pattern of flubendiamide on gherkin and the MRL value, the PHI at Bangalore was 7 and
9.7 days; at Dharwad, 6.3 and 8.1 days from treatment at
recommended and double doses, respectively.

gherkin followed first order rate kinetics. The half-life of
degradation of was about 2 days from treatment at the recommended and double doses of 60 and 120 g a.i./ha at both
locations. The PHI at the recommended dose was about
7 days at both locations and at double dose it was 810 days. Based on these results it was suggested that a time
gap of 10 days should be given between applications of
flubendiamide to harvest of gherkin fruits. Gherkin is harvested at short intervals for pickling and the time taken
from flowering to harvest is nearly 7 days [33]. Keeping in
view the food safety issues, flubendiamide application
should be given at early stages of the crop growth so that
residues at harvest do not exceed the MRL.
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In soil residues of both flubendiamide and its metabolite,
des-iodoflubendiamide was below the LOQ of 0.01 mg/kg.
Similar results have been reported with field studies on
flubendiamide [10-14]. In tropical climatic conditions of India
sunlight and activity of soil microorganisms may stimulate
degradation of flubendiamide in soil. It has been reported
that phototransformation and involvement of microorganisms was responsible for degradation of flubendiamide in
soil [31, 32]. Degradation of flubendiamide in soil is likely
to be by photolysis leading to production metabolite, desiodoflubendiamide [29]. As des-iodoflubendiamide could
have degraded further the residues of both compounds was
not detected in soil.
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WHEAT STRAW PRETREATMENT WITH
POTASSIUM HYDROXIDE FOR ENHANCED
BIOGASIFICATION AND FERTILIZER VALUE
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ABSTRACT
Improved biomethane yield with corresponding enhanced fertilizer value via the induction of wheat straw pretreated with potassium hydroxide was attempted by means
of anaerobic digestion. Wheat straw pretreated with
worked out 6% KOH to improve its biodegradability was
successfully employed in terms of comparatively higher removal obtained for TS (86%), VS (89%), total lignin, cellulose and hemicellulose (21%). The cumulative biogas
and biomethane production obtained at 65 g/L OLR were
55% and 52% higher than that accrued with untreated 65
g/L OLR. SEM and FTIR investigation for treated wheat
straw showed reduction of 31% in the crystallinity index
with apparent distortion of its surface area. Based on the
elemental analysis, KOH-treated digestate residual had enriched nutrient profile in terms of both macro and micro
nutrients than untreated one suggesting that it could be
used as a soil conditioner with good fertilizer value.
KEYWORDS: KOH-pretreatment; wheat straw; anaerobic digestion; biomethane; fertilizer value; biodegradability

1. INTRODUCTION
Lignocellulosic biomass is a promising energy feedstock, which can be converted into heat, steam electricity,
hydrogen, biogas and liquid biofuels through appropriate
technologies. The application of biomass energy as an alternative fuel energy will most likely keep a lid on everincreasing CO2 emissions and the resultant phenomenon of
global warming [1]. Wheat straw, one of the most abundant
crop residues in the world, is the third highest crop residue
in China after rice straw and corn stove. The total annual
output of wheat crop in China has reached 118 million tons
in 2012 [2]. However, major chunk of wheat straw, a byproduct of wheat cropping process, remains unutilized.
Therefore, proper utilization of wheat straw via bio-gasification technology holds great promise for sustainable gen* Corresponding author

eration of clean renewable energy source, which can be a
way forward towards mitigation the current energy crisis
[3]. Wheat straw is a lignocellulosic biomass, which comprises of cellulose (30-40%), hemicellulose (20-30%) and
lignin (10-20%). Lignocellulose is the complex and rigid
matrix of plant cells which is resistant to any enzymatic
attack due to tight association between cellulose, hemicellulose and lignin resulting in inhibition of the biomass biodegradability [4]. Thus, prior pretreatment of wheat straw
is indispensable to maneuver the lignocellulose structure
accordingly before it is used for energy recovery purposes.
Anaerobic digestion (AD) technology is an established
process with minimum of contribution in greenhouse gas
emissions, whereby organic matter is decomposed synergistically by means of microbial activity in an oxygen-free
environment to yield methane as a main product of the process [5]. The relevant literature suggests that methane yield
from AD is affected by variety of factors including biomass
characteristics in terms of carbohydrates shield layer for
lignocellulosic, hemicellulose as well as crystalline cellulose [6]. Other factors that affect anaerobic biodegradability of lignocellulose biomass include lignin, cellulose and
hemicellulose contents, cellulose crystallinity, organic loading rate, biomass particle size, surface availability for enzymatic reactions, and the structural characteristics of lignin
[7]. Previously, pretreatment of wheat straw has mostly been
attempted using sodium hydroxide (NaOH) and potassium
hydroxide (KOH) at high temperature (50-1800C), which
resulted in efficient biodegradability of pretreated wheat
straw [8, 9]. Although wheat straw pretreated with KOH
and NaOH yielded into improved biogas and biomethane
production but the digested residue could not be further utilized as a soil conditioner due to its lower fertilizer value.
However, in this research, pretreatment of wheat straw was
attempted using potassium hydroxide (KOH) at the lower
temperature of 370C, with the prospect of harnessing increased biogas and biomethane yield along with the possibility of accruing quality digested residual that is rich in
potassium making it a value-added biofertilizer. In addition, literature suggests that mesophilic temperature induction is more viable than thermophilic one in terms of increased biogas production, process digestion efficiency
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and lesser influence of inhibitory materials during the process [10] The pretreatment of wheat straw with KOH is
particularly important considering large agricultural areas
of the world being reported as deficient in potassium, including three-fourth of the paddy soils of China and twothird of the wheat belt of southern Australia [11, 12].
Moreover, the presence of sufficient potassium in the agricultural soil will be beneficial in terms of improved physical characteristics of the soil, level resistance against crop
diseases, and increased shelf life of fruits and vegetables
[13]; whereas the digestate from the given AD process contains large amount of inorganic ions, which are conducive
for plants to absorb nutrient [14]. The objective of this research was to analyze the impact of KOH pretreatment on
wheat straw in terms of its biodegradability, the physical
and chemical characteristics of the digested residue along
with the biogas and biomethane production accrued at varying loading rates.

2. MATERIALS AND METHODS
2.1 Materials

Wheat straw was collected from Changping District,
Beijing, China. The straw after its harvesting was air-dried
in-situ for 2 weeks before it was transferred to the laboratory. The straw was chopped by a paper chopper (PC 500,
Stadia Co, Tianjin, China) to a particle size of 2 to 3cm and
then ground to 5-10 mm particles by a hammer mill. The
samples were then sealed and packed in plastic bags, kept
under 62% humidity at an ambient temperature until further use. The inoculum was collected from the treatment
plant of Gaobeidian Wastewater Treatment Work, Beijing
China. The inoculum, before its application, was centrifuged, sieved through 1mm screen to remove grit and kept
in lab at ambient temperature.
2.2 Methods and protocols
2.2.1 Solid-state pretreatment of wheat straw

Wheat straw was pretreated with 6% KOH on dry basis
the pretreatment was done with different organic loading
rates (OLR) i-e 80, 65 and 50 g/L total solids (TS). For the
preparation of each OLR, the predefined amount of wheat
straw was placed in sterilized 1L glass bottles in which
KOH was added along with wheat straw and water for WS:
H2O: KOH ratio of 1: 6: 0.06 for the stabilization time of
three days [15]. The prepared contents in the bottles were
then covered with plastic films, closed with plastic rings
and placed in the lab at ambient temperature until applied
for anaerobic digestion.

2.2.2 Anaerobic digestion of wheat straw

The anaerobic digestion (AD) of both control or untreated and pretreated wheat straw was carried out in batch
mode in 1L glass bottles at 37 ± 10C with a working volume
of 0.8 L at the OLR of 80, 65, 50 g/LTS. All the given organic loading rates were run in triplicate. Each loading rate
was taken as the dry weight of pretreated wheat straw loaded
per liter effective volume of the bottle (g/LTS). The pretreated and untreated straws were placed into each bottle in
terms of loading rate determined by experimental design.
Each bottle was inoculated with 15 g/LTS of the activated
sludge [16]. The sludge characteristics, as determined, contained in (g/L) TS (49.2%), VS (29.5%) and the mixed liquor
suspended solids (MLSS, 34.8%). The prepared samples
were then placed in incubator tank for anaerobic digestion
tests at the mesophilic temperature of 37 ± 10C.
2.3 Analytical protocols for biogas compounds and substrate
characteristics

Biogas generation volume was monitored everyday via
water displacement method. The biomethane yield was calculated using ideal gas equation at STP for biomethane
content and biogas production. The theoretical methane
potential (TMP) was calculated by Eq. (1) Buswell and
Muller [17] and Eq. (2) Li et al [18]. According to the mass
content and mole mass of each element, the chemical formula of wheat straw was determined and the TMP was then
calculated by Eq. (2).
The biogas compositions (H2, CH4, CO2 and N2) were
analyzed via Gas Chromatograph (SP-2100, BeiFenRuiLi
Co, Beijing China) equipped with a molecular sieve (TDX01) and a thermal conductivity detector (TCD). The temperatures for oven, injector port and TCD were 140, 150
and 1500C, respectively. Argon was used as the carrier gas
at a flow rate of 30 mL/min. The methane production was
the product of biogas production multiplied with the methane content. TS, VS, and MLSS of wheat straw, sludge
and their mixture were measured according to the standard
methods [19]. The total carbon (TC) and Total Nitrogen
(TN) were determined by TC analyzer (Vario EL/micro
cube elemental analyzer, Germany). The pH value was determined by pH meter (CHN868, Thermo Orion, America).
Lignin, cellulose and hemicellulose contents were determined using a fiber analyzer (ANKOM, A2000I, USA).
For the elemental analysis, the samples were pretreated
with a mixture of HNO3/H2O2 followed by the analysis of
the resulting clear solution by inductively coupled plasma
atomic spectrometry (ICP-OES, ThermoFisher iCAP
6200) according to standard procedures. Scanning electron
microscope (SEM, S-3500 N, Hitachi High Technologies,

 n a b 3c 
TMP  1000  22.4       / 12n  a  16b  14c  mLCH 4 / gVS   2 
2 8 4 8 
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American, Inc. Pleasanton, CA, USA) was done to study
the microstructure of both the untreated and digestate materials. The digestate material was oven dried at 1050C for
24 h prior to SEM analysis. Samples were coated with a
100 nm layer of platinum with a Hummer 6.2 sputter coater
(Anatech, CA, USA). Imaging was performed at 20 keV
acceleration voltages.
2.3.1 FTIR observation

Fourier transform infrared (FTIR) spectrometer (Bruker,
Pensor 27) was carried out determine the changes in the structures of Wheat straw after pretreatment. Each spectrum was
obtained with an average of 3 scans and a resolution of
4 cm-1 from 500 to 4000 cm-1. OriginPro 9.0 analyzing software was used for correcting the baseline.
2.3.2 CP MAS 13C NMR analysis

The solid-state Cross Polarization Magic Angle Spinning 13C Nuclear Magnetic Resonance (CP MAS 13C NMR)
provides qualitative and quantitative information as regards the composition of both the treated and untreated digestate. Spectra of the samples were acquired at 12 KHz on
a Bruker AV 300 spectrometer (Bruker BioSpin GmbH,
Rheinstetten) using a 4-mm CP MAS probe. The pulse repetition rate was set at 5s. The contact time was fixed at 3 m
and the number of scans was 1000-2000. The chemical
shift scale of CP MAS 13C NMR spectra were referred to
tetramethylsilane (δ = 0 ppm). Spectra were elaborated using TOPSPIN 2.1 software (Bruker Biospin GmbH, Rheinstetten, Germany).

and hemicellulose (LCH). After KOH pretreatment the LCH
were reduced by 25%, 10% and 39% by weight percentage
as compared to untreated one. The wheat straw biodegradability was thus determined in terms of observed LCH reduction. Overall, the LCH was reduced by 21% of KOH- treated
wheat straw, which was significant (P< 0.05) as compared
to untreated one. These results are comparable with those
reported by [1, 4], who used NH3 for wheat straw pretreatment and biological pretreatment of corn stove. For further
support the biodegradability improvement and individual
exploitation, the mass reduction of LCH investigated and
supported by ATR-FTIR and SEM results.
TABLE 1 - Main composition changes after KOH-treatment (% dry
matter)*
Component
Total solids
Volatile solids
Total carbon
Total nitrogen
Hydrogen
Sulfur
Hemicellulose
Cellulose
Lignin
Ash
LCH
*Values are mean ± SD (n=3)

Wheat straw
93.5 ± 2.1
84.2 ± 1.7
41.7 ± 1.3
0.91 ± 0.2
5.5 ± 0.5
0.4 ± 0.05
28.3 ± 0.6
41.6 ± 0.4
12.5 ± 0.3
5.21 ± 0.2
82.4 ± 3.7

After pretreatment
12.2 ± 0.7
8.8 ±1.0
39.5 ± 2.1
0.8 ± 0.3
5.12 ± 1.2
0.26 ± 0.08
17.6 ± 1.1
38.0 ± 1.6
10.0 ± 0.4
1.23 ± 0.2
65.6 ± 4.1

2.3.3 Data analyses

Each analytical result was the mean of at least three
experimental measurements. The standard deviations, statistical differences by means of ANOVA were performed
using MetLab 7.10.0 to ascertain significant differences in
the data.

3. RESULTS AND DISCUSSION
3.1 Influence of KOH-pretreatment on the composition and
characteristics of wheat straw

Pretreatment of wheat straw is necessary to break
down the lignocellulose in three major polymeric constituents: lignin, cellulose and hemicellulose LCH [20]. Influence of KOH pretreatment on the characteristics and biodegradability of wheat straw was assessed in terms of total
solids (TS) and volatile solids (VS) assay (Table 1). The
data in Table 1 suggested that KOH-treated wheat straw
yielded into higher removal of TS (86%) and VS (89%) as
compared to the untreated one. The higher removal of solids can be associated with opening up of the cellulosic
wheat straw constituents likely due to the pretreatment of
wheat straw with KOH, resulting in the bioavailability of
wheat straw components thereby increasing the biodegradability of wheat straw. Wheat straw composition before
and after pretreatment were analyzed for lignin, cellulose

FIGURE 1 - Comparison of the ATR-FTIR spectra of the untreated
(solid line) and KOH-treated wheat straw (dash line).

ATR-FTIR spectroscopy was done to qualitatively analyze the chemical changes in the structures of both untreated and pretreated wheat straw, whose spectra and
transmission bands from 1430 cm to 900 cm were indicative of crystalline and amorphous regions Fig. 1. The band
at 1430 cm is assigned as crystalline and the band at 898 cm
reflects higher amount of disordered structure [21]. Since
there was a marked shift in the band at 1430 cm from
higher to lower frequencies, this was taken as a sign of cel-
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lulose degradation [22]. In addition to the visual examination of the spectra, the average of several spectra scanned
on each sample was also calculated. The observed reduction in the crystallinity of the cellulose has been reported
in terms of improved enzymatic hydrolysis of pure cellulose [23]. The calculated crystallinity index (A1430/A898) for
untreated and pretreated wheat straw were 0.59 and 0.45
respectively, which showed 31% decrease in the crystallinity index of pretreated wheat straw than that of untreated
wheat straw. This also implied that due to the crystallinity
reduction in pretreated wheat straw structure amorphous
effects were visibly observed from the spectra of pretreated
wheat straw.
The structural modification of wheat straw observed
during KOH-pretreatment was also supported by SEM (Fig.
2). As shown in Fig. 2a, the surface of untreated wheat straw
is not so coarse-grained and all the microfibers and hemicelluloses are not visible, being covered by lignin in a disposed
structure. Comparison of Figs. 2a and 2b, shows that wheat
straw pretreatment with 6% KOH had effectively disoriented the structure of wheat straw likely by removing some
parts of lignin. In other words, accessibility and porosity of

wheat straw had been increased through solubilization of a
significant portion of the hemicellulose yielding into the release of some microfibers by removing the coverage of lignin and hemicelluloses [9]. This maneuvered re-arrangement of lignin in the pretreated wheat straw would have
caused its easier digestibility than the untreated wheat straw.
3.2.1 Biogas production

Biogas production from both pretreated and untreated
wheat straw digested at loading rates of 50, 65 and 80 g/L is
shown in Fig 3. The biogas production was observed right
from the start or immediately after the inoculation of the
straw, which kept increasing until the emergence of first
peak Fig 3a, before it showed the decline. This production
was commenced due to afflicting exploit of biomass irrespective of pretreated wheat straw. There were many biogas
production peaks throughout digestion time with varied
OLRs. Biogas production from pretreated wheat straw
reached its highest daily production value of 775 mL on day
14 for loading rate of 50 g/L, while 1495, 1440 mL on the
31st day and 34th day for the loading rate of 65 and 80 g/L
respectively.

(a)

(b)

FIGURE 2 - (a) SEM images of untreated wheat straw (b) SEM images of pretreated wheat straw
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This could be explained by the fact that higher loading rate
means more substrate applied, thus taking longer time for the
anaerobic microorganisms to digest. The daily biogas production followed similar trends for the untreated wheat straw
for all loading rates. The highest daily production were obtained 656.67 mL on 3rd day, 666.67 mL on 3rd day and
800 mL on 18th day for 50, 65 and 80 g/L respectively, in
comparison between pretreated and untreated wheat straw
KOH 6% with OLR of 80 & 65 g/L achieved highest biogas
production than that of untreated wheat straw which was significantly higher (P< 0.05) than that of untreated run.
Total biogas production TBP for the pretreated wheat straw
at OLR 80, 65 and 50 was observed as 21, 22 and 17 LN
(LN is equivalent to liters at STP) in comparison to 16.8,
14.19 and 13.45 LN respectively for the untreated wheat
straw. The results were comparable with those of previous
work with different chemicals or biological treatment of
lignocellulosic biomass [1, 4, 8, 9]. These results transpired
that the TBP for pretreated wheat straw obtained at OLR
65 g/L was 55% higher (P< 0.05) than that of untreated
one at the similar OLR. These results suggested that 6%
KOH pretreatment for three days proved to be optimal and
significantly improve biogas production from pretreated
wheat straw at the viable OLR 65 g/L.
3.2.2 Cumulative biomethane yield

Fig 4a shows cumulative biomethane yield throughout
anaerobic digestion time. Biomethane yield is methane
production per unit volatile solids loaded (mLNCH4/gVS),
which was determined to compare energy conversion efficiency and confirm wheat straw biodegradability. According to mass content of each element listed in Table 1, the
chemical formula of wheat straw can be expressed as
C3.48H5.53O3.21N0.065. The theoretical methane potential (TMP)
was calculated as 361 mL CH4/gVS.

The maximum biomethane yield (MBY) from pretreated
wheat straw was observed to be higher than that from untreated wheat straw with 253, 331, 315 mLNCH4/gVS were
obtained at OLR 80, 65 and 50 g/L respectively, which was
70%, 91% and 87% of the TMP value of 361 mLNCH4/gVS,
respectively. In contrast, MBY from untreated wheat straw at
the similar OLR was observed to be lower in relation to TMP
value, i.e. 205 (57%), 219 (61%) and 273 mL NCH4/gVS
(75%) respectively. The MBY results were obtained with
significant difference (P< 0.05) for both treated and untreated OLRs. However there was no significant difference
among treated OLRs 65 and 80 g/L. Henceforth, this biomethane yield was due to the bioavailability of readily organic matter in the substrate, irrespective of the pretreatment. These results suggested that treated wheat straw gave
higher biomethane yield than untreated wheat straw likely
due to the effect of KOH on wheat straw characteristics affording more accessible area for the microbes to harness
maximum energy from the pretreated wheat straw. The
MBY results for treated wheat straw also implied that hydrolysis was not a rate-limiting step during pretreated
wheat straw degradation unlike untreated wheat straw.
This was likely due to the fact that the presence of lignin
content in the pretreated wheat straw became significantly
lesser owing to their breakdown via KOH pretreatment and
followed by its uptake by the microbes, which was not the
case with untreated wheat straw. The results are comparable with [24], when the cumulative biomethane yielded
257.4 mL g-1TS by applying wheat straw digested with
heme and also [1], when applying wheat straw pretreatment with NH3. Overall the biomethane yield of pretreated
wheat straw was higher therefore; the parameters of pretreatment are considered to be appropriate, which gave a
methane yield 52% higher than that of untreated at similar
OLR 65 g/L.

FIGURE 3 - (a) Daily biogas production of treated and untreated wheat straw (mL/d)
(b)Total biogas production of KOH-treated and untreated wheat straw (mLN)
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FIGURE 4 - (a) Cumulative biomethane yield (mLN CH4/gVS)

(b) Methane content (%)

TABLE 2 - CP MAS 13C NMR integrated area of digested residue KOH-treated and untreated samples*
C-type
Aliphatic-C bonded to
other aliphatic Chain or to H
Short chain
Long chain

Total
Aliphatic-C

O-CH3 or N-alkyl
O-alkyl-C di-O-alkyl-C

Aromatic-C phenol
Or phenol ether-C

Carboxyl-C Keto-C

Band δ range (ppm)
0-28
3.7
7.1
6.9

28-47
3.3
6.5
5.5

0-47
7.1
13.5
12.4

47-113
70.3
60.6
36.3

113-160
14.9
12.4
13.1

160-210
7.7
7.5
8.2

Mean n = 3

5.9 ± 0.8a

5.1 ± 0.6b

11 ± 1.8a

55.7 ± 4a

13.4 ± 2b

7.8 ± 1.6c

1-untreated
2-untreated
3-untreated

8.0
6.8
8.1

6.2
5.1
6.2

14.2
11.9
14.3

59.2
66.4
65.5

16.1
13.9
12.9

10.5
7.7
7.2

14.4 ± 2.4 b

8.5 ± 1.9 b

1-treated
2-treated
3-treated

5.8 ± 0.3 c
13.5 ± 1.5 c
60.7 ± 3.5 c
Mean n = 3
7.6 ± 0.7 c
*Mean values in the column by different letters differ significantly at (P < 0.05) T-test.

Daily methane content (DMC) profile in the biogas
produced from pretreated wheat straw is shown in Fig. 4b.
The DMC data suggested that the value was increased from
32-50% observed after early digestion phase of 15 days,
which on the whole increased up to 60% obtained after digestion period of 55 days. The DMC values obtained from
wheat straw treated with 80, 65 and 50 g/L were noted as
62%, 66%, and 65% compared to the OMC value of 58%,
60% and 56% obtained for untreated respectively. However, the observed value of methane concentration in pretreated wheat straw were relatively high as compared to
untreated run, caused by adsorption of carbon dioxide gas
into the substrates due to pretreated substrates reached by
addition of KOH.
3.3 CP MAS 13C NMR analysis of digestate residue

CP MAS 13C NMR provides qualitative and quantitative information as regards the composition of treated and
untreated digestate. It identifies the main characteristic carbonaceous C type organic compound [25]. This technique
was applied to verify the changes in macromolecular com-

position that occur in the digestate during AD treatment
and to compare the differences and/or similarities among
treated and untreated digestate residues. Table 2 shows five
types of carbon compounds that could be distinguished in
the NMR spectrum: (i) short chain aliphatic carbon in the
form of volatile fatty acids (VFAs) and steroid-like molecules [26]. (0-28 ppm) (ii) long chain aliphatic carbon such
as plant aliphatic biopolymers [27] and proteins [28] (2847 ppm); (iii) O-alkyl carbon like polysaccharides [29] (47113 ppm); (iv) aromatic carbon as lignin [30] (113160 ppm); and (v) carbonyl carbon, which include aliphatic
esters, carboxyl group, and amide carboxyl (160-210 ppm).
The digestate NMR were well-characterized by the presence of 0-47 ppm area, which indicated the presence of
both long chain linear structures, derived from KOH-pretreated and untreated wheat straw such as suberin, cutin,
waxes, fatty acid with peaks recorded 30-33 ppm [31]. The
spectra for treated digestate suggested towards the presence
of the peaks at 23 ppm indicating the presence of VFAs in
the residue, which were probably formed during its storage
under anaerobic conditions. However, this peak then disap-
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peared in the digestate, which implied towards VFA degradation during the course of AD [32]. The treated digestate
spectra were also observed to be moderate as compared to
that of untreated one via the presence of carbohydrate molecules such as hemicelluloses, celluloses, and simple sugars
47-113 ppm area, Table 2. The sharp decrease of this area in
the digestate suggested that AD proceeded, most of all, via
degradation of the carbohydrate fraction [32]. As a consequence, the labile organic molecules such as VFA and Oalkyl-C during AD showed an increase in NMR signals in 047 and 130-160 ppm regions Table 2. This means that the
inhibitory fractions, such as plant biopolymers, steroid-like
molecules, and lignin present at the start were concentrated,
notwithstanding that the non-decomposable carbon content
of the digestate was always smaller than that of compost
[33]. Moreover, improving the fertilizer effect of a digestate
with its higher decomposable carbon content results in the
increase in roots of crop and crops residues, which may have
an important effect on the soil organic matter content [32].

TABLE 3 - Chemical analysis of digestate residual*
Chemical analysis
pH
E.C mS/cm
TS %
VS %
C%
N%
H%
S%
P%
K%
Mg %
Ca %
Na %
Mn mg/Kg
Zn mg/Kg
Cu mg/Kg
Fe mg/Kg
Pb mg/Kg
Cd mg/Kg
*Values are mean ± SD (n=3)

Untreated
7.33 ± 0.04
4.2 ± 0.2
3.81 ± 0.62
2.89 ± 0.23
35.1 ± 1.33
2.3 ± 0.08
4.68 ± 0.14
0.36 ± 0.08
0.81 ± 0.10
1.64 ± 0.30
0.86 ± 0.01
1.74 ± 0.08
0.18 ± 0.01
277 ± 13
736 ± 31
329 ± 14
2986 ± 163
3.30 ± 0.26
0.31 ± 0.26

KOH-treated
7.58 ± 0.17
7.8 ± 0.6
3.48 ± 0.72
2.37 ± 0.19
38.7 ± 5.0
2.1 ± 0.27
3.84 ± 0.78
0.41 ± 0.01
1.28 ± 0.07
6.52 ± 0.61
0.92 ± 0.05
4.23 ± 0.40
0.31 ± 0.12
305 ± 55
758 ± 93
316 ± 53
3889 ± 155
3.93 ± 0.65
0.35 ± 0.05

3.4 Fertilizer / Elemental value of digested residue

Table 3 shows the mean results of chemical and elemental analyses of digestate residues for both pretreated
and untreated wheat straw. The salt content for pretreated
digestate were determined to be higher (7.8 mS/cm) than
that of untreated one (4.2 mS/cm). This increase in the alkalinity of the solution was expected considering that the
wheat straw was already mineralized via KOH pretreatment,
so as enriched alkaline digestate sort out problems of soil
acidification. Phosphorus, potassium, calcium and magnesium values for pretreated wheat straw digestate were
1.28%, 6.52%, 4.23% and 0.92% in contrast to 0.81%,
1.64%, 1.74% and 0.86% for untreated wheat straw digestate, respectively. These results transpired that the presence
of these elements in pretreated wheat straw was significant
with P-value of < 0.05, which implies towards utility value
of the pretreated wheat straw digestate as a soil fertilizer.
Whereas, the residue was also tested for manganese in both
the digestate with the value of 307 mg/kg for pretreated
wheat straw was higher than that of 255 mg/kg for untreated wheat straw.
Furthermore, the use of pretreated wheat straw digestate as a soil conditioner is also advantageous in that it suppresses soil borne pathogens by stimulating soil actinomycetes, which produce antibiotics [34]. In addition, due to
improved flow properties, the digestate can penetrate into
the soil faster, which reduces the risk of nitrogen loss in the
form of ammonia [35]. To sum up, given the elemental profile of the pretreated wheat straw digestate, it can be safely
concluded that it may prove to be an ideal candidate to be
used as soil fertilizer. The chemical analysis of most vital
macro and micro nutrients, pretreated and untreated digestate samples presented significant difference (P < 0.05).
The total residual mass was composed of 85-90% water
whereas VS values showed lower percentage of burned
loss by 18% with the observed value of 2.37% for pretreated digestate and 2.89% for untreated one.

4. CONCLUSIONS
Pretreatment of wheat straw with 6% KOH concentration was found to cause a positive change in the characteristic structure of wheat straw to induce process-efficient removal of lignocellulose, cellulose and hemicellulose during anaerobic biodegradation of pretreated wheat straw.
The resultant throughput of the process yielded into 22 LN
of biogas production along with higher biomethane yield
of 331.4 mLNCH4/gVS obtained with OLR 65 g/L, which
was 55% and 52% higher, respectively, than that of untreated wheat straw. Pretreated wheat straw digestate was
also analyzed to contain viable elemental profile and efficient fertilizer value. Based on the results achieved, it can
be said that wheat straw pretreatment with KOH at OLR
65 g/L is an effective option to produce optimum biomethane yield with the added prospect of being a valued
soil conditioner for crops.
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ABSTRACT
Ceratophyllum demersum L. is an important medicinal
plant and has been traditionally used in the treatment of
many human illnesses. Also, it is one of the major aquatic
plants used for removing heavy metals in water environments. The present study was designed for efficient in vitro
propagation of C. demersum using shoot tip, 1st and 2nd
nodal meristem explants. The explants were cultured on
liquid Murashige and Skoog (MS) medium supplemented
with different concentrations of thidiazuron (TDZ) (0.050.80 mg/L). Comparing the all explants, the 1st nodal explant cultured on MS medium containing 0.40 mg/L TDZ
had the most number (138.44) of shoots per explant. In
terms of shoot length, shoot tip explant cultured on MS medium containing 0.40 mg/L TDZ was recorded as the most
effective explant (1.93 cm). Thereafter, the stem explants
(≈2.0 cm long) cut from regenerated shoots were cultured on
liquid MS medium containing 0.10-0.80 mg/L GA3 to investigate the effect of GA3 on shoot elongation. The highest
shoot length (16.08 cm) was obtained from MS containing
0.80 mg/L GA3. Rooting experiments were not done due to
naturally rootless of C. demersum. Elongated plants were
successfully acclimatized in aquariums (100%).
KEYWORDS:
Aquatic plant; Liquid culture; Nodal explants; Shoot tip

1. INTRODUCTION
Aquatic plants are in use by people for medicinal purposes since ancient times. These plants are usually collected from the natural habitats. Ceratophyllum demersum
L., belonging to the Ceratophyllaceae family [1], has been
traditionally used in the treatment of diarrhoea, fever, dysentery, ulcer, wounds, burning sensation, haemorrhoids or
piles, intrinsic haemorrhages, epistaxis, hyperdipsia and haematemasis [2]. The leaves are used for scorpion sting and
regulate bile secretion [3]. Additionally, aqueous chloroform,
ethanol and methanol extracts of C. demersum showed
* Corresponding author

antimicrobial effect against isolated strains of bacteria and
fungi [4]. Furthermore, it contains more than 50 components
including essential oils such as 2-Methylpropanoic acid 3-hydroxy-2,4,4-trimethylpentyl ester, 2-methylpropanoic acid 2,
2-dimethyl-1-(2-hydroxy-1-methylethyl) propyl ester, 1,2benzenedicarboxylic acid bis (2-methylpropyl) ester, β-ionone-5,6-epoxide, toluene, hexanal, dihydroactinidiolide, pentadecanal and β-asarone [5].
Some aquatic plants have the ability to accumulate relatively large amounts of some contaminants and can be
used to treat wastewater (phytoremediation) [6-8], or to
monitor pollution (biomonitoring) in aquatic ecosystem [9,
10]. C. demersum is one of the major hyperaccumulator
aquatic plants used for the remediation of aquatic environment contaminated with heavy metals [11-15]. It can also
be used as biomonitor for pollution monitoring of the water
bodies [16].
Medicinal aquatic plants grow in natural conditions
and their survival in natural habitat is under threat due to
an increased demand. To overcome this problem, there is a
need to develop alternate means of propagation. Plant tissue culture is considered to be one of the most efficient
technology for the propagation of the plants. The present
study was designed for a rapid and efficient multiple shoot
regeneration of C. demersum, an important aquatic medicinal plant, using shoot tip and different nodal segments on
liquid MS medium supplemented with different concentrations of TDZ. The present study may help to use protocol
for extraction of medically important compounds from the
plant and the chemicals can be used in the pharmaceutical
fields.

2. MATERIALS AND METHODS
The plants of C. demersum were obtained from local
aquarium of Karaman province of Turkey. 3-5 cm long
twigs containing 5-6 nodes were washed under tap water
for 15 minutes. Surface sterilization was performed with
5% hydrogen peroxide (H2O2) for 7 min followed by rinsed
thrice with sterilized distilled water by continuous stirring
for 5 min each. After sterilization, shoot meristem, 1st and
2nd nodal meristem explants were isolated under sterile
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conditions and cultured on Murashige and Skoog (MS) medium devoid of growth variants for 2 weeks to obtain contamination free explants [17]. Thereafter, explants were
cultured on liquid MS medium supplemented with 3% sucrose provided with 0.05, 0.10, 0.20, 0.40 and 0.80 mg/L
Thidiazuron (TDZ) (Table 1) in Magenta GA7 vessels.
After eight weeks, regenerated shoots (≈2.0 cm long)
were cultured on liquid MS medium containing 3% sucrose
and 0.10, 0.20, 0.40 and 0.80 mg/L Gibberellic Acid (GA3)
and on liquid MS (hormone-free) medium to evaluate shoot
elongation and shoot regeneration (Table 2). The elongated
shoots were transferred to aquariums containing water at pH
7.0 and 23±1°C 16 h light photoperiod for 30 days for acclimatization.
The experiment was run in triplicate with the pH of all
media adjusted to 5.7±1 before autoclaving (1.2 atmospheric
pressure, 120oC for 20 min). All cultures were incubated under 16 h light photoperiod (1500 lux) using white Light
Emitting Diodes (LED) lights. The data for both regen-

eration and elongation mediums were recorded after 8 weeks
of culture. Each treatment contained 8 explants and was replicated 3 times (8 x 3 = 24 explants). Statistical analysis was
performed as One Way ANOVA using SPSS 16 for Windows
and post hoc tests were performed using Duncan. Data given
in percentages were subjected to arcsine transformation [18]
before statistical analysis.

3. RESULTS
The study presents the efficient axillary shoot regeneration from different nodal segment (shoot tip, 1st and 2nd
nodal meristem) explants of C. demersum cultured in liquid
MS medium supplemented with various concentrations of
TDZ (0.05-0.80 mg/L). Shoot induction started within two
weeks of culture from all explants followed by prominent
multiple shoot regeneration after eight weeks of culture
without any callus induction (Fig 1. a-f). Shoot formations

FIGURE 1 - In vitro shoot regeneration of C. demersum cultured on liquid MS medium containing different concentration of TDZ. After
8 weeks of culture, multiple shoot regeneration from the (a,b) shoot tip (c,d) 1st and (e,f) 2nd nodal explants.
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FIGURE 2 - Shoot formations on the leaves and acclimatization of C. demersum. (a, b) Shoot formations on the leaves of regenerated shoots in
culture medium; (c) After 5 weeks, acclimatized plants in aquarium.

TABLE 1- Effects of various concentrations of TDZ on shoot regeneration of C. demersum
Growth
Shoot regeneration frequency (%)
Mean number of shoots per explant
regulator
TDZ
2nd nodal
2nd nodal
1st nodal
1st nodal
Shoot tip*
Shoot tip**
(mg/L)
meristem*
meristem*
meristem*
meristem**
0.05
100.00a
85.00b
100.00a
114.67a
98.33b
95.11b
0.10
100.00a
100.00a
100.00a
109.11ab
112.33ab
129.22a
100.00a
85.00a
83.22bc
87.44b
103.22b
0.20
100.00a
100.00a
100.00a
79.22c
138.44a
97.67b
0.40
100.00a
100.00a
85.00a
77.44c
85.33b
79.11b
0.80
85.00b
**Means followed by different small letters within columns are significantly different (p<0.01)
*Means followed by different small letters within columns are significantly different (p<0.05)

were also recorded on the leaves of regenerated shoots in
culture mediums (Fig. 2a,b). Data of shoot regeneration
frequency (%), mean number of shoots per explants and
shoot length (cm) are given in Table 1. Shoot regeneration
frequency was found statistically significant for shoot tip
and 1st nodal explants, while statistically insignificant for
2nd nodal explants (p>0.05). Shoot regeneration frequency
was recorded 85.00-100.00% from all explants. Maximum
shoot regeneration frequency (100.00%) was observed on
MS containing 0.10 mg/L and 0.40 mg/L TDZ irrespective
of explant type.
Mean number of shoots per explants were ranged 77.44114.67 for shoot tip, 85.33-138.44 for 1st nodal meristem explant and 79.11-129.22 for 2nd nodal meristem explant (Table 1). Maximum number of shoot per explants from shoot
tip (114.67), 1st (138.44) and 2nd (129.22) nodal meristem explants were recorded on MS medium supplemented with
0.05, 0.40 and 0.10 mg/L TDZ respectively. On the other
hand, minimum number of shoot per explants from all explants were scored from MS medium supple-mented with
0.80 mg/L TDZ from all explants. Shoot length was ranged
1.33-1.93, 1.48-1.75, and 1.52-1.80 cm on shoot tip, 1st, and

Mean shoot length (cm)
Shoot
tip**
1.48b
1.33b
1.44b
1.93a
1.36b

1st nodal
meristem*
1.48c
1.59bc
1.64ab
1.63ab
1.75a

2nd nodal
meristem*
1.76a
1.80a
1.67a
1.55a
1.52a

2nd nodal meristem explants respectively (Table 1). Maximum shoot length from shoot tip (1.93 cm), 1st (1.75 cm),
and 2nd (1.80 cm) nodal meristem explants were recorded on
MS medium containing 0.40, 0.80 and 0.10 mg/L TDZ, respectively. In general, shorter shoots were obtained from
shoot tip explants among other explants, while longer shoots
were obtained from 2nd nodal explants.
Regenerated shoots (≈2.0 cm long) were cultured on liquid MS medium supplemented with 0.10-0.80 mg/L GA3 for
shoot elongation and number of shoots per explant (Table 2).
However, multiple shoot regeneration was observed in all
culture medium along with shoot elongation. After seven
weeks, number of shoots per explant and shoot length were
found statistically significant (p < 0.05) and ranged 8.5065.70 and 4.22-16.08 cm, respectively. Maximum number
of shoots per explant (65.70) were recorded on MS medium
containing 0.10 mg/L GA3 followed by MSO (62.60). Further increase of GA3 exerted negative effects on shoot regeneration. Contrarily, GA3 positively increased the shoot
length significantly that ranged 4.22-16.08 cm. The maximum shoot length of 16.08 cm was obtained from MS containing 0.80 mg/L GA3 (Table 2).
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TABLE 2 - Effect of various concentrations of GA3 on shoot elongation and regeneration
Shoot length
Number of
(cm)
regenerated shoots
MSO
62.60a
5.88bc
0.10 GA3
65.70a
4.22c
55.07ab
6.98b
0.20 GA3
45.80b
7.58b
0.40 GA3
8.50c
16.08a
0.80 GA3
Means followed by different small letters within columns are significantly
different (p<0.05)
GA3 (mg/L)

Rooting experiments were not done due to rootless nature of the plant. In vitro propagated and elongated shoots
were transferred to aquarium for acclimatization. Plants
were washed with water to remove MS medium and placed
in aquariums. After five weeks, it was recorded that all
plants survived (100 %) (Fig. 2c).
4. DISCUSSION
The study presents the effective axillary shoot proliferation of C. demersum cultured on liquid MS mediums
containing 0.05-0.80 mg/L TDZ. Callus formation wasn’t
recorded on all explants in all culture mediums. However,
callus formation was reported in other aquatic plants cultured on MS medium containing TDZ such as, B. monnieri
[19], Aponogeton madagascariensis [20], Rotala rotundifolia [21] and Hygrophila polysperma [22]. The difference
in the results might be due to liquid medium used in the
study compared to other studies where agar solidified mediums were used. However, Karataş et al. [23] reported callus induction in the liquid medium using shoot tip explant
of dwarf hygro (H. polysperma).
Shoot regeneration was also observed on some of the
leaves growing on the regenerated plants in culture mediums
(Fig. 2a,b). However, no regeneration was recorded when
leaf explants were used alone (data not shown) using different cytokinins. Results showed variable response of all explants to TDZ with high regeneration frequency (85.00100.00%). The results are in line with Karataş et al. [23],
who also reported variable shoot regeneration frequency of
dwarf hygro cultured in liquid medium containing BA.
However, they achieved relatively low regeneration frequency of 45.33-66.33%, which might be due to different
species, explant and growth regulator used. Similarly,
Karataş et al. [22] reported 62.50 100.00% shoot regeneration frequency of H. polysperma cultured on solidified
MS medium containing 0.10-1.60 mg/L TDZ. These results showed that shoot regeneration frequency may vary
according to the used type of plants and explants.
Results on the mean number of shoots per explant
showed that TDZ is an effective and efficient growth regulator for multiple shoot regeneration for C. demersum
(Table 1). Multiple shoot formation was observed in other
aquatic plants cultured on MS medium supplemented with
TDZ such as Ipomoea aquatica [24], Trapa japonica
Flerov [25], Spartina alterniflora [26], Lemna gibba var.

Hurfeish and Spirodela punctata 8717 [27], Ludwigia repens [28] and Bacopa monnieri [19]. Comparing explants,
the 1st nodal explant had the most number (138.44) of
shoots per explant among the other explants (Table 1).
Similarly, Öztürk [29] cultured shoot tip meristem, 1st
nodal meristem, leaf, and petiole explants of Hygrophila
difformis on liquid MS medium containing TDZ - NAA
and reported that maximum number of shoot per explants
was obtained on MS medium from 1st nodal explant. Results showed inhibitory effect of increased TDZ concentration on the mean number of shoots per explant for shoot tip
explant and similar effects was observed for 2nd nodal explant used at concentrations greater than 0.10 mg/L TDZ.
Whereas, a certain relationship was not observed between
1st nodal explant and TDZ concentrations. The similar relationship has also been reported for H. polysperma [22].
Although multiple shoot regeneration was observed,
regenerated shoots from all explants showed variable length
to different TDZ concentrations. These results are contradictory to the findings of Karataş et al. [30], who reported very
short shoots due to carry over effects of BA in the liquid culture medium. However, our results revealed that regenerated
shoots gained sufficient length irrespective of higher TDZ
concentrations used in the study. Carry over effects of TDZ
or cytokinin on inhibiting shoot elongation is well known
phenomenon and has been reported for various plant species
like Vaccinium visit-idaea L. [31], Solanum tuberosum L.
cvs. [32] and Zingiber officinale Rosc. [33]. Keeping in
view, regenerated shoots were transferred to liquid MS medium containing GA3, which ultimately increased the shoot
length but also resulted in multiple shoot proliferation in
line with the findings of Karataş et al. [23], who also
gained shoot proliferation with enhanced shoot length in
the liquid medium. Hoque et al. [25] reported shoot elongation of water chestnut by adding 0.5 mg/L GA3 with 2,4D and BA combinations. Purkayastha et al. [34] reported
the positive impact of GA3 on elongation of stunted shoots
of Jatropha curcas cultured on MS medium containing 0.1
- 5.0 μM GA3 and obtained the most change in shoot length
(98%) on MS medium containing 0.5 μM GA3.
100% successful acclimatization of in vitro regenerated plants showed the ability of plants to survive and has
been previously reported such as Pistia stratiotes L. [35],
T. japonica [25], Scirpus robustus [36], Myriophyllum spicatum L. and Potamogeton crispus L. [37], Cryptocoryne
wendtii and Echinodorus cordifolius [38], Alternanthera
sessilis [39], Rotala rotundifolia [(Buch-Ham. Ex Roxb)
Koehne] [40] and B. monnieri [41].

5. CONCLUSIONS
This work reported micropropagation of C. demersum
by direct axillary shoot proliferation from shoot tip, 1st and
2nd nodal meristem explants. Acclimatization of regenerated shoots was successfully achieved in aquariums. The
protocol may help to gene transfer studies in this plant and
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for the extraction of medically important compounds from
the plant. In vitro grown plants can also be used check the
phytoremediation efficacy in further studies in future.
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SYNTHESIS, CHARACTERIZATION AND
PHOTOCATALYTIC ACTIVITY OF PURE AND
Sb CO-DOPED TiO2 NANO PHOTOCATALYST
Maryam Nozari and Shahram Moradi Dehaghi*
Department of Chemistry, Tehran North Branch, Islamic Azad University, Tehran, Iran

ABSTRACT
TiO2/Sb nano photocatalyst was prepared via the solgel process. The structure and properties of the nano photocatalysts were characterized by FT-IR, Raman spectroscopy, FE-SEM equipped with EDX spectroscopy and TEM
and the crystalline structural properties were determined by
XRD technique. The average sizes of the synthesized nano
photocatalysts were 40 nm and 20 nm for TiO2 and TiO2/Sb
respectively. The photocatalytic activities were evaluated
by photocatalytic degradation of methyl orange (MO) solution under UV irradiation and the photocatalytic properties of TiO2/Sb samples were compared with TiO2 in Photochemical (P) and coupled systems of Electro Photochemical (EP), Photochemical in the presence of Air (PA) and
Electro Photochemical in the presence of Air (EPA). The
results showed that doping of Sb ions to the TiO2 lattice
improved the surface properties and decreased the particle
size of the nano photocatalyst. Furthermore, TiO2/Sb nano
photocatalyst had better photocatalytic activity comparing
with TiO2 and the coupled system of electro photochemical
in the presence of air showed the best degradation ability
by decreasing the degradation time to 30 min.
KEYWORDS: Sb/TiO2, nano photocatalyst, Methyl Orange, electro
photochemical, sol-gel

1. INTRODUCTION
During the last decades, removal of organic pollutants
from water and air is a great concern due to their adverse
effects on human’s health. Among different types of organic contaminants, the existence of dye pollutants in
wastewater has achieved considerable attention [1-8]. In
order to solve this problem, application of Titanium dioxide (TiO2)- based photocatalysis has been widely investigated for degradation and mineralization of dye pollutants
because of its non-toxicity, high photochemical stability,
strong oxidizing power, low cost and high photocatalytic
* Corresponding author

activity. Many factors such as crystal structure, porosity,
particle size and specific surface area affect the photocatalytic activity of TiO2 [5-19]. However in order to obtain
TiO2 with high catalytic activity, three main problems such
as improving its visible light absorption abilities, avoiding
charge recombination and reducing its band gap should be
overcome [8, 10, 20-24]. Various modification techniques
have been developed to reduce band gap such as doping
with noble metals include Au, Ag, Pt, non- precious metals
such as Fe, Cu, Cr, Mn, W, Ru, Ni, Sb, oxides such as ZnO
and non-metallic elements including N, C, S, F, P [1, 2, 4,
9, 25-34].
Among these elements, Sb doped TiO2 has been studied by many researchers [21, 35-41]. Different methods can
be used for preparing TiO2 nano photocatalyst [8-15, 42].
The sol-gel method has been widely used for preparing
TiO2 because of its simplicity and possibility of the synthesis of nano photocatalyst at low temperature with high purity [5-8, 13-20].
In this work, the fine Sb doped nano TiO2 photocatalyst has been prepared by the sol-gel method and characterized by Fourier Transform Infrared (FT-IR), X-ray diffraction (XRD), Field Emission Scanning Electron Microscopy (FE-SEM), Transmission Electron Microscopy (TEM)
and Brunauer-Emmet-Teller (BET) analysis. The photocatalytic activities of the synthesized nano photocatalysts were
investigated by decolorization of Methyl Orange (MO) solution under UV irradiation in a batch reactor. Degradation
process was confirmed by UV-VIS spectrometry and Liquid Chromatography Mass Spectrometry (LC-MS). The
photocatalytic properties of Sb-doped TiO2 were compared
with TiO2 in photochemical (P) and coupled systems include: Electro Photochemical (EP), Photochemical in the
presence of Air (PA) and Electro Photochemical in the
presence of Air (EPA).

2. MATERIALS AND METHODS
Chemical reagents used in this work were: Titanium
Tetra-isopropoxide (TTiP, >98%), SbCl3 (>99%), absolute
ethanol (99%), nitric acid (65%), Methyl Orange (MO) all
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from Merck Chemical Company, Hydroxypropyl Cellulose (HPC) was from Aldrich Company.
2.1 Preparation of the Samples

The TiO2 and TiO2 /Sb samples were prepared using
the sol-gel method [8, 43]. At the first stage, TTiP was dissolved in ethanol with a molar ratio of 1:75 of TTiP to ethanol and then stirred for 15 min then 0.2 g of HPC was
added to the solution as a stabilizer and stirred for 10 min
to obtain a precursor solution. After that, a mixture of ethanol, nitric acid, deionized water and alcoholic solution of
SbCl3 (0.004 M) with molar ratios of 43:0.2:1:0.00136 respectively was added dropwise during 30 min into the precursor solution by a fast stirring. The transparent sol was
stirred for 45 min. The sol was aged at room temperature
for 48 h to form a gel, and the obtained gel dried at 60 ºC
for about 24 h to remove the water and organic solvents, then
calcinated in an electric furnace at temperature of 550 ºC for
4 h. The samples were naturally cooled after the heat treatment. TiO2 nanoparticles were prepared as the same
method, but without addition of SbCl3 alcoholic solution.
2.2 Photocatalytic Degradation

Photochemical dye degradation experiments were carried out in a quartz reactor using a UV-C pencil lamp (Hach
Company, USA) which was placed in the reactor. Initially,
0.01 g of the nano photocatalyst was added into 25 ml MO
solution with an initial concentration of 5 ppm. The initial
absorption was read and the reaction started. Another suspension consisted of 0.01 g of nano photocatalyst and 25 ml
of distilled water was prepared as a blank solution. The suspensions were stirred during the experiment and the absorption of the samples was read by UV-Vis spectrophotometer
at regular time intervals.

For coupling systems of Electro Photochemical (EP),
a power supply of 12 V direct current was used, and two
steel electrodes were placed in the solution and for the Photochemical in the presence of Air (PA) reactions, a pump
(Model: ACO 5505, Freq= 50 Hz, Pressure= > 0.025 MPa,
Output: 5.5 L.min-1, Power: 6.5 W) was used during the
photocatalytic degradation.

3. RESULTS AND DISCUSSION
3.1 Characterization of the nano photocatalysts

FT-IR spectra of the TiO2 and TiO2/Sb nanophotocatalyst were obtaines (Thermo Nicolet Nexus 870 FT-IR spectroscopy) and the results are shown in Figure 1 in the wave
number range from 400 to 4000 cm-1. The peaks at 550 and
700 cm-1 can be assigned to symmetric stretching vibration
of the Ti-O-Ti bond and O-Ti-O flexion vibration respectively [11, 44-46]. The peaks at 400 and 1400 cm-1 were
attributed to the vibration mode of Ti-O and Ti-O-C that
the Ti-O-C may result from the interaction between Ti-O
network and the organic polymer and those at 1240, 1160
and 1080 cm-1 resulted from the adsorbed H2O molecules,
which were not removed completely after sol-gel synthesis
[11, 44-46]. During the hydrolysis of TTiP, large amount
of ethanol, lead to the appearance of hydroxyl bond [11],
so the wide peak at 3250 cm-1 was attributed to the OH
stretching vibration of surface hydroxyl group. In addition,
the peak around 1630 cm-1 can be assigned to the stretching
mode of the physically adsorption of hydroxyl group [11,
44-46].

a
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FIGURE 1- FT-IR spectra of (a) TiO2, (b) TiO2/Sb

a
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FIGURE 2- XRD pattern of (a) TiO2 and (b) TiO2/Sb, A: Anatase, R: Rutile

Figure 2 shows the XRD patterns of TiO2 and Sb incorporated TiO2 nano photocatalyst (SCIFERT-3003 PTS
X-ray diffractometer with CuKα radiation from 0 to 100).
The XRD peaks at 25˚, 37.5˚, 48˚, 53.8˚, 54.9˚, 63.0˚ assigned to the anatase form of TiO2 [11]. By applying the
Scherrer equation (eq.1) the average particle sizes were estimated to be 20 nm for the doped and 40 nm for non-doped
TiO2. It can be seen that the major phase in both of the synthesized catalysts is anatase phase.
d=

(1)

Where d is the average particle size, k is 0.89, λ is
0.154060 nm for Cu Kα and β is the full width of half maximum (FWHM) of the peak [4, 11]. Figure 2a shows that
only pure anatase phase of TiO2 was formed. By doping Sb
in pure crystalline anatase phase of TiO2, rutile phase of
TiO2 created and three phases including anatase, rutile and
SbTi2.5 can be observed so the photocatalytic activity is improved.

and Figure 3d show EDX analysis of TiO2 and TiO2/Sb
which proves that Sb was incorporated into the TiO2 nano
photocatalyst.
The nano structure of the samples was observed by
TEM (Philips EM 208 electron microscopy) and the results
are shown in Figure 4. As shown in the images TiO2 nano
particles with no addition of Sb ions were aggregated. It
can be seen that all the particles are smaller than 50 nm.
Furthermore, the surface area of the synthetic catalysts
was obtained by BET method and the results are shown in
Table 1.
3.2. Photocatalytic activity

The surface morphology of the synthesized nanophotocatalyst has been studied (FE-SEM, MIRA3 TESCAN)
and their SEM images are shown in Figure 3.

Figure 5 displays the photocatalytic activity of the
TiO2 and TiO2/Sb nano photocatalyst for decolorization of
Methyl Orange solution at λ=465 nm under UV irradiation.
The concentration of MO solutions was detected by a Cary
UV-Vis 100 spectrometer. According to Figure 5 the decolorization time of Sb doped TiO2 is 45 min comparing to
65 min for TiO2 alone. Of course the total degradation time
for all of the experiments in this paper was 20 min after the
decolorization time and they were confirmed by LC-MS
analysis.

Figure 3a shows TiO2 nanophotocatalyst, without adding any SbCl3. It is seen that pure nano TiO2 does not show
a regular surface. Figure 3c shows the TiO2/Sb nano photocatalyst which shows that the addition of Antimony can
affect the morphology of the TiO2. Tiny particles with the
average size of 20 nm can be seen in the image. Figure 3b

Figure 5 shows that doping of Sb to TiO2 improves the
photocatalytic activity by decreasing the degradation time.
According to the results of the synthesized samples from
XRD, the entrance of the dopant causes to make a new
composite with different physical and chemical properties.
The entrance of dopant metal into the crystal structure of
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FIGURE 3- (a) SEM image of TiO2, (b) EDX analysis of TiO2, (c) SEM image of TiO2/Sb, (d) EDX analysis of TiO2/Sb
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b

FIGURE 4- TEM images of (a) TiO2 and (b) TiO2/Sb
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TABLE 1- Surface area of the samples
Samples
Surface area (m2/g)

TiO2
165

TiO2/Sb
220

1,2
1

C/C.

0,8
0,6
TiO2‐Sb/P
0,4

TiO2/P

0,2
0
0

10

20

‐0,2

30

40

50

60

70

t (min)
FIGURE 5- Photochemical degradation of MO solution under UV irradiation

TiO2 lead to the reduction of the band gap energy and
increasing the photocatalytic activity of the sample. As it
can be seen in the Figure 5, the photocatalytic activity of
TiO2/Sb increases comparing with non- doped TiO2.
The photocatalytic activity of TiO2 was compared with
TiO2/ Sb in the coupled system of UV irradiation in the
presence of air. The results are shown in Figure 6.

On the contrary, coupling UV irradiation in the presence of air does not improve the phtocatalytic activity and
it increases the degradation time. As it can be seen the photocatalytic activities of TiO2 and TiO2/ Sb nano photocatalyst increase to 70 min and 55 min respectively. It can be
concluded that since the air flow was not sufficient, so
blowing of air to the system only able to do mass transfer
and because of that the degradation ability of nano photo-

1,2
1

C/C.

0,8
0,6

TiO2‐Sb/A

0,4

TiO2/A

0,2
0
‐0,2

0

20

40

60

80

t (min)
FIGURE 6 - Photochemical degradation of MO solution in the presence of Air
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FIGURE 7- Electro photochemical degradation of MO solution
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FIGURE 8- Electro photochemical degradation of MO solution in the presence of Air

catalysts decreased and it caused to increasing the degradation time.
The electro photochemical activity of TiO2 was compared with TiO2/ Sb and the results are shown in Figure 7.
Degradation of MO can be improved by electro photochemical system. As it can be seen the degradation time
decrease to about 45 min and 35 min for TiO2 and TiO2/
Sb.
Figure 8 shows the photocatalytic activity of TiO2 and
TiO2/Sb in the electro photochemical coupled system in the
presence of air. Electro photochemical coupled system in
the presence of air affect the photocatalytic degradation
of TiO2 and TiO2/Sb and decreases the degradation time to
40 min and 30 min respectively.

In the coupled system of electro photochemical, the
applied electrical field accelerated the ions immigrations,
so it increases the oxidation and reduction reactions which
occur on the surface of the nano photocatalyst. So the degradation process of TiO2/Sb sample in the presence of electrical current is improved.
Figure 9 shows the LC-MS analysis of the solution in
three times of degradation (Agilent MSD 1100). Before
starting the degradation, methyl orange can be observed in
the solution. In the middle of the degradation time, methyl
orange and some other intermediate products are presented
and at the end of the irradiation time, the photocatalytic
degradation is completed [4].
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FIGURE 9- LC-MS analysis of methyl orange (a) before degradation, (b) after 25 min (c) after complete degradation

4. CONCLUSIONS
TiO2 and TiO2/Sb nano photocatalysts were prepared
using sol-gel method and their photocatalytic activities
were tested. The XRD study showed that the major phase
of the samples was anatase and the average size of the particles was 20 nm and 40 nm for the doped and non-doped
TiO2 respectively. The SEM images of the particles showed
that Sb doped TiO2 had better size distribution and no aggregation comparing with TiO2. The effect of coupling systems
on the photocatalytic activities of the nano photocatalysts
were investigated by decolorization of methyl orange solu-

tion at different conditions of photochemical, photochemical in the presence of air, electro photochemical and electro
photochemical in the presence of air. The results showed
that the photocatalytic activity of Sb doped TiO2 was better
than TiO2 and the electro photochemical coupled system in
the presence of air showed the best result by degradation of
methyl orange solution in 30 min. Figure 10 shows the efficiency of these systems on the photocatalytic degradation
of TiO2 and TiO2/Sb.
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FIGURE 10 - Degradation of MO solution under different coupled system: P= Photochemical degradation , PA= Photochemical degradation
in the presence of Air, EP= Electro photochemical degradation, EPA= Electro photochemical degradation in the presence of Air
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ABSTRACT
Radon and its decay products are the main source of
natural radiation exposure. Alpha particle emissions of radon in drinking water increase the absorbed dose by the
respiratory and gastrointestinal systems, which can lead to
cancer. The present study is aimed to determine the radon
concentration in drinking water of Kermanshah city, Iran.
Radon concentrations in water samples from ten regions of
the city were measured by the RTM1688-2 radon meter.
Tap water samples were taken three times in each region.
The annual effective dose to stomach and lungs per person
was calculated according to parameters introduced by the
United Nations Scientific Committee on the Effects of
Atomic Radiation. According to the results, the average radon concentration in drinking water was 2.96±0.966 Bq/L.
The annual effective dose to adults due to waterborne radon was estimated to be about 7.4±2.4 µSv/y for lungs and
0.533±0.17 µSv/y for stomach. This study showed that the
concentration of radon in drinking water used by people in
Kermanshah is lower than the recommended values. The
results show no significant radiological risk related to waterborne radon for the inhabitants of the studied regions.

Radon gas, that is an alpha particle emitter, can enter
tissues through water, food and inhalation and has negative
biological effects on such organs [5-8]. Causing lung cancer is the most important hazard of radon to human health
[9]. Although high concentrations of radon in groundwater
may contribute to radon exposure through ingestion, the
exposure risk through inhalation of radon released from
water is usually more significant [10]. Unlike indoor radon,
in the case of ingested radon, the radiation exposure is
mainly due to radon gas itself rather than its progeny [11,
12]. The stomach receives more than 90% of the total effective dose caused by radon ingestion [12]. On account of
its potential public health hazard, surveys of radon in water
sources have received much attention in recent decades
[17-13].
The domestic water of Kermanshah, a city in the west
of Iran, is just supplied from groundwater resources
(springs and wells). This paper presents the results of measurements of 222Rn concentration in tap water actually used
for drinking and other household uses in Kermanshah. We
measured the radon concentration in drinking water in the
region for the first time.

KEYWORDS:
Radon, drinking water, effective dose, Iran

1. INTRODUCTION
Natural radioactive sources are the main exposures of
all living creatures, including humans. As the contribution
of natural resources in human exposure is estimated 90%
[1]. Radon and its decay products are responsible for 50%
of the total dose from natural sources [2].
* Corresponding author

Radon (222Rn) is colorless, odorless and tasteless, and is
considered a noble gas that is naturally radioactive. It is derived from uranium decay present in rocks and soil [3]. Radon is highly soluble in water, thus the radon gas present in
the underlying rocky bed can easily pass through the soil and
rocks, inevitably entering groundwater sources. Therefore,
soil and various types of rock in the earth’s crust and groundwater are the main sources of radon gas propagation [4].

Radon can enter the human body through ingestion and
inhalation, as radon is released from water to the indoor air.
Therefore, radon in water is a source of radiation dose to
stomach and lungs. The annual effective doses for ingestion and inhalation were calculated according to parameters introduced by the 2000 report of the UNSCEAR [19].
Accordingly, the annual effective doses due to ingestion
corresponding to 1 Bq/l, would equal 0.35 μSv/y for infants, 0.26 μSv/y for children and 0.18 μSv/y for adults.
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The annual effective dose due to inhalation corresponding
to the concentration of 1 Bq/L in tap water is 2.5 μSv/y.
The estimated radiation dose to public due to waterborne
radon is also presented accordingly.

TABLE 1 - The sampling sites of Kermanshah
Sampling site
1
2
3
4
5

2. MATERIALS AND METHODS
Based on the water supply situations, Kermanshah city
was divided into ten regions (Table 1) and the water was
sampled three times in each region in 2014 during two
month (January and February). After the water flowed for
several minutes, the flow rate was slowed down and the
water was allowed to be collected in a conical glass vessel
(one-liter flask) covered with foil, in a manner that minimizes turbulence in the water flow. The collected samples
were then taken along the ice to the laboratory and were
stored at temperatures below 4 ° C [18].
Radon measurements have been carried out using the
RTM1688-2 (a portable RTM1688-2 Radon/Thoron Monitor (Sarad, Dresden, Germany). The unit offers a high sensitivity of more than 3 cpm/(kBq/m³) (Fast Mode) obtained
from a very small internal volume of only 130 ml. In each
measurement, the 500 ml bubbling flask was filled with the
water sample and connected to the radon monitor to create
a closed air loop (Fig. 1). The air volume of the system circulated through the loop drawn by the internal pump of the
radon monitor. The small bubbles transferred radon very
efficient because of the large resulting surface of the junction between water and air.

6
7
8
9
10

Taghbostan boulevard
Anahita town
Maskan town
Zafar town
The west part
of Parsian Hotel
Azadi square
Kianshahr town
Ferdosi square
Shahrdari square
Dolat Abad town

Description
In the north of the city
In the northwest of the city
In the northeast of the city
In the northeast of the city
In the north of the city
In the center of the city
In the east of the city
In the south of the city
In the south of the city
In the west of the city

3. RESULTS
Radon levels in drinking water of various regions were
different (P=0.001). Table 2 shows the average radon concentration in drinking water samples.The minimum and
maximum radon concentration in the samples were 1.775
Bq/L and 4.568 Bq/L, respectively. The average radon concentration was estimated to be 2.9±1.06 Bq/L. If the samples from stations 7 and 10 are not considered, it can be
observed that the average radon concentration in water
samples from the north of the city (3.34±0.94 Bq/L) is
more than that of the south (1.95±0.8 Bq/L, P=0.001). The
mean annual effective dose due to radon in drinking water
to stomach and lungs was found to be 0.533±0.17 μSv/y
and 7.4±2.4 μSv/y respectively.

FIGURE 1 -View of radon measurement devices
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TABLE 2 - Radon concentration data and annual effective dose of drinking water samples
Sample
No.
1
2
3
4
5
6
7
8
9
10
Average

Radon
(Bq/L)

Place of water sampling
Taghbostan boulevard
Anahita town
Maskan town
Zafar town
The west part of Parsian Hotel
Azadi square
Kianshahr town
Ferdosi square
Shahrdari square
Dolat Abad town

concentration

4.75±0.07
4.13±0.43
2.26±0.25
3.05±0.91
3.13±0.56
2.2±0.97
2.82±0.57
1.87±0.71
1.8±0.96
3.8±0.64
2.9±1.06

Annual effective dose of adults (μSv/y)
Stomach
Lung
0.822
11.42
0.743
10.322
0.407
5.655
0.549
7.62
0.563
7.817
0.396
5.5
0.507
7.04
0.336
4.665
0.319
4.437
0.685
9.52
0.533±0.17
7.4±2.4

FIGURE 2 - The histogram of radon gas concentration.

4. DISCUSSION
Based on the results, the concentration of radon in
drinking water used by the population of Kermanshah city
was much less than 11 Bq/L, the Maximum Contamination
Level proposed by the U.S Environmental Protection
Agency in 1999 [20]. Average annual effective dose caused
by waterborne radon to stomach and lungs did not exceed
0.1 mSv/y, the amount recommended by the World Health
Organization [21].
The results showed that radon concentration in drinking water of the north of the city was higher than that of the
southern regions. Since in areas that are located on a fault
line, radon gas emissions into the environment, including
groundwater is higher, it seems that the presence of a fault
in the northern part of the city causes this difference [22].

In addition water supplies of the southern regions are
mainly out of the city (Miandarband wells), while drinking
water of the north is primarily supplied from sources located in the north of the city. So the maximum radon concentrations were measured in drinking water of Taghbostan
region that is supplied from Taghbostan spring originating
from Taghbostan mountain which is in contact with the
north fault.
The average radon concentration in drinking water of
Kermanshah city was 2.9±1.06 Bq/L that is approximately
equal to the amount obtained for radon concentration in
drinking water of Ramsar, 3.005 Bq/L [23] and lower than
radon concentration in drinking water of Tehran 3.7±0.94
Bq/L [24]. Radon concentrations in drinking water in other
countries are summarized in Table 3.

3517

© by PSP Volume 24 – No 10b. 2015

Fresenius Environmental Bulletin

TABLE 3 - Radon activities in drinking water from recent studies
Country
Italy [25]
Jordan [15]
Brazil [26]
Saudi Arabia [17]
UK [27]

Radon concentration (Bq/L)
8
2.5-4.7
0.39-0.47
0.92-2.12
0-2

Venezuela [28]

0-2

Poland [29]

1.7–376; the “medicinal spring
water” >74

Groundwater usually contains higher radon concentration than surface water. Because radon present in surface
water, such as lakes and rivers, is readily released into outdoor air by agitation of water as it passes over rocks and
soils [30]. So differences in the amount of radon in the water may be related to the water source type as well as the
presence of active faults.

4. CONCLUSION
Even though the drinking water used by the population
of Kermanshah is only supplied from groundwater sources,
the results of this study show that there is no significant
radiological risk related to waterborne radon for the inhabitants of the studied regions.

[7]
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Ann. ICRP, 23, 1-45.
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ABSTRACT
A strain ZZQ-6 capable of utilizing methyl parathion
as the sole carbon sources and energy was isolated from
soil. ZZQ-6 was identified as Paenibacillus macerans
based on analysis of morphology, physiological and biochemical characters and 16S rRNA. The strain ZZQ-6 possessed excellent degradation performance for methyl parathion, the degradation rate of methyl parathion (50mg kg-1)
in soil by strain ZZQ-6 could reach 99.9% after 7d. A multifunctional microbial manure was developed by using
strain ZZQ-6. The microbial manure containing strain
ZZQ-6 could be applied not only as fertilizer, but also as
degradation preparation for treatment of methyl parathion
and other organophosphorus pesticide residue. This study
might provide theoretic basis and reference for prevention
and control of methyl parathion or other pesticides pollution. It was also an important goal in this study to develop
multifunctional microbial products for environmental protection and agriculture.
KEYWORDS: Methyl parathion, degradation, Paenibacillus macerans, microbial manure.

1. INTRODUCTION
Methyl parathion (O,O-dimethyl O-4-nitrophenyl
phosphorothioate, MP) was widely used as insecticide and
acaricide to control many insect pests in agricultural crops
[1]. It was classified as a highly toxic insecticide in United
States EPA’s list of toxicity class I compounds [2]. Because of its potent toxicity to both wildlife and humans, and
recalcitrant to be biodegraded in naturally indigenous microorganisms, its contamination and degradation were paid
close attention [3]. Such concerns have heightened the
need for innovative and advanced technology for effective
removal of methyl parathion from contaminated environ* Corresponding author

ment. The microbial degradation was considered the most
important degradation method because it was the main factor impacting degradation of methyl parathion residue
[4].The effective measure in dealing with pollution of methyl parathion or bioremediation of methyl parathion-contaminated environment was isolation and screening of microbe strains which was able to degrade methyl parathion
with high performance. Some methyl parathion-degrading
bacteria were isolated from the environment and the metabolic pathway of methyl parathion by different bacteria
were also studied [5]. Liu et al. [6] separated Acinetobacter
radioresistensUSTB-04, a strain could degrade methyl parathion. Qiu et al. [7] obtained a bacterium Ochrobactrum
sp. B2, which was capable of hydrolyzing methyl parathion
and using p-nitrophenol as sole source of carbon and energy. Besides, the structure and correlative gene of methyl
parathion hydrolase were also widely studied [8,9]. However, no report on the biodegradation of methyl parathion
by Paenibacillus maceran was previously found.
A lot of studies on methyl parathion degradation have
been accomplished, but it was still a problem that how to
eliminate methyl parathion residue in environment. Those
methyl parathion degrading isolates were also applied seldom to commercial purpose. Thereby, we hoped to develop
a multifunctional microbial manure, it was applied not only
as fertilizer, but also could degrade pesticide residue. In
this study, the Paenibacillus macerans ZZQ-6, a strain that
could effectively degrade methyl parathion was isolated,
its degradation potential and the application for agriculture
and environment protection were studied. A new microbial manure was developed by adding strain ZZQ-6 into
the YinongTM microbial manure (it was commercially
available). The result of experimentation showed that new
microbial manure contained strain ZZQ-6 could be applied not only as fertilizer, but also could degrade methyl
parathion and other organophosphorus pesticides. The
successful experience of this study might be used as reference for prevention and control of pesticides pollution. In
addition, it might also provide the foundation for application of Paenibacillus macerans ZZQ-6 or other pesticides
degradation strains.
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2.5. Development of a microbial manure containing strain
ZZQ-6

2. MATERIALS AND METHODS
2.1. Chemicals and Media

Chemicals: Methyl parathion (99.8%) was purchased
from Sigma-Aldrich (Riedel-deHaen®, Germany). All
other chemicals used were of analytical grade and commercially available.
Culture media: (1) Mineral salt medium:MgSO4·7H2O
0.2 g, K2HPO40.1g, (NH4)2SO40.1 g, CaSO40.04 g,
FeSO4·7H2O 0.01 g, distilled water 1 L, pH 7.0. (2) Isolation medium: Mineral salt medium containing methyl parathion was used to isolation of bacteria and the concentration of methyl parathion was 50 mg L-1. (3) Enrichment medium: nutrient broth medium was used as enrichment medium in this study (peptone10 g, beef extract powder 4 g,
yeast extract powder 3 g, sodium chloride 5 g, distilled water
1 L, pH7.0).
2.2. Isolation and identification of methyl parathion-degrading
bacteria

Soil samples were obtained from the wastewater treatment system of the insecticide factory in Shanghai, China.
1 g sample was added to an Erlenmeyer flask containing
100 ml mineral salt medium, and 50 mg L-1 methyl parathion
was added as carbon source. The suspension was incubated
at 30℃ with shaking at 120 rpm for 7d, then it was spread
on the plate (mineral salt medium containing 50mg L-1 methyl parathion). After inversion incubation at 30 for 3 d,
pick vigorous growing colony on the plate for streaking and
purified by repeated streaking. Lastly, isolates were inoculated onto nutrient broth plate for preservation. Isolates
would be identified by 16S rRNA analysis and reference to
its morphology, physiological and biochemical characters
[10, 11].
2.3. Inoculum preparation

Seed culture of strain ZZQ-6 was grown in nutrient
broth medium, harvested by centrifugation at 6000×g for
5 min, washed with sterile saline twice and resuspended in
sterile saline to set an OD660 of 2.0. Colony forming
units(CFU mL−1) of this suspension were quantified by the
dilution plate count technique. This suspension was used
as inoculum for methyl parathion biodegradation studies
until otherwise mentioned.
2.4. Degradation of methyl parathion in soil by strain ZZQ-6

Fresh soil(no containing methyl parathion) from farm
was sterilized(121℃for 30min) and divided into two
groups. ①sterilization soil; ②sterilization soil added with
strain ZZQ-6: each 100 g soil was added with 10ml inoculums, the concentration of methyl parathion in soil was
50mg kg-1, then they were incubated at 30 in the incubator. During the incubation the moisture of soil was adjusted
to 40% water-holding capability and residual methyl parathion in soil was determined every 24 h for 7 d so as to
evaluate the degradation effect of strain ZZQ-6 on methyl
parathion. The residual methyl parathion was analyzed by
GC as described in details previously [12].

The inoculum and sterilization nutrient broth medium
were mixed (1:4, v/v) and the mixture were incubated for
12h in incubator (120rpm, 35℃). Then, YinongTM microbial manure (contain Bacillus Licheniformis, Bacillus laterosporus, Bacillus subtilis and so on ) was used as carrier,
and each 100g carrier was mixed with 20ml ready-made
mixture. In the end, the mixed manure was incubated in the
35 incubator for 12h during which agitation once was
needed, then put the new manure containing strain ZZQ-6
into the sterile glass bottle for preservation at -4 .
2.6. Degradation of methyl parathion in soil by microbial manure

Methyl parathion was added into fresh soil and the concentration was 50 mg kg-1.Then put soil into 20×30 cm boxes
making 10cm depth each so as to make sure each box contained the same soil. These soil were divided into 3 groups.
Group I, 1.0 gYinongTM microbial manure was mixed into
40 ml sterile water and then sprinkled on the soil in
box.Group II, the new microbial manure containing strain
ZZQ-6 was added into soil. Group III as the control group,
40ml sterile water was sprinkled. Then the three groups
were put in the 30°C incubator, agitated soil every 8 h and
supplied water properly (supply same water). The concentration of methyl parathion was determined every 24 h.
2.7. Degradation of other organophosphorus pesticides by
new microbial manure containing strain ZZQ-6

Preparation of soil: 3 kinds of organophosphorus pesticides (parathion, methamidophos, chlorpyrifos) were added
into sterilization soil and the concentration was 50 mg kg-1.
Then put soil into some boxes making 10cm depth each so
as to make sure each box contained the same weight of soil.
Group I, new microbial manure (containing strain ZZQ-6)
was added into soil: 1.0 g microbial manure was mixed into
40 ml sterile water and then sprinkled on the soil. Group II
as the control group, 40 ml sterile water was sprinkled.
Then they were incubated at 30 , and the concentration of
pesticides in soil was determined regularly.

3. RESULTS AND DISCUSSION
Identification and characterization of isolated methyl
parathion-degrading bacteria: A strain capable of utilizing
methyl parathion as the sole carbon sources and energy was
isolated from soil and named it ZZQ-6. ZZQ-6 was identified asPaenibacillus maceransby 16S rRNA analysis combined with analysis of the morphological, physiological
and biochemical property, the 16S rRNA analysis was accomplished by TaKaRa Biotechnology (Dalian) Co., Ltd.
(Genbank Acc. No. KP126483).The strain ZZQ-6 was
straight bacillus, 0.5-0.6×2.0-2.5um in size, gram-positive,
subterminal spore, motile, facultative anaerobe, and form
opaque and smooth colonies on nutrient broth plates.It was
positive in tests for catalase, starch hydrolysis and gelatin
liquefaction, but negative for indole test, Voges-Proskauer
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Residual concentration of methyl parathion
(mg/kg)

test and degradation of casein. The optimal temperature and
pH for the growth of ZZQ-6 were 35℃ and pH7.0 respectively. To our knowledge, this is the first report for biodegradation of methyl parathion by Paenibacillus macerans.
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FIGURE 1 - The degradation curve of methyl parathion by strain
ZZQ-6 in the sterilized soil.

Residual concentration of methyl parathion
(mg/kg)

The degradation rate of methyl parathion in soil added
with strain ZZQ-6 was significantly higher than those in the
control group (Fig.1), the degradation rate of methyl parathion (50 mg kg-1) could reach 99.9% after 7d incubation,
abutment to complete degradation. While the degradation rate
of methyl parathion in the control group could only reach
20%, hence it was considered that the strain ZZQ-6 possessed well viability and could degrade methyl parathion effectively in soil. These results could also indicate that it was
available to degrade methyl parathion by using strain ZZQ6. The amount of methyl parathion decreased by 20% after
7d in sterilized soil, it might be caused by hydrolysis, photodecomposition or other reason [13].

adding microbial manure, especially by adding the microbial manure containing strain ZZQ-6. The degradation rate
of methyl parathion (50mg kg-1) could reach 99.8% by the
microbial manure containing ZZQ-6 after 7d, which resulted from methyl parathion-degrading strains or assistance strains in the microbial manure. It was also considered that some microorganism in YinongTM microbial manure could degrade methyl parathion or assist degradation,
but their degradation ability was much lower than that of
strain ZZQ-6. The amount of methyl parathion in control
group decreased by 32% after 7d (Fig.2), which might be
caused by some methyl parathion-degrading strains in natural soil or other physical, chemical factor. These methyl parathion-degrading strains or other assistance strains by cometabolism must be stable and active in soil, which is an essential requirement for any in situ xenobiotic degradation
studies [14]. The strain ZZQ-6 was conjectured to survive
well in soil or microbial manure according to experiment
results, because it could degrade methyl parathion effectively. Lastly, it was considered that the microbial manure
added by specified microbe was able to degrade pesticides
residue while in fertilization but some details remained improvement.
Concentration of 3 organophosphorus pesticides
(mg/kg)
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FIGURE 3 - Degradation of 3 organophosphorus pesticides by the
microbial manure containing strain ZZQ-6
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FIGURE 2 - Degradation of methyl parathion by microbial manure.
[curve 1-control, curve 2-microbial manure (YinongTM. ), curve 3- microbial manure contained strain ZZQ-6]

It could be known from Fig. 2 that degradation of methyl parathion in soil could be significantly enhanced by

Degradation curve of 3 phosphate pesticides by the microbial manure containing strain ZZQ-6 was shown in Fig. 3.
The new microbial manure showed excellent degradation
capability on all the 3 phosphate pesticides, the degradation
rate of 3 pesticides were all above 99% after 14d of incubation. The new microbial manure had a broad degradation
effect on organophosphorus pesticides, it might have close
relation with the different microorganism (strain ZZQ-6 or
other microorganism) in microbial manure and the enzymes
generated by these microorganism. Besides, the common
molecular structure of organophosphorus pesticides was
also an important reason [15].
All test results indicated that the strain ZZQ-6 and the
microbial manure containing strain ZZQ-6 had effective
methyl parathion degradation ability. The degradation ability of the strain ZZQ-6 might have relation with the con-
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stant contact of pesticides. Generally, the microorganism
that repeatedly or continuously encounter synthetic chemicals were likely to develop capabilities to degrade such
chemicals, and such microorganism with newly evolved
traits have been implicated in the rapid inactivation of pesticides in problem soil [16]. The research results of the microbial manure containing the strain ZZQ-6 initially indicated the feasibility and significance of this research project. While the interaction and suitable ratio between degradation strains and microbial manure strains need further
study, especially the complex interaction such as symbiosis, competition and antagonism should be paid attention.
Besides, some strains or microbial manure could degrade
more pesticides and might have negative effect on the normal usage of pesticides such as pharmacodynamic time or
efficacy decrement, these should be noticed [17].
Some factors such as characteristics of the substrate,
pH, temperature, aeration condition, nutrients status and
biotic factors such inoculum density interfered the result of
the bioremediation process [18-21]. Hence, the related parameters should be further studied, and it was expected that
strain ZZQ-6 could be utilized for developing multifunctional microbial products used in pesticides residue treatment or farmland soil improvement.

Authors acknowledge the support of Department of
Lab Construction&Administration, Nanjing Forestry University and Yinong Agrisciences (Shanghai) Co., Ltd.
The authors have declared no conflict of interest.

[9]

Liu, H., Zhang, J.J., Wang, S.J., Zhang, X.E. and Zhou, N.Y.
(2005). Plasmid-borne catabolism of methyl parathion and p-nitrophenol in Pseudomonas sp. strain WBC-3. Biochem. Bioph. Res.
Co. 334(4):1107-1114.

[10] Kaynar, P. and Beyatli, Y. (2008). Protein profiles and biochemical characterizations of Bacillus spp. strains isolated from fishes.
Fresenius Environ. Bull. 17:1316-1321.
[11] Ersoy Omeroglu, E., Karaboz, I., Sukatar, A., Uzel, A., Sayan, M.
and Sanlidag, T. (2008). Phenotypic and molecular characterization of luminous bacteria isolated from Izmir Gulf in Turkey: Vibrio harveyiTEM O5 and TEM S1 strains. Fresenius Environ. Bull.
17:506-510.
[12] Zhao, Q., Chen, S. and Ye, X. (2009). Degradation effectiveness
of methyl parathion degrading bacteria in bamboo soil and relationships with its physical characteristics. Chin. J. Environ. Eng.
3:1325-1328.
[13] Moctezuma, E., Leyva, E., Palestino, G. and de Lasa, H. (2007).
Photocatalytic degradation of methyl parathion: Reaction pathways and intermediate reaction products. J. Photochem. Photobio.
A: Chem. 186:71-84.
[14] Lakshmi, C.V., Kumar, M. and Khanna, S. (2008). Biotransformation of chlorpyrifos and bioremediation of contaminated soil.
Int. Biodeterior. Biodegrad. 62:204-209.
[15] Duan, H., Wang, K. and Wang, M. (2010). Degradative characteristics of Bacillus cereus HY-1 to methyl-parathion and chlorpyrifos. J. Agro-Environ. Sci. 29:437-443.

[17] Zhu, J., Zhao, Y. andQiu, J. (2010). Isolation and application of a
chlorpyrifos-degrading Bacillus licheniformis ZHU-1. Afr. J. Microbiol. Res. 4(22):2410-2413.
[18] Ramadan, M.A., EL-Tayeb, O.M and Alexander, M. (1990). Inoculum size as a factor limiting success of inoculation for biodegradation. Appl. Environ. Microbiol. 56:1392-1396.
[19] Fu, G., Cui, Z. and Huang, T. (2004). Expression, purification, and
characterization of a novel methyl parathion hydrolase. Protein Expres. Purif. 36:170-176.

REFERENCES

[2]

Dong, Y.J., Bartlam, M., Sun, L., Zhou, Y.F., Zhang, Z.P., Zhang,
C.G., Rao, Z. and Zhang, X.E. (2005). Crystal Structure of methyl
parathion hydrolase from Pseudomonas sp. WBC-3. J. Mol. Biol.
353(3):655-663.

[16] Felsot, A., Maddox, J.V. and Bruce, W. (1989). Enhanced microbial degradation of carbofuran in soils with histories of carbofuran
use. Bull. Environ. Contam. Toxicol. 26:781-788.

ACKNOWLEDGEMENTS

[1]

[8]

Liu, J., Wang, L., Zheng, L., Wang, X. and Lee, F.S.C. (2006).
Analysis of bacteria degradation products of methyl parathion by
liquid chromatography-electrospray time-of-flight mass spectrometry and gas chromatography-mass spectrometry. J. Chromatogr.
A 1137:180-187.
U.S. EPA(2000). Summary of the risks and uses of organophosphate methyl parathion. http://www.epa.gov/pesticides/op/methyl
parathion/methylsum.htm.

[3]

Ang, E.L., Zhao, H. and Obbard, J.P. (2005). Recent advances in
the bioremediation of persistent organic pollutants via biomolecular engineering. Enzyme Microb. Technol. 37(5): 487-496.

[4]

Chen, Y.L., Zhang, X.E., Liu, H., Wang, Y.S. and Xia, X.M.
(2002). Study on Pseudomonas sp. WBC-3 capable of complete
degradation of methyl parathion. ActaMicrobiologicaSinica,
42(4): 490-497.

[5]

Bai, W., Li, M. andQiu, X. (2004). Degradative pathway of parathion-methyl by Ochrobacterium sp. B2. Chin. J. Pesti. Sci. 6:4854.

[6]

Liu. F.Y., Hong. M.Z., Liu. D.M., Li. Y.W., Shou. P.S., Yan. H.
and Shi. G.Q. (2007). Biodegradation of methyl parathion by Acinetobacter radioresistens USTB-04. J. Environ. Sci. 19:12571260.

[7]

Qiu, X.H., Bai, W.Q., Zhong, Q.Z., Li, M., He, F.Q. and Li, B.T.
(2006). Isolation and characterization of a bacterial strain of the
genus Ochrobactrum with methyl parathion mineralizing activity.
J. App. Microb. 101(5): 986-994.

3523

[20] Zhu, J.W., Zhao, Y. andQiu, J.P. (2011). Isolation and utilization
of a chlorpyrifos-degrading bacterium, Pseudomonas fluorescensZHU-6. Fresenius Environ. Bull. 20:962-968.
[21] Liu, H., Zhang, J.J. and Wang, S.J. (2005). Plasmid-borne catabolism of methyl parathion and ρ-nitrophenol in Pseudomonas sp.
strain WBC-3. Biochem. Bioph. Res. Co. 334:1107-1114.

Received: January 23, 2015
Accepted: March 04, 2015

CORRESPONDING AUTHOR
Jiangwei Zhu
Collaborative Innovation Center of Sustainable
Forestry in Southern China of Jiangsu Province
Key Laboratory of Forestry Ecological Engineering
of Jiangsu Province
Nanjing Forestry University
Nanjing 210037
P.R. CHINA
E-mail: zhuzjw01@163.com
FEB/ Vol 24/ No 10b/ 2015 – pages 3520 – 3523

© by PSP Volume 24 – No 10b. 2015

Fresenius Environmental Bulletin

DETERMINING THE EFFECTS OF
INDUSTRIAL DISCHARGES ON URBAN WASTEWATER
CHARACTERISTICS AND THE PLANT OPERATION,
INSPECTION OF INDUSTRIAL DISCHARGES
Yeter Tursun* and Bulent Keskinler
Gebze Technical University, Faculty of Engineering, Department of Environmental Engineering, Kocaeli, Turkey

ABSTRACT

1. INTRODUCTION

Industrial waste-waters should be discharged into the
sewer system at the place of origin, following a pre-treatment process. Thus, it could be ensured that the wastewater
discharge into the sewer system is below the limit thresholds. It is of utmost importance that the industries fulfill
their legal responsibility for pre-treatment, as this helps in
secondary treatment efficiency. In order to ensure this, the
operation of and discharge of existing treatment plants
should be inspected on a regular basis.
In this study, the 42 Evler Wastewater Treatment Plant
(WTP) under the General Directorate of Kocaeli Water
,Sewerage Administration (ISU) was characterized, and the
industrial discharges effects on the general wastewater features and their impact to general operation were examined.
It was concluded that the industries did not observe discharge limits as specified in the Regulations for Wastewater
Discharge into Sewage (AKDY). It was also be noted that,
if the regulations were observed, the sludge production, oxygen demand, and energy costs could be reduced by 63, 72,
and 72%, respectively. It was observed that the yeast industry and domestic wastewaters are two of the largest
sources of impact on this wastewater treatment plant. All
industries located in this area are examined by ISU inspection units, and the results obtained from the analyses of the
samples collected during these inspections, were not compatible with the urban WTP results; the only explanation
for this was illegal discharge.
At the end of this study, it was suggested that the industrial inspections should be conducted by more technological methods and more conventional methods should be
abandoned.
KEYWORDS: Urban wastewater treatment plant (WWTP), industrial wastewater, inspection, illegal discharge, pollution profile

* Corresponding author

Within the framework of industrial development, the
environment is being senselessly destroyed by industrial
waste-waters, either because plants exploit legal loop-holes,
or because of the high costs. [1].
A lack of pre-treatment in domestic and industrial
waste-waters prior to discharge into the sewer system affects
treatment efficiency, and sometimes, causes inhibition. The
identification of these industries is of great importance in
terms of treatment efficiency; yet, it is quite difficult and requires deriving a pollution profile. Industrial waste investigation is a procedure including the examination of the mass
balance of all processes that use water and produce waste,
as well as the variations in the waste characteristics in the
entire plant. The waste investigation serves for two purposes: derivation of the process profile and derivation of
the pollution profile [2].
The treatment facilities of each industry should be inspected. Additionally, existing laboratory infrastructure
and qualified personnel volume should be increased. During the inspection, samples should be taken from the influent and effluent of the plant, and the efficiency of the plants
should be accurately calculated. Industries that desire to
found a treatment facility should be sent notifications, and
these actions should be intensified. This is due to the fact
that pollution load, sludge disposal, and energy are among
the factors that increase operating costs [3].
In this study, the 42 Evler WTP wastewater was characterized, and the pollution profiles of the industries bound
to WTP were derived. For this purpose:
Pollution profiles were obtained for industrial enterprises associated with 42 Evler WTP and their compatibility with AKDY was assessed.
The plant sludge production, oxygen demand, and
costs associated with the active sludge process were determined when each individual industry was deactivated.
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2. MATERIALS AND METHODS
2.1. Wastewater treatment plant data

The 42 Evler WTP is located within the Izmit district
of the city of Kocaeli, and was founded in 1996. It operates
based on a classic activated sludge system. It treats wastewater from 47 production facilities of various sizes, as well
as domestic wastewater. The plant consists of a screen, grit
chamber, balancing, primary clarifier, biological treatment,
final clarifier and chlorination units. The process flowchart
for the plant is shown in Fig. 1. The balance tank is used
for bypass on wet days, while the chlorine tank is used for
transition purposes only. The wastewater discharge flows
into the Sari River, and then, into the Gulf of Izmit.
The plant only conducts carbon removal. The activated
sludge system is composed of two parallel biological tanks
and four final settling tanks. Aeration is achieved by four
superficial aerators. Oxygen levels in the tank effluent are
measured on an online basis. The level of return is 125%.

Once 23% of waste sludge is converted into dry matter by
means of centrifuge decanters, it is disposed to a cement
factory.
The wastewater treatment plant wastewater characteristic values are the averages obtained in 2011. The inlet
water characterization is presented in Table 1. Although
60% of the 42 Evler WTP flow-rate consists of domestic
wastewater and the remaining 40% is of industrial origin,
it completely exhibits industrial wastewater properties. Table 1 clearly shows that industries do not observe AKDY,
although they are responsible for reducing their pollution
parameters below the limits specified by them. Controls
that were conducted prior to discharge into the sewage system also revealed that they occasionally do not observe
rules set by AKDY. Although they generally seem to reduce the relevant discharge values below AKDY limits,
these are not compatible with the values obtained from the
plant inlet which, in turn, increases oxygen consumption,
and hence, energy cost and sludge production.

FIGURE 1 - 42 Evler Wastewater Treatment Plant Flowchart
TABLE 2 - Activated Sludge System Information

TABLE 1 - 42 Evler WTP Influent Characterization
Parameter
Flow
Total COD
Soluble .COD
BOD5
TSS
VSS
Total Nitrogen
Total Fosfate
Alkalinity
Temperature

Unit
m3/day
mg/l
mg/l
mg/l
mg/l
mg/l
mg/l
mg /l
mg CaCO3/l
C0

Value
23863
2737
1800
500
650
546
84
5
1706
15

Parameter
Bioreactor volume (total)
Final clarifier diameter
Solids Retention Time, SRT
Hydraulic Retention Time, HRT
Return sludge flow

Unit
m3
m
day
hour
m3/day

Value
10400
20
9
10
29800

2.2. Pollution profile of industries of 42 Evler WTP

There are 47 production facilities of various sizes that
are bound to the 42 Evler WTP. All industries are responsible for pre-treatment to achieve the parameter values set

3525

© by PSP Volume 24 – No 10b. 2015

Fresenius Environmental Bulletin

by AKDY, which are presented in Table 3. The pollution
parameters suggested by AKDY, COD (Chemical Oxygen
Demand), and TSS (Suspended Solid Matter) were subject
to a composite assessment for 2 hours. The 2011 inlet average values show that these industries do not comply with the
relevant regulations. In order to better evaluate the industries’ impact, they were first grouped on the basis of regulations they are subject to and their production (Table 4). The
flow-rate data and 2011 discharge analyses reports of these
industries were obtained from the ISU General Directorate,
and Plajyolu WTP was used for domestic wastewater values. The reason the Plajyolu WTP was selected is that this
plant accepts only domestic wastewater and, therefore, is
quite representative of domestic wastewater in Kocaeli.
The waste-waters of certain industries were evaluated as
domestic origin because they exhibit domestic wastewater
features.
TABLE 3 - Regulations for Wastewater Discharge into Sewage
Parameter
COD (mg/l)
TSS (mg/l)

Regulations for Wastewater Discharge into
Sewage(2 h composite samples)
800
350

The effluent of industries bound to the 42 Evler WTP
are controlled by the ISU Wastewater License and Inspection Branch Office that obtains samples and conducts analyses. The results obtained from past analyses were compiled and examined in light of data obtained from similar
industries subject to the same regulations. The untreated
water characteristics were obtained from the relevant literature. The aim was to determine if the pollution load of the
42 Evler WTP is equal to the sum of the pollution load from
individual industries to assess the impact of industries on
the 42 Evler WTP. It was determined that the industrial
wastewater was 9.816 m3/day, while domestic wastewater
was 14.047 m3/day.

2.3. Impact of the Industries on the Operation of 42 Evler WTP

The oxygen demand and energy costs were calculated
when individual industries associated with the 42 Evler
wastewater treatment plant are individually removed. These
calculations were made using Belebung Expert software in
compliance with the ATV 131 E standard [5, 6]. Belebung
Expert is a software package developed for ATV-DVWK
expert committees 2.5 and 2.6 sizing and single-stage active
sludge calculation in accordance with ATV-DVWK 131 E
code. In these calculations, the 2011 average value, 15 C °,
was used as the temperature value.

3 RESULTS AND DISCUSSION
3.1. Wastewater pollution profile of the industries associated
with the 42 Evler urban WTP

In this study, the values were obtained from the flowrate statements of the industries and wastewater analysis
results from the effluent, i.e. discharge into the sewer system. The domestic wastewater data was taken as the Plajyolu WTP 2011 influent average values. As there is ongoing treatment revision in the regular landfill facilities, values obtained from the wastewater discharged into the sewer
system before the treatment were used in this study [7]. The
42 Evler WTP influent 2011 averages were used. The aim
was to determine if the results obtained from the specimens, obtained from the plant effluent, were equal to COD
loads coming to the 42 Evler WTP. In this scenario, it was
seen that the two values were not compatible, as the 42
Evler WTP influent COD load was 65.313 kg/day, while
the total COD load associated with the wastewater from the
industries and domestic sources was 13.261 kg/day.
Following this stage, the highest COD value among
the discharge to the sewer system from industries was used.
For the Plajyolu WTP, the average of the highest COD con-

TABLE 4 - Industries bound to the 42 Evler Wastewater Treatment Plant and the Regulations to which they are Subject
INDUSTRIES
42 Evler WTP
Domestic Wastewater
Yeast industry
Metal industry
Electricity, gas industry
Tyre industry
Automobile industry
Landfill wastewater
Petro-oil industry
Vehicle textile industry
Slaughter house
Miscellaneous industries
Milk industry
Antibiotics industry
Paper industry
Wood, furniture industry.

Q
(m3/day)
19. Miscellaneous industries
23863
21.2 Domestic wastewater production
14520
5.2. Yeast production
4200
15.2. General metal preparation and processing
1303
9.6-20.7 Cooling water, water softening, demineralization
689
14.11. Production of rubber and the like
972
18.2. Production of vehicles such as automobiles, trucks, tractors and minibuses
500
19. Miscellaneous industry
250
20.3. Gas stations, ground and vehicle washing waters
30
10.1-10.7. Textile industry
364
5.6-5.8. Slaughter houses and integrated meat plants
45
19. Miscellaneous industries
465
5.3. Milk and Milk products
15
14.6. Antibiotics raw material production
15
13.10. Cellulose, paper, cardboard and similar industry
153
16. Wood products and furniture industry
347
9348
TOTAL
TABLE (RWPC(4))
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centrations from 2011 were calculated, and the load balance was re-examined. The second scenario did not result
in a load balance either, as the total load was calculated as
21.465 kg/day, which is not equal to 65.313 kg/day.
When the mass balance was examined on the basis of
influent values associated to each individual industry, the
total load values were found to be incompatible. The
wastewater COD value for the industries was then taken as
equal to the raw, untreated values reported in the relevant
literature. When these were compared to the highest average values for the Plajyolu WTP, a mass balance was obtained in this third scenario (Table 5).
As seen from Table 5, the greatest source of pollution
in the 42 Evler WTP is caused by the yeast industry. Table
5 shows the 42 Evler WTP influent COD values when individual industries are individually removed. The yeast industry COD value is equal to 1.132 mg/L. The values obtained from the ISU General Directorate showed that the
COD values ranged between 655-1.220 mg/L when the
yeast industry is deactivated for one week. The values
reported in Table 5 support this. When the domestic
wastewaters are deactivated, on the other hand, the influent COD becomes 6.338 mg/L. When domestic wastewaters are not received by the plant, the COD level increases. This causes abrupt loadings and inhibition impact
on the micro-organisms. Domestic waste-waters serve as a
buffer. The study highlights that the joint treatment of industrial and domestic waste-waters is more efficient and
economic than the treatment of industrial waste-waters
separately; however, the control on treatment cost calculation can easily be lost [8]. In light of these findings, the
COD load that each industry delivered to the 42 Evler WTP
is seen in Table 5. As the table illustrates, the largest impact
is caused by the yeast industry with 66% of the total COD
load. Although 60% of the capacity of the 42 Evler WTP
consists of domestic waste-waters, the total COD load is

only 9.32%. COD contributions by other industries are also
listed in Table 5, which summarizes the relevant literature
alongside the COD and SSM values.
The method further identified that the TSS levels associated with each industry are the same as those used for COD
load calculations. For this purpose, the flow-rate statements
made by the industries and the effluent wastewater analysis
results, i.e. values obtained from the waters discharged into
the sewer system, were used. The domestic wastewater
amount was taken as equal to the Plajyolu WTP 2011 average
values. As there is an ongoing treatment revision in the regular
storage facilities, the values obtained from the wastewater,
discharged into the sewer system before the treatment, were
used. The 42 Evler WTP influent 2011 averages were used to
determine if the results obtained from the specimens obtained
from the plant effluent are equal to the TSS loads sent to the
42 Evler WTP. The results revealed that the 42 Evler WTP
average TSS load is 15510 kg/day, while this value is equal to
8235 kg/day when the industries are assessed individually.
Mass balance could not be provided, as the total load
is not equal to the sum of the values associated to each industry. Therefore, the industries were examined individually; each was assigned a raw untreated value, so as to ensure a mass balance.
In light of data presented in Table 5, it can be concluded that the largest TSS pollution is caused by the yeast
industry. The TSS pollution load values of each industry
sent to the 42 Evler WTP are seen in Table 5.
As seen from Table 5, the largest load is caused by the
yeast industry with 48% of the total load while the domestic TSS load is 23%, and the COD load is lower by 9.2%.
3.2. Oxygen and sludge production of the 42 Evler wastewater
treatment plant when industries are individually deactivated

One of the most basic steps in activated sludge systems
is the identification of the oxygen demand. The reaction en-

TABLE 5 - Raw Untreated Discharge COD and COD Load Values from the 42 Evler WTP Associated with Each Industry
INDUSTRIES
42 Evler WTP
Domestic wastewater

Q COD(mg/l) Q*COD % Load
23863
2737
65313
100
14520

420(9)

TSS
650

6098

9,32

3630

23

6338

Yeast industry wastewater

4200 10300(10)

43260

66

1800(18) 7560

48

1128

Metal industry Wastewater

1303

794(11)

1034

1,58

1480(11) 1928

12

2848

Electricity, gas industry wastewater

689

30(11)

20

0,02

23(11)

15

0,1

2737

Tyre industry watewater

972

5000(12)

4860

7,43

522(11)

507

3,24

2639

Automobile industry wastewater
Landfill wastewater

500

3480(13)

1740

2,66

893(13)

446

2,9

2720

250

19000(7)

4750

7,13

2944(7)

736

4,7

2567

Petro-oil industry wastewater

30

780(11)

23

0,03

2000(11)

60

0,38

2737

Vehicle textile industry watewater

364

1985(14)

722

1,1

213(14)

77

0,49

2747

Slaughter house wastewater

45

7250(15)

326

0,92

2300(15)

103

0,66

2737

Miscellaneous industries wastewater

465

800(11)

372

0,56

313(11)

145

0,94

2737

Milk industry wastewater
Antibiotics industry wastewater

15

1800(15)

27

0,04

820(19)

12

0,079

2737

15

60000(16)

900

1,38

265(16)

4

0,025

2650

Paper industry wastewater

153

5080(17)

777

1,18

1600(20)

244

1,56

2715

Wood, furniture industry wastewater

347

1678(11)

582

0,89

468(11)

162

1,03

2737

65494

250(9)

TSS*Q % Load All Wastewater were deactivaded one by one, WTP COD value
15510 100
-

15634
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vironment is continuously provided with dissolved oxygen
by means of aeration. When the aeration is not sufficient, the
dissolved oxygen concentration decreases, and might even
be completely consumed. In that case, the whole treatment
system collapses. Therefore, an accurate calculation of the
amount of oxygen demanded by the growth environment
in the activated sludge is of utmost importance. A number
of different equations were developed to calculate the oxygen demand [21, 22]. Some of these equations were used
in regulations set for the design of activated sludge systems.
COD, TSS, and flow-rate values were determined in
case of each individual industry deactivated. Temperature
was taken as 15 °C for the Belebung calculations. The values used for input parameters in Belebung software are
seen in Table 6.
Oxygen demand and sludge formation were calculated
when the industries bound to the 42 Evler WTP were individually deactivated, and for the WTP influent, COD value
was equal to 800 mg/L. These calculations were conducted
using Belebung Expert software in accordance with ATV
131 E standard. The sludge amounts were calculated when
all industries were active and when they were deactivated
individually as seen in Graph 1. When the yeast industry is
deactivated, the sludge formation reaches its minimum
value with 10.124 kg/day, which corresponds to a 64%

30000

2

5

7

8

TABLE 6 - Parameters and values used in belebung software
INDUSTRIES
All Industries are Activated
Yeast Ind.is Deactivated
Domestic wastewater.is Deactivated
Landfill .is Deactivated
Antibiotics Ind.is Deactivated
Automobile Ind.is Deactivated
Vehicle textile Ind.is Deactivated
Paper Ind.is Deactivated
Tyre Ind.is Deactivated
Metal Ind.is Deactivated

9
10

15000
1

COD
(mg/l)
2737
1132
6338
2567
2650
2720
2747
2715
2639
2848

TSS
(mg/l)
650
404
1271
625
650
644
649
649
650
602

11

(1) İnlet COD is 800 mg/l
(2) All Industries are activated
(3) Yeast Wastewater is
deactivated
(4)Domestic wastewater is
deactivated
(5) Landfill wastewater is
deactivated
(6)Antibiotic wastewater is
deactivated
(7) Automotive wastewater is
deactivated
(8)Vehicle Textile wastewater is
deactivated
(9) Paper wastewater is
deactivated
(10)Tyre wastewater is
deactivated
(11) Metal wastewater is
deactivated

20000

10000

Flow
(m3/day)
23863
19663
9343
23613
23850
23363
23499
23710
22891
22560

During the treatment of waste-waters, it is of great importance to know the oxygen consumption as the oxygen
supply constitutes an important portion of the total cost during the active sludge process. Four surface aerators are used
in the aeration tanks, each of which is 132 kWh. The oxygen
transfer efficiency for each aerator in the aeration tanks
ranged between 1.5-2.1 kg O2/kWh for 20 °C, depending on
the tank depth and sizes in suitable capacity [23].

4

25000

Sludge produced(kg/day))

6

drop. When domestic waste-waters were deactivated, the
flow-rate decreased; however, the COD values increased.
As the decrease organic load was minimal, sludge formation decreased by 17%. All other industries also resulted
in a decrease in sludge formation when deactivated.

3

5000

0

GRAPH 1 - Sludge Production When all Industries are Activated or Deactivated Individually (Kg/day)
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35000
2
30000

4

5

6

(1) İnlet CODis 800 mg/l

8

7

9

11

(2) All Industries are activated

10

(3) Yeast Wastewater is
deactivated
(4)Domestic wastewater is
deactivated
(5) Landfill wastewater is
deactivated
(6)Antibiotic wastewater is
deactivated
(7) Automotive wastewater is
deactivated
(8)Vehicle Textile wastewater is
deactivated
(9) Paper wastewater is
deactivated
(10)Tyre wastewater is
deactivated
(11) Metal wastewater is
deactivated

Oxygen demand(kg/day

25000

20000

15000
3
10000

1

5000

0
GRAPH 2 - Oxygen Demand when all industries are activated and deactivated individually (Kg/day)

1200

2
4

5

6

8
7

(1) İnlet COD is 800 mg/l
(2) All Industries are
activated
(3) Yeast Wastewater is
deactivated
(4)Domestic wastewater is
deactivated
(5) Landfill wastewater is
deactivated
(6)Antibiotic wastewater is
deactivated
(7) Automotive wastewater
is deactivated
(8)Vehicle Textile
wastewater is deactivated
(9) Paper wastewater is
deactivated
(10)Tyre wastewater is
deactivated
(11) Metal wastewater is
deactivated

800
Cost ($/day)

11
10

1000

600
3
400

9

1

200

0

GRAPH 3 - Energy costs when all Industries are activated and deactivated individually
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The oxygen transfer efficiency at the 42 Evler WTP is
1.6 kg O2. The electricity costs of the 42 Evler WTP were
obtained from the ISU, and the 2011 costs associated with
aeration energy consisted of 64% of the total energy costs.
The cost of 1 kWh was 0.06 dollars in 2011. As the yeast
industry is deactivated, the ventilation tank energy costs
drops by 64%. Similarly, the aeration costs drop by 9.34%
as domestic waste-waters are deactivated, which is followed
by the tyre industry with a decrease of approximately 7.4%.
A certain level of decrease was observed for each industry.
The aeration tank energy costs when all industries are
active and when they are deactivated individually are given
in Graph 3.
When the waste-waters from all industries are discharged into the canal, when the COD value is reduced up
to 800 mg/L as suggested by AKDY, i.e. when the 42 Evler
WTP influent COD value is 800 mg/L, the sludge formation, oxygen demand, and energy cost will be decreased
by 63, 72 and 72%, respectively.

4. CONCLUSIONS
Because there are not similar studies in the relevant literature, this study was conducted using a combination of
industrial statements, data provided by ISU inspection
units, treatment data, and data reported in the literature. As
is known, the plant is designed based on the pollution profiles of the industries. However, in this study the wastewater treatment plant pollution profile was obtained first.
Then, the pollution values of each industry were obtained.
The 42 Evler WTP has an activated sludge system
where domestic and industrial waste-waters are treated for
organic carbon removal. Industries that send wastewater to
this plant are responsible for reducing their values below
limits set by AKDY through pre-treatment. However, the
influent wastewater characteristics show that they do not
comply with the regulations.
The organic load profiles were obtained for each industry bound to the 42 Evler WTP, and it was seen that the
highest COD load was created by the yeast industry with
66% of the total amount. This conclusion was further verified by recalculating the pollution profiles when the yeast
industry is deactivated. The yeast industry is followed by
domestic wastewater with 9.23%, the tire industry with
7.43%, and regular storage areas wastewater with 7.13%.
When the industries, whose waste-waters are treated at
the 42 Evler WTP, are deactivated individually, it was seen
that the sludge formation decreased by 64% with yeast industry and by 17% with domestic wastewater. Similarly,
the oxygen demand decreased by 63% when yeast industry
waste-waters were deactivated and 6% when domestic
waste-waters were deactivated. Energy costs, on the other
hand, dropped by 64%, 9.34%, and 7.4% with the yeast industry, domestic waste-waters, and tire industry are deactivated, respectively. When all industries discharge their
waste-waters into the canal after reducing the COD value

below 800 mg/L as indicated by AKDY, the sludge production, oxygen demand, and energy costs were reduced
by 63, 72 and 72%, respectively.
With the urban wastewater treatment plants becoming
more widespread, the industries apply a pre-treatment step,
which serves as insurance for the receiving environments
after secondary treatment.
All industrial facilities in the Kocaeli region have been
assigned a sewer system, and waste-waters are transferred
to the receiving environment following a secondary treatment at an urban wastewater treatment plant. The industries with a sewer system are continuously inspected and
controlled by the ISU inspection unit. During these inspections, samples are obtained from the discharge points and
values obtained from these points are in compliance with
AKDY criteria. However, these results are incompatible
with the results obtained from the treatment plant. The obtained results indicate that the industries release illegal discharges. This study reveals that it is now an obligation to
ensure that these inspections are uninterrupted online by
technological means and conventional inspections methods
should be abandoned. Discharges must be monitored from
a central point by plugging automatic measuring devices to
each industry discharge.
The continuous surveillance of the industries using
technological methods will also ensure treatment efficiency and, therefore, will give further insight about the
suitability of treatment methods, and will indicate which
methods should replace them if they are not suitable.
There is a need for further studies of illegal discharges
that can be modelled as technological ones. It is thought
that the development of this new model can be reached in
the future.
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NOTATION
WTP: Wastewater Treatment Plant
COD: Chemical Oxygen Demand
BOD: Biological Oxygen Demand
ISU: Izmit Hydraulic Works
RPCR: Regulations on Water Pollution Control
AKDY: Regulations for Wastewater Discharge into
Sewage
TSS: Suspended Solid Matter
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