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COMPARISON STUDY OF PESTICIDES RESIDUES
IN AGRICULTURAL CROPS IN JORDAN FOR
SEVEN STUDIES BETWEEN 1993 AND 2008
Mahmoud Alawi1,*, Tawfiq Al-Antary2, Ebtisam Hussein3, and Khalaf Al-Oqlah4
1

Faculty of science, Department of Chemistry, University of Jordan, Amman-11942, Jordan
2
Faculty of Agriculture, University of Jordan, Amman-11942, Jordan
3
Ministry of Agriculture, Jordan
4
Ministry of Environment, Jordan

ABSTRACT
Seven studies have been carried out in the period between 1993 and 2008 on pesticides residues in agricultural crops in Jordan. Comparison of the results indicated
that low amounts of pesticides residues were found in
imported agricultural crops in the successive years from
1993 toward 2008.The highest percentage of imported
samples containing residues more than the MRL were in
2000/2001 study (0.5%). The studies in which 0 % of
imported samples contained residues more than the MRL
were in 1993/1994, 1999/2000, 2002/2003, 2004/2005
and 2005/2006 studies. The highest percentage of imported
samples containing residues less than the MRL was in
1999/2000 study (15.2%). Comparison of results of local
Jordanian samples indicated that low amount of pesticides
residues were found in the successive years form 1993 to
2008. The highest percentage of local samples containing
residues more than the MRL was in 1993/1994 study
(4%). The studies in which 0 % of local samples containing residues more than the MRL were in 2002/2003 and
2004/2005 studies. The highest percentage of local samples containing residues less than the MRL was in
2000/2001 study (23.5%) Residues of chlorinated pesticides in the imported and local samples and in all studies
were of very low or almost zero concentration in the last
(recent) studies.
KEYWORDS:
Pesticides, Residues, MRL, imported crops, Local crops, Jordan

1. INTRODUCTION
Most pesticides are human synthetic used to control
insects, fungi and other pests otherwise would these pests
destroy about half of the food crops in the world. Consumers are concerned about pesticides residues on fresh
* Corresponding author

vegetables and fruits, because some pesticides have been
associated with some diseases and cancers [1]. Pesticides
residues in some fruits and vegetables can exceed safe
limits to human beings particularly children. However, over
27,000 food samples in USA were tested and most were
found to be within the established U.S legal limits for
pesticides residues on those foods [2]. Maximum Residue
Limits (MRL) for pesticides are established in most countries to safe guard consumer health and promote good
agriculture practices in the use of pesticides [3].
Most countries including Jordan and international organizations have been corporate and issued laws and
regulations to face pesticides residues in food. Despite of
these several actions, pesticides residues in imported and
local food might be found causing hazards on human
health and environment particularly chlorinated pesticides
which are highly soluble, accumulate in fat tissues and
persistent in the environment. Jordan imported 1413318
kg (L) and produced 122153 kg (L) in 2007 [4]. In addition, there was misuse for the pesticides on crops to control different pests in Jordan and abroad. Jordan has
banned the use of chlorinated pesticides in 1980. These
compounds have been replaced with relatively safe pesticides to human and environment from different groups
mainly organophosphates, carbamates, pyrethroids, insect
growth regulators and neonecotinoids.
The aim of this investigation is to monitor pesticides
residues in imported and locally produced crops to have
good quality control on food and providing the citizens
safe vegetables, cereals and fruits. Pesticides residues in
crops have been monitored and compared in seven studies
in the period between 1993 and 2008.
2. MATERIALS AND METHODS
2.1. Sampling
a. Local Samples

195-400 samples of different fruits and vegetables
were separately and randomly collected for each of the
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seven studies in the period between 1993 and 2008. The
samples were collected either from the center market for
vegetables and fruits in the capital Amman, or directly
from various farms in Jordan. Sample size was depending
on fruit type [5]. The sample size was one kg for fruits
weighing less than 25 g each such as strawberries and
olives, 1-3 kg for fruits weighing 25-100 g each such as
tomatoes and mandarins, 2-5 kg for fruits weighing 100250 g each such as apples and oranges, and 10 slices for
fruits weighing more than 250 g each. Each sample was
placed in labeled bag. The samples were analyzed in the
Center for Pesticides Analysis/Ministry of Agriculture in
Amman.
b. Imported Samples

200 to 400 samples of different fruits and vegetables
were separately and randomly collected for each of the
seven studies conducted in the period between 1993 and
2008, from imported crops through the different boarder
centers. These were in King Hussein bridge custom, Aqaba
custom, Jaber custom, Queen Alia Airport custom, Zarqa
free zone custom, Amman custom and Northern Pass way
Agriculture center. Sample size and analysis were as in
the local samples.

paper into a conical flask. The aqueous layer was extracted twice, each time for one minute with 50 ml dichloromethane. The organic layers were filtered through the
anhydrous sodium sulfate into the conical flask. The pooled
dichloromethane extracts were concentrated using the
rotary evaporator at 35-40ºC and 50 mbar to 2 ml. The
residue was evaporated to dryness using a gentle stream of
nitrogen gas. 0.5 ml of the internal standard mixture
containing 0.03 ppm endrin and 0.2 ppm pirimiphos
methyl in n-hexane were added to the round bottom flask
and the solution was collected in a test tube to be ready
for the clean-up step if needed.
For the clean-up step, 3g of silica gel were placed in a
glass column then covered with 0.5g anhydrous sodium
sulfate. The 0.5 ml evaporated sample was transferred
using a Pasteur pipette after adding 5 ml of a mixture of
dichloromethane, acetone and petroleum benzene (5:1:1)
in a 500 ml conical flask drop by drop. The sample was
washed with 50 ml of the previous mentioned mixture
then collected in the conical flask and then evaporated by
the rotary evaporator until dryness. The sample was transferred with 5 ml hexane using a Pasteur pipettes to a test
tube to be ready for injection.
2.4. Head Space Technique

2.2. Detection Limits and %Recovery

To evaluate the efficiency of the extraction method,
blank samples of each type were spiked with standard
solution and treated as mentioned later in the analytical
method. Tables 1 and 2 show the calculated detection
limits and percent recoveries, respectively. In addition,
blank samples were analyzed for each type of samples.
Quality control programme was applied through analyzing some samples in the laboratories of the Royal Scientific Society, Forensic Research laboratories; joining
Inter-Laboratory Comparison Programmes organized by
German GTZ and other analytical programmes for quality
assurance.

This method [7] is used for the analysis of dithiocarbamates by the GC-detection of the liberated gas CS2
from the hydrolysis of the sample. 30g of fruits or 10g of
leafy samples were placed in 200 ml head space bottle
with septum screw cap with 20 ml or 40 ml distilled water, respectively. After the addition of 50 ml of 2% zinc
chloride in hydrochloric acid, the bottle was closed tightly, shaken and placed in a water bath for one hour at
80ºC. The bottle was shaken every half an hour and then
placed in an oven at 30-40º C to be ready for GC injection, using a gas-tight syringe.
2.5. Apparatus and Requirements for Analysis
Pesticides Standards Samples

2.3. Analytical Method

Lucke Method [6] was adopted to detect pesticide
residues from organophosphorous, chlorinated pesticides,
pyrethroids, some carbamates and other minor groups.
For the extraction, 50 g from the homogenized sample of
the high water content, or 10 g of the low water content
were placed in a blender with 40 ml deionized water. 100
ml acetone were then added and blended for two minutes.
The blender was washed with 50 ml acetone and both
fractions were filtered through Buchner funnel. The extracts were placed in a 250 ml graduated cylinder and the
volume was recorded. 40 ml of the extract were placed in
a 500 ml seperatory funnel with 2 g sodium chloride or 10
ml saturated sodium chloride solution and shaken for one
minute. Fifty ml dichloromethane and 50 ml petroleum
ether were added to the separatory funnel and shaken for
two minutes. The aqueous layer was separated into another seperatory funnel and the organic layer was filtered
through an anhydrous sodium sulfate layer on a filter

All used pesticides standards are certified, and almost
of 100% purity.
Organic Solvents

All used solvents were of "pesticides residues analysis" grade.
Glass Wares

All glass wares were washed with soap water, distilled water, acetone and then dried in a drying oven at
80ºC.
Used Gas Chromatography-Apparatus

In this study different GC-apparatus were used as follows:
1) GC 5890 (HP) SERIES II with 63Ni-ECD and
(CHEMI-STATION):
Volume injected: 1 µl
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Split ratio: (1:18)
Split vents flow rate: 15 ml / minute
Septum purge flow rate: 2ml/minute
Purge on time: 0.5 minute
Detector make-up gas (Nitrogen): 28 ml/minute
Anode purge flow rate: 3ml/ minute
Column:HP60, 30m x 0.5 mm ID, 0.53 µm film thickness.
Carrier gas (He) flow rate: 2 ml / min
Oven program: Initial temperature 80ºC (2 min), 80180ºC(30ºC/minute), 180 - 200ºC (5ºC/min), 200 - 280ºC,
(10ºC/min), 280ºC (14 min).
Injector temperature: 250ºC
Detector temperature: 300ºC
Chemistation: HP computer vectra 486/33N
Monitor HP Ergo Super VGA
Printer: HP Desk Jet 500
Auto injector HP 7673.
2) GC type (HP) 5890 Series II with NPD-detector
Volume Injected: 1 µ1
Split ratio: (1:10)
Split vents flow rate: 15 ml/ minute
Purge on time: 5.0 minute
First column: HP-5, 30m x 0.32 mm, 0.5 µm film thickness
Carrier gas (Nitrogen) flow rate: 1 ml / minute
Second column: HP-1, 25mx0.2 mm ID, 0.5 µm film
thickness.
Carrier gas (Nitrogen) flow rate 1 ml/min
Injector temperature: 250ºC
Detector temperature: 300ºC
Temperature program: initial temperature 90ºC (2 min),
90- 150ºC (20ºC/min), 150-270ºC (6ºC/min), 270ºC (15
min).
Detector (NPD) gases:
Make-up gas (Nitrogen): 32 ml/min
H2 : 3.5 ml / min
Press air: 110 ml / min
Auto injector: HP 7673
Integrator: HP 3396 Series II.
3) GC type (HP)5890 with FPD for detection of Dithiocarbamates:
Splitless injector, volume injected: 10-100 µLCS2- gas.
Column: HP-5, 10 m x 0.53 mm ID, 2.65 µm film thickness.
Carrier gas (Nitrogen) flow rate: 26 ml / min
Integrator: HP 3396 Series II
Detector Air flow rate: 100 ml / min
Detector H2 flow rate: 75 ml/min
Carrier gas flow rate: 20ml/min.
4) GC-MS type HP 6890
Splitless injector, Volume injected 1 µ1
Capillary Column: HP-5, 30mx0.25mm-ID, 0.25 µm film
thickness
Carrier gas (Helium) flow rate: 0.9 ml/min
Integrator HP laser Jet 4000.

Mass selected detector HP 5973 Quadruple
Low Mass 50ºC
High Mass 550ºC
Threshold 25
MS Quad 150ºC Maximum 200ºC
MS Source 230ºC Maximum 250ºC
Initial temp: 255ºC
Pressure: 7.25 psi
Purge Flow 14.0 ml/minute
Total Flow: 17.0 ml/minute
Gas type: Helium.
3. RESULTS AND DISCUSSION
Table 1 shows the detection limits of the studied pesticides. Table 2 shows the percent recoveries in the local
and imported corps at different concentrations. Tables 3
and 4 show a comparison studies of the pesticides residues
in imported and local crops, respectively, of seven studies
in the period between 1993 and 2008 in Jordan.
Figure 1 shows the results of pesticides residues in
the samples of imported agricultural crops in seven studies conducted between 1993 and 2008. The found residues
were compared with the Maximum Residue Level (MRL)
[8] adopted by the Jordanian Standards. Results show that
0% and 4.35% of the imported samples in 1993/1994 study
were containing pesticides residues more than MRL and
less than MRL, respectively, but 95.65 % of the analyzed
samples were free of pesticides residues. In the 1999/2000
study, 0 % and 15.2% of the samples were containing
pesticides residues more than MRL and less than MRL,
respectively, but 84.8% of the analyzed samples were free
of pesticides residues. In the 2001/2002 study, 0.5% and
14.5% of the samples were containing pesticides residues
more than MRL and less than MRL, respectively, but 85%
of the analyzed samples were free of residues. In the
2002/2003 study, 0% and 13% of the samples were containing pesticides residues more than MRL and less than
MRL, respectively, but 87% of the analyzed samples were
free of residues. In the 2004/2005 study, 0% and 6.2% of
the samples were containing pesticides residues more than
MRL and less than MRL, respectively, but 93.80 of the
analyzed samples were free of residues. In the 2005/2006
study, 0 % and 7.5% of the samples were containing pesticides residues more than MRL and less than MRL, respectively, but 92.5% of the analyzed samples were free
of residues. In the 2007, 2008 study, 0.2 % and 11.0 % of
the samples were containing pesticides residues more than
MRL and less than MRL, respectively, but 88.8 % of the
analyzed samples were free of residues. Patton [9] reported that more than 70% of 55 analyzed vegetables samples
in China were containing pesticides residues, and 30% of
these exceeded international standards, which means that
the situation in Jordan is satisfactory.
Figure 2 shows the results of pesticides residues in
samples of local agricultural crops in seven studies con-
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TABLE 1 - Detection limits for the studied pesticides in local and
imported crops in the seven studies conducted in the period between
1995 and 2002 inJordan.
No.

Pesticide

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

Mevinophos
Heptanophos
Paraoxon methyl
Primicarb
Malathioin
Bromophos methyl
Tribenuron
Talcofos methyl
Ethion
Azinophos ethyl
Metalaxyl
Dichloflunide
Phenthoate
Myclopbutanil
Phosalon
Formothion
Paraoxon ethyl
Fenithion
Oxadyxil
Afunak
Azinophos methyl
Methacrifos
Dimethoate
Diazinon
Perimiphos methyl
Parathion methyl
Triademinol
Triazophos
Malaoxon
Tilt
Hexaconazol
Pyrazophos
Phosphamidon
Procymidon
Fenpropathrin
Permethrin
Fluvalinate
Fenvalerate
Deltamethrin
Vinclozolin
Captan
Iprodion
Tetramethrin
Pyridaben
Folpet
o,p'- DDE
Hexathiazox
Tetradifon
Fenarimol
Lamdacyhalothrin
Proprgit
β-endosulfan
Penconazol (Topaze)
Chlorthalonil (Daconil)
Endosulfan
Quintozine(pcnb)
Bromopropylate (Neron)
Dicofol
α- HCH
β-HCH
Heptachlor
cis-heptachlor-epoxide

Detection Limits
(mg/kg)
NPD
ECD
0.017
0.04
0.02
0.006
0.022
0.24
0.04
0.019
0.006
0.47
0.014
0.4
0.01
0.034
0.002
0.2
0.1
0.5
0.14
0.019
0.05
0.014
0.06
0.13
0.33
0.0075
0.05
0.007
0.01
0.014
0.01
0.1
0.1
0.075
0.09
0.02
0.009
0.003
0.06
0.06
0.07
0.07
0.1
0.003
0.07
0.04
0.02
0.03
0.05
0.004
0.22
0.005
0.01
0.01
0.6
0.01
0.007
0.01
0.01
0.001
0.01
0.003
0.0025
0.0022
0.0025
0.003

63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

Transchlordane
Dieldrin
Endrin
p,p'- DDD
Hexachlorobenzene (HCB)
δ- HCH
Aldrin
Trans-heptrachlorepoxide
Cis chlrodane
p,p'- DDE
o,p'- DDT
p,p'- DDT
Chlorpyrifos
Disulfaton
Amitraz
Quinalfos
Cypermethrin
Dichlorofos
Demeton methyl
Ethoprophos
Fenitrothion
Pirimiphos ethyl
Methidathion
Phosmet
Parathion ethyl
Quinomethionate

0.003
0.003
0.006
0.005
0.00086
0. 0008
0.0028
0.0028
0.0037
0.0056
0.01
0.01
0.01
0.008
0.075
0.005
0.07
0.01
0.022
0.009
0.014
0.015
0.01
0.07
0.015
0.004

TABLE 2 - Recovery % for pesticides residues in local and imported crops in the seven studies in Jordan, in the period between 1993
and 2008
Pesticide
Dichlorofos
Fenitrothion
Mevinophos
Metalaxyl
Dichlofluanid
Ofunak
Propiconazol
Hexaconazole
Tetramethrin
Amitraz
Chlorpyrifos
Parathion ethyl
Parathion methyl
Transchlordane
Methidathion
p,p'- DDT
Endrin
Dieldrin
o,p'- DDT
Azinophos methyl
PCNB
Dicofol
Aldrin
p,p'- DDE
Heptenphos
Malathion
Promopropylate
Deltamethrin
Heptachlor
Cypermethrin
Fenition

930

Studied
Concentration mg/kg
0.2
0.2
0.5
0.6
0.02
0.5
0.05
0.1
0.5
0.2
0.2
0.5
0.5
0.06
0.2
0.05
0.06
0.05
0.1
0.5
0.1
0.1
0.01
0.03
0.2
0.2
0.1
0.4
0.02
0.3
0.2

% Recovery
75
90
80
90
80
90
85
90
75
70
94
90
80
90
80
80
70
80
90
80
75
90
80
80
90
80
75
75
90
80
90
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TABLE 3 - Comparison of pesticides residues in the imported crops of the seven studies in the years 1993- 2008 in Jordan. Numbers in ( ) are
% of the samples in each case

Total number of samples
Number of samples
containing residues less than
the MRL
Number of samples without
residues
Number of samples
containing residues more than
the MRL
Number of samples
containing pyrethroids
Number of samples
containing organophosphates
Number of samples
containing chlorinated
hydrocarbons
Number of samples
containing benzaletes
Number of samples
containing vitalimines
Number of samples
containing conazoles
Number of samples
containing pesticides residues
from miscellaneous groups

1993
/1994
989

1999
/2000
250

2000
/2001
200

2002
/2003
200

2004
/2005
195

2005
/2006
200

2007
/2008
400

43
(4.34%)

38
(15.2%)

29
(14.5%)

26
(13.0%)

12
(6.2%)

15
(7.5%)

44
(11%)

946
(95.65%)
-

212
(84.8%)
-

170 (85.0%)

174 (87.0%)

1
(0.5%)

-

183
(93.8%)
0
(0%)

185
(92.5%)
0
(0%)

355
(88.8%)
1
(0.25%)

-

-

-

-

-

-

-

-

-

-

-

-

4
(2.1%)
9
(4.6%)
0
(0%)

4
(2%)
8
(4%)
0
(0%)

15
(3.75%)
18
(4.5%)
0
(0%)

-

-

-

-

2
(1%)

2
(1%)

0
(0%)
0
(0%)
1
(0.5%)

0
(0%)
1
(0.5%)
1
(0.5%)

-

-

-

-

-

-

-

-

-

-

-

-

4
(1%)
0
(0%)
1
(2.5%)
6
(1.5%)

TABLE 4 - Comparison of pesticides residues in the local crops of the seven studies in the years 1993 - 2008 in Jordan. Numbers in ( ) are %
of the samples in each case.

Total Number of samples
Number of samples
containing residues less than
the MRL
Number of samples without
residues
Number of samples
containing residues more than
the MRL
Number of samples
containing pyrethroids
Number of samples
containing organophosphates
Number of samples
containing chlorinated
pesticides
Number of samples
containing benzaletes
Number of samples
containing vitalimines
Number of samples
containing conazoles

1993
/1994
1125

1999
/2000
250

2000
/2001
200

2002
/2003
200

2004
/2005
195

2005
/2006
200

2007
/2008
400

225
(20%)

28
(11.2%)

47
(23.5%)

45
(22.5%)

16
(8.2%)

14
(7%)

33
(8.25%)

855
(76%)
45
(4%)

217
(86.8%)
5
(2%)

151
(75.5%)
2
(1%)

155
(77.5%)
-

179
(91.8%)
0
(0%)

185
(92.5%)
1
(0.5%)

365
(91.2%)
2
(0.5%)

-

-

-

-

-

-

-

-

-

-

-

-

2
(1)
3
(1.5%)
1
(0.5%)

5
(2.5%)
4
(2%)
0
(0%)

9
(2.25%)
5
(1.25%)
0
(0%)

-

-

-

-

-

-

-

-

-

-

-

-

2
(1%)
0
(0%)
0
(0%)

2
(1%)
0
(0%)
2
(1%)

13
(3.25%)
0
(0%)
0
(0%)
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Less than the MRL
No residues
More than the MRL

120.00%

100.00%

95.65%

93.80%
85%

84.80%

92.50%
88.80%

87%

% Sample

80.00%

60.00%

40.00%

20.00%

15.20%

14.50%

13%

11%
7.50%

6.20%

4.35%
0%

0.00%

1993/1994

0.50%

0%
1999/2000

2000/2001

0%
2002/2003

0%
2004/2005

0.20%

0%
2005/2006

2007/2008

Study Year

FIGURE 1 - Percent imported crop samples containing pesticide residues less and more than MRL for the seven studies conducted between
1993 and 2008 in Jordan.

Less than the MRL
No residues
More than The MRL
100.00%
91.80%

80.00%

92.50%

91.25%

86.80%

90.00%
76.00%

76%

77%

70.00%

% Samples

60.00%
50.00%
40.00%
30.00%
20.00%

23.50%

23%

20.00%
11.20%

10.00%

4%

8.20%
2%

0.50%

8.2%

7.00%
0.50%

0.50%

0.00%
1993/1994

1999/2000

2000/2001

2002/2003

2004/2005

2005/2006

2007/2008

Study year

FIGURE 2 - Percent local crop samples containing pesticide residues less and more than MRL for the seven studies conducted between 1993
and 2008 in Jordan.
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ducted between 1993 and 2008. The found residues were
compared with the Maximum Residue Level (MRL)[8]
adopted by Jordanian Standards. In 1993/1994 study, 4%
and 20% of the samples were containing pesticides residues
more than the MRL and less than the MRL, respectively,
but 76% of the analyzed samples were free of residues. In
the 1999/2000 study, 2% and 11.2 % of the samples were
containing pesticides residues more than the MRL and
less than the MRL, respectively, but 86.8% of the analyzed
samples were free of residues. In the 2000/2001 study,
0.5% and 23.5% of the samples were containing pesticides
residues more than the MRL and less than the MRL, respectively, but 76% of the analyzed samples were free of
residues. In the 2002/2003 study, 0% and 23% of the samples were containing pesticides residues more than the
MRL and less than the MRL, respectively, but 77% of the
analyzed samples were free of residues. In the 2004/2005
study, 0% and 8.2% of the samples were containing pesticides residues more than the MRL and less than the MRL,
respectively, but 91.8% of the analyzed samples were free
of residues. In the 2005/2006 study, 0.5% and 7% of the
samples were containing pesticides residues more than the
MRL and less than the MRL, respectively, but 92.5% of
the analyzed samples were free of residues. In the 2007/
2008 study, 0.5% and 8.25% of the samples were containing pesticides residues more than the MRL and less than
the MRL, but 91.25% of the analyzed samples were free of
residues. Goldberg and Butler (2010) reported that U.S. grown produce generally is more likely to have higher
pesticides residues than imported fruits and vegetables.
Concerning imported agricultural crops, there was noticeable decrease in the residues of chlorinated pesticides.
Further more, imported samples of the last three studies
(2004/2005, 2005/2006 and 2007/2008) were found to be
free of residues of chlorinated pesticides group (Table 3).
This decline in residues is most probably due to the fact
that chlorinated pesticides has been banned from use for
agricultural purposes since the seventies and eighties of the
last century by most countries [5]. This is an indication that
most exporting countries of agricultural crops to Jordan may
be strict in applying regulations and laws concerning the
non use of chlorinated pesticides in their environment and
crops [10]. The countries which exporting agricultural crops
to Jordan are: Syria, Egypt, Lebanon, Palestine, Saudi
Arabia, Emirates, Yemen, Somalia, Netherlands, Greece,
Australia, Spain, Italy, Canada, Turkey, India, Britain,
Thailand, Brazil, Argentine, South Africa, Chili, China,
USA, Pakistan and Sri Lanka.
However, pesticide residues of permethrin, fenpropathrin, cypermethrin, lambdacyhalothrin, and fenvalerate
from the pyrethroids group, and residues of chloropyrifos,
Iprodione, procymidone, brommopropylate, triadimenol
and dimethoate from organophosphates and other minor
groups have been found in the imported crops. The crops
were apples, oranges, vine grapes, pears, lemons, molokhiah, carrots, and dates.
Chlorpyrifos and other insecticides were detected in
food and soybeans in USA and in apples imported from

New Zealand, grapes from Chile, tomatoes from Mexico
to USA from 1994 to 1998 [10–13].Concerning local
agricultural crops, there were again noticeable decline in
pesticides residues of chlorinated pesticides. Moreover,
local samples in the last three studies (2004/2005, 2005/
2006 and 2007/2008) were found to be free of chlorinated
pesticides residues, except one sample of 2004/2005 (Table
3). This decline in residues or their disappearance from the
analyzed samples most probably due to the fact that chlorinated pesticides has been banned from the use on crops
for the purpose of pest control in Jordan by ministry of
Agriculture since early eighties of the last century [5, 14].
It is a good indication that Jordanian farms have replaced
the banned chlorinated pesticides with alternative pesticides from other groups [15]. The number of samples
containing pesticides residues from the pyrethroid group
in the last three studies of the years 2004/2005,
2005/2006 and 2007/2008 were 2, 5 and 9, respectively
(Table 4). The found pyrethroid pesticides are: cypermethrin, fenpro-pathrin, permethrin, and lambdacyhalothrin.
The number of samples containing pesticides residues
from the organophosphorous group in the last three studies of the years 2004/2005, 2005/2006 and 2007/2008 are
3, 4 and 5 respectively (Table 4). The found organophosphorous pesticides are: chlropyrifos and dimethoate. The
number of samples containing pesticides residues from
miscellaneous groups other than those mentioned above in
the last three studies of the years 2004/2005, 2005/2006
and 2007/ 2008 are 2, 4 and 13 respectively (Table 4). The
agricultural crops containing pesticides residues were
tomatoes, hot peppers, sweet peppers, vine grapes, cucumbers, lettuces and eggplants. These crops were collected from different agricultural regions in Jordan including open fields and under plastic houses but mainly
from central Jordan valley.
4. CONCLUSIONS
There was a noticeable decline in the residues of chlorinated pesticides and the samples were almost free of these
residues in the last three studies. In addition, there was a
decline in samples containing pesticides residues more
than the MRL. In the last three studies, the percentage of
the samples containing more than the MRL was about
0.5% of the whole analyzed samples. It is recommended to
continue monitoring pesticides residues in the imported
and local samples to protect consumers. It is advisable to
increase the number of examined samples annually to get
more accuracy, and covering more crops and more regions.
Extension for specific workshops for farmers and agricultural engineers are regularly needed, particularly on the
safe use of pesticides.
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ABSTRACT

feine, possess important pharmacological properties that
have been exploited for industrial applications and phar-

Activated carbon (BK) has been prepared from polymeric wastes by chemical activation with KOH. Adsorption of trimethylxanthine onto BK was investigated with
variations of pH, contact time, trimethylxanthine concentration, and temperature. The results were analyzed by the
Langmuir and Freundlich equations. Adsorption of trimethylxanthine (caffeine) onto BK follows the Langmuir
isotherm model. The kinetics of trimethylxanthine adsorption has been discussed using three kinetic models, i. e.,
the pseudo first-order, the pseudo second-order, and the
intraparticle diffusion models. The kinetic studies showed
that the adsorption followed a pseudo second-order reaction. The intraparticle diffusion rate constant, the external
mass transfer coefficient, film and pore diffusion coefficients at various temperatures were evaluated. The thermodynamic parameters, such as ΔGo, ΔSo, and ΔHo, have
been calculated. The thermodynamics of the trimethylxanthine -BK system indicated an endothermic process.

KEYWORDS: Activated carbon; Adsorption; Trimethylxanthine;
Kinetics; Diffusion.

1. INTRODUCTION

* Corresponding author

maceutical practices [2]. Adsorbing trimethyl-xanthine on
activated carbon is also extremely useful in the treatment
of potential poisoning by overdoses of this substance. Activated carbon is a microporous adsorbent that can be produced from a variety of carbonaceous materials, including
wood [3], coal [4, 5], rice hulls [6], and apricot stones [7].
Its adsorption properties result from its large surface area,
high adsorption capacity, large number of micropores, and
the broad range of surface functional groups. It is increasingly being used in medicine for health applications [8].
The study of drug adsorption onto activated carbon
has a significant place in literature [9–11] but has not been
studied comprehensively with trimethylxanthine (such as
equilibrium, kinetic and diffusion). Also, activated carbon
prepared from waste could be important for the regional
economy, because high value products are obtained from
low cost materials, and simultaneously provide a solution
to the problem of wastes. In this work, activated carbon
was prepared from polymeric wastes with high surface area
by chemical activation in the absence of N2 at 800 °C. This
activated carbon was used as an adsorbent to remove the
trimethylxanthine from an aqueous solution. The kinetics
and equilibrium data of the interaction were studied to
understand the adsorption process.

Plastics have become an inextricable part of humanity. Many research projects have been devoted to obtain
and charactarize carbons from poly(ethylene terephthalate)
(PET) as an alternative for recycling of waste plastic commercial vessels made of carbon-reach polymers [1]. The
recycling of PET is now a common requirement for both
ecological and technological reasons.
Trimethylxanthine is naturally produced in the leaves
and seeds of many plants, and is classified as a drug because it stimulates the control nervous system, causing increased alertness. A few xanthine derivatives, such as caf-

935

FIGURE 1 - The molecular structure of trimethylxanthine.
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2. MATERıALS AND METHODS
2.1. Materials

The trimethylxanthine used in this study was supplied
by Merck-Germany. The structure of the trimethylxanthine
molecule is presented in Fig. 1. A stock solution of trimethylxanthine (1000 mg.L–1) was prepared and suitably
diluted to the required initial concentrations. A calibration
curve of absorbance versus concentration was constructed
by spectrophotometric analysis at maximum wavelength
of 273 nm using an UV spectrophotometer (Shimadzu
model: UV-2100 S).
2.2. Preparation of activated carbon (BK)

Polymeric waste (90% PET), used in this study as a
source of activated carbon, was supplied by SASA A.Ş. in
Adana. In the first step of activation, the starting material
was mixed with KOH (w/w ratio of KOH/starting material
= 4:1), kneaded with the addition of distilled water, and
subsequently dried at 110 °C to impregnate the sample.
In the second step, the impregnated sample was placed
on a quartz dish, which was then inserted into a quartz
tube (internal diameter: 60 mm). The impregnated sample
was heated at the rate of 10 °C/min up to the activation
temperature (800 °C) under N2 flow (100 ml min–1), and
held at the activation temperature for 1 h. After activation,
the sample was cooled down under N2 flow and 0.5 N HCl
was added onto the activated sample. Then, it was washed
sequentially several times with hot distilled water to remove residual chemicals and until the pH reached a value
of 7. The washed sample was dried at 110 °C to yield
activated carbon, which was then sieved to yield the -400
mesh fraction (average particle size 0.038 mm) [12, 13].

ments were carried out by agitating 0.1 g of BK with 50-ml
solutions of the desired concentration (200-1000 mg.L–1),
at the investigated pH range (6-10) and temperatures (298,
310 and 323 K) in a thermostatic bath operating at 400 rpm.
The amount of trimethylxanthine adsorbed onto BK, qt
(mg.g–1), was calculated by the mass balance relationship,
as shown in Eq. (1):

qt = (C0 − Ct )

V
w

(1)

where, C0 and Ct are the initial and time ‘t’ liquidphase concentrations of trimethylxanthine (mg.L–1), respectively. V is the volume of the solution (L), and w is
the weight of the dry BK used (g).
3. RESULTS AND DISCUSSION
3.1. Characterization of the pore structure of the prepared
adsorbent (BK)

As expected, the results on surface properties of activated carbon (Table 1) show much higher contents of
carbon and ash but lower ones of oxygen and hydrogen
compared to the raw material. The functional groups are
very important characteristics of activated carbons because they determine the surface properties of the carbons
and, hence, their quality as ion exchangers, adsorbents,
catalysts, and catalyst supports. Activated carbon has also
the lowest value of pH 4.92 which is consistent with the
highest content of acidic groups. The functional groups
detected on the surface of activated carbon prepared in
this study (BK) revealed that they are of polyfunctional
cationity nature.
TABLE 1 - Surface properties of activated carbon.
R.M*

2.3. Instrumentation

A TriStar 3000 surface analyzer (Micromeritics, USA)
was used to measure the nitrogen adsorption isotherm at
relative pressures in the range of 10–6 to 1 at 77 K. Before
measurement, the sample was degassed at 300 °C for 2 h.
The sample surface area was calculated by the BET (Brunauer-Emmett-Teller) method assuming that the surface area
occupied per physisorbed nitrogen molecule is 0.162 nm2.
The total pore volumes were estimated with reference
to the volume of liquid N2 at a relative pressure (P/P0) of
0.9814. The t-plot method was applied to calculate the
micropore volume and mesopore surface area, and the mesopore volume was determined by subtracting the micropore
volume from the total pore volume. The average pore radius was estimated from the BET surface area and total pore
volume by assuming an open-ended cylindrical pore
model without pore networks according to the BJH (Barrett- Joyner-Halenda) method [14].
2.4. Adsorption experiments

Trimethylxanthine solutions were prepared in distilled
water at the desired concentrations. Adsorption experi-

C
(%)
H
(%)
N
(%)
O
(%)
Ash (%)
Yield (%)
Total Acidity (mmol. g-1)
Total Basicity (mmol. g-1)
pH
Iodine number (mg.g-1)
Methylene blue adsorption (mg.g-1)
R.M: Raw Material

62.02
4.29
33.69
1.02
-

BK
74.35
1.82
23.83
4.58
5.17
5.00
0.25
4.92
1024.73
150

Figure 2a shows the N2 adsorption isotherm of the activated carbon (BK) obtained using KOH. The N2 adsorption isotherm is classified as type I, characteristically for
microporous and mesoporous solids, according to the
IUPAC classification [12]. Table 2 contains the results of
the BET surface area (SBET), external surface area (including the areas of mesopores and macropores, Sext), microporous surface area (Smic), total pore volume (Vt) and
average pore diameter (Dp) results obtained by applying
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the BET equation and Dubinin-Radushkevich (DR) equation to N2 adsorption at 77 K. The average pore diameter
of 2.16 nm is indicative of its microporous character.
Figure 2b shows the pore-size distribution, which was
calculated by the standard BJH method [14]. The activated carbon has been found to be dominantly made up of
micropores.
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FIGURE 2 - a) Adsorption isotherm of nitrogen at 77 K for activated carbon (BK); b) Pore size distribution of the BK.

3.3. Effect of contact time on adsorption of trimethylxanthine

TABLE 2 - Surface area and porosity of the activated carbon.
SBET
(m2.g–1)
1775

Sext
(m2.g–1)
1095

Smic
(m2.g–1)
681

Vt
(cm3.g–1)
0.95

Vmic
(cm3.g–1)
0.36

Dp
(nm)
2.16

3.2. Effect of initial concentration of trimethylxanthine

The effect of the initial trimethylxanthine concentration on the removal activity of the aqueous solution of BK
has been studied at all temperatures for 1 h. As shown in
Fig. 3, the percentage removal of trimethylxanthine is
found to decrease with the increase of initial trimethylxanthine. This shows that high initial trimethylxanthine molecule levels decrease adsorption onto activated
carbon owing to the lack of available active sites on its
surface. Similar results have been reported in literature
[12, 13]. A trimethylxanthine concentration of 400 mg.L–1
was further selected to investigate temperature effects,
and bigger removal was observed in the higher temperature range. The fact that the adsorption increases with
increase in temperature indicates the increase in the mobility of trimethylxanthine molecules with increasing
temperatures and, therefore, the ongoing adsorption process has been found to be endothermic [15].

Fig. 4 shows the variations of the caffeine removal (%)
over contact time at an initial level of 400 mg.L-1. It can
be seen that a rapid adsorption of caffeine by BK occurred, with an equilibrium reached after approximately
60 min for all temperatures. It was particularly noteworthy that the process showed an extraordinarily fast initial
rate of adsorption, which can be verified by the fact that
the amount of adsorbed caffeine onto activated carbon
within 10 min almost achieved 95% of that at equilibrium.
The fast uptake indicated that caffeine could be easily adsorbed by activated carbon.
3.4. Adsorption İsotherm

Adsorption data usually follow the Freundlich or
Langmuir isotherms. Both models have been investigated
in this work.
The adsorbed layer was uni-molecular in the Langmuir models [16]. The linearized Langmuir isotherm is
represented by the following equation:

938

Ce
C
1
=
+ e
qe Q0 b Q0

(2)

© by PSP Volume 21 – No 4a. 2012

Fresenius Environmental Bulletin

where, C e is the caffeine concentration at equilibrium
(mg.L-1), qe is the adsorption capacity at equilibrium
(mg.g–1), b is the Langmuir adsorption constant (L.mg–1),
and Q0 signifies the initial adsorption capacity (mg.g–1).
The essential characteristics of the Langmuir dimensionless
constant separation factor or equilibrium parameter, RL, are
defined by the following equation:

RL =

1
1 + bC 0

(3)

where, C0 is the initial trimethylxanthine concentration (mg.L–1). The value of separation factor, RL; indicates the nature of the adsorption process.

P erc entag e	
  c affeine	
  rem oval
(% )

The Freundlich adsorption model is shown to be consistent with an exponential distribution of the active centers, which is characteristically for heterogeneous surfaces
[17]. The Freundlich adsorption isotherm can be expressed
as follows:

1
log qe = log K f + log Ce
n

(4)

where, Kf is a constant for the system related to the
bonding energy. The 1/n value indicates the relative distribution of energy sites, and depends on the nature and
strength of the adsorption process [18].
The plots of the linear forms of the Langmuir and
Freundlich adsorption isotherms of caffeine obtained at
all temperatures are shown in Fig. 5. All parameters of the
isotherm model for the adsorption of trimethylxanthine
onto activated carbon are illustrated in Table 3. It can be
observed that the adsorption of trimethylxanthine onto activated carbon follows the Langmuir isotherm as shown by
the R2 values in Table 3. The adsorption capacity, Q0,
obtained at 323 K, is 400 mg.g–1. The RL values show that
the adsorption of trimethylxanthine onto activated carbon
is an energetically favorable adsorption.
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FIGURE 3 - Effect of initial caffeine concentration.
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FIGURE 4 - Effect of equilibrium contact time on caffeine adsorption from solution.
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FIGURE 5 - a) Langmuir isotherm model; b) Freundlich isotherm model.

TABLE 3 - Isotherm parameters for the effects of solution temperature and concentration.

T(K)

298

310

323

C0
(mg.L–1)
200

Langmuir İsotherm
RL
Q0
(mg.g–1)
0.077

400
600
800

0.040
0.027
0.020

1000
200

0.016
0.065

400
600
800

0.034
0.023
0.017

1000
200
400

0.014
0.063
0.033

600
800

0.022
0.017

1000

0.013

Freundlich İsotherm
kf
n
(L.g–1)

b
(L.mg–1)

R2

370.37

0.060

0.979

86.21

3.88

0.864

389.70

0.071

0.982

94.55

4.03

0.864

400.00

0.074

0.990

96.91

3.88

0.896

940

R2

© by PSP Volume 21 – No 4a. 2012

Fresenius Environmental Bulletin

3.5. Adsorption kinetics

The study of the adsorption kinetics describes the solute uptake rate, and this rate clearly controls the residence time of the uptaken adsorbate at the activated carbon
solution interface. The kinetics of trimethylxanthine adsorption onto activated carbon have been determined using
the pseudo first-order [14], pseudo second-order [19], and
intra-particle diffusion [20, 21] models.
The rate constants for the adsorption of caffeine onto
activated carbon have been investigated with the pseudo
first-order equation as follows [14]:

dq t
(5)
= k1 ( q e − q )
dt
where, k1 (min–1) is the pseudo first-order rate constant. Integrating Eq. (5) with respect to the integration
conditions q=0 to q=qt at t=0 to t=t, the kinetic rate expression gets transformed as follows:
log( q e − qt ) = log q e −

k1
t
2,303

(6)

where, qe and qt are the amounts of caffeine adsorbed
(mg.g–1) at equilibrium and time ‘t’ (min), respectively.
The kinetics of caffeine adsorption onto BK were determined by pseudo-second order model developed by Ho
[19]:

t
1
t
=
+
2
qt k 2 qe qe

(7)

where k2 is the pseudo second-order rate constant
(g.mg–1.min–1) and h (h = k2qe2 ) is the initial adsorption
rate (mg.g–1.min–1).
The activation energy is calculated from the linearized
Arrhenius equation as follows:

ln k 2 = ln k 0 −

Ea
RT

(8)

where, k2 is the rate constant of adsorption (g.mol–1.
min ), k0 is the temperature-independent factor (g.mol–1.
s–1), Ea is the activation energy (kJ. mol–1), R is the gas
constant (J.mol–1.K–1), and T is the adsorption temperature (K).
The intraparticle diffusion equation for the adsorption
of trimethylxanthine onto activated carbon [20, 21], can
be written as follows:
(9)
qt = k int t 1 / 2 + C
–1

where, c is the intercept of the line, which is proportional to the boundary-layer thickness, and kint is the intraparticle diffusion-rate constant (mg.g–1.min–1/2).
The plot of log (qe-qt) versus t should give a linear relationship from which k1 and qe can be obtained from the
slope and intercept of the plot, respectively. The k1 value,
qe and the calculated correlation coefficient are provided
in Table 4. In addition, the values of qe calculated from the
equation differ from the experimental ones, which demonstrating that adsorption of trimethylxanthine onto BK is
not a first-order reaction.
The plot of (t/qt) versus t Eq. (7) should give a linear
relationship, from which qe and k2 can be determined from
the slope and intercept of the plot, respectively (Fig. 6).
The correlation coefficent is 0.999, and the values of qe calculated from the equation agree with the experimental ones
demonstrating that the adsorption of trimethylxanthine onto
BK follows a pseudo second-order kinetics.
The plots of lnk2 versus the absolute temperature 1/T
yield straight lines for all the concentrations investigated.
The values of activation energy are provided in Table 4. Ea
is equal to 17.70 kJ.mol–1. Because the activation energy is

TABLE 4 - Kinetic parameters for the effects of solution temperature and concentration.

–1

qe(experimental) (mg.g )
The pseudo first-order
qe(mg.g–1)
k1(min–1)*102
R2
The pseudo second-order
qe(mg.g–1)
k2 (g.mg–1.min–1)*103
h (mg.g–1.min–1)
R2
Ea(kJ. mol–1)
Intraparticle diffusion
kint (mg.g–1.min–1/2)
C
R2
Diffusion coefficients
D1(cm2.s–1).1010
D2(cm2.s–1).1011
External mass transfer coefficients
kL(cm.s–1).107

298
196.05

TEMPERATURES (K)
310
197.05

323
197.29

20.09
5.50
0.933

13.75
5.31
0.906

10.23
5.04
0.928

196.07
9.20
353.67
0.999

196.07
12.00
461.32
0.999
17.70

196.07
16.00
615.05
0.999

1.638
182.40
0.992

1.359
186.40
0.934

1.200
187.93
0.924

6.53
6.81

7.57
6.70

8.36
6.60

13.46

17.56

23.41
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FIGURE 6 - The pseudo second-order adsorption kinetics of caffeine at different temperatures.

low, the adsorption reaction follows an ion-exchange diffusion-controlled mechanism. This result confirms the conclusion that the adsorption is of physical nature [22, 23].
The rate constant, kint, for the intraparticle diffusion
model is obtained from the slope of the straight line of qt
versus t1/2 (Fig. 7). The linear plots at various temperatures do not pass through the origin, and this shows that
the intraparticle diffusion is not the only rate-controlling
step. The kint values derived from the slopes of the linear
portions of this plot calculated kint values, and the values
of ‘c’ are provided in Table 4. The results show that the
intraparticle rate constant decreases with increasing temperature. This effect can be interpreted as aggregation effect. Aggregation increases with temperature rise, and thus,
diffusion of trimethylxanthine is enhanced.
During the adsorption of a solid chemical substance
over a porous adsorbent, the following three consecutive
steps take place [24–27]:
- Transport of the adsorbate ions to the external surface
of the adsorbent (film diffusion)
- Transport of the adsorbate particles within the pores of
adsorbent, excluding the small amount of adsorption
occurring at the external surface of the adsorbent (particle diffusion)
- Adsorption of the adsorbate ions on the interior surface of the adsorbent.
The film diffusion (D1, cm2.s–1) and diffusion within
the adsorbent (D2, cm2.s–1) control the intraparticle diffusion process. Assuming that adsorbent particles are spherical with a radius ‘a’, and diffusion follows Fick’s law, the
relationship between uptake and time is given by [28] as
follows:
qt
⎛ Dt ⎞
= 6⎜ 2 ⎟
qe
⎝ a ⎠

1/ 2

{π

−1 / 2

∞

+ 2∑ ierfc
n =1

na
Dt 1 / 2

}− 3 Dt2

(10)

a

At small times, D is replaced by D1, and Eq. (10) is
reduced to:

qt
⎛ D ⎞
= 6⎜ 12 ⎟
qe
⎝ πa ⎠

1/ 2

(11)

t 1/ 2

The film diffusion coefficient (D1) values for activated
carbon and temperatures are calculated from the slope of
these plots of qt/qe versus t1/2. For large times, the relation
between weight uptake and diffusion equation is as follows:
qt
6
= 1− 2
qe
π

∞

∑
n =1

⎛ − Dn 2π 2 t ⎞
1
⎟⎟
exp⎜⎜
2
n
a2
⎝
⎠

(12)

As t tends to large times, Eg.(12) can be written in the
form:
⎛ qt
⎜⎜1 −
⎝ q e

⎛ − D 2 π 2
⎞ 6
⎟⎟ = 2 exp⎜⎜
2
⎠ π
⎝ a

⎞
t ⎟⎟
⎠

(13)

If B = (D2π2/a2), Eq.(13) can be simplified as follows:
⎛ qt
⎜⎜1 −
⎝ qe

⎞ 6
⎟⎟ = 2 exp(− Bt )
⎠ π

⎛ q ⎞
Bt = −0.4977 − ln⎜⎜1 − t ⎟⎟
⎝ qe ⎠

(14)
(15)

The calculated Bt values were plotted against time
(shown in Fig. 8), and used to identify whether external
transport or intraparticle transport controls the rate of
adsorption. If the plot of Bt versus t (having slope B) is
straight line passing through the origin, then the adsorption rate is governed by particle diffusion mechanism; otherwise, it is governed by film diffusion [29–31]. The film
diffusion (D1) and pore diffusion (D2) coefficient values
are given Table 4. The adsorption data in Table 4 show
that the film diffusion coefficients increased with increasing adsorption temperature. This may be due to the increase in mobility of molecules with the rise in temperature, which decreases the retarding force acting on diffusion of molecules [32, 33].
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FIGURE 7 - Plots of the intermediate linear portion of the interparticle diffusion kinetics equation at different temperatures.
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FIGURE 8 - Bt vs. t plots for the adsorption of caffeine onto BK.

External diffusion across the boundary layer surrounding each adsorbent particle and internal diffusion
into the porous particle are two main mass transfer resistances. External mass transfer is as follows:
(16)
N t = k L A(Ct − Ce )
where, Nt is the diffusion rate across the film layer
surrounding the adsorbent particle, kL is the external mass
transfer coefficient, A is the external surface area of adsorbent, Ct and Ce are adsorbate concentrations at time t
and equilibrium time, respectively. Diffusion rate can be
also written by using the Eq. (1) as follows:
dC t
dq
(17)
N t = −V
=m t
dt
dt
at initial conditions (i.e., Ct = C0 and Ce = 0 at t=0),
therefore
(18)
(N t )t →0 = k L AC0
Combining Eq. (4), (17) and (18), the external mass
transfer coefficient, kL, can be written as follows:
mk 2 q e2
(19)
kL =
C0 A
where, m is mass of adsorbent (g), k2 is the secondorder rate constant (g.mg–1.min–1), qe is the caffeine adsorbed (mg.g–1), C0 is the trimethylxanthine concentration
(mg.m–3), and A is the external surface area of BK. The kL

values (shown in Table 4) increased with increasing adsorption temperature.
3.6. Thermodynamic studies

The thermodynamic parameters, namely, the values of
entalphy, ΔHo, entropy, ΔSo, and free energy, ΔGo, of the
adsorption process are useful in defining whether the adsorption is endothermic or exothermic, and to determine
the spontaneity of the adsorption process.
Standard enthalpy (ΔHo) and entropy (ΔSo) for the
adsorption process were estimated from the van’t Hoff
equation as follows:
ln K c =

− ΔH o ΔS o
+
RT
R

(20)

The percentage of caffeine removal increases as temperature increases. The changes in standard free energy
(ΔGo), enthalpy (ΔHo) and entropy (ΔSo) of adsorption were
estimated from the following equation:
(21)
ΔG o = − RT ln K c
where, R is gas constant, Kc is the equilibrium constant, and T is the temperature in K. The Kc value is calculated from Eq. (12):
C
(22)
K = Ae
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where, CAe and CSe are the equilibrium concentrations
of caffeine molecules on BK (mg.L–1) and in the solution
(mg.L–), respectively.

of ΔGo decreased with an increase in temperature but
increased with an increase in concentration.
3.7. Adsorption performance of prepared activated carbon

The van’t Hoff plot for the adsorption of caffeine determined at different concentrations is shown in Fig. 9. All
the thermodynamic parameters for the adsorption of caffeine onto activated carbon are illustrated in Table 5. Table 5
shows that the positive value of the enthalpy change ΔH°ads
for the adsorption of trimethylxanthine further confirms
the endothermic nature of the adsorption [31], the positive
entropy of adsorption ∆S° reflects the affinity of the adsorbent material toward trimethylxanthine, and the negative free energy value ΔGo indicates the feasibility of the
adsorption process and its spontaneity. The negative value

In Table 6, the comparison of the maximum monolayer
adsorption capacity of trimethylxanthine onto various adsorbents obtained from adsorption experiments is listed. The
activated carbon prepared in this work had a relatively
large adsorption capacity of 400 mg.g–1 compared to some
other adsorbents reported in the literature [34-36]. Therefore, the polymeric waste-based activated carbon prepared
in this work could be used as an effective adsorbent for
removing trimethylxanthine from solutions.

5

lnK c

4

200	
  mg/L

3
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  mg/L
600	
  mg/L

2

800	
  mg/L

1

1000	
  mg/L

0
3

3,1

3,2

3,3
3

3,4

3,5

-‐1

(1/T )*10 (K )
FIGURE 9 - van’t Hoff plots of caffeine adsorption onto BK for the different concentrations.

TABLE 5 - Thermodynamic parameters for the adsorption of caffeine onto BK.
-ΔGo (kJ. mol–1)
o

o

Kc

Concentration
(mg.L–1)

ΔH
(kJ. mol–1)

ΔS
(J.mol–1.K–1)

298 K

310 K

323 K

298 K

310 K

323 K

200

16.11

86.21

9.56

10.64

11.72

47.48

62.03

78.55

400

12.12

73.31

9.64

10.78

11.47

48.99

65.65

71.52

600

8.93

47.10

5.20

5.61

6.08

8.15

8.84

9.61

800

15.01

59.73

2.88

3.33

4.38

3.20

3.64

5.11

1000

4.60

24.18

2.61

2.87

3.22

2.87

3.05

3.31

TABLE 6 - Comparasion of the maximum monolayer adsorption of caffeine onto various adsorbents.
Adsorbents

Reference

Polymeric adsorbent

Adsorption capacity
(mg.g–1)
1-2

Resin

58,3

[35]

[34]

Polymer

4

[36]

Activated carbon

400

This work
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4. CONCLUSIONS

[10] Chang, M. and Juang, R, (2004) Adsorption of tannic acid
humic acid, and dyes from water using the composite of chitosan and activated clay. J. Colloid Interf Sci.(278) 18–25.

The following conclusions can be summarized:
The N2 adsorption isotherm of BK is of Type I. Results demonstrate that activated carbon includes micropores and mesopores (polyfunctional cationity).

[11] An, J. and Dultz, S. (2007) Adsorption of tannic acid on chitosan-montmorillonite as a function of pH and surface
charge properties. Applied Clay Sci. (36) 256–264.

The Langmuir isotherm model describes the adsorption data better than the Freundlich model.

[12] Önal, Y., Akmil-Başar, C. and Sarıcı-Özdemir, Ç. (2007) Investigation kinetics mechanism of adsorption malachite gren
onto activated carbon. J. Hazard. Mater. (146) 194–203.

The adsorption process follows the pseudo secondorder kinetics. The adsorption rate is governed by particle
diffusion mechanism.

[13] Önal, Y., Akmil-Başar, C., Eren, D., Sarıcı-Özdemir, Ç. and
Depçi, T. (2006) Adsorption kinetics of malachite gren onto
activated carbon prepared from Tunçbilek lignite. J. Hazard.
Mater. (128) 150–157.

The values of the thermodynamic parameters ΔHo, ΔSo
and ΔGo for trimethylxanthine adsorption onto activated
carbon show an endothermic heat of adsorption, feasibility of the adsorption process, and its spontaneous character, respectively.
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EMISSIONS OF POLYCYCLIC AROMATIC HYDROCARBON
PARTICULATES FROM COMBUSTION OF DIFFERENT FUELS
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ABSTRACT
The use of biomass as fuel for combustion allows partial replacement of fossil fuels and the reduction of fossil
carbon dioxide emissions. Nevertheless, combustion of biomass waste may generate toxic pollutants such as Polycyclic Aromatic Hydrocarbons (PAHs) whose production is
related to the combustion temperature, oxygen consumption and origin of the biomass fuel.
In the present study, experimental protocols for biomass combustion and analytical quantification of PAHs
were carried out. Six types of fuel were burned in a tubular reactor: two bio-solids dried differently (air drying and
fry drying), oil-shale, used cooking oil (for recycling) and
two types of woody biomass (oak and beech). The combustion tests were performed at 850°C with fixed bed
samples weighing about 1 g. The identification and quantification of PAHs in the particulate phase were performed
by ultrasonic extraction followed by high-resolution gas
chromatography coupled to low-resolution mass spectrometry. The 16 main EPA-classified PAHs have been identified. The results show that emissions of fry-dried sludge are
approximately 5000 µg g-1, thus 10 times greater than those
of wood and 10 times lower than those of used cooking
oils. Toxicity of the particulate phase was essentially due
to benzo(a)pyrene and benzo(b)fluoranthene.
KEYWORDS: PAHs, emissions, Fry-dried sludge, Air-dried
sludge, Woody biomass, Oil shale

1. INTRODUCTION
Biomass combustion is a very important processing
operation as it gives a large volume reduction and recovery of energy, and should thus be considered for destruction of toxic biomass such as wastewater treatment plant
by-products. However combustion, while once regarded as
an effective solution, is now facing environmental problems due to stricter air pollution standards, especially particulate and gaseous emissions.
* Corresponding author

According to the European Council Directive 96/62/EC,
European Union Member States must establish limit values
for incineration emissions. Moreover, Directive 2000/76/EC
requires limitation of the effects of waste incineration and
co-incineration on the environment, in particular emissions to air, soil, surface water and groundwater with the
resulting risks to human health.
Ash, carbon dioxide and water are the major combustion
effluents. Other compounds such as sulfur oxides (SOx),
nitrogen oxides (NOx), heavy metals, chlorinated hydrocarbons (dioxins and furans), volatile organic compounds and
polycyclic aromatic hydrocarbons (PAHs) are produced in
smaller quantities but are more dangerous in terms of environmental impact and human health [1-5]. Polycyclic
aromatic hydrocarbons (PAHs) consist of two or more
fused benzene rings, and most of them are semi-volatile
and highly carcinogenic and mutagenic [6-11]. The atmospheric PAHs are gas phase partitioned and adsorbed to
particulate matter according to their vapour pressure and
atmospheric conditions [12]. Low molecular weight PAHs
tend to be more concentrated in the gaseous phase, while
those with higher molecular weights are often associated
with particulates, and the PAHs recognized as carcinogenic
are also mostly found with particulate matter. The formation of organic hydrocarbons during incineration is
affected by many operating parameters such as type of
fuel [13-16], but also combustion temperature, waste
composition, flow rate and composition of feed gas [5, 1720]. Certain studies have shown that PAH emissions
are at a maximum between 800°C and 1000°C for wood
[21] and for acrylic waste [22], whereas a drop in emissions between 500 and 800°C has been observed during
the incineration of wastewater treatment plant sludges
[23]. An increase in the concentration of oxygen in the
feed gas results, in the case of wastewater treatment plant
sludges, in an increase in PAH emissions at temperatures
between 500°C and 800°C [23]. For coal combustion, an
excess of at least 10% oxygen decreases particulate PAH
emissions to almost zero, whereas emission of particles
increases with 5 to 40% excess oxygen [15]. The flow of
air through the combustion oven is also important. Incineration with a low airflow for temperatures between 700800°C and with a higher flow for temperatures between
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900-1000°C favours a decrease in PAH emissions [19,
24]. The combustion mode also has an impact. In fluidized bed combustion, bed material mixes well with air,
and its combustion flame is different from that of a fixed
bed. For low temperature fixed bed combustion, PAHs are
formed through pyrolysis, however, at high temperatures,
PAHs are formed from precursors [25].
In order to make further reductions in PAH polluted
emissions the council directive 2004/107/EC sets target
values for concentrations of benzo(a)pyrene (1 ng m-3)
used as a tracer for the PAH carcinogenic risk. Generally,
PAHs are produced during incomplete burning or pyrolysis at high temperatures [17, 26].
Some chemical reactions may result in the formation
of PAHs, such as cyclization reactions of alkyl groups and
the polymerization reactions following a condensation
reaction [26]. Because of their ubiquity in the environment, PAHs are found in various materials such as fossil
fuels, and also in industrial biomass such as sludge from
wastewater treatment plants [16, 27].
To obtain reliable data on the composition and concentrations of PAHs in particulate matter, versatile analytical methods are necessary for efficient sample processing
and for subsequent chemical analyses. Traditional methods of sample preparation for the determination of particulate-bound PAHs include Soxhlet extraction, sonication,
microwave-assisted extraction (MAE) or pressurized
liquid extraction (PLE) [28-33]. For the analysis step,
GC-MS and HPLC-fluorescence detection has been found
to be the best for the determination of PAHs in environmental samples [29, 33, 34].
Various studies have sought to develop combustion
experiments in order to analyze PAH emissions for different fuels, such as forest and agricultural biomass [14],
wood [21], coal [15, 19, 26], urban solid waste [20, 35],
sewage sludge [36], oily sludge [37], plastic waste especially polyethylene [37] and acrylic polymer [22, 24].
Emissions data for PAHs is necessary to inventory
fuel burn, in order to create life cycle assessment of the
combustion process. However, there is still very little
information regarding the PAH emissions for dry-biomass

combustion. This is the context of the present study, to
measure the PAH concentrations in combustion of airdried (ADS) and fry-dried sludge (FDS) obtained from a
pulp and paper manufacturing unit, particularly focussing
on the comparison of these emissions with various other
biomass burned under the same conditions.
2. MATERIALS AND METHODS
2.1. Chemicals and standards

A standard mix containing naphthalene (NAP),
acenaphtylene (ACY), acenaphtene (ACE), fluorene
(FLR), phenanthrene (PHE), anthracene (ANT), fluoranthene (FTN), pyrene (PYR), benzo(a)anthracene (B(a)A),
chrysene (CHRYS), benzo(b)fluoranthene (B(b)F), benzo(k)-fluoranthene (B(k)F), benzo(a)pyrene (B(a)P),
dibenzo-(a,h)anthracene (D(ah)A), benzo(g,h,i)perylene
(B(ghi)P) and indeno(c,d)pyrene (IND) at 100 µg mL-1 of
methanol:dichloromethane (1:1, v:v) was used for calibration (M-610 Accustandard, New Haven, CT, USA).
Deuterated PAHs were used as extraction standards
(anthracene d-10 and benzo(a)pyrene d-12 at 300 µg mL-1
of acetonitrile) and as an internal standard (fluoranthene
d-10 at 300 µg.mL-1 of acetonitrile) (Supelco, France).
Anthracene d-10 was chosen as a reference for the light
PAH fraction (NAP to PYR) and benzo(a)pyrene d-12 for
the heavy PAH fraction (B(a)A to B(ghi)P).
All solvents are for residue analysis (>99.8% GC;
Fluka).
2.2. Fuel sampling

The fuel samples used are shown in Table 1. The dried
biomass, consisting of sewage sludge produced from paper
pulp manufacturing, was dried in two different ways: conventional air-drying and a fry-drying process. The air-dried
sludge is obtained by drying the sample 24 h at 105°C in a
forced air oven. The fry-dried sludge is prepared by immersing the sample in an electric fryer with used cooking
oil [38]. The oil temperature was set at 110°C. Residence
time of the sewage sludge in the fryer was 10 min. After
treatment, the sludge was stored at -18°C.

TABLE 1 - Characterization of the fuels samples.

Dried sludge

Woody biomass

Oil

Nomenclature

Sample characterization

Air-drying

ADS

Sewage sludge dried at 105°C in a forced air oven for 24h

Fry-drying

FDS

Sewage sludge fried at 110°C for 10 min

Oak

OW

Sawdust composed of fine particles of oak wood (125-200 µm)

Beech

BW

Shredded wood waste

Oil shale

OS

Mix of crushed oil shale (75%, 500-1000 µm) and sand (25%)

Used cooking oil

UCO

Used oil collected from restaurants and the food industry

948

© by PSP Volume 21 – No 4a. 2012

Fresenius Environmental Bulletin

TABLE 2 - C, H, O, N, S, ash, LHV, HHV analysis of fuel samples
ADS
N*
1.8 ± 0.5
C*
18.7 ± 2.9
H*
1.7 ± 0.2
S*
≤ 0.01
O*
22.9 ± 2.6
Ash*
54.8 ± 0.1
HHV**
8.1 ± 0.1
LHV**
7.7 ± 0.1
*
% (dry basis), ** MJ/kg (dry basis)

FDS
0.7 ± 0.3
51.4 ± 0.5
6.5 ± 0.6
≤ 0.01
15.9 ± 0.7
25.6 ± 1.5
27.0 ± 0.7
25.6 ± 0.6

UCO
0.2 ± 0.2
77.4 ± 0.4
12.3 ± 0.3
≤ 0.01
10.2 ± 0.7
0.6 ± 0.6
41.2 ± 0.1
37.7 ± 0.1

In order to compare the results obtained with these
dried sludges, the experiments were also conducted with
currently available fuels from different sources: woody
biomass (oak and beech), oil shale and used cooking oil.
2.3. Chemical characterization

The fuel samples were analyzed by standard elemental and proximate analysis. The ultimate analysis
gives the elemental (C, H, N, and S) compositions of the
total solid matter using a self-integrated and microprocessor controlled elemental analyzer (model: NA 2100 Protein, CE Instruments). The oxygen content is calculated as
the complement to 100 of the sum of carbon hydrogen,
nitrogen, sulfur and ash, as in equation 1. Table 2 shows
the ultimate analysis of the samples used in this study.

[O] = 100 − ([C] + [H] + [ N] + [S] + [Ash])

(1)

The proximate analysis is described by the ash content in a sample [Ash]. The ash content is the residue that
remains after combustion at 850°C.
The Lower Heating Value of the fuel samples (LHV)
is experimentally measured using the elemental analyzer.
The Higher Heating Value (HHV) is calculated from the
Lower Heating Values according to equation 2.

OS
0.3 ± 0.1
15.7 ± 1.4
1.6 ± 0.1
1.9 ± 0.5
19.5 ± 1.5
62.7 ± 0.1
7.9 ± 0.7
7.6 ± 0.6

HHV = LHV +

BW
0.3 ± 0.1
45.8 ± 0.2
5.9 ± 0.1
≤ 0.01
46.2 ± 0.2
1.7 ± 0.6
24.3 ± 0.1
22.9 ± 0.1

18
[H]ΔH v
2

OW
0.4 ± 0.1
44.6 ± 0.2
5.8 ± 0.2
≤ 0.01
48 ± 0.5
1.2 ± 0.4
23.6 ± 0.4
22.4 ± 0.3

(2)

where ΔH v is the latent heat of vaporization.
The results of these analyses (C, H, O, N, S, ash,
LHV and HHV) are shown in Table 2 and are the average
of three experiments.
2.4. Experimental combustion protocol

An experimental device was developed to enable
combustion of each fuel sample and sampling of the particulate fraction in the flue gas (Figure 1). The horizontal
tubular reactor was used to perform combustion. It consists of a horizontal quartz reactor of 4.5 cm diameter and
66 cm long, heated by electrical resistances placed in
refractory fibers. The sample of fuel is fed in batch using
a sliding tube at the input of the reactor, and fuel samples
are placed in a fused ceramic crucible fixed to this sliding
tube. Combustion air is drawn from a bottle of synthetic
air and passed continuously through the reactor at a pressure slightly above atmospheric pressure. Total airflow is
0.6 L min-1.

FIGURE 1 - A schematic diagram of the quartz tube of the horizontal combustor
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The reactor is heated to a temperature of 850°C, the
recommended temperature for the total destruction of
sludge organic matter [39] under constant airflow to remove the by-products of combustion. During operation,
the tubular reactor has a hot isothermal over a length of
15 to 20 cm. The residence time of flue gas in the hot
zone is greater than 2 s and is therefore in agreement with
values required by Directive 89/369/EEC for which gases
from combustion are heated to a temperature of at least
850°C in the presence of at least 6% oxygen.
Samples of 1 g of fuel in the form of a thin layer (23 mm) were placed in the crucible. The temperature in the
vicinity of the sample was measured by K-type thermocouple (850±5°C), and the time lag between the introduction of the sample and combustion self-ignition is a few
seconds.
In order to cut down external contamination, all devices were carefully cleaned. Glassware (Petri dish, test
tube, quartz tube, etc…), the pliers and the ceramic crucible were washed with ether (to eliminate all residual hydrocarbons). Finally, the devices were washed with a special alkaline soap (labwash), and then rinsed with water,
deionized water, acetone and dichloromethane.
2.5. Sample collection and analysis

The emitted particulates were collected on quartz fiber
filters (diameter 47 cm, Schleicher & Schuell) at a flow rate
of 0.6 L min-1. Prior to sampling, filters were kiln-fired at
500°C overnight. Then, the dishes were wrapped in aluminium foil and stored in a dessicator. Laboratory blanks
were used for correcting possible contamination from the
quartz tube, solvents and storage, for every experimental
set. PAH extractions were made within two days. Extractions of blank filters showed no PAH contamination
above the quantification limits.
After sampling, a deuterated PAH solution was added
on the filters. PAHs eluting between naphthalene and pyrene
(low PAHs) were corrected by anthracene-d10 and compounds eluting between benzo(a)anthracene and benzo(ghi)perylene (heavy PAHs) by benzo(a)pyrene-d12.
The particulates on the filter were extracted at 25°C
for 1h with dichloromethane in an ultrasonic bath. The
extract was concentrated to 1 mL by evaporation under nitrogen flow. Finally, a fluoranthene-d12 solution was added
to each sample in micro test tubes which were hermetically sealed and stored at -28°C until analysis. Fluoranthened12 was used as internal standard.
Analyses were performed by High Resolution Gas
Chromatography (Agilent 6890 Serie GC System) coupled with a Low Resolution Mass Spectrometer (Agilent
5973 Network Mass selective detector) provided with a
chromatographic column DB5 MS (30 m × 0.25 mm ×

0.30 µm thickness) (J&W Scientific). Chromatographic
conditions were as follows : injector temperature 300°C;
injection in splitless mode (1 min); thermal program: 5 min
at 100°C, ramp 20°C.min-1 up to 180°C (3 min), ramp
15°C.min-1 up to 260°C (5 min), ramp 10°C.min1 up to
300°C (10 min); carrier gas helium, 1.4 mL.min-1, injection volume 0.5 µL, temperature transfer line 300°C. The
chromatogram was obtained in the Selected Ion Monitoring (SIM) mode from characteristics shown in Table 3.
To study the repeatability of the analysis, a standard
solution containing PAH concentrations (1 µg mL-1) was
injected 10 times. The relative standard deviation determined for each PAH (from 4% for ACE to 9% for PHE)
is less than 10%. The reproducibility and the PAH recovery have been evaluated using the different experiments
shown in Table 4. The reproducibility concerning the total
PAH concentrations ranged between 16% and 38% for
oak and fry-drying respectively; recoveries ranged from
78% for the low molecular weight PAHs to 85% for those
with high molecular weight.
The internal standard quantification method was performed for each compound for the 0-100 µg mL-1 linear
domain. The analytical quantification limits (S/N=10) for
individual PAH compounds were between 0.3-0.7 ng
(Table 3). Limits of quantification for the emission rates
are between 0.6 and 1.4 µg g-1 for all fuels except frydried sludge and used cooking oils (1.8-4.2 µg g-1).
2.6. Emission rates

The emission rate

τ PAH

expresses the ratio between

the mass of PAHs collected on the filter and the total fuel
mass. It is calculated according to relationship 3.

τPAH = [PAH]f

m c mi
ρmp

(3)

where, mi is the mass of dichloromethane used for extraction by ultrasound, mp is the mass of a sample taken
for concentration, mc is the mass of extract obtained after
concentration, ρ is the density of dichloromethane and
[PAH] is the concentration of final extract obtained by
chromatographic analysis (µg mL-1).
3. RESULTS AND DISCUSSION
The total emissions of PAHs (particulate phase) vary
depending on the fuel sample (Table 4). The emission rate
varies between 123 and 45455 µg g-1 for air-dried sludge
and used cooking oils respectively. Emission from frydried sludge is in the region of 5000 µg g-1 thus 10 times
higher than those for wood and 10 times lower than those
for oils.
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TABLE 3 - Nomenclature, number of aromatic rings, retention time, m/z of specific fragments used in SIM data acquisition mode, limit of
detection(1), limit of quantification(2).
PAH

Nomenclature

Naphthalene
Acenaphtylene
Acenaphtene
Fluorene
Phenanthrene
Anthracene
Anthracene d10
Fluoranthene
Fluoranthene d10
Pyrene
Benzo(a)anthracene
Chrysene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(a)pyrene Benzo(a)pyrene d10 Indeno(1,2,3,cd)pyrene
Dibenzo(a,h)anthracene
Benzo(g,h,i)perylene

NAP
ACY
ACE
FLR
PHE
ANT
ANT-d10
FTN
FTN-d10
PYR
B[a]A
CHR
B[b]F
B[k]F
B[a]P
B[a]P-d10
IND
D[ah]A
B[ghi]P

Number of
aromatic rings
2
2
2
2
3
3
3
3
3
4
4
4
4
4
5
5
5
5
6

Particle/gas phase
distribution [40]
Gas phase
Gas phase
Gas phase
Gas phase
Particle Gas phase
Particle Gas phase
Particle Gas phase
Particle Gas phase
Particle Gas phase
Particle Gas phase
Particle phase
Particle phase
Particle phase
Particle phase
Particle phase
Particle phase
Particle phase
Particle phase
Particle phase

Retention
time (min)
6.7
10.1
10.4
11.7
14.4
14.6
14.6
17.2
17.2
17.7
21.1
21.2
25.3
25.4
26.3
26.3
30.2
30.3
31.3

Quantification
ion
128
152
154
166
178
178
188
202
212
202
228
228
252
252
252
264
276
278
276

Confirmation
ion
126
150
151
165
176
176
186
200
210
200
226
226
250
250
250
262
277
279
277

LOD(1)
(ng)
0.09
0.09
0.09
0.09
0.09
0.10
0.10
0.12
0.12
0.12
0.14
0.14
0.16
0.16
0.18
0.18
0.25
0.25
0.25

LOQ(2)
(ng)
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.4
0.4
0.4
0.5
0.5
0.5
0.5
0.6
0.6
0.7
0.7
0.7

TABLE 4 - PAH particulate emission rates (µg g-1) of dried sludge, woody biomass, used cooking oil and oil shale

n
Naphtalene
Acenaphtylene
Acenaphtene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo(a)anthracene
Chrysene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(a)pyrene
Indeno(1,2,3,c,d)pyrene
Dibenzo(a,h)anthracene
Benzo(g,h,i)perylene
Total (µg. g−1)

µg × g −1
100 − Ash(%)
µg × g −1
LHV ( MJ × kg −1 )

Used cooking oil
(UCO)
5
22967 ± 7754
529 ± 200
395 ± 128
945 ± 396
5661 ± 2433
1525 ± 702
3005 ± 1305
2786 ± 1169
330 ± 130
683 ± 394
1386 ± 472
2605 ± 836
522 ± 182
723 ± 562
28 ± 12
1366 ± 983
45455
457

Fry-drying
(FDS)
8
1758 ± 448
80 ± 18
62 ± 17
142 ± 42
782 ± 174
335 ± 137
516 ± 73
495 ± 70
56 ± 22
183 ± 40
<5
250 ± 63
123 ± 60
99 ± 40
<5
141 ± 52
5023
68

Air-drying
(ADS)
5
3.8 ± 0.8
1.1 ± 0.2
3.3 ± 0.7
3.5 ± 0.7
4.4 ± 0.9
46.2 ± 9.2
18.4 ± 3.7
25.8 ± 5.2
1.2 ± 0.2
7.2 ± 1.4
5 2 ± 0.4
2.1 ± 0.4
1.2 ± 0.2
1.1 ± 0.2
<1.4
1.6 ± 0.3
123
3

Oak (OW)

Beech (BW)

Oil Shale (OS)

5
129 ± 75.3
14.8 ± 3.9
30.8 ± 13.2
57.5 ± 20.6
71.1 ± 17
127.4 ± 53.2
46.4 ± 10.6
54.3 ± 12.2
9.1 ± 2.2
17.6 ± 4.9
10.4 ± 3.4
16.5 ± 16.2
17.4 ± 4.0
3.1 ± 1.2
<1.4
3.9 ± 1.4
605
6

5
15.4 ± 3.1
16.2 ± 3.2
32.8 ± 6.6
51.0 ± 10.2
68.5 ± 13.7
61.3 ± 12.3
45.9 ± 9.2
73.9 ± 14.8
9.4 ± 1.9
15.7 ± 3.1
18.0 ± 3.6
21.5 ± 4.3
25.6 ± 5.1
2.8 ± 0.6
2.6 ± 0.5
3.0 ± 0.6
463
5

5
14.9 ± 6.7
6.3 ± 4.2
19.1 ± 8.6
3.4 ± 1.6
72.1 ± 33.0
54.3 ± 23.4
48.0 ± 10.6
46.3 ±5.8
8.8 ± 2.7
12.7 ± 1.6
38.7 ± 16.3
13.9 ± 1.3
13.0 ± 5.9
<1.4
<1.4
0.8 ± 0.1
339
9

1206

196

16

80

20

15

n: number of replicate experiments, p< 0.05

The PAH molecules responsible for at least 10% of
emissions are (Figure 2):
fry-dried sludge: NAP, PHE, FTN
used cooking oil: NAP, PHE
beech: NAP, PHE, ANT
oak: FLR, PHE, ANT, PYR
oil shale: PHE, ANT, FTN, PYR
air-dried sludge: ANT, FTN, PYR

Indeno(1,2,3,c,d)pyrene and dibenzo(a,h)anthracene
molecules were emitted at relatively low levels.
The frequent presence of naphthalene and other light
particulate PAHs is the result of adsorption/absorption,
because these low molecular weight molecules are more
abundant in the gas phase.
A higher fraction of carbon (Figure 3) contained in
the combustion fuel resulted in a higher total-PAH concentration in the particulate phase.
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Human toxicity was evaluated using benzo(a)pyrene
as equivalent carcinogenic toxicity (EQT). The toxic
equivalent was calculated using formula 4.
PAHEQT = Σ τPAHi * TEFi

(4)

Where TEF are the toxic equivalence factors [41] and
τPAHi the PAH emission rates.

The toxic equivalents are listed in Table 5. The toxicity of particulate phases was mainly due to the presence
of benzo(a)pyrene and indeno(1,2,3,cd)pyrene for all
fuels except the oil shale for which the main contributions
were from emissions of benzo(a)pyrene and benzo(b)fluoranthene. Although there are high emissions of
light PAHs, their contribution to the global toxicity is a
minor one.

60
Used Cooking Oil
Fry Dried Sludge
50

Air Dried Sludge
Oak
Beech
Oil Shale

30

20

10

0
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B(a)A

CHRYS

B(b)F

B(k)F

B(a)P
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FIGURE 2 - Amount of 16 PAH emissions (%) from combustion
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FIGURE 3 - Total PAH emission (µg g-1) as a function of the carbon content of the fuel
TABLE 5- Toxic equivalent percentages of B(a)P for each PAH

Naphthalene
Acenaphtylene
Acenaphtene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo(a)anthracene
Chrysene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(a)pyrene
Indeno(1,2,3,c,d)pyrene
Dibenzo(a,h)anthracene
Benzo(g,h,i)perylene
Total émission rates of toxic equivalents

∑τ

i

Used cooking
oil (UCO)
0.5
0.0
0.0
0.0
0.1
0.3
0.1
0.1
0.7
0.1
2.9
5.5
10.9
75.9
0.0
2.9
4765

Fry- drying
(FDS)
0.3
0.0
0.0
0.0
0.1
5.9
0.2
0.3
1.5
0.9
2.5
2.7
15.5
68.1
0.0
2.1
669

Air-drying
(ADS)
0.0
0.0
0.0
0.0
0.0
0.1
5.8
0.2
1.5
0.9
2.5
2.6
15.0
68.9
0.0
2.0
8

Oak (OW)

Beech (BW)

0.3
0.0
0.1
0.2
0.2
3.4
0.1
0.1
2.4
0.5
2.7
4.6
45.4
39.0
0.0
1.0
43

0.0
0.0
0.1
0.1
0.1
1.3
0.1
0.2
2.0
0.3
3.9
4.7
56.1
30.1
0.1
0.7
46

Oil Shale
(OS)
0.1
0.0
0.1
0.0
0.3
2.6
0.2
0.2
4.2
0.6
18.5
6.6
62.3
3.7
0.0
0.4
21

× TFEi

i

The emission of PAHs may also be related to the mass
of fuel or the heating value. PAH composition in the particulate phase was defined as the PAH mass normalized
by the total mass of fuel without the ash fraction and by
the Lower Heating Value (Table 4). The trend was clearly
that the emission factors from used cooking oil are 1 order
of magnitude higher than fry-dried sludge and 2 orders of
magnitude higher than woody biomass, oil shale and airdried sludge.
Total PAH particulate emissions were strongly influenced by fuel type and even more strongly by burning
conditions. Types of incinerator and combustion temperature are considered as the two major factors for combustion testing [14, 20]. Hence, the results were compared
with emissions reported from laboratory scale studies
operating in a temperature range between 800-860°C.
Experiments performed in a tubular quartz reactor have
been conducted for furniture wood waste [21]. Average
particulate phase concentration at 800°C is about 2002 µg
g-1 which is 3-4 times higher than those measured for the
BW and OW. However, emission of total PAHs in this
study was in the range reported by [42] showing that
PAHs from oak and pine were emitted between 100 and
800 µg g-1 depending on the nature of wood and the altitude. Lower emission ranges varying between 126-229 µg
g-1 and 172-472 µg g-1 for agricultural woods and forest
wood respectively were also found [14].
Emissions of total PAH particulates from UCO were
one order of magnitude higher than literature values for
oily sludge taken from a crude oil storage tank of a petroleum refinery plant [37]. Nevertheless, the total PAH

particulate emissions from oily sludge are close to the
emission from FDS. Despite the high values of emissions
from FDS mainly due to the oily fraction, these values are
in the same range as some agricultural biomass. Barley
straw, wheat straw and corn stover yielded a higher concentration of PAH particulates (2298-3953 µg g-1) [14].
The relatively lower concentration of PAHs formed under
ADS combustion was also found with the combustion of
coal, liquid diesel fuel and polyethylene plastic [15, 19,
37].
The spread of emissions as a function of the number
of aromatic rings is shown in Figure 4. PAHs with 2 and 3
rings account for between 62 and 78% of emissions, those
with 4 rings between 17 and 27% whereas the PAHs with
5 and 6-rings are in a minority (< to 10%) whatever the
fuel.
The 2 and 3 ring PAHs, that are molecules generated
in the gaseous phase (Table 3), are found in very high
proportions in the particulate phase. In general, the concentrations in the particulate phase are overestimated for
these molecules [43, 44], mainly due to sorption of gaseous compounds on the filter during sampling. For the
heaviest molecules, an underestimation of the concentrations could be linked to volatilization from particulate on
the filter.
Many studies have proposed that the ratios of PAH
compounds can be used for source identification [16, 30,
45-47]. The calculated values for the most frequently used
ratios of PAHs are listed in table 6. The B(ghi)P/IND and
B(a)A/B(a)P show minimal variations and do not permit source identification. Conversely, PYR/B(a)P and
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B(a)P/B(ghi)P make it possible to discriminate the origins.
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FIGURE 4 - Emissions distribution as a function of the aromatic rings number.

TABLE 6 - Comparison of PAH characteristic ratios (calculated from mean emission rates)
PAH ratios

Used cooking
oil (UCO)

PYR/B(a)P
B(a)P/B(ghi)P
B(ghi)P/IND
B(a)P/B(a)P

5.8
0.4
1.9
0.6

Fry- drying
(FDS)
4.2
0.9
1.4
0.5

Air-drying
(ADS)
15.3
0.8
1.5
1.0

4. CONCLUSION

Beech (BW)

Oak (OW)

Oil Shale (OS)

2.7
4.5
1.3
0.5

1.8
8.5
1.1
0.4

3.7
16.3
>0.6
0.7
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ABSTRACT

1. INTRODUCTION

This study was to explore the formation of trihalomethanes (THMs) during chlorination of cistern water, an
important drinking water source in Guizhou karst area of
China. It was found that chloroform (CF) typically
accounted for most of the total formation potentials (FP)
of 4 THMs, suggesting that bromide was lacking in the
cistern water. CF concentration formed during chlorination of cistern water varied from 14.5 to 69.5 µg/L, and
total organic halogen (TOX) concentrations ranged between 89.6 and 387.9 µg/L. The levels for precursors of
THMs in cistern water of Guizhou karst area was significantly lower than that in surface water sources. However,
the mean percentage (14.8%) of CF in TOX formed during chlorination of cistern water was slightly higher than
that in surface water sources. Dissolved organic carbon
(DOC) from atmospheric dust and ΔUV272 were strongly
related to CF concentration in cistern water, which implied the possibility of estimating CF formation by measuring DOC and the reduction in UV272, although it is
likely that the precise relationship will be dependent of
water cistern quality.

KEYWORDS: Disinfection by-products; Chlorination; Karst; Formation; Cistern Water

ABBREVIATIONS
BDCM –bromodichloromethane
BF -bromoform
CF-chloroform
DBCM –dibromochloromethane
DBPs -disinfection by-products
DOC -dissolved organic carbon
MCL -maximum contaminant level
THMs - trihalomethanes
TOX -total organic halogen
* Corresponding author

The karst mountain area in the southwestern China is
one of the largest karst geomorphology distributing areas
in the world. Guizhou is located in the central part of
southwestern China Karst region, and is the province with
the largest area of rocky desertification, and endures its
most serious damage in China. The karst area accounts for
85% of the province’s total area (176,167 km2). And, 73%
of the total area comprises karst bare regions [1]. There is
abundant rainfall in Guizhou karst area (annual precipitation ranges from 1,100 to 1,300 mm). However, surface
water source in the area is very limited. The rainwater
permeates underground rapidly because the soil is mainly
made of limestone, clay shale and quaternary period clay
sediment in the area, and the thickness of 97% soil was
lower than 0.4 m. In addition, the exploiting of the groundwater is very difficult due to the frangible geological environment in karst area. Therefore, rainwater stored in the
small cistern was usually served as the important drinking
water source in Guizhou karst area. Bacteria and virus are
often bred in the stagnant cistern water with longer-term
storage in the summer. Chlorine was increasedly used to
disinfect the cistern water and protect the public health in
karst area.
Chlorine, one widely used low-cost disinfectant, can
lead to a dramatic decline in bacteria and virus in water, and
also react with organic matter in water to form disinfection byproducts (DBPs) of potential human health concern. Since the first discovery of DBPs in the early 1970s
[2,3], DBPs have become one of the major driving forces
in drinking water regulations, research, and water utility
operations. Among them, trihalomethanes (THMs) are the
most abundant classes identified during chlorination [4].
The Stage 2 Disinfectants/Disinfection By-products Rule
sets the US maximum contaminant level (MCL) for four
THMs including chloroform (CF), bromodichloromethane
(BDCM), dibromochloromethane (DBCM) and bromoform
(BF) at 80 µg/L, respectively, on the basis of a locational
running annual average [5]. However, the standard is
facing a great challenge due to worse contamination in
drinking water sources.
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The present study assessed the formation potentials
(FPs) of 4 THMs (CF, BDCM, DBCM and BF) during
chlorination of cistern water and is an attempt to gain a
better understanding of the occurrence of DBPs in cistern
water of karst area. To our best knowledge, it is the first
study to explore the formation of DBPs in cistern water of
karst area.
2. MATERIALS AND METHODS
2.1. Materials

All chemicals were at least analytical grade except as
noted. THM mixture standard solution containing CF,
BDCM, DBCM and BF was purchased from SigmaAldrich. Extractant normal hexane (n- hexane, chromatographic purity) was obtained from Fisher Scientific. Ultrapure water (18 MΩ·cm) used to prepare the experimental solutions was produced from a Milli-Q Academic
water purification system. All bottles were prewashed with
phosphate-free detergent, rinsed with DI water, and dried in
an oven at 105 °C for 24 h. Hypochlorite stock solutions
were prepared by diluting 6% commercial NaOCl solution with DI water, and standardized daily prior to use.

3. RESULTS AND DISCUSSION
3.1. THMFPs of different cistern water samples

In the THMFP tests, BDCM, DBCM and BF concentrations in most of the water samples were below the
detection limit because the Br- level is low (< 10 ug/L) in
the sampled cistern water. In contrast, the CF levels in all
of the samples were above the detection limit, as shown in
Fig.1, with relative standard deviations (n = 3) of <6.0%.
It can be seen that CF concentration and CF yield (CF/
DOC) varied respectively from 14.5 to 69.5 µg/L, and
from 5.6 to 13.4 µg/mg. Lee et al. [8] investigated that the
FPs of THMs during chlorination of different surface
water sources, and the reported CF/DOC ranged between
32.3 and 106.3 µg/mg, which implied that THM precursor
level in surface water sources was higher than that in
cistern water of Guizhou karst area.

2.2. Experimental procedures

All the experiments were conducted at room temperature (23 ºC). The THMFP tests were conducted using the
methods developed by Krasner et al. [6] and Chu et al.[7]
using free chlorine. Water samples were collected from
different cisterns in karst area in the summer of 2009, and
were immediately filtered through a pre-rinsed 0.7-µm glass
filter membrane (GF/F, 0.7 µm, Whatman, UK) and chlorinated in sealed 40-mL amber glass bottles at 24°C in the
dark for 24 hr. The disinfectant dosages for THMFP tests
were calculated by Equation 1 [6, 7].
Cl2 dosage (mg/L) = 3 x DOC (mg-C/L) + 7.6 x NH3
(mg-N/L) +10 (mg/L)
(1)

FIGURE 1 - THMFP of different cistern water in guizhou karst
area.

2.3. Analytical methods

Prior to analysis, sodium thiosulfate at twice as the
initial normality of chlorine added was added to quench
any residual disinfectant. The solution pH was adjusted to
4.5-5.0 with glacial acetic acid for THMs analysis [8].
THMs were analyzed using a purge & trap sample concentrator (eclipse 4660, OI, USA) and gas chromatograph/
mass spectrometry (GC/MS) (Shimadzu-QP2010, Japan),
based on USEPA methods 524.2 [9]. The Br- concentration was determined by an ion chromatography (Dionex
2000, USA). Dissolved organic carbon (DOC) was measured by TOC analyzer (Shimadzu TOC-VCPH, Japan).
UV absorption at 272 nm (UV272) was determined with a
UV/Vis double-beam spectrophotometer (Unico4802,
USA). Ammonia was measured with a portable spectrophotometer (HACH DR2800, USA). Residual disinfectants were measured by the total and free DPD (N, Ndiethyl-p-phenylenediamine) colorimetric method 4500Cl [10].

FIGURE 2 - Correlations between CFFP and DOC in cistern water
3.2. Correlations between THMFP and DOC

As shown in Fig.2, CF concentration increased with
the increase of DOC in cistern water. An obvious liner
relationship (R2 = 0.78) between THMFP (CF concentration) in cistern water after chlorination and DOC value of
cistern water was exhibited. A significant relationship
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occurred between total DBP concentration and DOC was
also found in some drinking water reservoirs of Konya
[11]. It can be concluded that DOC was strongly related
to CF in cistern water, which indicated that the main precursors of CF were probably from the organic compounds
in cistern water. Therefore, we can briefly calculate the
CF concentration during FP tests by DOC value and the
liner relationship equation (Equation 2). Additionally, the
organic compounds in cistern water are mainly from the
dissolved matter in the dust in air, which are brought into
cistern by early-stage rainfall. Therefore, it maybe an
effective way to control the formation of CF by rejecting
the initial rainwater from cistern.
CF (µg/L) = 11.5 x DOC (mg/L) – 6.479
(2)

to 387.9 µg/L. There is a good liner relationship between
CF and TOX concentrations (no data shown), which is in
agreement with Equation. 3. Additionally, Fig. 4 showed
that the percentages of CF in TOX ranged between 8.58%
and 21.4%. Krasner et al. reported that the mean percentage of CF in TOX was 13.5% in the recent U.S. DBPs
occurrence study [15], which was slightly lower than the
mean percentage (14.8%) of CF on TOX formed during
chlorination of cistern water. It was because there were
substantially fewer brominated analogues in our study.

3.3. Correlations between THMFP and -△UV272

Fig.3 showed a good linear relation (R2 = 0.77) between ΔUV272 and CF yields during chlorination of cistern
water, which implied the possibility of estimating CF formation by measuring the reduction in UV272 (Equation 3),
although it is likely that the precise relationship will be
dependent of source water quality. The results suggested
that CF yield correlated with the destruction of some of
the aromaticity of the DOM and total organic halogen
(TOX) formation.
CF (µg/L) = 105.9 x ΔUV272 (cm-1) – 0.326
(3)

FIGURE 4 - TOX in chlorinated cistern water

4. CONCLUSIONS

FIGURE 3 - Correlations between CFFP and -△UV272 during
chlorination of cistern water
3.4. TOX of different cistern water samples

Korshin et al. [12] reported that the decrease in UV
absorbance (ΔUV) caused by chlorination of DOM correlated linearly with the amount of TOX formed, for a remarkably wide range of water quality conditions and
reaction times [12-14]. The best fit liner relationship
equation (Equation 4) reported by Korshin et al. [12] was
listed in Equation 4:
TOX (µg/L) = 10834 x ΔUV272 (R2 = 0.99)
(4)
Based on the Equation 4, the TOX values of different
cistern water samples can be calculated and were shown
in Fig. 4. As shown, TOX concentrations varied from 89.6

CF in most of the water samples typically accounted
for most of the THM class sum, suggesting that the harm
of brominated THMs in the chlorinated cistern water in
Guizhou karst area was negligible. Additionally, the level
of the precursor for THM in cistern water of Guizhou
karst area was significantly lower than that in surface
water sources. However, the mean percentage (14.8%) of
CF in TOX formed during chlorination of cistern water
was slightly higher than that in surface water sources (e.g.
13.5% in the new U.S. DBPs occurrence study). There
were two good liner relationships, respectively, between
CFFP and DOC in cistern water, and between CFFP and
ΔUV272, implying that the approximate CFFP can be calculated by measurement of both factors, although it is likely
that the precise relationship will be dependent of water
cistern quality. Additionally, it maybe an effective way to
reduce the formation of CF during chlorination by rejecting the initial rainwater from cistern.
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ABSTRACT
The spatial distributions of bacterioplankton communities among different lakes were determined in three eutrophic lakes (Lake Pipa, Lake Qianhu and Lake Yueya) of
Nanjing City, China. The bacterial community composition
was investigated using denaturing gradient gel electrophoresis (DGGE). The results indicated that bacterial composition clustered by the individual lakes. Three 16S rRNA
clone libraries were constructed and analyzed to demonstrate the differences in bacterial community structure
among the different lakes. Spatial variability was found
among the DGGE banding patterns, and this variability
was supported by the analysis of similarity (ANOSIM).
Cyanobacteria were the most dominant taxa in Lake Pipa
and Lake Yueya, comprising 86.4% and 66% of the clone
libraries, respectively, whereas β-proteobacteria was most
abundant in Lake Qianhu, accounting for 41.7% of the
clone library. The results data were further analyzed by
canonical correspondence analysis (CCA), which revealed
that bacterioplankton community composition was significantly correlated with total nitrogen (TN).
KEYWORDS: Bacterioplankton, denaturing gradient gel electrophoresis (DGGE), clone library, water chemistry

1. INTRODUCTION
Eutrophication in China’s freshwater ecosystems, especially lakes, has received extensive attention in recent
years. Input of domestic and industrial wastewater containing nutrients is one of the most important causes of
eutrophication [1]. Bacterioplankton species are a fundamental component of aquatic ecosystems, and often quite
sensitive to environmental factors. Therefore, they could
be used to monitor the water quality and trophic status of
lake ecosystems [2, 3].
* Corresponding author

Culture-dependent methods have been widely used to
investigate the diversity of bacteria in environmental samples for many years. The most important disadvantage of
these methods is that only 1-10% of the total bacterial
community can be cultivated. At present, several methods
based on bacterial 16S rRNA sequences, such as denaturing gradient gel electrophoresis (DGGE) and terminalrestriction fragment length polymorphism (T-RFLP) analysis, have been widely employed to investigate microbial
diversity in various environments [4-6]. Moreover, the high
throughput sequencing technology has become a powerful
tool for characterizing microbial diversity in the environment in recent years [7].
Bacterioplankton species represent the prokaryotic
component of the water column community of lake ecosystems. Increasing attention has been paid to the function
of bacterioplankton and its response to environmental
variables in lakes [8]. The composition and diversity of
bacterioplankton are closely related to water chemical
parameters, such as temperature, pH and nutrient concentrations. However, only a few previous studies have investigated the bacterioplankton community structure in combination with water chemistry [9]. Multivariate analysis
methods, such as principal component analysis (PCA),
non-metric multidimensional scaling (NMDS) and canonical correspondence analysis (CCA), have proven to be
effective methods for interpreting the relationship between
the bacterioplankton community structure and environmental factors [10, 11].
Lake Pipa is an urban mini-lake, located in the exterior
margin of Zhongshan scenic spots (Nanjing City), and it
has a surface area of 2.66×104 m2. The water quality of
Lake Pipa was mestrophic before the discharge of domestic
wastewater from a hotel named Pipa Villa. The hotel was
demolished in October of 2005, and the water quality
might be recovering slowly. Lake Qianhu (surface area:
0.1 km2; average depth: 2.0 m) is an eutrophic lake located in the Zhongshan scenic spots of Nanjing City. The
concentrations of total nitrogen (TN) and total phosphorus
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(TP) measured in 2006 were 1.69 mg/L and 0.1 mg/L, respectively. Tourism is the most important pollution source
[12].
Lake Yueya (surface area: 0.17 km2; average depth:
2.0 m) was originally part of the moat around Nanjing city.
Domestic wastewater and tourism are the main pollution
sources in this lake. Lake Yueya is now severely eutrophic, with the average concentrations of TN and TP in
2006 as high as 2.78 mg/L and 0.26 mg/L, respectively
[12].
To our knowledge, no published studies have explored the taxonomic assemblages in the water column of
Lake Pipa, Lake Qianhu or Lake Yueya, leaving these
environments uncharacterized in terms of bacterioplankton
community composition. Additionally, there is a lack of information about the environmental factors influencing bacterioplankton communities in these lakes of Nanjing. The
aims of this study were (1) to study the bacterioplankton
community structure in the water columns of the three
eutrophic lakes through DGGE and clone libraries, and (2)
to investigate the relationships between the bacterioplankton community structure and water chemical parameters
and determine the environmental factors that significantly
affect microbial community composition.
2. MATERIALS AND METHODS
2.1. Field Sampling and Water Analysis

Water samples were collected in three urban eutrophic lakes, Lake Pipa (two sampling stations, P1-P2),
Lake Qianhu (four sampling stations, Q1-Q4) and Lake
Yueya (five sampling stations, Y1-Y5). The detailed
locations of the sampling sites are shown in Table 1.
Water samples were collected according to Jin and Tu [13]
at 0.5-m depth at each site. Three replicate samples from
each site were combined and stored in sterile plastic
bottles. All the samples were stored on ice and transported to the laboratory as soon as possible. The pH was analyzed in situ with specific electrodes (PHB-4, REX, China). Other nutrient concentrations, such as TN, TP, ammonia nitrogen (NH4+), nitrate (NO3-) and nitrite (NO2-), were
analyzed with a Continuous Flow Analyzer (San++,
SKALAR, Netherlands).

2.5 mM dNTPs (Takara), 1.25 µl of each primer (10 mM)
(Invitrogen, Shanghai Branch, China), 2 U Taq DNA
polymerase (Takara), and 1 µl of DNA template. The
amplification program was 10 min at 94 °C; 30 cycles of
1 min at 94 °C, 1 min at 55 °C and 1 min at 72 °C; and
finally 10 min at 72 °C. The amplification products were
verified by 1.5% agarose gel electrophoresis.
Positive PCR products were chosen for DGGE analysis (DGGE-2001, CBS, USA) using 6% polyacrylamide
gel with 30-60% denaturing gradient. The gel was run at
100 V for 16 h at 60 °C in 1×TAE buffer. The gel was
stained with SYBR GREEN I for 30 min, and documented
using a Gel Doc system (Bio-Rad Laboratories, Hercules,
CA). The DGGE patterns were processed using the Gelcompar II software package (Applied Maths, Inc., USA)
with the band presence/absence model. After normalization with this software, all bands with relative peak intensities greater than 2% were included for analysis. NMDS
analysis of DGGE profiles was carried out using the Primer
5 software package. A configuration was constructed based
on the Bray-Curtis similarity coefficient calculated from
the complete set of densitometric curves.
2.3. Cloning, Sequencing and Phylogenetic Analysis

Clone libraries were constructed from samples amplified from Lake Pipa, Lake Qianhu and Lake Yueya. Equal
amounts of DNA samples extracted from each sampling
site of the same lake were combined. The primer set
Bac27f/Bac1492r described by Crump and Koch [16] was
employed for PCR amplification. PCR products were
purified and ligated into the pGEM-T vector (Promega,
Madison, WI, USA) following the manufacturer’s instructions. Plasmids were transformed into Escherichia coli
cells (DH5α, Takara, Japan), and positive clones were
randomly selected for sequencing at Shanghai Majorbio
Bio-technology Co., Ltd.
Chimeric sequences were identified using the Mallard
software package, and all suspicious sequences were excluded from further analysis [17]. The remaining sequences
were compared with GenBank entries using BLAST
(http://www.ncbi.nlm.nih.gov/BLAST/). The Ribosomal
Database Project classifier was applied to assign the acquired sequences to the taxonomic hierarchy [18].
2.4. Nucleotide Sequence Accession Numbers

2.2. DNA Extraction and PCR-DGGE

Large suspended particles were removed by passing
the water samples through 5-µm filters. Then, the obtained
filtrate was passed through 0.22-µm cellulose acetate filters
to collect bacterioplankton cells. DNA was extracted following the method of Gillan [14], with some modifications.
The primers used for PCR amplification were 341fGC (5'-CGCCCGCCGCGCCCCGCGCCCGTCCCGCC
GCCCCCGCCCGCCTACGGGAGGCAGCAG-3') and
926r (5'-CCGTCAATTCCTTTGAGTTT-3') [15]. The 50 µl
PCR amplification mixture contained: 5 µl of 10×buffer
(ExTaq, Takara, Japan), 2 µl of 25 mM MgCl2, 2 µl of

The nucleotide sequences obtained in this study have
been deposited in the GenBank database under accession
numbers JF908920-JF909024.
2.5. Statistical Analysis

Principal component analysis (PCA) was carried out
using the MVSP 3.1 software package (Kovach, UK) to
investigate the water chemical parameters collected from
the three different lakes. Analyses of similarity (ANOSIM)
were performed to test whether the bacterioplankton community composition differences between different sampling lakes were statistically significant, based on 1000
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permutations. The resulting test statistic R indicates the
degree of group separation, with a score of 1 indicating
complete separation and a score of 0 representing no
separation [19].

the right side of Fig. 1, implying variation in the chemical
parameters of Lake Yueya.

The initial detrended correspondence analysis (DCA)
results demonstrated that the data obtained in this study
exhibited unimodal rather than linear responses to the environmental variables [20]; therefore, we chose CCA performed by CANOCO 4.5 software package (Biometris,
Netherlands) to explain the relationship between the bacterioplankton community structure and environmental factors. Both the environmental data and species data were not
transformed for analysis. Forward selection was used to
identify environmental factors that significantly affected
the bacterioplankton community structure [20, 21].
FIGURE 1 - Principal component analysis results of water physicochemical parameters from three lakes.

3. RESULTS
3.1. Water Chemistry

3.2. DGGE Patterns, NMDS Analysis and ANOSIM Results

Characteristics of water samples collected from the
3 different lakes are shown in Table 1. Lake Pipa had the
lowest pH values (7.46-7.68). Concentrations of TN in
Lake Yueya were higher than or close to 2 mg/L, and
were higher than in the other lakes. There was no largescale variation in the TP concentrations (0.07-0.14 mg/L)
among the different lakes. Nitrate, ammonia and nitrite
concentrations of Lake Yueya were higher than those of
the other two lakes.

DGGE results show the bacterioplankton community
structure in the three different lakes. Several bands were
separated and observed in each sample. However, the
numbers and positions of DGGE bands in each sample
were different, and several specific bands were only observed in one sample. The average numbers of DGGE
bands observed in Lake Pipa, Lake Qianhu and Lake
Yueya were 12.5, 15.8 and 22.2, respectively. The highest
number of bands (24 bands) appeared at station Y4 (Lake
Yueya), and the least (12 bands) was observed at station
P2 (Lake Pipa).

To analyze the different water chemical parameters
among the three lakes, PCA was carried out, and the results are shown in Fig. 1. The environmental variables
TN, NO3-, NH4+ and NO2- weighted highly on the first
axis, whereas TP and pH correlated better with the second
axis. The four samples (Q1-Q4) collected from Lake
Qianhu formed a cluster, suggesting similar water chemistry at these stations. The two samples collected from Lake
Pipa together with the four samples from Lake Qianhu
aggregate to the left in Fig. 1, indicating that Lake Pipa
and Lake Qianhu share similar water chemical parameters. The five stations of Lake Yueya plot dispersedly to

The NMDS analysis was employed to compare the
similarities of bacterioplankton community structure among
the samples (Fig. 2). The configurations indicate the existence of a central core data group, represented by the sampling stations inside the broken circle. In Fig. 2, the bacterioplankton community structure was divided generally
according to different lakes, which indicates significant
spatial differences.

TABLE 1 - Locations and water characteristics of the sampling stations from the three lakes.
Stations
P1
P2
Q1
Q2
Q3
Q4
Y1
Y2
Y3
Y4

GPSa locations
32º03′22.07″N, 118º49′04.51″E
32º03′18.98″N, 118º48′58.85″E
32º03′04.90″N, 118º49′27.74″E
32º03′00.73″N, 118º49′27.69″E
32º03′01.04″N, 118º49′31.81″E
32º02′58.59″N, 118º49′37.92″E
32º01′43.46″N, 118º49′16.43″E
32º01′47.46″N, 118º49′20.09″E
32º01′50.62″N, 118º49′19.28″E
32º01′54.43″N, 118º49′19.09″E

pH

TNb(mg/L)

TPc(mg/L)

NO3-(mg/L)

NH4+(mg/L)

NO2-(mg/L)

7.68
7.46
7.80
7.91
8.05
8.02
8.10
8.59
8.61
8.46

0.66±0.01
0.61±0.02
0.71±0.11
0.63±0.02
0.55±0.02
0.20±0.06
2.51±0.09
2.81±0.01
2.64±0.09
2.30±0.09

0.07±0.007
0.14±0.007
0.10±0.001
0.09±0.001
0.10±0.004
0.09±0.005
0.11±0.009
0.10±0.000
0.10±0.004
0.11±0.004

0.09±0.005
0.07±0.002
0.16±0.007
0.09±0.003
0.09±0.002
0.06±0.005
0.78±0.024
0.83±0.007
0.61±0.008
0.91±0.020

0.09±0.002
0.08±0.004
0.10±0.009
0.06±0.005
0.07±0.001
0.06±0.005
0.64±0.015
1.14±0.028
1.16±0.019
1.13±0.024

0.02±0.001
0.02±0.001
0.02±0.002
0.01±0.002
0.02±0.003
0.02±0.002
0.13±0.001
0.13±0.004
0.10±0.002
0.14±0.001
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32º01′53.99″N, 118º49′24.62″E
Y5
8.66
1.63±0.01
GPS: global positioning system; bTN: total nitrogen; cTP: total phosphorus
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0.08±0.002

0.34±0.008

0.76±0.014

0.05±0.002
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tures of the different sampling stations are indicated by
upward triangles. The first two axes combined explain
44.2% of the species-environment relationships. Forward
selection and Monte Carlo testing indicated that TN significantly (p <0.05) accounted for the variability in the
bacterioplankton community composition.

St r ess: . 12

Q3

Q4

Q1

Q2
P2

P1
Y3

Y4
Y5

Y1
Y2

FIGURE 2 - Non-metric multidimensional scaling (NMDS) analysis
of bacterioplankton community structure in three lakes.

In addition to the differences of the DGGE pattern
among all samples and visualized in a NMDS plot (Fig. 2),
the significance of bacterioplankton community composition differences was further proven by ANOSIM (R =
0.830, p <0.001) (Table 2). The multiple comparisons confirmed the presence of clearly distinct bacterioplankton
communities at all three sampling lakes (R-values between 0.643 and 1.000, p <0.05 or p <0.01) (Table 2).
3.3. Relationship between the Bacterioplankton Community
Structure and Water Chemical Parameters

To explain the relationship between bacterioplankton
community composition and environmental factors, canonical correspondence analysis was carried out, and the
results are shown in Fig. 3. Arrows represent the environmental factors. The bacterioplankton community struc-

FIGURE 3 - Canonical correspondence analysis results of the relationship between bacterioplankton community structure and water
characteristics in three lakes.

TABLE 2 - Matrices summarizing analyses of similarity (ANOSIM) results to identify differences in the bacterioplankton community composition from different lakes based on denaturing gradient gel electrophresis (DGGE) profile.
Overall R = 0.830***a
Lake Qianhu

Lake Yueya

0.643*

0.781**
1.000*

Lake Qianhu
Lake Pipa
a

Significant R-values in the matrix are indicated as follows: ***p < 0.001, **p < 0.01; *p < 0.05.

TABLE 3 - Phylogenetic analysis of clone library of bacterioplankton in Lake Pipa, Lake Qianhu and Lake Yueya.

α-proteobacteria
β-proteobacteria
γ-proteobacteria
δ-proteobacteria
Bacteroidetes
Actinobacteria
Verrucomicrobia
Cyanobacteria
Planctomycetes
Total
a
N.D.: not detected

Lake Pipa
No. of clones
Frequencies (%)
N.D.a
N.D.
2
9.1
1
4.5
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
19
86.4
N.D.
N.D.
22
100

Lake Qianhu
No. of clones
Frequencies (%)
4
11.1
15
41.7
3
8.3
2
5.6
1
2.8
1
2.6
3
8.3
6
17
1
2.8
36
100
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Lake Yueya
No. of clones
Frequencies (%)
2
4.3
1
2.1
N.D.
N.D.
N.D.
N.D.
7
14.9
2
4.3
N.D.
N.D.
31
66.0
4
8.5
47
100
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3.4. Clone Library Analysis

In this study, 22, 36 and 47 non-chimeric 16S rRNA
sequences were obtained from the Lake Pipa, Lake Qianhu
and Lake Yueya clone libraries, respectively (Table 3).
Phylogenetic analyses indicated that the three libraries
differed markedly at the phylum levels. Cyanobacteria were
the predominant members of the bacterial community in
the water column of both Lake Pipa and Lake Yueya, and
they account for 86.4 and 66.0% of the clone libraries,
respectively. In Lake Qianhu, the dominant bacterial group
was β-proteobacteria, represented by fifteen clones. Lower
percentages of clones affiliated with δ-proteobacteria, Bacteroidetes, Actinobacteria and Verrucomicrobia phyla were
present in the Lake Qianhu library, whereas these groups
were not observed in the libraries of Lake Pipa. In addition
to Cyanobacteria, Bacteroidetes accounted for 14.9% of the
total clone library being also an important component in
Lake Yueya.
4. DISCUSSION
The critical role of bacterioplankton species in lake
ecosystems and their sensitivity to chemical, physical and
biological factors make them suitable for use in monitoring trophic conditions and environmental perturbations [22].
PCR-DGGE allows the simultaneous analysis of multiple
samples and is one of the most commonly used fingerprinting methods in microbial community characterization. Additionally, multivariate analysis is a powerful tool to interpret
the relationship between the microbial community structure and environmental factors. Based on these methods,
nitrogen, phosphorus and pH were determined to be important factors in driving variation in the bacterioplankton
community structure [23, 24].
All the three lakes in this study are considered to be
eutrophic. The concentrations of nitrogen and phosphorus
detected in Lake Yueya were significantly higher than those
of the other two lakes. PCA results indicated that the physicochemical parameters of lake water at Lake Qianhu formed
individual clusters (Fig. 1). The sampling stations from Lake
Yueya were all distributed in the right part of the Figure,
which originated from the higher nitrogen nutrient concentrations in this lake (Table 1).
NMDS and ANOSIM analyses revealed the presence
of three distinct bacterioplankton communities among the
three lakes. Wu et al. [6] reported that the bacterioplankton
community structure varied strongly between the macrophyte-dominated and phytoplankton-dominated ecological
areas in Lake Taihu. The taxonomic composition of bacterioplankton is known to differ under different trophic conditions [25]. Dodson [26] reported that bacterioplankton
community diversity tends to be highest in mesotrophic
lakes and decreases under either oligotrophic or eutrophic
conditions. These communities only include the tolerant
species.

The forces that determine bacterioplankton community
composition and the dominance of specific populations are
not well-known, and are hypothesized to be associated with
both biotic and abiotic factors [27-29]. In this study, the
results of chemical analyses of the lake water indicated
different nutrient levels in the three lakes. Nutrient levels
altered the composition of the bacterioplankton community, which has been reported by other researchers. Nitrogen
and phosphorus are known to be closely associated with
algal biomass, which may affect the bacterioplankton
community indirectly. Sipura et al. [30] indicated that nitrogen and phosphorus additions increased the biomass of
heterotrophic bacteria and caused significant changes in their
community composition. In the present study, TN was
found to be a significant environmental factor in driving
variation in the bacterioplankton community. In another
study conducted on Lake Donghu, also in China, TN and TP
were found to be the major environmental factors contributing to variation among the plankton communities [31].
The prevalent taxa detected among the 16S rRNA gene
clone libraries of these freshwater ecosystems are β-proteobacteria, Actinobacteria, α-proteobacteria, Bacteroidetes,
Cyanobacteria, Verrucomicrobia and Planctomycetes [32].
The dominance of Cyanobacteria, Bacteroidetes, β-proteobacteria and Actinobacteria in the present study may be the
result of eutrophication of the lake, and is similar to communities recorded in other eutrophic water-bodies [33].
Generally, β-proteobacteria are the most dominant bacterial taxa detected in freshwater whereas α- and γproteobacteria appear to be the dominant groups in higher
salinity environments [33]. In the Antarctic oligotrophic
Moss Lake, β-proteobacteria comprised 26.4-71.5% of
viable cells in the water column [34]. Dominance by βproteobacteria is not limited to surface waters but continues with increasing depth in the Lake Michigan water
column [35]. In some freshwater systems, dominance by
β-proteobacteria is rivaled by Bacteroidetes [28] and
Actinobacteria [36]. A high concentration of nitrogen has
been related to the dominance of Bacteroidetes observed
in other eutrophic water [32]. Jaspers et al. [37] reported
that the majority of strains isolated from a eutrophic lake
in Germany belonged to Bacteroidetes, and that rapid
shifts in the diversity of this group were observed during
the phytoplankton bloom process. Eiler and Bertilsson
[38] reported that Bacteriodetes were found at high frequencies in the clone libraries of four Swedish lakes associated with cyanobacterial blooms. Two strains of Bacteroidetes capable of lysing cyanobacteria were isolated
from the eutrophic Brome Lake, suggesting that the Bacteroidetes group might play an important role during the
cyanobacterial bloom [39]. Actinobacteria were associated with mild water temperatures and higher levels of
ammonium and chlorophyll a [36]. Verrucomicrobia are
relatively more prevalent in eutrophic lakes than in oligo- or
mesotrophic ones because many of them are prosthecate,
offering them an advantage in nutrient uptake [40].
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In summary, the data based on NMDS analysis of the
DGGE pattern, ANOSIM and clone libraries obtained in
this study demonstrated that the bacterioplankton community composition in these three lakes was significantly
different. The TN concentration played an important role
in driving the variations of bacterioplankton community
composition.
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ABSTRACT
An air quality modeling study was conducted to assess adverse effects of shipbuilding, repairing and maintenance activities within Tuzla Shipyards Region (TSR) on
the ambient air quality. Emission data for volatile organic
compounds (VOCs) and particulate matter (PM) emissions
were determined using AP-42 emission factors and raw
materials usage data obtained by a survey with the shipyard owners. Modelling was conducted with the meteorological data from 2005 to 2009 and hourly maximums,
monthly and yearly averages were estimated using ISC3
(Industrial Source Complex v3) and MCGP 2.0 Visual. The
model results were used to determine possible measurement points for ambient VOC and PM measurements.
Twelve points were selected for ambient VOC sampling and
five points were selected for ambient PM sampling within
and around the TSR. Measurements were conducted at the
selected locations for a period of two months. The measurement results were, in turn, compared with the modelpredicted ambient concentrations at those points and the
accuracy of the model was tested. The modelling attempt
was found to be capable of explaining the dispersion
mechanisms within the model domain. The model proved
itself as a useful tool to predict ambient pollutant concentrations for distinct meteorological conditions and emission data.

KEYWORDS : Air Pollution, PM10, VOC, Modelling, Measurement, Shipyard

1. INTRODUCTION
Ships have been one of the most important needs of
human societies for thousands of years. People have been
using ships for a number of reasons including military,
transportation and fishing and several other purposes [1].
* Corresponding author

Millions of shipbuilding yards throughout the world
are operational today to meet this important need of mankind. Shipbuilding activities, however, come with repair
and maintenance activities which bring together a number
of environmental issues of waste handling problems ranging from solid to liquid and gaseous phase wastes [2-4].
Most shipyards are capable of both large shipbuilding and
repairing activities while some small ones are only interested in repairing and building of small ships such as fire,
rescue and fishing boats [5].
Shipbuilding and repairing involve a number of processes among which some can be listed as solvent cleaning, preparation (blasting), welding, painting and coating
[6]. These processes produce a wide range of wastes in
solid, liquid and gaseous phases as stated above. Solid
wastes mainly comprise paint boxes, solvent boxes and
paint equipment discarded. Paint wastes and solvent
wastes are also discarded as a result of these processes.
However, the most important environmental impact of
shipyard activities is on the ambient air quality due to
gaseous and particulate emissions from shipyard activities. These activities (both building and repairing) eventuate in three distinct stages [7]: Surface preparation, painting and equipment cleaning. Abrasive blasting techniques
are employed in the first stage. Water blasting and sand
blasting are generally involved for cleaning purposes.
Cleaning of the surface is of great importance for the
paint and coatings for strong long-term adhesion.
The use of sand blasting (dry blasting process) produces great amounts of PM emissions that cause from
both entrainment of blasting material and of detachment
of previous coating due to abrasive effect of the process
and shearing effect of winds. USEPA [5] reported that
approximately 725000 metric tons of PM10 emission took
place in the USA during 2002. However, this amount of
PM emissions can be reduced by taking several measures
and by using wet blasting processes [5]. Those measures
include temporary containment of the ship during the
blasting process, substitution of blasting materials by lessPM-producing ones [5]. Containment involves hanging
curtains from dock arms and other structures around the
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ship in dry dock and enclosing the entire ship by shrinkwraps. As another measure to reduce PM emissions during blasting process, the blasting material can be switched
to garnet which causes lower PM emissions. After all, wet
blasting processes can also be used instead of dry blasting
processes. Wet blasting processes use high pressure water
jets for cleaning purposes. High pressure jets can meet
abrasion enough to rip out the existing old coating and the
rust. USEPA [5] reported a successive application of high
pressure water jet for blasting purposes in PM emission
reduction. Although reduced, PM emissions still take place
as a result of blasting operations, especially dry ones.
Countries have built several legislations related with the
particulate emissions from industrial activities. Turkish
legislation on the control of air pollution caused by industrial processes [8] also limits the emission of particulate
matter from several industrial processes.

[14] studied the reduction of VOC emissions from shipyards and suggested several methodologies to reduce the
emissions.

In addition to blasting processes, the first stage involves welding processes, too. The welding processes are
applied if there are cracks and small breaches in the hull
and other units of the ship. Welding electrodes are consumed in welding processes and these processes also cause
PM emissions to certain levels [9]. Beside particulate matter emissions, heavy metals such as manganese, nickel,
chromium, cobalt and lead are also emitted depending on
several parameters including type of welding process and
electrode, base metal composition, voltage and even occupational skills of workers [10]. Several researchers
studied heavy metal emissions from shipyard activities [3,
11] and assessed environmental impacts of heavy metal
contents of emissions from shipyard activities.

Beside VOCs, due to the fact that paints contain toxic
components as pigments such as chromium, titanium
oxide, lead and copper [6], it is easily said that small
amounts of several toxic substances are also emitted during the processes. However this study focuses on PM10
and VOC emissions.

The second stage involves painting processes [12].
These processes are essential because the ship hull and
other units are vulnerable to corrosion and deterioration if
coatings are not applied and cracks and breaches can form
on uncoated hull. Painting processes consist of the use of
anticorrosive materials as the lower layer of the paint.
Paints are applied over the anticorrosive materials. Anticorrosive materials are based on organic solvents and
VOC emission takes place while being applied to the surface since they almost completely evaporate during drying
process. A wide range of paints can be used in this stage
depending on the need and surface to be applied. Types of
paints, advantages and disadvantages of these paints, and
structural parts of ships that each type of paints applicable
are listed in [13]. These types of paints can range from
water-based paints to solvent-based paints [6]. However,
solvent-based paints are generally applicable in most
cases due to their lower cost and efficiency [7]. Solventbased paints are thinned by the use of thinners of the same
nature prior to the application to surfaces.
Painting processes can be performed both indoors and
outdoors. When indoor painting is employed, it is possible
to reduce pollutant emission by the use of several control
equipment. However, due to the sizes of ships, painting
processes are generally performed outdoors, which destroys
the chance of controlling pollutant emissions. Hopkinson

Solvents are used in the production of paints and are
used with paints for thinning purposes. They are also
essential in equipment cleaning operations. Since solvents
are important in the painting processes, main release of air
pollutants from painting is VOCs. VOCs are emitted during
the application of anticorrosive materials, paints, and especially during the drying processes. Solvents used in the
paint production and those used as thinners for solventbased paint thinning operations contain several VOCs including ethyl benzene, toluene, xylene, ethylene glycol and
methyl ethyl ketone, etc. [15]. Most of these VOCs are
listed in USEPA’s IRIS [16] database due to their toxic
and carcinogenic effects on humans.

The aim of this study is to develop an air quality
monitoring strategy for Tuzla Shipyards Region (TSR) in
Istanbul-Turkey by making up an emission inventory for
PM10 and VOC emissions from the shipyard activities,
modelling the atmospheric dispersion of these emissions
and determining possible locations for ambient measurements to assess ambient concentrations of the air pollutants released as a result of shipbuilding and repairing activities within TSR. By determining possible measurement
locations of highly polluted zones within and around TSR
and performing PM10 and VOC measurements at these
points during several months, it is easier to assess the
pollution levels since high concentration zones can easily
be measured after determining possible measurement
locations via a modelling approach.
2. MATERIALS AND METHODS
This study involves two main stages. The first stage
was the determination of possible measurement locations
within and around TSR via a modelling approach. US
EPA ISCLT3 and MCGP 2.0 Visual were used. In the
second stage, measurements of ambient PM10 and VOC
concentrations were performed during several months at
the pre-determined locations in the surrounding areas.
2.1. Emission inventory

In the first stage, obtaining a raw material usage (process inputs) and developing emission inventories for each
shipyard within TSR were the first thing to do. Amounts of
raw materials used by each shipyard were obtained and
emission rates of PM10 and VOCs from shipyard activities
were calculated for each shipyard using AP-42 emission
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factors [9]. Worst-case conditions were considered in the
calculations of pollutant emission rates. In the calculations, it was assumed that building and repairing processes and resulting pollutant emissions from each shipyard
occured at a constant rate during the working hours that
had previously been reported by the shipyard owners/managers. This assumption was, in fact, conventional
since it turns out that the shipyards are not continuously
building and repairing ships during stated hours of day
and sometimes a shipyard may not be working for a few
days. From this assumption, total PM10 emission rate from
TSR was calculated to be 1693 kg/hr and total VOC emission rate was found out to be 6768 kg/hr. However, these
emission rates were calculated by considering the worstcase conditions within the TSR. Considering the fact that
several shipyards may not be working for a few days, a
survey was conducted with shipyard owners (or the representatives) and the owners were asked about the capacity
use of their shipyards comparing the log books of their
facility. This approach was the only way to obtain data on
emission rates of the activities since there was no inventory of actual data on raw material use for realistic approaches. The only information was the full-capacities of
the shipyards. The survey led to revise the emission rates
downwards. It was concluded that a total of approximately 203.7 kg/hr of PM10 and a total of approximately 155.5
kg/hr of VOC were actually emitted to the atmosphere
from all of the shipyards within the TSR. As previously,
those amounts of atmospheric pollutants were as-

sumed to be continuously emitted at constant rates. Those
values of pollutant emission rates offer a more realistic
approach to the situation in TSR.
2.2. Emission sources

The shipyards and the emission points are so close to
each other that the plumes can superimpose on each other
as if they were developing from a single area source. Therefore, the pollutant emissions were assumed to occur at the
same rate from each section of this area source, that is to
say Tuzla Shipyards Region. Unfortunately, ISCLT3 accepts area sources of rectangular in shape and the areal
shape of the TSR was very different from a rectangle.
Therefore, total surface area of the region was divided
into a number of sub-sections of rectangular shape whose
surface areas and the pollutant emission rates were equal
to each other. The number of sub-sections was determined
to be 54 and the emission rates of these sub-sections were
calculated as 3.77 kg/hr of PM10 and 2.88 kg/hr of VOC.
2.3. Modelling domain

Determination of modelling domain was the next step
in the study. TSR is located near the most south-east corner of Istanbul along the coast of Marmara Sea. The region is located between 40°50'N and 40°52'N latitudes
and 29°15'E and 29°18'E longitude. Residential areas are
present from north-west towards south of the region. The
south-west is Marmara coast. A map of Istanbul is provided in Fig. 1. TMEF [8] states for air pollution model

B lack Sea

B ulgaria

M armara
Sea

Aegean
Sea

Greece
TSR

200 km

TSR

M armara
Sea

500 m

FIGURE 1 - Location of Tuzla Shipyard Region on Istanbul map.
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ling studies that the modelling domain should cover, at
least, an area of circle whose radius is 50 times greater
than the stack heights in the domain. In accordance with
Turkish Legislation [8] and knowing that all of the emissions occur at heights of about 10 m at maximum, modelling domain was chosen to be 17200-m-long in northsouth direction and 21200-m-long in east-west direction
with 430 m of grid distances in each direction, which meets
the legislative requirements. Within the defined domain,
the maximum and average elevations were 436 m and 57 m,
respectively, from the sea level. Topographic conditions
were also included in the model. Most of the domain was
occupied residentially or industrially by small industrial
facilities. The shipyards were located on the center of this
rectangular domain.

collected at time periods of longer than hours and ISCLT3
was considered to represent the situation better. For the
short-term atmospheric dispersion, MCGP 2.0 Visual was
used [17, 18]. The results were obtained and pollution
maps were formed using Surfer 8.0TM. The model results,
in turn, were evaluated to determine possible relevant
points for ambient VOC and PM10 measurements. In the
selection of possible measurement points, three criteria
were considered: (1) measurements should be done at
locations of different distances from the shipyard region
in the dominant wind direction in order to evaluate the
change of concentrations in the dominant wind direction,
(2) measurements should be done at locations that are
located in different crosswind distances from the shipyard
in order to provide insight to the change of ambient concentrations in the crosswind direction, and (3) measurements should be done at remote locations from the shipyard in order to obtain information about how far the
pollutants are transported after emission and how much
pollutant is transported toward the shipyard region as
background pollution. The details of the selection criteria
are given in 3.1.

2.4. Meteorological data

In this step of the study, meteorological data for the
region was obtained from Sabiha Gokcen Airport located
two kilometers north of TSR. Meteorological data (wind
speed, wind direction and ambient temperatures) involved
were collected from 2005 to 2009. Wind roses for September and October are provided in Fig. 2.a & 2.b. During
both September and October, prevailing winds were from
west-southwest and east-northeast.

2.6. Ambient measurements

In the second stage of the study, ambient VOC and
PM10 measurements were performed for a period of two
months to determine the real-case pollution levels. Twelve
measurement points were selected for VOC measurements
while five points were suggested for PM10 measurements
and ambient measurements were performed at these points
for a period of two months. European standard EN 135283:2003 was used for measurement of VOCs. Passive sampling tubes were used and the samples were analyzed using
GC-MS. VOC measurements were done for an averaging
period of two months for September and October. For PM10

2.5. Modelling and determination of possible on-site measurement locations

All of these emissions, meteorological and topographical data were used in the modelling study. The
dispersion of the pollutants emitted as a result of shipyard activities within TSR was modeled using Industrial
Source Complex v.3 (ISC3). The long-term version of
the software (ISCLT3) was used for the long-term behavior of the pollutants in the atmosphere since samples were
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FIGURE 2 - Wind roses for the domain for (a) September, (b) October from 2005 to 2009.
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measurements, a PM10 sampling device was used. Atmospheric particulates were collected on filters and gravimetric methods were employed to determine ambient PM10
concentrations. At the end of the measurement period, the
model predictions and the measurement results were
compared to validate the model for the situation.
3. RESULTS
3.1. Model results and possible measurement locations

Long-term dispersion of VOC and PM10 emissions
from shipyard activities was modeled using ISCLT3.
Monthly and yearly averages were calculated and pollution
maps for each and every averaging period were established. Fig. 3 shows September and October averages for
VOC and PM10 concentration distributions. Maximum ambient concentrations for VOC and PM10 were predicted to
be 415 and 543 µg/m3, respectively.

A short-term model was also run to calculate shortterm averages of ambient VOC and PM10 concentrations.
The short-term averages were calculated for the cases when
the wind blows toward south and when toward north since
population densities are higher in the south and north directions of TSR. Maximum hourly concentrations were estimated to be approximately 3968 µg/m3 and 15974 µg/m3
for PM10 and VOC, respectively.
Several measurement locations were chosen based on
the long-term and short-term model results. Fig. 4 shows
those possible points for ambient measurements.
M-6.a
M-6.b

R4

M-3.a
M-3.b

M-7

R3
R7
R2

M-2
M-5

M-1.c

R4

R5

M-4

M-1.b
M-1.a
R1

R8
M-8

FIGURE 4 - Possible measurement locations chosen based on the
model results.

As obviously seen in Fig. 3 and Fig. 4, the first region
(R1) chosen for ambient measurements covers a long and
narrow area. Estimated ambient concentrations of PM10
and VOCs in this region range from 10 to 150 µg/m3, and
from 15 to 200 µg/m3, respectively in the horizontal crosswind direction. Due to the fact that this region is located in
dominant wind direction, it was considered that the region
would provide representative measurement results for the
advection effects of dominant winds and the dispersion of
pollutants in the horizontal crosswind direction. Thus,
three measurement locations were suggested. These locations are named as M-1.a, M-1.b and M-1.c, respectively.
Of these locations, M-1.a was considered only for VOC
measurements while the other two were chosen for both
VOC and PM10 measurements.

FIGURE 3 - Long-term dispersion of (a) VOC, (b) PM10. Units are in
micrograms per cubic meter.

The second region (R2) was chosen on breakwater.
This point (M-2) is also located in dominant wind direction and suggested for VOC and PM10 measurements.
Estimated ambient concentrations in this region are above
50 µg/m3 and below 100 µg/m3 for both PM10 and VOCs.
Since this region is very close to the first region and ambient concentrations at different levels from the first region are expected though, this region was selected for
ambient measurement for both VOCs and PM10 in order
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to evaluate the change of concentrations in short distances. The third region (R3) was chosen in the west side of
TSR within military zone. Two measurement points were
suggested in this region as M-3.a and M-3.b. The location
M-3.a was considered for both VOC and PM10 measurements while M-3.b was chosen for only VOC measurement. The reason for the selection of this region is explained by being located cross-side of the shipyard region
with respect to the dominant wind direction. This way, it
was considered that the change of ambient concentrations
along the cross-side of the shipyard region would be evaluated. Estimated ambient concentrations in this region
were between 5 and 20 µg/m3 for VOCs, and between 10
and 30 µg/m3 for PM10. It drew attention when examining
the locations of the first and the third regions that although these regions are located at the similar positions
with respect to the shipyards (the only difference was that
they are located in cross-sides of the shipyard), estimated
ambient concentrations in these regions differed greatly.
The fourth and the fifth regions (R4 and R5) were chosen within TSR since their locations forms a straight line
parallel to dominant wind direction and thus, they could
provide useful information about the change of ambient
concentrations in the direction of dominant winds within
TSR. It was interesting that although these regions are
located parallel to the dominant wind direction, the concentration gradients showed very low differences (the
estimated concentrations ranged from 20 to 30 µg/m3 for
VOCs, and from 30 to 40 µg/m3 for PM10) between estimated ambient concentrations for these regions (Fig. 3).
Both VOC and PM10 measurements were suggested at M-4,
while only VOC measurements were considered for M-5.
The sixth region (R6) was chosen to be in the north of
TSR. Two measurement locations (M-6.a and M-6.b) were
suggested within this region, both of which were consid-

ered for VOC measurements. The location of measurement
points forms a straight line perpendicular to the dominant
wind direction. Estimated ambient concentrations ranged
from 5 to 15 µg/m3 for VOCs and 5 to 10 µg/m3 for PM10.
Thus, the measurement results from this region were believed to provide an insight to the dispersion of VOC
pollution toward north and the concentration gradients in
the crosswind direction. Besides, the measurement results
in this region would provide background VOC and PM10
concentrations being transported towards the shipyard
region.
A seventh and an eighth regions (R7 and R8) were selected to determine the long-term effects of pollutant emissions from TSR at distant locations. The seventh measurement point (M-7) (along with data from the sixth region)
was considered to provide information about the advection
toward the dominant wind direction on long-term transportation. The eighth measurement point (M-8) was chosen
considering that the results from measurements at this
point would provide information about how far the pollutants could be carried.
3.2. Measurement results

Ambient VOC and PM10 measurements were conducted for a period of two months from early September
2007 to late October 2007. The measurement results were
compared to model results. The measurement and model
results as two-month (September-October) averages for
VOC concentrations are shown in Fig. 5. Maximum ambient concentrations of VOCs within the domain were
measured as 65 and 58 µg/m3 in the fourth and the fifth
regions, which are located in the TSR. This is a verification of the criteria employed in the selection of measurement locations since this region was expected to face
higher concentrations. Besides, as it was expected, longitudinal difference of ambient concentrations did not differ
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very much. The highest and the lowest ambient concentrations of VOCs within the domain were determined to
be 65 and 3 µg/m3, respectively, with an average of 25.3 ±
13.1 µg/m3 (calculated at a 95% confidence level). A ttest for assessing difference of estimated and measured
averages of ambient VOC concentrations was also conducted at a 99% level of confidence. The difference between estimated and measured VOC concentrations based
on 12 measurement points was calculated as between -2.6
and 61.0 µg/m3. Since the calculated interval for the difference includes zero, it was concluded that the model
results and the measurement results are not very different
from each other at 99% confidence level.
The measurement and the model results as two-month
averages of PM10 concentrations are shown in Fig. 6. The
highest measured PM10 concentration within domain was
found to be 75 µg/m3 in the fourth region. The average
concentration of PM10 were measured as 32.8 + 26.4 µg/m3
(calculated at a 95% level of confidence). A t-test for assessing difference of estimated and measured averages of
ambient PM10 concentrations was also conducted at a 99%
level of confidence. The difference between estimated and
measured concentrations of PM10 was calculated to be
between -19.7 and 107.3 µg/m3, which implies that the
model and the measurement results are not very different
from each other at 99% confidence level.
4. DISCUSSION AND CONCLUSIONS
An air pollution study was conducted to assess adverse effects of shipbuilding, repairing and maintenance
activities in Tuzla Shipyards Region (TSR) on the ambient air quality in order to develop a proper air quality
monitoring strategy for the region. Long-term and shortterm effects of VOCs and PM from these activities were

modeled and several measurement points were selected
for both VOCs and PM measurements. ISC models were
used for modelling purposes. Required emission data were
determined using AP-42 emission factors and raw material usage data obtained by a survey with the shipyard owners (or representative) comparing the log books of the
facilities. Meteorological conditions from 2005 to 2009 as
well as topographic conditions were included in the model.
Model results suggested several points for ambient VOC
and PM sampling. Measurements were conducted at the
model-estimated locations during a period of two months.
Finally, the measurement results and model results were
compared in order to ensure that whether such a model
can be used to predict ambient pollutant concentrations in
the region.
The results were compared in Figures 5 and 6 for
VOCs and PM, respectively. T-tests were also performed
to assess the differences of averages of estimated and
measured concentrations for VOCs and PM. Measurement results and model results for VOCs showed a similar
trend throughout the domain. The model was seen to predict somewhat higher ambient concentrations. However,
the measurement results generally supported the modelgenerated ambient concentration profile. In the first, second and third regions (R1, R2, and R3), measurement
results were found to be approximately 40 to 60% of the
model-predicted ambient concentrations. However, in regions 4 & 5, measurement results were found to be 70 to
75% of the model-predicted concentrations. This is considered as an effect of heavier traffic load in these regions
than the others within the model domain. The sixth and
seventh regions (R6 and R7) showed lower measurement
results than predicted. This is because they are not on the
dominant wind direction during the measurement period
(September-October). Finally, in the eighth region (R8),
model predicted higher ambient concentrations than actu-
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al. This is considered as an effect of topographic conditions because in the dominant wind direction, there are
water surfaces between the sources and the measurement
point (receptor). It is highly possible that VOCs are absorbed into water bodies and lower ambient concentrations were observed at this location. In general, the reason
for higher predicted concentrations than the actual is considered to be that the emission rates were predicted to be
higher than the actual.
Measurement results and model results for ambient
PM concentrations, however, did not show the same trend.
In the first region (R1), measurement results and model
results showed a relatively similar pattern while the model
predicted somewhat higher concentrations in the second
and the third regions (R2, and R3). The reason for this
difference was considered to be that the first region is
placed directly in the shipyards where shipyard activities
and traffic load is higher while the second measurement
point is placed on the breakwater. Also, the third region is
placed within a military zone where shipbuilding and repairing activities as well as traffic load are less dense.
However, in the model, all of the emissions are assumed to
be emitted equally throughout the TSR. Therefore, model
results and measurement results differed somewhat. In the
fourth region (R4), the shipyard activities are denser than
any other areas and higher traffic load is expected in this
region. This explains higher measurement results here. In
the eighth region (R8), the same conditions exist as in the
VOC measurement results. In this case, wet and dry deposition mechanisms were also effective in addition to the
absorption into the water bodies. The model is considered
to underestimate the effects of these mechanisms.
Air quality monitoring for complex regions like a
shipyard settlement as in this study would be performed
and a strategy could be developed to some extent if proper
precautions and measures peculiar to the study domain are
taken into account. When sources are complex (i.e. varying emission rates and irregular settlements as source
points), topography is complex (land and sea surfaces together in the model area, and other man-made structures)
and also meteorological conditions are varying in the
modelling period, then, discrepancy between model estimates and measurement results could get considerable
scales. This is, of course, unavoidable. Strategy development and applicability of this strategy are strictly dependent upon how and to what extent these effects could be
handled in the study.
Results of the current study were found to be encouraging since the discrepancies between model outputs and
the real measurements were tried to be explained using
the special conditions of the study terrain. The methodology summarized in the selection of measurement locations proved to be useful. This paper presents a methodology to use dispersion models for the assessment of air
quality without further measurement of ambient concentrations. The approach presented here could easily be
employed in another similar study.
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ABSTRACT

1. INTRODUCTION

Fluorescence spectroscopy and UV-visible absorption
spectroscopy were applied and multiple related parameters were analyzed to study both horizontal and vertical
distributions of dissolved organic matters (DOM) in the
sediment of the Taihu Lake, to explore their spectral characteristics, possible sources, influencing factors, and environmental implications. And the results showed that compositions of sediment DOM varied between different lake
areas and between different depths. Horizontally, sediment
DOM in the Zhushan Bay contained more complex macromolecule substances and humus. This lake area is impacted by multiple DOM sources such as land-based
sources and biological sources. In contrast, sediment DOM
in the east part of the lake was less complex, and dominated by protein-like substances, indicating that this part is
less impacted by land-based input than in the Zhushan
Bay. Vertically, DOM compositions of the Zhushan Bay
sediment exhibited a declining complexity with the depth,
and DOM of the river sediment presented a similar trend,
which implies that the degradation of DOM is more sufficient at the deeper sediment. Comparing the spectra of
sediment DOM at the same depth, it was found that DOM
composition of river sediments was more complex than
that of lake sediments, which indicates that the DOM of
river sediments was less degraded than that of lake sediment at the same depth, and was impacted by multiple
sources.

KEYWORDS: DOM; Spectroscopy; Sediment; C / N ratio; Environment implication; Taihu Lake

Organic matters in sediments include substances that
are decomposed from plants and animals or their degraded
in-process products. The easily degradable part of these
substances is decomposed by microbes and converted to
CO2, H2O, and NH3-N. This process is mineralization. The
other part mainly consists of refractory substances with
high molecular weight, which is usually degraded in the
environment and converted to dark amorphous humus. This
process is humification. These two processes usually coexist in soils and sediments [1]. Dissolved organic matters
(DOM) in sediments are most active organic carbon pool
of the sediment. They are important ligands and adsorbents for pollutants including organic and inorganic substances, and heavy metals in natural environments. They
play an important role in the transportation and transformation of these pollutants. There have been many studies
of sediment DOM on their compositions [2-7], properties
[8, 9], and combinations with pollutants in the environment [10, 11]. DOM is an extremely complex and heterogeneous mixture, and it is essentially impossible to completely separate and identify its chemical composition.
Instead, chemical characterization of natural DOM has
been largely on its optical properties and molecular weight
distribution. Spectroscopy is also an important subject in
sediment DOM studies. In comparison, the traditional
chemical analysis is difficult to effectively identify the
structural characteristic of DOM, and the analysis processes often alter its inherent nature, while the modern
spectral technique can measure DOM composition and
construction without destroying its nature [3, 12]. Therefore, spectroscopy has become a widely used tool in the
study of DOM [13].

* Corresponding author

Taihu Lake is the third largest freshwater lake in China. It is located in the lower reaches of the Yangtze River,
with average water depth of about 2 m. The general relief
of Taihu area is declining from the west to the east, with
many rivers flowing into the lake from northwest and
draining from southeast. Taihu area is one of the most
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developed regions in China. The rapid development of
industry and agriculture has led to more and more serious
pollution in the water and sediment of the Taihu Lake.
Presently, DOM studies of the Taihu Lake usually focus
on its water column [14-16]. However, knowledge of DOM
on the comparison of entire lake and especially vertical
variations on the sediment profile are rarely reported. In
this work, multiple spectral techniques such as emission,
three dimensional excitation-emission matrix (3DEEM),
synchronous- scan excitation, and UV-visible spectra were
used to study the composition, horizontal and vertical
variations of sediment DOM in the Taihu Lake, to reveal
signatures of sediment DOM and its subcomponents as
well as their environmental implications.

orbital shaker. Then it was centrifuged for 20 min at
10000 rpm under 4℃, and the supernatant was vacuumfiltered through a 0.45-µm filter. The filtrate was the sediment DOM, and its concentration (DOC) was measured
with a total organic carbon (TOC) analyzer (Shimadzu
TOC-VCPN).

2. MATERIALS AND METHODS
2.1. Sample collection and pretreatment

Seven sites in the Taihu Lake were investigated and
sampled during April-May, 2010 (see Fig. 1). Sediment
samples were carefully taken (to avoid stirring) at each
site using a corer sampler. Of the seven sites, surface sediment samples (0-5 cm) were taken at five sites (T2, T3,
T4, T5, T6), and sediment profiles (0-45 cm) were taken
at the other two sites (T0 and T1) to explore vertical spectroscopy variations of sediment DOM. The sediment cores
were segmented every 5 cm in-situ, and all samples were
preserved in sealed polythene bags under 4℃ right after
segmentation (or taken) and then brought back to laboratory for further treatment and analysis.
Water quality parameters such as pH value (solid to
water ratio of 1:2.5, w/v) and conductivity (solid to water
ratio of 1:5, w/v) were also measured in-situ at each site.
And other water quality parameters such as total organic
matter content (TOC) and DOC content (solid to water
ratio of 1:5, w/v) were determined in subsequent lab analysis. And the results are listed in Table 1.
Sediment samples were dried by a vacuum freeze
dryer and grounded to pass through a 0.15 mm sieve.
Sediment DOM extract was obtained by adding 100 mL
of ultra-pure water to 20 g of sediment in a 250 ml conical
flask and shaking for 24h at 270 rpm around 25℃ on an

FIGURE 1 - Sampling sites in the Taihu Lake in this study
2.2. Spectroscopy analysis of sediment DOM
2.2.1 Fluorescence spectroscopy

Fluorescence spectroscopy was analyzed using a fluorescence spectrofluorometer (F-4500, Hitachi). The exciting light source is a 150W Xenon lamp. All DOM samples were diluted to a unified DOC concentration of
15mg/L before analyzing, to avoid differences induced by
DOM concentrations (such as inner filtration effect)
among the samples. And all obtained fluorescence spectra
were corrected by deducting the corresponding blank
(Milli-Q water).
Fluorescence emission spectra were obtained in the
excitation wavelength of 240 nm and emission wavelengths ranging from 260nm to 500 nm with a scan speed
of 240 nm·min-1.

TABLE 1 - Physical and chemical properties of sediment samples from typical lake areas
Site
T0
T1
T2
T3
T4
T5
T6

Depth
(cm)
0-5
20-25
40-45
0-5
20-25
40-45
0-5
0-5
0-5
0-5
0-5

DOC
(mg/L)
73.73±2.5
96.93±3.15
88.38±2.48
124.49±3.82
127.49±2.33
48.93±1.20
42.05±0.73
53.35±1.00
79.88±2.19
67.10±0.94
100.16±3.44

Total organic matter
(mg/g)
16.34±1.24
33.34±2.50
38.90±1.68
30.49±1.55
12.39±0.29
19.13±0.85
15.81±0.78
18.10±1.02
24.70±1.39
20.19±1.62
11.27±0.44

980

pH
25
6.83±0.23
6.56±0.31
6.57±0.26
7.33±0.24
6.82± 0.21
6.53±0.25
6.68±0.23
7.26±0.27
6.21±0.34
7.37±0.24
6.68±0.22

Conductivity
(us/cm)
107.20±8.54
335.50±13.2
281.00±12.4
157.50±11.4
67.60±7.06
59.05±6.92
152.05± 8.75
181.20±9.05
94.55±8.36
47.30±6.45
59.30±6.89
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Synchronous fluorescence spectra (SFS) were collected in the excitation wavelengths ranging from 200nm
to 600 nm with a scan speed of 240 nm · min-1 and rλ =
18 nm. Fluorescence intensities were then plotted as a
function of the excitation wavelength.
Three-dimensional fluorescence spectra were obtained by measuring the emission spectra (Ex) in the
range from 220 to 600 nm at excitation wavelengths (Ex)
from 200 to 580 nm, both spaced by 5 nm intervals in the
emission and excitation domains and with scan speed of
1200 nm/min. Fully corrected spectra were then concatenated into an excitation-emission matrix (3DEEM), and
each fluorophore was characterized in the 3DEEM contour maps by an Ex/Em wavelength pair.
2.2.2 UV-Vis spectra

Measurements were carried out with 1 cm quartz UVVis cells at room temperature (20℃), using a Shimadzu
UV-Vis double beam spectrophotometer (UV-1800). And
UV-Vis absorption spectra were obtained at wavelengths
ranging from 200 nm to 400 nm.
2.3 Water quality parameters and figures

The determination methods for water quality parameters of W (TN), W (NO3 - N), W (TP) and W (NH4+-N)
were from the National Standard Methods, Water and
Wastewater Monitoring and Analysis Methods (4th Ed, in
Chinese). And figure processing was conducted with
Origin 8.5 (Origin Lab, Los Angeles, USA).

fluorescence spectra, where a strong protein-like acromion appears in the vicinity of 280 nm, a fulvic-like fluorescence peak appears in the range from 310 nm to 420 nm,
and a small humic-like acromion appears in the vicinity of
440 nm.
Previous studies have shown that fluorescence spectra
of sediments DOM would be red-shifted with the concentration and accumulation of fluorescent molecules of
organic matter, and thus some researchers proposed humification index to characterize humification degree of
DOM [4, 19-22]. In this study, the humification index is
defined as r (A, C) = IA / IC (i.e., the ratio of peak intensity at 370nm to that at 340nm in the synchronous scan
spectra). The r (A, C) values of sediment DOM for the six
sites were calculated in this way, and the results (from T1
to T6) were 0.92, 0.89, 0.84, 0.74, 0.80, and 0.82, respectively. It is suggested that T1’s r (A, C) value is larger
than the others’, indicating highest humification degree of
sediment DOM in Zhushan Bay. This is reasonable as
there are more industrial and agricultural sewages from
Wuxi municipality and its ambient areas discharged into
this lake area than into the other lake areas [14]. Organic
pollutants settle down to the bottom as a result of declining flow velocity in the lake area, and lead to an increase
of organic matters contents in the sediment.

3. RESULTS AND DISCUSSION
3.1. Horizontal variations of spectroscopy in the sediment
DOM
3.1.1. Synchronous fluorescence spectra

Synchronous scanning fluorescence spectroscopy is a
very useful technique for the analysis of mixtures of fluorescent compounds, and is a simple and effective means
of obtaining data for several compounds present in mixture in a single scan. As both excitation and emission
characteristics are included in the spectrum by simultaneously scanning excitation and emission wavelengths
thereby holding a constant difference between them, the
selectivity for individual components is considerably
improved and much additional information on mixtures of
fluorescent compounds is gained. In addition, it has a
clearer spectrum, and could represent molecular structures
of the functional groups more clearly [17, 18], and can
reduce the interference of light scattering and has significant advantages especially in the analysis of multiple
component mixtures [19]. As a result, it may present a
viable alternative due to its inherent simplicity and rapidity.
Figure 2 exhibits the synchronous fluorescence spectra of sediment DOM from the six sites in the lake. It can
be seen that all the six samples have a similar pattern of

FIGURE 2 -Synchronous fluorescence spectra of DOM in 0-5cm
sediment of typical areas
3.1.2. 3DEEM characteristics

Three-dimensional excitation-emission matrix (3DEEM)
fluorescence spectroscopy involves scanning and recording
a group of individual emission spectra at sequential increments of excitation wavelength, and the resulting data
provides a total intensity profile of the sample over the
range of excitation and emission wavelengths scanned. It
gives the information of the fluorescence intensity when
excitation and emission wavelength simultaneously change,
and can identify overlapped fluorescence spectra of organic matters with multiple compounds [23, 24].
Figure 3 shows contour maps generated by the 3DEEM
data obtained from the sediment DOM (0-5 cm) of the six
sites in the Taihu Lake, and four major fluorescence peaks
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which are consistent with previous studies [4, 19-21] can be
detected. These peaks are peak A (Ex / Em = 270-290 nm/
(320-350 nm), peak B (Ex / Em = 220-230 nm / 320350 nm), peak C (Ex / Em = 235-255 nm / 410-450 nm),
and peak D (Ex / Em = 310-330 nm / 410-450 nm) (see
Fig. 3). Peak A and peak B are fluorescence generated by
tryptophan-like substances at high and low excitation wavelengths, respectively. They are related to recent activities
of microorganisms and belong to protein-like fluorescence
together with another fluorescence peak related to tyrosine
[4]. Peak C represents fluorescence generated from fulviclike substances in the ultraviolet region, which intensity
was thought to increase as humification degree of organic
matters increased [21] or decrease as humic acids became
more complex humic acids and mineralization processes
[22] under different environmental conditions. And peak D
represents fluorescence generated by fulvic-like substances
in the visible region, which appearance suggests formation
of humic-like substances and can be used to trace the
content of organic matters in DOM [25]. The positions
and intensities of these peaks are listed in Table 2.

A
B

A
B

D

It can be seen from the contour maps that there is a
broad fluorescence peak existed in the range from Ex /
Em = (240-255 nm) / (435-455 nm) and (305-320 nm) /
(405-445 nm). It is the reflection of fluorescence characteristics of peak C and peak D formed by fulvic and humic acids. It can also be seen that the peak positions and
intensities of the six samples are different, which indicates
different compositions as well as sources of fluorescent substances in sediment DOM from different areas of the lake.
The intensity ratio of peak C to peak D is closely related with molecular weight composition and aromatization degree of humus. It is an indicating parameter used to
describe structures of humus [9, 21, 22], and can be used
to evaluate humification degrees of organic matters, in
which higher values of r (C, D) represent lower humification degrees [9, 22, 24]. In addition, the ratio of C / N in
sediment organic matters can be an effective indicator of
the source of organic matters [25]. Therefore, these two
parameters are used to evaluate maturity and source of
sediment DOM.

D

D
A
B

C

D
A
B

C

A
B

C

C

D

D

A
B

C

C

FIGURE 3 -3DEEM spectra of DOM in the 0-5cm layer sediment from different lake areas

TABLE 2 - Positions and intensities of fluorescence peaks in 3DEEM spectra of sediment DOM from different lake areas
Site
T1
T2
T3
T4
T5
T6

Peak A
Position(Ex /Em)
276/308
272/301
274/303
274/301
271/299
274/301

Intensity
300
286.2
243.7
301.6
308.3
283.2

Peak B
Position (Ex /Em)
236/356
237/365
235/364
231/340
235/345
234/346

Intensity
328.8
256.3
265.2
289.8
266.8
272
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Peak C
Position (Ex /Em)
259/445
254/443
256/444
252/445
247/418
247/423

Intensity
414.4
291.5
318.9
280.2
249.3
306.5

Peak D
Position (Ex /Em)
320/411
318/401
316/405
320/399
325/415
320/401

Intensity
491.5
291.5
318.9
280.2
249.3
306.5
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The results of C/N ratios and r (C, D) values of the 05cm sediment DOM are listed in Table 3. And results of
correlation analysis suggested significant correlations (r =
0.98，p<0.01) between C/N ratios and r(C, D) values. It
can be seen from Table 3 that the C/N ratio and r (C, D)
value are lower in Zhushan Bay (T1) and center lake (T5)
than the others, and are higher in the East Lake (T4) and
Meiliang Bay (T2), in which T2 has the largest r(C, D)
value of 1.509 and T4 has the largest C/N ratio of 64.71.
These results suggest that sediment DOM in the East
Taihu Lake is mainly endogenous and has high content of
polysaccharides. This is mainly because that it is less
impacted by terrigenous inputs [14-16]. In addition, the
East Taihu Lake is a typical macrophytic lake area where
grows large amounts of macrophytes. Organic matters in
the sediments are mostly derived from aquatic plants with
high content of cellulose which are mainly composed of
C, H and O elements, and their nitrogen content is relatively low. Through the process of decomposition or mineralization, these organic matters are finally converted
into substances such as CO2 and CH4, and less nitrogenous matters are generated, which results in a higher C/N
ratio. In contrast, the northern Taihu Lake is a typical algal
lake area, where algae bloom breaks out nearly every year
and even several times a year sometimes. The growth cycle
of phytoplankton algae is much shorter than that of macrophytes, which is usually about several weeks. Once
algal cells died, they settle down and nutrients (such as N
and P) could not be kept in their bodies as long as those of
macrophytes, and will released back into the water body
soon. After the growth cycle (i.e., algae died), the nitrogen could re-enter into the water as ionic or colloidal
form, and could be easily reused by algae [15]. Therefore,
organic matters in the sediment of this lake area contain
large amounts of dead algae bodies with high content of
proteins. As a result, a large amount of nitrogen is released during the process of degradation or mineralization, and this will results in a lower C/N ratio.
TABLE 3 – R(C, D) values and C/N ratios of DOM samples from
different lake areas
Sample
T1
T2
T3
T4
T5
T6

r(C,D)
0.883
1.509
1.049
1.144
0.881
1.106

C/N
25.67
51.69
27.57
64.71
17.61
27.19

3.1.3. UV- Vis absorption spectra of DOM

UV-Visible absorption spectra can also be used to
study DOM characteristics such as compositions and
sources. Generally, there are two common ways to do
so. One is to identify functional groups in DOM by observing changes of absorbance in a particular range of
wavelengths, and the other is to characterize its source,
aromatization and humification degree through measuring
the ratio of absorbance at different wavelengths [26]. Here,
the second is chosen. And the ratio of absorbance at wave-

length of 250 nm (E2) to that at 365 nm (E3) in the UVvisible spectra is used to evaluate humification degree of
organic matters in sediments DOM [9], where decline in
E2 / E3 values suggests increase of humification degrees.
The values of E2 / E3 in the UV-Vis spectra of sediment DOM obtained from the 0-5cm layer sediment samples of the six sites are calculated, and the results (from
T1 to T6) are 4.948, 5.277, 4.282, 6.119, 5.465, and
5.545, respectively. It can be seen that T5 (eastern Taihu
Lake) has the largest E3 / E2 value of 6.119, which indicates that the humification degree of the surface sediment
DOM in this lake area is the lowest. This is mainly because that in the east Taihu Lake the water quality is good
and it is less impacted by land-based inputs of pollutants.
Therefore, sediment DOM in this lake area is less in content and comparatively simple in composition. While in
Zhushan Bay and Gonghu Bay (northern part of Taihu
Lake), the E2 / E3 values of the surface sediment DOM are
relatively smaller, indicating higher humification degrees.
This is mainly due to a large amount of industrial
wastewater and domestic sewage discharges from Changzhou, Wuxi and other surrounding cities, which bring a
variety of organic matters into these lake areas. As a result, the concentration and complexity of sediment DOM
in these lake areas are higher. This result is consistent
with those in section 3.1.1 and 3.1.2.
3.2. Vertical variations of spectroscopy of sediment DOM
3.2.1. 3DEEM fluorescence spectra

Vertical variations in fluorescence spectra of sediment DOM from T0 and T1 are also studied, and contour
maps generated by the 3DEEM data obtained from DOM
samples at three different sediment depths (0-5cm, 2025cm, and 40-45cm) are shown in Figure 5. Four major
fluorescence peaks (A, B, C, and D) described before in
previous sections can be detected from the maps, and their
positions and intensities are listed in Table 4. It can be
seen that peak intensities decline as depth increases in
general, and the largest values of all the peak intensities
appeared in the surface layer (0-5cm). This suggests that
contents of organic matters decreases and compositions of
DOM become simpler along the sediment depth. Take
peak D which represents humic-like substances as an example, its decline in intensity indicates decrease in humification degree as well as less complexity in organic matter
compositions.
Comparing with the two, it can easily be seen from
the contour maps that peak B in T0’s 20-25cm and 4045cm map is less significant than the one in T1. This is
mainly due to that peak B which belongs to protein-like
fluorescence is closely related to microbial activities but
less influenced by terrigenous inputs. In the lake area (T1),
rich content of proteins in organic detritus such as dead
algae are settled down to the sediment as a result of relatively low current speed and finally decomposed into
amino acids by microorganisms. As a result, the content of
protein-like substances is larger than that in the river,
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leading relative strong fluorescence peaks. But the situation is the opposite in the case of peak D, where a much
broader peak can be found in T0 than that in T1 for the
same layer, indicating that the subsurface layers of sediment DOM in T0 contain larger number of fulvic acidlike substances with complex structures and less small
molecular organic matters with simple structures compared with T1. These differences are also mainly due to
different environmental conditions of the two sites. T0 is
located in the river channel, and relative strong hydraulic
erosion may disturb the sediment and leads to less difference in the vertical distribution of DOM. And transportation of fulvic substances from surface sediment layer down
to deeper ones as a result of hydraulic stirring can enlarge
the content of subsurface sediment layers. In addition,
different aerobic/anaerobic conditions can also contribute
to the vertical differences between T0 and T1, as fulvic
substances are generally resistant to microbial degradation
under anaerobic conditions [27-29]. In the river channel,
relative large current speed can enhance re-aeration rate in
the water body, and more oxygen can be brought to the
sediment and degradation of organic matters by microorganisms is hence strengthened. As a result, low molecular
weight organic matters have a faster rate of transfor-

mation into higher molecular weight aromatic matters and
characteristics of sediment DOM trend to be more stable.
Values of r(C, D) for different depths of sediment
DOM of the two sites were calculated and the results are
listed in Table 5. It is shown that r (C, D) values of sediment DOM at different depths in the river (T0) range from
0.445 to 0.570, and are smaller than those of T1 which
range from 0.880 to 0.986. This indicates that sediment
DOM in the river channel has a higher humification degree
than that in the lake area. It’s in agreement with the explanations above. Also, the variation of r (C, D) values
suggests that at least two types of humic fluorophore are
existed in extractable humic substances in the sediment,
as previous studies have shown that r (C, D) value should
be constant if there was only one fluorophore [4,9].
Correlation analysis between r (C, D) values and C /
N ratios was also conducted, and the results indicate that r
(C, D) values and C/N ratios of the three sediment layers
in T1 are significantly correlated, in which R2 = 0.8885.
But in the case of T0, there is no obvious correlation found
between r (C, D) values and C/N ratios. This may also be
due to the geographical location of T0, as it is located in
the inflow river channel where water continues flowing

0-5cm

T0

20-25 cm

D

D

A

A

C

B

40-45 cm

D
A

C

C

T1
D

D
A

B

A
B

C

D
A
B

C

C

FIGURE 4 - 3DEEM spectra of sediment DOM from different depths of T0 and T1

TABLE 4- Positions and intensities of fluorescence peaks in 3DEEM of sediment DOM from different depths of T0 and T1

Sample

T0

T1

Depth(cm)
0-5
20-25
40-45
0-5
20-25
40-45

Peak A
Position(Ex
Intensity
Em)
324/347
786.2
236/354
594.5
231/344
361.7
233/341
694.3
232/347
366.3
234/344
189.0

Peak B

Peak C

Position (Ex/Em)

Intensity

Position (Ex/Em)

Intensity

279/318
280/321
281/317
279/317
281/317
283/315

655
515.7
365.7
729.6
340.5
215.6

252/455
250/450
244/440
241/439
242/438
243/438

634.6
395.1
207.4
245.5
223.5
160.2
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Peak D
Position
Intensity
(Ex/Em)
305/444
254.7
318/417
219.8
313/413
119.4
321/424
120.6
309/403
133.8
317/409
94.6
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into the lake. Continuous input of exogenous organic
matter and its own deposition caused variations in the
vertical distributions of organic matters. As a result, the
correlation of r (C, D) value and C/N value may be relatively poor.
In addition, total phosphors (TP) of these two sites
(T0 and T1) were also significantly different. From table
5 it can be clearly seen that compared with the same layer,
TP of T0 is generally higher than that of T1. It was due to
greater impact of terrigenous input on the river, resulting
significantly higher concentrations of TP in sediments
than that of the lake. And TP concentration of the two
both decreased with depth vertically.
TABLE 5- R (C, D) values of DOM samples from different depths of
T0 and T1
Sample
T00-5
T020-25
T040-45
T10-5
T120-25
T140-45

r (C,D)
0.570
0.445
0.493
0.883
0.901
0.986

C/N
2.79
3.13
3.73
1.61
1.56
1.85

TP mg/g
1.435
1.312
1.17
1.116
0.298
0.196

3.2.2. Emission fluorescence spectra

Emission spectra of DOM generally present wide and
no characteristic fluorescence peaks, which represents the
combined response of a type of fluorescence chemical
groups from similar sources [30]. The obtained emission
spectra from different depths of sediment DOM of T0 and
T1 are shown in Figure 5. A wide fluorescence peak in
the range from 330nm to 455nm can be detected in the
figure, which is a typical wide-shoulder fluorescence peak
in DOM. And its intensity showed an obvious decline as
depth increases. In addition, a very strong Rayleigh scattering fluorescence peak appears in the vicinity of 480
nm. As humification of DOM is the result of the increase
of carbon in aromatic structures, Zsolnay et al. [31] and
Milori et al. [32] proposed a humification index-A4 / A1
based on the emission characteristic of DOM fluores-

T0

cence. This index was defined as the ratio of the area of
the last quarter (A4: 424-472 nm) to that of the first quarter (A1: 280-328 nm) in the excitation spectrum. The
value of A4 / A1 can also be used to evaluate the humification degree of sediment DOM, in which larger values
represent higher humification degrees.
The calculated A4/A1 values of DOM samples from
different depths of T0 and T1 were listed in Table 6.
Similar vertical changes of A4/A1 values can be found in
T0 and T1, where A4/A1 values decrease along the sediment depths with the largest values of 0.0824 and 0.0805
at the top (0-5cm) layer for T0 and T1, separately. This
indicates that the carbon numbers of aromatic structures
of the surface sediment DOM are more than those of the
other two layers, suggesting that the humification degree
of the DOM in the 0-5 cm layer sediment is the largest
and sediment DOM became less complex and more stable
when depth increases. This is consistent with the results
of the 3DEEM fluorescence spectra analysis. It can also
be found that the A4/A1 values of T0 are larger than that
of T1 by comparing the same sediment layers of the two.
This is mainly due to the environmental differences between the inflow river (T0) and the lake area (T1), as T0
is located in the Caoqiao River, where various industrial,
agricultural, and residential discharges bring large
amounts of organic matters into it. As a result, its DOM
concentration is higher and its DOM compositions are
more complex comparing with T1. Also, different sedimentation rates of organic matters at T0 and T1 can also
affect the A4/A1 values. In the river (T0), sedimentation
of organic matters is more rapid than that in the lake (T1),
and organic matters are settled down to the bottom before
they are decomposed. But when terrigenous organic matters enter into the lake, they are decomposed more quickly
as hydraulic conditions become more stable. Therefore,
the sediment DOM compositions of T0 (in the river) are
more complex than those of T1 (in the lake) for the same
layer, and thus had a higher humification degree.

T1

20-25 cm
40-45 cm

40-45 cm

0-5 cm

0-5 cm
20-25 cm

FIGURE 5 - Emission fluorescence spectra of DOM samples from different depths of T0 (left) and T1 (right)
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T1

T0
0-5 cm
20-25 cm
40-45 cm

0-5 cm
20-25 cm
40-45 cm

FIGURE 6 - Synchronous fluorescence spectra of DOM samples from different depths of T0 (left) and T1 (right)

TABLE 6 - A4 / A1 values of DOM samples from different depths of
T0 and T1.
Sample

T00-5

T020-25

T040-45

T10-5

T120-25

T140-45

A4 / A1

0.0824

0.0779

0.0767

0.0805

0.0735

0.0715

3.2.3. Synchronous Scanning Spectra

Synchronous spectra of DOM samples from different
depths of T0 and T1 are shown in Figure 6, and three apparent fluorescence peaks can be found in each of the spectrum. The first peak locates at the wavelength of about
285 nm and represents protein-like or phenol-like substances with simple structures. The second peak locates
near 340 nm for all layers of T0 and T1, and the third one
appears near 380nm. These two peaks represent fulvic
acid-like substances which have more complex structures.
For T0 (left), relatively strong intensity of the first
peak in the 0-5 cm sediment DOM spectrum can be seen,
which indicates that DOM of the surface sediment in the
river contained many simply structured protein-like or
phenol-like substances. And the decline of the first peak’
intensities in the 20-25cm and 40-45cm layer suggests
that the contents of protein-like or phenol-like substances
decrease along sediment depths. The vertical variations of
intensities of the second and third peak are similar, indicating reduced contents of fulvic acid-like substances as
sediment depth increases.
The synchronous spectra of T1 (in Zhushan Bay) show
a similar pattern to those of T0. The fluorescence peaks of
the 0-5 cm sediment DOM at 280nm, 310nm and 380nm
all exhibited relatively strong absorption. Their intensities
are much higher than the other two layers’, and an obvious decline of peak intensities can be found along sediment depth. These indicate that with time going after deposition in the northern lake area, complicatedly structured
fulvic acid-like substances decreased as a result of degradation. As a result, the degradation degree becomes higher
as depth increases. This can be clearly seen from the spectral characteristic of the sediment DOM.

By comparing the spectra of the same layer in T0 (in
the inflow river) and T1 (in the Zhushan Bay), it can be
found that vertical variations of T0 are not so apparent as
those of T1. This is mainly due to that T0 is more affected
by the river morphology and hydrodynamic conditions,
where sediment is frequently disturbed by a relatively high
current speed and enhanced vertical mixing leads to a decline of differences in the vertical profile of sediment DOM
concentrations and compositions. In contrast, major sources
of sediment DOM in T1 are from emissions of surrounding farmlands and cities carrying by rivers, and the relative slow current speed makes it possible to form different
sediment layers, where DOM concentrations and compositions may differ a lot due to different sedimentation
time.
4. CONCLUSIONS
Dissolved organic matter is a ubiquitous constituent
of sedimentary pore waters, and plays significant roles in
many physical and biogeochemical processes in aquatic
environments. However, DOM is an extremely complex
and heterogeneous mixture, and it is essentially impossible to completely separate and identify its chemical composition. Instead, chemical characterization of natural DOM
has been largely on its optical properties and molecular
weight distribution. Spectroscopic characteristics of dissolved organic matters in the sediment could to some extent
indicate the sources and compositions of DOM in the
lake, and have important meaning in DOM studies.
This study showed that obvious regional differences
are detected in both horizontal and vertical distributions
of sediment DOM components in the Taihu Lake. The
horizontal distribution of sediment DOM compositions is
mainly influenced by geographical locations, distributions
of the surrounding rivers, and other factors (such as hydraulic conditions). Compared with the other lake areas,
the content of complex macromolecules and humic substances is larger in the sediment DOM of the northern
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lake area, which is heavily suffered by multi- exterior
sources.
And vertically, sediment DOM compositions of the
river and the Zhushan Bay showed similar distributions,
where complexity of DOM compositions both decline while
sediment depth increases. And compared with the same
depth of sediment layers from different sampling sites,
DOM compositions were more complex in the inflow river
than in the lake areas.
These spatial distribution characteristics of sediment
DOM may give the information of organic pollution status of the lake sediment, which are closely correlated with
nutrition status of the sediment environment, and fate of
heavy metals and other pollutants, which have important
environmental and ecological significances.
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INVESTIGATION ON THE DYNAMIC ENVIRONMENTAL
BEHAVIOUR OF PETROLEUM-DERIVED POLYCYCLIC
AROMATIC HYDROCARBONS IN AN OILFIELD, CHINA
Yu Li*, Yan Hu, Xianyuan Du and Yao Wang
MOE Key Laboratory of Regional Energy Systems Optimization, North China Electric
Power University, Research Academy of Energy and Environmental Studies, Beijing 102206, China

ABSTRACT
Between 1976 and 2015, dynamic environmental behaviour of 16 polycyclic aromatic hydrocarbons (PAHs) in
a Chinese oilfield was investigated using a level IV fugacity model. The modified model demonstrated better agreement with measured values, with average residual errors of
0.45, 0.70, 0.74, and 0.79 logarithmic units for air, water,
soil, and sediment, respectively. The PAH concentrations
in each compartment were reduced by 83.57, 54.32, 98.98,
and 88.97% between 1976 and 2011. Source emission in
soil was confirmed as the leading input in the oilfield, while
degradation in soil was the major output. The dominant
transfer process was volatilization and wind re-suspension
from soil to air. Soil was identified as the main sink during
1976-2015. The ring size distribution indicated that compounds containing more than four rings were dominant in
air, two- and three-ring compounds were prevalent in water, three ring compounds were mainly in soil, and fourring compounds were predominant in sediment. A sensitivity analysis revealed that the octanol-water partition
coefficient (logKow) was the most sensitive parameter for
adjusting the uncertainties.

KEYWORDS:
Polycyclic aromatic hydrocarbons (PAHs), dynamic environmental
behaviour, petroleum-derived, transfer, fate, distribution

the air, oil spills on clean soil [1], surface and groundwater contamination through discharge of oily wastewater,
runoff from petroleum processing, etc. [2, 3]. PAHs are one
of the principal components of petroleum. These compounds raise substantial concerns due to their mutagenicity, teratogenicity, carcinogenicity, photo-induced toxicity,
and endocrine-disrupting activities [4], and 16 of them are
on the US EPA list of priority pollutants. Once released,
PAHs are widely dispersed into the environment, eventually accumulating in soils and aquatic sediments [5]. The
adverse environmental impact of PAHs derived from
petroleum exploitation should not be neglected.
The traditional method to evaluate the adverse environmental impact is sampling and test analysis. This method
cannot represent the trends and the dynamic behaviour between different compartments for the pollutant. Sources and
fate also cannot be identified from the analysis result. In
contrast, a level IV fugacity model has been successfully
used to model the environmental behaviour of persistent organic pollutants (POPs) [6-8], and fossil fuels-related pollutants [9], and the model also could be used for dynamic
simulating of the history and eventual environmental fate
of pollutants. Dynamic modeling of the 16 priority PAHs
has not been available in China, particularly in the typical
regions of petroleum exploration. Thus, a comprehensive
environmental behaviour investigation on the fate and transfer of these compounds using a level IV fugacity model was
necessary. The results enable quantitative evaluation of the
adverse impact of the contaminants, and should facilitate
environmental management practices.
2. MATERIAL AND METHODS

1. INTRODUCTION

2.1. Characteristics of the study area

Petroleum is an important energy resource and raw
material for the chemical industry. Contaminants derived
from petroleum exploitation enter the environment through
pathways, such as volatilization of hydrocarbon gases into
* Corresponding author

The study area hosts a population of 2.73 million and
covers a total area of 21,219 km2. The continental monsoon climate results in monthly mean temperatures ranging from -22.6 °C in December to 36.5 °C in June, with a
mean annual temperature of 3.3 °C. The annual precipitation is approximately 314.1 mm, and the evaporation is
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1257.5 mm. The average wind speed is 2.5 m/s, with
maximum speeds of 12.3 m/s. The study area contains no
natural stream flow, but the low-lying topography results
in hundreds of swamps [10]. The area possesses abundant
oil and gas resources, with several thousand oil wells in
daily operation.
2.2. Environmental processes

Air (pure air and particulates), water (pure water and
suspended solids), soil (air, water, and solids), and sediment (water and solids) were the four bulk compartments
included in the model. Processes taken into consideration
included oil spilled ones on clean soil, discharge and volatilization of oily wastewater and waste gas, advection inflow
and outflow of air and water between the study area and
neighbouring regions, inter-compartment exchanges, and
degradation (Fig. 1). The comprehensive and detailed description of the fugacity model is available in the monograph by Mackay [11].

accumulative, and toxic profile estimates for organic
chemicals (Table 2) [11, 13].
Source emission data for the 16 PAHs were not always readily available, or exhibited large uncertainties,
and have to be estimated based on the annual petroleum
extraction volume in the study area. The annual extraction
volumes for the years 1976-2010 were obtained from
yearbooks, and for 2011-2015 from “12 5” planning estimates for the study area. The extraction volume continuously increased until reaching a peak of approximately
5600.9 tons per year in 1996, then decreased to 4000 tons
per year estimated in “12 5” planning. Air/water advection
inflow data were obtained from literature reports
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TABLE 1 - Environmental attribute parameters of the study area*.
Unit
Unit
Symbol
Values
Symbol
Values
m2
Aa
2.12×1010
Vas
2.00×10-1
m
m2
ha
2.00×103
Ased
1.47×108
3
0
kg/m
m
ρa
1.19×10
hsed
1.00×100
3
3
kg/m
rpa
1.50×10
ρsed
1.00×100
2
8
m
Aw
1.47×10
Vwsed
7.00×10-1
3
0
m
kg/m
hw
1.67×10
rpsed
2.40×103
kg/m3
ρw
1.00×103
fpsed
3.10×10-3
kg/m3
rpw
2.40×103
Q
2.00×105
-1
-2
m·h
fpw
4.00×10
Ur
9.70×10-5
2
-1
10
m
m·h
As
2.11×10
Up
1.10×100
-1
-1
m
m·h
hs
1.00×10
Uww
1.14×10-6
-1
0
m·h
ρs
1.21×10
Usw
2.30×10-8
-1
-1
m·h
Vws
3.00×10
Udp
4.60×10-8
m·h-1
rps
2.40×103
Ursed
1.10×10-8
-2
fps
1.70×10
Aa, Aw, As, Ased area of air, water, soil, and sediment; ha, hw, hs, hsed depth of air, water, soil and sediment; ρa, ρw, ρs, ρsed density of air, water, soil and
sediment; Vas volume fraction of air in soil; Vws, Vwsed volume fraction of water in soil and sediment; rpa, rpw, rps, rpsed densities of solids in air, water,
soil and sediment; fpw, fps, fpsed contents of organic carbon in solids in water, soil and sediment; Q scavenging rate; Ur rain rate; Up dry deposition
velocity; Uww water runoff rate from soil; Usw soil runoff rate from soil; Udp sediment deposition rate; Ursed sediment resuspension rate.
∗
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TABLE 2 - Physico-chemical properties of 16 PAHs (25 °C)*.
MW
TM
SW
PS
logKOW
Rings
(g/mol)
(°C)
(mg/L)
(Pa)
1
1
naphthalene
NAP
128.18
80.00
3.10×10
1.13×10
3.30
2
acenaphthylene
ANY
152.20
92.00
1.60×101
8.93×10-1
3.94
3
acenaphthene
ANA
154.21
93.00
3.90×100
2.93×10-1
3.92
3
ﬂuorene
FLU
166.22
110.00
1.70×100
7.80×10-2
4.18
3
phenanthrene
PHE
178.24
99.00
1.20×100
1.60×10-2
4.46
3
anthracene
ANT
178.24
220.00
4.30×10-2
8.67×10-4
4.45
3
ﬂuoranthene
FLT
202.26
110.00
2.60×10-1
1.23×10-3
5.16
4
pyrene
PYR
202.26
150.00
1.40×10-1
6.00×10-4
4.88
4
benz(a)anthracene
BaA
228.30
84.00
9.40×10-3
2.80×10-5
5.76
4
chrysene
CHR
228.30
260.00
2.00×10-3
8.27×10-7
5.81
4
benzo(b)ﬂuoranthene
BbF
252.32
170.00
1.50×10-3
6.67×10-5
5.78
5
benzo(k)ﬂuoranthene
BkF
252.32
220.00
8.00×10-4
1.29×10-7
6.11
5
benzo(a)pyrene
BaP
252.32
180.00
1.60×10-3
7.33×10-7
6.13
5
indeno(1,2,3-cd)pyrene
IPY
276.34
160.00
1.90×10-4
1.73×10-8
6.69
6
dibenz(a, h)anthracene
DBA
278.36
270.00
1.00×10-3
1.27×10-7
6.54
5
benzo(g,h,i)perylene
BPE
276.34
280.00
2.60×10-4
1.33×10-8
6.63
6
*
MW molecular weight; TM melting point; SW water solubility; PS vapour pressure; logKow octanol-water partition coefficient in logarithmic units.
PAHs

Abbr.

3. RESULTS AND DISCUSSION
3.1. Model validation and modification

The model reliability for soil and water predictions
was validated using measurements performed on samples
collected in the study area. No measurements of PAH
concentrations in air or sediment were performed; instead,
these values were obtained from literature reports describing the neighbouring area [14] and the study area [15].
The modeled PAH concentrations represented the average
level over the entire study area, while the measured values
were obtained at specific sites. Therefore, the comparison
must be taken as a rough indication in terms of order of
magnitude, and deviations of the modeled values from the
measured values of less than 1 logarithmic unit can be
considered as “good agreement” [16].
The average residuals between the measured and
simulated PAH concentrations using a sediment depth of
0.05 m were 0.40 logarithmic units for air, 1.02 for water,
1.15 for soil, and 1.33 for sediment. The air, water, and
soil validation results indicated good agreement, but the
average residual in sediment was unacceptable. This may
be explained by the uncertainties in the model, including
the uncertainty in the input parameters and uncertainty in
the model structure due to inaccurate model information
or mathematical expressions [17]. In this study, the concentrations of the 16 PAHs in sediment were all higher
than the values in the literature. This may be due to the
model assuming a sediment depth of 0.05 m, while previous work reported a 1-m depth in wetland sediment [15].
The value of 0.05 m represents the typical mass exchange
layer existing between surface sediment and water. However, water in this oilfield is mainly present in swamps in
which the sediment is relatively permeable to water, resulting in a deeper mass exchange layer. Therefore, the
sediment depth was changed to 1 m.

The model was reapplied using the modified sediment depth, and the measured and simulated concentrations were again compared. The new average residuals
were 0.45 logarithmic units for air, 0.70 for water, 0.74
for soil, and 0.79 for sediment, indicating better agreement (Fig. 2). The continued overestimation of values in
sediment may be because the degradation rate in sediment
was obtained from the literature and not from experimental measurements in the area of interest [18].
3.2. Dynamic changes of 16 PAHs concentrations

Temporal trends in the total concentrations of the 16
PAHs in air (g/m3), water (µg/L), soil (ng/g), and sediment (ng/g) from 1976-2015 are depicted in Fig. 3. The
concentrations decreased from the 1976 values because of
the degradation in the environment and air/water advection outflow from the study area. A relatively steady state
was reached around 1986. PAH concentrations were reduced by 83.57% compared to 1976 values in air, 54.32%
in water, 98.98% in soil, and 88.97% in sediment by
2011, with further reductions of 91.37, 54.31, 98.98, and
89.29% predicted by 2015.
PAHs in air represent a relatively steady state accompanied by an overall decreasing trend from 1976 to 2015.
The decrease could be caused by changes in the amount
of petroleum processed, or changes in transport pathways.
The concentration in water increased over the first year
and then declined with fluctuations over the remaining
period. This is consistent with previous long-term studies
of NAP and BaP concentrations in water. These two compounds represent PAHs of relatively high and low volatility. The fluctuations could be explained by wet deposition
of particle-bound PAHs during precipitation events [19].
The soil PAH concentration peaked in 1976, then decreased annually primarily because of degradation and
dissipation into air. The most abundant compounds were

991

© by PSP Volume 21 – No 4a. 2012

Fresenius Environmental Bulletin

7
6

Concentrations in logarithmic unit

Concentrations in logarithmic unit

-3.5

-4.0

-4.5

-5.0

-5.5

-6.0

5
4
3
2
1
0
-1
-2
-3
NAP ANYANA FLU PHE ANT FLT PYR BaA CHR BbF BkF BaP IPY DBA BPE

NAPANYANAFLU PHE ANT FLT PYR BaA CHR BbF BkF BaP IPY DBABPE

Measured

Modeled

Measured

Air

8

Modeled

Water

5

Concentrations in logarithmic unit

4

2

0

Measured

Modeled

3

2

1

0

-1

NAP ANYANA FLU PHE ANT FLT PYR BaA CHR BbF BkF BaP IPY DBA BPE

NAP ANYANA FLU PHE ANT FLT PYR BaA CHR BbF BkF BaP IPY DBA BPE

Soil

Measured

Modeled

FIGURE 2 - Validation of modeled 16 PAH concentrations in four bulk compartments.
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FIGURE 3 - Temporal trends of ∑16 PAHs concentrations in various compartments from 1976 to 2015.
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ANT, NAP, and PHE. The concentration profiles of the
last two compounds were consistent with PAH measurements performed near Moscow [20]. The sediment PAH
concentration decreased significantly during the first ten
years, and then gradually decreased to a steady state after
1986. The decline in concentration could be partially attributed to degradation in sediment, which was greater than
the transfer from water.
Correlation analyses of PAH concentrations between
air, water, soil, and sediment from 1976 to 2015 are summarized in Table 3. The results reveal the potential relationship between pairs of compartments, and suggest significant correlations between air and soil and water and
sediment, which may be the result of extensive mass exchanges between these pairs. Air/soil transfer was identified as the most relevant environmental process in a previous simulation. The evident correlation between PAH concentrations in water and sediment could be explained by
the fact that water is the sole compartment in contact with
sediment. Since there is no direct source emission into
sediment, the PAHs in sediment must come from water
through deposition.
The time required to reach steady state within each
compartment varied considerably. PAH concentrations
reached steady state most quickly in air because of high
mobility and relatively fast degradation. The levels of PAHs
in soil and sediment changed slowly, due to their slow response time (large fugacity capacity and slow evaporation
and degradation). The time required in water was intermediate between air and soil. This dynamic simulation result
is similar to a study of HCHs from 1952-2010 [8].
3.3. Transfer and distribution

The transfer and distribution of PAHs were evaluated
using data for 2011, since there were no significant interyear differences for these parameters. Source emission in
soil (96.40%) and advection inflow in air (3.56%) were
identified as the leading PAH inputs in this oilfield, while
degradation in soil (88.06%) and air (6.48%) and advection outflows in air (4.64%) were the major outputs (Figs.
4 (a) and (b)). The transfer fluxes for PAHs between adjacent compartments are depicted in Fig. 4 (c). The dominant transfer processes in the study area were volatilization and wind re-suspension from soil to air (71.13%),
surface runoff from soil to water (12.28%), and dry/wet
deposition from air to soil (9.75%). The transfer between
air and soil (80.88%) was consistent with the results of

correlation analyses of dynamic concentrations in air and
soil, and indicates that there is a significant mass exchange between these compartments.
The maximum amount of PAHs in the environment
was 396,507.79 tons in 1976, and by 2011 only 4,764.61
tons remained after the system reached a steady state. Soil
was the dominant sink, accounting for 98.30% of environmental PAHs in 1976 and 83.26% in 2011, which is in
accordance with previous studies of the transfer and fate
of PAHs in China [19, 21]. The PAH fractions in air,
water, and sediment were 32.12%, 1.20%, and 2.50% of
the total amount in 1976 but 2.93%, 0.81%, and 13.00%
in 2011.
The PAH composition with respect to ring size in the
four compartments was also investigated (Fig. 5). Molecules containing more than four rings accounted for
98.82% of airborne PAHs. Researches into the spatial and
temporal distribution of PAHs in the environment have
mainly concentrated on water and sediment. PAHs present in water were primarily two- and three-ring compounds (62.57%) due to their high aqueous solubility. The
composition pattern of PAHs in sediments accounted for
68.43% of the sedimentary PAHs in this study. Three-ring
PAHs predominated in soil, accounting for 32.20%. Variation in abundance with respect to ring structure is expected due to the fact that water and soil receive direct
PAH inputs from various sources, and only those PAHs
with high molecular mass easily undergo sorption in sediment. These compounds are also more resistant to degradation.
The following management suggestions are based on
an analysis of the simulation results: (1) Transformation
from “controlling end” to “controlling source” must occur
in the management of petroleum pollution. More effective
measures must be taken to prevent and control the emission of spilled oil into soil, including reducing oil leaks,
reducing the risk of spills, and improving recovery of
ground crude oil. (2) The treatment of oil-polluted soil
should be improved to increase the degradation efficiency
and shorten the degradation time of soil-borne PAHs, such
as biodegradation [22, 23]. (3) Controlling transfer processes between adjacent environmental compartments should be
improved, and transfer of PAHs from oily soil into water
and air through surface runoff, infiltration, and volatilization must be prevented.

TABLE 3 - Correlations analysis of ∑16 PAHs concentrations between different compartments
Air

Water

Soil

Air

1.000

Water

0.252

1.000

Soil

0.968

0.409

1.000

Sediment

0.454

0.772

0.585
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Sediment

1.000
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3.56%

0.02% 0.00%
0.02%

(a)

96.40%

emission in air

emission in water

advection inflows in air

advection inflows in water

0.12%

emission in soil

4.64% 0.16%

0.08%
6.48%
0.45%

(b)

88.06%

advection outflows from air
advection outflows from sediment
degradation in water
degradation in sediment

advection outflows from water
degradation in air
degradation in soil

0.05%

0.07%

12.28%

9.75%
4.76%
1.96%

(c)

71.13%

from air to water

from air to soil

from water to air

from water to sediment

from soil to air

from soil to water

from sediment to water

FIGURE 4 - Proportion of various inputs (a), outputs (b), and transfer process (c) of ∑16 PAHs in 2011.
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FIGURE 5 - Composition pattern of 16 PAHs by ring size for the four bulk compartments in 2011.

3.4. Sensitivity analysis

The model results are strongly influenced by the reliability of parameter values and the model itself, and systematic error cannot be avoided. Sensitivity analysis and
model validation are important means for evaluating multicompartment fugacity models, and a mathematical model
was used to determine the relative contribution of each
input parameter to the model result. The sensitivity coefficient (SC) is defined as the ratio of the relative variation of
the estimated concentration to that of the input parameter:

SC i =

ΔYi Yi
ΔX i X i

(1)

where SCi represents the sensitivity coefficient of input parameter i and Xi and Yi represent input parameter i
and the corresponding estimated concentration [8].

SCi values for input parameters in 2011 (steady-state)
exceeding 1.0 are depicted in Fig. 6. The logKow, Aa, and
ka (the reaction half-life in air) are the most sensitive input
parameters for predicting PAH concentrations. The sensitivity of logKow is sharply higher than the other two parameters, which is in accordance with research simulating
DDT concentrations using a level IV fugacity model [24].
LogKow is used for predicting the distribution among
environmental compartments [25], and is an expression of
the hydrophobicity of a molecule obtained by measurement of the equilibrium concentration ratio of a compound
between octanol and water. The value is a predictor of the
potential for partitioning into soil organic matter, with a
high logKow indicating a compound will preferentially
partition into soil rather than water [26]. This is essential
for understanding transport mechanisms and distribution
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FIGURE 6 - Sensitivity coefficient of input parameters in various compartments.
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of compounds in the environment, for instance, processes
involving deposition of pollutants into water [27]. Soil
contamination by PAHs takes place mainly through atmospheric deposition as well as dumping of wastewater
and waste sludge. Transport of these compounds occurs
by diffusion. Consequently, soil permanence is very much
related to the water solubility of each compound, and
logKow is, therefore, one of the most significant parameters in simulating transfer and distribution of PAHs.
CONCLUSIONS
Dynamic multimedia behaviours of 16 PAHs in air,
water, soil, and sediment between 1976 and 2015 in a
Chinese oilfield were investigated using a level IV fugacity model. The PAH concentrations declined over the
study period. The leading input (source emission in soil),
output (degradation in soil), and major transfer process
(from soil to air) were verified based on transfer flux calculations. Soil was the dominant sink for PAHs. The composition pattern based on ring size indicated that compounds
with greater than four rings predominated in air, two- to
three-ring compounds were most prevalent in water, threering compounds were most common in soil, and three- to
four-ring PAHs were the most abundant in sediment. Sensitivity analysis revealed that logKow values were the most
sensitive input parameters for adjusting uncertainties of
16 PAH concentrations in multimedia environments.
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ABSTRACT
Coastal systems are sensitive to eutrophication and
organic matter (OM) produced in such systems influences
the fate and distribution of other microconstituents and
pollutants. The Boka Kotorska Bay is a jeopardized karstic area due to anthropogenic pressures. The concentrations of dissolved organic carbon (DOC) increase from
spring to autumn months, with the values ranging from
0.64 to 1.43 mg C L-1. Particulate organic carbon (POC)
represents a significant portion of OM, up to 43% of total
organic carbon (TOC). The concentrations of surface
active substances are typical of coastal seawater, ranging
from 0.026 to 0.311 mgL-1 equiv. Triton-X-100, with an
increase in the spring/summer months. The normalized
surfactant activity values were significantly higher than in
other parts of the Adriatic. The presence of organic ligands
and particles contribute to the copper complexing capacity
values which are in general higher (up to 714 nmolL-1)
compared to those found in other coastal areas. Even
though preconditions were documented for the inner part
of Kotor Bay i.e. elevated nutrient concentrations that
lead to high biological production within the system and
hence the accumulation of reactive organic matter in spring/
summer months, our integrated chemical-biological
approach showed that no eutrophic episodes were detected in the period 2008/2009.
KEYWORDS: DOC, POC, surface active substances, copper
complexation, seasonal distribution, southern Adriatic Sea, karstic
Boka Kotorska Bay

1. INTRODUCTION
Organic matter plays an important role in biogeochemical cycles by influencing the fate and distribution of
* Corresponding author

other microconstituents and pollutants, both inorganic and
organic ones, in the bulk water as well as at natural phase
boundaries. There are different sources of organic carbon,
either autochthonous such as the fixation by primary producers within the system, plant and animal excretions,
bacterial degradation, autolysis of dead organisms, or allochthonous, which implies an input of organic matter from
outside the system, e.g. from rivers, waste waters or the
atmosphere. DOC and POC concentrations and their evaluation are considered key parameters in the description of
natural water systems.
A large part of aquatic organic matter exhibit the property of surfactant activity and are named surface-active substances (SAS). SAS accumulate at different phase boundaries (air/water; water/sediment; water/living or non living
suspended particles) influencing the structure and physico-chemical properties of these interfaces and mediating
the processes of mass and energy transfer [1]. Surfactant
activity of different classes of organic substances representative for organic matter present in natural waters
have been widely investigated by using electrochemical
methods [2-6]. Clear evidence of surfactant production by
marine phytoplankton based on laboratory and field
experiments is also available [7-9]. Due to the specific
reactivity of SAS at natural phase boundaries, their distribution and fate in the sea could be different, compared to
those of organic matter pool values, i.e. dissolved organic
carbon (DOC) [10]. A combination of collective parameters (DOC and POC) and SAS provides information about
both, the content and the reactivity of organic matter in a
particular aquatic system.
Speciation studies have shown that metal affinity for
different ligands constitutes an important factor influencing metal distribution in the environment [11]. Metal complexation by inorganic ligands in water (oceans, estuaries,
freshwater) is well studied whereas less is known about
organic ligands. With the development of a number of
sensitive and selective metal speciation techniques metalorganic interactions have been studied as well [12-15].
Copper is the most studied metal [16, 17]. Its complexa-
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tion to organic ligands in all aquatic systems, with exception of deep ocean water, is >99% [16]. Complexation of
metal ions with organic ligands reduces metal ion toxicity
[17].
During the last few decades many biological, but few
chemical studies have been conducted in Boka Kotorska
Bay, focusing mainly on the basic chemical parameters.
Due to significant antropogenic exposure of Boka Kotorska Bay which is increasingly felt in the inner part of
the Bay in the last decade, we have conducted an extensive analysis of basic and more specific organic chemical
parameters that are important for eutrophic areas.
The scope of our research was to investigate the content, seasonal and spatial distributions and physico-chemical
properties of organic matter in relation to nutrients, chlorophyll a and hydrography in the area of the Kotor Bay
(southern Adriatic Sea, Montenegro). The Kotor Bay is a
representative of closed karstic bay of a temperate sea,
influenced at the same time by sea bottom input of freshwater called «vruljas» and by strong anthropogenic pressures. The Boka Kotorska Bay (Fig. 1) is characterized by
complex hydrogeological relations that enable formation
of a specific transitional zone between fresh and saline
waters [18]. Crucial characteristics of the studied area are
considerable precipitation events as well as numerous
vruljas in the sea bottom [18-20] that create constant inflow
of freshwater. Slow circulation of seawater is another very
important characteristic of this area [20]. Surrounding
mountains shelter this very closed bay from the wind influence. The plankton species (Chaetoceros affinis,
Guinardia flaccida, Pseudonitzschia spp., Thalassionema nitzschioides), known as eutrophication indicators,
were found dominant in the course of summer months
[21,22]. Recent research conducted in the inner part of the
Bay (Kotor Bay) has shown that the phytoplankton biomass ranged between < 1 to > 4 µgL-1 expressed as chlorophyll a (Chl a), reaching maximum values in the late
winter and spring period. On the basis of Chl a and nutrient concentrations, the study area can be defined as oligomeso-trophic [23].

historical region of Kotor, a World Heritage Site, from the
rest of the Bay. Its hydrology is a karst type system with
submerged sources of freshwater. Water area in the Bay is
87 km2, with the maximum depth of 60 m and average
depth of 27.3 m. At its widest point the Bay is 7 km wide
and at the narrowest point 0.3 km wide. The climate is of
the Mediterranean type with a peculiarity of littoral Dinarids precipitation regime. Mt. Orjen receives the Europe's
highest amount of precipitation [19].

Our research was performed during the period of one
year (2008-2009) in spring, summer, autumn and winter,
which provided an insight into the yearly cycle of organic
matter. Comparison is made with other sites in the Adriatic Sea.

Samples for the determination of DOC, POC and
SAS were collected directly with Niskin samplers in precleaned dark glass bottles (1.3 L). Filtration of samples
was performed immediately after sampling with precombusted glass fiber filters (Whatman, GF/F, 0.7 µm) in allglass filter holder. Samples for the copper complexing capacity (CuCC) determination were collected in precleaned
FEP bottles (0.5 L) and measured without filtration.

2. MATERIALS AND METHODS
2.1. The area of investigation

The Boka Kotorska Bay (Fig. 1) is situated in Montenegro and is a winding bay of the Adriatic Sea. The Bay,
sometimes called Europe's southernmost fjord, is in fact a
submerged river canyon of the Bokelj River, which used
to run from the plateaus of Mt. Orjen (1894 m) [19]. The
Verige strait is the narrowest section of the Bay, separating the inner Bay which belongs to the natural and culturo

FIGURE 1 - Study area and the sampling stations
2.2. Sampling

Sampling was carried out seasonally in April (04), July (07) and November (11) 2008, and in March (03) 2009,
at three stations in the inner part of the Boka Kotorska Bay
(stations BK1, BK2, BK3), (Fig. 1). Samples were collected from a small ship at five depths at station BK1 (surface, 2 m, 5 m, 10 m, and 15 m depths) and at seven depths
at BK2 and BK3 stations (surface, 2 m, 5 m, 10 m, 15 m,
20 m, and 25m depths). In May 2008 sea water samples were
taken at four additional stations (1, 2, 2a, and 3), (Fig. 1) for
comparison with the stations BK1, BK2 and BK3.

Salinity and temperature were determined by using a
Sea-Bird SBE19plusV2 CTD probe. Chl a was determined as absorbance with a Perkin-Elmer UV/VIS spectrophotometer and calculated according to Jeffrey et al.
[24]. Nutrients were analyzed by standard method [25].
2.3. DOC and POC determination

Filtered samples for DOC analysis were collected in
triplicates in the precleaned glass vials. The samples for
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DOC were preserved with mercury chloride (10 mgL-1)
and stored at +4 oC in the dark until analysis. GF/F filters
were rinsed with several mL of Milli-Q water to remove
salts and stored on board at -80 oC for POC analysis.
DOC concentrations were analyzed in duplicates using
the sensitive high-temperature catalytic oxidation (HTCO)
technique [26]. A TOC-VCPH (Shimadzu) with platinum
silica catalyst and nondispersive infrared (NDIR) detector
for CO2 measurements was used. The concentration of each
sample was calculated as an average of three to five replicates. The average instrument blank and Milli-Q blank
correspond to 0.03 mg C L-1 (n=32) and the reproducibility was high (1.6%).
POC was analyzed with a solid sample module SSM5000A associated with a Shimadzu TOC-VCPH carbon
analyzer. POC concentrations were corrected on the basis
of blank filter measurements. The average filter blank including instrument blank corresponds to 0.005 mg C L-1.
The reproducibility obtained for the glucose standard was
high (3%).
2.4. SAS determination

Surface active substances were analyzed electrochemically by a.c. voltammetry [3] using a PalmSens portable
instrument (Palm Instruments BV, Netherlands). Threeelectrode system was used: hanging mercury drop electrode (HMDE, drop surface area 0.6 mm2) as a working
electrode, Ag/AgCl (3M KCl) as the reference electrode,
and platinum electrode as the counter electrode. The deposition potential of -0.6V vs. Ag/AgCl reference electrode
and the deposition time of 30 s, were applied. Surfactant
activity was expressed in terms of surfactant equivalents
of the non-ionic surface active substance Triton-X-100
(MW=600 mgL-1) with the detection limit of 0.02 mgL-1
and reproducibility of 5%.
Surface active substances were determined in nonfiltered samples (SAST, total i.e. dissolved and particulate)
and in filtered samples (SASdiss, dissolved) immediately
after sampling. Normalized surfactant activity (NSA) values were calculated by dividing the concentration of SAS
in mgL-1 as the equivalent of Triton-X-100 with the content of organic carbon in mgL-1.
2.5. Copper complexing capacity (CuCC) measurements

The experiments were performed with electrochemical system consisting of a 663 VA-Stand (Metrohm, Herisau, Switzerland), IME663 module and a computer controlled voltammeter (EcoChemie, Utrecht, The Netherlands). The working electrode was a static mercury drop
electrode (SMDE, drop surface area 0.54 mm2). The reference electrode was a double-junction Ag/AgCl (3 M KCl)
electrode, and the counter electrode was a glassy carbon
rod. The solutions were stirred with a rotating teflon rod
(stirring rate = 3000 rpm). The potential of deposition was
-0.6 V vs. Ag/AgCl reference electrode with the deposition time of 60 s. The reproducibility of the method is

±2x10-9 M Cu2+, from which the detection limit equal to
6x10-9 M Cu2+ can be calculated. Determination was performed by the direct titration method of the sample with
increasing the amount of copper ions, and their response
was measured by the method of differential pulse anodic
stripping voltammetry (DPASV) [27]. To obtain complexing capacity values and the conditional stability constant,
titration data were linearly transformed assuming 1:1 metal
to ligand complexes. The equation used for calculation is:
[Cu]/[CuL] = [Cu]/CuCC + 1/KCuCC, where Cu is the
copper ion detected by anodic stripping voltammetry, CuL
is the copper ion bound in a complex with ligand L, CuCC
is the total concentration of binding ligands (i.e. complexing capacity) and K is the apparent stability constant. [Cu]
and [CuL] are calculated from the titration data, where
[Cu] = Ip/S and [CuL] = [CuT] − [Cu]. In these equations,
Ip is the height of DPASV detected copper peak, S is the
sensitivity of the DPASV method to labile copper, which
corresponds to the slope of the linear portion of the titration graph after all complexing sites have been saturated
with copper ions, [Cu T] is the concentration of copper
ions added + copper ions originally present in the sample.
The plot of [Cu]/[CuL] vs. [Cu] yields a straight line with a
slope of 1/CuCC and the intercept 1/KCuCC [12, 27, 28].
3. RESULTS AND DISCUSSION
3.1. Salinity, temperature and chlorophyll a

At BK1 station annual distributions of salinity (Fig.
2a), temperature (Fig. 2c) and chlorophyll a (Fig. 2d)
were followed from 02/2008 to 03/2009.
Measurements for the station BK1 showed significant
variability of salinity which ranged from 2.3 to 36.5 (Fig.
2a). Salinity fluctuations were mostly pronounced in the
upper water layer (0 m and 2 m depth), with the lowest
values found in the spring of 2008 (2.3 - 14) and the highest values in the autumn of 2008 (6.8 – 34.6). In deeper
layers salinity values were more uniform (at the bottom
they ranged from 28.4 to 36.5).
Daily precipitation regime in the inner part of the Kotor Bay is shown in Fig. 2b. Seasonal oscillations are evident, with high amount of precipitation in spring and yet
higher amount in autumn and winter periods. During October and at the very beginning of November low salinity
values were observed at BK1 station but no correlation
was found with daily precipitation regime (Fig. 2b). It is
evident that low salinity is not only the consequence of
high local precipitation but also the consequence of many
vruljas due to a typical karstic regime of groundwater
outflow with extremely high capacity oscillations [18,20].
Annual variations in seawater temperature for station
BK1 are illustrated in Fig. 2c. They were in the range
between 8.6 and 28.2 °C, with the maximum temperature
measured in the middle of July 2008 and the minimum
temperature in January 2009 (Fig. 2c).
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FIGURE 2 - Temporal variations of (a) salinity, (b) daily precipitation regime, (c) temperature and (d) chl a at BK1 during the period
02/2008 – 03/2009 (dash lines represent seasonal samplings when all parameters were analyzed at BK2 and BK3 as well)

Annual distribution of chlorophyll a was in the range
from 0.12 to 11.13 µgL-1. Several maxima are visible in
the surface layer of station BK1, with the highest value
observed in February 2009 at 2m depth. In general, chl a
values were increased in the surface layer from the beginning of April until middle November in comparison with
the rest of the water column, while during the winter of
2008 maximum chl a values were observed in the bottom
layer (Fig. 2d).
3.2. Nutrients

Dissolved inorganic and organic nitrogen (DIN and
DON) as well as phosphorus (DIP and DOP) were meas-

ured seasonally for all three stations in the surface layer
(0-2m) and in the deeper layer (10-20m). Average values
for the three stations for DIP and DOP and DIN and DON
in the upper (0m) and in the deeper layer (15m) are presented in Fig. 3. Both nitrogen and phosphorus concentrations, were higher at the surface when compared to the
concentrations in the deeper layer.
The highest DOP/DIP ratios calculated as average of
three stations were 3.7 in 07/2008 at the surface and 2.9 in
11/2008 in the deeper layer. DON/DIN ratio calculated as
average for three stations was the highest in 07/2008 at the
surface (4.5) and in 11/2008 in the deeper layer (4.2). In the
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deeper layer the variability of DIN and DON was not so
pronounced as it was at the surface (Fig. 3a and 3b).
The inner part of the Boka Kotorska Bay can be classified as a polyhaline shallow coastal area, with decreased
salinity values observed throughout the year (down to 5.2)
showing that this area is under constant freshwater inflow
which maintained the supply of nutrients. Differences were
observed between freshwater influence according to the
freshwater sources in various seasons. In 04/2008 and
03/2009 snow melting is assumed to be a very important
source of freshwater, while in 11/2008 precipitation is the
dominant source. In 07/2008 vruljas are contributing the
most to the freshwater input. At the surface, DON/DIN
and DOP/DIP ratios were the highest in 07/2008 (4.5 and
3.7, respectively) when freshwater input of inorganic
nitrogen and phosphorus were low, indicating their fast
transformation to organic nitrogen and phosphorus occurring in the water column due to high biological activity.
The Mediterranean primary production is phosphorus
limited [29, 30] and limited availability of this nutrient
leads to its full incorporation in the freshly produced OM.
Krivokapić [31] reports the concentrations of dissolved inorganic nitrogen (NO3-) in the inner part of the
Boka Kotorska Bay to be in the range from 2.42 to 102.74
µmolL-1, which is higher compared to the data obtained in
this study (0.07 – 13.10 µmolL -1). Dissolved inorganic

16

DIN

14

DON

0m

phosphorus in the inner part of the Boka Kotorska Bay
was reported to be in the range from 0.43 to 16.52 µmolL-1
[31].
Here we may compare nutrient levels in the inner part
of the Boka Kotorska Bay with two other systems in the
Adriatic Sea which are influenced by freshwater input,
namely the Krka River estuary in the middle Adriatic Sea
and the surface layer of the selected station SJ108 in the
northern Adriatic Sea region, which is under the influence
of the Po River discharges.
In Krka River estuary NO3- values were up to 59.2
µmolL-1, with an average of 17.8 µmolL-1 [29], similar to
the northern Adriatic Sea (0.92-16.35 µmolL-1) (Djakovac
- unpublished data, long-term from 1972 to 2010 average
for northern Adriatic Sea station SJ108).
In Krka River estuary PO43- concentrations up to 1.73
µmolL-1 with an average of 0.22 µmolL-1 were reported
[29], while in the northern Adriatic Sea PO43- was in the
range from 0.09 to 0.29 µmolL-1 (Djakovac – unpublished
data, long-term from 1972 to 2010 average for northern
Adriatic Sea station SJ108).
According to the TRIX index [30] nutrients data obtained in our study are in the range for mesotrophic levels,
some values even pointing to eutrophic levels regarding
both DIN and DIP.
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3.3. Primary production characteristics

Elevated nutrient concentrations in the surface layer
of the inner part of the Boka Kotorska Bay favor phytoplankton growth in all seasons, especially in 04/2008
when phytoplankton abundance was up to 3.1x106 cell L-1
[32]. An exception was found in autumn 2008, when very
low phytoplankton abundances were observed (down to
1.1x104 cell L-1), possibly due to zooplankton grazing [33],
which was supported by significantly higher pheophytin
concentrations found in the water column in 11/2008.
Phytoplankton was observed to be dominated by microphytoplankton (64 – 88%), namely diatoms (up to
2.9x106 cell L-1) in 04/2008 and 03/2009 at all investigated stations, whereas in 07/2008 picophytoplankton, i.e.
cyanobacteria (up to 2.97x106 cell L-1) were found to be
dominant (63 to 84%) [32]. According to the available
literature sources, oxygen saturation was in the range
from 62 to 149% [31], indicating that this area is seldom
exposed to hypoxia; however the determined values are
often increased in the upper layer, exceeding 100% saturation, which indicates this area as a potential candidate
for eutrophic episodes.
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DOC values in the inner part of the Boka Kotorska
Bay ranged from 0.64 to 1.43 mg C L-1. The lowest values
were detected in April 2008 at all stations (0.64 – 0.94 mg
C L-1), while summer (07/2008) was characterized by the
highest DOC values at all stations (0.90 – 1.43 mg C L-1)
Average values for three stations and for three different
depths (upper 0m and 5m and the bottom layer) are given
in Fig. 4a. Along the vertical profile specific distribution
of DOC values was observed. In 04/2008 and 03/2009
lower DOC values were obtained at the surface compared
to those in the deeper water layer. In 11/2008 the opposite
was found, i.e. higher DOC concentrations were measured
at the surface and lower values in deeper layer. Accumulation of DOC, expressed as average DOC values, was
observed throughout the water column at all stations from
April until July 2008 (Fig. 4a.), with the most pronounced
increase in the upper 5 m of the water column. When
correlating DOC to the salinity values, two different situations were observed. In upper water layer DOC is positively correlated to the salinity (P<0.0001, R=0.548, n= 12)
(Fig. 5a), while on the contrary for deeper layers the correlation does not exist (Fig. 5b).
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TABLE 1 - Average DOC, POC and SAS parameters per station (all stations, all depths)
Average DOC (mg C L-1)
Average POC (mg C L-1)
Average SAST (mgL-1 eq. T-X-100)
Average SASdiss (mgL-1 eq. T-X-100)

BK1
0.93
0.167
0.135
0.112

BK2
0.97
0.131
0.115
0.090

Particulate organic carbon values were in the range
from 0.041 to 0.475 mg C L-1. The minimum POC value
was obtained at BK2 station in bottom layer in 07/2008,
and the maximum value at BK2 station in surface layer in
04/2008. In all seasons higher POC values were observed
for the surface compared to the bottom layer (Fig. 4b).
POC values were compared on the basis of an average calculated per sampling – a decreasing trend was
observed from April to July 2008 (39.1%), which was
followed by almost constant average POC values obtained
in the two remaining sampling periods (11/2008 and
03/2009), (Fig. 4b).
Spatial distribution was followed as the average of all
values obtained per parameter (Table 1).
Freshwater entering the inner part of the Boka Kotorska Bay is rich in nutrients but not in organic matter.
This is clearly visible from Fig. 5a, which shows positive
correlation of DOC and salinity – in the upper, brackish
layer, the lower the salinity, the lower is the DOC content.
This is also observed from the DOC values in 04/2008
when DOC was found to be down to 19.7% lower at the
surface when compared to the bottom, and the salinity
values at surface were extremely low (down to 5.2).
Accumulation of organic matter starts in spring and
lasts until autumn (about 20% in average) throughout the
water column at all stations, with accumulation first visible in the surface layer (in 07/2008). DOC remains increased until 11/2008, with the concentrations becoming

BK3
0.93
0.096
0.111
0.093

uniform throughout the water column. This implies that
the accumulation of organic matter, visible through the
increase in DOC in this area from spring until the summer
2008 (Fig. 4a) is most likely the consequence of biological processes, i.e. phytoplankton blooms induced by input
of nutrients. If we compare inner part of the Bay to the
rest of the Boka Kotorska Bay it is clearly visible from
Fig. 6 that DOC content is the highest in the inner part of
the Boka Kotorska Bay and that the vertical distribution is
a much more uniform when compared to the rest of the
Boka Kotorska Bay. POC was also significantly higher in
the inner part of the Boka Kotorska Bay, with lower values found for deeper parts of the water column (Fig. 6b).
This indicates that inner part of the Bay is characterized
by higher organic matter accumulation throughout the
water column in comparison with the rest of the bay. Longterm investigations (1984 – 1993) in the northern Adriatic
Sea showed that DOC concentrations are in the range
from 1.13 to 3.06 mg C L-1 [35]. The seasonal variations
in DOC concentrations in the northern Adriatic are significant, doubling the value in summer with respect to the
winter period [35]. In comparison with the Boka Kotorska
Bay, DOC content is higher in the northern Adriatic Sea
which is in accordance with the reported eutrophication
problems in the northern Adriatic Sea [36].
The portion of the particulate in the total organic carbon in the inner part of the Boka Kotorska Bay was found
to be in the range from 4 to 43%, with the highest percent
of POC found in 04/2008 at all stations.
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POC concentrations measured during this study are typical for coastal waters of the Adriatic Sea [35]. They are
lower than the values obtained for the Krka River estuary
by Svensen et al. [37] but higher than the values reported
by Sempéré and Cauwet [38].

A decreasing trend of the surfactant activity along the
water column from the surface towards the bottom was
observed for all stations. Seasonal variations of SAS were
followed as the average of values obtained per sampling
in the upper (0 and 5m depth) and bottom layers at BK1,
BK2 and BK3 stations, as presented in Fig. 4c and 4d.

3.5. Surface active substances (SAS)

During the whole period of investigation total SAS
(SAST) showed significant fluctuations ranging from 0.026
to 0.311 mgL-1, while dissolved SAS (SASdiss) ranged from
0.023 to 0.244 mgL-1 equiv. Triton-X-100.

Average of all SAS values obtained for three stations
showed higher values for BK1 station while no significant
differences were observed between the stations BK2 and
BK3 (Table 1).
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Production of fresh, very reactive organic material
exhibiting surface active properties is evident to occur in
04/2008 (Fig. 4c). In 04/2008, DOC was still rather low
(Fig. 4a). Biological activity remained high throughout
the summer, accompanied with a DOC accumulation. A
decrease in SAST is not visible before 11/2008, with DOC
remaining increased. Depletion of both SAST and DOC is
visible in 03/2009, a period just before the beginning of
another cycle of organic matter accumulation. Surface active
substances represent a reactive part of organic matter which
is in close relation with biological activity in the area.
These substances are subjected to adsorption/desorption
processes at natural phase boundaries which affect their
fate and distribution in the aquatic environment. Production of fresh reactive surface active material during spring
phytoplankton activity is evident while the organic matter
pool is poor at the beginning of biological production
period.
Surfactant activity values obtained in the inner part of
the Boka Kotorska Bay differ from those obtained in the
northern Adriatic Sea and in the Krka River estuary [34,
38], all of which are the systems under the influence of
freshwater (Fig. 7a). DOC values as well as SASdiss values
are the lowest for the Krka River estuary (33% DOC < 1
mgL-1 and 100% SASdiss < 0.1 mgL-1). In the northern
Adriatic Sea, both, DOC and SASdiss, were higher (only
11% DOC < 1 mgL-1, and 32 % SASdiss < 0.1 mgL-1). In
the inner part of the Boka Kotorska Bay the SASdiss values were higher than in the Krka River estuary and in the
northern Adriatic Sea, while DOC values were lower (50 %
DOC < 1 mgL-1 and 33% SAS diss> 0.2 mgL-1). Increased
SAS values obtained in the inner part of the Boka Kotorska
Bay are believed to be the consequence of the presence of
the eurihaline organisms which might be producing reactive organic matter, i.e. SAS in brackish water. However, in
the other parts of the Adriatic, this is not so pronounced.
Surface active properties of organic matter in different marine and estuarine systems were characterized by the
normalized surfactant activity, NSA (NSA= [SAS (equiv.
Triton-X-100) / DOC]). Comparison can be made with
model SAS, such as fulvic acid (NSA = 0.17) and polysaccharides dextrane T-500 (NSA = 0.20) and xanthan

(NSA = 0.04) as representatives of naturally occurring organic substances [4]. As presented in Fig. 7b., 66.7% NSA
values obtained for the inner part of the Boka Kotorska
Bay are higher than 0.12 in comparison with the Krka
River estuary and northern Adriatic Sea, where NSA
values were predominantly in the range from 0.04 to 0.12,
indicating that surfactant activity is higher in the inner
part of the Boka Kotorska Bay and that organic matter
present in the Bay is more adsorbable and therefore more
reactive.
3.5. Copper complexing capacity (CuCC)

CuCC values were higher for the surface samples and
lower for deeper layer samples (Table 2). Copper complexing capacity (CuCC) ranged from 53 – 714 nmolL-1,
with an average of 183 nmolL-1 in the surface layer (0 m
and 2 m depth), while in the bottom layer it was in the
range between 39 and 172 nmolL-1 with an average of 110
nmolL-1. The highest value was measured at BK3 station
surface layer in November 2008 (714 nmolL-1) and the lowest at BK2 station bottom layer in March 2009 (75 nmolL-1).
The Ružić-van den Berg method [12, 28] is suitable as it
calculates CuCC from the whole titration curve, even
when full saturation of the binding sites is not achieved.
When the inert complex is present in the solution, it does
not dissociate during the measurement (which in DPASV
depends on the chosen stirring rate), so only free copper
ions (and copper inorganic or organic complexes being
labile for the applied experimental condition) diffuse to
the electrode surface to form an amalgam. It is possible
that apparent complexing capacity can be reduced by adsorption of the organic ligand on the electrode surface
[39]. This would result from a different sensitivity for the
metal ion. In our case the adsorption of SAS did not influence the sensitivity very much and after 60s of accumulation we were able to evaluate the copper peak height.
Regarding different salinity values, due to the changed
amount of Cl- ions in some cases, in electrochemical anodic oxidation processes, we observed both stages of copper
oxidation processes from amalgam. By the titration of the
sample with increasing amount of copper ions either first
or second oxidation peak become stabilized and increased

TABLE 2 - Copper complexing capacity values and apparent stability constant measured in the inner part of the Boka Kotorska Bay in
2008/2009

station
BK1
BK1
BK1
BK2
BK2
BK2
BK3
BK3
BK3

Depth
(m)
0
2
15
0
2
25
0
2
25

04/2008
CuCC/
nmol L-1
169
143
357
270
91
232
173
149

log Kapp
7.1
6.9
6.7
7.2
7.4
7.2
7.2
7.0

07/2008
CuCC/
nmol L-1
147
167
118
109
73
96
149
112
54

log Kapp
7.0
7.1
6.7
7.5
8
-

1006

11/2008
CuCC/
nmol L-1
116
110
120
182
250
93
714
94
-

log Kapp
8.0
7.3
7.1
8.5
8.4
7.00
7.6
7.4
-

03/2009
CuCC/
nmol L-1
167
181
120
166
256
75
192
111

log Kapp
7.9
7.1
7.7
8.7
7.9
8.6
9.3
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with the further copper ion additions. Our chosen potentials for the accumulation of copper (-0.6 V) could have
lead to the underestimation of the complexing capacity, as
possibly some complexes could have been reduced, increasing the concentration of the labile metal ions. It must
be stressed that any measurements of complexing capacities are operationally defined and only valid for the chosen experimental conditions.
Determination of the apparent stability constants
could be rendered in some cases regarding the use of
linearization method by Ružić-van den Berg, because if as
the first addition too high concentration of copper ion is
added the curvature on the titration graph can not be evaluated precisely enough. The upper- part of the titration
curve is obtained from which only the CuCC could be
evaluated (in Table 2, samples for which there is no log
Kapp). Titration curves, i.e. their linearization plots indi-

cated 1:1 complexes, i.e. there was not data by which
were possible to prove the presence of multiple ligand
complexes. Apparent stability constants (log Kapp) were in
the range from 6.7 to 9.3, which are the values similar to
those from other parts of the Adriatic Sea [40, 41, 42] as
well as to the ones obtained for humic material and melanoidins [43]. In Fig. 8 the copper DPAS voltammograms
for UV-irradiated (pH=2) sample and sample at pH=8
(station BK3, 2m, July 2008) together with the titration
curve and Ružić-van den Berg plot are presented.
The results for CuCC in April 2008 were higher than
those recorded in other seasons, probably as the consequence of spring biological production (induced by
freshwater input of nutrients).
Statistically significant negative correlation was
obtained between CuCC and salinity (n=33, R=0.563,
P<0.0001) (Fig. 9a). This was found also for the Krka

FIGURE 8 - DPASV measurement of CuCC for sample BK3, 2m depth (July 2008): A) voltammograms of increased copper ion additions in
sample at natural pH (pH 8) and (inset) in acidified sample (pH 2); B) copper ion concentration added vs. copper ion concentration found,
inset: linearization of these titration curves according to the Ružić-van den Berg method.
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River estuary [40, 41]. Statistically significant positive
correlation (P<0.0001) with very low correlation coefficient was found between CuCC and POC (n=33, R=
0.229, P<0.0001) (Fig. 9b). No statistically significant
correlation was found between CuCC and DOC, pointing
to the importance of POC as significant ligand for copper
complexation.

Sports of the Republic of Croatia for funding the project
“Nature of the organic matter, interaction with traces and
surfaces in environment” (No. 098-0982934-2717). Grozdan Kušpilić is thanked for providing nutrient data.

CuCC values are typical for coastal systems in the
Adriatic Sea [41, 42] and the main contributor to the
complexing ligands in the Boka Kotorska Bay is autochthonous biological production. It is known that the particles in the case of Langmurian type of Cu ions adsorption
are treated as additional ligands for copper ion by this
method of calculation [12, 14, 28]. There is a high input
of metal ions to the Boka Kotorska Bay [44] and higher
amount of available ligands could exert a beneficial role
in the system as they buffer the toxicity of metal ions,
which is decreased in the case of their complexation by
the ligands [17].
4. CONCLUSIONS
The importance of characterizing and protecting the
karstic regions in the world cannot be emphasized strong
enough, given the increasing population density of humans
residing in these settings, and the ecosystems that rely on
karstic environments and karstic water to sustain life [45].
Even though preconditions were documented for the
inner part of Kotor Bay i.e. elevated nutrient concentrations that lead to high biological production within the
system and hence the accumulation of reactive organic
matter in spring/summer months our integrated chemicalbiological approach showed that no eutrophic episodes
were detected in the period 2008/2009. It seems that freshwater in the forms of vruljas, poor in dissolved organic
carbon, has the ability to purify the system. This is proved
by the statistically relevant positive correlation between
DOC and salinity in the upper layer. Due to high reactivity of organic matter present in this area (high SAST values), one could assume that organic matter could be removed from the water column fast enough (sticking to
particles/agglomerating, sinking to the sediment) to prevent major organic matter accumulation that might lead to
eutrophic episodes in this very delicate area.
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ABSTRACT
In this paper, the effect of phenol addition on Chemical Oxygen Demand (COD) and sulfate removal in an expanded granular sludge bed (EGSB) reactor was investigated. A bench-scale EGSB reactor with 8.5 L was tested
to treat the phenol-sulfate-containing wastewater (PSW).
The reactor has been operated continuously at 95 °F for
340 days. The objective of this study was to investigate the
inhibition effect of phenol on the COD and sulfate removal
by gradually increasing its concentration in the feed. Results indicated that anaerobic treatment of sulfate
wastewater is feasible with the addition of phenol. Sulfate
removal was 78%, with 84% COD removal at a phenol
degradation rate of 0.434 kg/(m3·day). The organic load
rate (OLR) of the reactor was 6.9 kg COD/(m3·day), and
hydraulic retention time (HRT) was 24 h at high phenol
concentration (550 mg/L). The results showed that the
EGSB reactor had a good performance in terms of COD,
sulfate and phenol removal. On the whole, the system
exhibited good stability in terms of operation. The results
presented in this paper supply a technically feasible way
for simultaneous removal of sulfate and phenol from
wastewater by EGSB.

KEYWORDS: EGSB; anaerobic digestion; mesophilic; sulfate
reduction; wastewater treatment

from fermentation, starch or pulp, and paper industries [1,
2], contain considerable amounts of sulfate, in addition to
high concentrations of unacidified organic matter. The disposal of PSW without proper treatment caused negative
effects on the environment, since phenol is defined as one
of the priority pollutants and is not easily degradable. Anaerobic digestion technique has been widely used to treat
wastewater [3-6]. EGSB has been primarily developed, to
improve substrate-biomass contact within the treatment
system, by expanding the sludge bed and intensifying
hydraulic mixing.
In most studies, a mixed culture was enriched in the
presence of toxic compounds [7-9]. Very few studies are
available concerning simultaneous removal of sulfate and
phenol from wastewater by EGSB over long operational
periods. The effects of phenol by gradually increasing its
concentration in the feed are not well studied until now.
The objective of this article was to test the inhibition
effect of increasing phenol concentration on the COD and
sulfate removal using mesophilic (35 ℃) EGSB reactors.
Sulfate removal in relation to COD removal was chosen to
characterize the toxicity of phenol in the feed, in order to
provide useful information for the optimization of anaerobic
processes in wastewater treatment. The present research
was to explore the feasibility of anaerobic digestion of
PSW by using an EGSB reactor.
2. MATERIALS AND METHODS

1. INTRODUCTION

2.1. Experimental setup

Phenol is defined as priority pollutant by US Environmental Protection Agency (EPA). Removal of phenol along
with other pollutants from industrial wastewater streams
before their discharge into receiving water bodies is thus
obligatory. Sulfate is a common constituent of many natural waters and wastewaters, and it is sometimes present in
high concentrations. Wastewater streams, such as those
* Corresponding author

The schematic diagram of the bench-scale EGSB reactor used in this study is shown in Fig. 1. The EGSB
reactor was made up of a Plexiglass column with an internal diameter of 10 cm and an overall height of 108 cm.
The total volume of the reactor was 8.5 L, and the working volume was 7 L (excluding head space). The column
consisted of three parts: bottom, middle, and top, with a
height of 90 cm and a height-per-diameter ratio of 9. The
EGSB reactor was operated under mesophilic conditions
(95 °F) and its temperature was maintained by circulating
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hot water through the reactor jacket. A liquid upflow velocity of 3.0 m/h was maintained by applying effluent recirculation.
The desulphurization reactor, although it is not the
core, and as the authors have discussed in this article, plays
an important role in eliminating the sulfide in EGSB, and
diluting the wastewater by circulating its effluent back to
EGSB. The desulphurization reactor was also made of a
Plexiglass column, with an internal diameter of 10 cm and
an overall height of 52 cm, and the working volume was
4L. The temperature in the desulphurization reactor was
kept constant at 77 °F with a temperature controller.

2.3 Analytical methods

Biogas production was measured daily with a wet gas
flow-meter, making correction for atmospheric pressure
and temperature. Methane and carbon dioxide concentration were determined by a GC2010A gas chromatograph
(Shimadzu, Japan) with a stainless steel column (300 cm
×0.3 cm) packed with active carbon (30-60 mesh) using
thermal conductivity detection (TCD). Volatile fatty acids
(VFA) were analyzed with a HP5890 series II gas chromatograph (HP, USA) equipped with a flame ionization
detector (FID).
Once a steady state was achieved, samples were collected and subjected to the analysis of the following parameters: COD, sulfate, phenol, sulfide, alkalinity, SS,
and VSS; the analyses were carried out according to the
standard procedures [10].
2.4 Start-up and operation scheme

To recover the microbial activity of the seed granular
sludge, it had been conserved for three months, and glucose solution of 5480 mg/L COD was fed at the beginning
of the operation. Reactor pH was adjusted to 7.0 using HCl
and NaHCO3. Supplementary nutrients nitrogen (NH4Cl)
and phosphorous (KH2PO4) were added to yield a COD:N:P
ratio of 250:5:1, and stock solution was added to supply
the trace metal elements. The stock solution [11] consisted
of (per L): 2000 mg FeCl3 4H2O; 50 mg H3BO3; 44 mg
ZnCl2; 40 mg CuCl2 2H2O; 30 mg AlCl3; 500 mg MnCl2
4H2O; 175 mg (NH4)2MO4 4H2O; 150 mg CoCl2 6H2O;
and 100 mg of NiCl2 6H2O).
FIGURE 1 - Schematic diagram of EGSB and desulphurization
reactor treating wastewater (1 feed tank; 2 water tank; 3 water seal;
4 sampling ports; 5 EGSB reactor; 6 gas seal; 7 gasbag; 8 gas meter;
9 mesophilic water bath; 10 hydrochloric acid (HCl); 11 sodium
bicarbonate (NaHCO3); 12 desulphurization reactor; P1 Influent
pump; P2 Reflux pump; P3 Circulating pump; P4 HCl pump; P5
NaHCO3 pump).
2.2 Inoculum (seeding sludge)

The inoculum for seeding was 4 L of granular sludge.
The anaerobic granular sludge, which contained 42.1 g/L
suspended solids (SS) and 28 g/L volatile suspended solids
(VSS) was taken from a EGSB reactor treating beer wastewater. The sludge was grey-black with good settlement
characteristics. The granular sludge was methanogenically
active while the biogas bubbles were apparently observed
stripping from the water surface during the sampling time.

The experimental work was carried out in two steps:
(1) start-up without phenol, (2) phenol concentration was
increased gradually in the influent.
In the first three days, the EGSB reactor was operated
in a batch-feed mode to recover microbial activity. After
that, the sulfate-containing wastewater (effluent from the
desulphurization reactor was recycled) was fed to the
EGSB reactor continuously. The experimental procedure is
illustrated in Fig. 3. When effluent COD, VFA, and biogas
production rate became comparatively constant (a variation of less than 3%), the OLR and sulfate load rate (SLR)
was raised by decreasing the HRT from 48 h to 24 h. The
stage 1 (start-up) operational conditions are shown in
Table 1.

TABLE 1 - Reactor operational conditions during stage 1.
Time
(days)
1-14
15-37
38-51
52-68
69-110

HRT
(hours)
48
40
32
28
24

COD
(mg/L)
5480
5480
5480
5480
5480

SO42(mg/L)
2283
2283
2283
2283
2283

OLR
kg COD/(m3·day)
2.7
3.3
4.1
4.7
5.5
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COD/SO422.4
2.4
2.4
2.4
2.4

Q
(L/day)
3.5
4.2
5.3
6.0
7.0
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After start-up, the HRT was kept 24 h throughout the
operation stage. The influent COD and sulfate concentrations were 5480 and 2283 mg/L, respectively. The phenol
concentration in the influent was increased gradually in
small increments to 650 mg/L. Anaerobically digested
PSW from the EGSB reactor was pumped into the desulphurization reactor; its discharge had a pH between 7.67.8, and was recycled back to the EGSB reactor. The
purpose was to supply alkalinity by blending the PSW
with a high-alkalinity recycled stream.
3. RESULT AND DISCUSSION
3.1. Start-up of the reactor (days 1-110)

During the start-up phase, the EGSB reactor was fed
with glucose as the sole carbon source and electron donor
in the wastewater. The average COD and sulfate concen-

trations were 5480 and 2283 mg/L, 2.4 of the COD/SO42-.
The HRT was reduced gradually from 48 to 24 h. Changes
in OLR and SLR are shown in Fig. 3. The variation in
COD and sulfate are to be seen in Figs. 4 and 5.
As shown in Figs. 2 and 3, after the OLR and SLR
were raised by decreasing the HRT, the concentration of
the effluent VFA will rise remarkably in a comparatively
short time of less than one day. However, after two to three
days of operation, even slightly higher values than the
former were recovered. The pH was comparatively stable,
varying from 7.1 to 7.9. The increase in OLR and SLR
will result in COD and sulfate shocks to the microorganisms, and the microflora will need time for acclimation to
the new environment. In the anaerobic reactor operated
with excess sulfate, SRB has been shown to be the dominant species, effectively outcompeting the methane producing archaea (MPA) [12, 13]. The increase in effluent
VFA implies that the acidogenic bacteria produce more

FIGURE 2 - Change of VFA and pH during the start-up stage.

FIGURE 3 - Biogas production rate, OLR, and SLR during the start-up stage.
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FIGURE 4 - COD and COD removal efficiency during the start-up phase.

FIGURE 5 - SO42- and SO42- removal efficiency during the start-up phase.

VFA than can be utilized by the acetogenic and methanogenic bacteria. However, the self-regulation capability in
the biologial system makes it possible for the biological
consortium to acclimate itself to the new environment.
After two to three days, a new balance is obtained, and
VFA concentration regresses to the former level.
Figure 3 illustrates the biogas production rate during
the start-up stage. The actual biogas amount must be more
than theoretically expected, and it can be estimated by
including a correction factor for the degree of degradability, the pH, which influences CO2 absorption and a 5-10%
discount for biomass formation. By comparing Figs. 2
and 3, it can be found that the gas production rate has
undergone changes opposite to VFA. When effluent VFA
concentration is at a high level, the proportion of COD
transformed into methane is accordingly small, which
results in a low gas production rate.

As shown in Figs. 4 and 5, the effluent COD and sulfate were consistently less (430 and 500mg/L). The average COD and sulfate removal efficiency was kept as high
as 90 and 78%, indicating that the EGSB reactor was in
good conditions.
3.2 Reactor performance after phenol addition -- COD and
phenol removal (days 111-340)

The duration study was from the day 110 after the
start-up operation. On day 110, 50 mg/L phenol was added
to the influent along with glucose. The removal rates of
COD and phenol were 80 and 30%, respectively. The phenol concentration in the influent feed was increased
gradually in small increments to 520 mg/L (Figs. 7-8). The
COD was increased along with each phenol increment.
Phenol addition till day 271 was 520 mg/L at an almost
complete removal of 76%. When the phenol concentration
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was increased further to 600 mg/L, there was a significant
drop in the removal efficiency of COD from 77 to 57%,
and efficiency of phenol from 76 to 24%. After that the
COD removal efficiency recovered was gradually to more
than 79% until day 282, but the phenol removal remained
around 46%. Nevertheless, the phenol concentration was
further increased to 650 mg/L, causing a decrease of the
COD removal to 32% on day 285. A corresponding
decrease in phenol removal for a phenol increment from
600 mg/L to 650 mg/L was observed. It is indicated that
the reactor biomass was not able to adapt to a higher OLR
in the presence of phenol. Phenol and VFA started to accumulate. The trend of VFA accumulation in the anaerobic
system might eventually lead to acidity failure. Therefore,
to reduce the VFA concentration and improve treatment
efficiency, by lowering the phenol feed to 550 mg/L on
day 286, the COD removal efficiency went up to 87%
until day 302. This showed that a decrease of COD removal efficiency caused by increasing the phenol concentration was reversible.
In a dual feed, glucose and phenol removal were satisfactory in EGSB reactor. The drastic phenol shock did
not disturb the process permanently, if the previous reactor conditions were maintained shortly after the shock. A
similar observation was made by Tay et al. [14], who
studied phenol shock loading in EGSB reactors and stated
that reactors were able to recover fully when the shock
loading of phenol was returned to the pre-shock level.
Nevertheless, one can observe the inhibition effects of
phenol on COD, and thus SO42- removal at initial phenol
concentrations of around 550 mg/L. In the current study,
glucose was provided along with phenol as carbon source.
Theoretically, under anaerobic conditions, phenol conversion is given below [15]:
C6H5OH+5H2O→3CH3OO-+3H++2H2

(2-1)

3CH3COOH+2H2→3.5CH4+2.5CO2+H2O

(2-2)

HRT of an UASB reactor were reported [16]. During the
treatment, the majority of organic pollutions were removed
through anaerobic treatment process. There were still
amounts of toxic contaminants present in the effluent. The
increase in phenol (day 285) caused a drop in the COD as
well as phenol removal, indicating that phenol had a toxic
effect on those bacteria which could readily degrade glucose by reducing sulfate.
According to the oxidation stoichiometry, the COD of
1 g glucose monohydrate is 0.969 g and the COD of 1 g
phenol is 2.38 g. Taking data of day 302, the dissolved
COD in the influent (glucose+phenol) was 6810 mg/L, the
dissolved effluent COD was 885.3 mg/L (X), the phenol
concentration in the effluent was 170 mg COD/L (Y), and
the value of X-Y = 715.3 mg/L was effluent COD minus
phenol COD. From this, it could be deduced that the
majority of COD in the effluent was from residual glucose
rather than phenol.
The phenol concentration in the influent feed was increased to 550 mg/L at day 302. It was observed that high
removal efficiencies were achievable for both COD and
phenol. When the reactor ran longer at the given operational conditions, these efficiencies decreased. On day 303,
a drop in both COD and phenol removal was observed for
unknown reasons as neither OLR nor phenol concentrations were deliberately changed; but on day 317, the reactor had recovered and was back at the previous conditions. There was a disturbance in syntrophy, leading to incomplete mineralization of phenol. This may be contributed
to the slow growth of phenol-adapted microorganisms as
well as due to phenol toxicity of glucose- and phenolconsuming microorganisms in the reactor resulting in a
decrease of full utilization of the available substrate. However, this disturbance was not permanent. COD and phenol
removal were restored within 14 days, indicating that no
phenol intermediate production occurred that prevented
restoration.

Ninety-five percent conversions of phenol-COD to
methane from influent phenol of 1290 mg/L at 0.5 day

FIGURE 6 - Change of VFA and pH after phenol addition.
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FIGURE 7 - Reactor operation after phenol addition in influent phenol removal.

FIGURE 8 - Reactor operation after phenol addition influent COD removal.

Comparing Figs. 6 and 7 carefully, the authors could
find that when VFA increased, COD removal efficiency
would decrease simultaneously; hence, there was a negative correlation between the two parameters, just as the
foregoing phenomenon observed during the start-up stage.
At the end of the reactor operation, COD removal was
84% with 78% sulfate removal rate at a phenol degradation rate of 0.434 kg/(m3·day). The OLR of the reactor
was 6.9 kg COD/(m3·day) and HRT was 24 h.
2.3 Reactor performance after phenol addition -- SO4
moval (days 111-340)

2-

re-

The information shows that the reactor could be successfully operated when the COD and sulfate concentrations reached 5845 and 2283 mg/L in start-up stage. Figs. 8
and 9 show COD and sulfate concentrations in each stage.
The COD and sulfate removal increased or decreased with
an increase or decrease of the phenol concentration, respectively. When the phenol concentration increased to

300 mg/L, this resulted in a steep decline of sulfate removal to 52%, which could be reversed as soon as the
phenol concentration was decreased to 270 mg/L. On day
216, when the phenol concentration was about 300 mg/L,
the recovered sulfate removal remained around 61%. Some
variations in the effluent sulfate were observed due to the
increase of phenol concentration from 50 to 650 mg/L.
Sulfate reduction results in the accumulation of sulfide in anaerobic reactors. Sulfide is most toxic in its undissociated form because the neutral molecule can permeate the cell membrane [17]. SRB were more sensitive to an
increase in the total sulfide concentrations than methanogens [18]. As shown in Figs. 9-10, when phenol concentration was increased to 520 mg/L, the sulfate reduction
rate and effluent sulfide concentration were achieved at
67% and 217 mg/L, respectively. On day 272, the phenol
was 600 mg/L, and the sulfate reduction rate fell to 45%
with sulfide concentration at about 156 mg/L. With a
further increase of phenol concentration to 650 mg/L, the
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FIGURE 9 - Reactor operation after phenol addition in influent SO42- removal.

FIGURE 10 - Reactor operation after phenol addition in effluent sulfide.

sulfate reduction rate fell to 32% and effluent sulfide
concentration was 154 mg/L. However, when phenol
concentration was decreased to 550 mg/L, the sulfate
reduction rate and effluent sulfide concentration were
achieved to be 82% and 239 mg/L. In the EGSB reactor,
hydrogen is produced by acidogenic bacteria which could
then be utilized by SRB, according to the following reaction (3-1):
4 H2+SO42-+H+→HS-+4H2O

were observable because easily degradable glucose was
the major carbon source in the feed. These results demonstrated that the anaerobic reactor had the ability to remove
sulfate with phenol added to the influent along with glucose. The highest removal efficiency would be obtained
in anaerobic conditons, when the influent of glucose and
phenol was about 5484 and 550 mg/L, respectively.

(3-1)

At low pH, the production of free-H 2S as a strong
inhibitor of MPB is facilitated by the equation (H2S
←→H++HS-). These results indicated that the EGSB reactor
had great advantage in avoiding sulfide and free-H2S accumulation and phenol toxicity inhibition on microorganisms,
as well as increasing sulfate removal in EGSB reactor.
The efficiency was higher than 75% of sulfate removal in
the experiment. Under unfavorable conditions, more adverse effects on phenol removal than on COD removal

4. CONCLUSIONS
An EGSB reactor was applied to treatment of
wastewater. The reactor had been operated continuously at
95 °F. Microbial biomass fed for long periods on glucose
was able to sustain phenol in the influent feed. COD,
phenol and sulfate removal were affected when high loading rates were applied. High removal efficiencies were
achievable for phenol and sulfate, but when the reactor was
ran longer at the given operational conditions and phenol
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concentrations between 550-650 mg/L, these efficiencies
decreased, and phenol and VFA started to accumulate.
The results also showed that a decrease of COD removal
efficiency caused by increasing the phenol concentration
was reversible. At the end of the reactor operation, sulfate
removal was 78% with 84% COD removal, at a phenol
degradation rate of 0.434 kg/(m3·day). The OLR of the
reactor was 6.9 kg COD/(m3·day) and HRT was 24 h at
high phenol concentration (550 mg/L). It supplies a technically feasible way for simultaneous removal of sulfate
and phenol from wastewater by EGSB.
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ABSTRACT

1. INTRODUCTION

The direct application of biological treatment processes
for industrial wastewaters can be limited due to presence of
refractory compounds. Advanced oxidation processes are
considered for partial oxidation and breaking the refractory
compounds. The main purpose of this study was to determine the efficiency of pretreatment by UV/H2O2 oxidation
for increasing the BOD5/COD ratio of Shiraz industrial estate
wastewater. Optimal conditions of pH, contact time and
H2O2 concentration in constant UV strength and organic
loading were determined for an industrial wastewater with
poor biodegradability characteristics. The effluent
wastewater from advanced oxidation unit entered a moving bed activated sludge reactor with HRT of 6 hours.
Optimum operating conditions for studied wastewater
including pH value of = 7, H2O2 concentration of 5 mM
and contact time of 90 min, led to enhancement of
BOD5/COD ratio from 0.2 to 0.52. Integrated advanced
oxidation process with moving bed activated sludge reactor can meet effluent standards for discharge to receiving
waters. Integrated advanced oxidation process (UV/H2O2)
and moving bed activated sludge reactor with HRT of 6
hours is an efficient, reliable and feasible alternative for
treatment of low biodegradable industrial wastewaters.

KEYWORDS: Biodegradation, Advanced oxidation, UV/H2O2,
Industrial wastewater treatment

* Corresponding author

Despite of many studies about different methods of
wastewater treatment including various chemical, photochemical, photo oxidation, electrochemical, ultrasonic processes or combination of these [1-6], still biological processes play unique role in obtaining wastewater treatment
objectives. Especially, biological wastewater treatment processes are preferred for high load organic pollutants, refractory contaminants and nutrients such as nitrogen and phosphorus and other chemical or photochemical treatment
methods are considered as pretreatment or supplemental
treatment for producing high quality effluents [7, 8]. But
direct application of biological processes for industrial
wastewater treatment can be limited due to presence of
toxic pollutants, the time intensive reactions for some industrial wastewaters, the need for a large area and low biodegradability of incoming wastewaters. In such cases, alternative processes like advances oxidation processes
(AOP) can be very effective to overcome these limitations.
Although biological treatment are able to remove more
than 90% of influent BOD, presence of low amounts of
xenobiotics necessitates the application of other alternatives [9, 10]. A possible alternative which is considered as
a pretreatment for enhancement of low biodegradability in
this study is AOPs. The benefits of AOPs processes include removal of refractory organic compounds, no perceptible residual after reaction, destruction of wide range
of contaminates such as hydrocarbons, halogenated solvents, phenolic compounds, pesticides, glycols and also
microorganisms like E.coli, rapid and intensive reaction
and easy startup and shut down of equipments [11, 12].
Results of other researches indicate that combination of
biological methods and AOPs improves the efficiency of
treatment process and biodegradability wastewater, considerably. The AOP processes are technologies with no or
very low sludge production and based on generation large
amounts of very active hydroxyl radicals for oxidation of
majority of mixed organic pollutants of wastewater [13].
Among various combinations of AOPs, it has been reported that chemical and photochemical processes using
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Fenton reaction or photo oxidation of H2O2 for enhancement of BOD/COD ratio and low biodegradability of
waste-waters is effective [14]. Since, the application of
Fenton reaction in full scales in combination with biological processes is limited due to low pH of 2 and 3 for Fenton reaction, in this study UV/ H2O2 was considered as
pretreatment for Shiraz industrial wastewater estate, Iran.
The studied wastewater sample contained different refractory, toxic and non biodegradable compounds which make
the biological treatment difficult. Therefore, the main objective of this study was to determine the effect of UV/
H2O2 process as a pretreatment step on enhancement of
BOD5/COD ratio before moving bed activated sludge unit.
2. MATERIALS AND METHODS
2.1. Analytical methods and wastewater sampling

The wastewater needed for experiments and lab scale
reactors was provided from main collector line of
wastewater treatment plant of a petrochemical industry in
south of Iran and carried out to libratory in containers at 4
o
C. The BOD5, COD, DO, NH3, PO4, TSS, Bacterial density and oil and grease were determined according to
standard methods of examination water and wastewater
[17]. The temperature was determined with thermometer
and the pH by a digital pH meter. The characteristics of
wastewater are presented in Table 1.
TABLE 1 - The characteristics of raw wastewater
Parameter
COD (mg/L)
BOD5 (mg/L)
BOD5/COD
TSS (mg/L)
TDS (mg/L)
)mg/L( NH3
)mg/L( PO4
)mg/L( Oil & grease
pH

value
6400
1285
0.2
450
3200
690
50
580
6.4

2.2. Optimization of the operational parameters of UV/H2O2
process

The variables of optimization step include pH (5, 6, 7,
8 and 9), H2O2 concentrations of 1, 2, 3, 4 and 5 mM and
reaction time of 0-2 hours. The wastewater characteristics
and UV intensity were constant in all experiments. In the
first optimization step, different pH values of 5-9 were
evaluated in constant conditions for remaining parameters. The pH value was adjusted to desired value with
sulfuric acid or sodium hydroxide. The H2O2 concentration and reaction time were 2 mM and 60 min, respectively. The second optimization step was carried out in optimum pH value obtained from first step, variable H2O2
concentrations and reaction time of 60 min. The third
optimization step was done in optimum pH and H2O2
concentration and variable reaction times of 0-120 min.
The sampling was implemented every 10 min and concentrations of BOD5 and COD were analyzed immediately.
The optimum values determined for each variable, were

used as the base of AOP process before the moving bed
activated sludge reactor. It should be mentioned that due
to high turbidity and suspended solids of raw wastewater
and difficulty of UV penetration into the liquid, a sedimentation step by injection of 2 mg/L polymer was considered before the AOP. A rectangular tank with hydraulic retention time of 90 min was used before the AOP unit
for suspended solids removal. A commercial cationic
polymer was injected to the sedimentation tank.
2.3. The lab scale treatment reactor

A rectangular cubic container with length of 70 cm,
wide of 25 cm and height of 30 cm was used as the
UV/H2O2 reaction tank (total volume = 52.5 L and effective volume was 43.7 L). Two UV lamps with constant
intensity of 6.3 mW/cm2 were placed in appropriate
quarts container and inserted 10 cm below the wastewater
surface in the tank. This reactor was operated in batch
mode. Since the MBBR reactor was operated in continuous mode, it was necessary to place an intermediate storage tank between AOP reactor and MBBR in order to
regulate the flow for considered HRT. The flow was fed
to the reactors by dosing pumps. The moving bed activated
sludge bioreactor (MBBR) was comprised of a cubic
Plexiglas container with total effective volume of 30 liter.
The 50% of aeration part was filled with a commercial
media by the name of 2-HTM. The characteristics of media
are presented in Table 2. The content of MBBR were
mixed and aerated with air compressor. The lab scale
reactor was operated at room temperature (25±4) and the
pH was adjusted with NaHCO3 for the range of 7-7.5. The
inoculums were transferred from an industrial wastewater
treatment plant in south of Iran to the laboratory at 4 oC.
Thereafter, it was settled for 1 hour, the supernatant was
withdrawn and the settled sludge was transported to the
MBBR. The startup phase was done with synthetic
wastewater and glucose was used as carbon source of microorganisms. The nitrogen and phosphorus sources were
provided by NH4Cl and KH2PO4. The C/N/P ratio was
adjusted 100/5/1 for optimum growth conditions of microorganisms [15, 16]. The MBBR was operated for two
months in batch mode operation. In this period of time,
aeration was carried out continuously to provide DO concentration of 4-5 mg/L. The initial COD concentration in
for startup was 500 mg/L. The main purpose of this phase
was to attaining acceptable COD removal and verification
of sufficient biofilm coverage on the surface of carriers.
After obtaining the steady state conditions and observation of biofilm growth in batch mode operation, the MBBR
was fed with really wastewater originated from AOP unit
effluent and operated in continuous mode. Steady state
condition in this study was defined as conditions in which,
effluent characteristics did not vary significantly during 7
to 10 days of continuous operation. All of the experimental data which were taken under steady state conditions are expressed in terms of arithmetic averages obtained from at least three replicates. The schematic of
treatment reactor is shown in Figure 1.
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FIGURE 1 - A schematic diagram of lab scale treatment reactor

TABLE 2 - The characteristics of media
Parameter
Material
Carriers / m3
Surface area
Porosity
Color
Made in

TM

2-H media
HDPE
210000
767 m2/m3
93%
Black
Germany

3. RESULTS
3.1. Pre-treatment step

As it was mentioned in methods a pre-treatment step
comprising simple sedimentation and cationic polymer
injection was used to remove TSS and turbidity in order to
enhance UV penetration into liquid medium. The changes
in TSS, pH, COD and BOD5 are presented in Table 3. The
color of raw wastewater changed from dark and turbid gray
to transparence bright gray. The TSS, COD and BOD removal efficiency were 83 %, 18.12 % and 20.6 % respectively. Also the BOD/COD ratio decreased to 0.194 after
pre-treatment. In the following steps the pH was neutralized.
3.2. Optimum pH

The results of BOD5 and COD changes after pretreatment with sedimentation, polymer injection and AOP

unit are presented in Figure 2. The least remaining BOD
and COD of 660 mg/L and 3100 mg/L were observed at
pH value of 5, respectively. The BOD5/COD ratio which
accounts for biodegradability of wastewater was equal to
0.21 at pH value of 5 and increased to 0.22 at pH value 7.
This verifies that biodegradability wastewater was improved at higher pH values, despite of remaining more BOD
and COD compared to pH value of 5. The BOD and COD
concentrations at pH value of 7 were 790 and 3580 mg/L,
respectively. Enhancement of BOD5/COD ratio from 0.21
at pH 5 to 0.22 at pH 7 was considered as a desired finding due to 0.01 improvement of BOD5/COD ratio. According to purpose of the study and due to application of a
biological treatment step after AOP, the pH value of 7
was selected as the optimum pH for the following experiments.
TABLE 3 - The changes in wastewater characteristics in pretreatment step.
Parameter

Influent

Effluent

COD (mg/L)
BOD5 (mg/L)
BOD5/COD
TSS (mg/L)
pH

6400
1285
0.2
450
6.4

5240
1020
0.194
75
5.3

3.3. Optimum H2O2 concentration
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In optimum pH 7, determined from previous step, the
best concentration of H2O2 was evaluated. The results of
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FIGURE 2 - Determination of optimum pH.

FIGURE 3 - Determination of optimum H2O2 concentration.

pre-treatment with sedimentation and polymer injection
and AOP unit to determine the most efficient H2O2 concentration are shown in Figure 3. The least BOD and COD
concentrations of 390 and 940 mg/L were observed with
H2O2 concentration of 5 mM after 60 min contact time and
pH 7, respectively. The BOD/COD ratio was increased from
0.19 at H2O2 concentration of 1 mM to 0.41 at H2O2 concentration of 5 mM. The H2O2 concentration of 5 mM was
selected as the optimum value.
3.4. Optimum contact time

The results of time optimization for wastewater passing pre-treatment unit and AOP unit are shown in Figure 4.
The reaction time for UV/H2O2 process was experimented
between 0 -120min. Contact time increase up to 90 min,
favored the reaction efficiency, but contact times more
than 90 min did not improve the reaction considerably.
The residual BOD5 and COD concentrations at this contact time (90 min) were 270 and 515 mg/L respectively,
and the BOD5/COD ratio reached to 0.52 which is an

acceptable value for biodegradation. Thus, the contact
time of 90 min was determined as the optimum time for
UV/H2O2 process.
3.5. Integrated photo chemical- biological treatment

Once the optimum operational conditions of AOP were
determined, the effluent of UV/H2O2 process was fed to
the MBBR with HRT of 5 hr to adapt with standards of
wastewater discharge to receiving waters. The MBBR
was first operated with synthetic wastewater in order to
startup the reactor and growth of sufficient and efficient
biofilm on carriers. Then the synthetic wastewater was
replaced with real industrial wastewater resulting from the
effluent of UV/H2O2 oxidation unit. The results of COD
removal are presented on figure 5. The steady state condition was observed from the day 37th and the effluent COD
was less than 18 mg/L (96% removal). The mean biofilm
mass which was monitored on day 38, 41, 44, 47 and 50
was 2.14 g/L (± 0.23).
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FIGURE 4 - Determination of optimum contact time

FIGURE 5 - The COD removal efficiency in MBBR

The results of the whole system operation are presented in Table 4. Observations indicate that a combination of pre-treatment (sedimentation and cationic polymer
injection), AOP (UV/H2O2) and MBBR can achieve standards of effluent discharge to receiving waters. The final
effluent BOD5 and COD of MBBR for really wastewater
were 10 and 18 mg/L, respectively, which is in accordance
with standards. Also the effluent TSS from AOP unit (including a pre sedimentation step with polymer addition)
was 35 mg/L which decreased to 24 mg/L after MBBR.
TABLE 4 - The results of sequence sedimentation UV/H2O2 –
MBBR treatment
Parameter

Raw
wastewater

Effluent
of pretreatment

Effluent
of AOP

Effluent
of MBBR

COD (mg/L)

6400±110

5240±6

515±13

18±2

BOD5 (mg/L)

1280±40

1020±3

270±9

10±3

BOD5/COD

0.2

0.19

0.52

0.55

TSS (mg/L)

450±19

75±2

35±5

24±3

4. DISCUSSION
A pre-treated industrial wastewater was subjected to
UV/H2O2 process. A sedimentation tank with injection of
2 mg/L cationic polymer and retention time of 90 min was
considered to lower the TSS and Turbidity of raw
wastewater and enhancement of UV function. The COD,
BOD5 and TSS removal in pre-treatment step were 18 %,
20 % and 83 % respectively. Results indicate that in
UV/H2O2 process, as the pH increases, the COD removal
efficiency decreases. This finding is in accordance with
Yonar et al. [18], where the organic matter removal
decreased along with pH increase. Also in another study
by Elmorsi et al. [19], optimum pH of UV/H2O2 process
for dye removal was reported to be 7. In the current study,
the BOD5 value was increased along with pH directly and
reached 1115 mg/L at a pH value of 9. One of the most
important functions of AOPs is partial oxidation of refractory organics and therefore, increases readily biodegradable BOD. It seems that a higher COD removal efficiency
compared to BOD5 was due to this matter and also an
insufficient contact time which produces intermediates
from partial oxidation of refractory organics. These intermediates appear in BOD form in wastewater stream
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and thus, the BOD concentration increases. Generally,
AOPs breakdown the compounds rapidly and mineralize
in a long period of time. Since the main purpose of AOP
application in this study was to increase the biodegradability wastewater (BOD/COD ratio), the criteria for determination of optimum pH was the BOD/COD ratio of
more than 0.5. In experimented pH values of 5, 6 and 7,
the BOD/COD ratio was 0.21, 0.22 and 0.22, respectively
and none of them reached to 0.5. Therefore, despite of
less COD removal efficiency, the pH value 7 was selected
as the optimum value. Another reason was the moving
bed activated sludge reactor as a biological treatment step
followed by pre-treatment and photochemical oxidation,
because biological reactions have the best function in pH
values of 6.8 -7.5 [20].
Results of H2O2 concentration optimization indicated
that along with H2O2 concentration increase, the COD and
BOD removal efficiency and also the BOD/COD ratio
increases. This is in accordance with the findings of
Daneshvar et al. [21]. In their study, an increase of H2O2
concentration from 50 to 450 mg/L increased the dye
removal efficiency from 30% to 72%. It should be noted
that, where biological treatment comprises part of a
treatment scheme, excess amounts of H2O2 concentration
can inhibit the biological reactions and microorganisms.
Valderrama et al. [22] verified this matter. Therefore,
concentrations more than 5 mM were not considered for
possible evaluation. Literature shows that time interval for
UV/H2O2 process for removal of different organic pollutants varies from 15 min to 5 hours [23-25]. The 90 min
obtained in this study was in the range of similar studies.
Finally the resulted conditions of UV/H2O2 process including the pH value of 7, H2O2 concentration of 5 mM
and contact time of 90 min for treatment of real petrochemical wastewater increased the BOD/COD ratio from
0.2 to 0.52. According to the findings of this study, a
sequence treatment scheme including pre-treatment with
sedimentation and polymer injection and UV/H2O2 advanced oxidation followed by MBBR is an efficient, reliable and feasible scheme for treatment industrial
wastewater containing high amounts of refractory organics.

• The least remaining BOD and COD of 660 mg/L and
3100 mg/L were observed at pH value of 5, respectively. But the pH 7 was selected as the desired value,
because of the biological treatment followed.
• The least BOD and COD concentrations of 390 and
940 mg/L were observed with H2O2 concentration of 5
mM.
• The residual BOD5 and COD concentrations at the
contact time of 90 min were 270 and 515 mg/L respectively and this value was selected as the optimum.
• The effluent COD of less than 18 mg/L (96% removal) was obtained with MBBR ay HRT of 5 hr
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PROTECTIVE EFFECT OF MYRICETIN AGAINST
E2-INDUCED GENOTOXIC DAMAGE IN HUMAN LYMPHOCYTES
Sengul Yuksel1,*, Elif Yesilada1, Gonca Gulbay1, Elcin Kurtoglu1 and S. Serap Savaci1
1

Inonu University, School of Medicine, Department of Medical Biology & Genetics, Malatya 44280, Turkey

ABSTRACT
Protective effect of myricetin (MRY) against the cytotoxic and genotoxic effects of a hormonal steroid, 17 βestradiol (E2), was assessed in peripheral blood human
lymphocyte culture. Sister chromatid exchanges (SCE),
mitotic index (MI) and replication index (RI) were scored
as genetic endpoints. Firstly, the genotoxic effect of different amounts (5, 10 and 20 µM final concentration) of
E2 was tested, and 10 and 20 µM E2 levels were detected
as genotoxic. In the second set, E2 groups were treated
with 10 µM MRY. MRY reduced the SCE but increased
MI as well as RI, suggesting its protective action on human
lymphocytes in vitro against E2-induced genotoxic damage.

KEYWORDS:
Myricetin, estradiol, human lymphocytes, genotoxicity

1. INTRODUCTION
Plants contain phytoestrogens which can mimic or
modulate the action of endogenous estrogens, usually by
binding to estrogen receptors (ER), and prevent some cancers due to dose-dependent reduction of serum E2 and testosterone levels [1]. Myricetin (MYR) is a naturally occurring flavonol with hydroxyl substitutions at 3, 5, 7, 30,
40, and 50 positions. It is commonly consumed in fruits,
vegetables, tea, berries and red wine. MYR has a variety of
biological activities, such as modulation of cell-signaling
pathways, regulation of the cell cycle, stimulation of apoptosis, as well as anti-carcinogen, anti-viral, and also antioxidant activity [2].
Physiological estrogens are essential for growth and
maintenance of various reproductive and non-reproductive
organs in the body. 17 β-estradiol (E2) which is the predominant circulating ovarian steroid, is the most biologically active hormone in breast and female genital tract. On
the other hand, there are numerous exogenous compounds
* Corresponding author

of quite diverse chemical structure which exhibit estrogenicity, such as endogenous plant constituents (phytoestrogens),
mycoestrogens, xenoestrogens and anthropogenic estrogens
[3]. Pharmacological estrogens have a widespread use in
contraception and hormone therapy. Although estrogens may
offer considerable benefits for menopausal women, estrogen administration is accepted as a risk factor of cancer.
Breast, prostate and endometrial cancers are estrogenresponsive tumors [4, 5]. Estrogens have been shown to
act as tumor promoters [6, 7]. Estrogen compromises DNA
repair system and enables accumulation of lesions in the
genome essential to estrogen-induced tumorgenesis. Estradiol can undergo metabolic transformations which lead to
formation of catechol estrogens, such as 2- and 4-hydroxyestradiol, 2-methoxyestradiol, 2-methoxyestrone and the
corresponding hydroxylated forms of estrone [8]. E2, along
with its hydroxylated metabolites, 2-hydroxyestradiol (2OHE2) and 4-hydroxyestradiol (4-OHE2) bind to the estrogen receptors (ER) and induce strong mitogenic effects
by altering ER-mediated genomic or/and non-genomic pathways [7]. Moreover, the mutational activity of the catechol
estrogens is presumably due to their metabolic redox cycling which, via the corresponding quinones, can form DNA
adducts, or leads to production of reactive oxygen species (ROS). ROS can damage DNA and if DNA damage is
not repaired, then gene mutations occur at a high rate and
can lead to malignant transformation [9, 10]. However, the
exact mechanism through which estrogens cause cancer
is not clear.
Recent studies showed that chromosomal aberrations
positively correlate with cancer risk [11]. Estrogenic hormones, such as E2, have been studied in a variety of in vitro
and in vivo systems using many endpoints of genotoxicity.
Estrogens which are mitotic poisons, cause metaphase
arrest, abnormal cell division and chromosome aberrations
at high concentrations [12-14]. In recent studies, the reduction of genotoxic damage by steroids from natural plant products was reported [15, 16]. But, there are limited studies on
the genotoxic potential of MRY. In this study, the genoprotective effect of the MYR towards E2-induced genetic
damage in cultured human lymphocyte cells was investigated. This study was organized according to the different
endpoints of genotoxicity: mitotic index, replication index
and SCE frequencies.
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2. MATERIALS AND METHODS
2.1. Chemicals

17 β-estradiol (CAS No. 50-28-2), Myricetin (CAS No.
529-44-2), Cyclophosphamide (CAS No. 6055-19-2), 5bromo-2-deoxyuridine (CAS No. 59-14-3) and Colchicine
(CAS No. 477-30-5) were purchased from Sigma Chemicals. Peripheral Blood Karyotyping Medium (01-201-1B)
was purchased from Biological Industries, and Dimethylsulphoxide and Giemsa solution from Merck, India.
2.2. Human lymphocyte culture

For duplicate peripheral blood cultures, briefly 0.2 ml
of heparinized whole blood samples from four healthy
donors (two male, two female, non-smokers, age: 18-25),
were added to 5 ml chromosome medium B supplemented
with 10 µg/ml bromodeoxy-uridine. Different concentrations of E2 (5, 10, 20 µM final concentrations) were added
into culture tubes separately. E2 was dissolved in DMSO,
and the DMSO concentration of the final solution was less
than 1%. Then, the culture tubes were incubated at 37 °C
for 72 h. The protective effect of MRY on cultures treated
with E2 was investigated by adding 10 µM MRY. The
effect of MRY without E2 was also tested. Control without solvent was used as negative control because MRY
was diluted with sterile twice-distilled water. Cyclophosphamide (0.16 µg/ml) was used as a positive control.
2.3. Sister chromatid exchange analysis

For sister chromatid exchange analysis, bromodeoxyuridine (BrdU, 10 µg/ml) was added at the beginning of
the culture. One hour prior to harvesting, 0.2 ml of colchicine (0.2 µg/ml) was added to the culture tubes. Cells
were centrifuged at 1000 rpm for 10 min. Eight ml of prewarmed (37 °C) 0.075 M KCl was added as a hypotonic
solution. Cells were resuspended and incubated at 37 °C
for 15 min. The supernatant was removed by centrifugation and 5 ml of fixative (methanol:glacial acetic acid;
3:1) was added. The fixative was removed by centrifugation and the procedure was repeated twice. The staining of
air-dried slides was performed following a modified fluo-

rescence plus Giemsa method [17]. The sister chromatid
exchange average was taken from an analysis of the
metaphases during the second cycle of divisions. In order
to score SCE, 25 second-division metaphases were analyzed for each sample at 1000x magnification using an
Olympus BH2 oil immersion lens. The results were used
to determine the mean number of SCE (SCE/cell).
2.4. Cell cycle kinetics

MI shows the effects of the chemicals on G2 stage of
cell cycle, and RI reflects the effects of the chemicals on
S and G2 stages of the cycles. Cells undergoing, first (M1),
second (M2) and third (M3) metaphase divisions, were
detected with BrdU-Harlequin technique for differential
staining of metaphase chromosomes. RI was calculated by
applying the following formula:

A total of 100 cells per donor were scored for the determination of RI. For MI determination, 3000 cells were
scored from each donor.
2.5. Statistical analysis

The normality assumption was tested with ShapiroWilk test. Continuous variables did not show normal distribution. The differences in the marker means among the experimental and control groups were analyzed using Kruskal-Wallis H test. Multiple comparisons were done by
Connover test. All p-values were two-tailed and <0.05 was
accepted as significant. The data are expressed as medians
(min–max).
3. RESULTS
Data on the mean frequency of SCEs for cells and cell
growth kinetics after treatment with E2 and MYR alone but
also with combined treatment of these chemicals are presented in Table 1. Control value of mean SCE frequency

TABLE 1 - The frequency of SCE, RI and MI in cultured human lymphocytes treated with estradiol and myricetin. +
Treatment
Control
Positive control (Cyclophosphamide) 0.16
µg/ml
Estradiol E2)
5 µM
10 µM
20 µM
Myricetin (MRY)
10 µM
E2 + MRY
5 µM + 10 µM
10 µM + 10 µM
20 µM + 10 µM
+

SCEs/cell (Min-max)
4.17 (3.92-4.32)

RI (Min-max)
2.36 (2.28-2.51)

MI (Min-max)
3.09 (2.99-3.14)

15.22 (12.80-18.88) a

1.61 (1.54-1.73) a

1.66 (1.44-1.82) a

4.72 (4.56-4.92) a
5.06 (4.96-5.12) a
7.26 (7.08-7.48) a

2.32 (2.27-2.42)
2.28 (2.10-2.41)
2.01 (1.76-2.20) a

3.00 (2.78-3.20)
2.65 (2.51-2.73) a
2.17 (2.07-2.22) a

4.14 (4.04-4.24)

2.42 (2.35-2.54)

2.95 (2.73-3.05) a

4.44 (4.00-4.60) b
5.04 (4.96-5.12) a
6.74 (6.25-7.48) a

2.38 (2.34-2.41)
2.32 (2.20-2.44)
2.11 (1.92-2.27) a

2.78 (2.60-2.88) a b
2.66 (2.53-2.80) a
2.32 (2.11-2.48) a

A total of 50 cells were scored for the SCE assay; 200 cells were scored for the RI and 3000 cells were scored for the MI; a significant from the control;
between the cultures treated with E2 and the cultures treated with the mixture of E2 and MRY.
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was determined to be 4.17. Cyclophosphamide treatment increased SCE rate to 15.22. Comparisons of negative control and treated groups, as well as negative and positive
ones, revealed that all concentrations of E2 influence the
SCE rate significantly. The maximum frequency of SCE
per cell was found to be 7.26 for 20 µM E2 concentration.
This value was highly significant with regard to the mean
SCE value of control (P<0.05). The mean SCE frequencies also increased at 5 µM and 10 µM concentrations, but
these increases were less than the increase obtained with
20 µM concentration. These values were also significant
at P<0.05. The mean SCE frequency at 10 µM MYR concentration was not significant compared to the control. In
addition, it had no effect on SCE frequencies of 10 µM
and 20 µM E2-treated groups. On the other hand, MYR
decreased the SCE frequency of 5 µM E2-treated group.
Only the highest E2 concentration and its mixture
with MYR decreased the RI. The MI showed reduction in
all, alone and mixture groups, except 5 µM E2 treatment
group, when compared with control.
4. DISCUSSION AND CONCLUSIONS
Because MRY is structurally similar to estradiol, the
antigenotoxic effect of MYR against E2-induced genotoxic
damage was investigated in this study. The results of this
study showed that E2 causes genotoxic damage in human
lymphocytes, and also MRY inhibits genetic damage at
the lowest E2 treatment group.
In this study, MRY was used at 10 µM concentration.
Flavonoid consumption is very variable but the total dietary intake has been estimated at about 1 g/day [18, 19].
However, due to their low absorption and rate of metabolism, cellular concentrations of flavonoids are generally
much lower than total intake. Most studies indicate that
plasma flavonoid concentrations of about 1 µM are obtained following oral ingestion of typical levels of flavonoids [20]. There are studies which show antioxidative
and anticancerogenic effects of MRY. But, MRY concentrations used in these studies are higher than the physiological flavonoid concentration studied above [21-24].
Therefore, it is still unclear whether MRY can act as antigenotoxic agent at concentrations relevant to physiological levels.
E2 concentrations used (5, 10 and 20 µM) are the
maximum doses reported by Schuler et al. [25]. In their
study, it was shown that the no-effect concentration for
aneuploidy induction in cultured human lymphocytes is
between 10 and 20 µM (3 and 6 µg/ml). Chromosomal
damage after treatment with high concentrations of E2 has
been described in the past, and was usually ascribed to
mitotic disturbances. At concentrations of 10 µM and
higher, chromosomal ploidy changes have been reported
[25]. Micronucleus induction at 20 µM and higher, has
been reported by mitotic disturbances in accordance with
ploidy changes reported in that concentration range [26].

A large body of evidence has demonstrated that E2
elicits stimulatory effects on breast cancer, the leading
cause of tumor deaths among women in Western countries [27]. Recent studies showed that chromosomal aberrations positively correlate with cancer risk [11]. In the
current study, E2 increased SCE frequency at all concentrations. There are a lot of studies on genotoxicity of E2.
In these studies, E2 has been reported to induce structural
chromosomal aberrations, SCEs and MN frequency in
cultured cells [10, 12-14, 28-30]. Estrogen-mediated genotoxicity either causes induction of non-disjunction and
aneuploidy via microtubule alterations, or induction of
mutations following activation to DNA-reactive intermediates, or modulation of endogenous or dietary mutagenic
agents [10, 30]. SCE refers to the interchange of DNA
between replication products. E2 induces single- and double-strand breaks, and these DNA strand breaks are subsequently converted into chromosome fragments and, finally, to micronuclei or SCEs after one cell division. This may
be the reason for SCE formation in lymphocyte cells after
E2 treatment. Estrogens have also been identified as mitotic poisons which, at high concentration, cause metaphase arrest, abnormal cell division and chromosome aberrations. Together, these data indicate that an increased
genomic instability might be caused by an increased rate of
cell proliferation after hormonal stimulation. This idea is
supported by Stopper et al. [12], who demonstrated a positive correlation between the rate of cell proliferation and
micronucleus formation in the human ovarian cancer cells.
To determine possible cytotoxic, cytostatic, or mitogenic
effects of E2, we analyzed the MI and RI for each experimental concentration as well as for controls. The results
showed that high concentration of E2 caused significant
departures of MI and RI values in relation to the control.
As expected, positive control decreased MI by ~92% compared to negative control, possibly due to arrest of mitosis
because of repair of genetic material. Additionally, in cells
with a relatively high level of genetic damage, cytotoxic
effects occur.
Some flavanoids are reported to reduce the genotoxic
potential of steroids [31, 32]. Despite the widespread occurrence of MRY in plants and the high levels of human exposure, there are not enough studies of antigenotoxic effect
of this substance. In our study, MRY decreased the SCE
frequency at the lowest E2 treatment group, and statistically not significantly at another E2 group. In addition, RI
was non-statistically significantly increased at all E2 +
MRY groups compared to E2 alone. MRY protected cellular genome against estradiol-induced insult as evidenced
by a significant reduction in the SCE frequency. The protection afforded by MRY against the E2-induced genotoxicity and DNA damage may be due to free radical scavenging, increased antioxidant status and apoptosis. In vitro
studies show that MRY can inhibit growth of several
types of cancer cells, such as breast [23] and prostate [24].
Such anti-proliferative activities exhibited by MRY involve inhibition of cancer cell signal transduction and
apoptosis which, consequently, leads to reduced DNA
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oxidative damage. Lopez-Lazaro et al. [33] suggested that
the ability of MRY to induce catalytic inhibition of topoisomerases in leukemia cells might be therapeutically useful
and deserves further study. Conversely, the inhibition of
topoisomerase II may induce DNA breaks and chromosome alterations and lead to cancer [33]. According to the
results of the current and previous studies, it can be concluded that MRY has strong antimutagenic and anticarcinogenic effects.
At present, there is no published data on the antigenotoxicity of MRY against E2 genotoxicity in in vitro studies. In our study, there was significant effect of E2 on SCE
frequency and cell growth kinetics in lymphocytes in a
dose-dependent manner. This may be interpreted as E2
causes microarchitectural change leading to a malignancy.
On the other hand, it can also be concluded that MRY is
capable to reduce the mutagenity of E2. Thus, prolonged
and extensive use of estrogen in daily life may be hazardous but also MRY can be used as a therapeutic substance.
But it is known that many flavonoids induce genetic damage in a variety of prokaryotic and eukaryotic systems in a
dose-dependent manner [34]. Previous studies indicate
that the relatively unstable pyrogallol structure of MRY is
associated with strong cytotoxic effects by undergoing
autoxidation [35]; and at high concentrations, MRY may
produce cancer by inducing topoisomerase-mediated DNA
damage [33]. It is, therefore, necessary to be careful when
taking higher concentrations as food or therapeutic agents.
Future studies may validate this finding among larger
groups of E2 and MRY doses in vitro and in vivo.
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ABSTRACT
Characterization of COD components in wastewater
is significant for the understanding of wastewater nature
and the wastewater treatment process optimization based
on the usage of Activated Sludge Models (ASMs). In this
work, a protocol was developed for the determination of
readily biodegradable COD (SS), slowly biodegradable
COD (XS), fermentation product COD component (SA) and
fermentable biodegradable COD component (SF). Through
separating the respiration of SS and XS based on simulating
XS biodegradation, the respirometry lasting for 6 h was
used to characterize the SS and XS components. A 9-point
pH titration method was used to characterize the VFA.
The SF component was calculated by using the substance
balance method.
KEYWORDS:
wastewater characteristics; COD fractions; respirometry; 9-point
pH titration method; activated sludge models (ASMs)

1. INTRODUCTION
Wastewater organic pollutants are a complicated system composed of materials with various physical and chemical properties, and different compositions have different
effects on the dynamic properties of the biological
wastewater treatment system. Only the control strategy
designed and established in accordance with the
wastewater characteristics can ensure the stable and efficient performance of the biological treatment system, in
particular for the removal of N and P. However, the traditional COD is a lumped index, which cannot reflect the
character of wastewater com-position, and further fractionation is necessary. At present, the COD components
fractionated by the ASMs of the International Water
Association (IWA) are well accepted [1, 2], and the quantitative characterization of these com-

* Corresponding author

ponents has become a prerequisite for the application of
ASMs.
Readily biodegradable COD (RBCOD, SS) and slowly
biodegradable COD (SBCOD, XS) are the two most important components in COD fractions which are directly
related with the growth of microorganisms, the dynamic
properties of oxygen utilization as well as the removal of
nutrients. Based on the requirements of biological phosphor removal, SS was further divided into fermentable biodegradable COD component (SF) and fermentation product COD component (SA) in ASM2 and ASM2D. Fermentation is a process that is not yet thoroughly studied, and
little is known on the dynamics of this process, and no breakthrough has been achieved in the characterization method of
SF [3]; at the moment, the characterization of SF is mainly
through the determination of the SS component and the SA
component followed by the calculation via substance
balance.
The difference between the biodegradation rate of SS
and XS can be reflected through oxygen uptake rate (OUR);
thus, respirometric method can simultaneously characterize these two components in theory. However, due to the
time-consuming process of XS respirometric determination and the limitations in the respirometric technique and
equipment, the respirometric method is mainly used in the
characterization of SS in wastewater, and human judgment
method is used to identify the end-point of SS degradation
in an OUR profile [1, 4]. In some studies, the OUR profiles
with obvious segmentations were obtained via choosing the
appropriate ratio of F0/X0 to facilitate the identification of
the degradation end-point of SS [5]; for example, the appropriate F0/X0 determined was 0.45-1.00 mg COD/mg
VSS by Orhon [6], and Cokgor [7] found that the F0/X0,
which was between 0.13-0.22, would be a more appropriate value [7]. However, there was even a report to determine SS by respirometry at F0/X0>1.50 mg COD/mg VSS
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[8], in which it was suggested that in order to obtain an
adequate assessment of SS, the similar conditions (given
by F0/X0) must be employed in experiments that are carried out to determine SS and YH. Due to the diversity and
time-varying of the wastewater, and because F0 already
includes SS and XS, it is very difficult to seek for the optimal F0/X 0 as SS and X S are not separated. Physicalchemical methods were also used to evaluate the biodegradable COD [8-10], but it was usually used to determine
SS indirectly but not the XS component.
In this study, the respirometric experiment with municipal wastewater was carried out by an ourself-developed
hybrid respirometer, and a full OUR profile was obtained
including SS degradation, XS degradation as well as endogenous respiration. Based on the obtained OUR profile,
a method for simultaneous characterization of SS and XS
components was developed by modelling the biodegradation of XS. As SA component in wastewater was characterized with the 9-point titration method [11] and then combined with the determined SS component, the SF component was ultimately calculated with mass balance method
at last. So, a set of methods for characterization of the SS,
XS, SA and SF components was found. The difference between the method for characterization of the SS, XS proposed in this paper and the traditional method is the separation of XS and SS from the OUR curve. Based on the
rate of degradation of both substances which are quite
different, the mathematical models were used in this paper
to determine the intersection of two curves, which eventually have separated the two substances. While the human
judgment was used in the traditional approach under optimizing the experimental conditions for obtaining the
OUR profile with obvious segmentation, the traditional
method not only increases the operational difficulty but
also lacks of scientific basis because human judgments
are more subjective. Therefore, the method presented in
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this paper is obviously more scientific than the traditional
one, and can be applied in any experimental conditions.
2. MATERIALS AND METHODS
2.1. Experimental procedure

The respirometric experiment was conducted in the
self-made hybrid respirometer [12]. The wastewater used
in the respiratory measurement experiment was sampled
from the effluent of the grid of a municipal wastewater
treatment plant in Chongqing, and the sludge came from
the aeration tank of the same WWTP. The traditional parameters of the wastewater samples, such as COD, TKN,
NH3, TP, SS, VSS and alkalinity, were determined with
the standard method (APHA, 1998) [13]. The sludge was
concentrated, washed and aerated in the hybrid respirometer, and then, the original wastewater was poured into the
hybrid respirometer and the volume was adjusted to 5000 ml.
The wastewater and the sludge were mixed well with magnetic stirring. The pH was 7.8 ± 0.2, and 20 mg·L-1 allylthiourea (ATU) was added to inhibit the possible nitrification reaction. The SA component in wastewater sample
was determined by using the 9-point pH titration method
proposed by the author. The main instruments used during
titration process included a ZDJ-4A Automatic Potential
Titrator and an electrical DDS—11A Digital Conductivity
Meter produced by Shanghai Accuracy Instrument Co., Ltd.
2.2. Protocol presentation
2.2.1. Simultaneous characterization of the SS and XS with
respirometry

The original OUR profile from the addition of substrate to its complete consumption and re-entering endogenous respiration is shown in Fig. 1, which contains 3 phases:
Phase I is the overlay of exogenous OUR (OURex) of SS
biodegradation, XS biodegradation and endogenous OUR
(OURen); Phase is the overlap of OURex of XS biodegradation and OURen; at Phase , the exogenous substrate
has been used up, and only OURen is present.
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FIGURE 1 - A complete OUR profile of one wastewater sample
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2.2.2. Elimination of the endogenous OURen from the full OUR
profile

With the development of the computational science, endogenous respiration, a process that reflects death decomposition in a more real way, was introduced to the later ASMs,
among which, the aerobic endogenous respiration describes
all forms of organism loss and energy demand that are
irrelative to growth. According to the hypothesis in ASMs,
during aerobic process, the microorganisms perform endogenous respiration with a nearly constant rate all the
time.
In this paper, the endogenous OURen was eliminated
from the full OUR profile by using the method proposed
by Spanjers [14]. The main method used a neural network
to detect the end-point of the exogenous respiration representing the start-point of the endogenous respiration.

t

OUR (t ) =

X S (t ) X H
dX S
= − kh
× XH
dt
X S (t ) X H + K X

(1)

The stoichiometry of OUR and the substrate is as follows:
dX
(2)
OUR(t ) = − S (1 − YH )
dt

k h ⋅ X H (1 − YH ) ⋅ X S (t )
(3)
X S (t ) + K X ⋅ X H
where, kh is the maximum hydrolysis rate (slow biodegradable COD/cell COD × time), g/(g·d); XH is the
concentration of heterotrophic bacteria (calculated as COD),
mg/L; KX is the half-saturation coefficient of the hydrolysis of slowly biodegradable substrate (slowly biodegradable COD/cell COD), g/g; YH is the yield coefficient of
heterotrophic bacteria (cell COD/oxidation COD), g/g.
Herein, YH was determined from experiments according to
Gatti et al. [8]. When A = (1 − YH )kh X H and B = K X X H ,
OUR(t ) = −

then Eq. (4) is obtained:
OUR(t ) =

(4)

A × X S (t )
B + X S (t )

∫ OUR(t )dt = y(t ) , A1 = A(1 − yH ) X s (ts ) , B = AB + AX (t ) ,
1

ts

1 − YH

'

[ y(t ) − B1 ] = A +

(5)

where, ts is the end time of SS biodegradation. Eq. (6)
is obtained by substituting Eq. (4) into Eq. (5):

s

AB1 − A1
, t ≥ ts
y (t ) − B1

(7)

Using the Maple software (Maplesoft is world leader
of mathematical and analytical software. The Maple system embodies advanced technologies, such as symbolic
computation, infinite precision) to solve the Eq. (7), and
we get:
D ln |

D
D
| − A[
] + D ln OUR(t )
OUR(t ) − A
OUR(t ) − A

= − A1t + D ln | B1 | − AB1 + D ln A +

(8)

D
+ A1ts , t ≥ t s
− B1

The end time of SS biodegradation is identified as follows: Backwards from the end time (te) of OURex, a segment of OUR series (it is ensured that only XS degradation is present just as shown in Fig. 2) is selected for fitting Eq. (9). The fitting error between the two selected
sequence OUR(t) series should be kept small enough (for
example, <1%) and almost constant, if they were only
produced by the biodegradation of XS hydrolyzing components, and increase significantly as one selected sequence OUR(t) series went to the region of both SS biodegradation and XS hydrolyzing component biodegradation. So, the last OUR series, before the significant increase of the fitting error appeared, is taken as the OUR
profile of only XS biodegradation, and the starting time
point of this OUR series is defined as the end time (ts) of
SS biodegradation. As an OUR series from the end time
(ts) of in SS biodegradation to the end time (ten) of respirometric test is selected to fit Eq. (9), the parameters A
and A1, B1 and D can be obtained. Therefore, XS(tS) can
be calculated with the calibrated Eq. (9).
Due to significant high concentrations of XS in the
early phase of respirometry experiment, it is assumed that
the rate of XS hydrolysis keeps constant until the depletion of SS is originally present in wastewater.
2.2.3. Determination of the initial concentration of SS in the
original wastewater

The original concentration of SS in the original wastewater could be obtained from the stoichiometry of OUR
and the substrate concentration (Eq. 9):
ten

∫ OUR

ex

, t ≥ ts

x

Eq. (7) can be written as follows:

t

∫ OUR(t )dt

AB + AX s (t s ) − ∫ OUR (t )dt

(6)

, t ≥ ts

When

S S (0) = −
ts

t

t

As known:
Xs(t ) = Xs(ts ) −

ts

ts

2.2.2. Resolving the initial concentration of XS in the original
wastewater

The exogenous OUR of SS and XS degradation is obtained after eliminating the OURen from the full OUR
profile. After the complete degradation of SS, OURex is
produced solely by XS degradation. Generally, it is believed that the degradation of XS is achieved via hydrolysis producing SS. Since degradation rate of SS is much
higher than hydrolysis rate of XS, the only limiting step in
the XS degradation process is the hydrolysis rate [15]. The
equation is shown below:

A(1 − yH ) X s (t s ) − A∫ OUR (t )dt

(t )dt

0

(1 − YH )

− X S (0)

(9)

2.2.4. Characterization of the SA through the 9-point pH titrimetry

The 9-point pH titration method, which is based on
the basic definition and expression of the total alkalinity
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FIGURE 2 - Choosing the right ti for the first time fit.

in wastewater, has been developed by the author, in which
focuses are on the solution of the issue that the total alkalinity in wastewater is affected by various buffer systems
in wastewater. Three pH points are used to determinate
the total alkalinity in the wastewater according to he Gran
titration method, and the other six pH points are used to
calculate the concentration of SA by the least-square
method. The results of the evaluation with the synthetic
and real wastewater samples show that the method has a
good advantage in the aspects of accuracy, precision, and
repeatability.
Analysis of the SF component

Based on the SS component and the SA component
obtained, the SF component could be calculated using
Eq. (10) with mass balance:
(10)
SF = SS − S A
3. RESULTS AND DICUSSION
3.1 Results of SS and XS characterization

Respirometric experiments were conducted with the
wastewater sample and sludge taken continuously for
4 days from a full-scale municipal wastewater treatment
plant (WWTP) at Chongqing, China. The SS and XS concentrations were determined with both OUR plateau method
and the method developed in this paper. The OUR profiles
of the four water samples resolved by using the method
proposed are shown in Fig. 3. The initial concentrations of
SS and XS (mg·L-1) determined by the two methods are
shown in Table 1.
The OUR (behaviour of oxygen utilization by the activated sludge during the aerobic biodegradation of organic matter in wastewater) is closely correlated with the
wastewater and the sludge, and, therefore, has objectivity
and relativity. The wastewater and the activated sludge

taken from the same WWTP studied should be used in
respirometric experiments as well as the appropriate model
selected according to the actual behaviour of OUR profile. The second plateau in OUR profile appears after the
kinetic of microbial activity completely relies on the generating SS from the hydrolysis of Xs. The extension of XS
biodegradation before the second plateau is made in the
OUR plateau method, assuming that the OUR of XS biodegradation keeps constant until the second OUR plateau
appears. In the early phase of respirometric experiment, the
true OUR depends on the sum of the remaining SS originally present in wastewater, and the generating SS from the
hydrolysis of XS in wastewater is not absolutely the sum
of OUR produced by the remaining SS and by the generating SS, respectively. Therefore, the determination of the
end-point of SS degradation by plotting the second plateau
of OUR profile is significantly subjective, which is likely
to create significant errors [16]. In the developed method,
the surface-based Monod equation described in ASMs is
used for fitting the OUR of XS biodegradation in order to
accurately detect the end of SS biodegradation; therefore,
no subjectivity as before is involved.
Gatti et al. [8] divided XS into XSRH (readily hydrolysable biodegradable organic matter) and XSSH (slowly
hydrolysable biodegradable organic matter), and suggested
that respirometric test could measure XSRH but not XSSH.
They calculated XS component by the difference between
the total BOD and SS in influent. However, Lu et al. [17]
and Gillot [18] considered that XS could be achieved through
respirometric test when the duration of respirometric test
was long enough. In ASMs developed by IWA, XS is
defined as the organic matter which could be slowly biodegraded and utilized by bacteria during the hydraulic
retention time (HRT) of a full-scale biological WWTP. In
practice, the normal HRT in most full-scale biological
WWTPs is around 6 h of biological treatment including
anaerobic, anoxic and aerobic treatments. The conditions
used in respirometric test should be as close to those of
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the studied WWTP as possible in order to accurately
characterize the fractions of the influent [8]. Therefore,
only if the duration is not less than the HRT of a full-scale
biological WWTP, the XS in the influent can be determined by respirometric test. Herein, the normal duration
of respirometric test is defined to be 6 h, when considering the above requirement and the feasibility of respirometric test in WWTP (The respirometric test of 1 wastewater
sample can be finished within 1 day).
The OUR profile would not went into endogenous
phase as there is a little amount of XS in wastewater after
the 6-h respirometric experiment, and the OUR of XS biodegradation might be mistakenly identified as the endogenous respiration to result in the underestimation of XS
fraction by the developed method [7, 8]. In that case, the
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duration of the respirometric experiment should be extended until the stable endogenous respiration continues
for a period. The dual hydrolysis model of XS could be
also used to identify the contributions of SH and XH to the
OUR of XS biodegradation, with repeating the same batch
OUR test in duplicate on the soluble and total portions of
the same wastewater to obtain the representative OURs on
the biodegradation of SS and SH, as well as on that of SS,
SH and XS. The two fractions of SS and SH could be determined with the OUR from the soluble sample of the wastewater by the developed method, and the fraction of XH
could be obtained with the difference of the integration of
the OUR from the actual wastewater and the sum of SS
and SH.

350
1.0

1.0

0.8

0.8

0

50

100

SS degradation

0.4

ts

0.0
50

100

150

200

250

300

0.6

0

50

100

150

200

0.2

0.2

0.0
350

0.0

ts

0

50

0.2

100

150

250

300

350
1.0

1.0

0.8

0.8

0

50

100

0.4

ts

0.0
100

150

200

250

300

0.0
350

150

200

350
1.0

SS degradation

0.8

250

300

The assumed plateau of XS degradation

-1

0.6

OUR/mg*(L*min)

-1

OUR/mg*(L*min)

0.4

50

300

XS degradation

The assumed plateau of XS degradation

0

250

OUR containing SS and XS

XS degradation

0.2

200

time (min)

SS degradation

0.6

0.6

0.4

OUR containing SS and XS
0.8

0.8

0.4

time (min)

1.0

350
1.0

The assumed plateau of XS degradation

-1

0.6

OUR/mg*(L*min)

-1

OUR/mg*(L*min)

0.4

0

300

XS degradation

The assumed plateau of XS degradation

0.2

250

SS degradation

XS degradation
0.6

200

OUR containing SS and XS

OUR containing SS and XS
0.8

150

0.6

0.4

0.2

0.2

0.0
350

0.0

0.6

0.4

ts

0

50

0.2

100

150

200

250

0.0
350

300

time (min)

time (min)

FIGURE 3 - Analytical results of OUR curve obtained by the proposed method.

TABLE 1 - The concentrations of SS and XS determined by the method (mg·L-1).
Sample

1

2

3

4

Components

SS

XS

SS

XS

SS

XS

SS

XS

The determined concentration

73.84

119.80

107.22

128.80

85.15

100.19

87.85

140.06

23.4

38.0

25.6

30.7

27.2

32.9

22.9

36.5

The ratio of fraction to COD (%)
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TABLE 2 - The characterization results of the SA and SF in the four samples (mg·L-1).
Sample

1315

2419

3313

4384

Components

SA

SF

SA

SF

SA

SF

SA

SF

The determined concentration

55.33

18.51

81.05

26.17

72.45

12.70

53.28

34.57

17.6

5.8

19.3

6.3

23.1

4.1

13.9

9.0

The ratio of fraction to COD (%)

The proposed method seeks for the endpoint of the
degradation of the SS component by using the mathematic
method , but does not need to choose the appropriate ratio
of F0/X0 to facilitate the identification, and the fitting
error of the mathematic method was always below 1%.

[2]

Henze M., Gujer W., Mino T. and van Loosdrecht M.C.M.
(2000) Activated sludge models ASM1, ASM2, ASM2D and
ASM3. IWA Scientific and Technical Report No. 9. IWA
Publishing, London, UK.

[3]

Martin Ruel S., Comeau Y. and Ginestet P.(2002) Modeling
acidogenic and Sulfate-Reducing processes for the determination of fermentable fraction in wastewater. Biotechnology
and Bioengineering.80(4):525-536

[4]

Lagarde, F., Tusseau Vuillemin, M H.and Lessard, P. (2005)
Variability estimation of urban wastewater biodegradable
fractions by respirometry. Water Res, 39(6): 4768-4778.

[5]

Mathieu, S. and Etienne, P. (2005) Estimation of wastewater
biodegradable COD fractions by combining respirometric
experiments in various S0/X0 ratios. Water Res., 34(3): 12331246.

[6]

Orhon, D., Ates E., Sozen S. and Cokgor, E.U (1997) Characterization and COD fractionation of domestic wastewaters.
Environ. Pollu., 95(2): 191-204

[7]

Orhon, D., Çokgör, E.U. and Sözen, S. (1998) Dual hydrolysis model of the slowly biodegradable substrate in activated
sludge systems. Biotechnology. Techniques., 12(10): 737–
741

[8]

Gatti, M. N., Garcis-Usach, F. and Seco, A. (2010)
Wastewater COD characterization: analysis of respirometric
and physical-chemical methods for determining biodegradable organic matter fractions. J. Chem. Technol. Biotechnol.,
85(4): 536-554

[9]

Mamais, D., Jenkins, D. and Pitt, P. (1993) A rapid physicalchemical method for the determination of readilybiodegradable soluble COD in municipal wastewater. Water Res., 27(7):
195-197.

3.2 Characterization results of the SA and SF

After determining the SS concentrations in the four
water samples by the developed method, according to the
method introduction, the SA concentrations were determined using the 9-point titration method and, finally, the
SF was analyzed using material balance. These results are
shown in Table 2.

4. CONCLUSIONS
In this paper, the theory of ASMs was taken as the
basis, based on the fact that the oxygen utilization rate can
indicate the differences among the OURs of the SS, XS
biodegradation and endogenous respiration, a novel method
for simultaneous determination of Ss and Xs components
in municipal wastewater was developed. The results suggest that this method could reduce subjective error and
can improve the accuracy of the characterization of Ss and
Xs components in wastewater.
Based on the characterization of the Ss and characterization of SA components with the 9-point pH titration
method developed in the past by our group, the SF component was ultimately calculated using mass balance. A protocol for the characterization of the SS, XS, SA, and SF components in municipal wastewater has been found.

[11] Ai, H., Zhang, D., Lu, P. and He, Q. (2010) A nine-points pH
titration method to determine low-concentrationVFA in municipal wastewater. Wat. Sci. Tech. 63(4):583-589
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ABSTRACT
The analytical challenges related to pesticide multimethods with GC-MS modules require special care in
terms of keeping pesticides’ stability during the analytical
process. This is of high importance when
- pesticides have chemical-physical properties that do
not allow the application of LC-MS/MS modules,
- matrix challenges are significant,
- labile pesticides might be present in the sample, and
- time for analysis is limited because of routine constraints.
Whereas typical analyte protectants aim to influence
the chromatographic performance by reduction of interactions and by leveling matrix effects, a new approach was
introduced taking into consideration the preserving properties of ascorbic acid. The “protection” function thus refers herein to the protection of the stability of the analytes
themselves. As the degradation of pesticides to oxidationproducts is supported, in particular by GC conditions, an
antioxidant like ascorbic acid should reduce the oxygenbased degradation.
The influence of ascorbic acid on the analytical performance of pesticide residue multi-method analysis was
tested empirically. Method performance data, such as sensitivity, selectivity, trueness and precision, were carefully
evaluated. The experiments started with the analysis of
chlorothalonil in spring onions while ascorbic acid was
present, and the experiments then were extended across
several vegetable matrices and 124 target pesticides all in
all.
The performed validations and their critical review
confirmed the validity and robustness of a modified
QuEChERS method with ascorbic acid. Ascorbic acid
stabilizes labile pesticides and thus showed valid performance data. The fitness of this modified method under
routine conditions could be confirmed.

* Corresponding author

KEYWORDS: Analyte protectants, GC-MSD, QuEChERS, ascorbic acid, analytical performance data, Large Volume Injection,
chlorothalonil, dicofol.

1. INTRODUCTION
The general development of multi-methods during the
last decade resulted in significant reductions of sample
clean-up steps [1]. The instrumental measurement requirements increased alongside this development as less cleanup steps raise an increased matrix-effect, which has to be
carefully considered in order to correctly assess signal
suppressions or enhancements in quantification [2, 3]. Less
polar pesticides that are difficult to ionize with the electrospray ionization, or pesticides that are inappropriately
separated with LC techniques, still require other chromatographic- and detection-combinations, for example GCMS (EI) [4, 5].
The use of analyte protectants (for example polyhydroxy-compounds) for sample extracts prepared according
to the QuEChERS method [6] and corresponding calibration extracts are recommended in order to even out matrix
effects [7-9]. However, analyte protectants cause additionally to matrix-effects also baseline noises, which bear
a higher risk of in interferences in GC-MS (EI).
As a conclusion, a new approach is introduced which is
based on good routine experiences with matrix-calibrations
taking also into consideration the prevention of pesticidedegradation in the GC. Additional baseline noise is also
avoided.
The basis of the study follows the idea that analytes
degrade to oxidation-products, and this process is supported by GC conditions. Therefore, an antioxidant like
ascorbic acid should reduce the oxygen-based degradation.
Ascorbic acid shows in addition similar structures like
gluconic acid lactone and shikimic acid [9, 10], which are
used as analyte protectants.
The study has first put focus on chlorothalonil, iprodione, p,p’-dicofol, folpet, captan and captafol as they are
all challenging in GC-analysis and cannot be analyzed
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with LC-MS (ESI) techniques. The influence of ascorbic
acid on the analytical performance in pesticide residue
analysis in general and, in particular, related to the abovementioned 5 pesticides was verified empirically also by
means of method performance data, such as sensitivity,
selectivity, trueness (recovery), intermediate and withinlaboratory precision (both in terms of standard deviations)
[11-14].
2. MATERIALS AND METHODS
First of all, the influence of ascorbic acid on signal
intensities of chlorothalonil was checked in solvent. Afterwards, homogenized spring onions were spiked with
chlorothalonil to see if chlorothalonil can be detected in
this difficult matrix as chlorothalonil is quite challenging
to detect in spring onions.
The positive analytical results gave rise to extend the
scope of pesticides. Thus, the influence of ascorbic acid
on the analytical performance of iprodione, p,p’-dicofol,
folpet, captan and captafol was measured. The related
signals were compared by measurement of spiked sample
extracts (spring onions) with and without addition of
ascorbic acid.
Finally, the influence of ascorbic acid was tested
across all pesticides of the target scope (124 pesticides).
Matrix-calibrations in lettuce were performed. The relative signal intensities as well as the coefficients of correlation of the calibration lines / curves were determined with
and without addition of ascorbic acid to the sample extract.
In order to experience the intermediate precision, the
stability of the calibrations was observed for two weeks.
The standard deviations of the relative signal intensities as
well as the coefficients of correlation of the calibration
lines / curves were determined with addition of ascorbic
acid. These method performance data were established for
chlorothalonil, iprodione, p,p’-dicofol, folpet, captan and
captafol.
After the stability of the calibrations was evident, a
total validation of the QuEChERS method was performed
with the 6 analytes in spring onions (concentration range:
0.01-0.20 mg/kg, 6-time-repetitions) and ascorbic acid.
Primary and secondary amine exchange material (PSA) for
clean-up was not applied in order to ensure satisfying recoveries of chlorothalonil [15]. Graphite carbon black absorbent (GCB) was used during clean-up because of the
high chlorophyll content of spring onions [16]. The quantifications were measured against calibration curves in
lettuce matrix (ascorbic acid was also present) to work out
the comparability between spring onion and lettuce matrices, and thus the trueness of analytical results in spring
onions.
Moreover, the suitability of ascorbic acid in routine
analysis was verified by determination of the labile p,p’dicofol [17] across a time frame of 3 months (which corre-

sponds to a life-cycle of a GC-column). An extract of a
control sample (lettuce) including a mix of representative
analytes (also p,p’-dicofol) was measured on a daily basis
for three months, and p,p’-dicofol levels were considered
as an indicator of the conditions of the GC system.
Finally, the positive effect of ascorbic acid was compared with different matrices, such as carrots, iceberg
lettuce and rocket..
Method and measurement details: 10 ml acetonitrile
and 100 µl of internal standard (4,4'-dibromoctafluorbiphenyl) are added to 10 g of homogenized sample material which was shaken for 1 min. Afterwards, MgSO4, NaCl
and citrate-buffer are added (shaking for 1 min) and centrifuged. An aliquot of 4 ml is cleaned-up with PSA/
GCB/MgSO4 for GC-MS measurements. In case of spring
onions, the sample extract is only dried with 600 mg
MgSO4 and GCB. PSA clean-up is not applied here.
To prepare the extract for GC-MS analysis, 100 µl of
extract are added with 5 µl ascorbic acid solution. (This
solution is prepared by solving 100 mg ascorbic acid in
1 ml water and by filling up to 10 ml with acetonitrile)
Then, a dilution with 400 µl ethylacetate is performed.
With help of large volume injection, 25 µl of sample
extract are injected into the GC-MS-system: GC-MSD
(Agilent 7890 GC with Restek Rxi 5ms 20 m, 0.18 mm/
0.18 µm column, Agilent 5975C MSD, Gerstel CIS4 with
ALEX option) using SIM/SCAN mode, m/z 50-550.
3. RESULTS AND DISCUSSION
According to the described steps in the experimental
part, the results are summarized in the following tables /
figures.
The signal intensities of chlorothalonil are comparable. Ascorbic acid has a decomposition point at 190 °C,
and the products of decomposition show peaks at early
retention times (4–5 min). Therefore, the (later) retention
times of target analytes are not influenced by ascorbic
acid.
A suspicious sample of spring onions, which gave
reason to be tested for chlorothalonil, was analyzed according to the QuEChERS method – first of all without
addition of ascorbic acid. No signal was detected. Afterwards, the sample extract (QuEChERS with PSA cleanup, without ascorbic acid addition) was spiked with chlorothalonil, but even this sample extract did not present a
signal of chlorothalonil.
As the QuEChERS method already refers to the influence of PSA on base-sensitive pesticides such as
chlorothalonil [6], it was assumed that chlorothalonil gets
already lost during sample clean-up. So, ascorbic acid
would not be able to stabilize chlorthalonil in the sample
extract when it is not present after PSA clean-up. Consequently, in an additional experiment, the original suspi-
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chlorothalonil peak
without ascorbic acid

chlorothalonil peak
with ascorbic acid

FIGURE 1 - GC-MS chromatogram of ascobic acid in solvent (Ethylacetate / Acetonitrile 4:1).

Suspicious spring onion
sample
(QuEChERS with PSA
clean-up)

Suspicious spring onion sample (No PSA
clean-up, addition of
ascorbic acid) showing
chlorthalonil levels of
0,25mg/kg

FIGURE 2 - Spring onions – QuEChERS with PSA clean-up, no ascorbic acid (upper diagram), and QuEChERS without PSA clean-up and
addition of ascorbic acid (lower diagram).

cious spring onion sample was not cleaned-up with PSA,
and ascorbic acid was added to the sample extract in order
to stabilize possible chlorthalonil residues in the suspicious spring onion sample.
The application of QuEChERS without PSA clean-up
and with ascorbic acid presented a significant concentration level of chlorothalonil (0.25 mg/kg) in the suspicious
spring onion sample.
The scope of pesticides was increased and sample extracts of spring onions were spiked with these pesticides
and ascorbic acid. For this and for future experiments,
PSA clean-up was generally excluded for spring onions.

The analytical results were compared with spiked sample
extracts without addition of ascorbic acid. All analyses
were performed within the same liner sequence (the liner
usually is changed after 4-5 injections) at a concentration
level of 0.1mg/kg.
The results show satisfying recoveries when ascorbic
acid is present. As the GC-MS system was already running for 1 month with presence of ascorbic acid, the GC
column was probably not “clean” when extracts without
ascorbic acid were injected. As a conclusion, there is not
such a significant difference in the recoveries related to
chlorothalonil and observed before.
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TABLE 1 - Recoveries of six different pesticides in spring onion extract with and without addition of ascorbic acid.
Recoveries of spiked level in %
1st Injection without
2nd Injection
3rd Injection
4th Injection
ascorbic acid*
with ascorbic acid**
without ascorbic acid*
with ascorbic acid**
chlorothalonil
90
105
69
90
p,p’-dicofol
76
110
54
99
folpet
86
100
65
89
iprodione
90
103
88
96
captan
87
100
61
90
captafol
15
54
10
45
* injected extract (1st) has the same concentration of pesticides like the 3rd injected extract; ** injected extract (2nd) has the same concentration of
pesticides like the 4th injected extract.

Without ascorbic acid

With ascorbic acid ê

ê

FIGURE 3 - Comparison of calibration curves (here: p,p’-dicofol.)

In order to exclude negative influences of ascorbic
acid on the target scope of analytes determined with GCMS, the total GC-MS scope (124 pesticides) was verified
and measured in lettuce matrix with ascorbic acid being
present / absent. The matrix-matched calibrations with
ascorbic acid were performed by addition of 5 µl ascorbic
acid solution to 100 µl lettuce extract and 400 µl of pesticide-mix standard solution (in ethylacetate). For most of
the 124 target pesticides, the influence of ascorbic acid on
the relative signal intensities and the correlation coefficients was comparable or slightly improved.
The most significant improvement related to the addition of ascorbic acid was observed with p,p’-dicofol. The

relative response was improved by a factor >6 when
ascorbic acid was present. Also the linearity of the calibration curve was improved.
Obviously, the stability of p,p’-dicofol is much better
when ascorbic acid is present. This was confirmed by
analysis of an acidified p,p’-dicofol standard which did
not show any p,p’-dichlorbenzophenone.
Negative effects of ascorbic acid on the analytical
performances were observed for the pesticides bupirimat,
cyanazin and triflumizol. As they can also be analyzed by
LC-MS/MS, they are shifted to the target scope of LC
analytes.

TABLE 2 - Comparison of relative signal intensities and correlation coefficients.

chlorothalonil
p,p’-dicofol
folpet
iprodione
captan
captafol

Relative signal intensities
Without ascorbic acid
With ascorbic acid
0.5728
0.8943
0.0132
0.0884
0.1158
0.1957
0,3972
0,5331
0.2164
0.2012
0.0167
0.0326
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Correlation coefficient
Without ascorbic acid
With ascorbic acid
1.0000
1.0000
0.9785
0.9983
0.9996
0.9975
1.0000
0.9979
0.9946
0.9961
0.9939
0.9955
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The stability of the 3-point-calibrations was tested for
two weeks with concentration levels of 0.01 mg/kg and
0.20 mg/kg. At nine different days, the measurements
were performed and the stability was confirmed. The
relative standard deviations covered a range of 4% up to
12%, and the correlation coefficients showed values of
0.987 up to 1.000 (1/x weighted regression).

liner was exchanged after 3 injections, and calibration
curves of lettuce matrix with added ascorbic acid were
used for quantification in order to check the applicability
of lettuce matrix related to the trueness of the spiked
levels in spring onions. An overview of the average recoveries and the relative standard deviations is given in
Table 3.

A comprehensive validation of the modified
QuEChERS method with ascorbic acid in spring onions
followed. Whereas PSA was not used during clean-up,
GCB was applied (MgSO4:GCB = 60:1).

The influence of the matrix is low. However, whereas
recoveries at a concentration level of 0.20 mg/kg show
values within a range of 70-120% according to SANCO
[12], the validation data presents higher recovery rates at
the lower concentration level of 0.01mg/kg, in case of
p,p’-dicofol, folpet, iprodione and captan even above
120%.

At concentration levels of 0.01 and 0.20 mg/kg, the
analyses were repeated six times to calculate the recoveries and the precision (relative standard deviations). The

FIGURE 4 - Examples of the stability of calibration curves.

TABLE 3 - Validation of the QuEChERS method with ascorbic acid.
Spiked Level: 0.20 mg/kg
Average of recoveries [%]
RSD [%]
(6 repetitions)
of 6 repetitions

Spiked Level: 0.01mg/kg
Average of recoveries [%]
RSD [%]
(6 repetitions)
of 6 repetitions

chlorothalonil
p,p’-dicofol

96
111

5.1
8.0

107
136

6.3
4.3

folpet
iprodione
captan

109
102
108

5.4
3.7
4.3

140
121
143

3.5
9.3
3.5

captafol

74

13,7

117

14,1
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**: Liner two
FIGURE 5 - Results of p,p’-dicofol related to each individual measurement (validation).

FIGURE 6 - Long-term study (3 months) of p,p’-dicofol in spiked lettuce control sample.
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TABLE 4 - Validation of the modified QuEChERS method with different matrices.

chlorothalonil
p,p’-dicofol
folpet
iprodione
captan
captafol
*without PSA clean-up

Spiked level [mg/kg]
0.047
0.047
0.051
0.051
0.058
0.050

iceberg
64
104
84
92
105
84

carrots
79
96
90
96
103
102

Missing selectivity in the matrix of spring onions
could cause the high recoveries at the low concentration
level. An increasing baseline may, for example, cause
larger peak areas. Also a lot of other pesticides showed
high recoveries at the low concentration level. However,
the modified QuEChERS method with ascorbic acid
shows valid results of labile pesticides (such as p,p’dicofol and chlorothalonil) in difficult matrices such as
onions. The high recoveries at lower concentration levels
are reproducible and the precisions are below 20%. A
degradation of p,p’-dicofol to p,p’-dichlorobenzophenone
was checked and can be denied.
In a long-term study (3 months), p,p’-dicofol was determined in a spiked lettuce control sample. The pesticide
standard solution (which also contained p,p’-dicofol) was
added to the control sample, before it was extracted and
cleaned-up with the modified QuEChERS method using
ascorbic acid. The spiked p,p’-dicofol level was 0.047
mg/kg. A mean recovery of 82% and a relative standard
deviation of 14% confirmed the validity of the method on
a day-to-day routine level.
Finally, the modified method using ascorbic acid was
transferred to other matrices, such as carrots, iceberg
lettuce and rocket. For quantification, again lettuce calibration curves were applied. With exception of chlorothalonil, which is sensitive to PSA clean-up, all other analytes
showed satisfying results in terms of trueness.

Recovery [%]
rocket
30
109
92
120
93
82

spring onions*
94
149
116
106
126
110

RSD [%]
41.1
20.7
14.4
11.8
12.8
14.5

provides a helpful improvement also in day-to-day GCroutine analysis. A slight tendency towards higher results
at lower concentration levels (0.01 mg/kg) was observed.
However, the data were reproducible, and thus the correction with recovery can be taken into account. Finally, the
positive effect of ascorbic acid presented also satisfying
results when making use of calibration curves in lettuce
matrix for quantification of critical GC-pesticides in other
matrices, such as carrots, iceberg lettuce and rocket..
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4. CONCLUSION
The performed validations and their critical review indicate clearly that ascorbic acid stabilizes labile pesticides,
and thus leads to valid performance data. A modified
QuEChERS method with ascorbic acid presented robust
results for pesticides that still have to be analyzed with
GC-MS modules as they are not fit for LC-MS/MS modules because of their chemical-physical properties. The
addition of ascorbic acid enables, in particular, the analysis of challenging matrix/analyte combinations, such as
chlorothalonil and p,p’-dicofol in spring onions. The addition of ascorbic acid just affects the analytical performance
of a limited number of pesticides, such as bupirimat, cyanazin and triflumizol. As they can also be analyzed by
LC-MS/MS, they can be excluded from the GC-target
scope anyway. Therefore, the addition of ascorbic acid
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