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CLASSIFICATION OF SURFACE WATER
QUALITY AND ASSESSMENT OF DOMINANT
IONS ORIGIN IN HARAZ RIVER BASIN, IRAN
Amirhossein Pejman*, Abdolreza Karbassi,
Gholamreza Nabi Bidhendi, Naser Mehrdadi and Akbar Baghvand
Graduate Faculty of Environment, University of Tehran, P. O. Box 14155-6135, Tehran, Iran

ABSTRACT
The physico-chemical parameters (calcium, magnesium, sodium, potassium, bicarbonate, sulphate, chloride,
electrical conductivity, pH, water temperature, and dissolved oxygen) of waters from Haraz River, in Iran were
analyzed during 2008. The results obtained showed that
the river water quality falls within bicarbonates and carbonates classification, respectively. Ions such as calcium
and bicarbonate are principally originated from weathering
and decomposition of carbonate rocks and erosion of soil;
or they may originate from anthropogenic activities. Mining of sand from the riverbed is among the anthropogenic
sources of pollution. The concentration of ions in wet
season was generally less than dry season. This might be
due to the flow rate of river water during the wet season
when water is more diluted in comparison to the dry season. Schoeller diagram is indicative of potable water
throughout the river course. Generally, water quality of
Haraz River is most appropriate for irrigation. The USSL
diagram classifies water quality as low sodium-medium salinity, and low sodium-high salinity. To obtain healthy crops
in areas where water contains higher salinity, suitable
drainage and adequate leaching is indispensable factors. Furthermore, salinity management and selection of plants compatible with presence of salt must be taken into account.

KEYWORDS: Water quality, irrigation, environment, anthropogenic, agricultural

searchers [3-5]. Generally, deterioration of water quality is
a major environmental problem [6-8]. The quality of surface water within a region is governed by both natural
processes (such as precipitation rate, weathering processes
and soil erosion) and anthropogenic effects (such as urban, industrial and agricultural activities, and the human
utilization of water resources) [9-11]. The quality of a river
at any point reflects several major influences, including the
lithology of the basin, atmospheric input, climatic conditions and anthropogenic input [12-14]. Anthropogenic discharges constitute a constant point source, but contamination of surface waters with runoffs is only a seasonal event
which is largely affected by climate conditions within a
basin [15-17]. Discharge of wastewaters with inadequate
treatment into rivers can adversely affect chemical, physical and ecological attributes of water bodies [18]. Arian et
al. [19] showed that simultaneous geochemical studies of
water and sediment can provide useful information on toxic
elements in aquatic environments. Physical and chemical
parameters of surface water play an important role in classifying and specifying water quality. Classification of chemical parameters denotes predominant cations and anions as
well as their mutual dependence.
The objective of this study was to investigate the impact of natural and anthropogenic (fish farming and sand
mining) factors on the quality of river water. Subsequently,
Haraz River water quality will be assessed for various uses.
Eleven physical and chemical parameters of Haraz River
water were studied during 2008. Eight stations were sampled in spring (wet) and summer (dry) season. Haraz River
water is mainly used for agricultural activities and aquaculture in the area of study.

1. INTRODUCTION
In many parts of the world, availability of fresh water
is a major concern for social and economic development
[1]. High concentrations of contaminants in surface water
threaten health of living organisms [2]. Water pollution and
its environmental consequences are of interests to many re* Corresponding author

2. MATERIALS AND METHODS
2.1. Study area

Haraz River is located in the Mazandaran province,
north of Iran at 35°52ʹ′ and 45°5ʹ′ and 35°45ʹ′ and 36°15ʹ′.
Haraz River is 185 km long with a discharge of 940×
106 m3/yr. River width ranges from 50 to 500 m. The
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catchments areas of the river are about 4,060 km2 with
average precipitation of 832 mm/yr [11,14]. Haraz River
originates from Alborz mountain ranges and flows into the
Southern coast of the Caspian Sea [20]. Haraz River is a
major source of water for agriculture activities particularly in downstream as well as sand mining and aquaculture
in the middle basin areas.

2.2. Sample collection

Water samples were collected from the 8 stations of
Haraz River. Water samples were kept in 2 liter polyethylene plastic bottles. These bottles were washed using metal
free soap prior to sampling. The water bottles were rinsed
three times with distilled water and soaked in 10% nitric
acid for 24 h. All water samples were stored in an insulated
cooling box (4°C) and delivered on the same day to laboratory [4, 21].

FIGURE 1 - Map of study area and water sampling stations in Haraz River basin
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2.3. Analytical methods

Temperature, pH, electrical conductivity (EC) and dissolved oxygen (DO) of the water samples were measured
in-situ by a thermometer, pH, EC and DO meter, respectively (using HACH sensION156 portable). All shipped
samples to laboratory, were filtered through a 0.45 µm
membrane filter and subsequently were analyzed for Ca,
Mg, Na and K by Atomic absorption spectrometric method
(using UNICAM 919 AAS). HCO3 and Cl were determined
using acid titration method and silver nitrate (AgNO3)
titration method, respectively [22]. SO4 was measured spectrophotometrically (HACH DR5000) by the barium sulfate
turbidity method [23]. All calculation and drawing of diagrams were implemented using Aq.QA, AquaChem 5.1
and Microsoft Office Excel 2007 software.
3. RESULTS AND DISCUSSION
The results of analysis from 8 sampling stations for
wet and dry seasons are represented in Tables 1 and 2,
respectively. Data shows that the concentration of cations
and anions are increased in dry season as compared to wet
season. It might be concluded that concentrations of cations
and anions are diluted by higher river flow rate during wet
season. Results shown in Tables 1 and 2 indicate that irrespective of season, the 3 last stations (S6, S7 and S8) comprise higher concentrations of ions as compared to other

stations. The higher concentrations of ions at these stations can be justified by the very low flow rate after dam.
Although, dams play an important role in economic and
social development, but they typically alter rivers’ configuration and flow regime [8, 24-26]. The pH values (ranging
from 8.1 to 8.5) are indicative of alkaline conditions throughout the course of river.
The chemical characteristics of river water in different
stations plotted on Piper diagram for wet and dry seasons
are shown in Figs. 2a and 2b. This diagram exhibits the
similarity, dissimilarities and different types of waters. The
triangular diagrams explain the relative concentrations of
cations (left diagram) and anions (right diagram) for each
sample. Diagrams show that dominant type of water in the
Haraz River basin is Ca-HCO3 (calcium- bicarbonate) in
wet and dry seasons.
In view of the fact that concentration of HCO3 and Ca
in Haraz basin are considerable when compared with other
anions and cations, respectively, it might be concluded that
main source of these ions are weathering of rocks, erosion
of soil and anthropogenic activities such as sand mining
in periphery of this river.
In spite of relatively high concentration of HCO3 in
water samples in contrast with other ions, current status of
water quality in both seasons (wet and dry), is acceptable
as potable water (Fig. 3- a and b).

TABLE 1 - Results of parameters analysis of sampling station in Haraz River basin (April 2008)
Station
S1
S2
S3
S4
S5
S6
S7
S8
Max
Min
Mean
S.D.

T
°C
13
15
16
17
18
17
18
18
18
13
16.5
1.77

EC
µS/cm
428
469
660
669
647
658
858
722
858
428
638.87
136.29

DO
mg/L
6.3
4.3
5.3
5.4
5.1
4.9
4.9
4.8
6.3
4.3
5.12
0.58

pH
8.3
8.3
8.2
8.2
8.2
8.3
8.1
8.2
8.3
8.1
8.22
0.07

Ca
mg/L
48.5
84.2
85.3
82.5
72.9
82.1
103.5
90.1
103.5
48.5
81.13
15.78

Mg
mg/L
7.29
18.8
14.58
16.2
16.4
19.4
26.7
27.3
27.3
7.29
18.61
4.39

Na
mg/L
8.7
12.5
11.8
12
10.7
11.2
14.4
13.1
14.4
8.7
11.8
1.69

K
mg/L
3.8
4.4
4.3
4.4
4.9
5.9
6.2
5.4
6.2
3.8
4.91
0.84

HCO3
mg/L
122.6
211.5
201.3
210.3
189.6
223.8
323.7
306.7
323.7
122.6
223.69
64.47

SO4
mg/L
41.2
93.6
99.2
92.3
88.1
88.7
95.2
78.1
99.2
41.2
84.55
18.59

Cl
mg/L
21.7
28.7
24.5
21.3
22.5
26.4
29.8
23.2
29.8
21.3
24.76
3.21

TABLE 2 - Results of parameters analysis of sampling station in Haraz River basin (July 2008)
Station
S1
S2
S3
S4
S5
S6
S7
S8
Max
Min
Mean
S.D

T
°C
16
19
25
25
25
26
26
25
26
16
23.37
3.73

EC
µS/cm
398
741
715
767
643
845
942
930
942
398
747.62
175.33

DO
mg/L
4.7
4.5
4.2
3.6
4.3
4.2
3.1
4.4
4.7
3.1
4.12
0.52

pH
8.5
8.4
8.4
8.5
8.5
8.4
8.3
8.2
8.5
8.2
8.4
0.10

Ca
mg/L
47.4
86.9
88.4
96.1
80.8
101.4
115.4
106.4
115.4
47.4
90.35
20.67

Mg
mg/L
10.2
23.4
20.5
18.2
17.3
26.3
31.7
23.7
31.7
10.2
21.41
6.46
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Na
mg/L
12.3
18.3
16.5
18.8
15.4
21.7
29.6
26.3
29.6
12.3
19.86
5.75

K
mg/L
5.1
9.5
6.7
8.6
7.2
9.1
11.1
8.6
11.1
5.1
8.23
1.85

HCO3
mg/L
119.7
238.8
234.6
257.8
220.5
328.5
389.5
348.1
389.5
119.7
267.18
85.48

SO4
mg/L
57.2
103.2
96.7
98.1
77.9
95.1
110.3
99.2
110.3
57.2
92.21
16.86

Cl
mg/L
22.4
37.8
33.9
29.7
29.5
32.3
36.1
28.5
37.8
22.4
31.27
4.86

© by PSP Volume 20 – No 3a. 2011

Fresenius Environmental Bulletin

FIGURE 2a - Piper diagram showing dominant
Type of Haraz River water in wet season

FIGURE 2b - Piper diagram showing dominant
type of Haraz River water in dry season

FIGURE 3a - Chemical analysis of Haraz River water
plotted on the Schoeller diagram in wet season

FIGURE 3b - Chemical analysis of Haraz River water
plotted on the Schoeller diagram in dry season.

The chemical composition of surface water is very
important in determination of its usefulness for irrigation
purposes. Hence using ions concentration and EC, the
suitability of Haraz River water is investigated for irrigation purpose. The role of sodium in the classification of
river water for irrigation is important because sodium responds with soil and hence clogging of particles take place.
Thereupon, the penetrability of soil decreases [24, 27].
High concentrations of sodium in soils affect its physical
condition and soil structure resulting in formation of crusts,
water-logging, reduced soil aeration, reduced infiltration
rate, and reduced soil permeability; excessive concentrations of sodium in soils may also be toxic to certain types
of crops [29]. In the past, the sodium hazard had been defined as percent of sodium. Thus using this parameter leads

to evaluation of the suitability of water for irrigation [30].
Percentile of Na is determined by the following formula,
Na%	
  =	
  

	
   	
  100	
  	
  	
  

(1)	
  	
  

Where: Na, K, Ca and Mg are in meq/l
In these formulae values less than 60 is indicative of
suitable water, values between 60 and 75 can be considered as harmful and values higher than 75 will be unsatisfactory for irrigation.
The sodium adsorption ratio (SAR) is one of the sodium hazard indexes for irrigation and it is calculated as
follows:
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(2)

SAR =

Where: Na, Ca and Mg are in meq/L. SAR presents a
very reliable evaluation of water quality for irrigation
with respect to sodium hazard; hence it is more closely
related to interchangeable sodium ion in the soil as compared to the percent sodium index [31]. Sodium replacing
adsorbed calcium and magnesium is a hazard as it causes
damage to the soil structure and consequently it eventuates compact and impervious of soil [29].
When the SAR and the electrical conductivity of a water sample are apparent, the classification of the water for
irrigation can be specified in graphic form. The US Salinity
Laboratory (USSL) diagram can be used to rapidly signalize the suitability of water for irrigation purposes. In this
diagram Sodium Hazard (SAR) on the Y-axis is in contrast
with Salinity Hazard (EC) on the X-axis (Fig. 4a and 4b).
Water types are dissociated into S1, S2, S3 and S4
classes based upon sodium hazard (SAR) as well as C1,
C2, C3 and C4 classes according to salinity hazard (EC).
Low sodium water (SL) can be utilized for irrigation on
approximately every soil. Medium sodium water (S2) will

present an appreciable sodium hazard in certain finetextured soils having high cation-exchange capacity under
low leaching conditions. Such waters may be used on
coarse-textured or organic soils having good permeability. High-sodium water (S3) can be harmful in most soils
and it will require specific soil management. Very high
sodium water (S4) is generally disappointing for irrigation
except particular activity become implementation to the soil.
Low salinity water (C1) can be utilized for irrigation with
most crops on majority soils. Some leaching is required, but
this occurs under normal irrigation practices, except in soils
of highly low penetrability. Medium salinity water (C2)
can be used if a moderate amount of leaching occurs. High
salinity water (C3) cannot be used on soils with restricted
drainage. Very high salinity water (C4) is not appropriate
for irrigation under ordinary condition [32].
In waters possessing high concentration of bicarbonate, there is a tendency for calcium and magnesium to
precipitate as the water in the soil becomes more concentrated, therefore, the relative ratio of sodium in the water
is increased in the shape of sodium carbonate. This extra is
defined by ‘residual sodium carbonate’ (RSC). The water
with high RSC has high pH and land irrigated by such wa-

TABLE 3 - The calculation results of Na%, SAR and RSC indices for 8 sampling stations in wet &dry seasons
Stations
S1
S2
S3
S4
S5
S6
S7
S8

Na%
Wet
13.44
10.15
10.24
10.42
10.59
10.07
9.63
9.50

SAR
Dry
17.05
14.23
12.70
14.40
13.47
14.00
15.79
15.77

Wet
0.307
0.320
0.310
0.316
0.345
0.288
0.326
0.310

FIGURE 4a - Classification of Haraz River
water in wet season by USSL diagram

RSC
Dry
0.422
0.449
0.411
0.460
0.405
0.496
0.629
0.600

Wet
-1.01
-2.28
-2.15
-2.00
-0.53
-2.02
-2.05
-1.71

Dry
-1.24
-2.34
-2.25
-2.06
-1.84
-1.84
-1.98
-1.55

FIGURE 4b - Classification of Haraz River
water in dry season by USSL diagram
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waters becomes infertile owing to deposition of sodium
carbonate as known from the black color of the soil [33].
RSC is calculated using the following,
RSC = (CO3 + HCO3 ) – ( Ca + Mg )

(3)

Where: CO3, HCO3, Ca and Mg are in meq/L. The
RSC < 1.25 meq/L is indicative of safe water, RSC values
between 1.25 and 2.5 meq/L is marginal and values more
than 2.5 meq/L will not be suitable for irrigation [32].

ACKNOWLEDGMENTS
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The results of water samples from the Haraz River basin with respect to indices of SAR, Na% and RSC are represented in Table 3.
According to results of Table 3, RSC and Na% values
for all water samples in wet and dry seasons are less than
1.25 meq/L and 60%, respectively. Accordingly water quality in respect to these two indices, is suitable for irrigation
purposes.
Taking into consideration the results of Figure 4, all
sampling stations except one (i.e. station 7) in wet season
and station 1,2,3 and 5 in dry season, have been grouped
in S1C2 class. Therefore water quality for irrigation with
low sodium and medium salinity is almost good. Station 7
in wet season as well as 4, 6, 7 and 8 in dry season has been
classified in S1C3 type. In this section, water with low
sodium and high salinity cannot be used on soils without
adequate drainage and it can mainly be appropriate for
plants of owning moderate salt tolerance.
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ABSTRACT
Many plant species among the flora of the world play
an important role in traditional medicine. In this respect,
our study concerned on the antibacterial activity of aqueous and alcohol extracts obtained from flowers of Verbascum speciosum Schard. (Scrophulariaceae) which were investigated considering its in-vitro antibacterial effect against
three bacteria strains namely, Bacillus subtilis, Bacillus
cereus, and Escherichia coli. These microorganisms were
treated using the disc diffusion method and botanical
extracts were applied at three concentrations (12.5, 25 and
50 µg/ml). The results indicated that these natural materials had an inhibitory effect on the growth of abovementioned at all used doses. In addition, in both cases, the
diameter of inhibition zones arises as the extract concentration increases. On the other hand, results show that ethanol extract was more effective than aqueous against three
microorganisms in all emphasized doses. In case of both
aqueous and ethanol extracts, the maximum antibacterial
activity was shown against B. cereus followed by B. subtilis, and E. coli was most resistant strain. Our findings
indicated that this plant possessed compounds with antimicrobial properties against some microorganisms and
might be utilized for developing new drugs. Therefore,
these can be under consideration for further investigation
on determining their therapeutic potential. Such screening
of various natural organic compounds and identifying active
agents is needed and beneficial, because successful prediction of drug like properties at the onset of drug discovery
will pay off later in drug development.
KEYWORDS: Verbascum, Bacillus subtilis, Bacillus cereus,
Escherichia coli.

ous and urgent need to discover new antimicrobial and
pesticide compounds with diverse chemical structures and
novel mechanisms of action, because there has been an
alarming increase in the incidence of new infectious diseases. Another main concern is the development of resistance to these synthetic materials in current clinical use
[1, 2]. Higher plants produce hundreds to thousands of
diverse chemical compounds with different biological activities [3]. Thus, they have been used in the treatment of
various human diseases for thousands of years all over the
world. Plants with possible antimicrobial activity should
be tested against an appropriate microbial model to confirm the activity and to ascertain the parameters associated with it.
The effects of plant extracts on bacteria have been
studied by a very large number of researchers in different
parts of the world [4-6]. Interest in a large number of
traditional natural products has increased [7]. It has been
suggested that aqueous and ethanol extracts from plants
used in allopathic medicine are potential sources of antiviral and antimicrobial agents [8-10]. The first compound with
antimicrobial activity was found in the 1930s [11]. Since
then the development and use of these substances have
increased because of the appearance of resistant strains [12].
Attention has turned to natural antimicrobial agents in recent years [13]. The selection of crude plant extracts for
screening programs has the potential of being more successful in initial steps than the screening of pure compounds isolated from natural products [14]. Verbascum
speciosum Schard (Scrophulariaceae) is locally used to kill
fishes in northern and northwest regions of Iran. However, this plant has not been studied yet for antimicrobial
activity. The aim of this study was to produce different
crude extracts from flowers of V. speciosum to determine
antimicrobial activity against three bacteria strains.

1. INTRODUCTION
Recently, there has been a growing interest in researches concerning the possibility of using plant extracts as
antimicrobial and insecticidal materials. There is a continu* Corresponding author

2. MATERIALS AND METHODS
2.1. Preparation of plant materials

Crude extract of botanical was used. V. speciosum
was collected at flowering stage from Urmia, Iran, in July,
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2008. The identification of this plant was carried out according to flora of Iranica [15] by plant taxonomist Dr.
Rajamand at the Department of Biology, Urmia University,
Urmia. Fresh flowers of this plant were separated and dried
naturally on laboratory benches at room temperature (2324°C) for ten days. The plant materials were powdered
using an electric grinder.

Esherichia coli (ATCC 25922). They were provided by
the Department of Clinical Microbiology, Faculty of Medicine at Urmia University, Urmia. The Microbial Identification System at the Biotechnology Application and Research Center at Urmia University confirmed the identity
of the used microorganisms.
2.5. Antibacterial activity assay

2.2. Aqueous extraction

10 gram of the dried powders was placed in distilled
water and boiled for 6 h. At intervals of 2 h it was filtered
through 8 layers of muslin cloth and centrifuged at 5000 x
g for 15 min. The supernatant was collected. After 6 h, the
supernatant was concentrated to make the final volume onefourth of the original volume.
Finally, 10 g of obtained material was dissolved in
distilled water to prepare solutions of different concentrations (12.5, 25 and 50 µg/ml). It was then autoclaved at
121 °C and 15 lbs pressure and stored at 4 °C.
2.3. Solvent extraction

100 g of the dried powders extracted with 70% ethanol by Soxhlet extractor for 4 h at a temperature not exceeding the boiling point of the solvent [16]. The extract
was concentrated using a rotary evaporator at a maximum
temperature of 45˚C. It was then further dried in an oven
at 40˚C for 48 h and powdered again. The dried extract
was then dissolved in distilled water to prepare wanted
solutions. It was stored at 4 °C in airtight bottles for further studies.
2.4. Test microorganisms

Three used bacteria strains were Bacillus subtilis
(ATCC 6633), Bacillus cereus (ATCC 10876), and

Mueller Hinton Agar No. 2 was prepared for the study.
Antimicrobial activity tests were carried out by standard
disc diffusion method for both aqueous and ethanol extracts
[17]. Using 100 µl of suspension containing 108 CFU/ml of
bacteria spread into Petri dishes (Hi-Media). The discs
(6 mm in diameter), containing 10 µl of the extracts (300 µg/
disk) at a concentrations 12.5, 25 and 50 µg/ml of aqueous
and ethanol extracts, were impregnated in the inoculated
agar. Negative controls were prepared using the same solvents employed to dissolve the plant extracts. Ampicillin
(10 µg), streptomycin (10 µg) and kanamycin (30 µg) were
used as positive reference standards to determine the sensitivity of one strain/isolate for each microbial species tested.
The inoculated plates were incubated at 37 ºC for 24 h for
bacterial strains. Plant associated microorganisms were incubated at 27 ºC. Antimicrobial activity was evaluated by
measuring the inhibition zones in reference to the test organisms. Each assay in this experiment was repeated twice.
3. RESULTS AND DISCUSSION
The antibacterial effect of aqueous and ethanol extracts from flowers of V. speciosum against Escherichia
coli. Bacillus subtilis and Bacillus cereus is shown in Figure 1 a-c.

FIGURE 1 - Antibacterial effect of V. speciosum in aqueous and ethanol extracts against E. coli (a) B. cereus (b) and B. subtilis (c).
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Diameter of inhibition zones increased with increase
of the extract concentration in application of both botanicals. On the other hand, the ethanol extract showed considerably more activity than the aqueous extract. In case
of both aqueous and ethanol extracts, the maximum antibacterial activity was shown against B. cereus followed
by B. subtilis, while E. coli was the most resistant strain.
Indeed, Gram-negative bacteria were more resistant than
Gram-positive bacteria.
Findings of this study confirmed the observations of
some other researchers, in which some Verbascum species
contain substances with antimicrobial properties [18-21].
However, this is the first study provides data showing that
the V. speciosum species possess potential antibacterial
activities overall, evaluation of the results showed that
the differences in susceptibility among three bacterial
strains against antimicrobial substances in plant extracts
may be explained by the differences in cell wall composition and/or inheritance of antimicrobial-resistance genes on
plasmids that can easily be transferred among bacterial
strains.
The aqueous extract seems to have less antibacterial
activity than that of the ethanol extract. Thus, similar to
previous studies, we report that the organic solvent is a
better solvent for the consistent extraction of antimicrobial substances from medicinal plants compared to water
[22, 23].
This is interesting that the traditional method of treating a bacterial infection was administered by decoction of
the plant or a part of it in boiling water, whereas applying
an organic solvent is better method according to our results; hence this may be more beneficial.
It can be concluded from the results that the plant extracts have great potential as antimicrobial compounds
against microorganisms and they can be used in the treatment of infectious diseases caused by resistant microorganisms. B. cereus showed maximum antibacterial activity and
so this plant can be used to discover bioactive natural products that may serve as leads for development of new pharmaceuticals that address hither to unmet therapeutic needs.
Such screening of various natural organic compounds and
identifying active agents is the need of the hour, because
successful prediction of lead molecule and drug like properties at the onset of drug discovery will pay off later in
drug development. For example, the use of ampicillin is
no longer recommended because of the potency of the
widespread resistance to it [24]. Thus, these botanicals can
be used instead of these drugs.

microbial, cytotoxic, and genotoxic activities of the essential oil of Artemisia dracunculus L.
The finding of our study on this subjects agree the reports study of Sengül et al. [28] which indicated that the
obtained similar results with Verbascum georgicum.
Dulger et al. [29] showed that the extracts obtained from
three Verbascum species (Verbascum olympicum, Verbascum prusianum, and Verbascum bombyciferum) have
antimicro-bial activity against some Gr(+) bacteria and
yeasts, but no activity was seen against the Gr(-) bacteria.
In recent years, although technology and medicine have
developed extensively, due to decreases in natural richness
and drawbacks, some countries have made it obligatory to
use natural products for many goals. Thus, in Iran, like
most of other countries, two known plants are picked and
used by people to treat various diseases.
The results in the present study suggest that the V.
speciosum extract possesses compounds with antibacterial
properties that can be used as antimicrobial agents in the
development of new drugs for the treatment of infectious
diseases. After this screening experiment, further work
should be performed to describe the antimicrobial activities in more details as well as their activity in vivo. In
addition to, phytochemicals studies will be necessary to
isolate the active constituents and evaluate the antibacterial activities against a wide range of bacteria population.
Due to this study, we will try to isolate the compounds
causing the antimicrobial activity present in V. speciosum.
A further study is planned to examine in detail the properties of compounds of fractions.
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Similar observations on other plant extracts effect on
several microorganisms and insect species have been reported. For example, Nair et al. [25] showed antimicrobial
effects of botanicals extracted (aqueous and organic solvent) from Selected Indian Medicinal Flora. Omer et al.
[26] evaluated antimicrobial activities of Silene multifida
against several microbes. Tuylu et al. [27] indicated anti-
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ABSTRACT
Coastal waters are unique ecosystems and they are
very important in terms of living resources and oceanographic processes. Although numerous studies on species
composition, primary production and eutrophication have
been carried out in the Black Sea, water masses very near
coastal areas have been generally omitted due to security
issues or undergoing oceanographic research strategy. This
study mainly deals with species diversity, composition
and abundance as well as some associated physical parameters of the Anatolian Coast of the Black Sea. A total
of 40 species belonging to two major taxa Bacillariophyceae (diatoms) and Dinophyceae (dinoflagellates)
were identified. The research area was dominated by
diatom. CTD data showed a relatively homogeneous
water column reaching up to 40-50 m with an average
temperature of 13-14 °C, 16-17‰ in salinity and sigma-θ
around 13-14 kgm-3. Chl-a was between 0.15-0.77 mgm-3
and surface Chl-a maxima were observed in all sampling
stations. K d (PAR) and TSM values were within the limits
of the seasonal average.
KEYWORDS:
Phytoplankton patches, diatom, abundance, Chl-a, Black Sea

1. INTRODUCTION
Coastal ecosystems are unique in terms of living coastal
habitat and they offer marine life nursery grounds and
spawning areas [1]. The coastal zone is a transition area
between land and the open ocean. It receives considerable
amounts of freshwater, nutrients, dissolved and particulate
organic matter, sediment and contaminants. It also exchanges
matter and energy with the open ocean. The coastal zone
is, by definition, relatively shallow. This has two consequences: (1) light penetrates into a significant portion of
* Corresponding author

the water column, even reaching the bottom in some areas;
and (2) there is a strong coupling between pelagic and
benthic processes. These inputs, together with its shallowness, make the coastal zone very active in terms of primary
production and respiration [2]. Due to their geomorphologic properties, Black Sea continental shelf waters have great
importance regarding living resources and whole ecosystems. The Black Sea is subject to a considerable anthropogenic impact owing to a large drainage basin accompanied by a high human population density. The Black Sea
is representative of human-impacted enclosed areas. Severe changes have been documented in the ecosystem of
the Black Sea over the last decades. Eutrophication has
caused a substantial modification in the phytoplankton
community structure as well as an increase in the intensity and frequency of microalgal blooms [3]. The Black
Sea waters are relatively clear mesotrophic waters in the
pelagic region and highly turbid, possibly eutrophic nearcoastal areas [4].
Numerous studies on species composition, primary
production, eutrophication and water masses have been
carried out in the Black Sea but very near coastal areas
have been generally omitted due to security issues or undergoing oceanographic research strategy. For a better understanding of the coastal species composition, quantitative
dynamics and some abiotic factors of the Anatolian coast
should be investigated. This study was conducted at 13
stations of coastal waters of the Black Sea. Information
on coastal species composition and patchiness is still not
sufficient for the Turkish coast of the Black Sea. The aim
of this study is to give information on species diversity,
community structure and some associated oceanographic
conditions of the southern coastal zone of the Black Sea.
2. MATERIALS AND METHODS
2.1. Study area

The Black Sea is an almost enclosed mid-latitude
(41o-46o N) basin with limited water exchange with the
Mediterranean Sea through the Straits of the Bosphorus.
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FIGURE 1 - General circulation and eddies of the Black Sea [5].

The Black Sea bathymetry is characterized by a flat
abyssal plain (with a maximal depth of 2200 m) in the
central area and continental shelf with varying offshore
extensions from ~5 km (off the western Turkish and Caucasian coasts) to nearly 200 km in the northwestern area.
The Crimean Peninsula in the north and the central Turkish coastline in the south separate the sea into two subbasins. Unlike the Mediterranean, the Black Sea is an estuarine type basin (or dilution basin) due to the large river
discharge, especially on its northwestern shelf area (Danube, Dnepr and Dnestr Rivers). The low-salinity surface
waters of riverine origin overlay salty deep waters of
Mediterranean origin. As a result, a permanent pycnocline
develops around 100-150 m and inhibits exchanges between the surface and deep waters. Waters below 500 m
depth are essentially stagnant. A seasonal thermocline usually develops in summer between 10 and 40 m. The Black
Sea is characterized by a predominant cyclonic and strongly
time-dependent basin wide circulation that follows approximately the continental slope around the basin (Figure 1)
[5]. This circulation pattern is mainly driven by the cyclonic wind pattern and is known as the Rim Current.
It is a 40-80 km wide slope current locked to the steep
continental slope. Changes in bottom slope and coastline
orientation along the Turkish and Caucasian coasts generate Rim Current meanders and instability features on a
wide range of space and time scales. In summer, Rim Current meandering observed along Turkish coast intensifies
and large meanders are created due to low wind stress factor
[6]. Meander and eddy mechanism triggers the coastal water
mixing and transportation on basin scale. Therefore, it affects the overall productivity of the basin. The meandering
and filament structures of boundary currents are of primary
importance in determining the exchange between the shelf
regions and the deep ocean. In a basin of relatively small
size such as the Black Sea, cross-shelf exchange is of great

importance. Significant amounts of fresh water, nutrients
and other materials are transferred from the coast to the
inner basin via turbulent circulation.
2.2. Data collection and phytoplankton analysis

This study was carried out in neritic water of the Anatolian Coast of the Black Sea between 3 November 2005
to 12 November 2005 on board R/V KTÜ Denar I. Phytoplankton samples were collected from 13 stations (Figure 2)
located 5 miles away from the shoreline by using a plankton
net (20 µm mesh size, 25 cm mouth opening). Vertical
tow was applied from a depth of 20 m to the surface. The
volume of water filtered during the operations was calculated using a hydro-bios digital flow meter. The samples
collected with the plankton net were fixed immediately
with 4 % borax buffered neutral formaldehyde in situ and
stored at +4 ºC in a dark place for later analysis [7].
Identification of phytoplankton species was performed
under Fluorescence microscopy and light microscopy
(Nikon E600) with 10x, 40x, 100x, and 400x magnifications. Cell-counting was carried out under Karl-kaps inverted microscopy using 1 ml counting chamber [8].
Chlorophyll-a concentrations were measured fluorometricaly by using a Fluorometer (Turner Designs). CTD
data were obtained from an Aanderaa RCM 9 CTD current
meter. Satellite data from Modis-aqua weekly composites
were used to evaluate Sea Surface Temperature (SST), Chla and K490. An LI-COR model Li-193SA spherical integrated quantum sensor was used to measure PAR and
photic depth during the study. Diffuse attenuation coefficient was calculated (KdPAR) from PAR casts.
In order to determine the Total Suspended Matter
(TSM) concentration, 47 mm, 0.44 µm GF/F filters were
pre-ashed at 450 °C and then pre-washed for 5 minutes in
0.5 L of MilliQ to remove friable fractions that can be dis-
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lodged during filtration. The filters were then dried at 75 °C
for 1 h, pre-weighed and stored in a desiccator. For measurements of TSM, 1000 ml of seawater sample was filtered under low vacuum in triplicate onto the filters and
then washed three times with 50 ml MilliQ to remove
residual salt. Blank filters were also washed with MilliQ.
The filters were then dried at 75 °C for 24 h and weighed
on a Sartorius microbalance to derive TSM concentrations
[9,10]. Mean and standard deviation were calculated from
three replicates. A blank filter was used for each sample
to monitor the precision of the balance.

3. RESULTS
Based on CTD data, continental shelf waters of the
Anatolian Coast had a relatively homogeneous water column reaching up to 40-50 m with an average temperature
of 13-14 °C, a salinity of about 16-17‰ and sigma-θ around
13-14 kgm-3 which determines the Mixed Layer Depth
(MLD) and the beginning of the Cold Intermediate Layer
(CIL) for the study area in this season (Figure 4).

FIGURE 2 - Study area and sampling stations

Table : Kd(PAR) values

FIGURE 3 - PAR profiles and K(490) Aqua-MODIS weekly composite.
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The highest Kd (PAR) value was observed at BL_4
station near Inebolu and correspondingly coincides with
very low (~5m) secchi depth and the highest deep chlorophyll maxima (Bmax). The lowest value was found at the
station near Ordu with a low TSM value and interestingly
with the highest Chl-a value. The average value for Kd
(PAR) was 0,36±0,17 m-1 (Figure 3) .
TSM affects the spectral signature of the water body
by absorbing and mainly scattering processes. The fraction of light scattered backwards by particles suspended in
natural waters constitutes an important quantity for many
problems in oceanography and limnology. It is particularly integral to remote sensing and the interpretation of
diffuse reflectance and suspended sediment monitoring.
Kd can be related to absorption and scattering; so it is an
essential parameter in determining water type and quality.
Measured profiles for PAR vary spatially and temporally.
Low intensities were measured in the absence of sun or not
at local noon time. A 0.25 m-1 Kd (PAR) value is reported
for the Bosphorus region and 0.186 for the western cyclone
of the period September-October which is comparable with
our observations [11,12]. Slightly higher values for Kd (PAR)
seem to be normal considering the very turbid sampling
zone. Chl-a was observed between 0.15-0.77 mgm-3 with
an average value of about 1.39± 1.31 mgm-3 in surface waters. At 25 m depth, Chl-a was between 0.04-0.62 mgm-3
and 0.22±0.15 mgm-3 on average and 0.01-0.45 mgm-3
with an average of 0.08±0.14 mgm-3 at 50m depth. Figure 5a
shows the surface distribution of Chl-a data. Unfortunately,
during the sampling period almost all of the southern coasts
were covered by clouds but some spectral signatures could
be identified using composite weekly images. Diffuse
attenuation of light at 490 nm (K490) was around 0.1 –
1 m-1 on coastal areas during the cruise.

during the sampling period. The sampling area was characterized by Pseudo-nitzchia pseudodelicatissima (Figure 6B)
and the species abundance reached 1,2x10 5 cell l-1. The
common dinoflagellate species were Ceratium furca, C.
fusus (Figure 6D), Prorocentrum micans, P. compressum
(Figure 6H), Protoceratium reticulatum (Figure 6G) in the
whole sampling area and Alexandrium minutum (Figure
6F) in the eastern Anatolian coast. P. micans (Figure 6 E)
reached the highest cell number (5x104 cell l-1) among the
dinoflagellate species (Table 1). Tiarina fusus (Figure 6J)
was the most abundant ciliate species in the sampling area.
Phytoplankton sampling stations were 5 miles away
from the coast line. Therefore, land effect (river runoff,
coastal current, coastal erosion, resuspension of sediment)
were observed on the phytoplankton samples. Species richness (S′), proportional representation evenness (J′) and species diversity Shannon index (H′) applications were presented in Table 2. Phytoplankton species richness index
value was higher in the stations on the eastern part of the
Anatolian coast than on the western part except Akcakoca
Bay (BL 1). Species richness was the lowest offshore of
Amasra (BL3) and Inebolu (BL 5), d=1.18 and d= 1.28 respectively. The species showed monotonous planktonic
structures in both stations. Chain forming diatom species
P. pseudodelicatissima was dominant and was the unique
phytoplankton on the western Anatolian coast. Evennes (J′)
indices values ranged between 0.19 and 0.83. Low proportions for (J′) values are characteristic of more productive
regions [15]. Such low proportions were observed in
Akcakoca Bay (BL1), offshore of Amasra (BL3), Abana
(BL4), Inebolu (BL5) and Yesilirmak River front (BL8).
Diversity (H′) was lower in the western part of the Anatolian coast than in the eastern part due to the domination of
single species in the sampling site.

Chl-a values also showed surface maximums which
can be related to fresh water run-off and coastal mixing
processes. Generally, Chl-a values were lower in the eastern part of the study area, which can be attributed to local
hydrographic conditions. Figure 5 shows a good relation
at BL_8 station between TSM, secchi depth and Chl-a. The
importance of high concentration of Chl-a and TSM is
related to sea water transparency [13]. The high concentration of these constituents diminishes the light transmittance and limits the transparency of the coastal waters of
the Black Sea. River plumes were generally separated from
adjacent water with very sharp fronts in the research area
[14].

A

E

B

C

D

F

G

3.1. Community structure and diversity

During the eight day-cruise of R/V KTÜ Denar I in
November 2005, 40 species belonging to two major taxa
Bacillariophyceae (diatoms) and Dinophyceae (dinoflagellates) were identified along the Black Sea Anatolian Coast
(Table 1). Although their cell abundances were lower, Dinoflagellates formed major group (63%). Diatoms were second diverse taxa (37%), but quantitatively their cell abundance was 100 times higher than those of dinoflagellates

H

I

J

FIGURE 6 - Species taken from the Anatolian coast of the Black Sea
during the sampling period. A. Rhizosolenia calcar-avis, B. Pseudonitzshia pseudodelicatissima C. Thalassionema nitzschioides D. Ceratium
furca and Ceratium fusus, E. Prorocentrum micans, F. Alexandrium
minutum, G. Protoceratium reticulatum, H. Prorocentrum compressum, I.
Dinophysis caudata J. Tiarina fusus).
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TABLE 1 - List of the phytoplankton species and abundance (cells l-1) in the sampling stations during sampling period
Species
Bacillariophyceae
Chaetoceros diadema Gran
Coscinodiscus granii Gough
Coscinodiscus radiatus Ehrenberg
Cymatopleura sp
Cylindrotheca closterium (Ehrenberg) Reimann & J.C.Lewin
Dactyliosolen fragilissimus (Bergon) Halse
Ditylum birghtwellii (West)
Melosira granulata (Ehrenberg) Ralfs
Nitzschia sigmoidea (Nitzsch) W. Smith
Pleurosigma elongatum W. Smith
Prooscia alata Sundtröm
Pseudo-nitzshia pseudodelicatissima.Hasle
Rhizosolenia calcar-avis Schultze
Skeletonema costatum (Greville) Cleve
Thalassionema nitzschioides (Grunow) Mereschkowsky
Dinophyceae
Alexandrium minutum Halim
Ceratium furca Claparède et Lachmann
Ceratium fusus (Ehrenberg) Dujardin 1841
Ceratium tripos (O. F. Müller) Nitzsch
Dinophysis acuminata Claparède et Lachmann
Dinophysis caudata Saville-Kent
Dinophysis fortii Pavillard
Diplopsalis lenticula Berg
Gonyaulax spinifera Diesing
Lingulodinium polyedra (Stein) Dodge
Heterocapsa triquetra (Ehrenberg) Stein
Noctiluca scintillans Kofoid et Swezy
Phalacroma rotundatum Kofoid et Michener
Prorocentrum compressum Abé ex Dodge
Prorocentrum micans Ehrenberg
Protoceratium reticulatum (Claparède et Lachmann) Bütschli
Protoperidinium conicum (Gran) Balech
Protoperidinium crassipes (Kof.) Balech
Protoperidinium depressum (Bailey) Balech
Protoperidinium divergens (Ehrenberg) Balech
Protoperidinium oblongum Parke et Dodge
Protoperidinium pallidum (Ostenfeld) Balech
Protoperidinium pellucidum Bergh
Protoperidinium steinii (Jørgensen) Balech
Scrippsiella trochoidea (Stein) Loeblich III

Sampling Stations
BL1
BL3
BL4
BL5 BL6 BL7 BL8 BL9 BL10 BL11 BL12 BL13 BL14
0
0
0
0
0
0
50
0
0
0
0
0
0
0
0
0
0
0
0
0
0
50
0
0
0
0
50
0
0
0
50 1563 175
0
0
0
0
50
50
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
250 1400 350
700
210
50
0
0
300
0
0
0
0
0
0
50
0
0
0
0
0
0
0
344
50
0
844
0
0
50
0
0
50
0
0
0
0
0
0
313
0
0
0
0
0
50
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
50
0
0
0
0
0
0
0
50
0
50
400
50
0
0
50
50
50
50
0
0
71500 120000 72000 116400 1563 34375 50750 1406 12250 9100 11900 2625 1035
0
0
0
800
0
0
0
0
0
0
50
175
0
0
0
0
0
0
0
50
0
0
0
0
245
0
50
50
0
50
0
406
0
281
0
263
50
280 120
275
825
3300
50
0
50
275
0
275
1100
0
50
50
550
3300
0
0
0
0
825
0
550
0
50
50

50
4520
1520
0
0
400
0
0
3520
1080
0
50
0
1040
5120
1520
50
0
50
0
0
0
50
0

50
2400
1600
50
480
0
50
50
0
50
0
400
0
400
800
840
50
0
0
0
440
0
50
0
0

800
1600
2000
50
0
50
0
0
50
50
0
880
0
1600
2400
560
0
0
50
0
0
0
0
0

0
938
1563
50
0
3750
0
0
0
0
50
0
0
50
1281
1250
0
0
0
50
0
0
0
50
406

0
0
563 945 840
1406 437,5 2000 875 3850
5625 1015 2813 2100 875
0
50
0
0
50
0
0
0
50
0
313
50
281
50
420
50
1575
0
0
175
0
50
0
50
210
50
122 594
50
227
0
50
0
0
0
0
0
50
0
0
281
0
0
0
0
50
175
50
50
50
50
735
50
525 1102
3969 280 2531 1400 2275
2281 787
0
1050
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1594 1155 625 350 368
0
0
0
50
0
0
0
0
0
0
0
0
0
0
0
50
175
50
0
193
50
1925
0
50
0

525
210
175
0
0
50
50
50
50
0
0
50
50
193
630
0
0
50
0
490
0
0
0
50
210

228 230
875 360
3500 1000
50
0
0
0
50
0
50
0
0
0
175
50
0
0
0
0
0
0
210
50
1400 675
1050 765
227
0
0
0
50
0
0
0
1225 325
0
0
0
0
0
0
175
0
50
0

TABLE 2 - Variation of Phytoplankton Community Diversity Index
Sampling
stations
BL1
BL3
BL4
BL5
BL6
BL7
BL8
BL9
BL10
BL11
BL12
BL13
BL14

Total number of
species
22
15
18
16
15
18
19
17
18
18
21
21
12

Total cell
abundance
83325
139020
80060
127740
11445
52213
59608
12751
21345
20448
15633
12901
4710

Species Richness
D
1,85
1,18
1,51
1,28
1,50
1,56
1,64
1,69
1,71
1,71
2,07
2,11
1,30

700

Evennes
J'
0,23
0,24
0,19
0,18
0,74
0,45
0,26
0,79
0,56
0,64
0,37
0,75
0,83

Shannon diversity
H'
0,71
0,66
0,54
0,49
1,99
1,31
0,76
2,24
1,61
1,86
1,14
2,27
2,05
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FIGURE 7 - Bray-Curtis similarity dendogram

I
I

I
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II

FIGURE 8 - MDS (Multi-Dimensional Scaling) with stress level for 13 stations

Bray-Curtis similarity index was based on taxonomic
composition/abundance matrix between the sampling stations. Figure 7 shows Bray-Curtis similarity dendogram for
sampling stations. At an arbitrary similarity level of 50%

it was possible to determine 3 different groups. Two Dimensional Scaling (DMS) analysis with stress factor also
shows 3 distinct groups for all sampled stations (Figure 8).
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4. DISCUSSION
Community structure and diversity are very important
factors determining carbon cycling and export in aquatic
environments. An oceanographic field cruise carried out
in November 2005 showed that the Anatolian coast of the
Black Sea can be characterized by three different ecogeographical regions.
Research cruise data analysis revealed that for the
sampling period, the Anatolian Coast of the Black Sea
was dominated by diatom. A total of 40 species were identified in this study, which was lower than in previous studies reported by Uysal and Sur [15] and Uysal [16]. This
difference can be attributed to the seasonality and geographic
coverage of the two studies. Identified species consist of 25
dinoflagellate species and 15 diatom species. The total
ratio of two functional groups of diatoms and dinoflagellates was 37.5% and 62.5%, respectively. Total species
diversity of dinoflagellates was higher than diatoms in the
region during the sampling period. However, in terms of
total abundance, diatoms were the major contributors to
total microphytoplankton abundance. C.fusus, C.furca, P.
compressum, P.micans and Pseudo-nitzshia pseudodelicatissima were observed in nearly all sampling stations.
Pseudo-nitzshia pseudodelicatissima was the most important contributor to microphytoplankton abundance.
Sampling stations near Akcakoca and Cide (BL3 and
BL5) formed the most productive regions on the western
side of the Black Sea. This region was also very productive
in spring and winter season [15, 16]. This was supported by
slightly higher values of Chl-a revealed by ocean color
satellites. The area is characterized by pronounced
upwelling as a result of the mean circulation pattern of the
Black Sea. The region is also affected by the Yenice and
Melen rivers. Observed Chl-a values were consistent
with the findings of Churilova et al. [17]. They conducted
a field study on the Southern part of the Black Sea near
the Anatolian coast in 2005. In their study, total diversity was found higher in the eastern part of the Black Sea.
Although dinoflagellates diversity was higher in the research area, total microplankton abundance is mainly characterized by diatoms with very high cell counts of P. pseudodelicatissima. During the sampling period, the phytoplankton mesh size of the net used for sample collection
was 20 micron, which was larger than main Chl-a contributor of Emiliania huxleyi in this season in the Black
Sea [18]. Therefore, according to our results there was no
strong relation between surface Chl-a and phytoplankton
abundance.

hydrographic circulation patterns with the community structures of this study, it can be concluded that circulation systems and community patterns fit each other. BL6 itself
corresponds to Middle Anatolian Coast community structure and coincides with Sinop anticyclonic gyre, which is
apparent in the mean circulation pattern of the Black Sea.
Environmental stress was much more present on the western side of the Black Sea than the eastern region. SST
changes were observed in the western part with stormy
conditions: this was also traced by calculated similarity
values of the same region. Rim current circulation and fresh
water runoff define the BL7 and BL8 stations group structure. It should be stressed that BL7 and BL8 stations were
under the influence of the Kızılırmak and Sinop Cape.
Even though BL7 and BL8 were similar to western Black
Sea community structure, they created different communities surrounded by these two eco-geographic barriers. It
can be concluded that meandering and the eddy mechanism of the near coastal shelf of the Black Sea affected
the overall diversity of the community structure and played
an important role in cross shelf exchange with the inner
basin. Besides the hydrographic structure, water clarity and
total suspended matter load can be considered as other
determiners for coastal shelf production and community
formation.
Finally, the Black Sea has experienced pollution and
environmental problems due to anthropogenic effects in
recent decades. Some internationally funded projects have
been carried out to recover the system and have been
proved successful so far. The results of those international
scientific efforts created extensive datasets for all the
basins but there is a lack of information about the very
coastal waters of the Anatolian coast in terms of oceanographic data availability. These complementary data can be
provided by field research campaigns of local institutes.
R/V KTÜ Denar I research cruise in winter 2005 can be
considered as an example of mentioned efforts. More conveniently, oceanographic campaigns must be repeated to
verify whether the results of the study are really consistent
seasonally over longer timescales.
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In this study, 3 different community structures were
observed. According to non-metric MDS (Multi-Dimensional Scaling) and Bray-Curtiss similarity index application, these communities were divided into 3 different
regions which are Eastern, Middle Anatolian and Western
Anatolian coastal regions. Similarity between the 3 communities was below 50%. When comparing the Black Sea
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ABSTRACT
The photocatalytic degradation of lignin was studied
using a newly developed supervibration-photocatalytic
reactor based on the photocatalytic process combined with
a supervibration agitator. The effects of operating parameters such as initial pH, UV intensity, vibration frequency
and initial concentration of lignin on removal efficiency
were investigated. The lignin concentration was analyzed
by UV-Visible spectrophotometer. From the results obtained, the optimum operating conditions for the supervibration-photocatalytic reactor were found to be at initial
pH 5, 25.2 mW/cm2 of UV intensity and 50 Hz of vibration frequency. When using the initial lignin concentration
of 100 mg/l (12.5 × 10-3 mM) under the optimum treatment
conditions, the reactor was found to remove lignin up to
85.12% within 420 min. The apparent rate constant of firstorder reaction (kap) of Langmuir-Hinshelwood kinetic on
lignin photocatalytic degradation were 13.9 × 10-3 min-1,
after 120 min. This study was extended to identify some
by-products of lignin decomposition by gas chromatography-mass spectrophotometer (GC-MS) under optimum
treatment conditions.

Pulp and paper mill effluent in Finland was found to
contain 186-293 mg/l of lignin material [2,5]. The untreated wastewater causes a loss of aesthetic beauty in
the receiving body of water [6]. For instance, the dark
brown color of these effluents inhibits the natural process
of photosynthesis in streams due to absorbance of sunlight
[7]. Furthermore, many authors reported the presence of
toxic species on aquatic organisms, such as enzyme inhibition, genotoxicity and growth inhibition [5, 8-11]. Lignin is highly resistant to biodegradation [2-4] and conventional biological treatments are slow and take many days
[2,7,12]. Therefore, powerful oxidation processes as Advanced Oxidation Processes (AOPs) are alternatives for
effective treatment [13].

Lignin, a long-chain phenolic polymer found extensively in all vascular woody plants, is built up by oxidative coupling of three major C6-C3 (phenylpropane) units
(syringyl, guauacyl and p-hydroxyphenyl) linked together
through different bonds and which gives the wood structure mechanical strength [1-2]. Cooking and pulp bleaching
processes discharge lignin as waste in effluent [3-4].

Photocatalysis is one of AOPs that involves the use of
titanium dioxide (TiO2) as a catalyst and ultraviolet light
(UV) as an irradiation source. The UV light (wavelengths
< 385 nm) absorbed by the photocatalyst with energy higher
than band gap energy of TiO2 excites an electron from the
valence band to the conduction band, producing electronhole pairs (e-/h+). During the process, hydroxyl radicals
(OH•) are generated on the surface of TiO2. Due to the high
oxidation potential (2.8 V), OH• are the principal agents responsible for the oxidation of numerous aqueous organic
contaminants and mineralize them into carbon dioxide
(CO2), water (H2O) and other small molecules [14-18]. The
effects of the form of TiO2, TiO2 dosages, UV intensity,
irradiation time, initial pH and substrate concentration on
lignin removal efficiency using UV/TiO2 have been continuously studied [3,19-24]. Dahm and Lucia [21] found
that at the highest light intensity level (445 mW/cm 2),
lignin removal occurred much faster than that at the lower
illumination intensity. Chang et al. [20]; Portjanskaja and
Preis [25] and Ma et al. [23] reported that the lignin oxidation was observed to better proceed under acidic pH. Furthermore, Ksibi et al. [3] and Kansal et al. [22] also studied
photodegradation of lignin from black liquor. The effective
oxidation could be achieved when a lower concentration of
lignin was used.

* Corresponding author

In this study, the effects of operating parameters on
the performance of a novel supervibration-photocatalytic

KEYWORDS:
lignin, supervibration-photocatalytic reactor, wastewater.

1. INTRODUCTION
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reactor for treatment of lignin were investigated, focusing
on removal efficiency to determine the optimum treatment
conditions. Moreover, this work was extended to identify
some by-products of lignin photodegradation.

where kap is the apparent rate constant of first-order
reaction (min-1). Equation (2) can be simplified to a first
order reaction when C0 is very small, in which case one
has

⎛ C ⎞
ln⎜ 0 ⎟ = kKt = k ap t ,
⎝ C ⎠

2. MATERIALS AND METHODS
2.1. Theoretical Model for Photocatalytic Reaction

The Langmuir-Hinshelwood model has recently been
employed to describe the solid-liquid reaction for photodegradation of pollutants by UV/TiO2. The kinetic expression in terms of Langmuir-Hinshelwood describing photocatalytic degradation of lignin is deduced as [26-28]

r=−

dC
kKC
,
=
dt (1 + KC )

(1)

where r is the reaction rate of substance (mg/l min-1),
k is the true rate constant (mg/l min-1) and K is the constant of adsorption equilibrium (l/mg). C is the concentration of the organic substrate (mg/l) at any time t, which t
is the irradiation time (min). Equation (1) can be integrated, becoming

⎛ C ⎞
ln⎜ 0 ⎟ + K (C0 − C ) = kKt ,
⎝ C ⎠

(2)

where C0 is the initial concentration of the organic
substrate (mg/l). When the solution is highly diluted, <
10-3 mol/l, the term KC << 1, the denominator of equation
(1) is neglected and the reaction is essentially an apparent
first order reaction as follows

r = kKC = k ap C ,

(3)

(4)

by plotting ln(C0/C) versus t, the apparent rate constant (kap) can be determined from the slope of the curve
obtained (equation (4)).
2.2. Chemicals

The following chemicals were used as received: phosphoric acid (H3PO4), hydrogen peroxide (H2O2), hydrofluoric acid (HF), lignosulfonic acid sodium salt, N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) and trimethylchlorosilane (TMCS) (Aldrich); sodium hydroxide (NaOH)
(CARLO ERBA); sulfuric acid (H2SO4), hydrochloric acid
(HCl), ethyl acetate and chloroform (LAB-SCAN).
2.3. Experimental Set-Up

The experiments were conducted in laboratory scale.
The supervibration-photocatalytic reactor, developed in this
study, is based on the photocatalytic process combined with
a supervibration agitator in order to provide faster reaction and higher efficiency of degradation rate. The schematic diagrams of the supervibration-photocatalytic reactor including an agitated tank, a supervibration agitator and
an ultraviolet light source and the supervibration agitator
containing an eccentric motor, a shaft and multistage blade
were shown in Fig. 1. All experiments were carried out in
batch-mode operation using a rectangular reactor of 26.3 ×
36.2 × 26.3 cm3 with 25 liters capacity, made of stainless

(a)

(b)

FIGURE 1 - The schematic diagrams of the supervibration-photocatalytic reactor (a) and the supervibration agitator (b).
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steel. The supervibration equipment consists of a set of four
multistage blades with each size of 5 cm × 8 cm × 1 mm.
Micro-structured TiO2 film with thickness of approximately
1 µm as photo-catalyst coated on the surface of the multistage blade (titanium plate) was produced by low-voltage
anodization process of titanium plate, described by Portjanskaja et al. [24]. The plate oxidation was conducted in
a dual-electrode reaction chamber, in which the titanium
plate was used as the anode and a stainless steel plate of the
same size was used as the cathode. Both electrodes were
submerged in a mixture of electrolyte solution (H 2SO 4
(1.0 M)-H3PO4 (0.3 M)-H2O2 (0.6 M)-HF (0.03 M)) and a
direct-current source was used to provide electric current
(150-200 V) between electrodes. The illumination was provided using four low-pressure 6 W mercury lamps (Philip
TUV-G6T5, 254 nm), which were attached at the top cover
of the agitated vessel. The vertical vibration generated from
eccentric motor is transferred to the multistage blade through
the shaft and the generated vibrational energy is converted to
fluid energy. Consequently, this agitator generates a powerful 3-dimensional agitating flow in the tank and the
flow rate produced by the supervibration agitator is higher
than that produced by the conventional rotary pump in the
same condition of the electrical power source.
2.4. Experimental Procedures

Lignosulfonic acid, sodium salt was used as lignin
synthetic wastewater. The removal efficiencies of lignin
were studied under different initial pH (5, 6, 7, 8, 9), UV
intensity (0, 6.3, 12.6, 25.2 mW/cm2), vibration frequency
(0, 20, 30, 40, 50 Hz) and initial lignin concentration
(100, 200, 300, 400 mg/l) (12.5 × 10-3, 25 × 10-3, 37.5 ×
10-3, 50 × 10-3 mM, respectively). The synthetic
wastewaters at all concentrations were prepared using 15.2
MΩ cm de-ionized water and then pH was adjusted with
NaOH and H2SO4. The temperature of lignin synthetic
wastewater was kept at room temperature (30 ºC). The
samples were taken at 15, 30, 60, 90, 120, 180, 300 and
420 min for lignin analysis on a UV-Visible spectrophotometer. The samples under optimum treatment conditions
were taken for by-products analysis on GC-MS.
Lignin concentration was analyzed by UV-Visible
spectrophotometer, Model Helios Alpha, with detection
wavelength of 280 nm [3,5,24]. The by-products were detected by GC-MS. Samples from irradiated solution (80 ml)
was acidified at pH 2 by HCl (1 N) and extracted with ethyl
acetate (3 × 40 ml) then dried at 60 ºC under evaporator.
BSTFA (100 µl) and TMCS (100 µl) were added to the
organic extract. The solution was treated at 60 ºC under
nitrogen current for 5 h. The residue was redissolved in
chloroform (1 ml) and analyzed by GC-MS. GC-MS analysis was performed with an Agilent 6890 N Network GC
system, interfaced with an Agilent 5973 N Network Mass
Selective detector. The column was ZB-5MS (30 m ×
0.25 mm, 0.25 µm film thickness) from Phenomenex (Part.
No. 7HG-G010-11). The carrier gas was helium at 1 ml/min.
The column temperature program was 80 ºC (1 min); 80-

280 ºC (7 ºC/min, hold time 5 min) [3,29]. All experiment
scenarios were duplicated.
3. RESULTS AND DISCUSSION
3.1. Effect of Initial pH

Synthetic wastewaters prepared in the experiment
contained 400 mg/l of lignin solutions at five different
initial pH levels as 5, 6, 7, 8 and 9. The photocatalytic
process was carried out with a constant of 6.3 mW/cm2 of
UV intensity and 30 Hz of vibration frequency. Fig. 2 presents the decrease of lignin by photocatalytic degradation.
For the optimum pH as pH 5, lignin concentration was
dropped from 400 mg/l down to 279.86 mg/l (C/C0 = 0.70)
after 420 min of light exposure. The ultimate lignin removal efficiencies were 30.03% (pH 5), 26.33% (pH 6),
20.83% (pH 7), 14.66% (pH 8) and 12.17% (pH 9) within
420 min. The results indicate that the lignin removal efficiencies were increased with the decrease in the initial pH.
Moreover, when initial pH decreased from 9 to 5, the kap of
Langmuir-Hinshelwood kinetic were increased from 1.1 ×
10-3 to 2.2 × 10-3 min-1, after 120 min. Several researchers
[20, 23, 25] obtained similar results in which more lignin
removal were observed with samples of lower pH level
thus, the acidic condition favors the lignin decomposition.
This result was also similar in degradation of other compounds as azo dye acid red 14 [30]. It may be because,
under acidic conditions, a superoxide radical (O2•-) will react
with a hydrogen ion (H+) and produce a perhydroxyl radical
(HO2•). Consequently, the HO2• can form hydrogen peroxide (H2O2), which in turn gives rise to the OH• [31]. On the
other hand, the point of zero charge (pzc) of the TiO2 is at
pH 6.8 [26], its surface is positively charge in acidic media (pH < 6.8) and negatively in alkaline (pH > 6.8). Molecules of lignin are negatively charge in alkaline solution,
being repelled from the TiO2 surface; which causes to reduce their adsorption. Also the accumulation of carbonate
and bicarbonate ions, OH• scavenger, could be the reason
of decreased efficiency at alkaline pH [25].

FIGURE 2 - The effect of initial pH on the photocatalytic degradation of lignin.
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3.2. Effect of UV Intensity

The process was repeated at a constant of optimum initial pH (pH 5) and 30 Hz of vibration frequency using
different UV intensities of 0, 6.3 and 12.6 mW/cm 2.
The experimental data depicted in Fig. 3 indicates that a
higher rate of photocatalytic oxidation could be observed
at a higher UV intensity for 420 min. The initial concentration (400 mg/l) of lignin was reduced to 211.79 mg/l
(C/C0 = 0.53) after 420 min using 12.6 mW/cm2 of UV
intensity. Lignin removal efficiencies of the system with 0,
6.3 and 12.6 mW/cm2 were 8.33%, 30.03% and 47.05%,
respectively, in the same time. The kap of Langmuir-Hinshelwood kinetic after 120 min were increased from 0.7 ×
10-3 to 3.2× 10-3 min-1 when UV intensity increased from
0 to 12.6 mW/cm2. The results indicate that an increase in
UV intensity can enhance lignin removal. This is because
when UV intensity is higher, the photonic flux irradiation
will increase and the higher rate of hole production will
occur. Thus, the rate of OH• and the O2•- production increase, which would allow the degradation to be faster.
Related results were previously observed by Dahm and
Lucia [21]. The results demonstrated lignin removal using
a light intensity of 223-445 mW/cm2 and it was found that
higher illumination intensity correlated well with higher
initial degradation rate and total lignin degradation.

centration decreased from 400 mg/l to 206.90 mg/l (C/C0 =
0.52), which corresponds to a destructive efficiency of
48.28%. When vibration frequency increased from 0 to
50 Hz, the kap of Langmuir-Hinshelwood kinetic were increased from 2.6 × 10-3 to 3.5 × 10-3 min-1, after 120 min.
Lignin removal efficiencies were increased as vibration
frequency increased. This is probably because, in the condition of higher vibration frequency, the powerful 3-dimensional agitating flow in the reaction tank is higher. Therefore, the contact between lignin and TiO2 will be enhanced.
In addition, the higher vibration energy is converted to
higher fluid energy and it may be more than chemical bond
energy in lignin structure; consequently, the breaking down
of the lignin molecules occurred. Portjanskaja and Preis [25]
used mechanical agitation with magnetic stirrers in the
UV/TiO2 reactor for treatment of lignin. The system could
degrade lignin not exceeding 50% after 25 hours when
using 100 mg/l of initial lignin concentration at pH around
8.0. Therefore, the supervibration agitator in the present
study has higher performance in lignin removal than that of
previous research. This may be because the fluid flow rate
produced by the supervibration agitator is higher than that
produced by magnetic stirrers.

FIGURE 4 - The effect of vibration frequency on the photocatalytic
degradation of lignin.
FIGURE 3 - The effect of UV intensity on the photocatalytic degradation of lignin.

3.4. Effect of Initial Concentration

3.3. Effect of Vibration Frequency

400 mg/l of lignin solutions were prepared for the
study under different vibration frequencies as 0, 20, 30,
40 and 50 Hz at a constant of optimum initial pH (pH 5)
and optimum UV intensity (12.6 mW/cm2). Fig. 4 shows
the decrease of lignin, which indicated the influence of
vibration frequency on photocatalysis under the conditions used here. Although there was an absence of vibration frequency (0 Hz), the system could remove lignin at
29.66% in 420 min because of photocatalytic degradation
(UV/TiO2). When introducing the vibration frequency into
the system, it was able to remove more lignin. The removal
efficiencies of lignin were 43.35% (20 Hz), 47.05% (30 Hz)
and 47.78% (40 Hz) in the same time of light irradiation.
For the optimum vibration frequency as 50 Hz, lignin con-

The initial lignin concentration was also a variable
parameter to be studied. Fig. 5 illustrates lignin removal
for different initial lignin concentrations of 100, 200, 300
and 400 mg/l. When optimum initial pH (pH 5), optimum
UV intensity (12.6 mW/cm2) and optimum vibration frequency (50 Hz) were kept constant, lignin concentration decreased from 100 mg/l initially to 39.36 mg/l (C/C0 = 0.39)
with a capacity up to 60.64% after 420 min. The removal
efficiencies of lignin for the initial lignin concentration of
200 mg/l, 300 mg/l and 400 mg/l were 53.16%, 50.05%
and 48.28%, respectively after the same time. When the
initial lignin concentration increased from 100 to 400 mg/l,
the kap of Langmuir-Hinshelwood kinetic were decreased
from 4.0 × 10-3 to 3.5 × 10-3 min-1, after 120 min. The removal efficiencies of lignin were decreased with the increase of the initial lignin concentration. Ksibi et al. [3]
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an inhibitory effect on the photodegradation since the photonic flux irradiation on TiO2 will increase in a diluted
lignin solution, thus the rate of OH• production increases
which would allow the degradation to be faster. On the
other hand, under a high lignin concentration, saturation
coverage of lignin on the surface of TiO2 occurs [32] or a
higher initial lignin concentration will yield a higher concentration of adsorbed intermediates according to more
compete with intermediates for TiO2 sites [33]. Additional
experiment was focused on increased UV intensity into
the system. The results were found that, under conditions
as UV intensity of 25.2 mW/cm2, initial pH 5, vibration
frequency of 50 Hz and initial lignin concentration of
100 mg/l, lignin removal efficiency was up to 85.12% within
420 min. The kap of Langmuir-Hinshelwood kinetic were
13.9 × 10-3 min-1, after 120 min. Kansal et al. [22] reported
lignin degradation by UV/TiO2 under conditions as UV
intensity of 35 W/cm2, TiO2 fixed on to an inert support
(pumice stone) and using magnetic stirrers. Lignin removal
efficiency was about 30% after 5 hours when using 100 mg/l

FIGURE 5 - The effect of initial concentration on the photocatalytic
degradation of lignin.

obtained similar results in which the COD removal by
photocatalytic degradation of lignin solution could be
achieved when lignin is used at low concentration. When
the initial lignin concentration becomes higher, it will have

(a)

(b)
FIGURE 6 - GC-MS chromatogram of by-products from lignin photocatalytic degradation for irradiation time 0 min (a) and 420 min (b).
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of initial lignin concentration at pH 9.7, which indicates
that a supervibration-photocatalytic reactor can effectively
treat lignin in wastewater better than shown in previous
related research.
3.5. Identification of the By-Products

The by-products from photocatalytic degradation of
lignin were also investigated. The identification was carried
out using GC-MS. The photocatalytic degradation of lignin
(100 mg/l) was studied for optimum treatment conditions
of pH 5, 25.2 mW/cm2of UV intensity and 50 Hz of vibration frequency. The chromatographic data in Fig. 6 shows
that the abundance of some initial peaks in the sample increased but other peaks disappeared after 420 min of irradiation. However, new signals were detected in the same
time. From total by-products classified by their fragmentation pattern, we obtained the following results: the first peak
was detected at retention time 3.90 min as 2,6-dimethyl-5methylphenylaminopyridine-3,4-dicarboxyimide; the peak
at retention time 4.95 min was 1-methyl-2-phenylindole;
the peak at 5.24 min was identified as 2-ethylacridine; the
peak at retention time 5.74 min could be attributed to 2methylbenzaldehyde; the peak at retention time 6.01 min
was detected as 7H-dibenzo[b,g]cabazole, 7-methyl-; the
peak at retention time 6.36 min was glaucine. Furthermore,
5H-naphtho[2,3-c]carbazole, 5-methyl- and 2,4-dimethylbenzaldehyde were detected at 8.00 min and 8.10 min, respectively. The last two peaks at retention time 11.38 min
and 20.36 min were assigned to 4-hydroxy-3-methoxy
benzaldehyde (vanillin) and hexadecanoic acid (palmitic
acid), respectively. The mass spectrum of vanillin showed
characteristic peaks with fragmentation at m/z 209(2%);
152(98%); 151(100%); 123(18%); 109(13%); 81(13%);
44(21%) and 32(36%), whereas palmitic acid showed peaks
with fragmentation at m/z 299(6%); 256(53%); 213(63%);
129(27%); 73(100%); 60(78%) and 43(33%). The presence
of two compounds from lignin photocatalytic degradation
has been reported in Ksibi et al. [3]. The analysis of residue showed the presence of some lignin derivatives such
as vanillin. The aldehydic compounds could be used by the
perfume and aroma industries. Moreover, other by-products
detected in the reaction previously had not been observed.

up to 85.12% after 420 min. The generation of by-products
from optimum treatment conditions was also detected. The
analysis of residue showed the presence of some lignin
derivatives, such as vanillin. The aldehydic compounds detected could be used by the perfume and aroma industries.
It has been proven that the heterogeneous photocatalytic as
supervibration-photocatalytic reactor can effectively reduce lignin in wastewater and can be concerned as a new
alternative technology for wastewater treatment.
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4. CONCLUSIONS
This study presents the results of lignin treatment using supervibration-photocatalytic reactor under conditions
of different initial pH, UV intensity, vibration frequency
and initial lignin concentration. The operating parameters
had a remarkable influence on this process. The experimental data demonstrated that the optimum operating conditions for treatment of lignin using a supervibration-photocatalytic reactor were initial pH 5, 25.2 mW/cm2 of UV
intensity and 50 Hz of vibration frequency. When using
the initial lignin concentration of 100 mg/l at the optimum
treatment conditions, the reactor is able to remove lignin
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THE IMPORTANCE OF RELIEVING
SUBSTANCES IN RESTRICTING THE EFFECT OF SOIL
CONTAMINATION WITH OIL DERIVATIVES ON PLANTS
Mirosław Wyszkowski* and Agnieszka Ziółkowska
University of Warmia and Mazury in Olsztyn, Department of Environmental Chemistry, Plac Łódzki 4, 10-727 Olsztyn, Poland

ABSTRACT
The study has been conducted aimed at using compost, bentonite and calcium oxide to relieve the effect of
petrol and diesel oil contamination on the yield and nitrogen content in plants - yellow lupine and maize. Effect of
oil derivatives on the growth of the studied plants depended on their type, dose and relieving substances. Negative effect of diesel oil on yellow lupine yield was greater
than petrol. Their effect on maize was much smaller than
on yellow lupine. Negative relations between petrol and
diesel oil in soil as well as total nitrogen and protein nitrogen in plants were clearly observed for yellow lupine.
Unlike in the case of bentonite, application of CaO and
compost to the soil contaminated with oil derivatives
generally reduced the adverse effect of petrol and diesel
oil on plant growth (especially yellow lupine) and modified the nitrogen content in plants.

KEYWORDS: Petrol and diesel oil, compost, bentonite, calcium
oxide, plants.

1. INTRODUCTION
Contamination of the natural environment with oil derivatives results in numerous, generally adverse changes in
soil properties [1], which restrict or render impossible the
cultivation of many plants and - if the contamination is
stronger - bring about soil degradation. Small amounts of
oil or its derivatives are not harmful to soil, but those exceeding 40 g kg-1 may cause plants to die [2]. According to
Olańczuk-Neyman et al. [3], plant yield is observed to decrease in the areas where the residual content of oil derivatives exceeds 5%. This is associated with anaerobic, hydrophobic conditions which disturb the soil-water-plant
relations. Strong contamination of soil with oil derivatives
does not only degrade vegetation, but can also cause it to
* Corresponding author

disappear completely [2-5]. If the contamination of soil
surface restricts plant growth or causes its conditions to
deteriorate, this also reduces their usability as crops as well
as their nutritional and technological values. Also, the
quality of plant products in terms of their nutritional and
sanitary features can be called into question, even if contamination with oil derivatives does not hinder plant vegetation, as it results in hydrocarbons accumulating in them
[6]. Apart from indirectly affecting plants through soil [712], the contaminants can affect them directly by oiling
the above-ground parts, thereby restricting plant transpiration and breathing, reducing the cell membrane permeability and disturbing metabolism, which leads to changes
in chemical macro- and microelement composition [9, 1315], and by the toxic effect of some hydrocarbons on plants
[9, 11, 16-19].
The intensity of the effect of such contaminations on
a plant is associated with many factors, such as the concentration of the oil derivatives, soil properties and conditions, C:N ratio, reaction, humidity, oxygenation, organic
matter content, manner of fertilization as well as with a
plant species [16, 20]. Apart from increasing the hydrocarbon content in soil [5, 21-23], contamination of soil with
oil derivatives considerably increases the ratio of organic
carbon to nitrogen in humus, and with its resulting high
availability and the high energy level, as well as a proportionally reduced nitrogen availability, the microorganisms
which decompose hydrocarbons and the plant root systems
view for nitrogen. The reverse effect was observed in biological activity of soil [5, 8, 10, 16, 24-26]. This competition results in an acute deficiency of nitrogen, inhibiting
growth or even rendering it impossible [27].
It is, therefore, important to seek for methods of restricting the effect of oil derivatives on plants, which is
particularly important if a relatively small amount of them
reach the soil. Remediation of soil contaminated with petroleum-derived substances is dependent from soil moisture, fertilization, waste application, aeration, cultivation of
fast-growing plants, or kind and introduction of microorganisms [16, 26, 28-33]. With this in mind, a study has been
conducted aimed at using compost, bentonite and calcium
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oxide to relieve the effects of contamination of soil with
petrol and diesel oil on the yield and nitrogen content in
plants - yellow lupine (Lupinus luteus L.) and maize (Zea
mays L.).
2. MATERIAL AND METHODS

Also, after maize sprouting, additional nitrogen fertilization was applied by introducing an aqueous solution of urea
to the soil in the dose of 150 mg N kg-1 of soil. Samples of
plant material for laboratory analyses were taken when
yellow lupine and maize were being harvested.
2.2. Laboratory analysis

2.1. Experiments

The experiments were conducted with the soil which
naturally was typical Eutric soil according to WRB, originating from loamy sand (1.0-0.1 mm, 50%; 0.1-0.02 mm,
40%; <0.02 mm, 10%), in 4 replications in the vegetation
hall of the University of Warmia and Mazury in Olsztyn
(north-east of Poland). The soil had the following properties: pH in 1 mol KCl dm-3, 5.60; hydrolytic acidity, exchangeable and residue acidity (HAC1), 21 mmol (H+) kg-1;
exchangeable base cations Ca++, Mg++, K+ and Na+ (EBC),
112 mmol(+) kg -1 ; cation exchange capacity (CEC),
133 mmol(+) kg-1; base saturation (BS), 84.2%; Corg content,
6.2 g kg-1, available: phosphorus, 27.4 mg kg-1, potassium,
50.6 mg kg-1 and magnesium, 66.0 mg kg-1. The primary
factor used was petrol and diesel oil in the following
amounts: 0; 2.5; 5 and 10 cm3 kg-1 of dry matter of the soil.
The experimental oil derivatives had the following properties: petrol (leadless, 95 octane): density (15 °C), average
748 kg m-3 and content of benzene, max. 10 g kg-1; aromatic
hydrocarbons, max. 350 g kg-1; sulphur, max. 50 mg kg-1;
oxygen, max. 27 g kg-1; lead, 0.002 g kg-1; diesel oil: density (15 °C), max. 845 kg m-3 and content of PAH, max. 110
g kg-1; sulphur, max. 50 mg kg-1; solid contaminants, max.
24 mg kg-1; water, max. 200 mg kg-1. The secondary factor was the addition of various substances to the soil to
relieve the effect of the oil derivatives on plants. They were
applied in 4 series: without any additives (control), with
compost (3% w/w in relation to the soil), bentonite (2%)
and 50% calcium oxide (in the dose corresponding to 1 hydrolytic acidity - 0.98 g Ca kg-1 of soil). The compost was
made up of leaves (44%), manure (33%) and peat (23%);
the mixture was composted for 6 months before the experiment was set up. Apart from the above oil derivatives and
additives, the following macro- and microelements were
added in the following doses (mg kg-1 of soil): N - 25
CO(NH2)2, P - 30 (KH2PO4); K - 75 (KH2PO4 + KCl); Mg
- 50 (MgSO 4 · 7H 2 O); Mn - 5 (MnCl 2 · 4H 2 O); Mo - 5
[(NH4)6Mo7O24 · 4H2O]; B - 0.33 (H3BO3). 9.5 kg soil
was mixed with mineral fertilizers and with petrol, diesel
oil, compost, bentonite and lime, and put into polyethylene
pots. The effect of oil derivatives and the relieving substances was tested on yellow lupine (Lupinus luteus L.)
Polish cv. Parys - main crop (density - 7 plants in a pot) and
maize (Zea mays L.) Polish cv. Scandia - aftercrop (successive crop) (density - 8 plants in a pot). The maize was
sown after the yellow lupine had been harvested. The soil
humidity during the experiment was 60% of the capillary
water capacity. The above-ground parts of yellow lupine
were harvested during the blossoming phase, and those of
the maize at the beginning of the stem elongation period.

The plain yield was determined by weighing. The samples of plant materials were cut into pieces, dried and
ground. Total nitrogen and protein nitrogen were determined by the Kjeldahl method [34], and protein was precipitated with trichloroacetic acid. The following parameters
were determined in soil samples before the experiment
was set up: pH - by the potentiometric method in 1M KCl
dm-3 [35], hydrolytic acidity (HAC1) and exchangeable
base cations (EBC) - by the Kappen method [36], organic
carbon (Corg) - by the Tiurin method [37], available phosphorus and potassium content - by the Egner-Riehm method
[38], and available magnesium content - by atomic absorption spectrometry after extraction with the Schachtschabel
method [39]. The values of HAC1 and EBC were used to
calculate CEC and BS according to the formulae: CEC =
EBC + HAC1, BS = (EBC/CEC)·100.
2.3. Statistical Analysis

The results were analyzed statistically by means of
two- and three-factor analysis of variance from the Statistica 8.0 software pack [40]. The correlation coefficients
between the dose of the oil derivatives and the plant yield
and nitrogen content were also calculated.
3. RESULTS AND DISCUSSION
3.1. Plant mass

The doses of petrol and diesel oil as well as the addition of relieving substances significantly affected the growth
and yield of yellow lupine and maize (Table 1). The growth
rate for yellow lupine in the soil contaminated with petrol
and diesel oil was reduced, which negatively affected the
yield. Yellow lupine proved to be sensitive to contamination of soil with oil derivatives, which is indicated by the
decrease in yield with their increasing doses. The yield was
negatively correlated with the dose of the oil derivatives. A
much larger decrease was observed when soil was contaminated with diesel oil. The average yield in the pots
contaminated with diesel oil was 40% lower than in the
series with petrol. In the series without additives, consecutive doses of petrol and diesel oil caused the yield of the
above-ground parts of yellow lupine to decrease (for the
dose of 10 cm3 kg-1 of soil, the decrease amounted to 76%
for petrol (r=-0.967) and 80% for diesel oil (r=-0.888), in
relation to control). Maize, cultivated as an aftercrop, was
more resistant to contamination with oil derivatives than
yellow lupine. Its average yield when the soil was contaminated with petrol was 10% lower than in the case of
diesel oil. In the series without additives, application of
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TABLE 1 - Effect of petrol and diesel oil contamination on yield of above-ground parts of plants (averages ± standard deviation, in g pot-1).
Dose of
Pet or DO
in cm3 kg-1
of soil

Kind of contamination
Petrol (Pet)
Without
additives

Compost

Diesel oil (DO)
Kind of substance neutralizing effect of Pet and DO
Without
Bentonite
CaO
Compost
Bentonite
additives

Yellow lupine (Lupinus luteus L.) - main crop
244.05
0
244.05 (± 11.00) 322.48 (± 4.70) 263.45 (± 5.53) 331.93 (± 3.88)
(± 11.00)
2.5
247.40 (± 9.54) 282.40 (± 8.35) 161.25 (± 6.14) 289.25 (± 3.58) 145.05 (± 6.08)
5.0
161.70 (± 7.81) 211.25 (± 5.35) 125.08 (± 5.80) 211.68 (± 5.67) 61.08 (± 4.96)
10.0
58.90 (± 6.55) 135.50 (± 5.03) 101.63 (± 5.04) 150.13 (± 4.19) 48.53 (± 4.14)
Average
178.01
237.91
162.85
245.75
124.68
r
-0.967**
-0.992**
-0.880**
-0.982**
-0.888**
LSD
a - 3.46 **, b - 4.89 **, c - 4.89 **, a · b - 6.92 **, a · c - 6.92 **, b · c - 9.78 **, a · b · c - 13.84 **

CaO

322.48 (± 4.70) 263.45 (± 5.53) 331.93 (± 3.88)
141.53 (± 5.86) 99.38 (± 4.70)
36.05 (± 3.87) 43.28 (± 3.07)
34.55 (± 4.13) 34.05 (± 3.13)
133.65
110.04
-0.841**
-0.823**

111.13 (± 6.53)
37.00 (± 3.01)
27.68 (± 1.37)
126.94
-0.817**

Maize (Zea mays L.) - aftercrop
0
76.98 (± 4.39) 70.53 (± 4.64) 64.84 (± 2.35) 98.13 (± 5.43) 76.98 (± 4.39) 70.53 (± 4.64) 64.84 (± 2.35) 98.13 (± 4.39)
2.5
45.85 (± 3.98) 61.64 (± 4.97) 27.77 (± 3.11) 80.32 (± 5.53) 84.69 (± 4.48) 125.82 (± 4.29) 55.06 (± 3.06) 88.14 (± 4.68)
5.0
61.83 (± 3.13) 56.91 (± 4.13) 52.83 (± 3.27) 58.23 (± 4.76) 95.30 (± 5.12) 102.72 (± 6.20) 21.38 (± 3.88) 77.35 (± 4.47)
10.0
73.72 (± 5.33) 71.86 (± 4.65) 61.93 (± 4.08) 94.31 (± 5.32) 46.58 (± 5.50) 90.20 (± 6.06) 28.45 (± 2.16) 51.64 (± 3.92)
Average
64.60
65.24
51.84
82.75
75.89
97.32
42.43
78.82
r
0.169
0.170
0.212
-0.056
-0.649**
0.091
-0.801**
-0.998**
LSD
a - 4.50 **, b - 6.40 **, c - 6.40 **, a · b - 7.60 **, a · c - n.s., b · c - n.s., a · b · c - n.s.
LSD (least squares deviation) for: a - kind of petroleum substance, b - petroleum substance dose, c - kind of neutralizing substance; ** - significant for P = 0.01, * significant for P = 0.05, r - correlation coefficient

petrol did not significantly affect the maize yield (r=0.169).
A greater effect was observed in the series with diesel oil,
particularly when the soil was contaminated with 2.5 and
5 cm3 of diesel oil per kg of soil, and the yield was higher
than in the control. Contamination with 10 cm3 of diesel
oil per kg of soil had a significant and negative effect on
the maize yield (r=-0.649). In the pots contaminated with
petrol and diesel oil, correlations were found between the
plant yield and some soil properties (Table 4). Significant
relationships were more frequently found to exist in the pots
with diesel oil than in those with petrol, and were usually
negative. A high negative correlation coefficient was calculated between the PAHs in soil and the yellow lupine
and oats yield in the pots with diesel oil.
The toxic effect of diesel oil on plants has been confirmed by Wyszkowska and Kucharski [41], who showed
the contamination of soil with diesel oil to adversely affect
growth and development of yellow lupine; this has been
corroborated by the study conducted by the authors of this
study. In their experiments, diesel oil proved to be more
toxic to a cultivated plant as even the slightest contamination by this xenobiotic (0.5%) of loamy sand reduced the
yield of the above-ground parts by 52%. In the case of
light clay, a 36% reduction was observed. The toxic effect
of oil derivatives was corroborated by a study conducted
by Wyszkowski et al. [18], in which the yield of a plant
under study depended on the contamination by diesel oil,
type of soil, fertilization and the plant organ. A very large
decrease in the yield of yellow lupine was observed by
Kucharski and Jastrzębska [42] in their study with heating
oil, and by Wyszkowski and Ziółkowska [19] with diesel
oil and petrol. Reynoso-Cuevas et al. [11] and Liste and
Alexander [21] found similar effects on germination and
growth of 4 grass species on soil contaminated with 3 poly-

cyclic aromatic hydrocarbons - phenanthrene, pyrene and
benzo(a)pyrene, as well as toxicity effect of 8 PAHs on
red clover, ryegrass and mustard. This negative impact of
heating oil on plant growth can be explained by the adverse effects of hydrocarbons in heating oil on plant transpiration and breathing, and on transmembrane transport
of nutrients [17]. The effect of diesel oil on plants has also
been observed by McGrath [2], in whose study grass reacted stronger to contamination of light soils with the oil derivative than to such contamination of heavy soils, with
the toxic effect diminishing with time [2, 19, 43], which
corroborates the results obtained in the study conducted
by the authors. Strong contamination of soil - more than
40 g of diesel oil per kg of soil - prevented grass seeds
from germinating. Amadi et al. [44] and Ogboghodo et al.
[4, 5] observed a considerable maize yield reduction, and on
the most contaminated soil, they even observed complete
absence of seeds germination [5]. In their experiment, like
in the one conducted by the authors of this study, the doses
of ≤2.5 cm3 oil derivatives did not bring about significant
changes in plant yield. The phytotoxic effect of oil derivatives (and PAHs) on maize was clearly shown by KyungHwa et al. [45]. However, the effect became apparent immediately after contamination of the soil with oil derivatives.
The application of compost and CaO as relieving substances resulted in a higher yield of yellow lupine than in
the series without additives, mainly in the pots with petrol
(Table 1). In the case of petrol, their application resulted
in an increase of the average yields of yellow lupine by 34
and 38%, respectively, as compared to the series without
additives. Of the applied relieving substances, only CaO in
the series with petrol and compost in the series with diesel
oil had a positive effect. The application of compost re-
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sulted in a 28% increase in the maize yield with regard to
the series without the relieving substances, despite the soil
contamination with diesel oil.
The addition of various organic substances - e.g. compost - or deacidifying agents - e.g. lime, bentonite - to soil
positively affects plant yield [19, 46, 47]. Kucharski and
Jastrzębska [42] observed a positive effect of calcium
oxide on the yield of above-ground parts and - to a lesser
extent - of the yellow lupine roots in the soil contaminated
with heating oil, similar to the results herein. The same
effect on yield of spring rape affirmed Wyszkowski and
Ziółkowska [19], after application of calcium oxide, compost and bentonite to soil polluted with diesel oil. The
lime had good influence in soils containing various contaminants, in studies of some other authors’ [48, 49]. An
experiment conducted by Amadi et al. [44] showed a positive effect of an organic substance on the growth of maize,
cultivated on the soil contaminated with crude oil. Particularly good effects were achieved when birds’ droppings
were applied, and the worst was with sawdust. A positive
effect of birds’ droppings on maize was observed by Ogboghodo et al. [4]; its seeds started to germinate and grow
even in the soil with the strongest contamination by crude
oil.
3.2. Nitrogen content in plants

Unlike in the case of protein nitrogen, the average total Kjeldahl nitrogen content in the above-ground parts of
maize was found to be higher than in such parts of yellow
lupine. Both the oil derivatives had a significant effect on
total Kjeldahl and protein nitrogen in the above-ground
parts of yellow lupine and maize; in the case of diesel oil,
the effect was also observable in the above-ground parts of
maize (Tables 2 and 3). The highest content of total

Kjeldahl nitrogen and protein nitrogen in the above-ground
parts of yellow lupine in the series in which no relieving
substances were applied was observed in the control pot,
in which the soil was not contaminated with oil derivatives. Introducing oil derivatives to the soil reduced their
content. The highest decrease was found for the dose of
10 cm3 kg-1 of soil, both for petrol and for diesel oil. In
the case of total Kjeldahl nitrogen, it was similar in both
experimental series and close to 26-27% (r=-0.668 for
petrol and r=-0.997 for diesel oil). In the case of protein
nitrogen, the difference was 26% (r=-0.667) for petrol and
24% (r=-0.973) for diesel oil. In the series without the
relieving substances, petrol was not found to affect the total
Kjeldahl nitrogen (r=0.129) or protein nitrogen (r=-0.156)
content in maize. However, in the corresponding series with
diesel oil, the decrease in the element content was found for
the dose of 10 cm3 of diesel oil kg-1 of soil. It amounted
to 10% (r=-0.927) for the total Kjeldahl nitrogen and 7%
(r=-0.964) for protein nitrogen, as compared to the noncontaminated variant. The average nitrogen content in the
pots with petrol and diesel oil was similar. The calculated
correlation coefficients indicate the existence of significant positive relations between nitrogen content in plants
and spring rape (the main crop) in both series of the experiment (Table 4). In the case of maize (aftercrop), it was
significant only in the series with diesel oil but was, unfortunately, negative. A significant positive relationship has
been found to exist between the protein nitrogen content
and the total Kjeldahl nitrogen content in yellow lupine and
maize, and negative relation with PAH content, organic
carbon and available potassium and magnesium in the pots
with yellow lupine (mainly in the series with diesel oil). In
the case of maize, significant correlations were found to
exist between nitrogen content in plants and reaction, hydro-

TABLE 2 - Effect of petrol and diesel oil contamination on total Kjeldahl nitrogen content in above-ground parts of plants (averages ± standard deviation, in g kg-1 dry matter).
Dose of
Pet or DO
in cm3 kg-1
of soil

0
2.5
5.0
10.0
Average
r
LSD

Kind of contamination
Petrol (Pet)
Without
additives

Compost

Diesel oil (DO)
Kind of substance neutralizing effect of Pet and DO
Without
Bentonite
CaO
Compost
Bentonite
additives

Yellow lupine (Lupinus luteus L.) - main crop
28.57 (±0.22) 28.03 (±0.23) 28.03 (±0.72) 27.01 (±0.25) 28.57 (±0.22) 28.03 (±0.23)
22.66 (±0.45) 25.26 (±0.47) 23.80 (±0.45) 27.46 (±0.46) 27.12 (±0.22) 25.92 (±0.59)
27.76 (±0.45) 30.31 (±0.66) 21.88 (±0.45) 26.70 (±0.44) 25.18 (±0.38) 17.94 (±0.45)
21.02 (±0.44) 21.98 (±0.59) 17.44 (±0.45) 21.81 (±0.45) 20.84 (±0.46) 17.29 (±0.44)
25.00
26.40
22.79
25.75
25.43
22.30
-0.668*
-0.595
-0.986**
-0.895**
-0.997**
-0.894**
a - 0.50 **, b - 0.70 **, c - 0.70 **, a · b - 0.99 **, a · c - 0.99 **, b · c - 1.41 **, a · b · c - 1.99 **

28.03 (±0.72)
23.94 (±0.35)
18.69 (±0.45)
15.16 (±0.65)
21.46
-0.970**

CaO
27.01 (±0.25)
26.84 (±0.45)
17.92 (±0.33)
16.66 (±0.44)
22.11
-0.888**

Maize (Zea mays L.) - aftercrop
0
30.97 (±0.21) 33.78 (±0.32) 30.57 (±0.75) 29.33 (±0.64) 30.97 (±0.21) 33.78 (±0.32) 30.57 (±0.75) 29.33 (±0.64)
2.5
26.74 (±0.19) 28.69 (±0.49) 32.24 (±0.65) 26.88 (±0.11) 30.15 (±0.42) 28.02 (±0.43) 29.66 (±0.37) 26.48 (±0.21)
5.0
29.56 (±0.17) 28.98 (±0.43) 27.56 (±0.11) 28.47 (±0.21) 30.43 (±0.35) 24.30 (±0.48) 32.65 (±0.21) 28.28 (±0.43)
10.0
30.26 (±0.21) 29.48 (±0.28) 26.98 (±0.21) 26.07 (±0.42) 27.80 (±0.42) 28.17 (±0.42) 26.70 (±0.21) 28.97 (±0.35)
Average
29.38
30.23
29.34
27.69
29.84
28.57
29.90
28.27
r
0.129
-0.577*
-0.789**
-0.753**
-0.927**
-0.533
-0.593
0.164
LSD
a - n.s., b - 0.31 **, c - 0.31 **, a · b - 0.44 **, a · c - 0.44 ** , b · c - n.s., a · b · c - 0.87 **
LSD (least squares deviation) for: a - kind of petroleum substance, b - petroleum substance dose, c - kind of neutralizing substance; ** - significant for P = 0.01, * significant for P = 0.05, r - correlation coefficient
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TABLE 3 - Effect of petrol and diesel oil contamination on protein nitrogen content in above-ground parts of plants (averages ± standard
deviation, in g kg-1 dry matter).
Kind of contamination

Dose of
Pet or DO
in cm3 kg-1
of soil

Petrol (Pet)
Without
additives

Compost

Diesel oil (DO)
Kind of substance neutralizing effect of Pet and DO
Without
Bentonite
CaO
Compost
Bentonite
additives

CaO

0
2.5
5.0
10.0
Average
r
LSD

Yellow lupine (Lupinus luteus L.) - main crop
26.09 (±0.55) 21.99 (±0.55) 21.49 (±0.55) 23.99 (±0.45) 26.09 (±0.55) 21.99 (±0.55)
19.93 (±0.47) 22.40 (±0.40) 20.03 (±0.53) 21.38 (±0.60) 23.33 (±0.75) 24.69 (±0.65)
24.18 (±0.40) 26.91 (±0.47) 19.41 (±0.67) 22.44 (±0.62) 22.11 (±0.48) 16.63 (±0.11)
19.20 (±0.19) 20.02 (±0.46) 13.44 (±0.60) 19.64 (±0.54) 19.85 (±0.21) 16.24 (±0.41)
22.35
22.83
18.59
21.86
22.85
19.89
-0.667*
-0.235
-0.966**
-0.877**
-0.973**
-0.769**
a - 0.08 **, b - 0.11 **, c - 0.11 **, a · b - 0.16 **, a · c - 0.16 **, b · c - 0.23 **, a · b · c - 0.32 **

21.49 (±0.55)
22.72 (±0.61)
18.10 (±0.59)
14.67 (±0.58)
19.25
-0.922**

23.99 (±0.45)
23.16 (±0.76)
17.11 (±0.42)
16.39 (±0.59)
20.16
-0.896**

0
2.5
5.0
10.0
Average
r
LSD

Maize (Zea mays L.) - aftercrop
20.60 (±0.58) 19.03 (±0.43) 17.97 (±0.49) 18.18 (±0.55) 20.60 (±0.58) 19.03 (±0.43)
17.78 (±0.57) 19.35 (±0.59) 17.14 (±0.40) 17.62 (±0.44) 20.04 (±0.33) 18.53 (±0.53)
18.82 (±0.33) 17.94 (±0.21) 18.08 (±0.33) 17.94 (±0.36) 19.53 (±0.33) 16.29 (±0.47)
19.44 (±0.14) 16.16 (±0.35) 18.33 (±0.46) 15.26 (±0.47) 19.15 (±0.49) 19.27 (±0.68)
19.16
18.12
17.88
17.25
19.83
18.28
-0.156
-0.945**
0.552
-0.900**
-0.964**
0.033
a - n.s., b - 0.11 **, c - 0.11 **, a · b - 0.16 *, a · c - 0.16 **, b · c - 0.23 **, a · b · c - 0.32 **

17.97 (±0.55)
18.65 (±0.33)
19.35 (±0.28)
14.90 (±0.49)
17.72
-0.704*

18.18 (±0.58)
17.09 (±0.22)
16.87 (±0.48)
15.29 (±0.47)
16.86
-0.985**

LSD (least squares deviation) for: a - kind of petroleum substance, b - petroleum substance dose, c - kind of neutralizing substance; ** - significant for P = 0.01, * - significant for P = 0.05, r correlation coefficient

TABLE 4 - Pearson’s simple correlation coefficient between petrol and diesel oil dose and yield and total N and protein N content in plants
(average with all series).
Variable
Yield
Neutralizing
substance
P or DO dose
Yield
Total N
pH KCl
HAC1
EBC
CEC
BS
N-NO3
N-NH4
C org
P available
K available
Mg available
WWA
Neutralizing
substance
P or DO dose
Yield
Total N
pH KCl
HAC1
EBC
CEC
BS
N-NO3
N-NH4
C org
P available
K available
Mg available
WWA

0.206
-0.850

**

-0.044
0.078
-0.294
-0.277
-0.230
-0.038
0.189
0.259
-0.570
-0.773**
-0.391*
-0.133

Petrol (P)
Total N
Protein N
Yield
Yellow lupine (Lupinus luteus L.) - main crop
0.008

-0.181

**

-0.641
0.639**

**

-0.540
0.531**
0.886**
Soil
-0.225
-0.418*
0.206
0.425*
-0.146
-0.166
-0.100
-0.070
-0.243
-0.421*
0.084
0.324
0.119
0.324
0.063
0.175
-0.339
-0.351*
-0.490**
-0.505**
-0.188
-0.144
0.041
0.153
Maize (Zea mays L.) - aftercrop

-0.005

Diesel oil (DO)
Total N

Protein N

-0.239

-0.388*

**

**

-0.790
0.566**

-0.809**
0.688**
0.822**

0.067
0.086
-0.250
-0.266
-0.156
0.031
0.397*
-0.584**
-0.336
-0.897**
0.370*
-0.724**

-0.148
0.225
0.007
0.069
-0.172
0.163
-0.095
-0.493**
-0.445**
-0.590**
0.138
-0.758**

-0.139
0.302
-0.235
-0.191
-0.326
0.224
0.256
-0.545**
-0.685**
-0.815**
0.157
-0.820**

-0.808

-0.074

-0.066

-0.499**

-0.013

-0.195

-0.599**

0.101

*

-0.414
-0.183

*

*

*

-0.413
-0.364*

-0.419*
0.094
0.595**

0.088
-0.057
0.098
0.109
0.047
0.328
-0.317
-0.019
-0.186
-0.492**
0.073
-0.048

-0.417*
0.375*
-0.411*
-0.417*
-0.381*
0.302
-0.183
0.090
0.261
0.067
0.167
0.028

-0.396*
0.166
-0.383*
-0.401*
-0.255
-0.360*
-0.146
-0.295
-0.022
-0.121
-0.428*
-0.448**

-0.195
0.429*
-0.260
-0.220
-0.407*
-0.113
0.059
-0.015
-0.082
-0.293
-0.042
-0.311

-0.614**
0.374*
-0.599**
-0.608**
-0.477**
-0.126
0.148
-0.247
0.120
-0.281
-0.269
-0.715**

-0.421
0.045
0.415*
Soil
-0.475**
0.451**
-0.444**
-0.437*
-0.470**
0.284
0.063
0.071
-0.317
-0.102
-0.137
-0.275

Correlation coefficient significant for ** - significant for P=0.01, * - significant for P=0.05, n=32

716

-0.353

© by PSP Volume 20 – No 3a. 2011

Fresenius Environmental Bulletin

lytic acidity and sorptive properties of soil and PAH content (only in the pots with diesel oil in terms of protein
nitrogen).
The literature contains only scarce reports on the effects of contamination with oil derivatives referring to the
chemical composition of plants. The available data [1719, 50-52] clearly indicate that soil contamination with oil
derivatives variably affects the growth of plants and their
organs, as well as their chemical composition, with the
differences between the main crop and aftercrop. Changes
in the properties of some soils, particularly their physicochemical composition, resulting from contamination with
oil derivatives, are followed by changes in their biological
composition, which may result in the deficit of oxygen
and water as well as of absorbable forms of nitrogen and
phosphorus [20, 27]. According to Xu and Johnson [27],
when organic carbon is relatively available, which results
in proportionally reduced availability of nitrogen, microorganisms which decompose nitrogen compounds start to
vie for this element with the plant root system. This has
been corroborated in studies conducted by the current
authors, in which both petrol and diesel oil modified the
nitrogen [19] and other macroelement contents [53] in the
plants under study. It should be noted that a decrease of
the nitrogen content caused by the oil derivatives was
observed in the main plant - yellow lupine, i.e. immediately after the soil was contaminated. The effect on the
nitrogen content in the successive plant, maize, was more
ambiguous. Wyszkowski and Wyszkowska [52] but also
Wyszkowski and Ziółkowska [19] indicated that small
amounts of diesel oil (up to 3-5 g kg-1 of soil) favoured
the accumulation of nitrogen in oats, maize and spring rape,
while at the higher values, the substance significantly reduced its content. A negative effect of diesel oil on nitrogen
content was also observed by Wyszkowski et al. [18] in
an experiment conducted with yellow lupine.
The total Kjeldahl nitrogen and protein nitrogen content in plants was, to some extent, affected by the type of
the relieving substances introduced to soil. The substances
used to weaken the consequences of soil contamination with
petrol and diesel oil had the same effect on total Kjeldahl
and protein nitrogen in the above-ground parts of yellow
lupine (Tables 2 and 3). Their addition did not result in an
increase in the total Kjeldahl nitrogen and protein nitrogen content in lupine in the pots with petrol, and it reduced their content in the pots with diesel oil. Bentonite in
the series with petrol also had a negative effect on the
nitrogen content in yellow lupine. The nitrogen content in
the above-ground parts of maize, cultivated as an aftercrop,
was most affected by CaO, especially in the series with
diesel oil, but the average content of total Kjeldahl nitrogen
and protein nitrogen in the pots where it was applied was
only several percent lower than in the ones without any
additives.
Various substances applied to soil affect its properties
and modify the absorbability of many macro- and microelements, thereby affecting plant growth. A particularly

positive effect is observed in this respect for organic matter, with the effect being species-dependent. Its effect on
nitrogen content in plants varies [19, 54-61]. The application of compost or compost soil may result in increasing or
decreasing its content in plants. The nitrogen content was
found to have increased in maize organs and in grasses
[60], and in the triticale straw and grain, roots of yellow
lupine and phacelia [56, 57]. However, Ciećko et al. [57]
found the nitrogen content to decrease in grain and straw
of oats, the above-ground parts of maize, and the aboveground parts and roots of radish. Compost is an important
resource to restore soil fertility, especially in those places
where the organic matter content of the soil is low [62],
while oil-derived substances are a good nutrient substrate
for some microorganisms [63]. Mineral additives modify
the acidity and sorptive properties of soil [64, 65], restricting the effect of various contaminants on plants [66]. The
effect of CaO is clearly species- and organ-dependent, as it
may both increase the nitrogen content, e.g. in the aboveground parts [55], and in roots of maize [56, 57], aboveground parts of spring rape and partly oats [19], and reduce
it, e.g. in the above-ground parts of triticale [56], the aboveground parts of maize [57]. Ciećko et al. [57] indicated that
bentonite was effective in restricting the uptake of nitrogen
by plants, thereby reducing its content in the above-ground
parts of maize, above-ground and underground parts of
yellow lupine, radish and phacelia. In a study conducted by
Wyszkowski and Ziółkowska [19], bentonite had unambiguous effect on nitrogen content in spring rape and oats
grasses. It is difficult to find in the literature results of
studies on the effect of those additives on nitrogen content
in plants if they are used with a view to weakening the
effect of petrol and diesel oil on plants. The above examples refer to the application of organic matter, bentonite
and calcium oxide to neutralize heavy metals.

4. CONCLUSIONS
The effect of oil derivatives on the growth of the plants
under study depended on their type, dose, and on whether a
relieving substance had been applied or not. The negative
effect of diesel oil on yellow lupine yield was greater than
that of petrol. Their effects on maize were much smaller
than on yellow lupine, although it was also negative for the
highest dose of diesel oil. Unlike in the case of bentonite,
the application of calcium oxide and compost to the soil
contaminated with oil derivatives generally reduced the
adverse effect of petrol and diesel oil on plant growth.
The best effect was achieved for yellow lupine in the soil
contaminated with petrol. Negative relations between the
extent of soil contamination with petrol and diesel oil as
well as the total nitrogen and protein nitrogen were clearly
observed for yellow lupine and, partly, for maize (only for
diesel oil). Smaller changes were observed in the pots with
petrol, while larger ones were found in the variants with
diesel oil. The substances applied with a view to weakening the effect of contamination of soil with petrol and
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diesel oil had a positive effect on both total nitrogen and
protein nitrogen content in the above-ground parts of
yellow lupine and maize. Compost, bentonite and CaO
reduced the nitrogen content in yellow lupine in the series
with diesel oil, while bentonite reduced it in the series with
petrol. For maize cultivated as an aftercrop, the largest negative effect was produced by CaO, especially in the series
with diesel oil.
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ABSTRACT
In this research, sawdust was studied as an economic
and low cost material for the removal of arsenic (III) from
aqueous solution. Three different kinds of sawdust, holly,
sallow, and poplar were used in this study. Arsenic (III)
synthetic samples were prepared using NaAsO2 in distilled water and effects of contact time and arsenic concentration were studied. The results showed that the holly
sawdust with contact time of 150 min and 1000 µg/L of
initial arsenic concentration had the greatest efficiency
(>94%). The kinetic of the adsorption process fitted well to
the pseudo second order adsorption model and the equilibrium was achieved after 150 min. The results showed that
biosorption was well described by Freundlich isotherm. The
maximum biosorption capacity of the sawdust for arsenic
(III) was 20.625 mg/g. Based on high removal efficiency,
availability and low cost, the use of sawdust as an effective adsorbent for the removal of arsenic (III) from polluted water and wastewater is recommended.

KEYWORDS:
biosorption, sawdust, arsenic, aqueous solution.

1. INTRODUCTION
Arsenic which is one of the common constituents of
earth crust is a carcinogenic and toxic contaminant of
ground-water and surface water resources [1]. Arsenic is
widely distributed in environment and mainly used for
production of pesticides, plant desiccants and wood preservatives and is known to cause negative effects in human body even at a low intake level [2]. High levels of
arsenic can cause acute toxic effects on human health [3,
4]. The toxicity of arsenic depends on its binding form. In* Corresponding author

organic forms of arsenic are more toxic than organic species [2]. The major pathway to human exposure to arsenic
is drinking polluted groundwater [5]. In order to minimize
the adverse health effect of arsenic, the U.S.EPA, World
Health Organization (WHO) and the European Commission (E.C.) have set Maximum Contamination Level (MCL)
of 10 µg/L arsenic in drinking water [3-5]. Many different
technologies such as precipitation, ion exchange, membrane filtration, microbial transformation, and adsorption
(which is the scope of this work) have been developed to
remove arsenic from drinking water [4-6]. The process of
adsorption implies the presence of an ‘adsorbent’: a solid
that efficiently binds molecules by means of physical attractive forces, ion exchange, or chemical binding. It is best if
the adsorbent is available in large quantities of free or very
low cost and easily regenerating material [7].
Sawmills by-products constitute a significant source
of this type of materials their properties are important to
study and test to adsorb arsenic [7]. The use of sawdust
and agricultural by-products for pollutants removal such
as Ni [8], Copper [7, 9], arsenic (V) [10], lead [11], Cr (VI)
[12] were reported in recent literature. Researchers have
confirmed that the use of large quantities of waste from
agricultural products for the treatment of polluted water is
an attractive and promising option with a double benefit for
the environment: It reduces the residues the disposal of
which are a costly problem and it converts the waste into
useful and inexpensive sorbents for water purification [7].
Also, other uses of sawdust investigated and obtained results showed a good capability of sustaining the growth of
plants and fungi such as Mashrum procerus that indeed
rich in nutrients and mineral elements [13].
The purpose of this paper is to investigate the use of
holly, sallow and poplar sawdust issued from locally used
wood as low cost sorbent materials for arsenic (III) biosorption from aqueous solutions. The influence of various initial
arsenic concentrations and contact time are also tested and
the kinetics of the adsorption process is evaluated.
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2. MATERIALS AND METHODS

agitated with 100 rpm up to 72 h. After 72 h, the samples
were withdrawn and the equilibrium concentration of arsenic was determined.

2.1. Preparation of biosorbent and chemicals

The sawdust samples (holly, sallow and poplar) were
obtained from local wood processing plant (Hamedan-Iran).
The sawdust samples were washed by distillated water,
dried at 600 C for 12 h and blended into effective particle
size of 2 mm. All chemical reagents used in this study were
obtained from Merck (Hohenbrunn, Germany). 1 M HCl
or NaOH was used to adjust the pH of the solution to 7.0
[14, 15]. The pH of the solution was controlled by pH
meter. (Suntex model sp-701, Taiwan). Distillated water was
prepared by Fater Electronic water distiller model 2104
(Tehran, Iran). For all batch experiments, glassware and
bottles were washed and rinsed with HNO3 before the use
and then by distilled water.
Arsenic (III) solutions were arranged by dissolving the
NaAsO2 in de-ionized water and determined in 520 nm by
UV/VIS spectrophotometer (Shimadzo-1700, Japan).
2.2. Effect of initial arsenic concentration and sawdust types

The effect of sawdust types was determined by agitation of 0.20 g of holly, sallow and poplar saw dusts with
200 ml of arsenic solution of 250, 500 and 1000 µg/L at
room temperature (200C) and pH=7.0. The suspensions are
agitated at 100 rpm for a certain period of time ranging
between 10 and 150 min. At the end of the predetermined
time interval, the samples were centrifuged at 3000 rpm for
15 min. Then, the solutions were filtered through 0.45 µm
membrane filter and analyzed for arsenic by Silver Diethyldithiocarbamate method (SDDC) [16]. The arsenic adsorption capacity per gram of sawdust materials was determined
by employing the mass balance equation. The equilibrium
arsenic capacity of sawdust was calculated by equation (1):

qe = (C0 − Ce ) × V / M

(1)

Where qe (mg/g) is the arsenic adsorbed onto sawdust, V (L) is the volume of solution, C0 (mg/L) and Ce
(mg/L) are the concentration of arsenic at t=0 and equilibrium time, respectively, and M is adsorbent mass (g).

The equilibrium data was fitted onto two common isotherm models, Freundlich and Langmuir. The non-linear
form of the Freundlich equation is expressed by equation
(2):

qe = K f Ce

1n

(2)

The linear form of Freundlich isotherm is expressed by
equation (3):

1
log qe = log K f + log Ce
n

(3)

Where qe is the amount of adsorbate (mg/g), Ce is the
equilibrium concentration of adsorbate (mg/L), Kf and 1/n
are the Freundlich constants. The value of Kf and n can be
obtained from the slope and intercept of Log qe versus Log
Ce, respectively.
The non-linear form of the Langmuir isotherm model
for monolayer adsorption is expressed by equation (4):

qe =

q m K a Ce
1 + K a Ce

(4)

Where Ce is the equilibrium concentration (mg l-1), qe
the amount arsenic adsorbed (mg g-1), qm is qe for a complete monolayer (mg g-1), K is a sorption equilibrium constant (l mg-1). The linear form of the Langmuir equation is
expressed by equation (5):

Ce
1
1
=
+
Ce
qe q m b q m

(5)

The value of b and qm can be obtained from the slope
and intercept of a plot of Ce versus Ce/qe.
3. RESULTS AND DISCUSSION

2.3. Kinetic study

3.1. Effect of adsorbent type on arsenic (III) biosorption

The kinetic studies were conducted by adding 2.0 g
holly sawdust onto 100 ml of arsenic (III) solution with
250 mg/L concentration in 250 ml beaker shaken at 100 rpm
for different contact times ranging from 0 to 150 min with
5 minutes time intervals. The results of preliminary experiments denoted that arsenic sorption reached equilibrium
point at 150 min. At the end of each time interval, samples were obtained and the final concentration of arsenic
was calculated by equation 1.

The arsenic (III) removal efficiency from polluted water and wastewater with arsenic 250, 500 and 1000 µg/L
concentration by three different saw dust samples were
compared using the batch-wise method. The most effective
adsorbent was the holly sawdust (Fig. 1), which removed
nearly 94.5% of initial arsenic. The poplar sawdust had
also significant efficiency. The results showed that by increasing arsenic concentration the removal efficiency was
increased. The best capacity for arsenic biosorption was
0.945 mg arsenic per g for holly sawdust and the lowest
biosorption was 0.189 mg per g for poplar sawdust. The
results also show that within the first 10 min. a rapid uptake of arsenic takes place. After this time, the rate of arsenic (III) uptake is reduced and a steady state is reached
at 30 min. The equilibrium for Arsenic (III) biosorption

2.4. Equilibrium studies

Equilibrium studies were conducted at 200 ml conical
flasks at 20° C. Weighed amounts of 2.0 g of sawdust were
added into 7 conical flasks containing 100 ml arsenic solution with 50-1000 mg/L concentration. The samples were

722

© by PSP Volume 20 – No 3a. 2011

Fresenius Environmental Bulletin

onto sawdust was reached at 150 min. Therefore, this time
was chosen for further batch adsorption experiments.
Poplar
1

qe, mg/g

0.8
250 µg/L

0.6

500 µg/L
1000 µg/L

0.4
0.2
0
0

10

30

50

70

90

110 130 150

Time, min

Sallow
1

qe, mg/g

0.8
0.6

250 µg/L

3.2 Kinetic models

500 µg/L

0.4

1000 µg/L

Four kinetic models were studied for investigation of
arsenic removal by holly sawdust. The common kinetic
models are pseudo first-order, pseudo second-order, modified pseudo first-order and Intra-particle diffusion model.
The linear form of pseudo first order model is shown by
equation (6) [19]:

0.2
0
0

10

30

50

70

90

As shown in Fig. 1, the holly sawdust had the best
removal efficiency; therefore, only holly sawdust was used
in kinetic and equilibrium experiments. The study on removal efficiency of arsenic by Urik et al. showed that the
most effective adsorbent was the Fe(III) modified sawdust
when compared with un-modified and urea modified sawdust. The Fe(III) modified sawdust removed nearly 100%
of arsenic [10]. In another study [17], adsorption of arsenic using four low cost adsorbents (activated tamarind
seeds, activated neem leaves, sawdust and activated fly ash)
was investigated. The results showed that saw dust was
the lowest cost adsorbent and the cost associated with
these four adsorbents is much less than that for commercial activated carbon [17]. Also Shi et al. [18] reported that
NaOH- -treated firry sawdust can effectively remove basic
dye, methylene blue, from aqueous solution. It was apparent that increasing sawdust doses increased the amount of
adsorbed dye, but it decreased adsorption density.

110 130 150

Time, min

Holly

Log (1 −

1

qe, mg/g

0.8
0.6

500 µg/L
1000 µg/L

0.2
0
0

10

30

50

70

90

(6)

Where qe and qt are the amounts (mg/g) of adsorbent
at equilibrium and at time t (min), respectively; and k1 is
the rate constant (1/min). Figure 2 shows the fitting of experimental data onto pseudo first order models.
Pseudo second order model is expressed by equation
(7) [19]:
t
1
1
(7)
=
+ t
2
qt k 2 q e
qe

250 µg/L

0.4

qt
k
)=− 1 t
qe
2.303

110 130 150

Time, min

FIGURE 1 - Sawdust capacity measurements recorded arsenic mg
of arsenic per gram of dry sawdust in batch system for holly, sallow
and poplar; T=200C and pH=7.0

Where k2 is the rate constant (g/mg min). The value
of k2 and qe can be determined from the slope and intercept of the plot t/qt vs. t, respectively. The fitting of ob-

-0.01

Log(1-qt /qe)

0

50

100

150

-0.06
-0.11
-0.16
-0.21

Time (min)
FIGURE 2 - Pseudo first order model for the biosorption of arsenic (III) by holly sawdust; holly sawdust 2.0 g/100 ml, arsenic (III) 250 mg/L,
T=200C and pH=7.0
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20
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Time (min)
FIGURE 3 - The fitting of experimental data onto pseudo second order model for the biosorption of arsenic (III) by holly sawdust; holly
sawdust 2.0 g/100 ml, arsenic (III) 250 mg/L, T=200C and pH=7.0.

tained data onto pseudo second order model is shown in
Figure 3.
Modified pseudo first order model was first expressed
empirically by Yang and Al-Dury [20] and then proposed
theoretically by Azizian and Bashiri [21]. The linear form
of this model is shown by equation (8):
q
q
(8)
Ln(1 − t ) + t = −kmt
qe
qe

Fig 4 shows the modified pseudo first order model for
the present study.
Intra-particle diffusion model of Choi et al. [22] is
shown by equation (9):
(9)
q t = k p t1/ 2 + c
Where kp is the intra-particle diffusion constant
(mg/g. t1/2) and C is the intercept of plot qt vs, t1/2. Figure 5
shows the fitting of experimental data by intra-particle
diffusion model.

Km can be calculated from the slope of plot Ln(1/qt/qe)+
qt/qe vs. t.

Ln (1-qt/ qe)+qt /qe

0.00
0.00

0

50

100

150

0.00
0.00
0.00
0.00

Time (min)
FIGURE 4 - Modified pseudo first order for obtained data for the biosorption of arsenic (III) by Holly sawdust; holly sawdust 2.0 g/100 ml,
arsenic (III) 250 mg/L, T=200C and pH=7.0
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FIGURE 5 - Intra-particle diffusion model for obtained data for the biosorption of arsenic (III) by holly sawdust; holly sawdust 2.0 g/100 ml,
arsenic (III) 250 mg/L, T=200C and pH=7.0
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The parameters of various kinetic models are shown
in Table 1 for holly sawdust. The correlation coefficients
(R2) of the experimental data show that the pseudo second
order model is the best fit for the obtained data.
Urik et al. [10] also showed that the adsorption kinetic
data of arsenic (V) using chemically modified saw dust of
spruce were well described by both pseudo first and pseudo
second order rate expressions. The adsorption data of hexavalent chromium by treated robusta saw dust show the
same results [23]. Iqbal et al. [24] reported that silver fir
sawdust can significantly adsorb cationic basic dye, meth-

ylene blue, and the data following pseudo-second order
kinetics equation.
3.3. Isotherm studies

The results obtained by equations 2 and 3, were used
to determine the adsorption isotherms. The equilibrium
points for removal of the arsenic can be mathematically
expressed in terms of adsorption isotherms. Plotting the
experimental data using equations 4 and 5 in Figs. 6 and 7
indicates that both Freundlich and Langmuir models give
good fit for the data. Also, the results showed that biosorption was better described by Freundlich isotherm.

TABLE 1 - Parameters of kinetic models for holly sawdust biosorption.
k1
1.15 ×10-3
---------------------

pseudo-first order
pseudo-second order
Modified pseudo-first order
Intra-particle diffusion model

k2
---------7.1×10-3
--------------

km
------------1×10-5
--------

kp
------------0.436

qe
32.99
10.98
151.1
--------

R2
0.89
0.99
0.92
0.94

1.40
1.20
Log qe

1.00
0.80
0.60
0.40
0.20
0.00
0.70

1.20

1.70

2.20

2.70

Log Ce

Ce/qe

FIGURE 6 - The linear form of Freundlich isotherm for arsenic removal by holly sawdust; holly sawdust 2.0 g/100 ml, T=200C and pH=7.0,
contact time 72 h.

9.00
8.50
8.00
7.50
7.00
6.50
6.00
5.50
5.00
0

50

100

150

200

Ce
FIGURE 7 - The linear form of Langmuir isotherm for arsenic removal by holly sawdust; holly sawdust 2.0 g/100 ml, T=200C and pH=7.0,
contact time 72 h.
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The values of K L , a, K f and 1 / n that best fitted the data
as well as the corresponding correlation coefficients are
presented in Table 2.
TABLE 2 - Langmuir and Freundlich models parameters for best fit
and corresponding correlation coefficients.
Freundlich model

Langmuir model

Kf
N
R2
B
qm
R2

5.11
1.1
0.99
0.0026
75.76
0.91
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ABSTRACT
The Anllóns (NW Spain) river bed sediments were
characterized in relation to their particle size distribution
and mineralogical composition. The cumulative curves were
used to interpret the texture data in terms of energy flow
and deposition conditions. Measures of central tendency,
arithmetic mean, sorting, skewness and kurtosis were used
to evaluate the hydraulic classification and abrasion. There
were observed significant seasonal changes in texture, with
good classification and prevalence of the fraction from 0.1
to 0.2 mm in the low flow period, and skewed distributions, sometimes bimodal, in the high flow period. The
sediments showed poor selections, slightly worse along the
river course, being very asymmetrical and angular. Analysis by X-ray diffraction revealed that quartz and feldspar
predominated in the sand and silt fraction, while kaolinite,
mica and chlorite predominated in the clay fraction predominantly kaolinite, mica and chlorite. Analysis by Scanning Electron Microscopy (SEM) showed the existence of
rock fragments coming from the soils of the basin developed on basic rocks, and the predominance of angular
grains that show the low capacity transport of the river.

that have fundamental influence on the production,
transport, deposition and subsequent modification of the
sediment [3]. Moreover, the size of the particles that
compose the sediment determines their tendency to
resuspension, erosion and sedimentation. Also, due to
the correlation between specific surface and size of
particle, the particle size distribution is an important feature of the sediment and plays an essential role in chemical
properties, particularly in its adsorption capacity, strongly
dependent on particle size [4]. The grain size analysis
provides information on the origin of the sediment, its
tendency to be eroded, transported and how it will be
deposited, affecting the physical, chemical and biological
fluxes in the sediments [5,6].
In this study the bed sediments of the Anllóns River
(NW Spain) were characterized by a series of physical
parameters (grain size, cumulative frequency curves, central tendency, degree of selection, asymmetry and kurtosis)
and mineralogical characterization (X-Ray Diffraction and
Scanning Electron Microscopy). Results will be used to
interpret the sediment transport as a function of the river
flow, and the subsequent classification of the sediments.
Finally, the shape of the sediments will be used to interpret the flow regimes and the sediment transport.

KEYWORDS:
sediments, kurtosis, skewness, sorting, mineralogy.

2. MATERIALS AND METHODS
2.1. Study area

1. INTRODUCTION
The identification of the physical habitat is a central
point in assessing the quality of rivers, since parameters
such as water regime, or the frequency and duration of episodes of flooding have an important impact on the physical
characteristics of the sediments and subsequently in the bioavailability of the microorganisms and higher organisms to
the pollutants [1,2]. The analysis of physical properties enables a deeper understanding of the environmental factors
* Corresponding author

The Anllóns River is located in the NW of Spain. The
basin drains a rural catchment of 516 km2 with a history
of agricultural, forestry and cattle raising activities (Fig. 1).
Two main human settlements are located in the basin:
Carballo, with a population of over 25,000 and a sea food
canning industry, and Ponteceso, with a population of
about 7,000. The Anllóns river presents a sinuosity index
of 1.43 [7], so it may be classified as a winding river, and
a specific module of 22.98 l·sg-1·km-2, for what it can be
classified of strong flow. The Anllóns river basin receives
abundant rainfall (1,200 mm on average), with a winter
maximum of 9 ºC characteristic of oceanic climates, and a
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mean summer temperature of 20 ºC. The land use of the
area is a mixed forest of Eucalyptus globulus, Eucalyptus
alba and Pinus pinaster (60 % of the total cover), cultivated lands (18 %), pastures (12 %), scrublands (9 %) and
urban uses (1 %). The sampling areas are mostly shaded by
trees and the riparian vegetation is characterized by Alnus
glutinosa and Fraxinus excelsior. The river runs over
schists in the upper area, turning into a smooth profile in
the middle area of the river, characterized by basic rocks
(gabbros and amphibolites). Finally, the lower stretch of
the river runs over granite of two micas, followed by
biotitic gneiss at the mouth. Gold mining activities are
known in the area since the time of the Romans, and have
been intermittently in operation until the 19th Century.
Gold is associated to As sulphides that are probably the

origin of the high As concentrations detected in the surface sediments downwater the mineralized area [8,9].
2.2. Sampling

The lengthwise profile of the River shows three low
slope areas, which are favourable for the sediment deposition. In these depositional areas the sediment samples
were taken. Samples were taken at five points along the
river. Point 1 (km 0) corresponds to the upper area of the
river, upstream of Carballo and is located over schists.
Point 2 (km 9.19) is located immediately downstream of
Carballo, situated over basic rocks. Point 3 (km 18.9)
corresponds to the middle of the river, in Coto de Verdes.
Point 4 (km 25.8) is located in the lower river, near the
place of Xavarido. Finally, point 5 (km 36.7) is in Ponteceso, where the river flows to the estuary of Laxe. Sampling points 3 to 5 are located on schist’s and gneisses.

SPAIN
SPAIN

GALICIA

GALICIA

5

4

1

3
2

RíoAnllóns
AnllónsRiver

Alluvial
Aluvial
Esquistos
y gneis
Schists and
gneiss
Granito
Granite
Esquistos
Schists
Rocas
básicas
Basic
rocks

ANLLÓNS
ANLLÓNSRIVER
RIVERBASIN
BASIN
CUENCA DEL RÍO ANLLÓNS

FIGURE 1 - Location of sampling points on the Anllóns river and lithology of the basin.
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TABLE 1 - Physical parameters used to characterize the bed sediments
MEASURES OF CENTRAL TENDENCY
Median
Represents the average or mean diameter of sediment grains
Quartiles
Direct readings of the semilog plot of range: 25% (Q1), 50% (Q2, which corresponds to the median) and 75% (Q3).
Arithmetic mean (φ)
MZ = (φ16 + φ50 + φ84) / 3
Mean of Inman (M φ)
M φ = (φ84 + φ16) / 2
MEASURES OF SORTING OF SELECTION DEGREE
Inman standard deviation (σφ)
σ φ = (φ84 – φ16) / 2
Inclusive graphic deviation (σ1)
σ1 = (φ84 – φ16 / 4) + (φ95 – φ5 / 6.6)
MEASURES OF SKEWNESS
Inclusive graphic skewness (Sk1)
Sk1 = [(φ84 + φ16 - 2 φ50) / 2 (φ84 – φ16)] + [(φ5 + φ95 - 2 φ50) / 2 (φ95 – φ5)]
MEASURES OF KURTOSIS
Kurtosis
Kg = (φ95 – φ5) / (φ75 – φ25) · 2.44

These five locations were sampled in two different
seasons. The first sampling was conducted in autumn, coinciding with a time of low rainfall, so that the flow was
low. The second sampling was conducted in spring, in a
period of high flow. The bed sediment samples (0 - 5 cm)
were taken with a small plastic shovel and transported to
the laboratory in sterile bags. Once in the laboratory, samples were centrifuged (10 min at 2,000 rpm) to separate
the sediment pore water. Subsequently, the solid samples
were dried at room temperature and sieved through a mesh
size of 2 mm.
2.3. Physicochemical properties

The study of the texture of the samples was carried
out according to the Atterberg division, which classifies the
soil particles in clay (<0.002 mm), silt (0.002 to 0.02 mm),
fine sand (0.02 to 0.2 mm) and gravel (0.2 to 2 mm). The
determination of particle size distribution for sand size
fractions (< 50 µm) was carried out by sieving and taking
aliquots at different times with the Robinson pipette, as
described by Guitián and Carballas [10].
The interpretation of the texture data in terms of energy flow and deposition conditions is facilitated by the
examination of the cumulative curves. The scale used for
this physical study of the sediments is the phi scale (φ),
defined by Krumbein [11] as the negative logarithm to the
base two of the grain size in millimeters. Range parameters used to characterize the sediments of this study are
shown in Table 1.
Where φ16 represents the third thicker sediment; φ50
represents the third intermediate and φ84 represents the
finest third of the sediment.
To determine the mineralogical composition of sediments X-Ray Diffraction (XRD) patterns were obtained of
the clay fraction (< 2 µm), according to the technique of the
oriented aggregates, and the silt + sand fraction (> 2 µm),
according to the technique of crystalline powder by employing a Siemens D-500 instrument with scintillation proportional counter and graphite monochromator, using Cu
Kα radiation. Finally, it was examined by Scanning Electron Microscopy (SEM) the fraction between 0.125 and
0.250 mm (SEM LEO-435VP).

3. RESULTS AND DISCUSSION
3.1. Grain size analysis

The first sampling was conducted on a period of low
flow and calm waters and it was observed that the particle
size distribution in all sediment samples followed a unimodal pattern, being the fine sand the dominant fraction in
most cases. Sample 3 was the one with the best classification and a symmetrical distribution, with a strong predominance of 0.1 to 0.2 mm fractions. Sample 2 showed a slight
bias to the fine fraction (right graph), while in sample 5
the bias was towards the coarse particles (left of the graph)
(Fig. 2).
The second sampling was conducted over a period of
high flow and turbulent waters caused by heavy rainfall.
Because of these hydrological conditions and the subsequent contribution of the sediments from the soils of the
basin and the sediment resuspension, the distributions
become more irregular, showing some samples a bi-modal
pattern. However, samples 1 and 4 of the first sampling
maintained a high classification, being the majority the
fraction from 0.1 to 0.2 mm. However, samples 2 and 3 of
the first sampling have a slightly bi-modal distribution, a
trend that is accentuated in the sample 5 of the first sampling, which has a main peak corresponding to the coarse
silt fraction (2 - 50 µm), which can be attributed to the
contributions of the floodings and a second relative maximum corresponding to the proportion from 0.1 to 0.2 mm
(Fig. 2). Consequently, it can be seen that periods of heavy
rainfall worsen the selection of the bed sediments, leading
to the accumulation of sediments of different particle sizes.
Another aspect to consider is the proportion that the
fraction less than 63 µm represents, which is in the samples analyzed in this study, between 10 and 38 % of the
total sediment predominating values below 20 %. While it
is true that the fine fractions have a greater chance of retention of contaminants, due to their higher surface reactivity
(greater area and greater electrical charge) is also true that
the coatings of iron and manganese oxyhydroxides or organic material that form on the coarse particles can have a
significant effect sequestering pollutants [12], such as heavy
metals, and nutrients such as phosphorus, so that their role
would be negligible, especially if, as is the case, in the
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FIGURE 2 - Grain size analysis of surface samples: a) high flow conditions, and b) low flow conditions

Anllóns sediments represent the major fraction of the
sediments.
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The comparison of both samplings evidences the high
proportion of fine sediments at point 5, which is more
evident in the first sampling than in the second, due to the
above mentioned worst selection of the bed sediments in
periods of heavy rainfall (second sampling). Downstream
fining of bed sediments is a well-known phenomenon in
gravel-bed Rivers [13]. In the case of a river bed that
consists of coarser and finer particles of sediment, coarse
grains tend to become trapped in coarse patches, whereas
fine grains tend to become trapped in the pores of the
gravel and are trapped in sand patches [13].

9

-log2 (Diameter)

FIGURE 3 - Cumulative frequency curves of samples 1-5 of a) high
flow conditions, and b) low flow conditions

With respect to the median diameter (Table 2), there
is little difference between the samples of the first and the
second sampling. In the first sampling the median diameter of particles is within the range from 1 to 2.3 in φ scale,
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TABLE 2 - Median values (Mdφ), quartiles (Q1, Q2, Q3), mean (Mz), mean of Inman (Mφ), standard deviation of Inman (σφ), inclusive
graphic deviation (σ1), inclusive graphic skewness ( Sk1) and kurtosis (Kg) [20].
Samples
Mdφ (φ50)
Q1 (25%)
1a
1.84
1.10
2a
2.84
1.84
3a
1.69
1.10
4a
1.70
0.66
5a
1.58
0.20
1b
1.83
0.98
2b
2.53
1.38
3b
1.99
1.23
4b
2.00
0.80
5b
3.60
1.01
a (high flow conditions); b(low flow conditions)

Q2 (50%)
1.84
2.80
1.69
1.70
1.58
1.83
2.53
1.99
2.00
3.60

Q3 (75%)
2.83
4.40
2.24
3.00
3.40
3.00
3.99
3.40
3.34
4.46

which corresponds to the fraction from 0.2 to 0.5 mm
(coarse sands), except sample 2, whose fraction is in the
0.1 to 0.2 mm (fine sand). In contrast, in the second sampling, the samples have values around 2 on the φ scale,
which indicates that the median is within the fine sand
(0.1 - 0.2 mm), unless the sample 5 of the second sampling,
whose medium diameter lies within the very fine sand
(0.05 - 0.100 mm). In the second sampling there is an increase of fine particles downstream, excepting point 2,
whose finer texture must be related to the contribution of
colloidal materials coming from the wastewater treatment
plant.
There is evidence that, in a river system, the particle
size decreases exponentially with distance, if there are no
side inputs of the tributaries. This is due to hydraulic sorting processes and abrasion. The hydraulic classification,
transport faster the finer particles and they also cover more
distance within the watercourse. Moreover, these particles
become smaller downstream due to the abrasion processes.
This theory has been confirmed by many authors [14-16].
Also Paola et al. [17] explain the reduced content of coarse
particles as a consequence of the reduction in the river
flow. This pattern holds in the case of the first sampling.
However, in the second sampling, collected on a period of
heavy floods, the contributions of sediment load coming
from the tributaries of the river and also from the soil
erosion in the basin become important, so that the bed
material is thicker than water downstream. The deposited
bed sediments are thicker in downstream than in upstream
as reported by other workers [18,19]. They suggest that,
when coarse fraction predominates, the sediment transport
phenomena can be explained primarily on the basis of the

Mz
2.02
3.11
1.80
2.12
1.99
2.10
2.66
2.32
2.21
2.96

Mφ
2.11
3.27
1.86
2.33
2.20
2.23
2.73
2.49
2.31
2.64

σφ
1.42
1.89
0.90
1.87
2.50
1.60
1.83
1.51
1.81
2.34

σ1
1.70
1.97
1.20
2.00
2.51
1.63
1.85
1.49
1.78
2.38

Sk1
0.32
0.31
0.33
0.42
0.33
0.32
0.19
0.29
0.22
-0.31

Kg
1.55
1.08
1.87
1.23
1.06
1.11
0.97
0.91
0.93
0.95

selection of the material dragged from the basin, rather
than abrasion phenomena of material already deposited.
The average size of grains, in terms of energy, indicates the average kinetic energy of the sedimentary environment. Two samples can have the same average diameter, although one has a range of sizes much larger than the
other. So the samples 3-4 of the first sampling and 3-4 of
the second sampling have similar particle mean diameters
(Table 2), although the distribution by quartiles differs.
The arithmetic mean was calculated with the equation
described by Folk and Ward (Mz) [20]. Geologically it
reflects the overall average size in the sediment, which is
affected by the source of the material, for the deposition
process, by the flow velocity and by the distance to the
source. Other widely equation used to calculate the arithmetic mean is the Inman average (Mφ) [21]. The trends of
these measurements coincide with that for the median. The
textural differences are not very marked in the point 5 of
the first sampling, while in the second sampling, a decline
in the average size was observed downstream, with the exception of sample 2 of the second sampling, which shows
an abnormally fine texture.
3.4. Inclusive graphic deviation (σ1)

The standard deviation measures the dispersion of the
texture and reflects oscillations in the kinetic energy in the
sedimentary environment, with respect to its mean value. A
bad selection and, therefore, a high dispersion, is observed
when there are mixing sources or transport agents, variations in the speed and a short transport. If the sediment
comes from two different processes, such as trawling and

TABLE 3 - Mineralogy of sand and silt as coarse fraction, and clay as fine fraction of sediments
Coarse fraction
Fine fraction
Samples
Quartz
Feldspars*
Mica
Chlorite
Amphiboles
Kaolinite
Chlorite
1
++++
+
+
+
++++
++++
2
++++
++
+
+
+
++++
++++
3
++++
+++
+
++
+++
++++
4
++++
+
+
T
+
++++
++++
5
++++
++
T
T
T
++++
++++
* Potassic feldspars + plagioclases
++++ (> 50%, Very abundant); +++ (30 – 50%, Abundant); ++ (10 – 30%, Frequent); + (3 – 10%, Occasional); T (<3%, Traces)
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suspension, the standard deviation shows the difference in
energy associated with these two types of erosion. Inclusive graphic deviation (σ1) has been used as a measure
widely used in the identification of some sedimentary environments. The values of inclusive graphic deviation can be
classified according to the intervals shown in Table 4.
TABLE 4 - Classification of the values of inclusive graphic deviation,
inclusive graphic skewness and kurtosis graphic or angularity [20]
Property
Inclusive graphic
deviation (σ1)

Inclusive graphic
skewness (Sk1)

Value
0.35 - 0.5
0.5 - 1.0
1.0 - 2.0
2.0 - 4.0
> 4.0

Well sorted
Moderately well sorted
Poorly sorted
Very poorly sorted
Extremely bad sorted

(-1) – (-0.3)

Very negative asymmetry

(-0.3) – (-0.1)

Negative asymmetry
Approximately symmetrical
asymmetry
Positive asymmetry
Very positive asymmetry
Very platikurtic
Platikurtic
Mesokurtic
Leptokurtic
Very leptokurtic
Extremely leptokurtic

(-0.1) - 0.1

Kurtosis

Classification
Very well sorted

<0.35

0.1 - 0.3
0.3 - 1
< 0.67
0.67 - 0.9
0.9 - 1.11
1.11 - 1.50
1.50 - 3.00
> 3.00

ing to the categories set out in Table 4. When the curve is
symmetrical, the expected value for the asymmetry is zero
or in the range -0.1 to 0.1. The values are shown in Table 2.
The samples of the first sampling gave homogenous
values of Sk1, in the range 0.3 to 1, which have a very
positive asymmetry, showing that the curve has the longest tail on the right of the mode, as a result of the importance of the fine fraction. In the second sampling Sk1
varied between 0.2 to 0.3 approximately, and therefore, all
samples have a positive or very positive asymmetry, unless
the sample 5 of the second sampling, which has a negative skewness with a value of -0.31, showing that the
median is to the left of the mode, which indicates a bias
towards coarse fractions.
3.6. Kurtosis measurements

The kurtosis is the degree of flatness of a distribution
or frequency curve. The angularity of Folk and Ward [20]
graphic (Kg) can be interpreted according to Table 4. The
expected value for the normal curve is Kg = 1. Values less
than 1 indicate platykurtic curves; on the contrary, leptokurtic curves show values over 1. The values obtained in
this study are shown in Table 2.

According to these intervals, the samples range from
poorly sorted to very poorly sorted (Tables 2 and 4). The
selection worsens slightly along the river course, particularly in the second sampling, which may indicate mixing of
materials transported by different mechanisms. No significant differences were found when comparing samples collected at the same points in the two samplings, except at
point 3, in which sediments are worse selected in the second sampling. Moreover, the two measures used to assess the degree of dispersion lead to equivalent results.
3.5. Inclusive graphic skewness (Sk1)

Asymmetry values mark the position of the average
for the median or mode. In sedimentology, the asymmetry
can be attributed to several causes: variations in the kinetic energy of transport agent, or if the transport agent is
constant and homogeneous, may be due to the existence
of different sources of supply of material. When there is
provision for two uniform sources, with different mode,
the source that provides the greater amount establishes the
asymmetry. Asymmetry is also related to the distance from
the source.
If the average size moves towards coarser particles,
the asymmetry is negative, indicating that average kinetic
energy moves towards values higher than normal. By contrast, a positive asymmetry, with the average closer to the
finest values than the median, indicates that the average
kinetic energy moves towards lower values than normal.
In sedimentology the formula commonly used is the inclusive graphic skewness, which can be classified accord-

It is noted that the sediments collected in the first sampling are characterized by leptokurtic or very leptokurtic
distributions, these values indicate that the sediment samples are very well selected in the central part of the distribution, with an exception of sample 2 of the first sampling,
which is mesokurtic. In the second sampling, the samples
have very similar values and are mesokurtic, indicating
normal distributions, albeit with a tendency to flattening.
3.7. Mineralogy

The coarse fraction (silt + sand) has a predominance of
quartz, which is expected given the high resistance to abrasion of the mineral and its stability against the weathering.
It is followed by an abundance of the feldspar group, including in this group the potassic feldspars and the plagioclases. Amphiboles are from point 2, which is on basic
rocks. However, the maximum of the amphibole does not
occur at this point 2, but downstream (although not very
far), in point 3, decreasing downstream, so it can only be
found in traces in point 5. This fact (together with the presence of amphibole and plagioclase in the fine sands), indicates that the sediments have not experienced long-distance transport. Other minerals in the silt and clay fraction
are chlorite and mica, which are also present in the clays.
The clay fraction is characterized by its mineralogical
simplicity, with an absolute predominance of chlorite and
mica, which are processed minerals from the rocks of the
basin. They are clays of relatively low surface reactivity
which, coupled with the low proportion of clay fraction in
the bed sediments, do expect a relatively low absorbent
capacity of the sediments deposited.
In general, the evolution from the average composition of the igneous rock to the average composition of the
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sediment usually has important differences. During episodes of erosion and sediment transport in the basin, sediments become enriched in quartz and poorer in feldspar, as
a result of the disappearance of feldspar during weathering.
Fe-Mn components of igneous rocks become almost completely destroyed, so that the presence of amphibole in some
sections of the sediments is explained by the proximity of
the basic rock from which they came.

3.8. Scanning electron microscopy (SEM) study

This technique was applied to samples 1-4. The results are shown in Figure 4. In general, angular grains can
be observed, indicating that the particles have not experienced long-distance transport.

1

2

4

3

FIGURE 4 - Direct observation of the angularity of the grains of the sediments by SEM

A particular phenomenon of these sediments, in the
vicinity of basic rocks, which can affect the distribution of
contaminants in the different size fractions, is the presence of rock fragments (Figure 5), which had been reported in previous studies in soils of Galicia, formed on basic
rocks [22, 23].

conventional sieve analysis makes the texture appear thicker
than it actually is, so that these aggregates are known as

The initial stages of the alteration process begin with
the release of iron oxides that form a halo around opaque
minerals, followed by the destruction of plagioclases and
even amphiboles. Iron oxyhydroxides more or less crystalline, gibbsite and 1:1 phyllosilicates are, together with
more or less important proportions of inherited minerals
(mainly amphiboles), the main components of the phases
with incipient alteration. These altered materials, which
have been extensively studied in soils, can be transported
to the courses of rivers, where they accumulate in sediments and contribute to the retention of large amounts of
pollutants. The difficulty in breaking these complexes in the
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"pseudo-limes" or "pseudo-sands”. Only an aggressive
ultrasonic treatment can get the original particle dispersion.
However, the physical behavior of these soils corresponds
to the actual size of the particles as the destruction of such
units to carry out the analysis does not seem justified to
have greater ecological and agricultural significance [24].
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ABSTRACT
This paper evaluates the performance and key factors
of an ultrasonic flotation process to remove algae from
drinking water. Two typical algal species, Microcystis
aeruginosa and Anabaena flos-aquae, were used in this
study. The key factors that were investigated include flocculant dosage, pH, flocculation time, flotation unit current,
as well as ultrasonic frequency, and duration of treatment.
And the mechanism for the ultrasonic treatment was also
investigated by observing algal morphology and the fluorescence excitation-emission matrix (EEM) fluorescence
spectra of the algal solution. The results showed that pH
was the most important factor for the removal of M.
aeruginosa and A. flos-aquae in the flocculation and flotation stages. Ultrasonication significantly improved the removal of M. aeruginosa, but not A. flos-aquae. The
removal of M. aeruginosa and A. flos-aquae decreased with
the frequencies. With ultrasonication, the quantity of PAC
required was significantly reduced. The morphological and
EEM fluorescence spectral observations, as well as the zeta
potential analysis showed that the ultrasound treatment
broke down the M. aeruginosa and A. flos-aquae cells in
different ways, resulting in different physiochemical effects
on the algal solution, and consequently the removal performance at the subsequent flocculation and flotation stage.
KEYWORDS: algae, Microcystis aeruginosa; Anabaena flosaquae; ultrasound; zeta potential; EEM fluorescence spectrum

1. INTRODUCTION
Surface freshwater is the main source of drinking water in China. However, eutrophication has caused serious
algal blooms in the major water bodies, such as Lake Tai
Hu, Lake Chao Hu, and Lake Dian Chi. The algal blooms,
which mainly occur in summer, are often harmful because
they increase water turbidity, produces algal toxins, and
* Corresponding author

causes serious environmental problems such as low dissolved oxygen levels, unpleasant taste and smell, and even
the death of fish [1–3]. The newly amended national standard for drinking water quality has required that the concentration of the microcystin-LR, a common algal toxin, must
be lower than 1.0 µg/L. Removal of the algae and al-gal
toxin from drinking water supplies has become a mandate
for many metropolitans in China, where the drinking water
source has been affected by algal blooms.
Many methods have been employed to remove algae
from water, which include sand filtration, coagulation with
flotation [4], direct filtration [5], and ultrasonication [1]
among others. Among these methods, sand filtration is the
conventional method, however its major disadvantage is
that the filtration bed clogs easily, requiring an extensive
backwash [6]. The coagulation-associated methods are relatively effective compared with other methods. With chemical coagulation, small algal particles can attach to each other
to form large flocs which can be easily removed by the
following separation stages. Flotation is generally considered more effective than sedimentation for algal removal
[4]. Coagulation with dissolved air flotation has been reportedly more effective than other coagulation-associated
methods when treating blue-green algae [7–10]. The flocculant used include FeCl3, Al2(SO4)3, and bio-flocculants,
among others. The primary flocculant polymers may probably enhance the agglomeration of negatively charged particles through adsorption and surface charge neutralization
[11].
Ultrasonication causes various physical, chemical, and
biological effects on objects on which it is applied [12, 13].
When ultrasound is applied to a liquid, a large number of
small cavities are generated. The temperature and pressure
at the center of the cavities can reach as high as 5000 K and
100 MPa. This extreme condition can break down water
to highly active hydroxyl free radicals (·OH, ·OH2, and so
on). Moreover, when these cavities collapse, high-speed
microjets are generated [14, 15]. These physical and chemical changes caused by the ultrasound waves can inhibit cell
growth, inflicting immediate damage to photosynthetic activities [16–22]. Moreover, ultrasound can be directly ap-
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plied to the cytoplasm or cell organelles (for example,
gas vesicles and vacuoles). In this case, the cavities can be
formed inside the algal cells, causing them to break down
immediately when the cavities collapse. Ultrasound has
been used to reduce algal cells and toxins in source water
[1]. Ayyildiz et al. [23] draw the conclusion that combining ultrasound (US) and vapor stripping (VS) simultaneously, the removal of PCE increased beyond the additive
effect of US and VS treatments.
In addition, the microjets caused by the ultrasound have
been reported to enhance the chemical coagulation process
[4]. Some studies focused on the synergetic effect of ultrasound and flotation. Ozkan and Kuyumcu [24] investigated
the effects of ultrasound in a coal refinery using the flotation process. They established that ultrasound improved
the emulsification of the reagent and the removal of adsorbed layers of reagents from the mineral surfaces; therefore, both the quantity and quality of the floated coals were
improved compared with conventional flotation. Zhang et
al. [25] investigated the use of ultrasound to improve coagulation efficiency to remove Microcystis aeruginosa and
noted that ultrasound significantly enhances the reduction
of algal cells, solution UV254, and chlorophyll without increasing the concentration of aqueous microcystins.
Some studies [26, 27] have found that ultrasound may
change the pH, surface tension, and oxidation-reduction
potential of flotation pulps, that is, with hydrophobic
particles, the flotation pulps are easily formed even
though the interactions between the solid and liquid are
weak because cavitation occurs much more readily on this
kinds of interface. The unsettled conditions on the surface
of the hydrophobic particles can alter the surface properties of a particle, leading to a better adsorption of collectors, and accordingly their flotation responses.
The objective of this study is to evaluate the performance of ultrasonic flotation for the removal of algae
from surface water. The experiments were conducted in
bench scale. M. aeruginosa and A. flos-aquae are the two
important species of blue-green algae which produce
toxic com-pounds [28–30]. They were used as model
algal species in this study. To investigate the mechanism
of the ultrasonic treatment, the morphology of the algal
cells, excitation emission matrix (EEM) fluorescence
spectrum, and zeta potential of the algal solution were
also investigated.

2. MATERIALS AND METHODS
2.1. Reactors

The diagram of the experimental set-up is shown in
Fig. 1. The enhanced ultrasound experiment was followed
by the flotation experiment. The influent (algae solution)
was treated in an ultrasound reaction tank, then pumped into
the coagulation tank for the chemical coagulation reaction, and then pumped into the flotation unit for separation. The three reactors have the same working volume of
3 L (Φ130 mm × 250 mm). The ultrasound was provided
at three different frequencies by sonicators, including TF
2460/A (20,40, and 60 kHz), SF-100 (100 kHz), and SF200 (200 kHz), which are all made in the Institute of Acoustics, Chinese Academy of China. The output power of the
ultrasound can be adjusted from 0–100 W. In all experiments, the delivered power of all ultrasound frequencies
was 100 W. Polyaluminum chloride (PAC) was added into
the coagulation tank as required at a range of 30–50 mg/L.
The electric flotation unit, with a current intensity 0–3 A,
was provided by the researchers and the size of the bubbles made were in the micrometer level.
The two species of algae (M. aeruginosa and A. flosaquae) were purchased from the Institute of Hydrobiology,
Chinese Academy of Sciences and grown in the laboratory
according to the enclosed instructions, i.e., BG11 medium
at 25 °C under a light regimen of 12 h light and 12 h darkness. Treatment experiments were performed with MilliQ water spiked with algae cells until a specific concentration was achieved. After the algal concentration of the
culture was determined, a proper volume was added to the
Milli-Q water and the resulting suspension was analyzed
to verify its concentration.
First, a series of tests to investigate the optimal operation conditions for coagulation and floatation was conducted. The factors tested included the dosage of PAC
and the pH in the coagulation tank, flocculation time, and
current intensity of the electric flotation. Each factor was
tested in 3 levels as shown in Table 1. An orthogonal L9
(3)4 test was used to choose the experimental runs. A total
of 9 experimental runs were carried out for each alga, as
shown in Table 2. The optimal conditions obtained from
these tests were used to test for the ultrasonic flotation
process.
Effluent

Influent

Ultrasound
reaction tank

Coagulation tank

Flotation unit

+
Pump

Pump
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FIGURE 1 - Flow chart of the laboratory experiments.
TABLE 1 - Parameters used in the orthogonal test.
Variable
pH
current intensity (A)
PAC concentration (mg/L)
Flocculation time (min)

Level
Level 1
7
0.4
30
3

Level 2
8
0.8
40
5

Level 3
9
1.2
50
8

TABLE 2 - Test runs used in orthogonal test for M. aeruginosa and A. flos-aquae.
Items

Microcystis aeruginosa

Anabaena flos-aquae

Current
(A)
0.8
1.2
0.4
0.8
1.2
0.4
0.8
1.2
0.4
0.4
0.8
1.2
0.4
0.8
1.2
0.4
0.8
1.2

pH
1
2
3
4
5
6
7
8
9
1
2
3
4
5
6
7
8
9

7
7
7
8
8
8
9
9
9
7
7
7
8
8
8
9
9
9

2.2. Analysis

The concentration of the algae was determined indirectly according to the optical density measured by a spectrophotometer (UV-2450/2550, Shimadzu, Japan). Total
spectral scanning showed that M. aeruginosa and A. flosaquae had characteristic adsorption peaks at 684 and
680 nm, respectively. The zeta potential of the algal solution was measured using a zeta potential analyzer (Z model,
Zetasizer Nano, England). An optical microscope (Nikon
Eclipse 80i, Japan) was used to observe the variations in
algal morphology.
A luminescence spectrophotometer (F-4600 FL, Hitachi, Japan) was used to measure the EEM fluorescence
spectra of the algal solution to investigate the proteinaceous substance that resulted from the algal cells lysed
under ultrasonication. This spectrophotometer had a varied
excitation light source with a wavelength range of 220–
400 nm and a capacity to measure the emission light with
varied wavelengths of 250–500 nm. A 290 nm filter was
used to eliminate the second order Raleigh light scattering. The excitation and emission slits were maintained at
10 nm and the scanning speed was set at 1200 nm/min.
The spectrum of the deionized water was used as a blank.
The software MatLab 7.0 (MathWorks Inc., USA) was employed to process the EEM data. The EEM spectra are
plotted as elliptical contours. The X-axis represents the

PAC concentration
(mg/L)
50
30
40
30
40
50
40
50
30
30
40
50
40
50
30
50
30
40

Flocculation time
(min)
3
5
8
8
3
5
5
8
3
3
5
8
8
3
5
5
8
3

emission spectra from 250 nm to 500 nm whereas the Yaxis indicates the excitation wavelength from 220 nm to
400 nm, and the third dimension, i.e., the contour line, is
shown to express the fluorescence intensity at an interval
of 5 nm.

3. RESULTS AND DISCUSSION
3.1. Orthogonal test to determine the optimal coagulation and
flotation parameters

The results of the orthogonal test are shown in Table 3.
The pH range was the largest among the four factors, thus
it was the most important factor for the removal of M.
aeruginosa and A. flos-aquae in the flotation experiment.
Analysis shows that the M. aeruginosa removal was influenced by the factors in the following order: pH > PAC
dosage > the current intensity > the flocculation time. However, the influential order for the A. flos-aquae removal
was pH > the current intensity > PAC dosage > the flocculation time according to the range values. The optimal
flotation parameters for the algal removal were determined
as shown in Table 4.
3.2. Test on the ultrasonic flotation
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In the ultrasonic flotation tests, the conditions used for
flotation were the optimal conditions obtained from the orthogonal test, except for the PAC dosage. The concentra-

tions of PAC used in this test were 5, 8 and 10 mg/L. The
PAC dosages lower than the optimal dosages were obtained

TABLE 3 - The results of orthogonal tests of M. aeruginosa and A. flos-aquae
Items

A

B

C

D

1
2
3
4
5
6
7
8
9

1
1
1
2
2
2
3
3
3
0.917
0.828
0.843
0.089
0.82
0.887
0.914
0.094

1
2
3
1
2
3
1
2
3
0.86
0.864
0.864
0.004
0.867
0.915
0.839
0.076

1
2
3
2
3
1
3
1
2
0.884
0.869
0.835
0.049
0.905
0.838
0.878
0.067

1
2
3
3
1
2
2
3
1
0.861
0.864
0.863
0.003
0.878
0.893
0.85
0.043

Microcystis aeruginosa

Anabaena flos-aquae

Average 1
Average 2
Average 3
Range
Average 1
Average 2
Average 3
Range

Removal ratio
Microcystis aeruginosa
0.9333
0.9259
0.891
0.8333
0.8
0.8519
0.8148
0.8654
0.8491

Anabaena flos-aquae
0.8495
0.8444
0.7647
0.8214
0.9375
0.9028
0.931
0.963
0.8485

-

-

TABLE 4 - The optimal flotation parameters of the removal of M. aeruginosa and A. flos-aquae
Items

pH

Microcystis aeruginosa
Anabaena flos-aquae

7
9

Current
(A)
0.4
0.8

PAC concentration
(mg/L)
50
30

in the orthogonal test, because the algal removal rates were
already as high as 93%. Under such conditions, the effect
of the ultrasound may not be evident. The ultrasonic frequencies used were 20, 40, 60, 100 and 200 kHz. The ultrasound reaction time varied from 0–30 s. Conventional
flotation without ultrasound treatment was also tested for
comparison. The removal efficiency of M. aeruginosa and
A. flos-aquae with the ultrasonic flotation when the ultrasound reaction time was 30 s are shown in Fig. 2 and
Table 5.

The flocculation time (min)
3
5

reached 74.6%. Moreover, the removal of A. flos-aquae decreased with the corresponding increase in ultrasonic frequency. Under certain ultrasonic frequencies, the reduc-

According to Fig. 2a and Table 5, ultrasonication had
a remarkable effect on the removal of M. aeruginosa
compared with conventional flotation. Under a PAC dosage of 10 mg/L, the removal efficiency of the ultrasoundenhanced flotation were 93.9%, 89.6%, 87.2%, 86.6% and
85.3% when the ultrasonic frequencies were 20, 40, 60,
100 and 200 kHz, respectively. In addition, the removal of
M. aeruginosa decreased with the frequencies. Meanwhile,
the removal efficiency of the conventional flotation only
reached 64.3%. Liang et al. [31] found a similar result
with the effectiveness of low frequency for the removal of
M. aeruginosa.
Figure 2b and Table 5 show that the removal of A.
flos-aquae was not evidently affected by the ultrasound.
Under a PAC concentration of 10 mg/L, the removal efficiency of the ultrasound-enhanced flotation were 72.9%,
66.7%, 65.0%, 63.9% and 63.3% when the ultrasonic frequencies were 20, 40, 60, 100 and 200 kHz, respectively,
whereas the removal efficiency of conventional flotation
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(b)
FIGURE 2 - Removal effect diagrams of M. aeruginosa (a) and A.
flos-aquae (b) applying conventional flotation and ultrasound-enhanced flotation.
,

TABLE 5 - The removal efficiency of M. aeruginosa and A. flos-aquae under different ultrasonic frequencies and PAC dosage
Items
Microcystis aeruginosa
Anabaena flos-aquae

Dosage of PAC
(mg/L)
10
8
5
10
8
5

0 kHz
64.3
58.0
32.8
74.6
66.9
56.7

20 kHz
93.9
92.5
66.7
72.9
66.4
54.6

tion in A. flos-aquae increased with the increase in the
quantity of PAC, probably because the ultrasound enhanced the coagulation process.
Hence, the physical effects generated at 20 kHz are
much stronger than those generated at higher frequencies.
Ultrasonication was mainly intended to increase the aggregation of algal cells without breaking them into small particles. However, higher frequency channels may disintegrate
the algal cells, such that the removal effects at higher frequencies are worse.
In addition, ultrasound significantly reduced the dosage of PAC for the removal of M. aeruginosa, for example, when the reduction efficiency was 95%, the dosage of
PAC in the ultrasound-enhanced flotation was only one
fifth that of conventional flotation
3.3 The effect of the prolonged ultrasound treatment time

The effect of operation time of the ultrasound treatment
on the removal efficiency of M. aeruginosa was tested at a
PAC concentration of 10 mg/L, and an ultrasonic frequency
of 20 kHz. The results are shown in Fig. 3. The removal of
M. aeruginosa significantly increased to 87% within 2 s,
whereas increasing the reaction time to 30 s only slightly
increased its removal to around 94%.

Ultrasound frequency removal (%)
40 kHz
60 kHz
100 kHz
89.6
87.2
86.6
88.1
84.4
78.3
63.3
62.0
53.1
66.7
65.0
63.9
65.7
63.9
56.5
50.2
48.1
45.9

200 kHz
85.3
73.5
46.7
63.3
54.6
43.7

where ρL is the density of the liquid, P0 is the pressure
(105 Pa in this study), Rmax is the resonant or maximum size
of the cavitation bubble (cm), which is approximately equal
to 3.28 f-1 in which f is the ultrasonic frequency [32].
According to these formulae, the Rmax was about 0.17–
1.65 µm and the τc was about 0.0002–0.002 s in the ultrasound reaction solution. The size of the M. aeruginosa cell
is approximately 0.5–3.0 µm, and the sizes of the inner gas
vacuoles are estimated to be the same as Rmax. Lee et al. [34]
pointed out that the gas vacuoles of small-sized algae can
act as cavitation nuclei during sonication, growing in the
rare period for a few acoustic cycles and collapsing violently. Given that cavitation occurs within a fraction of a
second, rapid sonication for less than 5 s is sufficient to
improve flotation efficiency. However, due to the attenuation of the ultrasonic intensity and the complexity of practical process, the ultrasonic time is possibly more than 5 s
in actual practice.
In addition, the decrease in the concentration of M.
aeruginosa could be described as a first order reaction
(Fig. 3, R2=0.99 for 20 kHz). The first order rate constant
(k) was 0.036 s-1 at 20 kHz.

The ultrasound reaction only needed a very short time
(several seconds) for removal to take place due to the cavitation time. Acoustic cavitation is characterized by the formation of tiny cavities or discontinuities (nuclei), followed
by their growth, pulsation, and collapse [32]. The duration
τc of these transient bubbles in the solution can be estimated with the following equation [33]:

τ c = 0.915 × Rmax × ( ρ L / P0 ) 0.5
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FIGURE 3 - The variation curve of M. aeruginosa with the elongation of time.
3.4 Morphological variation of the algae under the effect of
ultrasound treatment

The morphologies of the algae under the different ultrasonic treatments are shown in Fig. 4. The M. aeruginosa cells started to break apart when it was ultrasonic

FIGURE 4a - The microcopy pictures of M. aeruginosa with different ultrasonic frequencies
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FIGURE 4b - The microcopy pictures of A. flos-aquae with different ultrasonic frequencies

ated at 20 kHz. The fraction of the destroyed cells increased along with the increase in ultrasonic frequency.
This observation was consistent with the observation of
the increased EEM fluorescence intensity after the ultrasonic treatment, which will be discussed later. Furthermore, it was related to the ultrasound-enhanced flotation
effect. Ultrasonication was proven effective in improving
algal removal by flotation, that is, the removal increased
by 29.6% with ultrasonication at 20 kHz. The ultrasonic
frequency was not a decisive factor for algal removal.
Application of ultrasonic irradiation was mainly intended
to increase the aggregation of the algal cells without breaking them into smaller particles. Thus, the morphologies of
the M. aeruginosa cells confirmed the reduction in their
removal as the frequency increased.

Fig. 4b shows that the intact A. flos-aquae cells aggregated together to form algal filaments, which agglomerated. When the 20 kHz ultrasound was applied, some
of the filaments were broken down. All the algae were
tangled together to form a tightened floc. When the frequency was increased to 40 kHz, more filaments were
broken down and the flocs became smaller and tighter.
Further increasing the frequency to 60 kHz, the filamentous flocs started to loosen. Increasing the frequency
further to 100and 200 kHz, the algal filaments were broken down to smaller fragments and the floc structures also
disappeared. This observation explains why the ultrasound did not improve the flotation removal efficiency for
A. flos-aquae. The ultrasound either made the algal cell
filaments more tangled tightly together or broke the fila-
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FIGURE 5a - EEM of M. aeruginosa in conventional flotation and ultrasound
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FIGURE 5b - EEM of A. flos-aquae in conventional flotation and ultrasound.

ments into smaller segments. Both could negatively affect
the efficiency of the subsequent coagulation and flotation.

cence spectrum. This peak has been reported as the proteinlike peak, in which the fluorescence is associated with the
aromatic amino acid tryptophan [35–37].

2.5 EEM fluorescence spectra under the effect of ultrasound

The EEM fluorescence spectra of M. aeruginosa and
A. flos-aquae under ultrasonication are shown in Fig. 5. A
major peak at the excitation/emission wavelengths (Ex/Em)
of 285/340 nm was identified from every EEM fluores-

Fluorescence parameters of the spectra, including peak
location, fluorescence intensity, and the corresponding substances are summarized in Table 6. As shown in Fig. 5 and
Table 6, all the EEM spectra of M. aeruginosa and A. flos-
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aquae, with or without ultrasound treatment, were similar
with the major peak associated with the protein. However,
the fluorescence intensities of the samples treated with ultrasonic were higher than that of the untreated sample. In
addition, the fluorescence intensities of the two algae increased with the frequency, indicating that the ultrasound
broke down the algal cells and released the intracellular
proteins. The quantity of the released proteins increased
with the frequency. The increase in the fluorescence intensity due to the ultrasonic treatment was much more significant in M. aeruginosa than in A. flos-aquae. A higher percentage of the algal cells was broken down in the M.
aeruginosa sample, whereas in the A. flos-aquae solution,

because the filamentous cell structure broken down, only a
few cells were completely destroyed. The fluorescence intensities indicated that higher frequencies were ineffective
for algae removal, because at these levels the algae cells
might be destroyed, and therefore should not be used to
enhance flotation.
3.6 The variations of zeta potential of the algae solution

The variations in the zeta potential of the algae solution under ultrasonication are shown in Fig. 6. According
to Fig. 6, ultrasound had different effects on the zeta potentials of the two algal solutions. In the solution containing M. aeruginosa, the absolute values of the floc zeta po-

TABLE 6 - Fluorescence spectral parameters of the algae under the effects of ultrasound

Microcystis aeruginosa

Anabaena flos-aquae

Ultrasonic frequency
(kHz)
0
20
40
60
100
200
0
20
40
60
100
200

Ex/Em
(nm/nm)
280/330
280/330
280/330
280/330
280/330
280/330
280/330
280/330
280/330
280/330
280/330
280/330

Intensity

Existing substances

377.6
515.0
518.8
521.9
526.9
531.5
122.3
136.8
156.5
157.5
167.7
175.3

Protein-like
Protein-like
Protein-like
Protein-like
Protein-like
Protein-like
Protein-like
Protein-like
Protein-like
Protein-like
Protein-like
Protein-like

c)
se
e(
Tim

(a)

(b)
FIGURE 6 - The variation trends of the zeta potential of M. aeruginosa (a) and A. flos-aquae (b).
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tential remarkably decreased when the ultrasound was
applied. The zeta potential approached zero in the ultrasound-treated solution compared with that in the untreated
solution. However, the zeta potential increased with the
frequency in the same reaction time. Therefore, the flocs
easily lost stability and the removal of M. aeruginosa increased with the frequencies. However, in the solution
containing A. flos-aquae, the variation in zeta potential
was different from that of the M. aeruginosa. The absolute
values of the A. flos-aquae floc zeta increased slightly with
the frequencies. This shows that the flocs did not easily
lose stability, thus the removal of A. had no evident variation with the frequencies. In conclusion, the results of zeta
potential confirmed that the physical effects generated at
20 kHz are much stronger than those that are generated at
higher frequencies.
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ABSTRACT
The objective of this study was to convert corncob into an adsorbent and further to investigate the potential of
the adsorbent for the removal of p-chlorophenol (p-CP)
from aqueous solution. The crushed corncob was treated
with 1 M phosphoric acid (PA) in ultrasound irradiation
(45 kHz) to enhance its nature adsorption capacity. The
characteristics of the adsorbent were evaluated by Fourier
transform-infrared spectroscopy (FT-IR) and specific surface area analysis. The effects of various experimental parameters (e.g. contact time, p-CP concentration, pH) were
examined and optimal experimental conditions were determined. The adsorption capacity of p-CP on PTC was up to
45.5 mg/g when initial concentration of p-CP solution was
200 mg/L at 293K. Adsorption kinetics followed the Ho
and McKay equation in the concentration range studied.
Rate limiting step in the process of adsorption was pore or
particle diffusion. Equilibrium isotherm data were satisfactorily fitted by the Freundlich equation. This study confirmed that corncob by impregnation with phosphoric acid
solution using ultrasound irradiation was an excellent attractive adsorbent for removal of p-CP from aqueous solution.
KEYWORDS: p-chlorophenol, corncob, phosphoric acid, ultrasonic impregnation, adsorption

1. INTRODUCTION
Rapid industrialization throughout the world has generated the huge volumes of wastewater containing pollutants, such as heavy metals, dyes, phenols and surfactants.
Removal of pollutants from water has been a challenge
for a long time and adsorption technique has been proved
perfectly to minimize this task [1]. It is now well established that for the wastewater treatment, adsorption is a
much better process than other physical techniques, namely,
coagulation [2], membrane separation [3], etc., because of
its efficiency and economy. Moreover, adsorption process
* Corresponding author

is generally non-specific and can be used to remove or
minimize a wide variety of pollutants. It is also among the
most effective and easy to operate and thus shows wider
applicability [4, 5]. It has been used for the removal of
organics from wastewater, primarily focusing on the use
of activated carbon as the adsorbent. Regeneration of the
spent activated carbon can be an expensive and intensive
process. This has resulted in an interest in developing alternative adsorbents for the removal of organic pollutants from
waste stream, such as clay materials [6], fly ash [7-9], industrial wastes [10-12]. Recently more attention has been
paid to agricultural byproducts adsorbents, such as rice straw
[13], peanut shell [14] and corncob [15-17], for their low
cost, availability in large amounts and good adsorption
ability.
Corncob is a lignocellulosic agricultural byproduct containing cellulose (38.4%), hemi-cellulose (40.7%), lignin
(9.1%) and other components (11.8%) [15]. As one of the
largest corn-growing countries, China produces approximately 160 million tons of corn each year, which results
in more than 40 million tons of corncob annually [18].
Thus corncob causes environmental problems since it exists in enormous quantities, and has slow degradation in
the soil and low utilization ratio. Field burning is a common practice for removing corncob, but it causes serious
air pollution and consequently affects the public health. The
exploitation and utilization of corncob must bring obvious
economic and social benefit. In recent years, corncob has
been used as an effective adsorbent for the removal of
heavy metal ions and organic pollutants from the aqueous
solutions [15-17]. Generally, adsorption capacity of crude
corncob was very low. Modification of corncob could
greatly enhance the adsorption capacity and increase the
value of the byproduct [15-17].
In the present work, the corncob was modified with
phosphoric acid solution (PA) in ultrasonic impregnation
to improve its adsorption capacity. Modification of agricultural byproducts adsorbents was mainly adopted conventional impregnation method, and little preparation was
used ultrasound-assisted impregnation method [13-17,
19]. We now report the removal ability of modified corncob as an adsorbent for p-chlorophenol (p-CP). p-CP is a
colourless and non-biodegradable organic compound that
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is widely used for the production of dyes, drugs, pesticides, preservatives, antiseptics, disinfectants, herbicides,
fungicides, aroma compounds and other organic chemicals.
p-CP has direct relevance to water remediation due to its
solubility and the severity of hazard to both terrestrial and
aquatic life. It may be toxic to liver, brain, gastrointestinal
tract, upper respiratory tract, central nervous system. Repeated or prolonged exposure to the substance can produce
target organs damage [20-22]. p-CP can be found in high
quantity in the wastewater from various industrial sectors
[22]. As a typical organic pollutant, p-CP has often been
used in wastewater treatment studies [11, 12, 21-23]. The
effects of experimental parameters such as initial concentration, contact time, pH, and temperature on the adsorption of p-CP were investigated. This study demonstrates
corncob is an effective adsorbent material. It offers a solution to the reduction of agricultural wastes output, potentially curtailing its adverse environmental impacts.
2. MATERIALS AND METHODS
2.1. Materials

p-CP was of analytical grade (Yancheng Bohe Chemical Co., Ltd., China). All aqueous solutions were prepared
with deionized water that had been passed through a Millipore Milli-Q Plus water purification system (US). Other
chemicals were of analytical grade. The corncob was purchased from a local supermarket. After removing the rotten
section and corn stigma, the corncob was crushed with a
disintegrator and sieved to retain the 20-40 mesh fractions
(pretreatment).
2.2 Ultrasonic impregnation of corncob

The treatment of the corncob was carried as follows.
10 g of pretreated corncob particles were placed in a 1 L
beaker and 200ml of 1 M PA was added. The mixture was
treated by ultrasound irradiation (45 kHz) for 40 min at
60 °C and the liquid was removed by filtration. The wet
corncob particles were spread in an enamel tray and dried
in an air oven at 50°C. After 24h, the temperature was
raised 160°C and kept this temperature for 1.5 h. After
cooling, the reacted products were extensively washed to
neutral pH with hot deionized water (about 75°C). Then
the collected particles were immersed in ethanol (95%)
several times to remove other alcohol soluble products
until no UV absorbance (using a UV-2450 visible spectrophotometer, Shimadzu, Japan) was observed when the
ethanol leach liquor was monitored. Lastly, the wet PAtreated corncob particles (PTC) were dried at 105°C until
constant weight and preserved in a desiccator as adsorbent
for further use.

products until no UV absorbance was observed when the
water and ethanol leach liquor was monitored. Finally,
these ethanol-washed corncob particles (NTC) were dried
at 105°C until constant weight and preserved in a desiccator as adsorbent for further use.
2.4. Fourier transform-infrared spectroscopy (FT-IR)

Infrared spectra of the PTC and NTC were obtained
by PerkinElmer Model 1600 spectrophotometer (Perkin Elmer, Inc., USA), according to potassium bromide (KBr) disk
method. 5 mg of adsorbent was encapsulated in 400 mg of
KBr to prepare the translucent sample disk. The scans
were carried at a resolution of 8 cm −1, from 4000 to
500cm−1.
2.5 Specific surface area

The method used for the determination of the specific
surface area of PTC, NTC was made according to the similar method previously described by Risio et al. [24]. The
advantage offered by the methylene blue method is the
possibility of characterizing the specific surface area of the
material under wet condition [24].
2.6 Adsorption experiments

Adsorption experimental data were determined by the
following batch method: in each experiment, 100 mg of
dry PTC was mixed with 50 mL aqueous solution of p-CP
at a known concentration in a tightly sealed flask. The adsorption temperature and the concentration of p-CP were
varied according to experiments. The solution was stirred
on a shaker (90 times/min) at fixed temperature for 10 h.
The adsorbent was removed by filtration before measurement. The residual p-CP concentration in solution was determined by a Shimadzu UV-2450 visible spectrophotometer and absorbance value was recorded at 280±1 nm for
each solution. The linear range was calibrated by using
different concentrations of aqueous solutions of p-CP (in
10-100 mg/l range) to establish a calibration curve. p-CP
initial concentration in the solution varied to investigate
its effect on the adsorption capacity. The stability of p-CP
solution (without adding adsorbent) was tested under the
same conditions. Each experiment was done three times
under identical conditions. These data were used to calculate the adsorption capacity of the adsorbent by Eq. 1:
V (C0 − Ce )
(1)
qe =
m
where, qe is the amount of p-CP adsorbed at equilibrium (mg/g); C0 is the initial p-CP concentration in liquid
phase (mg/L); Ce is the liquid phase p-CP concentration at
equilibrium (mg/L); V is the volume of p-CP solution
used (L); and m is the mass of adsorbent used (g).

2.3 No acid treatment

10g of pretreated corncob particles were boiled several times with deionized water to remove soluble components in them. After filtration, the collected particles were
treated several times with ethanol (95%) under ultrasound
irradiation (45 kHz) to remove other alcohol soluble

3. RESULTS AND DISCUSSION
3.1 Characterizations of adsorbent and p-CP solution

FT-IR spectra are shown in Fig. 1. The intense and
broad adsorption band is observed at 3450 cm−1 which
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can be attributed to the bonded –OH groups present in the
structure. The peak observed at 2937 cm−1 can be assigned
to stretching vibration of the C–H groups, and the peaks at
1080 cm−1 and 1091 cm−1 are the characteristics of stretching vibration of C-O-C (or C-O) groups. There were some
obvious differences in the spectra of the PTC and the NTC.
In the PTC, the absorption peak of C-H groups completely
disappeared, the stretching vibration absorption intensity of
C-O-C (or C-O) groups greatly weakened. These changes
in FT-IR spectra may be explained as follows: the glycosidic bonds of hemi-cellulose (even cellulose) were broken down by phosphoric acid to produce soluble components (such as xylose, glucose) [25], then these soluble
components were eluted in preparation and a large of
micropores were left. These explanations were in accordance with the following results of the specific surface area
analysis.

decreasing concentration in the residual solution was due
to the adsorption of adsorbent for p-CP.
3.2 Effect of contact time

For effective designation and representation of the ongoing process, the study of kinetics of the adsorption was
carried out. The adsorption of p-CP was investigated in
the initial concentration 200mg/L at temperatures 288,
298 and 308K, respectively. Figure 2 shows the influence
of contact time on the adsorption of PTC toward p-CP. It
described that adsorption was increased instantly at initial
stage and over 50% of the equilibrium value occurred in
the first 30 min. The adsorption process consists of several steps: initially the adsorbate molecules migrate from
bulk of the solution to the PTC surface (bulk diffusion);
subsequently, the molecules diffuse from the boundary
layer to the surface of the adsorbent (film diffusion); next,
the molecules diffuse from the surface to the interior of
the particle (pore diffusion or intraparticle diffusion); and
finally the adsorbate molecules interact with the active
sites on the surface of material. At initial contact stage, pCP was easy to diffuse to the external active sites of PTC,
so they could be adsorbed rapidly onto the PTC. And
thereafter the rate of adsorption of p-CP was found to be
slow because the adsorbate had to diffuse into the interior
of the PTC, until the equilibrium was reached and remained constant at nearly 420 min contact time.

FIGURE 1 - FT-IR spectra of NTC and PTC.

The specific surface area of the NTC was 6.3 m2/g,
this indicated that natural corncob was almost a nonporous material. Similar result was reported by N2-BET
method [26]. However, the specific surface area of the PTC
was up to 51.9 m2/g, this showed that specific surface area
of corncob particles was increased greatly with ultrasonic
impregnation treatment and a porous material was obtained.
Moreover, ultrasound exhibits several beneficial mechanical
effects in solid-liquid systems by means of the cavitations
phenomenon, it enhances mass transfer rates, and it causes
the formation of many micro-cracks on the solid surface,
thus, increases the surface area between the reactants [27,
28]. Ultrasound irradiation was especially applied in this
preparation to enhance the diffusion of PA solution into
the pores of the corncob. The average pore diameter was
not reported because the error involved in its calculation
was very large when distribution of pore size was very
wide.
The concentration of p-CP solution (without adding
adsorbent) was almost unchanged, suggesting that the pCP solution was stable in studied range of time and the

FIGURE. 2 - Effect of contact time on p-CP adsorption (conditions:
adsorbent: 0.1 g; pH value: 7; p-CP initial concentration: 200mg/L;
volume: 50 mL)
3.3 Adsorption kinetics

Time-dependent experimental adsorption data (Fig. 2)
were used for kinetic modeling. The following kinetic models, commonly used in the literature, were applied to experimental kinetic data in order to investigate the behaviors of p-CP on PTC. The model equations used for fitting
the data were: 1st order, pseudo 1st order, 2nd order, pseudo
2nd order (Ho and McKay), power function and simple
Elovich equations [29-31]. The goodness-of-fit for kinetic
equations was estimated by the coefficient of determination
(R2>0.95). Except the Ho and McKay equation, the other
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models were adopted to examine the mechanism of the adsorption process, but there were no reasonable fit results.
Then, the adsorption kinetics of p-CP on PTC was described by Ho and McKay equation [32]:
t
t
1
=
+
qt qe k 2 qe2

(2)

where, qt and qe are the amount adsorbed at time t
(min) and at equilibrium (mg/g), respectively; k2 is the
rate constant (g.mg-1.min-1).

solution obtained by a Fourier type of analysis. Bt value is
obtained for each F value from Reichenberg's table [34].
The linearity test of Bt versus time (t) plots was employed
to find whether the adsorption process is film or particle
diffusion controlled. If the plot was a straight line passing
through the origin, the adsorption process should be dominated by the particle diffusion mechanism, or else, it might
be governed by the film diffusion [35]. As is shown in
Fig.4, in all the cases studied, the lines cut the t-axis and
Bt-axis near the origin indicating that pore or particle diffusion of the p-CP was rate limiting step at the concentration.

FIGURE 3 - Ho and McKay plots for adsorption of p-CP on PTC.

The results showed that the adsorption system followed the Ho and McKay equation for the concentration
and temperature range used in this study, with coefficients
of determination higher than 0.99 (Fig. 3), which was based
on the assumption that the adsorption process may be
chemical sorption [32].
3.4 Rate limiting step in the process of adsorption

In order to interpret the experimental data, it was necessary to identify the step that governed the overall rate of
removal in the adsorption process. The mathematical treatments of Boyd et al. [33] and Reichenberg [34], that has
laid the foundations of sorption/ion exchange kinetics,
were used to distinguish between particle and film diffusion mechanism of adsorption process. The kinetics of the
adsorption process of PTC was examined at 288K, 298K
and 303K with time-dependent experimental adsorption
data (Fig. 2) and the values of fractional attainment of
equilibrium ‘F’ were calculated using Eq. (3)

F=

qt
q∞

FIGURE 4 - Bt versus time plots for p-CP adsorption on PTC
3.5 Effect of initial concentration

The effect of various initial p-CP concentrations on
adsorption was investigated (Fig. 5). The quantity of PTC
was kept constant while the concentration of p-CP varied
between 10 and 200 mg/L. The results showed a sudden
increase in the adsorption capacity with the initial concentration of p-CP increase. The adsorption capacity of p-CP
on PTC was only 3.3 mg/g when initial concentration of
p-CP solution was 10 mg/L at 293 K, while it was even
up to 45.5 mg/g when initial concentration of p-CP solution was 200 mg/L at the same temperature. Similar results were obtained at other temperatures. All the results

(3)

where, qt and q∞ are amounts adsorbed (mg/g) after
time t and after infinite time (min), respectively.

F =1−

exp(−n 2 Bt )
π2 Σ
n2
n =1
6

∞

(4)

where, F is the fractional attainment of equilibrium at
time t, and n is the integers defining the infinite series
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Our experimental data are found to fit well in the
Freundlich model in terms of R2 for p-CP on PTC. The
values of n > 1 reflected the favorable adsorption at high
concentrations but much less at lower concentrations.
3.7 Effect of pH

FIGURE 5 - Effect of initial concentration on p-CP adsorption
(conditions: adsorbent: 0.1 g; pH value: 7; volume: 50 mL)

confirmed the strong interactions between the p-CP and
PTC. As can also be seen from Fig.5, adsorption of p-CP
on PTC was not significantly affected by temperature within the studied range. Moreover, from the trend of adsorption capacity with respect to concentration as shown in
Fig.5, the adsorption was far from saturation.

To evaluate the influence of the pH on the adsorption
of p-CP on PTC, tests were carried out in p-CP solutions
with different pH values. pH values of these solutions were
adjusted in the range of pH 1-10 by 0.1 M NaOH and 0.1 M
HCl respectively. Fig. 6 shows the effect of pH on equilibrium adsorption of p-CP on PTC. The adsorption capacity of p-CP on PTC was almost no change until pH=7,
and then sharply decreased with the increase of pH. The
adsorption can be due to dispersion, hydrophobic interactions, hydrogen bonding, or other interactions [40]. The
adsorption capacity decreased rapidly after pH 7, which
maybe due to ionization and hydrophilic increase of p-CP.
Thereby, ionized p-CP not easily formed hydrogen bonding or other interactions with the active sites of PTC and
inhibited the adsorption on PTC.

3.6 Adsorption isotherm

With the data in Fig.5, Langmuir [36], Freundlich [37]
and Dubinin–Radushkevich [38] equations were employed
to study the adsorption isotherm of p-CP on PTC. The
goodness-of-fit for isotherm equations was estimated by
the coefficient of determination (R2>0.95). However, the
coefficients of determination of all models were low except
Freundlich model. The Freundlich isotherm, the earliest
known relationship describing the adsorption process, is a
basically empirical equation employed to describe a multilayer, heterogeneous system. The Freundlich equation
was given below:
1
(5)
ln qe = ln K F + ln Ce
n
where, Ce is the equilibrium p-CP concentration in
solution (mg/L), qe is adsorption capacity at equilibrium
(mg/g), KF (mg1-n g-1 Ln) and n are the empirical constants
and their values are calculated from the intercepts (lnKF)
and slopes (1/n) of linear plots of lnqe versus lnCe. A
relatively slight slope n<1 indicates that adsorption intensity is good (or favorable) over the entire range of concentrations studied, while a steep slop (n>1) means that adsorption intensity is good (or favorable) at high concentrations but much less at lower concentrations [39]. The parameters KF and n have been determined and they are
shown in Table 1.
TABLE 1 - Freundlich parameters for p-CP on PTC.
T(K)
KF(mg1-n g-1 Ln)
n
R2

288
1.6528
1.4312
0.9761

293
1.3382
1.3134
0.9935

298
1.4186
1.3821
0.9918

303
1.0549
1.2915
0.9704

FIGURE 6 - Effect of initial pH on p-CP adsorption (0.1 g adsorbent, 50 mL of 200mg/L p-CP solution, 298 K)
3.8 Contrast study of p-CP adsorption on PTC and NTC

Contrast study of p-CP adsorption on PTC and NTC
was investigated at 298K (Fig. 7). The adsorbent dose was
kept constant (0.1g) while the concentration of p-CP varied. At the same conditions, the adsorption capacity of PTC
toward p-CP was much higher than that of NTC. Similar
results had been obtained at other temperatures (figure
omitted). This may be due to PTC had a larger specific
surface area as compared with that of NTC. The results
show that adsorption capacity of corncob particles can be
increased greatly with ultrasonic impregnation treatment.
Compared with some recent research in the literatures
[15, 26], the results also revealed the corncob with acid
treatment was an attractive adsorbent for removing pollutants in water.
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WASTEWATER AT DIFFERENT SOLIDS RETENTION TIMES
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ABSTRACT
A lab-scale anoxic/oxic membrane bioreactor (A/OMBR) was operated for selected antibiotics tetracycline
(TC), chlortetracycline (CTC), oxytetracycline (OTC), sulfamethoxazole (SMX), sulfadiazine (SDZ) and ampicillin
(AMP) removal in the wastewater. The effects of solids retention time (SRT) and hydraulic retention time (HRT) on
antibiotics removal were studied, experiment results showed
that almost upper 80% of antibiotics were removed at any
SRT and HRT investigated during the whole A/O-MBR
process. The reduction of SRT in phase 3 and 4 decreased
selected antibiotics removal efficiency. Further studies
showed that at short SRT, the change of HRT usually led
to fluctuation of the antibiotics removal efficiencies due
to the loading alternation. Meanwhile, batch experiments
were performed to investigate antibiotics sorption and biodegradation by activated sludge. No evidence of biodegradation for TC, CTC and OTC was observed during the
biodegradability tests, and adsorption was found to be the
principal removal mechanism of tetracyclines by activated
sludge, and adsorption and biodegradation for AMP. The
outcomes of the present study demonstrated that the antibiotics SMX, SDZ, and AMP have the possibilities to be
degraded biologically during wastewater treatment after
an acclimatization of sludge.

KEYWORDS: Membrane bioreactor, antibiotics, solids retention
time, biodegradation, adsorption.

1. INTRODUCTION
Recently, environmental micro-pollutants, such as
PCBs, dioxins, pesticides, pharmaceuticals and personal
care products (PPCPs) have draw much attention due to
* Corresponding author

their low degradability, biotoxicity, bioaccumulation, and
so on. Till now, about 3000 different substances are being
used in medicines such as painkillers, antibiotics, contraceptives, beta-blockers, lipid regulators, tranquilizers, and
impotence drugs. These pharmaceuticals, including their precursor compounds and transformation products, are usually
discharged into the environment intentionally and unintentionally after passing through wastewater treatment processes (via wastewater treatment plants, or domestic septic
systems), which often are not designed to remove them
from the effluent [1, 2].
Antibiotics are an important group of pharmaceuticals
in today’s medicine. In addition to the treatment of human
infections, they are also used in veterinary medicine. Unlike many other pollutants, antibiotics have a direct biological action on microbes. Many of these antibiotics are
not completely metabolized or eliminated in the body and
between 30% and 90% are excreted unchanged into the
waste system [3]. Recent studies [4-8] have demonstrated
that conventional wastewater treatment plants (WWTPs)
often only partially remove selected drugs (20–90%) indicating the potential of the presence of these compounds
in the effluents. Actually, the occurrence of water-soluble
and active antibiotics in the effluent and receiving waters
has been well documented in Europe [9], US [10], China
[11], and other countries [12, 13]. Certain metabolites present in WWTP effluents can also be converted back to
their parent form upon entering surface waters [9, 14].
Another concern about antibiotic residues in the environment is their potential adverse effects on various organisms. For example, bacteria isolated from sewage bioreactors have been shown to exhibit resistance to some antibiotics including tetracycline (TC) and ampicillin (AMP) [15],
oxytetracycline (OTC) [16], chlortetracycline (CTC) [17],
sulfadiazine (SDZ) and sulfamethoxazole (SMZ) [18]. As
suggested recently by Rysz and Zhang [19, 20], the genes
of antibiotic-resistant bacteria themselves could be considered to be ‘‘pollutants,’’ as their wide-spread dissemination is clearly undesirable. Antibiotic resistance is a
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public health concern of great urgency due to a growing
inefficacy of antimicrobial agents to treat infectious diseases. Therefore, antibiotic resistance could be considered
as an environmental pollution problem, with resistance gene
vectors as the target pollutants.
Membrane bioreactors (MBRs), which permit a very
long sludge retention time (SRT), high mixed liquor suspended solids (MLSS) and low organic loading rate (F/M
ratio) due to the interception of the membrane, have been
found to be advantageous over the conventional activated
sludge systems in terms of system stability and compactness for treatment of many types of wastewater where
conventional sewage treatment plant (STP) cannot cope
with either the composition of wastewater or the fluctuations of wastewater flow-rate [21]. MBRs can produce
much higher quality effluent through retaining soluble
microbial products (SMPs) in the system [22]. The high
capacity of MBR system was obtained because the fastgrowing heterotrophs grow in suspension and the slowgrowing nitrifiers grow in the bioreactor [23]. During
passage through Activated Sludge (AS) treatment plants,
antibiotics removal from wastewater may occur by hydrolysis, biodegradation and/or sorption to sludge. Traditional
and modern WWTPs equipped with activated sludge process have not been designed to remove micro-pollutants
efficiently [24]. Meanwhile, enhanced removal of antibiotics from municipal wastewater is an urgent work. Unfortunately, there are very limited studies on the analysis
of MBRs in treating the wastewater containing antibiotics
systemically. Thus six representative antibiotics mentioned
above were selected to study their removal mechanisms in
MBR treatment process. These six antibiotics were selected
since they have been examined intensively in previous
studies and therefore comparison of their results with results for MBRs obtained in this study was easy. The selected compounds belong to three antibiotic structural
classes that are widely used for the medication of humanity
and livestock.
In order to understand the six representative antibiotics’ removal mechanisms in MBR treatment process, an
anoxic-oxic membrane bioreactor (A/O-MBR) was adopted
in this study to investigate the antibiotics fate in the membrane bioreactor process. As is well known, SRT and HRT
were important parameters that influenced the performance
of MBR. Effects of SRT and HRT were therefore studied
on antibiotics removals. Additional experiments were conducted to evaluate the relative contribution of adsorption
and biodegradation on the observed removal of selected
antibiotics.
2. MATERIALS AND METHODS
2.1. Chemicals and reagents

Tetracycline (TC), oxytetracycline (OTC), chlortetracycline (CTC), sulfamethoxazole (SMX), and sulfadiazine (SDZ) were purchased from Dr. Ehrenstorfer (Augs-

burg, Germany). Ampicillin (AMP) was purchased from
Riedel-de Haën (Seelze, Germany). Sodium azide was from
Hailan chemical co., LTD (Zhejiang, China). All analytical standards of antibiotics used were of high purity grade
(>99%). Two groups of stock standards solutions of individual antibiotics (100 mg·L) were prepared. Group I chemicals (TC, OTC, CTC, SMX, and SDZ) were dissolved in
methanol, and stored at -20oC for a maximum of three
months, whereas Group II chemicals (AMP) were dissolved
in Milli-Q water and prepared when needed. Working
standard solutions were prepared daily by dilution with
water. Carbon labeled 13C-caffeine was used as an internal standard and was purchased from Cambridge Isotope
Laboratory Inc. (Andover, MA, USA).
All solvents (methanol, acetonitrile and formic acid)
were HPLC grade and were purchased from CNW (Düsseldorf, Germany). Water was purified with an Ultra-Pure
water system from Millipore (Milford, MA).
2.2. Analytical methods

Analysis of antibiotics was performed by liquid chromatography-electrospray ionization-mass spectrometry (LCESI-MS), and the Finnigan Surveyor plus LC System
(HPLC; Thermo Electron, San Jose, CA, USA) consists of a
surveyor autosampler and a surveyor LC Pump. Before
analysis, Samples were centrifuged (4000 rpm) for 5 min,
transferred 1mL into an amber auto-sampler vial, spiked
with 50µg·L-1 Carbon labeled 13C-caffeine. Aliquots of 10µL
of samples were injected onto a 150mm×2.1mm Agilent
Eclipse XDB-C18 column (3.5µm pore size, Agilent Technologies, Inc., Santa Clara CA, USA) by the Surveyor auto
sampler, and a mobile phase of 0.1% formic acid solution
(A) and acetonitrile (B) was delivered at a flow rate of
250µL/min by the Surveyor LC Pump. The optimized gradient program started from 90% A to 10% B (7 min). The
portion of A was linearly decreased to 65% within 8 min
and further to 10% within 1 min. These conditions were
held for 4 min. The initial mobile phase composition was
restored within 1 min and maintained for column regeneration for another 4 min resulting in a total run time of 25
min. The column and tray temperature were maintained at
30oC and 4oC, respectively, and the total run time was 25
min.
For quantitative determination, the HPLC was interfaced to a Finnigan TSQTM quantum access TM (Thermo
Electron, San Jose, CA, USA) triple quadrupole mass spectrometer equipped with electrospray ionization (ESI) source.
Electrospray positive ionization was used in the tandem
mass spectrometer (MS/MS) ion source. Multiple reaction
monitoring (MRM) was employed to identify and quantify the protonated product ion [M+H] +. The optimized
spray voltage was set at 4500V. Sheath gas pressure, ion
sweep gas pressure and auxiliary gas pressure were set at
35 arbitrary units (au), 0 au and 10 au, respectively. Capillary temperature was 350oC. Method detection limits
(MDLs) and method quantification limits (MQLs) for the
analyzed samples were calculated by a signal-to-noise

758

© by PSP Volume 20 – No 3a. 2011

Fresenius Environmental Bulletin

ratio (S/N) 3 and 10, respectively. MQLs determined for
wastewater were in the range 0.1–1.0µg·L-1.

pause) using suction pumps. For submerged oxic MBRs,
intermittent suction was effective for suppression of fouling. Sludge retention time (SRT) and acclimation of the
biomass were pointed as key issues to improve removal
efficiencies when biological mechanisms are involved [25].
The MBR were operated over a period of 18 months at
different SRTs and HRTs, to investigate the influence of
different SRTs and HRTs on sludge characteristics and
antibiotic removal. The detailed operating conditions of the
MBR during the course of the study were listed in Table 1.
Aeration was done through an air diffuser installed directly
beneath the membrane module for transferring oxygen to
microorganisms, mixing the liquor and cleaning the membrane.
The synthetic wastewater consists of tap water, glucose
(169mg·L-1), cane sugar (150mg·L-1), amylum (80mg·L-1),
NH 4 Cl (75mg·L -1 ), KH 2 PO 4 (4.4mg·L -1 ), and K 2 HPO 4
(16.8mg·L-1) as main nutrient sources for microorganism

2.3. Design and operation of membrane bioreactors.

The schematic diagram of the A/O-MBR experimental setup was presented in Figure 1. The main body of
the laboratory-scale MBR consisted of an anoxic (AN)
zone and an oxic (AO) zone. The MBR has a working
volume of 6 L, in which the volume of AN zone and the
AO zone were 2 L and 4 L, respectively. A water level
sensor was used to keep a constant liquid level in the bioreactor. The membrane modules were made of hollow fibers
of hydrophilicity polyvinylidene fluoride (PVDF) with a
mean pore size of 0.1µm (Litree, China), and the effective
filtration area of each membrane module (Consists of 78
membrane fibers, and membrane effective length 25cm,
inner diameter 0.85 mm and external diameter 1.65 mm)
was 0.1 m2. In-termittent filtration was done (10 min
filtration and 2 min

FIGURE 1 - Schematic structure of anoxic-oxic membrane bioreactor (A/O-MBR)

TABLE 1 - Operating schedule for A/O-MBR.
phase

SRT
(days)

1a

60

2

30

3

10

4

3

HRT
h
24
12
6
24
12
6
24
6
24
6

operating times(h)
A
O
8
16
4
8
2
4
8
16
4
8
2
4
8
16
2
4
8
16
2
4

#of cycles (days-1)
1
2
4
1
2
4
1
4
1
4
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MLSS (mg·L-1)
(range)
6307(5497-8562)

3363(2893-3771)
1529(1365-1759)
312(246-389)

treated wastewater (L·day-1)
6
12
24
6
12
24
6
24
6
24
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Actual sampling collecting periods exclude any transition period between phases.

was pumped into the MBR system. The quality ratio of
COD: N: P was kept for 100:5:1. The initial chemical oxygen demand (COD) and total nitrogen (TN) concentration
was about 350-520mg·L-1 and 17-30 mg·L-1, respectively.
The MgSO 4·7H 2O (94mg·L -1), FeCl3·6H 2O (21mg·L -1),
CaCl2 (23mg·L-1), NaCl (63mg·L-1) and EDTA (10mg·L-1)
were added as mineral components, and a trace element
solution containing H3BO 3 (150mg·L-1), CuSO 4·5H 2O
(30mg·L-1), KI(30mg·L-1), MnCl2·4H2O(70mg·L-1), ZnCl2
(57mg·L-1), Na2MoO4·2H2O (65mg·L-1), and CoCl2·6H2O
(150mg·L-1) was used (1ml·L-1) to simulate the composition of real domestic wastewater. The pH value of the
synthetic wastewater was controlled at 7.8 ± 0.2 by the
addition of NaHCO3. Antibiotic working solutions (TC,
OTC, CTC, SMX, SDZ and AMP) were spiked into the
synthesized wastewater to achieve influent concentration
of 500µg·L-1, respectively. The inoculated sludge was obtained from the aeration zone of Quyang sewage treatment
plant, Shanghai, China.
2.4. Sorption kinetics of antibiotics onto activated sludge.

Two step batch experiments were performed to investigate antibiotics sorption by activated sludge. Activated
sludge samples were initially taken from Quyang STP
(Shanghai, China), and washed with 10mM phosphate
buffer (pH 7.2). First step, nine 250mL stoppered conical
flasks were wrapped in aluminum foil to prevent possible
photodegradation of antibiotics were used in this study, and
put on a thermostated shaker at 150 rpm and 25oC. The
experiment was conducted at biomass concentrations of
7000 mg·L-1, 3000 mg·L -1, 1500 mg·L-1 and 500 mg·L-1,
respectively, to investigate adsorption phenomenon in a
full-scale industrial wastewater activated sludge treatment
process, a typical domestic WWTP operation, middle and
low biomass concentration. As a control sample, a 10mM
phosphate buffer was used. 0.15g (0.1%, w/v) of sodium
azide was added into each flask to minimize any antibiotics elimination due to biotic processes. All the experiments
were conducted in duplicate. The flasks were shaken for
30 min at 150 revolutions per minute (rpm) on an orbital
shaking table and spiked 75µL aliquot of TC, OTC, CTC,
SMX, SDZ and AMP stock solution to achieve a concentration of 500µg·L-1. Aliquots of 1500 µL were withdrawn
from each solution after 5min, 1, 2, 4, 7, and 24 h. After
centrifugation at 5000g for 3 min, the supernatants were
transferred into 2mL vials and added Carbon labeled 13Ccaffeine (achieve a concentration of 50µg·L-1) for the
immediate analysis by liquid chromatography-electrospray
ionization-mass spectrometry (LC-ESI-MS). Another experiment was conducted at biomass concentrations of
1000mg·L -1, and with different initial antibiotics concentrations (500µg·L -1, 1mg·L -1, 10mg·L -1, 50mg·L -1,
100mg·L-1, 150mg·L-1 and 200mg·L-1 to study sorption
models.
Freundlich coefficients were determined by means of
the Freundlich model [26]:

CS = K f Cen

(1)

With Cs and Ce the equilibrium target compound concentrations on the biomass (mg·g-1) and in solution (mg·L1
) respectively, Kf the Freundlich parameter (L·g-1) and n
the linearity parameter.
Langmuir coefficients were determined using the Langmuir equation:

CS =

CS ,max K1Ce
1+ K1Ce

(2)

Kl and Cs, max were the Langmuir parameter (L·mg-1)
and the maximum adsorption capacity, respectively.
2.5. Antibiotics biodegradation tests.

Additional batch experiments were carried out to investigate the biodegradability of antibiotics and the possible formation of microbial metabolites using biomass collected from the MBR presented in Figure 1. Two types of
duplicate batch reactors consisted of amber 2-L bottles containing 2 L of synthesized wastewater and activated sludge
mixture (achieve a biomass concentration of 50mg·L-1) into
which air was continuously introduced through Teflon ®
tubing to maintain oxic conditions were used for the additional experiments: biodegradation and control. All reactors were maintained at a temperature of 25oC and spiked
with an aliquot of an aqueous stock solution containing
1,000 mg·L-1 of each compound in order to obtain a final
concentration of 1 mg·L-1. The control batch reactors
were amended with 0.1% sodium azide (NaN3) to minimize any antibiotics elimination by microbial activity. In
order to compensate for water losses by evaporation,
check the volume of the medium in the flasks before
sampling and, if necessary, make up with water to the
volume or the mass measured after the sampling. As for
the sampling, 2-ml aliquots were withdrawn from the test
medium at 2- to 10-d intervals and immediately transferred into an amber vial containing 500 µL of Mcllvaine
buffer (pH 4.0, added 0.1 M EDTA-Na2). After centrifugation at 5000g for 3 min, the su-pernatants were transferred
into 2mL vials and added Car-bon labeled 13C-caffeine
(achieve a concentration of 50µg L-1) for analysis by LCESI-MS, which was done immediately.
3. RESULTS AND DISCUSSION
3.1. Behavior of Selected Antibiotics at Different MBR Operating Conditions.

A lab-scale MBR was operated at different SRT and
HRT for a period of 18 months at 25oC to investigate the
behavior of antibiotics in MBR process. The experiment
results of start-up and adaptable stage of each phase were
not presented in Figure 2. The steady biomass concentration in the reactor of each phase was listed in Table 1.
Mean dissolved concentration of the antibiotics in influent
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was 500µg·L-1 and the concentrations in effluent and removal efficiencies were summarized in Figure 2. It was
observed that the removal efficiencies of TC, OTC, CTC,
SMX, SDZ and AMP, based on the averages of the data
collected, were in the range of 81.7-95.9%, 75.4-85.9%,
77.9-91.5%, 88.5-100%, 93.7-100% and 93.9-100% during
whole experiment period, respectively. The concentrations
in effluent were 20.7-91.5µg·L-1, 70.3-122.9µg·L-1, 42.3110.7µg·L-1, 0-57.6µg·L-1, 0-31.7µg·L-1, and 0-30.4µg·L-1,
respectively. The antibiotics removal efficiencies are similar to or higher than those previously reported on performance of municipal or industrial AS systems in the literature [27-29]. As Figure 2 presented, the removal efficiencies of antibiotics in phase 1 and phase 2 were not influenced by SRT and HRT. These results suggested that
lowering the HRT from 24 to 6 h, did not influence antibiotics removal at long SRT (60d and 30d). It is well
known that longer HRT resulted in low biomass concentrations and correspondingly shorter HRT led to an increase
in the biomass concentration. The longer HRT could have
promoted equilibrium or near equilibrium conditions (more
complete), while the higher biomass concentrations could
have compensated for shorter reaction times. It can also
be seen in Figure 2 that the decrease of SRT from 30 to
10 days in phase 3 and from 10 to 3 days in phase 4 led to
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a significant reduction in removals of all six selected antibiotics. The average removal efficiencies for antibiotics
were much lower than phase 1 and phase 2, and fluctuation
of concentrations in effluent was observed, especially in
phase 4. Experimental results indicated that at the lower
SRT, the variation of SRT gave much influence on antibiotics removal. As HRT decrease in phase 3 and phase 4,
the antibiotics concentrations in effluent increased, which
might be attributed to sludge discharge process (2L per
day) which led to a fluctuate of mixed liquid in reactors and
the increase of the organics and antibiotics loading. The
loading increase of antibiotics and organics can influence microorganism activity of activated sludge. In a relevant research of our group, we found that the particle size
of activated sludge floc was significantly influenced by
SRT and HRT (data not shown). Reducing SRT might lead
to a decrease on biomass concentration as shown in Table 1,
an increase of particle floc size, and correspondingly, specific surface area of sludge will have a decrease. This change
would favor less sorption and less removal and Sorption
characteristics of the biomass may have changed with SRT.
So, from the antibiotics removal data, it is tempting to conclude that SRT is an important variable. Reductions in bacterially produced dissolved organic matter (DOM) concentra-

removal efficiency(%)
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FIGURE 2 - Time profile of antibiotics concentration in effluent and removal efficiency of MBR. (▲-effluent concentration of antibiotics, □removal efficiency. 1: SRT=60d, 2: SRT=30d, 3: SRT=10d, 4: SRT=3d).

tions at lower SRTs may have reduced sorption of TC, CTC,
OTC and AMP at the lower SRT of phase 3 and phase 4.
The high absorbability of TC, CTC, and OTC on activated
sludge tends to prove that biosorption is the most favorable
route for tetracycline antibiotics fate into a biological system. The following adsorption experiment would continue
to run validation checks on this result.

amides was linked to bacterial growth. Whether the previous hypothesis was most important in the reduction of
sulfonamides removal in this study was unclear and deserved further study.

But for SMX and SDZ, Current results from the activated sludge reactors showed that sulfonamides might
pass the sewage treatment systems because of non-sorbing
properties [30], and following experiment confirmed this
conclusion. In phase 3 and 4, the SMX and SDZ’s removal
efficiencies had an obviously decline, and this was not induced by changes of the biomass sorption characteristics.
From the previous literatures, we could find out that photodegradation and hydrolysis were known as the main transformation reactions like TC, CTC, OTC and AMP in the
environment [31, 32]. To determine the role of biomass
for removing antibiotics, potential photodegradation was
eliminated by protecting the test liquor from light. So the
long-time running activated sludge and its hydrolysis in
the AN zone might be the main reason for SMX and SDZ’s
removal and maybe the observed degradation of the sulfon-

It is important to establish the most appropriate correlation for the equilibrium curves. The most commonly applied isotherms in solid/liquid system are the theoretical
equilibrium isotherms, i.e. linear model. In this study, the
linear model was testified unsuitable for antibiotics’ adsorption on activated sludge. Freundlich model is a nonlinear sorption model, which suggests the heterogeneity of the
surface and the exponential distribution of sites and their
energies. It assumes that the activated sludge has a range
of sorption sites and the capacity for multilayer sorption. Langmuir model suggests that the uptake occurs on
homogeneous surface by monolayer sorption without
interaction between sorbed molecules. It assumes uniform
energies of the sorption onto the surface and no transmigration of sorbate in the surface.

TC y = 0.841x + 0.984
CTC y = 0.739x - 0.086
OTC y = 0.631x + 0.593
AMP y = 0.693x +1.882
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FIGURE 3 - Validation of the Freundlich model (linear form: ln Cs = ln Kf + n ln Ce) (a) and the Langmuir model (linear form: 1/Cs = 1/Cs,
-SMX, ♦-SDZ, ■-AMP adsorption on activated sludge.
max KlCe + 1/Cs, max) (b) for □-TC, ○-CTC, ▲-OTC,

Experimental results obtained in this study validated
that the sulfonamides had negligible sorption to sewage
sludge, and none of adsorption kinetics models was testified suitable for sulfonamides’ adsorption on activated
sludge (data not shown), which had been reported by other
researchers [30, 33]. The antibiotics sorption isotherms on
activated sludge of TC, CTC, OTC and AMP were regressively analyzed using Freundlich model and Langmuir
model. The sorption equations and correlation coefficients
are shown in Figure 3. The adsorption of the four selected
antibiotics to the activated sludge, determined for equilibration times ranging from 1 to 24 h, followed a biphasic
pattern: a fast adsorption within 1-2 h and a slow phase beyond this time period. As adsorption equilibrium was established within 4 h, so, in the first step experiment, 24 h
were considered in order to compare it with the available
results in the literature. The equilibrium concentrations
were 89.28, 153.73, 147.86 and 74.08mg·L-1, respectively, in the liquid-phase of TC, CTC, OTC and AMP with
the initial concentration was 200mg·L-1.

tended to prove that biosorption was the most favorable
route for TC and AMP fate into a biological system.

In Freundlich sorption model, Kf is a measure of the
degree of sorption strength, while n is used as an indicator
of whether sorption decreases with the increasing solute
concentration (n < 1) or remains constant (n=1). It was
found that the Freundlich model led to satisfactory correlation coefficients (0.995, 0.968, 0.986 and 0.995 for TC,
OTC, CTC and AMP) and the corresponding n coefficients were 0.841, 0.739, 0.631 and 0.693 (Figure 3a), reflecting that higher antibiotics concentrations, more difficult to sorb additional molecules on activated sludge. This
might occur in cases where specific binding sites became
saturated or remaining sites were less attractive to the
sorbate molecules. Furthermore, all of the n values of the
Freundlich model were less than 1 indicating an absence
of linearity between the concentrations in the soluble and
on the solid phases (Henry law’s case). Therefore, Langmuir model had to be considered.

3.3. Biodegradability of antibiotics.

It is clear from Langmuir model that the saturate sorption amounts of antibiotics on activated sludge were 81.97,
11.06, 16.69 and 32.26mg·L-1 for TC, CTC, OTC and AMP.
The fitting to the Langmuir equation yielded the results (R2
= 0.999, 0.968, 0.996 and 0.997; Figure 3b) as good as
those obtained with the Freundlich model mentioned
above. The observed Langmuir coefficients and Cs, max gave
interesting indications on antibiotics fate (Figure 3b). Furthermore, the calculated Langmuir adsorption coefficients
showed that the concentrations of TC and AMP adsorbed
on the solid phase were higher than those of CTC and
OTC and this difference was accentuated when the concentration in the solution rose as illustrated in Figure 4. The
sorption behavior of the tetracycline degradation products
(CTC, OTC) was reduced compared to the parent compounds (TC) [17] which had been testified by the antibiotics removal efficiencies in MBR. The high adsorbability
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FIGURE 4 - Calculated data for antibiotics by means of the Langmuir model.

The work mentioned above showed that most of the
antibiotics were eliminated from the soluble phase in a
membrane bioreactor. However, few conclusions on the
biodegradation of antibiotics were obtained [4, 29, 34]. To
evaluate biodegradation of antibiotics, a biodegradability
assay was conducted using sludge from the MBR in phase
3 (SRT=10d, HRT=6h).
As is shown in Figure 5, there were decreases in concentrations of TC and AMP in both reactor types. Qualitative analysis about 4-epi-tetracycline and anhydrotetracycline as well as for novel metabolites as degradation products of TC in the liquid phase by LC-MS analysis did not
show the production of these compounds or other new compounds. The strong similarity between inhibited and non-inhibited biomass as well as removal efficiencies of TC and
the lack of tetracycline metabolites further strongly suggests
that sorption was the primary mechanism for TC removal
observed in Figure 2 instead of biodegradation. The same
phenomenon was observed for CTC and OTC (data not
shown). These results had also been reported by other authors [35, 36]. Ampicillin is an important β-lactam antibiotic
and is relatively unstable, both in aqueous solution and in
storage [37]. Through hydrolyzation or other biochemical
reactions, they could translate to a variety of degradation
products. At the end of this assay, 63.2% of AMP was removed in the inhibited bioreactor, simultaneously, near
100% in the non-inhibited bioreactor without any lag phase,
which was completed within 10d (shown as Figure 5 for
AMP). It therefore can be concluded that approximately
40% or more of AMP was biodegraded, sorption and biodegradation were the primary routes for AMP removal in
MBR process.
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As far as the biodegradability of the two sulfonamide
antibiotics is concerned, the inhibited batch reactor yielded
a flat concentration profile without any marked decline of
1200

the added test compound, indicating the absence of abiotic
elimination processes, and the sulfonamide antibiotics did
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FIGURE 5 - Time profile of antibiotics in a batch reactor spiked with 1000 µg·L-1. Error bars indicate standard deviations calculated on
duplicate reactors.

not tend to sorb to the sludge. The concentration profiles
(Figure 5) showed a similar course in time for SMX and
SDZ. The highest biodegradation rates were discernible in
the non-inhibited batch reactor after day 17. While by
day 7 more than 92.5% and 74.6% of the starting concentrations were present (highest level for SMX and SDZ, respectively), the relative concentrations of all the sulfa
drugs were below 45.2% and 29.6% by day 17. Results
from the non-inhibited reactors showed that the sulfonamides were degraded only after an adaptation period.
Through these data shown in Figure 5 about SMX and
SDZ, it can be con-cluded that bacteria species might have
been adapted to sulfonamides, as they were believed to be
continuously ex-posed to different sources, and this results
obtained in this experiment are confirmed by the found
presence of soil bacteria, which are capable of growing on
sulfonamide as the sole carbon source.
The results from the biodegradation studies of antibiotics by wastewater bacteria differ considerably from those
obtained in the MBR. In the biodegradation experiment, no
biodegradation was reported for TC, CTC and OTC after
test periods of 28d, and biodegradation was detected after

day 10 for SMX, SDZ and AMP. But in the MBR, it was
found that more than 80% of the selected antibiotics were
removed within HRT 24h. This result can be attributed to
two factors that make these two tests in assessing the fate
of selected antibiotics different. First, a very low biomass
concentration (50 mg·L-1 MLSS) was used and was obtained by inoculating the test vessels with an aliquot of
MBR mixtures, which was far below the MBR biomass
concentration (Table 1). Second, the AN zone played a critical role in the antibiotics biodegradation because of its hydrolysis. Zhou and co-workers demonstrated that under anaerobic conditions, AMP (3.2 mg·L-1) and CTC (1.0 mg·L-1)
exhibit partial bacterial removal (16.4 and 25.9% respectively) in 1.25 d compared to 42.1 and 31.3% in 2.5 d [38]. So,
the anaerobic hydrolysis (biodegradation) was also considered as significant fate and transport route for SMX,
SDZ and AMP. Moreover, artificially high amounts of
specific degraders produced by long-term running bioreactor treating wastewater containing antibiotics may be
present in the MBR systems, leading to unrealistically high
degradation rates.
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CONCLUSION
The present study showed that the antibiotics, like
SMX, SDZ, and AMP have the potential to be biodegraded
in MBR process. The high adsorbability indicated that biosorption was a favorable route for TC, CTC, OTC and
AMP fate into a biological process system. During the
MBR wastewater treatment process, almost more than 80%
of the selected antibiotics were removed within 24h. SRT
was an important parameter which influenced antibiotics
removal in MBR process. At short SRT conditions, the
change of HRT led to the fluctuations of antibiotics removal efficiencies due to loading alternation. In view of the
fact that many of the pharmaceutical pollutants are resistant
to biodegradation in WWTPs, a longer SRT was needed to
strengthen specific pollutant removal. MBR technology
would become more popular for the treatment of antibiotics-containing wastewater since the MBR process could
be operated under conditions with longer SRT and high biomass concentrations as compared to the conventional
activated sludge process.
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REMOVAL OF HARMFUL ALGAL BLOOMS
USING ACTIVATED FLY ASH-MODIFIED CHITOSAN
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ABSTRACT
The performance of activated fly ash-modified chitosan (FA-MC) as a flocculant to remove Microcystis aeruginosa (M.A.) was assessed and its removal mechanism
was studied. FA-MC was very effective at removing M.A.:
90% of algae were removed at the dosage of 0.5 ml/L (corresponding to 0.25 mg/L chitosan) within 1 h or at the
dosage of 0.7 ml/L (0.35 mg/L chitosan) within 40 min.
An increased FA-MC dosage slightly increased the formation of dense floccules. After treatment, algal photosynthesis decreased remarkably, and metal ion concentration in the supernatant was below the safe concentration.
Flocculation kinetics were investigated using two models: The fitting equations based on the second-order reaction model were closer to the actual treatment efficiency,
and the equations based on the exponential reaction revealed the ceiling of algal removal efficiency. The effect
of algal extracellular organic matter (EOM) on the ability
of FA-MC to remove M.A. also was analyzed: These substances had a priority to consumption of flocculant in initial
period of flocculation and reduced the effective dosage
and hindered the charge neutrality function of FA-MC.
However, eliminating EOM can strengthen the adsorption
bridging and entrapping-sweeping functions of FA-MC
in the late stage of flocculation.

KEYWORD: Microcystis aeruginosa, powder fly ash, chitosan,
kinetics, flocculation

1. INTRODUCTION
Harmful algal blooms (HABs) in eutrophic waters
have become a serious worldwide environmental problem
[1-4]. In China, the excessive growth of toxic algae in major
lakes, such as Dianchi, Taihu, and Chaohu, remains fairly
serious despite intense government rectification efforts in

recent years. In these lakes, the primary culprit of eutrophication is the Cyanobacteria Microcystis aeruginosa (M.A.)
[5-9].
* Corresponding author

Biological, mechanical, and chemical methods have
been developed to deal with HABs. Due to relatively long
execution time and a huge engineering backup, ecological
restoration [10] are not very effective for managing large
natural bodies of water in the short run. The same is true
for biological methods such as filter-feeding fish control
and algal competition [11, 12]. Given the many potential
risks of using viruses [13], virus control methods are not
appropriate for treating large-scale HABs. Mechanically removing algae [14] using fishing, floating, or centrifugation
techniques can be effective, but such methods are too expensive to be used to treat large bodies of water. The use
of chemical algaecides often is rejected because it results
in the expedited release of microcystins [15,16] and can
have severe negative effects on other living creatures.
Among the techniques available to deal with HABs,
chemical flocculation is the most widely used emergency
approach to handle an outbreak of M.A. in large bodies of
water because of its immediate results [17-21]. However,
traditional flocculants such as poly aluminum, polyferric
chloride, and polyacrylamide can leave metal ion and
acrylamide monomer residues, which negatively impact
water quality. Furthermore, the required dosage of these
flocculants often is a few tens of milligrams per liter, which
makes it impractical to use them in large natural bodies of
water due to practical considerations and overall operating costs [22].
A very promising and environmentally friendly way
by flocculation to handle M.A. is to use nontoxic and
natural biomacromolecule flocculants without secondary
contamination [6, 7, 23]. Of these biomacromolecules,
chitosan has been studied the most, and it is considered to
be one of the most effective flocculants [23, 24]. However, the high price of chitosan limits its large-scale use
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[25]. Removal of M.A. reached 90% using soil-modified
chitosan at a dosage of 11 mg/L (corresponding to 1 mg/L
chitosan), but this technique required 8 h for sedimentation
to reach the ceiling of removal efficiency [5-7]. Use of a
magnetic polymer (4 mg/L ferroferric oxide modified with
1.6 mg/L chitosan) to remove M.A. also yielded good
results [8], although its effectiveness depended to a great
extent on the magnetic field intensity.
Fly ash, which is a product of coal consumption,
represents another potential flocculant that can be used
to remove M.A. World coal consumption was about
6,743,786,000 short tons in 2006 [26] and is expected to
increase to 9.98 billion short tons by 2030 [27]. In addition, 68.7% of China's electricity comes from coal, 58%
of the coal combustion products is fly ash [28], and only
about 40% of fly ash in China is reused [29]. The primary
components of fly ash from power stations are silica, alumina, and iron oxides, with varying amounts of carbon,
calcium, magnesium, and sulphur [30]. After fly ash is dissolved in acid, a number of cations can play the role of flocculant.
The objective of this study was to develop a technique
for using fly ash to remove HABs from water. Specifically,
we used the diluted filtrate after fly ash was dissolved in
acid to modify chitosan, and then we assessed the effect
of fly ash-modified chitosan (FA-MC) on the removal of
HABs in freshwater.
2. MATERIALS AND METHODS
2.1. Preparation of FA-MC

Fly ash was obtained from a thermal power plant in
Pingdingshan City, Henan Province, China and chitosan
(solid, deacetylation degree > 90%) was obtained from
China National Medicines Corporation Ltd. Fly ash was
dried at 70 °C and sieved through 60 mesh (0.3 mm). Next,
30 g of fly ash were mixed with 40 ml of 98% HCl in a
closed conical flask. The reaction temperature was controlled at 70 °C and the duration time was 2 h. After that,
the reactants were filtrated. Then the filtrate was diluted
40 times with distilled water. At this time, the concentration of hydrogen ion was approximately equivalent to 1%
HCl This solution was named the FD-FA. A certain amount
of chitosan was dispersed thoroughly in the FD-FA, and the
concentration of chitosan was regulated to be 0.25 g/L.
This solution was the FA-MC.
2.2. Culture of M.A.

Microcystis aeruginosa were obtained from the
FACHB, Institute of Hydrobiology, Chinese Academy of
Sciences (Wuhan Province, China) and incubated in sterilized 5 L glass flasks containing 2 L aqueous M.A. medium
at 24 ± 1 °C under fluorescent light (1000 lx, 12-h
light/12-h dark). The medium was BG11 [31], and the pH
of the medium was set at 8.5 before autoclaving by adding 0.1 mol/L sodium carbonate.

2.3. Flocculation experiments

M.A cells at the late logarithmic growth phase were
used in our experiments. The initial cell concentration for
all flocculation\sedimentation experiments was 3.48 ×
109 cells/L, or optical density of 0.150 at the wavelength
of 680 nm (OD 680 nm) [31], which is close to the concentration of the algae when blooms occur. This concentration was obtained by diluting high concentrations of algae
cultured in the laboratory with 0.5% physiological saline[5]; the latter was used to keep the activity of algae.
And the pH of the suspension was controlled at 7 ± 0.5.
The FA-MC, FD-FA, and chitosan dispersed with 1%
HCl (CDH) were used as three different flocculants to conduct flocculation experiments. The optimal dosage of flocculants was assessed. In these experiments, a given amount
of flocculants was placed in an 600 mL beaker before
500 mL of prepared M.A. suspension was added. The beakers were stirred using six head stirrers (ZR3-6, Shenzhen,
China). The procedure for flocculation experiments is to
first rapidly mix the solution at 250 rpm for 1 min, followed
by slow mixing at 20 rpm for 30 min and then settlement.
The clock was started when the stirrer stopped moving.
The water samples which were required to be tested were
obtained from these beakers. All required data were conducted in triplicate. The contents of water samples are as
follows:
After rapid mixing at 250 rpm for 1 min, a 5 ml sample of solution was taken from a beaker and placed into
the zeta potential analyzer instrument (Zetasizer Nano Z,
Malvern, Worcestershire, United Kingdom). A proper voltage was applied, the electrodialysis of floccules was inspected using a microscope, and then the surface zeta potential was calculated. The entire testing process was completed within 1 min because the floccules would continue
to grow and settle. The final value was the average of five
continuous measurements.
The tested water samples were collected at 3 cm below
the water surface in beakers. Turbidities of water samples
were determined by Hach 2100N scattering turbidimeter
(Hach 2100N Turbidimeter, Hach Company, Loveland,
Colo., USA) and the concentration change in chlorophyll
a of M.A. cells during the flocculation experiments was
measured using a PHYTO-PAM Phytoplankton Analyzer
(PHYTO-PAM, Walz GmbH, Effeltrich, Germany) after
sedimentation. Activity and health of M.A. were characterized by Fv/Fm and alpha readings recorded with the
PHYTO-PAM, which can monitor photosynthetic organisms and the physiological status of phytoplankton. Fv/Fm
indicates the health and photosynthetic efficiency of algae,
and a decrease in this value denotes the weakening of
phytoplankton activity. The Fv/Fm value of healthy M.A.
investigated in the laboratory under given circumstances
was between 0.3 and 0.5. Alpha also reflects photosynthesis ability of algae from another angle: the higher the number, the more utility rate of light energy.
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The samples collected at 3 cm below the water surface in beakers were filtered onto 0.45 µm cellulose acetate filters, and then dissolved organic carbon (DOC) was
measured using an organic carbon analyzer (TOC-VCPN,
Shimadzu, Kyoto, Japan) that was calibrated with potassium hydrogen phthalate (total carbon (TC) standards) and
sodium hydrogen carbonate and anhydrous sodium carbonate (inorganic carbon (IC) standards). TC and IC
standards ranged from 0 to 50 ml/L. DOC of samples was
cal-culated as the difference between the TC and IC measurements. The TC standards and IC standards at 0 and 20
ml/L concentration of TC or IC were used as the control
samples.
The concentrations of residual metal ions in the supernatant of beakers after flocculation were measured using a
plasma emission spectrometer (Optima 2100 DV ICP System, PerkinElmer, Boston, MA, USA). The standard for
each metal ion ranged from 0 to 10 mg/L
2.4. EOM experiments

Organic matter in an algal suspension comes mainly
from the metabolic activity of algae (algogenic organic
matter, or AOM). These substances include extracellular
organic matter (EOM) and intracellular organic matter
(IOM). Because the total decay of cells is low during the
exponential phase of algal development, most of the AOM
is EOM, which consists mainly of polysaccharides and certain secreted proteins. The EOM concentration in surface
waters that experience seasonal development of algal
blooms has attracted wide spread attention because these
substances are possible precursors of carcinogenic trihalomethanes (THMs) and haloacetic acids (HAAs), which
are formed during the conventional chlorine oxidation process and seriously affect the safety of drinking water.
Furthermore, EOM can greatly influence flocculation in a
manner similar to that of non-ionic polymers or anionic
polyelectrolytes [32-37]. Thus, removing EOM is of great
importance.
In this study, the EOM experiments compared two
groups of samples. One group (After centrifugation, or AfC) was harvested by centrifugation at 12,000 rpm for 5 min
and then suspended in beakers with 0.5% physiological
saline; the concentration of M.A. cells was controlled at
3.48 × 109 cells/L. The other group (Before centrifugation,
or Be-C) also was prepared in beakers with 0.5% physiological saline at the same concentration of M.A. cells, but
this group was not centrifuged.
2.5. Removal efficiency (RE) and flocculation kinetics

The removal efficiency (RE) was evaluated by comparing the remaining chlorophyll a density in the samples
with the concentration before treatment. RE (%) was calculated using the following equation:
⎡ C − C t ⎤
RE (%) = ⎢ a
⎥ × 100
⎣ C a ⎦

(1)

where Ca is the concentration of chlorophyll a in suspension before treatment and Ct is the concentration of
chlorophyll a after t minutes of sedimentation in a flocculated sample.
Concentrations of chlorophyll a in suspension were
measured at 10, 20, 30, 40, 50, and 60 min. Flocculation
kinetics were studied and analyzed at FA-MC dosages of
0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 ml/L.
3. RESULTS AND DISCUSSION
3.1 Performance of FA-MC in removal of M.A.
3.1.1 Optimal dosage and equilibrium removal efficiency

Figure 1 shows the removal efficiency within 1 h of
the seven FA-MC dosages tested. FA-MC dosage was a
crucial factor in the time required for M.A. removal.
When the dosage was 0.5 ml/L, FA-MC removed about
90% of M.A. within 1 h. Dosages lower than this showed
significant difficulties in settling of the floccules. With an
increase in FA-MC dosage, the removal efficiency of
M.A. at fixed times such as 10 min, 20 min, etc. had a
significant incremental trend. With increases up to 1.0
ml/L, the greater the amount of FA-MC, the denser and
larger the floccules and the better the settling performance. Dosages of 0.7 ml/L and 0.9 ml/L required only
40 min and 30 min, respectively, to remove > 90% of the
algal cells. The removal efficiency decreased slightly at
1.0 ml/L FA-MC compared with 0.9 ml/L, indicating an
appropriate dosage interval of FA-MC in practice.

Removal efficiency (%)
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FIGURE 1 - Effect of FA-MC dosage on flocculation time

Furthermore, Figure 1 shows that most of the curves
reached equilibrium after sedimentation for 1 h. Therefore,
we define the removal efficiency at 1 h as the equilibrium
of removal efficiency (Q1h). When both the cost and the
removal efficiency were taken into account, 0.5 ml/L FAMC (0.25 ml/L chitosan) appeared to be the optimal dosage
for the conditions tested here.
Our results show that FA-MC has a very clear advantage over clay techniques at a chitosan loading capaci-
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ty of 1 mg/L [6,7] and over magnetic polymer methods at a
loading capacity 1.6 mg/L; Also, FA-MC only takes 1 h
to achieve the equilibrium of removal efficiency compared to 8 h or more for those techniques.

FA-MC dosage
0.5ml/L
0.6ml/L
0.7ml/L
0.8ml/L
0.9ml/L

Turbidity (NTU)

40
30

0.14

Yield (Y)

Y(in supernatant)
Y(control)
a (control)
a(in supernatant)

0.25
0.20
0.15

0.12
0.10
0.08
0.06

0.10

0.04

0.05

0.02

0.00
0

1

2

Time (d)

3

4

0.00

FIGURE 3 - Variations of M.A. Yield and Alpha after flocculation.
3.1.3 Algal activity

The Fv/Fm and alpha of M.A. were measured in an experimental group and a control group with PHYTO-PAM.
The experimental group consisted of supernatant after flocculation, to which 0.5 ml/L FA-MC was added. The control group contained the same concentration of algae but
without the FA-MC. Within 2 days, the yield and alpha
value of M.A. in the FA-MC group were close to 0 (Fig. 3).
The marked decrease in Fv/Fm and alpha with time denotes
the substantial weakening of M.A. activity and the successful inhibition of photosynthesis. One possible explanation
for this result is that the algal surface negative potential was
changed by the cationic flocculant, which in turn had a
negative effect on nutrient absorption, caused a decline in
algal photosynthetic activity, and inhibited reproductive division. Thus, administration of FA-MC can completely prevent a second M.A. outbreak.
3.1.4 Metal ion concentrations in the supernatant

20
10
0

0.16

0.35
0.30

After 1 h when the flocculation and sedimentation experiments were complete, the beakers containing FA-MC
dosages of 0.5, 0.6, 0.7, 0.8, and 0.9 ml/L were stirred
again using six head stirrers (ZR3-6) at 20 rpm for 1 min
and then settled again for 1 h. The supernatant turbidity of
each beaker was measured. The rules of the turbidity
change in five curves suggested that the floccules didn’t
rise up easily and had stronger abilities of resistance to flow
shocks when the dosage was > 0.7 ml/L. That is, the
floccules at more dosage were less vulnerable to be influenced by water flow. The floccules that resettled in the
> 0.7 ml/L dosage experiment were still large, dense, and
had good settling performance. Therefore, for practical
application, 0.5 ml/L FA-MC can achieve a good removal
rate when dealing with a static water body, such as most
lakes and other inland waters or small fluctuating water
bodies such as surface landscape waters. For rivers and
some lakes with a fast flow rate and intense activities, a
dosage of 0.7 ml/L or 0.8 ml/L FA-MC can be used to
prevent the settled floccules from rising up again.

50

0.18

0.40

3.1.2 Ability of floccules to resist flow shocks

60

0.20

0.45

Alpha(a)
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FIGURE 2 - Ability of Floccules in resisting flow shocks at different
dosage of FA-MC.

The use of fly ash may result in heavy metal pollution
after acid activation. To test for this outcome, the concentration of metal ions in the supernatant water was measured using Optima 2100 DV ICP System at the FA-MC
dosage of 0.9 ml/L after 30 min of settling time. The concentrations of Al, Fe, Mn, and Cr ions and the hardness
level in the supernatant were all lower than those published in the Drinking Water Quality Standards (3rd edition) of the World Health Organization (Fig. 4). In addition, the concentrations of Ni, As, and Pb in the supernatant were even lower than quantitative detection limit of
the instrument. Therefore, metal ion concentrations in waters remain safe after algae removal by FA-MC.
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FIGURE 5 - Comparison of FA-MC, FD-FA and CDH
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3.2 Flocculation kinetics
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FIGURE 4 - Concentration of residual ions and hardness level in
supernatant.
3.1.5 Comparison of FA-MC, FD-FA, and CDH results

The equilibrium removal efficiencies (Q1h) of the three
tested flocculants (FA-MC, FD-FA, and CDH) were measured and compared. The abilities of FD-FA and CDH to
remove M.A. were poor compared with that of FA-MC
(Fig. 5). FD-FA and CDH removed < 50% of M.A. in the
chosen dosage interval, whereas FA-MC removed 90% of
M.A. when the dosage was 0.5 ml/L (0.25 mg/L chitosan).
This result confirmed that FA-MC performs well at removing M.A.
The reasons for this excellent performance may be
that the FD-FA procedure enhances the netting and bridging function of chitosan in the flocculation process. Chitosan and ions in FD-FA may form a special united structure that has functions beyond those of the individual compounds. In addition, some of the free metal ions dissolved
from fly ash (e.g., Fe and Al ions) are conventional coagulants for flocculation. SiO32– in FD-FA could help with
bridging and adsorption of algal cells. Details about the
specific composition and structure of various materials in
FA-MC and their mechanisms of action will require further study.
100
90

CDH
FD-FA
FA-MC

Removal efficiency (%)

80
70
60
50

The dosage of FA-MC greatly impacts algal removal.
Less than 20% of algae was removed at the dosage of
0.4 ml/L FA-MC, but when the dosage was increased to
0.5 ml/L, algal removal efficiency increased abruptly to
90.7%. Removal of M.A. improved at a relatively slow
speed and then was maintained at > 90% with increasing
dosages of FA-MC. This phenomenon illustrated that a
threshold dosage value existed for the removal of M.A.
Only when the dosage was higher than the threshold did
the flocculation efficiency increase substantially.

Using the data shown in Figure 1, the effects of FAMC on M.A. removal were studied using the second order
reaction model and the exponential reaction model. We
found good correlation between the fitting dynamics equation and the experimental data with these two models. The
two models have their respective advantages.
The second order model can be described using equation (2):

1 / Ct − 1 / Co = kt

(2)

where k is the removal rate constant; t is the sedimentation time (t >0); Co(%) is the relative concentration of
chlorophyll a in suspension before treatment (and its
initial value is 100%); and Ct(%) is the relative concentration of chlorophyll a after t minutes of sedimentation in a
flocculated sample.
Table 1 shows the fitting equations based on the second order reaction. The correlation coefficients for all
the groups were better than 0.93. The algae removal rate
constant k at each dosage and other parameters calculated
using the equations were obtained in Table 1. Moreover,
the removal laws of M.A. at different dosages of FA-MC
can be compared by k. When the dosage of FA-MC was
> 0.5 ml/L, the removal rate of algae reached 50% within
10 min and 90% within 1 h (Table 2). Moreover, FA-MC
removed > 90% of the algal cells within 40 min when the
dosage was between 0.7 ml/L and 1.0 ml/L. The removal
rate constant k, t50 (time required to remove 50% of M.A.
cells), t80 (time required to remove 80% of M.A. cells),
and Q40min (removal efficiency of M.A. within 40 min)
all illustrated that the most efficient removal of algae
occurred when the dosage was 0.9 ml/L and that the efficiency declined when the dosage was > 0.9 ml/L.
The exponential reaction model can be described using equation (3):

40
30

Ct = A • e ( −t / B ) + C

20
10
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

Flocculants dosage (ml/L)

0.8

0.9

(3)

where A, B, and C are the kinetic parameters; t is the
sedimentation time (t>0); and Ct(%) is the relative concentration of chlorophyll a after t minutes of sedimenta-
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TABLE 1 - Kinetic parameters by the second order reaction.
FA-MC
dosage
ml
0.4
0.5
0.6
0.7
0.8
0.9
1.0

Residual Chl-a concentration
%/min

Ct
Ct
Ct
Ct
Ct
Ct
Ct

= 100 /(0.004t + 1)
= 100 /(0.154t + 1)
= 100 /(0.166t + 1)
= 100 /(0.229t + 1)
= 100 /(0.259t + 1)
= 100 /(0.275t + 1)
= 100 /(0.237t + 1)

Removal rate
constant
k

Correlation
coefficient
R2

Time of removal
50% Chl-a
t50

Time of removal
90% Chl-a
t80

Removal efficiency at 40min
%

0.004

0.9810

250.00

2250.00

13.79

0.154

0.9817

6.49

58.44

86.03

0.166

0.9823

6.02

54.22

86.91

0.229

0.9828

4.37

39.30

90.16

0.259

0.9721

3.86

34.75

91.20

0.275

0.9728

3.64

32.73

91.67

0.237

0.9980

4.22

37.97

90.46

* The datas in the table was calculated by the model without a particular illustration
TABLE 2 - Kinetic parameters by the exponential reaction.
FA-MC
dosage
mg/L
0.4
0.5

+ 43.49

R2
0.9832

Time of
removal 50%
Chl-a
t50
319.29

Time of
removal 90%
Chl-a
t80
—

Removal
efficiency at
40min
%
14.23

Removal
efficiency
Ceiling
%
56.51

C t = 65.17 e −0.0585 t + 7.73

0.9981

4.59

54.58

86.01

92.27

90.7

Residual Chl-a concentration
%/min

C t = 55.29e

−0.0067 t

−0.0628 t

Correlation
coefficient

Q1h
(actual)
%
19

0.6

C t = 55.82e

+ 8.16

0.9930

4.44

54.19

87.32

91.84

90.67

0.7

C t = 30.59e −0.0501t + 5.51

0.9975

4.34

50.11

90.36

94.49

93

−0.0848 t

0.8

C t = 44.91e

+ 6.60

0.9886

2.86

32.89

91.89

93.40

93.5

0.9

C t = 43.64e −0.0866 t + 6.43

0.9723

2.75

31.64

92.20

93.57

94.3

1.0

C t = 43.74e −0.0630 t + 5.75

0.9983

3.54

40.72

90.73

94.25

93.4

* The datas in the table was calculated by the model without a particular illustration

tion in a flocculated sample. (100–C) can be defined as
the ceiling of removal efficiency (maximum of removal
rate) when t tends to infinity.
Table 1 shows the fitting equations based on the exponential reaction. The correlation coefficients for all the
groups were better than 0.96. The data in Table 2 is calculated by the model without a particular illustration. The
t50, t90, and Q40min in Table 2 all show that the exponential
reaction model produced the same rules as the second
order reaction model. Furthermore, obviously, the correlation coefficients of the former was higher than the latter.
For sedimentation time and removal efficiency, the
equations based on the second order reaction model were
closer to the actual treatment efficiency in the experiments
than those of the exponential reaction model. However,
the equations based on the exponential reaction model
identified the removal efficiency ceiling, which is helpful
for measuring the removal effect at a fixed dosage. For
example, when the dosage of FA-MC was 0.5 ml/L, the
removal rate limit was 92.27%. Thus, even if the sedimentation time was extended to > 1 h, the removal rate would
not improve. This information provides the basis for determining the best sedimentation time. For example, 30 min

was close to the removal efficiency ceiling when the chosen dosage was 0.8 ml/L, so there was no need to extend
the processing time.
3.3 Effect of EOM on flocculation and its mechanism

Table 3 lists the Fv/Fm and alpha data for the Af-C
group and the Be-C group of samples used in the EOM experiments. Centrifugation of algae cells did not appear to
have a great impact on their activity. The concentration of
algal EOM was calculated approximately based on the
DOC concentration of each sample when filtered onto a
0.45 µm cellulose acetate filter.
TABLE 3 - Influence of centrifugation on M.A. activity.
Group name
Before centrifugation
After centrifugation

Fv/Fm
0.45±0.02
0.44±0.03

α
0.154±0.015
0.151±0.018

It could be seen clearly that the removal efficiencychange curve of Af-C group occurred a sharp contrast with
the situation of Be-C group: For the Af-C group, > 80%
DOC was removed by centrifugation in algal suspension.
Algal removal could reach about 80% at only 0.1 ml/L FAMC (0.05 mg/L chitosan). For the Be-C group, although
the algal removal efficiency was < 20% at the FA-MC
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dosage of 0.4 ml/L, the DOC value in the beakers decreased from 15.6 ml/L to 3.1 ml/L. With increased dosage
of FA-MC, the DOC concentration declined greatly while
the removal efficiency of M.A. cells increased rapidly.
Thus, compared to the results for the Af-C group, in the
Be-C group a very small amount of FA-MC (0.1 ml/L) can
remove a remarkable amount of algae as soon as the DOC
concentration in suspension gets close to 3 mg/L. The
phenomenon suggests that the effect of EOM was the
main reason for the significant difference in the removal
efficiency-change curves of the two groups. The threshold
value of FA-MC dosage turned up because EOM had a
priority to consumption of flocculant.
EOM may hinder flocculation by forming complexes
with aluminum, iron, and hydrated ions [34, 38, 39], and
experimental results showed that similar substances were
also emerged formation of materials in the use of FA-MC.
Maybe these substances caused enormous increase of FAMC dosage. However, further analysis of Figure 6 and
visual observation of the floccules in the two groups revealed that our results differ from those of previous researchers: EOM consumed in prophase of Be-C group also
played a big role in strengthening the adsorption bridging
and entrapping-sweeping of floccules in the later stage of
flocculation experiments. The floccules created at dosages
> 0.5 ml/L FA-MC in the Be-C group were larger and
denser than those under the same conditions in the Af-C
group. Consequently, the final algal removal was < 85%
even when the dosage in the Af-C group was increased to
0.9 ml/L from 0.1 ml/L FA-MC because of the poorer
settling performance of the floccules due to the lack of
sufficient EOM.
The zeta potential-change curves of two groups (Fig. 7)
further confirmed the above conclusion. The optimum
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FIGURE 6 - Effect of FA-MC dosage on M.A. and DOC removal.
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FIGURE 7 - Effect of Zeta potential on M.A. removal

removal for M.A. was achieved at zeta potential values
that were less negative than –15.5 mv [19]. The zeta potential of the Be-C group increased from an initial value
of –40.6 mv to–15 mv, whereas the initial value of in the
Af-C group was –16.3 mv. This result indicates that EOM
could have a close association with the surface of algae
cells surface that greatly increases their negative potential.
Thus, FA-MC added to the beakers was captured first by
EOM and its charge neutrality function was inhibited greatly
by EOM.
4. CONCLUSIONS
Based on the results of our study, we drew the following conclusions:
FA-MC performs very well at removing M.A. It removed ~90% of M.A. at a dosage of 0.5 ml/L (0.25 ml/L
chitosan) within 1 h, at 0.7 ml/L (0.35 ml/L chitosan) within
40 min, and at 0.9 ml/L (0.45 ml/L chitosan) within 30 min.
When both the cost and the removal efficiency were taken
into account, 0.5 ml/L FA-MC appeared to be the optimal
dosage to achieve a good removal rate when dealing with
static water bodies such as most lakes, landscape waters,
etc. An increased dosage (0.7 ml/L or 0.8 ml/L FA-MC)
can be used to prevent settled floccules from rising up
again in rivers and lakes with a fast flow rate. FA-MC can
completely prevent a second outbreak of M.A. blooms due
to its negative effect on algal photosynthetic activity. The
concentrations of metal ions and the hardness level in the
supernatant were below the safe concentration.
The most distinct advantage of this technique was that
a high removal efficiency of M.A. was achievable at a low
dosage of chitosan and at an extremely short sedimentation
time. The outstanding performance of FA-MC was due to
the cooperation between chitosan and FD-FA compared with
FD-FA or CDH alone. Chitosan and ions in FD-FA may
form a special united structure that greatly enhances the
netting and bridging functions of the compound. However,
details about the specific composition and structure of FAMC requires further study.

potential (mv)

0
-10
-20

Af-C
Be-C
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The fitting equations based on the second order reaction model were closer to the actual treatment efficiency
in the experiments than those based on the exponential reaction model. However, the equations based on the exponential reaction revealed the ceiling of algal removal efficiency,
which is helpful for measuring the removal effect at a fixed
dosage and can provide the basis for determining the optimal sedimentation time.
The concentration of algal EOM had a great effect on
the dosage of FA-MC in the process of removing algae.
These substances often integrate enormously with algae
cells surface by increasing their negative potential, and they
greatly inhibited the flocculation function of FA-MC. So
EOM had a priority to consumption of FA-MC during the
initial period of flocculation, reduced the effective dosage
of FA-MC, and hindered the charge neutrality procedure.
Thus, eliminating EOM can strengthen the adsorption
bridging and entrapping-sweeping functions of FA-MC in
the late stage of flocculation. A threshold value of FA-MC
concentration existed due to the mechanism of action of
EOM.
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ABSTRACT
Catalytic hydrolysis of COS over calcined CoNiAl
hydrotalcite-like compounds (HTLCs) modiﬁed with slight
amount of lanthanum was studied. All catalysts were characterized by X-ray diffractions (XRD), Thermogravimetric
analysis (TGA), Brunauer-Emmett-Teller method (BET)
and Scanning electron microscope (SEM). The catalytic
activities results showed that addition of La could enhance
the activity of COS hydrolysis and exhibit higher sulphur
capacity. Analysis data showed the catalysts could be considered mesoporous and the surface area could be decreased
with La added. La could affect the crystalline phases of
NiO, Co3O4 and CoO, which may be the active components for catalytic hydrolysis of COS.
KEYWORDS:
Hydrolysis, carbonyl sulfide, hydrotalcite-like precursor, lanthanum

1. INTRODUCTION
Over the past decades it has become increasingly apparent that emissions of sulphur compounds into the atmosphere have been unacceptably high and the removal
of sulfur-containing compounds is one of the most important technologies. Especially, Carbonyl sulfide (COS)
which widely exists in natural gas, petroleum gas, water
gas and semiwater gas is one of the major components of
organic sulfur compounds [1-7]. Since COS is inactive
compared to H2S, removal of COS is not concerned yet as
much as H2S. In addition, the removal of COS has been
reported to be more difficult at low temperature. Not only
does COS affect the environment by leading to the formation of acid rain, but also it presents problems within
industry itself [8-11].
Attentions have recently been focused on the hydrolysis of COS because the hydrolysis products, carbon dioxide
and hydrogen sulfide, are much easier to be removed than
COS [12]. Previous papers have been devoted to the study
of COS hydrolysis on metal oxides such as Al2O3, ZrO2,
* Corresponding author

TiO2 or their mixtures [13]. Among the catalysts studied,
those mixed oxides derived from hydrotalcite-like compounds (HTLCs) have not been paid much attention. The
HTLCs have many industrial applications as catalysts, catalyst precursors, adsorbents and ion exchangers [14]. These
compounds also can be applied in catalytic ﬁelds after thermal decomposition. Heating induces dehydration, dehydroxylation and loss of compensating anions, forming mixed
oxides with basic properties, high surface area, homogeneous dispersion of the metal ions and a better resistance to
sintering than the corresponding supported catalysts [15].
There are some papers that reported that rare-earth
oxides can affect the structural and catalytic properties of
catalysts [16,17] which showed the catalyst activity was improved when rare-earth oxides added. In this paper, CoNiAl and CoNiAlLa mixed oxides derived from HTLCs
were employed for low temperature removal of COS and
their desulfurization behaviors were studied. Analysis data
from XRD, TGA, BET and SEM has provided the insight
into the surface and structure properties of La-promoted
catalyst compared to the unmodified catalyst.
2. MATERIALS AND METHODS
2.1. Catalyst preparation

The precursor HTLCs were prepared by co-precipitation from aqueous solutions reported previously [10]. A
mixture
of
Co(NO3)2·6H2O,
Ni(NO3)2·6H2O,
Al(NO3)3·9H2O
and
La(NO3)3·nH2O
([Co2+]+[Ni2+]+[Al3+]=0.075mol and the molar ratio of
Al:La is 50) was dissolved in 25ml distilled water. Unless
specified otherwise, the Co/Ni molar ratio was 0.25 and
(Co+Ni)/Al was 2. A second solution containing NaOH
(calculated amount required for complete reaction with
the divalent and trivalent metal ions) and Na2CO3
(0.075mol) in 50ml distilled water was prepared. The
metal nitrates solution was added to the aqueous alkali
slowly under mechanical stirring at 25℃, and then the
solution was stirred for another 30min after synthesis. The
pH of the solution was adjusted by HCl and Na2CO3 to 9.
The resulting slurry was aged at 50℃ for 12h. The precipitate was then filtered with distilled water until the filter
liquor attained a pH of 7. The resulting solid was dried
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at 60℃. To produce mixed oxides, the HTLCs were
calcined in air at 350℃ for 2h and at a heating rate of
5℃/min. The synthesized samples were named CoNiAl and
CoNiAlLa.
2.2 Characterization

X-ray diffraction (XRD) pattern was obtained with a
Rigaku diffractiometer operated at 36KV and 30mA by
using Ni-filtered Cu Kαradiation (λ=0.15406 nm) at a rate of
5°/min from 2θ=20°to 80°. The powdered samples were
analyzed without previous treatment after deposition on an
agate mortar. The identification of crystalline phases was
made by matching the JCPDS files.
Thermogravimetric analysis (TGA) of a modiﬁed sample was performed in a Shimadzu TGA-60H. The sample
(before calcination) was loaded into aplatinum pan and
heated from room temperature to 800℃ at a heating rate of
10℃/min. The sensitivity and precision are 0.001mg and
±1%, respectively. The range of thermography is (±1±1000) µV.
The Brunauer-Emmett-Teller (BET) specific surface
areas and pore size distribution for the samples were determined by N2 adsorption using a Autosorb-1-C instrument.
The samples were first outgassed at 573K for more than 12 h
before adsorption isotherms were generated by dosing nitrogen (at 77K) on the catalysts.
XL30ESEM-TMP (Poland) type scanning electron microscope (SEM) coupled with energy-dispersive X-ray spectrometry (EDAS) were used for microstructure observation of the interface and element distribution of samples.
EDAX (PHOENIX) Genesis 2000 with Be detector.

The X-ray diffractions of the samples are shown in
Fig. 1. All precursors exhibit sharp and symmetrical reﬂections at 11.5°, 23.2°, and 60.3°(ascribed to the diffraction by the (003), (006) and (110) planes) and broad and
asymmetric reﬂections at 34.8° and 38.8° (ascribed to the
diffraction by the (102) and (105) planes), characteristic
of a well-crystallized HTLCs[18]. A lower crystallinity of
the hydrotalcite phase is observed in the sample with La
as compared with CoNiAl hydrotalcite, expressed as lower
intensities in diffraction lines. This could be due to the
large distortion introduced in the layers because of the difference in the ionic radii of La3+(1.06 Å) due to octahedral
coordination[19].

(A)

2.3 Measurement of catalytic activity

The catalytic activity tests were carried out in a fixedbed quartz reactor (4mmi.d×100mm length) under atmospheric pressure. The gases were supplied by pressurized
cylinder. For COS hydrolysis, the COS from gas cylinder
(1% COS in N2) was diluted by nitrogen (99.99%) to the
set concentration. Delivery of the feed gases to the reactor
was controlled by means of flowmeters expect H2O, which
was introduced through a saturator. Then the reactants reacted in the reactor. In view of environment, the off-gas
was absorbed by NaOH solution. The gas hourly space
velocity (GHSV) was controlled by mass flow controllers. The temperature of this reactor was controlled to 50℃
over its entire length by water-bath with circulating pump,
with accuracy ±1℃. The conversion of COS was determined by analyzing the inlet and outlet concentration of
COS using a GC-508 gas chromatography with a flame
photometric detector (FPD).
3. RESULT AND DISCUSSION
3.1. X-ray diffraction analysis

(B)
FIGURE 1 - XRD for: (A) precursors, (B) mixed oxides

As shown in Fig.1(B), upon calcination at 350℃, the
structure of HTLCs collapsed and the XRD patterns show
the formation of poorly crystallized mixed oxides with a
mesoporous surface as we can see in Fig. 3. Due to the
broadness of the XRD peaks, their exact assignment to
a well-deﬁned phase was not possible. However, the characterizing peaks of lanthanum crystal are hardly observed,
which results from the low La content. It can be seen Lacontaining sample results in an increase of the peak height
of diffraction lines of NiO and Co3O4 phases which indicates the La lead to a signiﬁcant increase in the crystallite
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size of NiO and Co3O4 phases. The observed changes in the
degree of crystallinity due to the adding of La are expected
to modify the structural properties. Moreover, it appears
CoO diffraction peaks in the La-containing sample.
3.2 Thermogravimetric analysis

Fig.2 shows the thermogravimetric analyses for precursors of the hydrotalcites which is similar to the TG and
DTA curves of other carbonate hydrotalcite[20,21]. Each
one of the precursor exhibits a two-stage thermal decomposition characterizing layered double hydroxides. The ﬁrst
thermal decomposition takes place at around 210℃ and it
corresponds to a weight loss 12% and 14%, respectively,
which corresponds to the loss of inter layer water without
collapse of the layered structure, and this step is reversible. The second endothermic peak at around 340-345℃ is
attributed to ascribed to the removal of hydroxyl groups
in the metal hydroxide layers and CO2 resulting from the
decomposition of CO32- present in the interlayer space as
charge-balancing anion [22]. The loss of weight both
accounts for about 28%. The TG curve is almost a straight
line after 350℃, and there is no weight loss phenomenon.
In our study the two endothermic peaks of CoNiAlLa shift
to higher temperature than CoNiAl, which indicates that
the thermal decomposition is handicapped by the addition
of La in the sample.

(B)
FIGURE 2 - TG/DTA curves of (A) CoNiAl, (B) CoNiAlLa
3.3 Surface area and N2 adsorption studies

The surface area, pore volume and average pore diameter of mixed oxides derived from HTLCs are presented
in Table 1.
TABLE 1 - Surface area, pore volume, and average pore diameter
data of catalysts
Sample code

Surface area

Total pore volume

CoNiAl

289.8m2/g

4.424E-01cm3/g

Average pore
diameter
6.106nm

3.152E-01cm3/g

7.924nm

CoNiAlLa

2

159.1m /g

From the Table, it can be observed that the CoNiAl
catalyst has surface area about 289.8m²/g. However, the
addition of La decreases to 159.1m²/g, which also leads to
the decrease of total pore volume. From the XRD, the Lafree catalyst exhibits partly amorphous phase, but the La
accelerates the crystallinity of mixed oxides, which may
result the surface areas decreased. On the other hand,
although the surface areas are decreased when La are
added, the average pore diameter is increased. This is
supported by the results of pore size distributions presented in Fig.3(A).

(A)
(A)

(B)
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FIGURE 3 - Pore size distribution and N2 adsorption-desorption
isotherms of catalysts. (A) Pore size distribution, (B) N2 adsorptiondesorption isotherms

As shown in Fig.3(A), it is clear that all of these materials can be considered mesoporous, i.e., having pores at
39.69-62.24Å. However, In case of CoNiAl, the volume
of pores at the range of 30-50Å is obviously more than
that of CoNiAlLa. But the volume of pores between 50 Å
and 83 Å increases after modification with La. Besides, it
should also be noted that, despite the change in surface
area and pore volume are got, the materials studied have
the same pore size distribution.
Fig.3 (B) shows the adsorption and desorption isotherms of samples. All samples present type IV isotherms
according to IUPAC classiﬁcation, typical of mesoporous
materials[23], with the hysteresis loop associated with capillary condensation in the mesopores. Adsorption isotherms
of this type are represented by mesoporous materials with
no or few of micropores and strong interaction between adsorbent and adsorbate molecules. The hysteresis type showed
that the aggregates of plate-like particles formed nonuniform
slit-shaped pores[24].
3.4 Scanning electron microscope (SEM-EDAX) analysis

Fig. 4 shows the SEM micrographs of fresh and used
catalysts. The particle size distribution is uneven. The fresh
sample is made up of irregular particles and is character-

(A)

(B)

(C)

(D)

ized by a rough appearance on the surface where primary
aggregates of smaller sizes are located. Also, fractures in
the particles are observed, these are probably are caused by
the thermal process. A similar morphology was observed in
the fresh sample of CoNiAlLa. But the particle size distribution is evener than it. Moreover, the surface become more
contact and porous with adding La, even the surface area is
lower.
After the COS hydrolysis, the morphology changes a
lot. The surface is covered by products and become rough
and loose. There is a formation of material aggregates of
smaller sizes. There are more pores and these pores are
blocked. Meanwhile, the particle size distribution of CoNiAlLa is evener compared with the sample of CoNiAl.
3.5 Catalytic activity

Fig.5 shows the catalytic performance of a series of
catalysts. As shown in Fig.5, the differences between the
La-containing and La-free catalysts are little. For sample
CoNiAl, a 99% conversion was observed for about 210 min.
The result of CoNiAlLa is 210min too. However, the sulfur
capacity of 99% conversion increased from 4.084 (gS*/
gcatalyst) of CoNiAl to 4.888 (gS*/gcatalyst) of CoNiAlLa.
Therefore, La played an important positive role in COS
conversion and sulfur capacity.
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FIGURE 4 - SEM image of the surface of the samples (2000×) (A) CoNiAl catalyst (B) the exhaust CoNiAl catalyst (C) CoNiAlLa catalyst (D)
the exhaust CoNiAlLa catalyst.
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FIGURE 5 - COS conversion using various catalysts. Reaction
condition: 1016mg/m3 COS, 50℃, GHSV=2000h-1, temperature of
saturator=25℃, N2 to balance.

In summary, the catalytic activity is improved by
adding lanthanum. The promoted activity of CoNiAl can
be attributed that, lanthanum can act as not only structural
promoter but electronic promoter for metal oxides. Therefore, the activity is higher for removal of COS.
4. CONCLUSION
The lanthanum modified catalyst, which was obtained
through the thermal decomposition of HTLCs precursors,
exhibited high catalytic hydrolysis of COS with sulfur capacity of 4.888 (gS*/gcatalyst). Better dispersion and smaller
size of catalyst can be achieved when La was added. La
could lead to a signiﬁcant increase in the crystallite size
of mixed oxides. The increasing numbers of effectively
active sites displayed higher catalytic activity. Moreover,
the addition of La could increase the average pore diameter. The materials were mesoporous in nature and the surface areas of catalyst with La were lower than those without it.
ACKNOWLEDGMENTS
The work was supported by National Natural Science Foundation (50908110), National High Technology Research and Development Program of China
(2008AA062602), China Postdoctoral Science Foundation
(20090451431), Young and Middle-aged Academic and
Technical Back-up Personnel Program of Yunnan Province (2007PY01-10), the Analysis and Measurement foundation of Kunming University of Science & Technology.

[1]

Paris D.N.Svoronos, Thomas J.B. (2002) Carbonyl Sulfide:
A Review of Its Chemistry and Properties. Ind. Eng. Chem.
Res. 41(22), 5321-5331.

[2]

Colin R., Stewart A.R., John W., et al. (2000) The lowtemperature hydrolysis of carbonyl sulfide and carbon disulfide: a review. Catal. Today. 59(3-4), 443-464.

[3]

Guan J.S., Li C.H., Guo H.X.. (1998) Hydrolysis of carbonyl
sulfide and carbon disulfide over alumina based catalysts .
Study on activities of COS and CS2 hydrolysis. J. Nat. Gas
Chem.. 7(1), 16-23.

[4]

Zhang Y.Q., Xiao Z.B., Ma J.X. (2004) Hydrolysis of carbonyl sulfide over rare earth oxysulfides. Appl. Catal., B:.
48(1), 57-63.

[5]

Liang L.T. (2005) The study on modified alumina based catalyst for high concentration carbonyl sulfide hydrolysis. Taiyuan university of technology.

[6]

Fan H.L., Li C.H., Guo H.X. (1999) A study on removal of
organic sulfur compound with modified activated carbon. J.
Nat. Gas Chem.. 8(2), 151-156.

[7]

Ilten N, Sungur U. (2009) Removal of sulphur during combustion of coal by using lime, Fresen. Environ. Bull. 18(12),
2295-2300.

[8]

Kinya Sakanishi, Zhiheng Wu, Akimitsu Matsumura, et al.
(2000)Simultaneous removal of H2S and COS using activated
carbons and their supported catalysts. Catal. Today. 104(1),
94-100.

[9]

Williams B.P., Nvicola C.Y., John W., et al. (1999) Carbonyl
sulphide hydrolysis using alumina catalysts. Catal. Today.
49(1-3), 99-104.

[10] Dennis E.S., Tonya M., Patricia M.P., et al. (2008) New sulfur adsorbents derived from layered double hydroxides :
Synthesis and COS adsorption. Appl. Catal., B:. 82(3-4), 5866.
[11] Liu Y.C., He H., Mu Y.J. (2008) Heterogeneous reactivity of
carbonyl sulfide on α-Al2O3 and γ-Al2O3. Atmos. Environ..
42(5), 960-969.
[12] Xinxue LI, Yingxin LIU, Xionghui WEI. (2005)Hydrolysis
of carbonyl sulfide in binary mixture of diethylene glycol diethyl ether and water. Chinese J.Chem.Eng.. 13(2), 234-238.
[13] Laperdrix E., Justin I., Costentin G., et al. (1998) Comparative study of CS2 hydrolysis catalyzed by alumina and titania.
Appl. Catal., B:.17(1-2), 167-173.
[14] Kameda T., Yagihashi N., Park K.S., et al. (2009) Preparation of Fe-Al layered double hydroxide and its application in
Sb removal. Fresen. Environ. Bull. 18(6), 1006-1010.
[15] Casenave S., Martinez H., Guimon C., et al. (2001) Acidbase properties of Mg-Ni-Al mixed oxides using LDH as
precursors. Thermochim. Acta. 379(1-2), 85-931.
[16] Qi G.S. Yang R.T., Chang R. (2004) MnOx-CeO2 mixed oxides prepared by co-precipitation for selective catalytic reduction of NO with NH3 at low temperatures. Appl. Catal.,
B:., 51(2), 93-106.

780

© by PSP Volume 20 – No 3a. 2011

Fresenius Environmental Bulletin

[17] Zhao H., Zhang D.X., Wang, F.F., et al. (2009) Modification
of Fe-Mn oxide COS removal sorbent by rare-earth oxides
addition. Process Saf. Environ. Prot..87(4), 274-280.
[18] Octávio R., Macedo N., Nielson F.P., Ribeiro, Carlos A.C.
Perez, (2010) Incorporation of cerium ions by sonication in
Ni-Mg-Al layered double hydroxides. Applied Clay Science.
48(3), 542-546
[19] Huheey J.E., Keiter E.A., Keiter R.L., (1993) Inorganic
Chemistry Principles of Structure and Reactivity, fourth ed.,
Harper Collins, New York.
[20] Kannan S., Dubey A., Knozinger H. (2005) Synthesis and
characterization of CuMgAl ternary hydrotalcites as catalysts
for the hydroxylation of phenol. J. Catal.. 231(2), 381-392.
[21] ZHOU T., ZHAN K.T., LI F., et al. (2002) Preparation and
Characterization of Magnesium-Iron Hydrotalcite as Magnetic Layered Precursor. Chin.J.Inorg.Chem.. 18(8), 777-781.
[22] Kulamani P., Jasobanta D... (2000) Mg/Al hydrotalcites:
preparation, characterisation and ketonisation of acetic acid.
J. Mol. Catal. A: Chem.. 151(1-2), 85-192.
[23] DonohueU M.D., Aranovich G.L.. (1998) Classification of
Gibbs adsorption isotherms. Adv. Colloid Interface Sci.. 7677, 137-152.
[24] Gabriela C., Ryuichi N., Takashi A., et al. (2001) Textural
properties of layered double hydroxides: effect of magnesium
substitution by copper or iron. Microporous Mesoporous Mater.. 47(2-3), 275-284.

Received: October 19, 2010
Accepted: December 15, 2010

CORRESPONDING AUTHOR
Honghong Yi
Faculty of Environmental Science and Engineering
Kunming University of Science and Technology
WenChang Road No.68 YiErYi Avenue
Kunming 650093
P R. CHINA
Phone: +86 871 5170905
Fax: +86 871 5170906

781

E-mail: yhhtxl@126.com.
FEB/ Vol 20/ No 3a/ 2011 – pages 773 - 778

© by PSP Volume 20 – No 3a. 2011

Fresenius Environmental Bulletin

REMOVAL OF Cr (VI) BY ADDITION OF POWDERACTIVATED CARBON TO THE ACTIVATED SLUDGE PROCESS
Qiming Liu 1, 2, *, Zhiyong Huang 1, Yaping Zhang 1, Yunfeng Huang 1, Jinmei Lin 1 and Yaxian Yao 1
1

Institute of Environmental Engineering, Biotechnology Engineering College, Jimei University, Xiamen 361021, China
2
Department of Civil & Environmental Engineering, University of Delaware, Delaware, 19716, USA

ABSTRACT
Removal of Cr (VI) ions from aqueous solution was
investigated using powder-activated carbon (PAC). Experimental results showed that the adsorptive capacity of
PAC for Cr (VI) was much higher than that of activated
sludge; adsorption of PAC for Cr (VI) is highly pH dependent and the best results were obtained in the pH range
of 1.0-2.0. Adsorption of Cr (VI) on PAC was found to be
effective at higher temperature, which could be well described by the Freundlich isotherm. Also higher removal
efficiency of COD was obtained from the unit with PAC
addition than that without.
KEYWORDS: Powder-activated carbon (PAC), adsorption, Cr(VI),
activated sludge.

1. INTRODUCTION
The activated sludge process is one of the mostly used
methods for industrial and municipal wastewaters treatment.
The disturbance in treatment performance caused by the
presence of inhibitory or toxic substances, especially heavy
metals, often was encountered in conventional activated
sludge operations. The removal of toxic heavy metal ions
from wastewater is an important issue and has been widely
studied [1-4]. One of the heavy metals that have been a
major focus in wastewater treatment is chromium (Cr) [5, 6].
Chromium is a widespread contaminant in the environment which originates from the emissions of industry including electroplating, pigmentation, metal cleaning, leather
processing and mining. Chromium exists in 9 valence states
ranging from -2 to +6. Nevertheless, only hexavalent Cr (VI)
and trivalent Cr (III) are ecologically more important because
they are the most stable oxidation forms in the natural environment. Cr (VI) is of particular concern due to its high
toxicity to humans, animals, and plants. The presence of
Cr (VI) in wastewater in high concentration could significantly inhibit biomass growth during activated sludge biological treatment processes. Conventional technologies for
* Corresponding author

Cr (VI) removal from aqueous solution include chemical reduction/precipitation, ion exchange, membrane separation,
and adsorption [7]. Among them, adsorption offers significant advantages like low cost, availability, profitability,
easy of operation and efficiency, in comparison with other
methods. The most studied adsorbent in Cr adsorption
is found to be the activated carbon derived from various sources for its exceptionally high surface areas (5001,500 m 2 g−1), well-developed internal micro-porosity
structure as well as the presence of a wide spectrum of
surface functional groups like carboxylic group [8]. Based
on its size and shape, activated carbon is classified into
four types: powder activated carbon (PAC), granular activated carbon (GAC), activated carbon fibrous (ACF), and
activated carbon clothe (ACC). There are many references
in the literature concerning the use of activated carbons to
remove Cr (VI). Due to the different sources of raw materials, the extent of chemical activation, and the physicochemical characteristics, each type of activated carbon has
its specific application as well as inherent advantages and
disadvantages in wastewater treatment [7, 9].
The main objectives of this work were to determine
the factor affecting the adsorption of Cr (VI) on PAC, and
to evaluate the effect of PAC addition to activated sludge
process for treatment of wastewater containing Cr (VI).
2. MATERIAL AND METHODS
2.1 Materials

In this study, the batch adsorption tests of Cr (VI) on
PAC and activated sludge were carried out in 1-L glass
vessels. Lab-scale polyethylene aeration activated sludge
reactors (5 L) were used for studying the effect of PAC on
COD removal. In this study, synthetic wastewater (COD
approx. 500 mg/L) was used. The stock solution of 1 g/L
Cr (VI) was prepared by dissolving K2Cr2O7 (analytical
reagent grade) in deionized water. Working concentrations
were obtained by diluting the stock solution with deionized
water, and pH was adjusted to desired values with 1 mol/L
HCl or NaOH solutions. The activated sludge was obtained
from the aeration tank of a municipal wastewater treatment
plant, and was acclimated to the synthetic wastewater for
10 days. The adsorbent was powder activated carbon (PAC-
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32, Kinyu Inc.). An average particle size of 0.07 mm was
used for the adsorption studies. The physical-chemical
properties of the PAC used are summarized in Table 1.
TABLE 1 - The physical-chemical properties of the used PAC.
Properties
Surface area (m2/g)
Bulk density (g/ml)
Moisture (%)
Ash (%)
Methylene blue adsorption (mg/g)

Values
1100-1200
0.48-0.52
4.6
3.3
>120

2.2. Analysis

The concentrations of Cr (VI) were analyzed by measuring the optical density of the purple complex of Cr (VI)
with 1,5-diphenylcarbohydrazide at 540 nm with a Hitachi
UV-VIS spectrophotometer. COD values were analyzed
according to the Standard Methods for Water and
Wastewater Examination [10]. All the experiments were
conducted in duplicate to confirm the results, and the data
were mean values of replicate determinations (relative
standard deviation <5%).

FIGURE 1 - Effect of adsorbent dosage on Cr (VI) adsorption.

3. RESULTS AND DISCUSSION
3.1. Adsorption Tests

The adsorption tests were designed to study the adsorption kinetics mechanism of Cr (VI) effect of sorbent
dosage (100, 200 and 300 mg/L) at pH 1, 2, 3, 4, 5, 6, 7, 8
and 9, respectively, and temperature (293, 298 and 303 K)
over a 5-10 hours period. The initial concentration of Cr (VI)
was 10 mg/L.
3.1.1. Effect of sorbent dosage on adsorption

The batch adsorption tests of Cr (VI) on activated
sludge with and without PAC were carried out in the 1-L
glass vessel at room temperature (293 K) and neutral pH.
The dosages of PAC were 100, 200 and 300 mg/L, respectively. In general, adsorption of Cr (VI) by activated
sludge with PAC was more significant than by activated
sludge only. The initial adsorption of Cr (VI) by activated
sludge without PAC was relatively rapid, about 35-40%
of the equilibrium value was reached within the first
120 min. Besides, the initial adsorption of Cr (VI) by activated sludge with PAC was much faster than without PAC.
About 60-70% of the equilibrium value was reached within
30 min, and equilibrium was reached after 10 h. The plots
are smooth and continuous suggesting the possible monolayer adsorption of Cr on the surface of PAC (Fig. 1). This
result agrees well with those of many previous researchers
[11-15].
3.1.2 Effect of pH on adsortpion

Removal of Cr (VI) by PAC at different pHs is shown
in Fig. 2. Cr (VI) concentration decreases significantly with
pH decrease from 9.0 to 1.0. This indicates that the adsorption capacity of the adsorbent is clearly pH-dependent.

FIGURE 2 - Effect of pH on Cr(VI) adsorption.

The pH of the system determines the adsorption capacity due to its influence on the surface properties of the
PAC and different ionic forms of the Cr solutions. At pH
1.0, the chromium ions exist in the form of H2CrO4, while
in the pH range of 1.0–6.0 different forms of Cr ions, such
as Cr2O72-, HCrO4-, Cr3O102-, Cr4O132-, coexist of which
HCrO4- predominates. When pH increases, this form shifts
to CrO42- and Cr2O72-. Chromium exists in different oxidation states and the stability of these forms depends upon
system pH [16, 17]. The equilibrium that exists between
different ionic species of chromium is as follows:
(1)
(2)
(3)
High adsorption of Cr(VI) at acidic pH indicates that
low pH (<2) leads to an increase in H+ ions on the carbon
surface resulting in significantly strong electrostatic attraction between positively charged PAC surface and chromate
ions. Adsorption of Cr (VI) on the activated carbon was
not significant at pH values greater than 6.0 due to dual
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competition of both the anions (CrO42- and predominating
OH-) to be adsorbed on the surface of the adsorbent [13].
3.1.3 Effect of temperature on adsorption

Cr(VI) adsorption onto PAC shows an increase in adsorption capacity when temperature is increased from 293
to 303 K at pH 2.0 (Fig. 3). This indicates that the adsorption reaction is endothermic in nature. The enhancement
of the adsorption capacity may be due to the chemical interaction between adsorbate (Cr(VI) ions) and adsorbent
(PAC), creating some new adsorption sites, or the increased
rate of intra-particle diffusion of Cr(VI) ions into the pores
of the PAC at higher temperatures [18].

The calculated Freundlich adsorption coefficients for
PAC and activated sludge are listed in Table 2. The data
show that the slope of the isotherm line of PAC adsorption
was much steeper than that of activated sludge adsorption,
and the corresponding n values obtained for PAC adsorption were less than half of those obtained for the activated
sludge adsorption. These results indicate that the adsorptive capacity of PAC for Cr(VI) is much greater than that
of activated sludge.
TABLE 2 - Values of the parameters for Freundlich model.
Adsorbents
PAC
Activated sludge

Kf
0.037
0.395

n
0.729
1.906

3.2 Effect of PAC on COD

To investigate the effect of PAC addition to activated
sludge process on treatment of Cr(VI)-containing
wastewater, 2 lab-scale polyethylene-made, aeration activated sludge reactors (5 L) were operated in parallel over
a 10-h period at room temperature. The initial COD,
MILL and Cr(VI) concentrations of wastewater were adjusted to 500, 2000 and 10 mg/l, respectively. In the PACaddition unit, PAC concentration was approx. 200 mg/L.

FIGURE 3 - Effect of temperature on Cr(VI) adsorption.
3.1.4 Adsorption isotherms

Freundlich isotherm describes the heterogeneous surface energies by multilayer adsorption. In this study, adsorption equilibrium data of Cr(VI) on PAC and on activated sludge at pH 7.0 and T = 303 K are shown in Fig. 4,
which fitted to the Freundlich isotherms in Equation (4).
X/m = Kf . Ce1/n

(4)

where, X/m = amount of Cr(VI) adsorbed per unit dry
weight of PAC or activated sludge; Ce = residual bulk solution phase concentration of Cr(VI) (mg/L; Kf = Freundlich
multilayer adsorption capacity (mg/g); n = Freundlich adsorption coefficients.

FIGURE 4 - Adsorption isotherms at pH 7.0 and T = 303 K.

FIGURE 5 - COD removal efficiency (%) with and without PAC
addition.

The continuous observations for COD removal efficiencies are shown in Fig. 5. The data show that both units
increased in COD removal efficiency with increasing time.
But the PAC addition unit’s COD removal efficiency was
not affected by the Cr(VI), and efficiency was more than
92% after 10 h. The unit’s COD removal efficiency without PAC addition was significantly affected by the Cr(VI),
and COD removal efficiency of this unit was only 75%
after 10 h. Since COD removal is mainly due to biological
metabolism, addition of PAC into the aeration activated
sludge rector would not increase COD removal efficiency
directly. As shown in Fig. 1, the major reason for increase
in COD removal efficiency with addition of PAC into the
aeration rector with presence of Cr(VI) might be the adsorption of Cr(VI) by PAC to minimize the inhibitory
effect of Cr(VI).
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4. CONCLUSIONS
(1) Adsorptive capacity of PAC for Cr(VI) was much
higher than that of activated sludge. The equilibrium conditions were reached after 10 h.
(2) Adsorption of PAC for Cr(VI) is highly pH-dependent, and the best results are obtained in the pH range
1.0-2.0.
(3) Adsorption of PAC for Cr(VI) is found to be effective at higher temperatures. Increase in adsorption capacity with rise in temperature reveals that the adsorption is
chemical in nature and the process is endothermic, which
could be well described by the Freundlich isotherm.
(4) Higher removal efficiency of COD was obtained
from the PAC unit compared to that without PAC addition.
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ABSTRACT

1. INTRODUCTION

Improved nutrient management in precision agriculture is important for achieving high yield and protecting
environmental quality. The objectives of this study were
to explore the spatial distribution of soil-available microelements and investigate the spatial relationship between
corn yield and soil properties. The topsoil was sampled
according to a nested sampling pattern (20*20 m), to describe the spatial variability by geostatistical techniques
from 0 to 220 m. The mean plant-available Cu, Zn, Fe,
and Mn contents were 1.91, 0.63, 16.88, and 11.93 mg kg-1,
respectively, being at medium or at high levels. The results indicated that coefficient of variation for soil properties varied from 1.28 (pH) to 47.51 % (EC). Within the field
studied, moderate spatial dependence was found for many
of the variables, but at different spatial scales. The semivariance analysis showed that available Zn and Mn were
spatially correlated at the greater distances of 155.8 m and
379.8 m, hence requiring the largest sampling interval,
and available Cu and Fe were at shorter distances of 95.3
and 57.1 m, respectively. Yield map showed few consistent high or low yielding areas of the field. Although
no correlation was found between Zn content and corn
yield, inadequate Zn and the lowest yield amount were
clustered in the northern corner of the study area. The
clustering nature of data probably resulted from the differences in soil characteristics of the study area. The results
revealed that available macro and micronutrient status
showed wide variations across the study area which was
mainly associated with the variation in soil texture, organic matter and calcium carbonate contents of the field. The
spatial variation in soil characteristics within the field has
clearly been reflected in the yield of corn.

KEYWORDS:
spatial variability, yield, micronutrient, alluvial.

* Corresponding author

Although plants need micronutrients in small quantities in the vegetative period, they are essential for normal
growth and health. Eight trace elements are essential for
crops: boron (B), chlorine (Cl), copper (Cu), iron (Fe),
manganese (Mn), molybdenum (Mo), nickel (Ni) and zinc
(Zn). Inadequate supply of these elements reduces the yield
and the quality of crops [1]. The importance of micronutrients in crop production is defined as the output of magnitude of impacts per unit area, and the area of impact.
Impact is most commonly measured as crop yield. However, a variety of other physical and chemical properties
may be more important for marketing the output products
than yield, including crop quality, and physical defects of
the harvested products [1]. Hence, for the better management of agricultural production areas, determination of
nutrient content of soils has a great importance [2].
Soil variability is naturally caused by climate, topography, parent material, vegetation, time, and management
practices. Geostatistic has been proved to be one of the
most effective methods in analyzing the spatial variability
of soil features. Parent materials and pedogenic processes
are the main factors of variation in total micronutrient content of soils. Micronutrient content of parent materials
widely differs, and diversity in the weathering regimes
boosts variability in distribution and availability of micronutrient contents of soils [3]. The spatial distribution characteristic of soil micronutrients is the result of long-term
effects of soil parent material and exogenous inputs, and it
is a concrete manifestation of soil spatial heterogeneity.
The inputs of trace elements to agricultural soils mainly include atmospheric deposition, livestock manures, fertilizers
and agrochemicals, sewage irrigation, sewage sludge, and
some other sources such as compost and e-waste [4].
Farmers and researchers have known that crop yields
are not uniform across their fields. Some locations will
consistently produce higher or lower yields than the field
average. Such variation decreases the effectiveness of uniform applied soil management practices on a field scale,
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reducing the productive potential of a given area [5]. Crop
production is affected by factors that vary both in space
(spatial variability) and time (temporal variability). Total
content of micronutrient in soil is weakly affecting their
availability. Micronutrient uptakes by crops mainly occur
due to the differences in soil conditions, climate, crop genotypes and management [6]. Rashid and Ryan [7] and Sharma
et al. [8] reported that high-yielding crop varieties, lack of
organic manure application and excessive use of chemically pure fertilizers are the common management practices
intensifying micronutrient deficiency in Mediterranean countries and India. Zinc deficiency is the most widely faced micronutrient problem throughout the world affecting many
crops including cereals. Boron deficiency is the second
most widespread micronutrient problem. Iron deficiency is
important, especially in the regions with Mediterranean
climate. Copper deficiency is important in some parts of the
world, such as Europe and Australia. Likewise, Mn and Mo
deficiencies vary in importance around the world.
Similar conditions are also expected to be observed in
agricultural production systems in Turkey. Calcium carbonate content of Turkish soils is mainly greater than 5%,
organic matter content is lower than 2%, and pH is higher
than 7.0 [9]. Turkish soils have been classified as Zndeficient based on 298 soil samples [10]. In another study,
conducted nationwide with 1511 surface soil samples, it
was shown that 26% of the soils had Fe deficiency, 49%
had Zn deficiency, and 0.7% had Mn deficiency [11]. However, Cu deficiencies have not been reported to date.
Akbaş et al. [2] has employed the geostatistics in mapping micronutrients at the field-scale. Geostatistic models
have been used in soil science to describe spatial variation
of many soil properties [12-13]. Various studies have shown
that spatial variability of soil properties, including nutrient
status, can occur across fields owing to tillage, fertilization, cropping history, and other reasons.
Intensive efforts have been paid on micronutrient
content of soils, and some were conducted on quite small
(1-10 ha) agricultural plots [14-18]. Diaz et al. [18] reported strong spatial dependency in extractable micronutrient contents within a small plot of Histosols. However,
Wopereis et al. [19] observed no significant spatial patterns in total heavy metal contents within a one-hectare plot.
Khan and Nortcliff [20] found from a single soil series in
Berkshire (UK) that iron and manganese had greatest spatial variabilities and, hence, required the largest sample
sizes, whereas copper and zinc had been less spatially
variable. Akbaş et al. [2] reported that Cu and B had moderate variability, but Fe, Mn and Zn had high variability in both topsoil and subsoil in an alluvial field under
different crop patterns.
Although the concept is not new, variability of soil’s
physical and chemical properties could not be taken into
account in agriculture since the technology was not available and affordable. But today, new tools and devices are
available at affordable price. The heterogenic fertilizer ap-

plication and its technology are of great concern in today’s
agriculture. Therefore, the spatial determination of soil nutrient contents over agricultural areas is important for heterogenic fertilizer application. Creating intermediate scale
micronutrient maps is also useful in describing specific
areas where deficiencies or toxicities are likely for agriculture, and in determining localized soil characteristics that
may be associated with such problems. The detailed soil micronutrients maps and availability in individual fields are
being developed providing guidelines for site-specific precision agriculture management and sustaining food security
[3].
Crop production is a function of three factors, namely,
soil, inputs and weather conditions. Weather conditions are
beyond manipulation while inputs can be controlled. The
amount and type of inputs required depend on soil factors.
The current crop production practice in Turkey involves
uniform application of inputs to the soil. Menemen plain
is one of the most fertile plains in Turkey, and a key agricultural production area within Aegean Region. With rapid
development of agriculture in Aegean Region, the management of micronutrients and other important soil characteristics are of increasing concern to sustain crop
productivity. Because, excessive use of fertilizers in agricultural fields is common with detrimental impacts of
excessive leaching of nitrate to groundwater, and more
diffuse contamination of surface waters by nitrogen and
phosphorus.
Soil available micronutrients along with yield and
other soil characteristics have not been previously studied
in detail using geostatistic modeling in Aegean Region.
The main objectives of this study were to analyze spatial
structure of plant-available micronutrients (Fe, Mn, Zn and
Cu) and yield in an alluvial field (4.5 ha) under wheat-corn
rotation, map plant-available micronutrients and yield using
geostatistical methods, and evaluate the factors and processes controlling the variability of micronutrients and corn
yield to help better manage their availability to crops.
2. MATERIALS AND METHODS
2.1. Description of the study area

The 2007 study was carried out in the experimental
field of Menemen Soil and Water Basins Research Institute in Menemen-Izmir, Turkey. The area is located 30
km north-west of Izmir (38º37´30.23" N; 27º02´42.92" E).
The average annual temperature is 16.9 ºC and precipitation is 515.1 mm. Soils were formed over alluvial deposits within Menemen Basin and classified as Typic
Xerofluvents [21]. A rotation of wheat and corn is dominating cropping model in the region, and also in the field
studied.
A total of 102 soil samples were collected from 0-15
cm depth. GPS coordinates of the sampling points were
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recorded using a GARMIN Map 60 instrument. The field

FIGURE 1

was 4.5 ha and divided into square sub-blocks, with 20 m

- Sampling design based on the 20 x 20m grid.

spacing in x and y directions, for sampling procedure
(Fig. 1). Field boundary and cell borders were mapped
with Trimble AGGPS 132.
2.2. Soil characterization and corn yield

All soil samples were air-dried and passed through a
2-mm sieve prior to analysis. Hydrometer method was used
to measure the particle size distribution of <2 mm fraction
[22]. Electrical conductivity and pH were measured in
1:2.5 soil/water suspension [23]. Walkey Black method was
followed to measure organic matter [24], and calcium carbonate content was determined with a pressure calcimeter
[25]. The contents of Fe, Zn, Cu and Mn were determined
by the extraction with diethylenetriamine penta-acetic acid
(DTPA) using a soil:extractant ratio of 1:2. Micronutrient
extractants were measured with an ICP-AES (Varian-Vista
Model) [26].
Four randomly selected corn plants along 3 m distance
were selected at each soil sampling point to determine the
corn yield of the field.
2.3. Data analysis

Descriptive statistics were conducted on physical and
chemical properties using SPSS 10.0 software [27]. Data
analysis of micronutrients was achieved in three steps: (i)
exploratory data analysis was made calculating minimum,
maximum, arithmetic mean, standard deviation, coefficient
of variation (CV), skewness and kurtosis for each varia-

ble, (ii) frequency distributions were examined, and (iii) a
normality was checked.
The main application of geostatistics in soil science
has been the estimation and mapping of soil attributes in
unsampled area [28]. Spatial patterns of micronutrients,
other soil characteristics and corn yield were determined
using geostatistical analyses. Semivariograms were constructed using GS+ (Version 7.0) to examine the degree of
spatial continuity of soil properties among data points,
and to establish their range of spatial dependency. The
variogram is the function which interprets the evolution of
the semivariance within the distance of samples. Semivariance (h) is defined in the following equation (1):

(1)
where N(h) is the number of sample pairs with distance h as an interval, and z(xi ) and z(xi + h) are the
values of variable at any two places separated by distance
h. The semivariogram is the plots of the semivariogram
against the distance, and its shape indicates whether the
variables are spatially conditional or not, e.g. there is spatial autocorrelation. The descriptive parameters of semivariogarms are nugget (C0), sill (C0+C) and range, of spatial dependence A [35]. The nugget variance (C0) expresses
the variability due to unseen patterns (sampling errors and
scales shorter than minimum inter-sample distance). The
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sill variance minus the nugget variance is the structural
variance (C). This term accounts for the part of the total
variance that can be modeled by the spatial structure.
The spherical and exponential models were fitted to
the experimental semivariograms of variables. Selection of
models was made principally on visual fit, regression coefficient (R2) and reduced sum of square (SSR), which provided an indication of how well the model fits the semivariogram data.
The degree of spatial dependence (GD) was calculated
using equation (2):

(2)
A block kriging was used for constructing of surface
maps to provide enough estimated data. Semivariograms
were modeled with the kriging option of the GS+. The maps
of chemical and physical properties of the studied area
were created in Surfer 8.1 for better visualization.
3. RESULTS AND DISCUSSION
Characterization and rational management of micronutrient behaviors require an understanding of how total
and plant-available soil micronutrients vary across the land.
Integrated nutrient management is important for sustainable
agricultural production and protecting environment quality
and has been widely investigated around the world. Variation in some of physical and chemical properties of the
soils and corn yield are summarized in Table 1.
The soil in the study field is loamy-textured, containing 1.56% organic matter and 5.83% CaCO3. Soils do not
have salinity problem, and the mean soil pH in the field is
7.72 ranging from 7.32 to 7.95. Based on the classification standards of Lindsay and Norvell [26] for micronutrients of soils, the amounts of Fe, Cu and Mn were adequate in the whole field and do not need to be increased
currently through micronutrient fertilization. The mean Zn
content does not consider the within-field variability, thus

Zn-deficient locations would be overlooked in a whole
field approach. However, point soil test values showed that
Zn content in the field ranged from 0.37 to 0.88 mg kg-1.
Lindsay and Norvell [26] reported that Zn content less
than 0.5 mg kg-1 indicates Zn deficiency, and the cause of
deficiency needs to be further investigated in order to
optimize the yield and quality.
Univariate statistical analyses of soil are presented in
Table 1. Webster [29] indicated that the most serious departure from normality usually encountered with soil data
is skewness. Thus, the shapes of parameter distributions are
described by skewness which is also accepted as an indication of normality. The variables without normal distribution were subjected to transformation. EC, plant-available
phosphorus, Cu and Mn had higher skewness values (>1.0)
that accepted as non-normal distribution. Logarithmic transformations were made to the variables with non-normal distribution to fit them in normal distributions.
Comparing dispersion among different soil properties,
it is convenient and appropriate to express variance free
from units of measurements. CV (ratio of standard deviation to the mean) is useful and meaningful index to compare the variability [30]. Wilding et al. [30] indicated that
CV≤15% is accepted as the least variability, CV between
16-35% is considered as moderate variability, and CV>35%
is reported as high variability. The CVs of EC, phosphorus
and iron content were >35%, and belonged to the strong
degree of variability indicating an influence of human
activities [31]. However, CV of corn yield and Mn contents
were ranged from 24.41 to 31.99% and belonged to the
middle degree of variation. The CV of available Zn, Cu,
CaCO3 and K2O, CEC, organic matter (OM), pH, clay,
sand and silt contents were the lowest. Shi et al. [32] attributed variability in soil characteristics to different
parent material, and physicochemical properties as influenced by pedogenic processes, agricultural practices and
other anthropogenic activities. Moderate and low variability of soil characteristics evaluated indicate similarities in
parent material and many of the agricultural activities performed on this field.

TABLE 1 - Descriptive statistics of soils studied.
Variable
Yield
Sand
Clay
Silt
EC
pH
CaCO3
Org Mad
CEC
P2 O5
K2 O
Fe
Cu
Zn

Unit
kg da-1
%
dS m-1
%
me100g-1
kg da-1
mg kg-1

Mean
1085.50
30.94
21.47
47.62
0.82
7.72
5.83
1.56
7.01
5.96
82.58
16.88
1.91
0.64

Min
970.00
22.87
16.14
38.76
0.22
7.32
4.00
1.10
4.32
2.50
61.70
6.78
1.35
0.37

Max
1815.00
41.79
26.41
55.04
3.00
7.95
8.00
2.30
9.00
20.20
115.90
39.26
3.49
0.88
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SD
347.21
3.55
2.46
3.09
0.39
0.10
0.89
0.22
0.95
2.22
11.00
6.32
0.29
0.09

CV (%)
31.99
11.48
11.47
6.50
47.51
1.28
15.22
14.16
13.56
37.25
13.32
37.44
15.21
14.84

Skewness
-0.21
0.76
-0.19
-0.36
3.73
-0.81
0.07
0.43
0.10
2.60
0.62
0.93
1.48
0.08

Kurtosis
-0.25
1.12
-0.55
0.14
18.06
2.46
-0.77
0.08
-0.11
14.41
0.15
0.96
6.68
-0.21
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Mn
11.93
6.73
20.96
2.91
24.41
SD: Standard Deviation; CV: Coefficient of Variation; EC: Electrical Conductivity

When studying and managing several varying factors,
as is usually the situation in crop and soil management, it
is important to look not only at which factors vary, but
also at whether their variability is independent or linked
to another factor. If the variabilities of certain factors are
linked, then their measurement and management may be
more efficiently handled by using one as a predictor, or
surrogate, for the variability in the other. If there is no relationship between the variances of two factors, then they
should be assessed separately and may require independent management [33]. In order to assess the relationship
between micronutrients, soil characteristics and corn yield,
correlation analyses were conducted. Corn yield was only
negatively correlated with Mn content of soils (P<0.01, r=
-0.30). Iron content of soils was positively correlated with
P, Cu and Zn contents of soils, whereas significantly
negative correlation was obtained between Fe content and
EC and pH of soils. Cu content has a strong positive correlation between CEC, K2O, Fe, Zn and Mn contents.
Zinc contents were negatively correlated with soil pH and
sand content; however, significantly positive correlations
were obtained between EC, P, K, OM and Cu contents.
White and Zasoski [3] also indicated that Zn availability is
a function of soil OM, pH and leaching intensity of soils
which might be related to the sand content of soils. In addition to correlation obtained with corn yield, Mn contents
of soils had significant negative correlations with CaCO3
and OM contents, and important positive correlations between Fe, Cu and sand contents (Table 2).
The correlation analyses clearly indicated that corn
yield had significantly positive relationship (P<0.01) with
CEC, CaCO3, K2O and OM content (Table 2).
Spatial structure

In general, farmers in Turkey do not consider the variability of fields and apply all agricultural inputs homogenously. The studies on spatial variability of soils have
clearly proven that soils are not homogenous throughout
the fields, and this fact should be taken into account not
only to optimize the yield but also to protect the environ-

1.33

1.47

ment. Redulla et al. [34] stated that uniform management
of crops grown under spatially variable conditions can result in less than optimum yields due to nutrient deficiencies as well as excessive fertilizer application that may
potentially reduce environmental quality. The CV of soil
properties showed that the field is not homogenous, and the
variability needs to be defined in order to implement sitespecific management strategies in spatially variable fields.
All properties exhibited a definable spatial structure.
The attributes of semivariogram and theoretical semivariance models fitted for each of the variables are presented
in Table 2. Decision coefficients (R2) of EC and plantavailable P2O5 were smaller (except that of pH), and other
soil properties ranged between 0.769-0.992. The results
indicated that the theoretical models chosen preferably
reflected the spatial structure characters [31]. The geostatistical data showed that many of the variables studied
have the best fit to exponential model, while others were
best to a spherical model (Table 3).
The C0 in Table 3 is nugget value or spatial variability arising from the random components. C0 of yield,
K2O, Fe and sand contents were high, being between 5.52
for sand and 48500 for corn yield. However, C0 of other
variables was quite small. It was concluded that in the
current scale of study, the variability of many soil properties resulted from measurement errors and micro-scale
processes were low.
Nugget/sill ratio (called also nugget effect) is used to
classify spatially structured variation for a regionalized
variable [35]. If the ratio was equal or lower than 25%,
variable was considered to be strongly dependent; if between 25-75%, then moderately dependent; and if >75%,
weakly dependent. The strong spatial dependency of a
soil property can be attributed to intrinsic factors, and
weak spatial dependency is attributed to extrinsic factors
[35]. In this study, C0/(C0+C) for sand, yield, available
P2O5, Fe, Cu and Zn contents were all between 25-75%
which indicated that variation of plant-available micronutrient contents and yield were controlled both by intrinsic

TABLE 2 - Spearman’s correlations (r) between soil characteristics, yield and micronutrients (N=110).
Yield
CEC
EC
pH
CaCO3
P2 O5
K2 O
Organic Matter
Fe
Cu
Zn
Mn
Sand
Clay

Yield
1
0.362**
0.053
0.039
0.422**
-0.095
0.352**
0.347**
-0.083
0.186
0.026
-0.300**
-0.355**
-.031

Fe
-0.083
-0.030
-0.250**
-0.249**
-0.075
0.308**
0.116
-0.156
1
0.502**
0.070
0.346**
-0.045
0.020

Cu
0.186
0.316**
-0.146
-0.146
0.164
0.159
0.328**
0.161
0.502**
1
0.331**
0.248**
-0.241*
0.084
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Zn
0.026
0.158
0.260**
-0.249**
0.016
0.195*
0.453**
0.359**
0.070
0.331**
1
0.078
-0.199*
-0.022

Mn
-0.300**
-0.160
-0.133
-0.023
-0.481**
0.111
-0.177
-0.326**
0.346**
0.248**
0.078
1
0.304**
-0.022
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silt
.133
-0.011
0.077
0.159
-0.172
*, ** Significant at 0.05 and 0.01 level of significance, respectively.
TABLE 3 - Semivariogram models and parameters of spatial distribution for soil properties evaluated.

Sand
Clay
Silt
Yield
CEC
EC
pH
CaCO3
P2 O5
K2 O
OMt
Fe
Cu
Zn
Mn

Nugget Variance
C0
5.52
1.2
0.01
48500
0.156
0.00465
0.00109
0.041
0.933
19.8
0.0131
11.08
0.0237
0.00447
1.01

Sill C0+C
13.56
6.782
9.49
114700
2.322
0.0345
0.00831
1.795
3.192
128.1
0.06
40.73
0.0683
0.00967
13.53

Spatial Dependence
C0/(C0+C)
40.71
17.69
0.11
42.28
6.72
13.48
13.12
2.28
29.23
15.46
21.83
27.20
34.70
46.23
7.46

and extrinsic factors. Liu et al. [36] reported that the extrinsic factors, such as fertilization, cultivation, and other
soil management practices weakened the spatial correlation after a long history of cultivation. Spatial dependency
for all other variables determined was lower than 25%
which demonstrated that the spatial heterogeneity was
mainly due to natural factors including parent material.
Strong spatial dependency also indicates that samples taken
close together were similar than samples taken further
apart. The nugget ratio was small (<25%) for clay and silt
contents, CEC, EC, pH, CaCO3, K2O, OM and Mn contents indicating low variability at short distances, and the
sampling distance was appropriate.
The geostatistical range (called the largest spatial correlation distance) reflected the autocorrelation range of
variables, and was related to the interaction between various processes of soil properties, which are affected at both
observing and sampling scale. The soil properties have
spatial autocorrelation within the range; otherwise it was
not existing [31]. The largest range was obtained for cation
exchange capacity and the shortest one for silt content. The
range values of EC, pH, P2O5, Fe and Cu were also small
as 40.8, 41.4, 43.5, 57.1 and 95.3 m, respectively. The
smaller range suggests smaller sampling intervals for silt,
EC, pH, P2O5, Fe and Cu content. Zhang et al. [15] reported spatial dependency for Zn, Mn, and Fe in topsoil
with maximum range of 150 m for Fe. In another study,
Fe and Mn were spatially dependent with range values of
400 and 136 m, respectively [17].
Spatial distribution of variables

Understanding of the nature and the causes of variation in yield is critically important to evaluate the agricultural practices. A yield map defines the spatial distribution of crop yield but does not explain the observed variability. Therefore, additional information to understand the
causes of variation in crop yield should be integrated to the

Range (m)

Model

Model R2

Residual SS

275.7
154.8
36.5
160.8
742.8
40.8
41.4
410.9
43.5
126
192.9
57.1
95.3
155.8
379.8

Exp
Exp
Sph
Exp
Sph
Exp
Exp
Sph
Sph
Exp
Sph
Sph
Sph
Sph
Exp

0.853
0.907
0.769
0.847
0.972
0.463
0.445
0.956
0.592
0.947
0.992
0.770
0.940
0.896
0.983

5.32E+00
1.67E+00
3.59E+00
3.34E+08
0.0235
6.20E-05
4.68E-06
3.41E-02
6.70E-01
3.16E+02
1.38E-05
1.03E+02
9.95E-06
2.81E-06
1.04E+00

existed data. The more information you have on a problem,
the more you are able to make a decision on variation.
Contour maps of soil properties and corn yield were generated based on theoretical semivariance models obtained
using kriging interpolation method (Fig. 2).
Soils in the studied field were formed over alluvial
materials deposited by Gediz River. The deposition in river
systems usually results in sorting of materials, as larger
particles are dropped quickly while smaller (clay and silt)
ones travel farther before settling out of the water. Though,
clay and sand contents of the field were distributed in an
opposite mode to each other. The krigged maps of clay
and sand clearly indicated that the spatial variability has
been affected by parent material deposition mode. Maximum content of clay was found at a place where sand content was minimum. Many of the variables studied also
followed a similar trend. Yield map showed few consistent
high or low yielding areas of the field. Different spots of
the field resulted, probably due to the differences in soil
characteristics. The spatial maps of corn yield, clay, OM,
K2O, calcium carbonate, CEC, Cu and Zn contents showed
similar trends with high concentrations in the south but low
ones in the north area. McBratney et al. [37] concluded
that, at the field scale, site-specific variation in soil type,
nutrient levels, soil moisture content and structural integrity will significantly contribute to the spatial variability
in crop yield. The similarity obtained in spatial structures
of soil properties and corn yield also supports the findings
of McBratney et al. [37].
The range values of clay, K, Zn and OM contents as
well as yield were similar to each other; therefore, the
ranges of their spatial correlation were also similar. Although contour map of CEC was also similar to the yield
and clay content, range value of CEC was the highest
(742.8 m).
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The cropped area should be divided into two fertilizer
management categories based on CEC of soils. Cation
exchange capacity measures the soils`ability to hold nutri-

ents, such as calcium, magnesium, and potassium, as well
as other positively charged ions, such as zinc, iron, man-
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FIGURE 2A - Spatial distribution maps of soil properties and corn yield.

FIGURE 2B - Spatial distribution maps of soil properties and corn yield.

ganese and copper; therefore, it is a good indication of soil
fertility in a field. The lowest and highest values of CEC
and corn yield were clogged in the south-eastern and northeastern corners of the study area, respectively.
The K2O distribution map shows highly available K2O
in the study area. This was most likely due to high K2O
content of parent material. Phosphorus has patchy structure of low to medium P fertility in the study area. Soils had
adequate micronutrient contents all over the field. Higher
available soil plant nutrient contents were found in northeastern part of the study area where clay content was

greater as compared to the rest of the field. Although no
correlation was found between Zn content and corn yield,
inadequate Zn content and the lowest yield amount were
clustered in the northern corner of the study area.
4. CONCLUSIONS
Rational management of soil fertility requires an understanding of how total and available plant nutrients vary
across the land. In this study, the spatial variability of
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micronutrients (Fe, Mn, Cu and Zn), corn yield and some
other soil properties were investigated in a small cultivated plot (4.84 ha) located in the Aegean region of Turkey.
The spatial heterogeneity of variables studied was deeply
influenced by the difference in soil texture throughout the
field. Soil property variations resulted from variation in
deposition of alluvial materials in an alluvial plain. The
effect of deposition on soil properties caused data departure from normal distribution and caused skewness (positive or negative). The results indicated that, when combined with georeferenced yield, micronutrients and other
soil characteristics such as cation exchange capacity, geostatistical methods have a potential to detect and delineate
areas within the potential deficiencies or imbalances of
plant nutrients and factors affecting the crop yield. Recommendation algorithms for varying inputs may be established assuming a sound understanding of the within-field
variability of the soil chemical and physical properties.
Therefore, a study of soil spatial variability is necessary to
optimize site-specific soil management, especially in the
intensive agricultural areas of Aegean region.
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OPTIMIZATION OF COMBINED ULTRASOUND AND MICROWAVE ASSISTED EXTRACTION FOR THE DETERMINATION
OF FOUR PHTHALATE ESTERS IN SOLE MATERIALS BY
GAS CHROMATOGRAPHY-MASS SPECTROMETRY
Weihong Huang*, Lanqin Yang, Rui Liu, Dan Yang and Dandan Wang
School of the Environment, Jiangsu University, Zhenjiang 212013, P.R.China

ABSTRACT
A rapid extraction method, combined ultrasound and
microwave assisted extraction (USE-MAE) coupled with
solid-phase extraction using Florisil® cartridges, was developed for the determination of four phthalate esters (i.e.
DBP, BBP, DEHP, DNOP) in sole materials by gas chromatography-mass spectrometry (GC-MS). The extraction
parameters (i.e. extractant, microwave power, extraction
time) were optimized by comparing the extraction efficiencies of PAEs by USE-MAE with those by Soxhlet extraction. The optimum extraction of these compounds was
carried out at an intermediate microwave power (75W)
with 30ml n-hexane- acetone (1:2) mixture for 10min.
Moreover, the ultrasonic power for all the experiments was
fixed at 50W. The mean extraction recoveries of PAEs in
the sole materials can reach 77.7%-93.3%, which can meet
the requirements of quantitative determination. Finally, the
optimized extraction method was compared with single microwave assisted extraction (MAE) and ultrasonic extraction (USE). It can be observed that the extraction efficien-

cies of PAEs obtained by USE-MAE were significantly
higher than those obtained by single MAE and USE. The
detection limits of the overall method ranged between 0.08
and 0.25mg/kg, and the relative standard deviations were
3.9-5.6%.

KEYWORDS: Combined ultrasound and microwave assisted
extraction; phthalate esters; sole materials; GC-MS.

1. INTRODUCTION
Phthalate esters plasticizers are widely used in the form
of the most common additives for the manufacture of
polymeric materials, such as polyvinyl chloride, polyethyl* Corresponding author

ene, polypropylene, polystyrene and so on. As these polymeric materials are rigid polymers, phthalate esters plasti-
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cizers are incorporated into it to improve its ﬂexibility and
low-temperature properties. Because they are not chemically but only physically bound to the polymer chains, a
considerable amount of the phthalates may be leached into
various environment matrices from the plastic products,
which finally causes the extensive exist of phthalate esters
in various environment matrices. Not only will they produce
environmental contamination, but also they will be potentially dangerous for human beings by contact with skin, ingestion or inhalation [1], as they are suspected to be human
endocrine disruptors and carcinogens [2]. The negative impact of PAEs on wild animals and human beings has drawn
great attention all over the world so that several of them (including DBP, DNOP, DEHP, and BBP) have been included
in the priority pollutants list compiled by the U.S. Environmental Protection Agency (USEPA). Therefore, for fast
monitoring of phthalate esters in all kinds of complex environment matrices and accomplishing risk assessment, the
development of new, simple, sensitive, rapid, high efficient
and selective analytical methods is necessary.
High-performance liquid chromatography (HPLC) [3],
Gas chromatography (GC) [4] and gas chromatographymass spectrometry (GC-MS) [5, 6] are the usual techniques
used for the determination of phthalate esters in environmental samples. As most analytical instruments are incapable of handling the sample matrices directly, the development of some pretreatment techniques is necessary to
extract and to separate the analytes [7]. Many studies have
been conducted to extract and concentrate phthalate esters
from various PVC materials. Soxhlet extraction [8] is the
most common pretreatment technique for solid samples but
time and solvent consumption. Moreover, application of this
traditional solvent extraction may cause signiﬁcant pollution
by releasing solvents into the environment. Some green solvent extraction techniques have been developed, such as microwave extraction (MAE), ultrasonic extraction (USE) and
combined ultrasound and microwave assisted extraction
(USE-MAE). In recent study, ultrasonic solvent extraction
coupled with GC or GC-MS methods has been applied in
separation and isolation of plasticizers from blood bags,
food packaging bags, transfusion tubing and mineral water
bottle successfully [4, 9]. However, the considerable extraction efficiency should be guaranteed by high ultrasonic
power and long extraction time. Some studies have been
discussing the application of microwave solvent extraction
for phthalate esters from sediments or PVC plastics [1013]. When it comes to microwave extraction, the technical
application of microwave energy to the samples may be
performed using either closed vessels (under controlled
pressure and temperature), or open vessels (at atmospheric
pressure) [14]. In open vessels, the temperature is limited
by the boiling point of the solvent at atmospheric pressure,
while some part of the extraction system overheating will

make the experiment process out of control. In closed vessels the temperature may be elevated by simply applying
the adequate pressure, but the high pressure will make the
experiment process unsafe, which cannot ensure the extraction efficiency. As a novel sample pretreatment method,
combining ultrasound with microwave is a complementary
technique, which can overcome the drawbacks of single
MAE and USE. This novel technique has been successfully applied in extraction of lycopene from tomatoes and
polysaccharides from inonotus obliquus [14, 15].
The purpose of the present work is the development
of a new method involving combined ultrasonic and microwave assisted extraction for phthalate esters in the sole
materials. In addition, a comparison with well established
extraction methods, single microwave assisted extraction
(MAE) and ultrasonic extraction (USE), is included. As
the results shows, the extraction efficiencies of PAEs by
USE-MAE increased greatly under optimized conditions
contrast to those by single MAE and USE, which can
meet the requirements of quantitative determination.
2. MATERIALS AND METHODS
2.1. Apparatus and materials

An ultrasonic-microwave extractor SXT1-CW-2000
with six extraction vessels of different volumes (Shanghai
Xintuo Microwave Decomposition and Testing Technology Co. Ltd, China) was needed for extraction of PAEs
from the sole materials. A schematic diagram of the Ultrasound-Microwave assisted extractor is presented in Figure 1. The SOX extractor (Sinopharm, China) was employed for comparison.
The compounds studied were dibutyl-, di-n-octyl-, bis(2ethylhexyl)-, benzyl-phthalate esters (respectively designated
DBP, DNOP, DEHP, BBP), which were purchased from
Sigma (USA) with purity higher than 99%. The stock mixture solution of the four phthalates standards was prepared
by dissolving 1µl of each compound in a 10ml n-hexane in
a volumetric ﬂask. Suitable working solutions with concentration in the range of 0.05–50mg/L were also prepared as standards before use for the calibration curves.
Florisil® (100-200mesh) was purchased from CNW (Germany). Acetone, n-hexane, methane, dichloromethane
(DCM) and ethyl acetate (EtOAc) were purchased from
Sinopharm (China). The sole materials selected were made
of thermoplastic rubber (TPR), phylon, plastic rubber (PR),
rigid polyurethane (PUR), thermoplastic polyurethane (TPU)
and ethylene-vinyl acetate copolymers (EVA). All real sole
samples are from a plastic factory (Zhenjiang, P.R.China )
whose products mentioned are used as the saw materials
for making shoes, boxes, etc.
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FIGURE 1 - Schematic diagram of the combined ultrasound and microwave device
2.2. Sample pretreatment

Sole materials were grounded into powder, and the
portions that could pass through a 60-mesh (<250µm) sieve
were collected for the next extraction. Approximately 0.50 g
of each sample was accurately weighed and quantitatively
transferred to the extraction vessel together with proper solvent of certain volume. Under the prearranged experimental conditions that included microwave power and
extraction time, the experiments were carried out. In this
work, ultrasonic power fixed was 50w.
As for Soxhlet extraction, approximately 0.5 g of each
sample was accurately weighed and quantitatively transferred to the SOX extractor together with 120ml n-hexaneacetone (1/2,v/v) mixture as the extraction solvent. The extraction was carried out at 70℃ for 8 hours.
The experimental conditions of single MAE were the
same as the optimized USE-MAE’s except that its ultrasound was turned off. The experimental conditions of USE
were the same as the optimized USE-MAE’s except that its
microwave power was set at 0W.
The clean-up step was needed after filtration to remove residues. The clean-up conditions were adopted from
a previous work in which the parameters for the clean-up
step of phthalate plasticizers were optimized [7]. The cleanup extract was redissolved in 10 ml n-hexane after the dryness of the eluate under a stream of nitrogen in the rotatory evaporator (Gongyi City Yuhua Instrument Co. Ltd,
China) with a temperature controlled bath (75℃) for the
following measurement step.

with a capillary split/splitless injector system on a 30m×
0.25mm× 0.25µmHP-MS5 capillary column.
Measurements in the GC–MS were performed in the
single ionmonitoring (SIM)mode and the m/z values followed for the ions have been included in Table 1. The
column temperature program was: 100 ℃ for 1min, 100–
280℃at 20 ℃min−1 (held for 5min). The temperature of
the injection port, where one microlitre of the sample was
injected in the 1:10 split mode, was 280℃. The carrier gas
was helium and was kept at a constant ﬂux of 1.5ml·min−1.
The mass spectrometer was operated in the electron
impact ionisation mode at 70eV. The ionization source and
the quadrupole were kept at 230 and 150℃, respectively.
TABLE 1 m/z values, LODs (mg/kg) and RSDs estimated for each
analyte.
PAEs
m/z[6]
LODa(mg/kg)
RSD(%,n=10)
DBP
104,149
0.25
4.8
BBP
91,149
0.17
3.9
DEHP
149,167
0.08
4.5
DNOP
149,279
0.10
5.6
a
LODs calculated as three times the signal of the blank. Blanks obtained
from chemicals subjected to whole procedure.

3. RESULTS AND DISCUSSION
Since no certified reference material was available for
phthalate esters in sole materials, it was thought that the
best way to obtain the optimized extraction conditions was
to compare the analyte concentration obtained after combined ultrasound and microwave assisted extraction(USEMAE) with that detected after Soxhlet extraction(SOX).

2.3. Instrumental determination

The extracts were analyzed by means of a 6890N
Agilent gas chromatograph coupled to a 5975B Agilent
mass spectrometer (Agilent Technologies, USA) equipped

ER=C /Csox
The ratio between them was defined as extraction recovery(ER). C in the following formula can be calculated
as the concentration of phthalate esters in the sole materi-
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als obtained using MAE, USE or USE-MAE. And Csox
indicates the concentration of phthalate esters in the sole
materials obtained using SOX.
The concentration obtained of four phthalate esters in
the sole materials by SOX-SPE-GC-MS is shown in Table 2, respectively. As we can see from the results, dibutyl
phthalate (DBP) and di(2-ethylhexyl) phthalate (DEHP)
are main additives used in the manufacture of sole materials and detectable in all the samples. Compared to DBP
and DEHP, butylbenzyl phthalate (BBP) and di-n-octyl
phthalate (DNOP) are not detected in most of the cases.
And the sum of the analytes accounted for less than 0.1%
of the amount of each sample. The similar nature of the
sole samples made the extraction similar so that each of
them can be selected randomly for the following evaluation
of effects of the experimental factors on the extraction efficiency. Due to the fact that DNOP was only found in TPU
sample, the TPU sample was selected for the following experiments.
TABLE 2 - The concentration of four phthalate esters in the sole
materials.
Sample No.

Mean concentration±R.S.D(n=6,mg/kg)
DBP
BBP
DEHP
Phylon
27.50±1.40
98.09±3.92 144.63±7.95
TPU
172.96±7.78
NDa
52.00±3.38
PUR
28.50±1.42
43.31±2.51
1.48±0.08
TPR
182.29±8.20
ND
47.42±2.84
EVA
195.30±9.96
ND
19.84±1.11
PR
197.67±9.09
ND
16.18±1.00
a
ND, not detected.

DNOP
ND
7.2±0.36
ND
ND
ND
ND

3.1. Optimisation of combined extraction method

The factors that must be taken into account are, mainly, the kind and volume of organic solvent used as extractant and the instrumental conditions of the extraction
system, i.e. extraction time, microwave power, temperature and ultrasonic power. Among the factors, temperature is up to microwave power and ultrasonic power is
fixed at 50W. The kind of solvent was first selected, since
it seemed to be the most principal parameters. Then, extraction solvent volume, microwave power and extraction
time were adjusted in order to gather considerable recovery of each analyte and soft the instrumental conditions.
3.2. Extraction solvent

The selection of an appropriate extraction solvent is
of high important for the sample pretreatment. In the present study, six solvents were evaluated: acetone, methanol,
dichloromethane, a mixture of n-hexane-dichloromethane
(1:1), a mixture of n-hexane- acetone (1:1) and a mixture
of n-hexane- acetone (1:2).
As shown in Fig.2, dichloromethane and a mixture of
n-hexane-dichloromethane (1:1) were immediately discarded. When n-hexane-dichloromethane (1:1) was selected

as the extractant, both the extraction efficiency of DBP
and DNOP were below 40%. The recovery of DNOP was
only 20% with dichloromethane as the solvent. Compared
to acetone and methanol, dichloromethane is a less polar
solvent so that its ability of absorbing microwave energy
to promote partition of the analytes from sample matrix
into it can not catch up with the ability of acetone and
methanol. Moreover, low boiling point property of dichloromethane lead to the loss of target compounds with evaporation of it. In the case of methanol and acetone as
extraction solvents, despite of their excellent microwave
adsorption, DBP molecules preferred to bound to polymer
chains rather than to migrate into the solvents so that DBP
extraction recoveries were only 39.2% and 42.2%, respectively. Since methanol and acetone were not able to extract DBP quantitatively, both extractants were eliminated
and the n-hexane-dichloromethane mixture was introduced
instead. Though n-hexane cannot absorb microwave radiation due to its non-polar molecule, n-hexane molecules can
diffuse inside the matrix structure and interact with the
analyte in order to carry extracted analytes from the polymer into the extractant uniformly under the ultrasonic agitation. In the case of n-hexane- acetone (1:1) and n-hexaneacetone (1:2) mixtures as solvents, DBP extraction recoveries could reach 61.4% and 71.1%, respectively. Besides,
both recoveries of DEHP and DNOP can reach more than
80%, when n-hexane-acetone (1:1) and n-hexane-acetone
(1:2) mixtures are selected as solvents. The mean extraction recoveries of three phthalate esters are 76.5%, 46.9%,
44%, 66.6%, 75.9% and 82.9% with acetone, n-hexanedichloromethane (1:1), dichloromethane, methanol, nhexane-acetone (1:1) and n-hexane-acetone (1:2) as the extractants, respectively.
To detect three phthalate esters simultaneously, from
the results obtained, the n-hexane-acetone (1:2) mixture
was the solvent selected as extractant.
3.3. Extraction solvent volume

Five extraction solvent volumes were selected, 15,
30, 45, 60 and 75ml to study the effect of solvent volume
on the extraction efficiency. The proﬁles obtained are given
in Fig 3. It shows that the extraction recovery for most of
the compounds increased by increasing the extraction solvent volume up to 30ml but decreased above 30ml. Moreover, the recoveries of the three phthalates reached the
maximum when the extractant volume was 30ml. That the
recoveries decreased with the extractant volume above 30ml
may be due to the occurred loss of phthalate esters as it
took longer time for dryness with the extractant volume
increasing. The mean extraction recoveries of three
phthalate esters were 45.4%, 82.9%, 69.4%, 70.8% and
59.3%, respectively, when 15, 30, 45, 60 and 75ml were
selected as solvent volumes. Therefore, the extraction
solvent volume of 30 ml was selected for all experiments.
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FIGURE 2 - Effect of different solvents on the extraction recovery(EF) of phthalate esters. Extraction conditions: solvent volume, 30ml;
microwave power, 75W; extraction time, 8min; ultrasonic power:50W. Solvents: a.acetone; b. n-hexane+ dichloromethane(1:1); c. dichloromethane; d. methanol; e. n-hexane+ acetone(1:1); f. n-hexane+ acetone(1:2).
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FIGURE 3 - Effect of the volume of extraction solvent on the extraction recovery(EF) of phthalate esters. Extraction conditions: solvent, the
n-hexane- acetone (1:2) mixture; microwave power, 75W; extraction time, 8min; ultrasonic power:50W.
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FIGURE 4 - Effect of microwave power on the extraction recovery(EF) of phthalate esters. Extraction conditions: solvent, the n-hexaneacetone (1:2) mixture; solvent volume, 30ml; extraction time, 8min; ultrasonic power:50W.

3.4. Microwave power

In the case of microwave power, the experiments were
carried out at four different microwave powers, 50, 75, 100
and 125W, to study their effects on the extraction efficiency. As shown in Fig 3, the extraction recovery for the
compounds detectable increased up to 75W but decreased
above 75W. The recoveries of DBP, DEHP and DNOP
reached 71.1%, 96% and 81.6% at the microwave power
75W, respectively, which was higher than with the other
microwave powers selected. Lower microwave radiation
than 75W resulted in the limited microwave adsorption of
the solvent so that the extraction efficiency was low. Higher
microwave radiation than 75W lead to reduced extraction
recovery of analytes through splashing out or evaporating
with the solvent when the temperature of the extraction
system raised far beyond the boiling point of the n-hexaneacetone (1:2) mixture, which even made the extraction
process out of control. What’s more, the mean extraction recoveries of three phthalate esters can reach 56.2%,
82.9%, 49.7% and 41.3%, respectively, when 50, 75, 100
and 125W selected as microwave power.

the recoveries of DEHP and DNOP were above 90%, and
DBP’s reached 77.1%, when the extraction time was set
at 10 min, which can meet the requirements of quantitative determination. In the series of experiments, the highest
extraction recovery of DBP that can only reach 77.1% is
lower than DEHP and DNOP’s, relatively, which may be
due to the stability of DBP combination with the polymer
which made the extraction difficult. The mean extraction
recoveries of three phthalate esters can reach 62.4%,
82.9%, 88.6%, 72.4% and 67.2%, respectively, when 6, 8,
10, 12 and 14min selected as extraction time.
To sum up, the extraction time set at 10 min represented the most suitable condition for the following experiments.

As can be seen in Fig. 4, 75W microwave power represented the suitable condition for all experiments.
3.5. Extraction time

Extraction time is also one of the factors affecting the
extraction efficiency. Five different levels of extraction
time, 6, 8, 10, 12 and 14 min were set for evaluation by
extraction recoveries. The results obtained are shown in
Fig. 5. It can be seen that recoveries of most of the ananlytes
increased up to 10 min but decreased above 10 min. Both
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3.6. Comparison among USE, MAE, USE-MAE

USE-MAE conditions previously optimized were employed for the extraction of phthalate esters in different sole
materials, which has been compared with USE and MAE.
Fig 6. a-c shows the chromatograms obtained in the SIM
mode for PAEs of multiphthalate standard solution, sample Phylon and sample TPU by USE-MAE, respectively.
It can be observed that all give well-defined chromatographic peaks, except DNOP in sample TPU due to its lower
concentration than others. The specific concentration of
phthalates found is presented in Table 3. As can be seen
from Table3, the recoveries of three phthalates in each
sample obtained by USE-MAE were significantly higher
than those obtained by USE and MAE. In the case of USEMAE as the pretreatment technique, DBP extraction recoveries of sample Phylon, sample TPU and sample EVA were

relatively lower than those of other samples. As well as
DEHP extraction recoveries of all the samples except sample Phylon, DBP extraction recoveries of other samples were
higher than 80%. What’s more, DEHP extraction recovery
of sample Phylon can only reach 62.3%. Compared to DBP
and DEHP, BBP and DNOP were only detectable in sample Phylon, sample PUR and sample TPU, respectively.
The recoveries of both of them were above 90%. Though
the recoveries of phthalate esters in some samples were
low, the mean recoveries of PAEs in all the samples could
reach 77.7%-93.3%, which can meet the requirements for
all the experiments. In the case of the low recoveries of
DBP and DEHP, it may be attributed to the fact that the
polarity of the polymers in the corresponding samples is
closer to the polarity of the analytes than that of the extractant, which made the extraction difficult.
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FIGURE 5 -Effect of extraction time on the extraction recovery (EF) of phthalate esters. Extraction conditions: solvent, the n-hexane- acetone (1:2) mixture; solvent volume, 30ml; microwave power, 75W; ultrasonic power:50W.
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FIGURE 6 - Chromatograms of phthalate esters (a). 5mg/L of a multiphthalate
standard solution (b). TPU sample (C).Phylon sample. 1, DBP; 2, BBP; 3, DEHP; 4, DNOP;
TABLE 3 Extraction recovery of phthalate esters for different sole materials by USE, MAE and USE-MAE
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SAMPLE No.
DBP
USE-MAE
Phylon
TPU
PUR
TPR
EVA
PR
MAE
Phylon
TPU
PUR
TPR
EVA
PR
USE
Phylon
TPU
PUR
TPR
EVA
PR

Fresenius Environmental Bulletin

Extraction recovery±R.S.D (n=6,%)
BBP
DEHP

DNOP

Mean recovery±R.S.D/%

67.3±3.0
77.1±3.9
99.2±5.0
90.4±4.7
70.7±4.2
88.9±5.1

103.5±4.1
ND
91.9±4.6
ND
ND
ND

62.3±3.7
94.7±5.3
88.7±4.0
82.0±4.1
95.4±5.3
91.2±5.5

ND
94.1±3.8
ND
ND
ND
ND

77.7±3.6
88.6±4.4
93.3±3.7
86.2±4.7
83.1±4.6
90.1±5.0

34.7±2.3
42.0±2.7
65.4±3.0
53.1±2.8
45.9±2.8
35.7±2.7

72.3±3.6
ND
66.2±2.9
ND
ND
ND

40.7±2.4
71.4±3.6
59.2±2.8
62.4±3.7
67.4±4.3
44.2±2.8

ND
52.3±2.5
ND
ND
ND
ND

49.2±3.0
55.2±3.1
63.6±3.1
57.8±3.2
56.7±4.1
40.0±2.8

35.2±2.1
48.8±2.7
70.2±3.2
61.4±3.4
46.5±2.6
50.3±2.9

65.6±3.6
ND
67.3±4.0
ND
ND
ND

37.5±2.3
70.2±4.2
69.4±3.8
59.1±3.5
67.2±4.2
55.9±3.1

ND
55.7±3.1
ND
ND
ND
ND

46.1±2.3
58.2±3.5
69.0±3.5
60.3±3.6
56.9±3.1
53.1±3.5

As for MAE, the nonuniform heating of the extraction
system overheated some parts so that the extraction process was out of control, which resulted in the reduction of
phthalate esters extracted. When it comes to USE, the extraction efficiency was limited because of a short extraction
time and low ultrasonic power. However, in USE-MAE
processes, the extracted system can be heated directly in
very short extraction time by microwave irradiation in order
to make the analytes migrate from the sample into the extractant and the extracted analytes can be equally distributed in the extractant with the agitation of ultrasonic, which
can avoid the overheating phenomenon and accelerate the
extraction process. Therefore, the extraction efficiency of
phthalate in the samples when USE-MAE used are higher
than those evaluated using single MAE and USE.
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ABSTRACT

1. INTRODUCTION

Several methods are available for the measurement of
Pu in the marine environment. The paper is mainly focused
on the determination of Pu in marine sediments, following
the experimental activity of some of the authors in that field.
The selected method for radiochemical separation is anionic
chromatography and measurement technique is the quadrupole inductively coupled plasma mass spectrometry (QICP-MS). Levels of 239Pu in analyzed marine sediments
(Cienfuegos Bay, Cuba) are in the range of (0.10-0.86 Bq
kg-1): this radionuclide, therefore, is only due to global
fallout. This method turns out to be an efficient one in case
of routine measurements.
To set up a complete monitoring chain for Pu marine
pollution, useful for accidental pollution too, another method
is briefly presented. In this method, some types of seaweeds
(like Jania rubens and Corallina elongata) are sampled and
analysed, since they quickly metabolise plutonium. With
the autoradiography technique, the samples are put in contact with particular films, sensible to α-rays of selected
energy (Kodak Pathè LR-115). As a case study, seaweeds
have been sampled in the Mediterranean Sea close to Northern Sardinia Island after a suspect release of radioactivity
due to a nuclear submarine accident. Some types of seaweeds, in particular, showed the presence of “hot spots”,
due to the concentration of alpha-emitting pollutants in
the form of radioactive granules resting on the surfaces of
seaweeds: this is the index of Pu artificial pollution not
due to global fallout.
KEYWORDS: Plutonium, marine environmental pollution, radiochemical separation, autoradiography

* Corresponding author

The determination of plutonium levels in the marine environment is very important because it allows us to evaluate the pollution due to nuclear fallout, to nuclear industry,
and also the possible consequences of accidents in nuclear
submarines.
239

Pu is an artificial nuclide, generated in nuclear reactors and by nuclear bombs detonation. It is an alpha-emitter
(Eα = 5,244 MeV), with a half-life of 24110 years [1]1.
Plutonium, like other actinides, readily forms a dioxide
plutonyl oxide (PuO2). In the environment, this oxide readily complexes with carbonate as well as other oxygen ions
(OH-, NO2-, NO3-, and SO4-2) to form charged complexes,
which can be readily mobile, with low affinities to soil.
•

PuO2(CO3)1-2

•

PuO2(CO3)2-4

•

PuO2(CO3)3-6

PuO2 - formed from neutralizing highly acidic nitric
acid solutions - tends to form polymeric PuO2 which is
resistant to complexation. Plutonium also readily shifts
valences between the +3, +4, +5 and +6 states. It is common, for plutonium in solution, to exist in all these states in
equilibrium. Nuclear weapons atmospheric testing fallout is
responsible for the majority of the 239Pu and 240Pu in the
environment, while nuclear reprocessing plants discharges
are responsible for the majority of 238Pu and 241Pu present
in the sea. The effect of accidental releases is mainly a
local one, and has yet to be determined in most cases.
Among the transuranic elements present in the environment, plutonium isotopes are mainly attached to parti1
If a graph of the mass yield of fission products against the atomic
number of the fragments is drawn, then it has two peaks, one in the area
zirconium through to palladium and one at xenon through to neodymium. The curve of yield against mass for 239Pu has a shallower valley
than that observed for 235U, when the neutrons are thermal neutrons.
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cles, and therefore they are very interesting for the study
and modelling of particle transport in the marine environment. Except in the close vicinity of industrial sources,
plutonium concentration in marine sediments is very low
[1], and therefore the measurement of 238Pu, 239Pu, 240Pu,
241
Pu and 242Pu in sediments requires the use of very sensitive techniques.
Nuclear weapons` tests in the atmosphere, that took
place from the fifties up to 1962, are the main cause of
the environmental concentrations of transuranic elements.
Before the massive atmospheric nuclear bombs testing occurred, the analyses of plutonium (Pu) in the environment
were related to specific, localized deposition; however, its
global dispersal stimulated the need for more accurate and
comprehensive information about the behaviour of Pu in
the environment [2]. The estimate of plutonium concentrations is of great importance, because it helps determine
whether radioactive contamination is due to the global fallout, or it has been caused by a local source. Moreover, plutonium isotopes are used as tracers of environmental processes, facilitating their understanding. In the marine environment, for example, they have facilitated the interpretation of sedimentary processes [3]. Due to the complexity
of determining plutonium, yet in many parts of the world
the environmental levels of this radionuclide have not been
well quantified.

Several methods are available for the measurement of
Pu in the marine environment. This paper is mainly focused
on the determination of Pu in marine sediments, following
the experimental activity of some of the authors in that field.
One of the main objectives of this research is to develop
and validate a radiochemical separation method to isolate
the plutonium from other radionuclides that interfere with
its measurement, helping to determine the levels of plutonium in marine sediments. The applied analytical technique
will be anion chromatography, which has been widely used
for this purpose and well described in various studies [4,
5]. The instrumental technique of quadrupole mass spectrometry and associated induced plasma (Q-ICP-MS) will
be used too. This method is easy to implement and can be
used in routine analyses.

2. MATERIALS AND METHODS
As a case study, sediment samples were taken in the
Bay of Cienfuegos on the southern coast of Cuba in the
Caribbean Sea. In total, three profiles were sampled: the
profile # 1 and # 2 were drawn in the southern lobe of the
bay, close to each other, almost in the same place, at a
depth of 19 m; profile # 3 in the northern lobe, 6 feet deep.
In total, 26 samples were analyzed to determine the concentrations of plutonium at different depths of the sediments (see Fig. 1).

FIGURE 1 – Sampling points in the Cienfuegos Bay (Cuba).
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The procedure that has been used in this study has two
stages: first, the extraction of plutonium from the sediment
matrix and, second, plutonium separation using anion exchange. The applied method can be considered to be an
original one, since it has not been reported previously, and
it can be considered basically as a hybrid of the procedures
published in Ref. [6-7], to which substantial changes have
been made.
For the extraction of plutonium, a pre-processing was
carried out: fresh sediment samples were dried in an oven
at 110 °C for 24 h. After that, they were treated with
HNO3 and H2O2 on a heating plate at 250 °C, until the
complete elimination of carbonates occurred. Finally, they
were incinerated in a furnace at 500 °C for a period of 24 h.
Treated sediment samples were taken to convert the plutonium in a soluble form, by leaching and heating. Each sample was placed in a 250-ml beaker, and 50 ml of HNO3,
and 250 µl of a standard solution of 242Pu (18.6 10-12 g
ml-1, i.e., 4.33 10-2 Bq ml-1), provided by the National
Physical Laboratory (Teddington Middlesex, UK), were
added as a radiotracer, with the objective of controlling
the chemical yield of the procedure in its entirety. Then,
150 ml of HNO3, 1:1 concentration, were added, so that the
total system volume became 200 ml, a more handful volume for the experimental system. This mixture was stirred
to ensure its homogenization, then it was covered with a
watch glass and left to rest for 24 h. Then, the beaker with
the mixture was placed on a heating plate at 180 °C with
constant stirring accomplished by means of a magnetic
stirrer for 3 h. During this time, 0.5 g of NaNO2 was gradually added, always keeping the beaker covered with the
watch glass. Adding this amount of NaNO2 contributes to
stabilize the oxidation state of plutonium and prevents its
premature elution from the exchange column. Subsequently,
the sample has been allowed to cool to room temperature,
and was then filtered by means of filter paper. The solid
residue was discarded and the supernatant was placed back
on the heating plate at 180 °C for evaporation, minimizing
the volume. This residue was diluted in 20 ml of HNO3 and
placed on the plate at 180 °C, and about 0.1 g of NaNO2
was added. Finally, it was allowed to cool down to room
temperature. After that, the solution obtained from leaching and acid digestion of the sediment sample was ready to
be passed through a previously prepared exchange column.
Glass columns were used, 22 cm long and with a diameter
of 2 cm, filled with the anionic resin Dowex 1X10 (100200 mesh). The solution obtained from the leaching of the
sediment sample was passed through an anion exchange
column. The passing speed of the solution through the
exchange column was 0.5 ml/min. One of the important
points for the separation of plutonium was the elution of
uranium (U), which in the sediment samples is present in
large amount. Radioisotope 238U interferes with the measurement by Q-ICP-MS of 239Pu for the combination UH +
(mass 239). The uranium was eluted with 50 ml of a mixture of 80% methanol and 20% HNO3. Then, the plutonium
was eluted from the column with 50 ml of a mixture of
0.014M HF:0.36M HCl in a Teflon beaker containing 5 ml

of HNO3 conc. The portion obtained from elution of Pu was
placed on a heating plate at 180 °C until dryness. At the
end, the solid residue was dissolved in 10 ml of ultra-pure
water acidified with 0.1 ml of doubly distilled HNO3. The
resulting solution was ready to be measured in the Q-ICPMS. All analyses performed with mass spectrometry in this
research were carried out using a Thermo Elemental X
Series Q-ICP-MS with the following operating parameters
(RF power: 1333 W, sample flow: 100 µl/min, plasma gas
flow: 13.0 L/min, timeout: 35 10-9 s, auxiliary gas flow:
0.8 L/min, flow of gas in the nebuliser: 0.98 L/min, slit:
conical standard of Ni with 0.7 mm orifice diameter).
All measurements of 239Pu with Q-ICP-MS were obtained from a comparison of direct measurements of 242Pu.
Because the instrumental resolution Q-ICP-MS was not
sufficient to eliminate interference 238UH/239Pu, a previous
assessment of the rate of formation of molecular ion 238UH
from 238U (238UH/238U) was necessary. 238UH/238U formation
rates were determined in the order of 10-5, which means
that each 100,000 atoms of 238U, only one 238UH molecular
ion of mass 239 (which interferes with the measurement
of 239Pu) is formed. Subsequently, the solutions obtained
from the separation of plutonium by ion exchange were
measured, in order to know the contents of 238U that could
not be removed. Knowing this, and 238UH/238U formation
rate, we determined the contribution to mass 239 interference of 238UH. This value was subtracted from the measured value corresponding to the mass 239, thus obtaining
the real value of the concentration of 239Pu. The limit of detection (LOD) method [8] permitted us to obtain a value of
4.31 10-14 g / ml (0.098 mBq / ml).
3. RESULTS AND DISCUSSION
The average chemical yield of Pu recovery obtained in
the analysis of sediment samples, with the methodology
used in this study, was 88%, with values in the range 8393%. Although a complete separation of Pu was not
achieved, the interference of the remaining U (238U combined with the 1H water into a mass of 239), was taken
into account in the determination of 239Pu, and the correction was made considering the formation rate of 238UH [9].
Table 1 shows the average value for the Pu certificate of the
IAEA reference sample n.357, and the average value measured for the results obtained from application (repeated
6 times) of the methodology described herein for the separation of Pu to the same reference sample (IAEA n. 357)2 [10].
Based on the uncertainties of these values, we can see
that the range of variation of the mean measured value
2
The IAEA-357 material (top soil to a depth of 20 cm) was obtained
from the “Staryi Viskov” collective farm in Novozybkov, Brjansk,
Russia in July 1990. The material was air-dried and milled to give a
grain size less than 0.3 mm by the Brjansk Centre for Agricultural
Radiology and Chemistry and dispatched for further processing to the
International Atomic Energy Agency’s Laboratories at Seibersdorf in
November 1990. This material has been γ-sterilised to ensure long-term
stability of the material by inhibiting microbial action.
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(0.31-0.39) Bq kg-1 is in the range of variation reported
for the certified value (0.26 -0.34) Bq kg-1; therefore, no significant differences between the average certificate and the
measured value are found, showing good accuracy and reliability of the method. The 95% standard deviation is
11%, indicating also a good reproducibility of the method.
TABLE 1 - Results of application of the
method to the IAEA-357 reference material.
Reference sample IAEA n.357 (Bq/kg)
239+240
239
Pu (certificated mean
Pu (mean measured value with Qvalue)
ICP-MS)
0.30±0.04; k=2*
0.35±0.04; k=2*
* k (coverage factor), in this case for 95% confidence.

In Figs. 2a, 2b and 2c, the 239Pu distribution, in Bq kg-1
of dry mass, for three sediment profiles taken in the Cienfuegos Bay is reported. In all analyzed samples, 239Pu concentrations are in the range (0.10-0.86 Bq/kg), consistent
with the ones reported by previous studies of sediment
contamination mainly due to global fallout [11].

FIGURE 2b - Vertical distribution of 239Pu in three profiles of
sediments from the Bay of Cienfuegos. Core 2.

Using the values of 137Cs measured in the first 20 cm
depth of sediment samples taken in the southern lobe of
the Bay of Cienfuegos, reported by Alonso et al. [12], and
our results of 239Pu in the first 20 cm of sediment collected
at the same sampling station in the southern lobe of the
Bay of Cienfuegos, we calculated the ratio 137Cs/239Pu, obtaining a value of 24.38 ± 0.27, which is within the range
reported, for instance, by Noureddine et al. [11], where
global fallout was identified as the only pollution cause.
The variation of 239Pu with depth in the sediments
tends to confirm that the origin of pollution dates to the
fifties-sixties: relevant concentrations were found at depths
of around 8-12 cm, a result consistent with a slow process
of penetration of Pu in the sediments.

FIGURE 2c - Vertical distribution of 239Pu in three profiles of sediments from the Bay of Cienfuegos. Core 3.
3.1. Determination of Plutonium in marine biota

The determination of Pu in marine sediments has
turned out to be an efficient method in case of routine
measurements.
To set up a complete monitoring chain for Pu marine
pollution, useful for accidental pollution too, a further
method is briefly presented in this section. It is based
upon the sampling and analysing of certain types of seaweeds, which quickly metabolise plutonium. The objective
is, therefore, to set up a further method for a quick, even if
maybe less precise, determination of transuranic pollution
in the sea waters, after an accidental release has taken place.
The autoradiography method is proposed and results discussed for a case study. With the autoradiography technique, the samples are put into contact with particular films,
sensible to α-rays of selected energy.
FIGURE 2a - Vertical distribution of 239Pu in three profiles of sediments from the Bay of Cienfuegos. Core 1.

In the Mediterranean Sea, the effects of environmental
marine pollution due to the presence of nuclear submarines
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have been recently studied [13]. In particular, some studies originated from the accident to the nuclear submarine
"Hartford" that took place in 2003 close to the "La Maddalena" submarines base in Sardinia Island (Italy). It is not
demonstrated that an environmental release took place
during the accident, however, findings about the presence
of plutonium traces in certain types of algae close to the
site have put into evidence the presence of artificial radioactive pollutants in that marine environment.
Soon after the nuclear submarine USS Hartford ran
aground on shoals, only a few km off the island of La
Maddalena in Sardinia Island (Italy) in November 2003
[13], several dozen samples were collected from the surrounding sea floor, including seaweeds, molluscs, fish
and other marine life. Collection of specimens was repeated every couple of months for a 2-year period.
Specimens were subjected to autoradiography analyses for the determination of large quantities of alphaemitting radioisotope concentrations, and selected specimens were analysed by means of gamma ray spectrometry
for uranium and transuranics determination. Once determined the presence of alpha-emitters, in other words, selected samples with relatively high concentrations were subjected to gamma ray spectrometry to determine 239Pu and
other plutonium iso-topes.
Certain types of seaweeds, in particular Jania ruben
and Corallina elongata, were sampled, since, as mentioned
above, they tend to quickly accumulate and bio-concentrate
plutonium.
Concerning the autoradiography procedure, the samples were prepared, both in the form of dried compressed

sheets and dried homogeneous powders, and then placed
in direct contact with a film, sensitive to alpha-rays of a
particular energy only (Kodak Pathé LR-115 Type 2; sensitivity range 1.2-4.8 MeV) for selected and known periods of time; each alpha particle emission from the sample
surface produces a linear damage on the film coating which,
subsequent to chemical development, can be observed with
a microscope.
The number of tracks observed over a given area, after a given contact time, gives an indication of the alpha
activity of the sample surface, and, consequently, a relative
idea of concentration. However, although this technique
cannot distinguish directly between different transuranic
radionuclides and other alpha-emitting isotopes, it has the
advantage of speed: several dozen samples can be analysed simultaneously in a matter of a few days.
It was possible – in fact - to obtain large numbers of
data in a short period of time from autoradiography techniques, whereas spectrometric analyses, expensive and timeconsuming, were used only in selected cases, to confirm
some of the autoradiography determinations of transuranic
elements, such as 239Pu.
The first sampling campaign took place soon after the
Hartford submarine accident in early 2004, when 40 samples of green and red algae were collected and analysed
for their alpha emissions using alpha-ray autoradiography
techniques. Some very high values were detected. Other
sampling campaigns were repeated thereafter [14, 15],
collecting always the same algae from the same sites, for a
total of 315 samples (see Fig. 3).

FIGURE 3 - Station locations around the Maddalena Archipelago, with a visual representation of the relative sizes of alpha track ‘‘hot
spots’’ represented as stars of different sizes.
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In some cases, relevant concentrations of transuranics
and other alpha-emitting radionuclides in algae from La
Maddalena were measured. Many of these isotopes are
not of natural origin; a possible source is through losses
of cooling fluids (water) from the propulsion units of nuclear submarines, or from dumping at sea of radioactive waste material (see, for instance, the comprehensive “in.fondo.al.mar” database, with over 70 sunken ships
suspected of having carried toxic and radioactive waste,
many of them in the Tirrenian Sea, not far from the area
of investigation3).
Many specimens had on their surfaces “hot spots”, i.e.,
alpha traces due to the decay of small alpha-emitter fragments, due to transuranics. In certain algal types (Jania
rubens and Corallina elongata), the concentration of hotspots was particularly high. The analysis of the alpha radiation, especially from hot spots, shows that there are mixtures of several different alpha emitters in action [16, 17].
Individual hot spots have been analysed, using a multichannel X-ray spectrometer-equipped scanning electron
microscope at high magnification (x 12,500), working at
atmospheric pressure. Several micron-sized metallic granules
have been identified, including Pb, Th, U, K, Pu, Sb, Ce,
La and Nd, at the centres of the hot spots [15, 18], (see Fig. 4
for an example of “hot spot” containing several granules
[15].

onto the thallus of algae: this could be followed, in marine
trophic chains, by secondary feeding through filtration (in
bivalves, e.g. Mytilus spp.) and/or gnawing (in cephalopods, e.g. Sepia officinalis, where these radioactive metallic shards are concentrated onto the shining proostracon of
cuttle-bones). Radioecological literature illustrates, for metallic xenobiotics, a process of bio-magnification along the
food-chain directed towards man through fish, molluscs
and echinoderms in the process of fishing and subsequent
alimentation [18-20].
At first, alpha particle tracks were found to occur in
great quantities both uniformly distributed on surfaces of
seaweed and as “hot spot” concentrations of tracks emitted from point sources; the latter were interpreted as being
due to emissions from pollutants in the form of radioactive granules resting on the surfaces of seaweeds. In contrast, little activity was found emitting from other marine
life. With the passing of time, subsequent analyses of
newly collected material showed that concentrations of
alpha tracks and hot spots tended to diminish on seaweeds,
whereas concentrations on molluscs, fishes and sea urchins
markedly increased. Mussels showed particular abundances
of alpha tracks. The contrasting concentration behaviours
were probably associated with the different life spans of
different organisms: usually less than one year for seaweeds, two years or more for molluscs.
It appears that while seaweeds, with their rapid growth,
quickly picked up radioactive particle pollution from the
environment, molluscs and other marine life required more
time to show signs of contamination. By the end of the first
year, new generations of seaweed started to grow in a sea
water which by then had been largely washed clear of
USS Hartford’s pollution by intense currents, whereas
molluscs retained the full concentration of the previous
year’s particles.
This investigation not only detected the existence of
radioactive contamination of the marine environment from
an unnatural source, but also was able to indicate the variation in intensity of this pollution with time, marking those
periods when it was inadvisable to consume certain organisms.

FIGURE 4 - Alpha particle ‘‘hot spot’’ recorded from the surface of
a fibrous green alga (Gladophora sp.) in one of the sampling stations
in “La Maddalena” Island sea (station #6, in the sea facing the
south-western edge of the Caprera Island, see Fig. 3) [15].

In the case presented in this work, one can envisage the
immediate external deposition of metallic micro-fragments
(alpha-emitting transuranics and other long half-life nuclides which give rise to hot spots), dispersed in sea water,
3

See site and report:
http://www.infondoalmar.info/docs/pr_infondoalmar.pdf, November 2009.

The radioactivity concentrations (total Pu) found in the
different algal species around the La Maddalena Island in
Sardinia have been found to vary from 1 Bq kg-1 to a
maximum of 6 Bq kg-1, depending on the type of seaweed.
The highest concentrations have been found in Chaetomorpha and Claudophora sp. After the autoradiographic procedure helped to identify the samples with abnormal alpha-emitter presence, the total plutonium concentration
has been determined by means of gamma ray spectrometry. It can be seen that the measured concentrations, sufficient to detect the Pu off-normal presence, are, however,
so low not to pose any problem from the environmental
impact viewpoint. In molluscs, fishes and sea urchins, Pu
concentration has increased in the following years. Consumption of certain types of molluscs coming from selected areas could be not recommendable as a precaution.
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4. CONCLUSIONS
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ABSTRACT
Quirra is a village located in the Italian island of Sardinia, close to a big military base where ballistic missiles
and weapons are tested. In the past years and recently, the
zone has been called to the attention of the media due to
the so-called “Quirra syndrome”, an apparently off-normal
incidence of illnesses in that zone. The media indicated a
possible cause of the above situation in the military use of
Depleted Uranium. The paper carries out a statistical assessment to verify if the “Quirra syndrome” exists, in order to
evaluate health effects. Moreover, one of the causes of possible pollution - electromagnetic fields due to military warfare use - is addressed, by means also of experimental measurements carried out on site. The results show that, on one
side, the so-called “Quirra syndrome” has epidemiological
relevance, and, on the other, the measured levels of electromagnetic fields show artificial pollution and require more
investigation.

The military area is also of great natural interest and
it hosts, for example, the karst cave system of Is Angurtidorgius, and a lot of endemic and endangered species.
In recent years, the Quirra polygon has been brought
to the attention of the Italian media [1] due to the so-called
“Quirra Syndrome”, an apparently off-normal incidence of
illness reported among the population who lives close to
the military area. The main manifestation is cancer to the
hemopoietic system and natal genetic malformation. Recent scientific studies on this question have been published in specific literature [2, 3].
In the small village of Quirra, close to the seaside part
of the Base, 13 cases of cancer to the hemolymphatic system have been reported, while in the village of Escalaplano,
on the west boundary of the land range, 8 children with
serious natal genetic malformation were born in just one
year (over a yearly total birth rate of 21 children). In addition to this, some cases of cancer are reported among military men who served in that base for one year only.
Some possible exposition factors which might cause
the Quirra Syndrome are:

KEYWORDS:
Quirra syndrome, environmental pollution, Sardinia

1. Toxic and teratogenic chemical substances generated
by rockets propulsion systems;

1. INTRODUCTION

2. Arsenic contamination from past mining activity;

The “Poligono Sperimentale Interforze del Salto di
Quirra” (PISQ) is in the south-eastern part of the Italian island of Sardinia, and is the biggest military shooting
range in Italy and Europe (an area of about 130 Km2). It is
an experimental shooting range for ballistic missiles and a
training base belonging to the Italian army, used by NATO
alliance forces too, and also utilised by the private military
industries that rent the training range for weapon testing.
The PISQ area is divided into two zones: an elevated
one, the “land range” (116 Km2), and a seaside zone, the
“sea range” (11 Km2). Moreover, as shown in Fig. 1, observation and telecommunication stations are located along
40 Km of the coast.
* Corresponding author

3. Radiological contamination from Depleted Uranium
used in “penetrator” bullets and missile heads;
4. Heavy metal nano-particles generated at very high
temperatures, such as those reached during the
combustion of rocket propellant or impact of depleted
uranium head bullets against armour;
5. Electromagnetic pollution originated by military radars
and electronic warfare devices.
As far as the first factor is concerned, the Quirra Polygon is a well-known air force rocket range, where new
rocket propulsion systems – for both military and civil use
– are tested. Airborne release of toxic and teratogenic
chemical substances is a likely effect of these tests. For
instance, environmental contamination with hydrazine
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FIGURE 1 - The Quirra area and surroundings in Sardinia (Italy).

(a fuel component of the Nike Ajax anti-aircraft missiles),
or other rocket combustion products, cannot be excluded.
In literature, there is no trace of the military part of these
tests. However, some papers concerning the civilian applications are available. For instance, in recent years, the
Quirra Polygon has hosted the Zefiro Static Firing Test
Bench, a Test Facility, located inside the base, devoted to
performing the static firing tests of VEGA 2nd and 3rd
stage Solid Rocket Motors [4, 5]. However, nothing can
be confirmed at the moment, since measurements of possible noxious chemical substances are missing, and their
presence is not confirmed. We put this cause in the list
just for the sake of completeness, and leave this suggestion for further work to be developed in the future.
Concerning the second reason, the now abandoned
arsenic mine of Baccu Locci is located in the area, quite
close to the town of Villaputzu [6]. In particular, leadarsenic-sulfide ore deposits are present in that area, and
galena and arsenopyrite are the only economic minerals.

Both lead and arsenic are highly toxic and carcinogenic
metals, so some kind of contamination of environmental
and trophic matrices by those two metals and their compounds may occur. However, arsenic contamination, from
past mining activity, does not cause hemolymphatic tumors (only liver, kidney, lung, bladder and skin tumors
are reported). The results of our epidemiological survey
will show that arsenic pollution should be disregarded as
one of the concurring causes of the Quirra syndrome.
As far as the third and fourth causes are concerned,
an evaluation of the DU contamination effects was performed by Zucchetti [2] in 2006, while Gatti [3], in 2007,
found heavy metal nanoparticles in the cooling basin for
rocket engines in the tissues of ill-formed animals and of
both military and civilians, tumour-affected and living in
the PISQ surroundings [3]. The conclusions of the investigation on DU pollution [2] has put into evidence the
absence of experimental determination of DU contamination in the environment of the Quirra area, and further in-
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vestigation on other possible causes of the syndrome was
suggested. A scientific approach to the quantitative assessment of the epidemiological relevance of the syndrome was
also suggested.
It should be underlined that the environmental context
of the PISQ area is very complex, characterized by the
contemporary presence of different sources of pollution,
and the pathologies affecting residents can also be due to
the joint effects and the possible mutual interdependency of
the above-mentioned risk factors.
In this paper, we concentrate our investigation on two
aspects:
• A quantitative assessment of the “Quirra Syndrome”
from the epidemiological viewpoint, to scientifically
verify if the problem exists, or if, on the contrary, it is
not relevant from the epidemiological viewpoint.
• A first evaluation of the fifth cause of the Syndrome in
the above list, i.e., electromagnetic (e.m.) pollution,
found in inhabited areas at the boundaries of the seaside
part of the military base. The evaluation – done with
on-field measurements of e.m. fields - aims to assess if
this exposure has some practical relevance, in order to
recommend further investigation, if necessary.

investigation, restricted to those groups of subjects actually exposed to the PISQ activities, is needed.
ISS results were substantially confirmed by a subsequent epidemiological investigation on the health of the
Sardinian population [8]. The causes of death in the 19812001 time period were studied using data from the ISTAT
database, both for the whole Sardinian population and for
some sub-areas selected for their possible contamination.
The Military Quirra area, formed by ten municipalities in
the PISQ boundaries (Armungia, Ballao, Castiadas, Escalaplano, Muravera, Perdasdefogu, San Vito, Tertenia,
Villaputzu and Villasalto, with 26.183 residents throughout) were selectively studied, and an excess of hemolymphatic system tumors (+28% male, +12% female), not
statistically significant, were found.
Herein, we present a first attempt to cohort study, following the ISS [7] recommendations. Our study is based
on data collected by reported diagnosis by a local association (“Circolo RUSPA” in the Villaputzu town). Examining the collected data, two sub-groups of the population
actually exposed to the PISQ military activities effects
can be clearly identified:
-

Group (A) – People who live and/or work in the
small Quirra village, very close to the missiles
launching areas, composed of approximately 400
people, male and female equally distributed.

-

Group (B) – PISQ civil workers, composed of
approximately 400 people, all males.

2. MATERIALS AND METHODS
2.1. Quantitative assessment of the “Quirra Syndrome”

A first investigation on the causes of death, between
1980-1999, among the population of the town of Villaputzu
(5048 people) was performed in 2004 by the Italian Institute of Health (ISS) [7], using data from the National Statistical Institute (ISTAT) database. The study did not highlight any statistically significant increasing risk of death
from cancer; however, not the whole Villaputzu population lives strictly close to the military base activities. Following that, as specified in ref. [7] conclusions, further

The risk of death from cancer has been evaluated in
the 1998-2008 period for both sub-groups, and the results
are compared with the Sardinian population average risk
of death for some types of cancer reported in [8]. To perform the comparison, the Poisson distribution is adopted
for the Sardinian population expected values, and then the
range corresponding to the given confidence level has
been computed and reported in Table 1.

TABLE 1 – A comparison of observed and expected values for the examined groups
All types of cancer
Group (A)
200 M + 200 F
Group (B)
400 M

Observed

Expected

7M

5.7 M

Confidence level 80%
M ( 2.6 – 8.8 )

Confidence level 95%
M ( 0.8 - 10.6 )

3F
5M

2.9 F
11.4 M

F ( 0.7 – 5.1)
M ( 7.1 – 15.7 )

F ( 0 – 6.5)
M ( 4.7 – 18.1 )

Cancer to the hemolymphatic system
Observed

Expected

5M

0.44 M

M ( 0 - 1.6 )

M ( 0 – 2.4 )

3F
3M

0.26 F
0.88 M

F ( 0 – 1.1)
M ( 0 – 2.1 )

F ( 0 – 1.9)
M ( 0 – 3.2 )

Observed

Expected

Confidence level 80%

Confidence level 95%

Group (A)
200 M + 200 F

3M

0.21 M

M ( 0 – 0.99 )

M ( 0 – 1.8 )

2F

0.10 F

F ( 0 – 0.88)

F ( 0 – 1.5)

Group (B)
400 M

3M

0.41 M

M ( 0 – 1.5 )

M ( 0 – 2.3 )

Group (A)
200 M + 200 F
Group (B)
400 M

Confidence level 80%

Confidence level 95%

Leukemia only
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The results are similar for the two groups: we notice a
statistically significant increasing risk of death for hemolymphatic tumors, in particular for leukemia. It is noteworthy that the two groups (A) and (B) are completely different as to age, occupation and habits, in fact, exposition to
PISQ activities is their only common characteristic.
Despite the rough procedure in the data collection,
the results seem to be robust, and could give us some indication about possible causes of the “Quirra Syndrome”.
For instance, as already mentioned, the arsenic contamination from past mining activity, that has been considered as
a possible cause, should be disregarded, because it does not
cause hemolymphatic tumors (only liver, kidney, lung,
bladder and skin tumors are reported in literature [7]).
These results have to be improved in future, by repeating these cohort studies on the basis of comprehensive
medical documentation. The investigations should be extended to other population sub-groups exposed to the PISQ
activities, such as, for instance, the farmers operating in
the Quirra plateau and the military personnel who served
in PISQ. Natal genetic malformation, abortions, and low
mortality diseases also have to be investigated, in order to
obtain a complete picture of the state of health of that part
of the population, actually exposed to the PISQ activities.
2.2. Electromagnetic pollution evaluation

Since the main activities of the PISQ are related to development, experimentation and assessment of missile systems and electronic warfare devices, a complex system of
radar, TLC, and electronic warfare devices operates in the
training range area. Military radars emit short pulses of
microwaves, usually in the few GHz frequency range, with
a peak power of hundreds of KW.

set for power density S and electric field E; they hold S =
4 W/m2 and E = 40 V/m for the acute effects, but S = 0.1
W/m2 and E =6 V/m for the low-level, long-term exposure.
Some factors which could be indicative of the presence
of high frequency e.m. fields have been continuously reported by people living near the PISQ, such as the anomalous behaviour of bee swarms [12], microwave auditory
effects [13] and interference with electronic devices.
A first survey on the microwave field was performed
in May 2007, in the proximity of the Quirra village, around
the PISQ seaside zone. We used broad band equipment to
detect the field, consisting of a Narda EMR-300 Radiationmeter equipped with two electric field probes with different bandwidth: the Narda E-11 (10 MHz-60 GHz) and the
Narda E-18 (100 KHz-3 GHz). The electric field was sampled every two seconds, and data were transmitted to a
laptop computer through an optical fibre connection and
stored. Finally, the reported measurements were averaged
over a 6-min time interval.
Field measurements pointed out the presence of electromagnetic fields at the places shown in Fig. 3. As the
field was detected by the E-11 probe, but not by the E-18,
it can be argued that it oscillates at a higher frequency than
3 GHz. The very high frequency characteristics of the
measured signal allowed us to exclude a civil origin of the
evidenced e. m. fields, so their origin should be ascribed
to the devices used inside the military base.
As previously mentioned, a number of radar, TLC, and
electronic warfare devices operate in the PISQ military area,
but their location and characteristics are not known. The only
exception is the RIS-3C Tracking radar (produced by Selenia), whose characteristics are reported in Table 2.

Microwave (300 MHz-300 GHz) exposition effects
depend on the power density S of the emitted field and the
amount of energy actually absorbed by the human body
[9]. The acute exposure effects to high levels of microwave
radiation (up to S ~10 W/m2) can be distinguished from
low-level, long-term exposure effects (less then S~10 W/m2).
Acute exposure effects are well-known, and consist
mainly of serious and immediate injures to the eye, local
lesions and necrosis, particularly in brain and gonads, and
hyperthermia. Long-term exposure to microwaves at levels
lower than acute effect limits still constitutes a problematic issue. Low-level, long-term exposure can cause genetic
and teratogenic effects that have been observed in animals and plants, but for human exposure epidemiological
studies are very poor. Increased rates of leukemia and lymphoma have been reported among military personnel
exposed to high frequency e.m. fields [10, 11], but studies
in this context are rare and it is not easy to evaluate the
actually absorbed dose rate carefully.
For these reasons, following the guidelines of the International Health Organisation [9], the health authorities
fixed limits for both the acute and long-term exposures. In
Italy, the limits in the 3-300 GHz frequency range were

TABLE 2 - RIS-3C tracking radar parameters.
Peak Power
Frequency
Wave length
Pulse duration
Pulse Repetition Frequency
Antenna gain
Angular width
Reflector diameter

Pmax = 240 KW
f = 5475 – 5800 MHz
λ = 5.5-5.2 cm
τ = 0.5 or 2 µsec
fPRF = 1640 or 410 Hz
G = 42 db
φ = 1.2° ± 20%
d = 12 feet = 3.66 m

This radar is equipped with a large parabolic reflector, as can be observed in Fig. 2, and its pulses are characterized by the Duty Cycle DC = τ · f PRF , that can assume
three different values: 2.05 10-4 , 8.2 10-4 and 3.28 10-3 .
The time averaged Power field density S(R) can be computed in the far field approximation, for distances R exceeding the near field limit dlim = Max (λ, 2d2/ λ) = 520 m, as:
S(R) = Pmax · G · DC / (4 π R2)
If the far field condition are verified, magnetic H and
electric E components of the field are closely related and
the power density can be obtained as follows:
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S = E2 / R0
where R0 = 377 Ω is the void characteristic impedance.
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FIGURE 2 - RIS-3C Tracking radar in the “Torre Murtas” station (the parabolic antenna reflector is visible).

FIGURE 3 - Emissions from Radar RIS-3C stations: left panel is relative to the short pulses (DC = 2.05 10-4 or 8.2 10-4) and the right panel
to the long pulses (DC = 3.28 10-3). Far field approximation is assumed.

The biological effect depends linearly on S(R), except
in case of very short pulses. ICNIRP guidelines [9] specify that the biological effect starts to increase for pulses

with Duty Cycle DC<1/1000. In this case, following the
suggestions of the standard DIN VDE 0848, we apply a
biological effect correction coefficient β for short pulse
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duration: β = 10-3/DC, if DC<10-3, otherwise β = 1. Then
the distance Rlim, at which the safety limit value Slim is
reached, is given by
Rlim = ( β · Pmax · G · DC / (4 π Slim ) )½
The distances at which the Italian law safety limits
are reached, computed through this last equation, are
reported in Table 3. Note that the acute effect safety limit
results at a lower distance than dlim, which is only an approximation of the real value. The atmospheric absorption
has been neglected, because it results in a decrease of the
distances that is lower than 1%.
TABLE 3 - Distances at which the Italian law safety limit is reached.
Pulse duration
DC = 2.05 ·10-4 , or
DC = 8.2 ·10-4
DC = 3.28 ·10-3

Acute effects
E=40 V/m, S= 4
W/m2

Low-level, long-term exposure E=6 V/m, S=0.1 W/m2

Rlim ≅ 270 m

Rlim = 1780 m

Rlim ≅ 480 m

Rlim = 3220 m

In Fig. 3, the 6 RIS-3C tracking radar stations are
shown, together with the safety limits. It can be observed
that 3 stations are located near the small village of Quirra,
and the others are near Arbatax town and the Perdasdefogu and Tertenia villages.
Our measurements on 4 May 2007, close to the Quirra village, performed by the broad-band probe Narda E-11
(10 Mhz-60 GHz), highlighted microwave electric field
amplitudes similar to those expected by these evaluations.
Measurements calibrated for 5.5-5.8 GHz source frequency
are compared in Table 4 with the electric field inside the
microwave beam generated by some close RIS-3C stations, operating with DC = 2·10-4 . It can be noted that the
observed and the expected values are comparable. Obviously, it does not mean that we detected exactly a signal
from the RIS-3C radar stations, because a lot of other, unknown radar, TLC and warfare devices could operate in the
same bandwidth.

TABLE 4 - Measurements of e.m. field in the examined areas.
Measurement
Place
Baccu Buidu
Su Binu

E field detected

Possible source

Source distance

3.1 ± 0.9 V/m
1.9 ± 0.5 V/m

Torre Murtas Station
Serra Longa

5.44 Km
5.75 Km

The measurements of e.m. field in the zone have been
done outdoors, and a better evaluation of them as a possible exposure cause should need data for the indoor fields
too. However, the activity of many of the population workers in the zone (sheep farming and agriculture) brings them
to spend most of their time outdoors, unlike urban population does.
Finally, we noted that the RIS-3C radar station has
worked over the past thirty years, so it is quite likely that
people living and/or working closely to these devices have
been accidentally exposed to intense microwave fields. In
actual fact, the measured levels of electromagnetic fields
show artificial pollution and require further investigation.
For an assessment of the dose absorbed by the population, of course, a complete picture of radar, TLC and warfare devices operating inside the PISQ is needed, including
their location, their characteristics and their operative
time. Without this information, it will be very difficult to
evaluate the actual level of e.m. pollution and its impact
on population health.
Our measurements have put into evidence that relevant levels of e.m. field exist in the area; they are of artificial origin, and they are most probably due to warfare
devices operating in the zone. This is the first step in view
of the set-up of a complete monitoring net in the area for
this kind of pollution. This kind of monitoring has been
shown to be necessary by our experimental findings.

Expected field
(far field approximation)
3.5 V/m
3.3 V/m

3. FURTHER RISKS IN THE ZONE: ENDEMIC
AND FLAG SPECIES IN THE QUIRRA AREA
In the Quirra-Perdasdefogu Area, there are several
fauna endemic species, whose survival is at serious risk
due to the military activities.
For instance, two “Amphibia, Caudata”, endemic in
the caves of Angurtidorgius:
• Euproctus platycephalus (Gravenhorst, 1829) [Sardinian Brook Newt];
• Speleomantes imperialis (Stefani, 1969) [Imperial
Cave Salamander].
Their detailed description may be found for instance
in [14]. In the same volume, two further important endemic species of “Amphibia, Anura” present in the area
are indicated, and their survival is also at risk:
• Discoglossus sardus Tschudi in Otth, 1837 [Thyrrenian
Painted Frog];
• Hyla sarda (De Betta, 1857) [Tyrrhenian Tree Frog].
In the same area, the presence of “Reptilia, Serpentes”
which is probably a “bona species”, has been detected:
• Natrix natrix cetti, Gené, 1839 [Grass snake] [15]
Furthermore, military activities have resulted in explosions that caused extensive falls in the underlying
caves. For the moment, this did not halt the reproduction
of the Sardinian Triton (Euproctus platycephalus), that is
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considered an endangered species. No recent news is available, however, of the other Triton (Speleomantes imperialis), which is considered to be a "Vulnerable at lower risk"
(VU/LR) species.
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ABSTRACT
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Determination of trace elements in biological samples
is important because of their vital role in metabolism, health
and oxidative stress. Oxidative stress is caused by reactive
oxygen species, depending on many factors in the etiology of various diseases. In our study, protective role of
linalool (LIN), which has antioxidant properties in 7,12dimethylbenz-[a]anthracene (DMBA), administered to
guinea pigs was investigated in terms of some macro and
trace elements, such as calcium, magnesium, copper, zinc,
iron, cadmium and manganese. Determination of these elements in kidney was performed by inductively coupled
plasma atomic emission spectrometry (ICP-AES) after microwave-assisted digestion method. Validation of the procedure was examined by using results of recovery experiments. The recovery values of the proposed procedure were
found to be between 94.4-101.2%. As a result of the analysis, levels of calcium and cadmium in DMBA group increased when it was compared to control group (P<0.01),
but was decreased when linalool was used with DMBA.
Levels of magnesium, zinc and iron decreased in DMBA
group in case of comparison with other groups (P<0.01),
but increase was obtained in case of using linalool with
DMBA. While copper levels between control and DMBA
group were not significantly different (P>0.05), they increased in DMBA+LIN and LIN groups compared to control group (P<0.01). In addition, it was noted that the
difference in the levels of manganese between groups was
not significant (P>0.05). As a result, it can be concluded
from the point of macro and trace elements that linalool is
effective in the protection of kidney and some other important organs from oxidative stress.

* Corresponding author

1. INTRODUCTION
Trace elements play different positive and negative
roles for humans, animals and plants [1-3]. Especially zinc,
iron, copper, and manganese are known to be essential nutrients for animals, and are needed for nerve impulse transmission, muscle contraction, and cell signaling. Many
minerals present in the body, act as helpers in a wide variety of enzymatic reactions [4, 5]. A deficiency in Zn and
Cu, especially during pregnancy, may cause organ dysplasia, altered metabolism of proteins and nucleic acids, and
impaired fetal development or post-natal growth [6-8]. The
symptoms of manganese deficiency include poor growth,
skeletal abnormalities, reproductive failure, and ataxia [9].
Cadmium pollution is becoming more common due to its
presence in drinking water, cigarette smoke, auto tires and
processed meats. It produces pathologies of the lungs, liver
kidneys and reproductive organs. When it displaces with
zinc, it may cause poor healing and premature aging [3].
Several analytical techniques including neutron activation analysis (NAA) [10], inductively coupled plasma
mass spectrometry (ICP-MS) [11], flame atomic absorption
spectrometry (F-AAS) [12-15], high performance liquid
chromatography (HPLC) [16], and X-ray fluorescence
spectrometry [17] have been devised for the determination of trace elements in different matrixes. Methods of
NAA and ICP-MS show good sensitivity but usage of
these methods are limited because of expensive instrumentation and high cost for routine analysis. AAS and Xray fluorescence spectroscopy often suffer from the problem of low sensitivity. HPLC has been popularly used for
this purpose in recent years, but time of sample preparations is too long. ICP-AES technique performs the simultaneous determination in a large number of elements from
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environmental and biological samples, being advantageous
from the viewpoint of the short time and the low limit of
detection [18].
DMBA is known as oxidant and recognized as polycyclic aromatic hydrocarbon [19]. Due to its carcinogenic
effect in relatively high doses, this substance causes tumor development in the body [20], and was reported to
significantly increase the free radical level in rat liver [21]
and to elevate hydroperoxides in different organs of rats
in both short- and long-term administration [22, 23].
Linalool is a monoterpene and reported to be a major
component of essential oils in various aromatic species.
Several linalool-producing species are used in traditional
medicine. Psychopharmacological in vivo evaluations of
linalool showed to have sedative effects on the central
nervous system (including hypnotic; anticonvulsant and
hypothermic properties) and many biological activities,
such as antioxidant, antimicrobial, anti-inflammatory and
anti-tumor properties like vitamin E [24].
It is known that some changes take place in the content of macro and trace elements due to oxidants, such as
DMBA, in the organism [3]. Kidneys are mainly affected
by acute deposition of the metals. Therefore, we intend to
explore the protective role of linalool on trace elements in
kidney of guinea pigs exposed to oxidative stress by
DMBA. Determinations of elements were carried out by
ICP-AES analysis.
2. MATERIALS AND METHODS
2.1. Reagents and solutions

All reagents were of analytical reagent grade (Merck).
Ultra-pure water (deionized, 18 MΩ-cm) was obtained
using a Milli-Q system (Millipore Corporation, Billerica,
MA, USA). All metal solutions were prepared from high
purity ICP standard stock solutions (1000 mg L-1) (Merck).
Nitric acid (65%) and hydrogen peroxide solutions used
were of analytical grade, purchased from Merck.
2.2. Animal protocol and sample preparation

In the present study, 24 healthy, adult, 12-months-old
Guinea pigs weighing 550±90 g were obtained from Animal Health and Research Institute (Elazig-Turkey). Animals
were reared and maintained according to the standard laboratory conditions (12-h light and 12-h dark cycle; temperature 20±3 ºC). Guinea pigs have been fed with lures,
all having the same composition. Four groups (each of 6
animals) were constituted as control, DMBA, LIN, and
DMBA+LIN group. DMBA and linalool were dissolved

in corn oil. Injections were administered intraperitoneally
every day. Only corn oil for control group, 6 mg/kg/day
DMBA for DMBA group, 120 mg/kg/day linalool for
LIN group, and 6 mg/kg/day DMBA+120 mg/kg/day
linalool for DMBA+ LIN group were applied. After a
four-week period, the Guinea pigs were decapitated, and
their kidneys were re-moved by surgery. Samples of 0.500.80 g were taken from the kidneys, washed with isotonic
salt solution (0.9 %, v/w) and homogenized. Digestion
operations were carried out in the microwave oven in
closed system PTFE (polytetrafluorethylene) pots by receiving a 0.30 g homogenized sample according to our
previous study [25]. Same operation was applied to the
blank solution. Atomic emission spectrometry (Perkin Elmer 3100 ICP-AES) was used in metal determinations.
2.3. Data analysis

Statistical analysis of data was conducted using the
variance analysis by ANOVA (SPSS) for comparison
between groups. Duncan test was performed to compare
the results from different groups. Results are expressed
as means ± standard deviation. P-value of less than 0.05
was considered to be significant.
2.4. Analytical features

ICP-AES has been extensively used in the simultaneous determination of major, minor and trace elements in
biological material because of its advantages, such as high
sensitivity, accuracy, low matrix effect and simpler operation [26].
Calibration curves were obtained from standard stock
solutions and metal determinations were performed by using
these curves. To evaluate the accuracy of analytical method,
recovery experiments were carried out. In these experiments,
microwave digestion operation was applied to samples each
containing 0.30 g Guinea pig kidney sample and known
amounts of standard solutions of metals. After analysis,
recovery values were found between 94.4-101.2%. These
recovery values have shown that the proposed method
gives acceptable results.
3. RESULTS AND DISCUSSION
Trace elements are taken from outside the organism
with food, water and some other sources. These elements
bind to various blood proteins and are transported to all
tissues [27]. The levels of trace elements in Guinea pig
kidney are shown in Table 1.

TABLE 1 - The levels of macro and trace element in kidney (µg g-1).
Groups
control
LIN
DMBA

Ca

Mg

Cu

Zn

Fe

Cd

Mn

117.15±24.22a
129.10±18.73a
193.46±24.34e

40.98±8.94b
32.19±5.71a
24.50±5.72a

4.44±0.99a
5.40±1.70b
3.10±1.04a

21.84±3.63b
20.38±2.82b
14.46±1.60a

11.67±1.92b
13.33±1.98c
6.08±0.86a

1.02±0.30a
1.09±0.35a
1.96±0.47e

1.27±0.37a
1.20±0.36a
1.23±0.27a

LIN + DMBA

149.07±18.11b

43.72±7.17c

4.93±1.36b

19.53±1.77b

12.76±2.25c

1.18±0.39a

1.26±0.33a

a,b,c,d: indicate statistical differences in same columns (P<0.01).
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It is observed in the present work that Ca levels in the
DMBA group are higher than in the other groups (P<0.01).
This effect of DMBA was corrected with the effect of linalool in LIN+DMBA group. Statistical difference was not
observed in calcium levels between LIN and control groups
(P> 0.05). Studies in literature aimed to make relationship
between Ca and oxidative stress have shown that level of
calcium is higher in damaged tissues and organs relative
to normal organs [28].
Free radicals caused by DMBA initiate the lipid peroxidation in the cellular, mitochondrial, nuclear and
endo-plasmic membranes. It is thought that increase in the
permeability causes the calcium leading to mitochondrial
damage, to flux and increase its level. It is possible to say
that enzymes in defense system become active against the
production of free radicals related to calcium by the increase of calcium level in the cell [29].
Magnesium levels in DMBA group decreased according to control group (p<0.01). The level of magnesium in
the group of LIN+DMBA has increased relative to DMBA
group by the effect of linalool (P<0.01). Thus, it is supposed that negative effects of DMBA on Mg, which has
an important role in the stability of cell walls and membranes as well as in the structure of metabolic enzymes
[30], can be prevented by linalool.
Although there was no significant difference between
the copper levels of control and DMBA groups, it was observed to decrease relatively in DMBA group (P>0.05). The
copper levels of LIN and DMBA+LIN groups increased
relative to control group (P<0.01). It is detected that the
levels of cooper in cancerous and noncancerous kidney
tissues are matching (P>0.05) [31].
Level of Zn in DMBA-treated group was significantly
lower than that in other groups (P<0.01) and there was not
any statistical difference between control, LIN and DMBA+
LIN groups (P>0.05). As Zn has a protective role against
formation of free radicals and oxidative stress, its levels
were decreased in DMBA group compared to other groups
(P<0.01). It was established that linalool corrected this
Zn level decrease of the determined amount in combination group whereas it was reported in literature that Zn
level in malign endometrium cancerous tissues was lower
than that in benign endometrium tissues [32].

in organism by increasing the levels of Zn and Mg, and by
the effects of other oxidants, firstly DMBA.
It was observed that iron level in DMBA group decreased according to all other groups (P<0.01). Similarly,
it was found that the concentration of iron in the tissue of
carcinoma kidney is slightly lower than that in normal
kidney [31]. Oxidative stress caused by DMBA has decreased the iron holding capability of kidney tissue.
It was stated in a research that increase of accumulation and absorption of cadmium causes the decrease of iron
level [34]. The increase of Fe and decrease of Cd thanks to
application of linalool emphasize the importance of linalool.
Kidney expresses a range of transport proteins necessary for the reabsorption of filtered essential metals, such
as Zn, Ca and Fe. As in the intestine, they are potential
routes for Cd uptake. Recent studies indicated that each of
these essential metals can inhibit Cd uptake by the proximal tubule [35].
In the present study, it is observed that the concentration of manganese is the same in all groups (P>0.05).

4. CONCLUSIONS
Determinations of Ca, Mg, Cu, Zn, Fe, Cd and Mn are
carried out in the kidney of different Guinea pig groups by
employing ICP-AES. From the results, it can be concluded
that levels of Mg, Zn and Fe are lower (P<0.01) and levels of Mg and Cd are higher (P<0.01) in the kidney of the
DMBA-inducted group than control group. These changes
of related elements between DMBA and control groups
were balanced in DMBA+LIN group with the effect of
linalool. Thus, the linalool in oxidant and anti-oxidant studies
may play an important protective role.

The concentration of cadmium in the DMBA group
was found to be higher than that in other groups (P<0.01).
In literature, it has been pointed out that functions of cadmium are unknown, and it may produce toxic effects even
at very low doses. This toxicity could be due to a direct or
an indirect interaction which takes place between the metal
and the biological system, both extracellularly and intracellularly [30]. Kidney is still regarded as a critical organ
for cadmium accumulation and its toxicity. In the kidney,
greater than one-third of body Cd deposits were found [33].
It was noted that Zn and Mg had a restoring effect against
this damage [27]. In the present study, it is determined that
linalool can inhibit the toxic effects of increasing Cd level
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ABSTRACT
The changes and the problems which will happen in
relation to climate change, and the measures to be taken to
reduce these problems constitute the most important global
environmental problem of the century we are living in. In
Turkey, water is the most critical resource for agricultural
ecosystems. Variations in water resources and the advent
of drought or increased runoff have significant implications for the water supply and for agriculture. Changes in
water resources associated with climate change and their
implications for agricultural production are also important
for future water resources planning and agricultural sustainable development strategy.
Drought has been a recurrent phenomenon in Turkey
for the last several decades. The drought occurrences have
been generally closely related to a lack of precipitation
combined with high temperatures. A warming trend beginning in the early 1990s has dominated almost a decade and
the annual mean temperatures have remained above average since 1995. These droughts have greatly affected water
resources and thereby the agricultural sector. This sector,
upon which the country’s economy depends, is the biggest
user of water resources, with a 74% share. Thus, when it
comes to sharing and efficient use of water resources, the
greatest pressure is on the agricultural sector. The effects
of drought on agriculture can be seen as changes in crop
patters, irrigation ratios, water quality and water management.

KEYWORDS: Climate change, drought, irrigated agriculture, Turkey, Mediterranean.

1. INTRODUCTION
During the past decade, the issues of climate change
have been at the center of many scientific studies. Global
climate variability and change caused by natural processes as well as anthropogenetic factors are environmental
issues of major importance which will affect the world at
the beginning of the 21st century. The earth’s climate has
* Corresponding author

exhibited marked natural fluctuations and changes, with
time scales varying from many millions of years down to
a few years [1].
Global climate change will affect all economic sectors
to some degree, but the agricultural sector is perhaps the
most sensitive and vulnerable. World agriculture, whether in
developing or developed countries, remains dependent on
climate parameters. The impact of climate variability on
agricultural production is important at local, regional and
national, as well as global scales [2-4]. Crop yields are
affected by variations in climatic factors such as air temperature and precipitation, and the frequency and severity
of extreme events like droughts, floods, hurricanes, windstorms, and hail [1]. Thus, global climate change may have
serious impacts on water resources and agriculture in the
future. For this reason, numerous studies have been undertaken in the last decades to evaluate the impacts of climate change on agriculture and water resources in various
parts of the world [5-11].
In Turkey, water is the most critical resource for agricultural ecosystems. Changes in water resources and the
advent of drought or increased runoff have significant implications for water supply and agriculture. Changes of
water resources associated with climate change and their
implications for agricultural production are also important
to make future water resources planning and sustainable
agricultural development strategy.
Agriculture is the biggest water user in Turkey with a
74% share, followed by the domestic (15%) and industrial
(11%) sectors [12]. Average annual total precipitation in
Turkey is 643 mm, and total available water has been determined as 112 billion m3/year, of which 98 billion m3 is
surface water and 14 billion m3 is underground water.
In Turkey, per capita available water is around 1500 m3
and will decrease to 1000 m3 by the year 2050. Considering
these figures, it can be seen that by the year 2050 or 2100,
a serious water crisis will impact the production systems
of Turkey [13]. Agriculture in Turkey is already under stress
in terms of water resources. Some impact assessments on
agriculture, water resources and climate change have also
been undertaken in Turkey [14-20].
The trends in hydrological variables such as river runoff have also been investigated from a countrywide perspective [21-27]. These studies imply that there was a sig-
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nificant decrease in mean and low flows for some streams
in the western, middle and southern regions of Turkey, and
in maximum flows for others, between 1935 and 2001,
based on data collected for periods varying between 31
to 66 years. In general, but particularly in the above-mentioned regions, it was observed that the lengths of the wet
periods became shorter, water efficiency decreased, and the
intensities of dry periods increased.
All of the above mentioned studies indicate that major changes may occur in the streamflows of the Turkish
river basins. Simulation results of the water budget model
have shown that surface water in the Gediz and Buyuk
Menderes Basins will be reduced by nearly 20% by the
year 2030. By the years 2050 and 2100, this percentage
will increase to 35% and more than 50% respectively. The
decreasing surface water potential of the basins will cause
serious water stress problems among water users, mainly
agricultural, domestic and industrial water users [28]. Partal
and Kahya [26] described decreasing annual precipitation
trends, particularly in Western Turkey, during the period
1929–1993. Kukul et al. [27] also reported significant downward trends in annual precipitation during the period 1966–
1998 with change points around 1980 in the Gediz basin, in
western Turkey. Durdu [29] evaluated climate change impacts on water resources of the Buyuk Menderes river
basin located in western Turkey, and indicated that increasing trend in temperature and decreasing trends in
precipitation and streamflow in the river basin may be interpreted as climate change. Understanding the possible impacts of global climate change on water resources is of
great importance for the appropriate design and management of water resources of the country.
The objective of this paper was to investigate the climate variability and climate change in order to determine
the potential impact of climate change on agriculture and
water resources in Turkey, and the measures which should
be taken from today.
2. AGRICULTURAL SITUATION IN TURKEY
Turkey, located in the Mediterranean basin and surrounded on three sides by the Mediterranean, the Aegean
and the Black Sea, has a total land area of 780 600 km2
and an average elevation of 1132 m. The climate is semiarid in character, and shows great variation from one part
of the country to another.
Land use in the country as a whole and in the various
geographical regions is suited to the climatic conditions.
Thus in the humid areas of Turkey we see forestry, in the
high mountains and dry areas there is animal husbandry,
and in every region crops can be grown. This means that a
variety of different agricultural products can be produced
in the various ecological zones of the country.
Of the land area of Turkey, 36% is used for agriculture,
and a large proportion of the populations (34.3%) make
their living from agricultural activities.

The greater part of the total value of agricultural production of Turkey comes from plant production. Of the
land used for crops, 69% is used for field crops, 19% is
fallow, 3% is used for vegetable production, 5% is used to
produce fruit, 2% for olives, and 2% is used to grow grapes
[30].
3. TURKEY’S CLIMATE AND CLIMATE
CHANGE
Although Turkey is situated in a Mediterranean geographical location where climatic conditions are quite temperate. The diverse nature of the landscape, and the existence in particular of mountains that run parallel to the
coasts results in significant differences in climatic conditions from one region to another. While the coastal areas enjoy milder climates, the inland Anatolian plateau experiences extremes of hot summers and cold winters with limited
rainfall. The average annual total precipitation of Turkey
from 1971 to 2000 was 635 mm. However, the Taurus
Mountains are close to the coast and rain clouds cannot
penetrate to the interior part of the country, and they drop
most of their water on the coastal area. The rain clouds
which pass over the mountains and reach central Anatolia
have no significant capability of producing of rain (Fig. 1).
In general, a significant difference can be observed between the total rainfall in coastal and inland areas. The
Eastern Black Sea coasts receive 2200 mm of rainfall while
the inland area receives 250–300 mm.
The annual mean temperature of Turkey was 13.6 0C
according to 1971–2000 base period (Fig 2). Temperature
and precipitation changes are both significant components
of climate change. According to data from the years 1940
to 2008, Turkey’s annual average temperatures have shown
an increasing trend of 0.64 0C /century. Average annual
total rainfall in Turkey over the same period has shown a
decreasing trend of 29 mm/century [31].
The most marked effect of global climate change on the
Mediterranean Basin is expected to be that of more drought
conditions. Precipitation in the Mediterranean Basin as
a whole has decreased by 20% in the last 25 years. It is
expected that this decreasing trend will continue, and a
serious drop in precipitation is predicted in Turkey’s semiarid Mediterranean, Aegean and Central Anatolian regions.
Drought has been a recurrent phenomenon in Turkey
for the last several decades. The drought occurrences in
general have been closely related to a lack of precipitation
combined with high temperatures. A warming trend which
began in the early 1990s has dominated nearly a decade
and annual mean temperatures have remained above average since 1995. A significant drought was observed in 1999
and 2000, associated with a lack of precipitation during the
winter and spring, which are normally the wettest seasons.
A number of studies have been performed in Turkey to
detect and monitor drought events on local and regional
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FIGURE 1 - Geographical distribution of annual total precipitation in Turkey.

FIGURE 2 - Geographical distribution of annual mean temperature in Turkey.
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FIGURE 3 - Water stress level on the river basins of Turkey [16].

4. THE EFFECTS OF CLIMATE CHANGE ON
AGRICULTURE AND WATER RESOURCES:
CASE STUDY OF THE GEDIZ BASIN

scales over the years. Studies have revealed that the country experienced drought conditions in the 1970s, the second half of the 1980s, and at the beginning of the 1990s
[32-37].
It is obvious that this drought phenomenon will create
a more vulnerable environment for the agricultural sector
and for water resources in Turkey. The impacts will vary
greatly on varying time scales. While the south-eastern and
eastern parts of the country are more vulnerable to moderate droughts on a short time scale, the impact is expected
to be less in the coastal areas where drought is only effective over longer durations, and occurs at moderate levels.
On the other hand, the coastal and interior areas are more
vulnerable to severe droughts, as opposed to eastern Turkey where the frequency of droughts tend to be less. That
leads to the conclusion that over a longer time scale hydrological drought is likely to occur in the coastal areas,
while the interior areas will suffer from agricultural drought
under severe drought conditions [36]. The country’s agricultural sector and water resources have been under severe
constraints from the recurrent droughts. There are 26 major river basins in Turkey. When total water potentials are
considered, 17 river basins out of 26 have no water stress
problems (Fig 3). The Meric, Ergene, Sakarya and
Kizılirmak river basins are experiencing chronic water
stress, and the Kücük Menderes, Asi, Marmara and Gediz
basins are close to the absolute water stress level. It is predicted that many basins will experience very serious water
shortages in the coming years, with the increase in population and in water needs.

The Gediz Basin in western Turkey has long been an
important center for agricultural production. It has a total
area of some 17000 km2. Its boundaries are mountain ranges
exceeding 3000 m on both the southern and northeastern
edges, delineating a flat and fertile central valley, and a
delta that reaches into the Mediterranean Sea just north of
Izmir, the third largest city in Turkey. Izmir has a population exceeding 2 millions, including a population within
the basin of up to 1.0 m [38]. Precipitation in the basin
ranges from over 1000 mm per year in the mountains to
500 mm per year near the Aegean coast. Total irrigated
area in the basin is about 150 000 ha [39]. The most important economic activity in the basin is agriculture. The
main agricultural products include cotton, grapes and other
fruit, maize, vegetables and cereals.
In the Gediz River Basin, along the Aegean coast of
Turkey, water scarcity is a significant problem. Water shortage is basically due to competition for water among various users (water allocation problems) mainly irrigation
versus the domestic and fast growing industrial demand in
the coastal zone [40]. Since the end of the 1980s, the
drought experienced in the basin caused by the decline in
precipitation there has increased pressure on water resources
(Fig. 4). From Figure 4, it can be seen that precipitation
values from the two meteorological stations situated within
the basin show a progressively declining trend. Precipita-
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tion figures for Salihli meteorological station, in the upper
part of the basin, are lower than those for the Manisa
station, in the lower part. Average annual total precipitation in the period 1975–2008 was 687 mm for Manisa and
486 mm for Salihli. In the period 1988–1994, precipitation averages were well below average for both stations.
Also in 2007 and 2008, precipitation was especially low
at both stations. The drop in annual rainfall was most felt
in the dry period at the end of the 1980s and the beginning
of the 1990s, when its cumulative effects caused greater
pressure on water resources. Studies show that the western part of Turkey including the Aegean Region suffered
serious drought between 1989 and 1992 [33]. After the construction of the Demirkopru Dam and before the drought,
net annual surface water availability in the main basin and
the delta is estimated to have been approximately 1900 million cubic meters per year. Since 1990, however, there

has been a persistent decline in surface water flows into
Demirkopru and water availability has only averaged some
940 million cubic meters during this period [40].
Because of the water shortage in the basin, permission
has not been given during and since the drought for the
Demirkopru Dam, which was built to produce electricity,
to be used for energy production at projected levels outside the irrigation season. Also, the fall in the amounts of
precipitation in the basin has caused a reduction in the
volume of water stored the reservoir, which has in turn
caused a serious reduction in the amount of water available for agricultural irrigation (Fig. 5). The fact that agriculture is the main economic activity in the basin means
that it is also its main user of water. As a result of this,
crop patterns, irrigation ratios, water management and
water quality have all seen important changes.

FIGURE 4 - Variation in Annual Precipitation in the Gediz Basin between 1975 and 2008.
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FIGURE 5 - Water Supply for Irrigation from Demirkopru Dam to the Menemen Irrigation System between 1983 and 2008.
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FIGURE 6 - Changes in irrigation ratio for the Menemen Irrigation System from 1983 to 2008

The major performance indicator of irrigated agriculture is a high irrigation ratio, i.e. a high rate of actually
irrigated land compared to cultivable irrigated land. It is
assumed that a high ratio can only be achieved if irrigation water is made available to all farmers. Examining
Figures 5 and 6, which show the amount of irrigation water
diverted from the dam to the Menemen irrigation system in
the delta at the end of the Gediz basin and irrigation ratios, it can be seen that the two graphs show parallelism to
the graph of rainfall in the basin. That is, amounts of
water diverted to the system and irrigation ratios fell in
line with the decline in precipitation. In 2002, 2004 and
2008, when the least amounts of water were diverted from
the source to the system, the irrigation ratio was 60% or
less. However, the fall in irrigation ratio was less than the
fall in the amount of irrigation water diverted. The basic
factor in this is that the General Directorate of State Hydraulic Works (DSI) put into operation a program of restricted irrigation in water delivery, enabling as much
land as possible to be irrigated. Until the beginning of the
1980s, rice was in one of the most important crop in the
Menemen plain, but it was forbidden with the onset of the
drought. Also in the upper part of the basin there has been a
reduction in cotton growing and a corresponding increase
in grapes. Alongside the effect of the government’s policy
on the change from cotton to grapes, an important factor
is that grapes are more resistant to water stress than cotton,
and have a greater economic value. Droogers et al. [41]
carried out a study in Menemen to increase water efficiency,
minimize risk and increase the stability of yield in which
they examined the most productive crop patterns and the
most productive distribution of water between crops, and
recommended that when water was restricted, grapes should
predominate in the crop pattern. The yield relative to cotton, water use efficiency and income stability of grapes
were found to be higher than for cotton.
Another significant effect of the drought on agricultural activity in the basin has been on water distribution.

The DSI has abandoned its water distribution habits from
before the drought and applied new practices. The most
basic change has been to limit the irrigation season, when
water is diverted from the dam to the basin. Before the
drought, water was supplied for irrigation for a period of
3 months or more, but during the drought and since, the
irrigation period has been determined according to the
volume of water stored in the dam and the maximum rate
of flow. For this reason the irrigation season has shortened
considerably in relation to the time before the drought, the
least water was diverted to the system in 1992, when water
was supplied for 12 days. Another important effect has
been on the quality of irrigation water in the lower parts of
the basin. Delibacak et al. [42] examined changes in the
quality of the water in the Gediz river by analyzing water
samples taken from 18 different points between where the
river rises in the Murat Mountains to where it flows into
the Aegean Sea. Their results showed that because salinity rose progressively, water at the source was of irrigation
water class C1S1, but in Menemen it was class C3S1. Water coming back from irrigation in the upper part of the
basin mixes with the Gediz river and is used again for
irrigation in the lower parts of the basin. As a result of this,
the proportion of drainage water in the irrigation water
increases in times of drought, and causes deterioration in
irrigation water quality. Besides, algae and water-loving
plants grow rapidly because the irrigation water is dirty,
causing eutrophication and slowing the flow of water in
canals, and thus causing difficulties in water distribution
and hindering the use of high-efficiency irrigation methods like drip and sprinkler systems.

CONCLUSION AND RECOMMENDATIONS
Drought has been a recurrent phenomenon in Turkey
for the last several decades. The droughts have had a great
effect on water resources and thus on the agricultural
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sector. The economy of the country is dependent on agriculture, making it the largest user of water, with a 74%
share. Therefore, the greatest pressure is on the agriculture sector in the sharing and efficient use of water resources. The effects of the drought on the agriculture
sector have resulted in changes in crop patterns, irrigation
ratios, water quality and water management.
Studies predict that global climate change will result in
warmer and drier conditions in the climatic zone in which
Turkey is located. Adaptation to the new climatic conditions will gain importance in the coming decades. For this
reason agricultural irrigation forms an adjustment mechanism of primary importance in the face of these changes.
In Turkey, a large proportion of irrigation systems consist of open canals. 94% of agricultural irrigation is applied
by surface irrigation methods, and 6% by pressurized systems like sprinkler and drip irrigation [13]. For this reason,
it is necessary to make investments in new irrigation infrastructure rapidly, and that new investment should be made
in pressurized systems which distribute the water more
efficiently and minimized losses. The current open canal
irrigation systems must as far as possible be converted
into piped systems with a modernization programme.
Along with piped distribution systems, the use of drip and
sprinkler irrigation systems which provide savings in water
use should be widespread in field irrigation systems.
Automation in irrigation systems provides an added saving of up to 10%. In conditions where water is insufficient, it is necessary to apply innovative approaches for
greater efficiency in the use of water for agricultural irrigation. In developed countries where water is currently
scarce, it is possible to optimize the amounts of water and
the timing of each irrigation by the use of irrigation programming models and equipment. In addition, a new
approach at present at the re-search stage is controlled
limitation and partial-wetting irrigation, which forces the
crop to consume water more efficiently. The development
of crop varieties which are resistant to heat and drought
by innovative gene technology is expected to play a very
important role in adaptation. It seems that varieties can be
produced by gene technology which consumes 60–70%
less water, and research is concentrated especially on
maize and rice.
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