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LEACHATE GENERATION AND TREATMENT- A REVIEW
Damodar Pokhrel and Thiruvenkatachari Viraraghavan
Faculty of Engineering, University of Regina, 3737 Wascana Parkway, Regina, SK, Canada, S4S 0A2

SUMMARY
A review of recent studies on the generation, characteristics, and treatment of landfill leachate is presented. Various factors influencing leachate quality and quantity are
described. A performance comparison of various leachate
treatment processes is provided. A combination of coagulation, chemical oxidation, adsorption, and anaerobic-aerobic
processes is the most effective for leachate treatment. Metal
ions are removed effectively by adsorption. Further studies
are required to confirm the reliability and performance of
emerging technologies such as electron beam, electrolysis,
and old landfill refuse as a biofilter.

KEYWORDS:
Landfill, leachate, treatment, solid waste.

INTRODUCTION
Sanitary landfill is the most widely used method of solid wastes disposal. Leachate is generated as a result of
expulsion of liquid from the waste due to its own weight or
compaction loading and percolation of water through a
landfill. Leachate is a contaminated liquid that contains a
number of dissolved or suspended materials [1]. It also
contains highly oxygen demanding substances such as
those showing biochemical oxygen demand (BOD), and
chemical oxygen demand (COD), ammonia, trace metals,
refractory organics, and pathogenic microorganisms. These
pollutants are a threat to aquatic life, flora and fauna, and
affect terrestrial ecosystem when untreated or poorly treated leachate is discharged to land or water environments.
Landfill leachates due to toxicity, are classified as problematic wastewaters and represent a dangerous source of
pollution for the environment [2].
Thus, there is an urgent need to control leachate pollutants from reaching the environment in order to safeguard human health. Various technological processes are
in use for leachate treatment. Many studies are in progress
to find a highly efficient, reliable, and low cost technology for leachate treatment. However, consolidated infor-

mation on leachate characteristics and existing treatment
processes are hard to find. Review papers with a focus on
leachate treatment systems are limited or not easily available, to the best of our knowledge. This paper, therefore,
presents a review of leachate generation, characteristics
and treatment systems.

LEACHATE GENERATION
AND CHARACTERISTICS
The amount of the leachate generated from a landfill
is both site specific and waste specific. It is influenced by
precipitation, site type, groundwater and surface water
infiltration, climate, evaporation, evapotranspiration, final
cover design, thickness of the waste, waste composition,
moisture content, preprocessing of the waste, and density
of the waste [1]. Fourie et al. [3] reported that addition of
wastewater sludge increased the moisture retention capacity of the solid waste in their laboratory scale-study in
South Africa. The authors concluded that the use of extensive lining in the semi-arid climate might not be necessary as the generation of leachate is very low and evaporation loss is high. A recent study by Al-Yaqout and
Hamoda [4] showed that landfill leachate from the arid
climate (in Kuwait) contains high load of organic compounds, salts and heavy metals. Bendz et al. [5] investigated water accumulation in a pilot-scale landfill for seven
years in southwest Sweden. Given the average precipitation
of 580 mm, about 250 mm infiltrated into the landfill. In a
period of 6.5 years, the generation of leachate increased
from zero to about half (115 mm) and the moisture content
of the soil became 180 mm/m which was close to the field
capacity of the soil. El-Fadel et al. [6] reviewed various
models on leachate generation and transport from municipal landfill sites. The authors concluded that the generation of leachate was influenced by various environmental
and operational practices resulting in temporal and spatial
variation in the quality and quantity of landfill leachate.
Therefore, mathematical estimates of leachate quality remain largely an educated best guess. They can only be used
to assess simple and limited site-specific aspects or to evaluate the relative importance of selected variables for management purposes.
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The characteristic of the leachate depends on the factors mentioned previously. Besides, it is related to the
waste composition; types of solid wastes produced by a
society and types of the waste dumped into a landfill. So,
it is a function of human behavior, life style, and development pattern of the city or community. Leachate is
generally characterized by high BOD, COD and ammonia
concentration. The characteristics of leachate as reported

by various authors are presented in Tables 1 and 2. The
characteristics of leachate in different geographic regions
are presented in Table 3. The characteristic of leachate
also varies according to the age of the landfill (Table 4).
The leachates from young landfills are generally characterized by high strength, whereas those from an old landfill are considered as low strength with a low BOD/COD
ratio.

TABLE 1 - Wastewater characteristics from the landfill leachates.
City/Country
Shanghai
Guangzhou
Shenzhen
Taipei
Bryn Posteg, UK
Barcelona, Spain
Ammassuo landfill,
Finland
Calvert landfill, UK
Mechernich, Germany

pH
5-6.5
6.5-8
6.2-8
5.6-7.5
5-8
6.2

SS
30-500
200-600
1000-6000
500-2000
184
1500

Parameters (mg/L)
BOD
COD
200-4000
1500-8000
400-2000
1400-5000
5000-36000
15000-60000
6000-28000
4000-37000
3670
5518
73000
86000

TN
100-700
150-900
650-2000
200-2000
157
2750

NH4-N
60-450
160-500
400-1500
100-1000
130
1750

6.8-7.2

-

1200-1900

1500-3500

110-280

80-270

[8]

7.6-8.7
-

-

1062

700-9304
3176

217-1356
-

214-812
884

[9]
[10]

Reference
[7]
[7]
[7]
[7]
[7]
[7]

TABLE 2 - Wastewater characteristics from the landfill leachates for inorganic contents.
Country/Area
Ammassuo landfill,
Finland
Experimental cell,
South Africa
Chunchula landfill,
Florida
Cincinnati, Ohio

Inorganic parameters (mg/L)
SO4
Cl
K

Ca

Fe

490-760

40-110

< 1-80

290-440

-

590

18

-

11.5
100-500

Reference
Ni

Cd

Pb

-

-

-

-

[8]

3400

1700

3.9

-

-

[3]

13

-

-

-

0.003

0.006

[11]

1-125

100-2400

-

0.01-0.3

-

-

[12]

TABLE 3 - Characteristics of leachate [13].
Parameters

Turkey
(Istanbul)

USA
(Omega Hills)

Greece
(Thessalonoki)

UK
(Buckden
south)
72.

Hong
Kong
[14]
8.22

Italy
(Brescia)
[15]
6.7-7.9

Canada
[16]

5.6-6.3

France
(Jeandelain)
8.2

6.88

EPA
Study
[17]
3.5-8.5

pH
Alkalinity
(mgCaCO3/L)
COD, mg/L
BOD5, mg/L
NH3-N, mg/L
TKN, mg/L
SS, mg/L
TP, mg/L
Chloride,
mg/L
Fe, mg/L

6.2-8.2

6.6-8.4

6900-11750
18800-47800
6820-38500
1660-2690
1825-2984
940-2915
0.45-6.36

12260-15670

-

-

2170

13195

885-11285

3850

0.1-20350

35800-60950
26120-45070
635-1020
850-1410
1065-2230
0.6-138

60000-77500
31500-41000
900-1510
1560-2020
1120-7700
14.6-23.8

4100
2000
1040
200
-

530
79
409
-

7439
1436
5618
784
16.3

10092-44514
5046-29090
2520-3285
2079-2856
0.01-42

7880
4920
538
590
102
2.2

50-90000
5-75000
0-2000
7-1970
10-45000
0.4-150

725-5150

2990-3620

3780-3820

5420

1630

3032

1410-3304

1390

30-5000

Mn, mg/L

4.91-245.5

244-1710

8.7-43.0

0.91

11.1

3.811

209-3820

63

200-5500

0.27-21.1

-

3.4-12

-

1.4

0.182

1-220

8.4

0.6-41

Cu, mg/L
Zn, mg/L
Pb, mg/L
Cd, mg/L
Cr, mg/L
Ni, mg/L

0.11-0.42
0.48-3.61
0.31-3.57
0.04-0.21
0.07-0.91
0.36-2.23

0.01-0.19
18.6-82.8
0.01-0.34
0.03-0.17
0.53-2.16

0.03-4.8
0.5-8.56
<0.5
0.18-1.53
0.23-0.82

0.39
0.73
0.46
0.10
0.81

0.03
0.01
<0.01
-

0.120
1.155
< 0.01
0.103
0.553
0.365

0.01-4
0.01-120
0.01-6
0.01-0.64
0.01-4
0.8-30

-

0.1-9
0.6-220
0.001-1.44
0-0.375
0.02-18
-
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TABLE 4 - Leachate concentration changes with landfill age [6].
Parameters (conc. mg/L)
BOD
COD
Nitrogen (Kjeldal)
Nitrogen (ammonia)
TDS
pH
Calcium
Sodium and potassium
Magnesium and Iron
Zinc and aluminum
Chloride
Sulfate
Phosphorus

0-5
10000-25000
15000-40000
1000-3000
500-1500
10000-25000
3-6
2000-4000
2000-4000
500-1500
100-200
1000-3000
500-2000
100-300

Landfill leachate age (yr)
5-10
10-20
1000-4000
50-1000
10000-20000
1000-5000
400-600
75-300
300-500
50-200
5000-10000
2000-5000
6-7
7-7.5
500-2000
300-500
500-1500
100-500
500-1000
100-500
50-100
10-50
500-2000
100-500
200-1000
50-200
10-100
-

LEACHATE TREATMENT PROCESSES
Physicochemical treatments

Various physicochemical processes, such as sedimentation, coagulation, chemical oxidation, ozonation, electrochemical oxidation, adsorption, and membrane separation or combination of two or more processes, are commonly in use for leachate treatment.
Sletten et al. [18] reported that the leachate from a
landfill contained significant quantities of reduced iron
and manganese, that upon aeration and base addition were
precipitated and served as sorbents for trace metals. Kim
et al. [19] reported on COD reduction of 70% by photoassisted fenton’s reaction to treat a landfill leachate in
Germany. The authors indicated that the degradation of
organic pollutants largely depended on the amount of
H2O2, Fe(II), pH, and UV radiation intensity. A combination of fenton and coagulation processes was reported to
be efficient to treat old landfill leachate (influent concentration of COD of 1500-2100 mg/L, and removal of
68.5%) [20]. Wang et al. [21] found that the coagulationphotooxidation process was effective in landfill leachate
treatment showing 64% removal of COD and 90% removal of color from Wuhan Qingshan Landfill, China.
Cho et al. [22] obtained significant removal of COD and
TOC in an acidic condition (at pH 4) by photocatalytic
oxidation. Yoo et al. [23] reported on a combined (Fenton’s reagent and coagulation) treatment of refractory
organics from biologically treated leachate from Kimpo
landfill, Korea. Recycling of fenton’s sludge to a coagulation process alone was able to reduce the amount of coagulant dose and sludge production up to 50%, compared to
coagulant addition alone. Steensen [24] showed that sufficient purification of landfill leachate occurred when it was
pretreated biologically before chemical oxidation
(H2O2/UV, ozone, and ozone/fixed bed catalyst). Welander and Henrysson [25] reported on physicochemical
treatment of nitrified Kristianstad landfill leachate in
Sweden. The authors found that a 20-30% reduction of
COD was obtained in the nitrification process, the maxi-

> 20
< 50
< 1000
< 50
< 30
< 1000
7.5
< 300
< 100
< 100
< 10
< 100
< 50
< 10

mum removal was found to be 80% after nitrification and
oxidation with Fenton’s reagent and 54% with ozone. The
combination of nitrification and precipitation was reported to have a 68% reduction of COD using ferric chloride
and 54%, using aluminum sulfate. The nitrification with
adsorption onto activated carbon gave the maximum COD
removal of 76%. A combination of nitrification, precipitation, with ferric chloride and adsorption on activated
carbon gave a TOC removal of 96%.
Tatsi et al. [26] obtained 80% removal of COD during an addition of ferric chloride as a coagulant to the
partially stabilized leachate, whereas a low level of
(<35%) COD reduction was observed in the raw leachate
sample collected from a sanitary landfill of Thessaloniki
Greater Area, Greece. Lundtorp et al. [27] investigated
leaching of heavy metal ions from an incinerated municipal solid waste in a simulated bench scale study. The
pretreatment involved mixing of incinerated residue with
ferrous sulfate solution and subsequent oxidation of the
suspension. Concentrations of trace metals were reduced
up to four orders of magnitude. Lin and Chang [28]
showed that a combination of coagulation and electrofenton oxidation process was able to remove 85% COD,
over 85% NH3, and complete decolorization (at a low pH
of 4) of an old landfill leachate. Chiang et al. [29] obtained a removal of 58.5% COD and 78.6% ammonia by
electrochemical oxidation alone. Electrochemical oxidation combined with coagulation or adsorption was able to
remove COD by 88-90% and ammonia by 68-80%.
Ahn et al. [30] investigated the application of a coagulant and zeolite to treat a high ammonia leachate from
Kimpo landfill, Korea. The leachate COD and ammonia
were 4000-5000 mg/L and 1300-1600 mg/L, respectively,
and the supernatant after the coagulation treatment were
2400-3300 mg/L COD and 1300-1500 mg/L ammonia. This
supernatant was then fed into series of two reactors. The
authors concluded that ammonium nitrogen removal by
zeolite greatly contributed to increased COD removal with
the final effluent COD concentration of 300-500 mg/L.
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Lin et al. [31] reported that more than 80% of metal
ions, such as Fe3+, Mn2+, and Zn2+, present in the leachate
was removed by coal bottom ash adsorption. However,
the removal of COD, NH3-N, and total Kjeldhal nitrogen
were below 50%. Fettig et al. [32] found that the fractions
of non-absorbable and weakly adsorbable species were
increased after pre-oxidation. Consequently, the carbon
capacity in a fixed bed adsorption process was expected
to be significantly lower for pre-oxidized leachate. After
pre-ozonation, about 40% of the remaining organic substances were biodegraded.
Baumgarten and Seyfried [10] reported on a biologically
pretreated leachate treatment by two-stage reverse osmosis
(RO) in Mechernich, Germany. The authors concluded that
reverse osmosis was able to remove more than 96% of all
pollutants fed into the system with the final effluent below
the local effluent standards required for disposal to a receiving water. Coco [33] reported on a new two-stage membrane
system, “Rochem’s system”, which was very effective in
removing over 95% BOD, and COD, and 99% of ammonia
nitrogen and trace metals. Linde et al. [34] achieved a 98%
removal of COD and NH4+ from three types of landfill
leachates in Sweden by reverse osmosis. Chianese et al. [35]
examined the influence of the COD of a leachate on the
performance of an RO unit used for leachate disposal. The
permeate flux decreased significantly with increasing COD
up to 1749 mg/L; pressure had an advantageous effect, on
COD rejection, which increased from 96 to 98% when
operating pressure was increased from 20 atm. to 53 atm.
The influence of the COD on heavy metal rejection was
related to the nature of the metal. Zinc and copper were
removed significantly, while Cadmium (Cd) removal was
not affected by the presence of organic compounds in the
leachate. Ahn et al. [36] investigated an integrated membrane
bioreactor that treats aged landfill leachate in Korea resulting
in 97% BOD5, 97% COD, 99% suspended solids (SS) and
96% NH4+-N removal by the combined treatment of membrane bioreactor (MBR) and reverse osmosis (RO) systems.
Trebouet et al. [37] obtained a 80% removal of COD and
98% removal of BOD through nanofiltration of a stabilized
landfill leachate. The ultrafiltrations showed that nitrification
and adsorption onto activated carbon were the most efficient
processes for the removal of low molecular weight compounds. Marttinen et al. [38] observed a 52-60% (COD) and
27-66% (ammonia) removal by a nanofiltration at 25 0C. Air
stripping for 24 h at pH 11 resulted in a 89% removal of
ammonia at 20 0C.
Birchler et al. [39] found that evaporation could be
one of the good options to produce high quality effluents.
The results showed that a single-step acidic distillation of
the strongest leachate samples was able to remove more
than 95% of ionic impurities, except for volatile organic
acids, which were removed at 85%.
Biological treatment processes
Anaerobic treatment: Anaerobic treatment is one of the
best options for the treatment of high strength leachates.

Henry and Prasad [40] found that sulfate inhibited the
reaction in the methanogenesis phase while treating high
strength leachate (15000 COD/L). Their results showed
that 93% removal of COD was achieved for a high
strength leachate and 56-62% for a low-strength leachate at
different loading conditions. Diamadopoulos et al. [41]
showed that combined treatment of leachate (high strength)
with wastewater by sequencing batch reactor (filling-anoxic-aeration-settling phases, respectively) produced over
98% removal of BOD and over 80% removal of COD.
However, ammonia removal was around 50% only. A similar study by Timur and Ozturk [42] showed that only 64 85% removal of COD was obtained by a sequencing batch
reactor (SBR). However, the removal efficiencies were
greatly dependent on the volumetric (g COD/L/d) and specific (COD/g VSS/d) loading rates. Timur and Ozturk [43]
investigated landfill leachate treatment by anaerobic treatment processes (anaerobic sequencing batch reactor (ASBR),
anaerobic hybrid bed filters (AHBF)). Their results showed
73.9% and 81.4% reduction of TOC by ASBR and AHBF,
respectively, at different loading conditions and hydraulic
retention times (HRTs).
Wang et al. [7] reported on high strength leachate
treatment at Xiaping landfill, Shenzhen, China, by using a
combination of an upflow anaerobic sludge blanket/anaerobic filter, an air stripper for ammonia removal,
and an anoxic/aerobic zone biofilm aeration basin. The
hybrid system was able to remove 83% COD and 88.4%
BOD at an HRT of two days, and 20-34 0C. The removal
of COD and BOD in a bench scale unit was 88.1% and
93.8%, respectively, at a controlled temperature of 350C;
clearly indicating the influence of temperature on removal
efficiency. The authors showed that the effluents after the
treatment were able to meet the local sewage department
guideline (COD <600mg/L, and ammonia < 25mg/L) for
discharge to the municipal sewer. Inanc et al. [13] described an anaerobic treatment of landfill leachate in
Istanbul using UASB, anaerobic upflow filter, and a hybride reactor. The authors stated that organic removal
efficiency was between 80 and 90% in all the three reactors. However, ammonia inhibition was experienced
through-out the experiment. Kennedy and Lentz [44]
compared systems such as Upflow Anaerobic Sludge
Blanket (UASB; removal efficiency of 71-92% at HRT of
24, 18, and 12 hours) and Sequencing Batch Reactor
(SBR; (removal efficiency of 77-91% for the same HRTs
as in UASB) to treat landfill leachates at loading rates of
0.6-19.7 g COD/L/d). Both the systems resulted in a reduction in Microtox toxicity. However, the authors indicted that SBR performance was lower at a high organic
loading. Nedwell and Reynolds [45] investigated landfill
leachate treatment by upflow hybrid (sludge-bed/fixedbed) anaerobic rectors by both methanogenic and sulfate
reducing digestion. The result showed that methanogenic
digestion was able to remove 81-97% of COD at a loading rate of 3.75 kg COD/m3/d. The COD reduction in
sulfate reducing digestion averaged 62% at 35 mM, 80% at
105 mM, and 84% at 175 mM feed SO42- concentrations.
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In-situ treatment of leachate from a municipal landfill was
demonstrated in laboratory scale using a fixed bed anaerobic reactor by Onu [12]. The result showed 90% removal
of COD at a loading rate of 3.3 kg COD/m3.day, and at an
HRT of 7 days. Pohland and Kim [46] reported on an insitu anaerobic treatment of landfill leachate with internal
re-circulation. The authors showed time-based reduction
in COD, increase in gas production from the landfill, and
increase in pH. The performances of various treatment
processes are summarized in Tables 5-7.
Aerobic treatment: Collivignarelli and Bina [15]
showed that the Brescia landfill leachate, treated by activated sludge process in northern Italy provided a COD
removal of greater than 90% in most of the year. However, the authors experienced problems with biological
treatment of leachates, such as lack of phosphorus, high
concentration of NH3, metals, and difficult-to-degrade
toxic compounds such as phenols. Imai et al. [47] investigated the treatment of old landfill leachate by biological
activated carbon fluidized bed process. The activated

carbon adsorbed low molecular weight organics mainly
from the leachate. Humic substances accounted for 30%
of the leachate DOC. The biological activated carbon
fluidized bed process was able to remove about 70% of
the humic substances within 24 hours. Aktas and Cecen
[48] concluded that the addition of powdered activated
carbon (PAC) to the activated sludge treatment increased
the COD removal but to a limited extent. The removal of
ammonia by this process was as high as 98% (influent
NH4+ 145 mg/L). The combined biological treatability of
the landfill leachate and domestic wastewater by activated
sludge process with and without the addition of the PAC
was examined by Cecen and Aktas [49]. Their study
showed that COD removal by activated sludge was greater than 80% in almost all cases and PAC addition slightly
improved the removal of both COD and ammonia. The
removal of COD and ammonia decreased with an increase
in the leachate component of the total wastewater. Zouboulis et al. [50] reported on good removal of carbon and
nitrogen from a sanitary landfill leachate by enzymatic
treatment.

TABLE 5 - COD removal at different conditions in the anaerobic and
aerobic treatment of municipal landfill leachate (BOD/COD ≥0.4) [8].
Temp.
0
C

Leachate
COD (g/L)

Removal
%

HRT
(d)

Loading
(kg COD/m3/d)

10-25

2.7-24

63-98

1-32

0.6-4.8

Aerated lagoon

0-20

5.5-34

89-99

>30

0.2-0.4

RBC, biofilter

16-30

6.2-13

10-86

1-14

0.08-8.6

Digester

34-37

2.7-33

44-79

5-20

0.1-2.2

UASB

10-35

1.5-53

46-94

0.3-12

0.3-20

UASB+filter

30-37

0.8-58

60-98

0.4-15

0.5-27

Biofilter

18-37

3.2-50

52-98

0.5-74

0.1-18

Process
Aerobic processes:
Activated sludge, SBR

Anaerobic processes:

TABLE 6 - Nitrogen removal in the aerobic treatment
of municipal landfill leachate (BOD/COD ≥ 0.4) [8].
Process
Activated sludge, SBR

Temp.
0
C

Leachate
NH4-N (mg/L)

NH4-N
Removal %

TN
Removal %

HRT
(d)

2-20

120-980

73-99

-

0.4-13

14-27

100-980

≥ 99

> 90

0.4-17

2-30

110-600

89-99

-

0.2-12

Suspended carrier process

5-20

460-600

80-99

-

3-5

Suspended carrier process

10-25

400-800

> 95

> 90

3.5-5

RBC, biofilter
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TABLE 7 - Treatment performances of different treatment processes (unit: mg/L unless otherwise mentioned).
Process
UASB-Aerobic filter
UF-BAC (leachate II)
UF-BAC (leachate I)
Constructed
wetlands:
Dragonja landfill,
Slovenia
Chunchula landfill,
Florida
Compton Bassett
landfill, UK
Anaerobic-aerobic:
RO (2-stage)
Aeration+ biological+
ozonation
Aged refuse biofilter

SS

BOD

COD

TN

Reference

NH4-N

Inf.
862-946
460-565

Effl.
92%
88-92%

Inf.
15250
6950-7500
1505-1710

Effl.
1771
95-96%
96-98%

Inf.
23888
9000-10500
3050-3450

Effl.
4060
95-96%
96-97%

Inf.
-

Effl.
-

Inf.
300
-

Effl.
<25
-

[7]
[53]
[53]

-

-

60

46%

1264

68%

-

-

88

81%

[2]

17-86

31.28

2-18

5*

56-72

70.31

43.05

9.47

94

-

[11]

123

28

133

10.4

746

268

-

-

565

3.4

[58]

-

-

1200-1900
23.7*

10 <
2.11*

1301*

250-350
16.8*

82.1#

5.71#

80-270
1.9*

65-99%
0.48*

[8]
[10]

-

-

1720

98.8%

5400

97%

-

-

510

99.8%

[16]

-

-

540-1500

10-200

3000-7000

100-350

-

10-25

[59]

-

500-800

* Average value, # average value for organic nitrogen, The percentage (%) given are the removal efficiencies.

Integrated treatment processes

A combination of physicochemical, biological (anaerobic and aerobic) and ozonation was used to treat a highstrength landfill leachate from a landfill in Canada [16] resulting in 99.8% removal of ammonia, 97% of COD, and
96.4% of color. A high- strength (15700 mg/L COD and
2300 mg/L ammonia) leachate from a landfill in Hong
Kong was treated by an UASB reactor in combination
with fenton reaction with coagulation [51]. The authors
obtained 89-91% removal of COD by UASB on an average with an HRT of 6 days. The treated effluent (COD
concentration 1500 mg/L) was then treated in a second
stage using a fenton coagulation process with H2O2 and
excess Fe2+. The COD was further reduced to 70% in the
fenton and coagulation process, thus giving a final COD
of 447 mg/L suitable for discharge in accordance to the
local guideline. Li and Zhao [14]) showed that biological
treatment was affected by the high strength of ammonium
nitrogen in leachate. The experimental result showed that
COD removal decreased from 97.7% to 78.1%, and the
dehydrogenase activity of activated sludge decreased
from 9.29 to 4.93 µg triphenyl formazon (TF)/mg MLSS
(mixed liquor suspended solids), respectively, while the
NH4+-N concentration increased from 53 to 800 mg/L.
Kettunen et al. [8] reported on a removal of 80-90% COD,
over 99% BOD, and over 90% of ammonia by a combined sequential anaerobic-aerobic treatment process
consisting of UASB (13 - 28 0C) and lab scale activated
sludge (5 - 11 0C). The authors concluded that aerobic
treatment was mainly responsible for removal of ammonia from the leachate. Geenens et al. [52]) investigated
combined treatment of ozone and activated sludge. However, the configuration of the ozonation was different
from that of the conventional system. Ozonation was
carried out before the activated sludge, which could reduce COD/BOD ratio of leachate from 21 to 9.

Pirbazari et al. [53] examined hybrid technology
known as the ultrafiltration-biologically active carbon (UFBAC) process that amalgamates adsorption, biodegradation
and membrane filtration. It was found highly efficient in
treating landfill leachates. Two leachates from different
landfills were tested for treatment in the system. Leachate -I
contained high concentration of dissolved solids, COD,
BOD, and low concentration of metals and specific organics such as benzene, toluene, and phenol. Leachate -II contained relatively high concentrations of all constituents
contained in leachate I. The process efficiency for both the
leachates were in the range of 95-98% in terms of TOC
removal, and exceeded 97% in terms of removal of specific
organic pollutants. Martienssen et al. [54] found that the
optimum concentration for activated sludge, fluidized bed,
and packed bed reactor was <450 mg/L, <450 mg/L, and
<125 mg/L TOC, respectively. The corresponding removal of TOC and ammonia were >83% and >99% for activated sludge, >94 % and 99% for fluidized bed, and
>85% and > 98% for packed bed reactors. Kargi and
Pamukoglu [55] found that powdered activated carbon
(PAC) addition in a biological treatment of landfill leachate
(pretreated: coagulation-flocculation and air stripping of
ammonia) resulted in significant removal of COD (nearly
86% COD removal with 2 g/L PAC added biological
treatment, whereas only biological oxidation, respectively,
and PAC adsorption gave COD removal rates of 74% and
38%).
Wetland treatment

A five-year (1992-1996) pilot scale study on the
treatment of a landfill leachate by constructing a wetland
system in Slovenia was reported by Bulc et al. [2]. The
results showed that wetland systems were able to remove
68% COD, 46% of BOD5, 81% NH3-N, 80% Fe, and 85%
bacteria. Martin et al. [11] found Chunchula landfill
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leachate treatment by constructing a wetland system to be
effective, and reliable with minimal installation and
maintenance costs. Maehlum [56] showed that a constructed wetland in Norway achieved 70-95% removal of BOD,
COD, N, P, Fe, and pathogens. Florida’s experience on
landfill leachate treatment was reported by Dever and
Gardner [57]. The authors stated that in comparison with
the other landfills, the leachate generated by landfills in
Florida were weaker in concentration (typical BOD and
COD concentrations were below 1000 mg/L). The authors
also mentioned that the advanced treatment methods typically biological (aerobic treatments were quite common in
Florida) treatment followed by physicochemical treatment
processes such as reverse osmosis, are being used. Barr and
Robinson [58] mentioned about the successful polishing of
the landfill leachate by a wetland system in the UK.
DISCUSSION
The leachate contains varieties of pollutants at an elevated level; especially high levels of BOD, COD, ammonia, and
metal ions (Table 4). The leachate also contains refractory
organics such as benzene, toluene, phenol, trichloroethylene
and others at a low level. Marttinen et al. [60] found the
presence of PAHs and nitrogen-containing compounds
listed as priority pollutants in landfill leachate. Data provided by El-Fadel et al. [6] showed that a landfill leachate
contained 0.1-0.6 mg/L benzene, 0-4.9 mg/L ethylbenzene, 0-3.2 mg/L toluene, and 0-4 mg/L phenol. Referring
to the high concentration of BOD, COD, and ammonia,
biological treatment process, such as activated sludge process or anaerobic treatment processes, such as UASB,
fluidized bed or SBR, are required for high strength leachate treatment. An ammonia stripper and an activated
sludge process were successful in removing ammonia.
Activated sludge showed high efficiency in removing
ammonia, BOD, and COD. Combinations of anaerobic
and aerobic treatment systems enhanced the removal
efficiency compared to a single process. The residual
COD from the secondary treatment can be further lowered
by chemical oxidation methods such as fenton’s reagent,
and ozonation. Combinations of these treatment processes
with coagulation, and adsorption were reported to attain a
high removal of COD and other pollutants. Metal ions
were easily removed by adsorption processes. Refractory
organics could be removed by hybrid technology known
as ultrafiltration-biologically-active carbon (UF-BAC)
adsorption. Constructed wetlands are mainly suitable for
low-strength leachate and for a final polishing of leachate
effluents. Haardstad and Mahlum [61] stressed on the
need for simple and low cost systems. The authors described that aerated lagoons, sequencing batch reactors in
combination with natural systems like soil infiltration,
spray irrigation, filtration or constructed wetlands could
be a cost-effective option for leachate treatment.
Recent studies by many authors provided treatment
systems for an efficient removal of pollutants from a

leachate at a low cost. As an example, Loukidou et al. [62]
stated that a suspended carrier biofilm treatment method
could be used as an alternative to the activated sludge process to remove carbon and nitrogen from a landfill leachate.
The authors reported complete nitrification and a high degree
of organic carbon removal by this process. Ding et al. [63]
isolated eight effective microorganisms (EMs) from
wastewater. These microorganisms were able to remove
25% and 40% of COD from leachate in fine sand and
sabulous clay columns. EMs injected into the simulated
aquifer formed a permeable biological barrier and removed 95% of COD and enabled an almost total elimination of inorganic nitrogen. Bae et al. [64] evaluated an
application of electron beam (EB) technology to treat biologically refractory substances after the activated sludge
process. The authors showed that when the raw leachate
from Kimpo landfill, Korea, was treated by an activated
sludge process, about 98% of BOD (initial BOD concentration 1370 mg/L) was reduced during a 72-h batch test.
However, the biodegradability of leachate defined by
BOD/DOC was reduced from 1.3 to 0.1 due to the presence
of the refractory (molecular weight > 30000 are more refractory) organic matter. The high molecular weight material was sharply reduced by the electron beam method. The
authors found that aquatic humic substances of the raw
leachate and the effluent of the activated sludge process
were estimated to be 57.7% and 64.1% of DOC, respectively. When the effluent from the activated sludge process was
subjected to electron beam radiation at a dose of 30 kGy
and at pH 3, DOC concentration decreased from 324 to 215
mg/L and aquatic humic substance content also fell from
68.6% to 52.9%.
Kilmer [65] stated that leachate recirculation was a
new approach to reduce leachate load. The recirculation
increased the moisture content of the refuse inside the landfill and accelerated decomposition, dropping the leachate
strength. Youcai et al. [59] investigated the capacity of the
aged refuses as a biofilter to treat high strength landfill
leachate. The authors indicated that BOD, COD, and ammonia were reduced by 90-99% when passed through the
refused biofilter (8-10 years old). The treatment efficiency
was dependent on hydraulic loading rate, and BOD/COD
ratio. Vlyssides et al. [66] obtained a 84% reduction of COD,
and 100% reduction of volatile suspended solids (VSS),
NH4-N and total phosphorus within one hour of electrolysis
(Ti/Pt electrode) at pH 9. The influent average leachate
concentration was 53300 mg/L COD, 30300 mg/L BOD5,
625 mg/L VSS, 1094 mg/L NH4-N, and 25 mg/L phosphorus. Further studies are needed to confirm these findings
and field studies are necessary to evaluate their feasibility.
CONCLUSIONS
Based on the literature review, following conclusions
are reached:
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1) A combination of anaerobic and aerobic treatment
processes efficiently removes biodegradable organic
pollutants from leachate.

[11] Martin, C.D., Johnson, K.D. and Moshiri, G.A. (1999). Performance of a constructed wetland leachate treatment system
at the Chunchula landfill, mobile country, Alabama. Water
Sci. Tech., 40(3), 67-74.

2) Residual COD after secondary treatment can be removed efficiently by a combination of oxidation, coagulation, and adsorption.

[12] Onu, C. (1994). In-situ treatment of municipal landfill leachate.
J. Resource Management and Technology, 22(1), 33-40.

3) Metal ions can be removed by adsorption processes.
4) Chemical oxidation is useful to remove refractory
organics from leachate.
5) Further studies are required on emerging technologies,
such as electron beam, treatment by electrolysis, and
use of old landfill leachate as biofilter.
6) Leachate recirculation can be an effective part of
treatment.

[2]

[3]

[4]

[5]

Qian, X., Koerner, R.M. and Gray, D.H. (2002). Geotechnical
Aspects of Landfill Design and Construction. Prentice Hall,
New Jersey.
Bulc, T., Vrhovsek, D. and Kukanja, V. (1997). The use of
constructed wetland for landfill leachate treatment. Water Sci.
Tech., 35(5), 301-306.
Fourie, A.B., Rohrs, L.H. and Blight, G.E. (1999). Evaluating
the increased risk of leachate generation resulting from
codisposal of sewage sludge in a municipal solid waste landfill in a semi-arid climate. Waste Management and Research,
17(1), 27-36.
Al-Yaqout, A.F. and Hamoda, M.F. (2003). Evaluation of
landfill leachate in arid climate - a case study. Environment
International, 29, 593-600.
Bendz, D., Singh, V.P., Akesson, M., 1997. Accumulation of
water and generation of leachate in a young landfill. Journal
of Hydrology, 203, 1-10.

[6]

El-Fadel, M., Findikakis, A.S. and Leckie, J.O. (1997). Modelling leachate generation and transport in solid waste landfills. Environmental Technology, 18, 669-686.

[7]

Wang, B., Li, J., Wang, L., Zhao, H, Cao, X. and Li, J.
(1997). A pilot scale study on the treatment of high strength
sanitary landfill leachate. European Water Pollution Control,
7(6), 33-40.

[8]

[9]

[14] Li, X.Z. and Zhao, Q.L. (2001). Efficiency of biological
treatment affected by high strength of ammonium-nitrogen as
pretreatment. Chemosphere, 44, 37-43.
[15] Collivignareli, C. and Bina, S. (1990). Biological treatment of
landfill leachate. Environmental Management and Health,
1(1), 27-31.
[16] Kochany, J. and Lugowski, A. (2000). Multi stage treatment
of high strength leachate. Environmental Technology, 21,
623-629.
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SORPTION OF DIURON BY SOILS AND DISSOLVED HUMIC ACIDS:
FREE ENERGY INTERACTION
Stefano Salvestrini, Elio Coppola and Sante Capasso
Dipartimento di Scienze Ambientali, Seconda Università di Napoli, via Vivaldi 43, 81100 Caserta, Italy

SUMMARY
This study analyses the binding of the herbicide diuron with the representative soils from Campania country
(Italy) and humic acids (HAs). The sorption isotherms for
the soils were non-linear and analysis of data by Langmuir model using Scatchard-like plots gave the maximum
of adsorptive, the microscopic and macrospic equilibrium
binding constants. The values of the macroscopic constant, normalised by the organic carbon, were independent
of the soil type: K = 373, ΔG303° = - 15 kJ mol–1. The
binding with the dissolved HAs involved a partitioninglike mechanism: K = 299, ΔG303° = - 14 kJ mol –1 for the
transfer to the “HAs phase” from water.

Here we report a study of the interaction of diuron
with soils from Campania country (Southern Italy) and
humic acids, the main organic component of the soil.
Diuron, N’-(3,4-dichlorophenyl)-N,N-dimethylurea,
is a substituted phenylurea largely used in agriculture as a
herbicide for selective control of germinating grass and
broad-leaved weeds in many crops and for total weed
control in non-cultivated areas [8].

BASIC THEORY
Partition

KEYWORDS: sorption, diuron, humic acids, binding free energy,
Langmuir model, Scatchard –like plots.

INTRODUCTION
Adsorption-desorption of xenobiotic molecules in the
soil closely controls the physical and biological availability of these compounds and, therefore, is one of the major
factors affecting their diffusion and fate in the environment.
Although the process has been extensively investigated, no
general consensus has been reached to date about the
mechanisms involved, particularly for the sorption of hydrophobic organic molecules. The latter has often been
described in terms of partitioning between the soil organic
matter and the water phase, in which sorption is expected to
be non-competitive and the isotherm linear [1]. These
simplified models are not consistent with the studies reporting non-linear sorption isotherms [2]. The classical
Langmuir model has been extensively used to describe
non-linear isotherms, either in the one-type-sites and
multiple typesites model [3-4]. Xing and Pignatello proposed the so-called dual-mode model that involves both
solid-phase dissolution and hole-filling mechanisms [5-6].
The interactions between hydrophobic molecules and soil,
with the organic component being present, are usually
very weak (5–50 kJ mol-1) and include hydrophobic interactions, van der Waals forces and H-bonding [7].

It is well-known that when a solute is distributed between two immiscible phases (phase 1 and phase 2) at the
equilibrium its chemical potential (µ) is the same in both
phases, µ1 = µ2.
According to classical thermodynamics equations, at
low solute concentration we have in each phase µi = µ0i +
RTln ci, where ci and µ0i are the solute concentration and
standard chemical potential (c = 1) in the ith phase, respectively. Combining these two equations we have: µ02 - µ01 =
-RT ln c2/c1. The difference µ02 - µ01 = ΔG021 is the standard molar free energy difference associated with the transfer of 1 mol of solute from the phase 1 to the phase 2.
Indicating c2/c1 = K21 (the partition constant), we have the
classical thermodynamics equation: ΔG021 = -RT ln K21.
Sorption with a non-linear isotherm

The sorption of hydrophobic organic compounds by
soil from a water solution frequently exhibits non-linear
isotherms. According to the Langmuir adsorption model,
this behaviour is due to the approaching of the adsorbate
to the stoichiometric site capacity. The non-linear pattern
can occur in the presence of either equivalent sites or of
sites with different binding affinities. In the latter case, at
the equilibrium we have for each site µi2 = µ1, where µi2 is
the chemical potential of the adsorbate bond to the type
site ith and µ1 is the chemical potential of the adsorptive in
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solution. The adsorption isotherms for the multiple-site
model are described by the equation:
(1)

q = ∑ bi k i C /(1 + k i C)
i

where q is the amount of adsorbate per unit mass of
adsorbent, bi is the maximum amount of adsorptive that
can be adsorbed by the sites of the ith type , C is the solution concentration and ki is the microscope equilibrium
constant for the reversible binding to the sites ith:
adsorbitive (solution) + site ith (soil)

ki

adsorbate.site ith (soil)

when ki, is known, we can compute the ΔGi° of the
process.
In many cases, however, specially when data are
lacking for a large range of concentrations, determining
the number of terms of the summatory data (number of
simple Langmuir isotherm) is not a straightforward procedure. In these cases, an algebraic manipulation of the
data, as used in the study of the interaction of ligand with
macromolecules by Scatchard equation, could be useful.
For homogeneous sites the equation (1) can be rearranged in the linear form:
q/C = b k - q k
Linearity in the plot q/C vs. q is indicative of one type
of independent site (simple Langmuir isotherm), whilst
non-linearity suggests the occurrence of different types of
sites, whose ki and bi values can be obtained by least
squares fit of eq. (1) to the experimental data or following
one of the procedures reported in literature fleading to a
breakdown of the Scatchard like-plots [9-10]. The product
bi ki corresponds to the macroscopic equilibrium constant
(Ki) for the binding of the adsorptive to the sites of type i.
MATERIALS AND METHODS
Materials

Soil samples were collected at a depth of 0-20 cm (Ap
horizon) in the following sites of the Campania country
(Southern Italy): Dugenta, Pignataro Maggiore, Dragoni,

Mondragone and Castelvolturno. The following analyses
(Table 1) were carried out according to the Italian standard
methods for soil analysis [11]: particle-size analysis was
performed by a sedimentation procedure; organic carbon
(Org. Carbon) content, by the Walkley-Black method;
organic nitrogen (Org. Nitrogen) content, by the Kjeldahl
method; soil pH, determined in 1:2.5 (w/v) soil/H2O suspension; and the cation-exchange capacity (CEC) was
measured by the BaCl2-triethanolamine (TEA) method;
carbonate content (CaCO3), determined with a DietrichFrühling calcimeter. Commercial sample of humic acids
was purchased from Fluka (Organic Carbon = 50.5%).
Diuron was from Sigma.
Sorption isotherms

Sorption experiments of diuron on soils were conducted
using batch equilibration in 15-mL screw-cap vials at 30 °C.
3 mL of diuron at the selected concentration in 1 mM sodium phosphate buffer, pH value of the soil, were added to
1.0 g of soil. The samples were stored in a thermostated
bath and periodically gently shaken. At selected times
aliquots were centrifuged at 10000 rpm for 15 min, filtered
through Filtek filters (RC 0.45 µm, Chemtek), that had
been found to retain undetectable amounts of diuron, and
analysed by HPLC. After 1 day, the equilibrium concentrations were reached. Analyses carried out after longer times
(2-3 days) did not give significantly different results.
Equilibrium dialysis experiments of diuron solution against
dissolved humic acid

Samples of the commercial humic acids, 0.4 - 12.5 g L-1,
were shaken with an aqueous solution of 0.5 M KH2PO4
and 0.5 M K2HPO4 overnight. The mixture was then filtered through a 0.45 µm membrane filter and aliquots of
about 8 mL were introduced in dialysis tubes, molecular
weight cut-off of 3500 dalton. The tubes were dialysed
against 0.5 mM KH2PO4 and 0.5 mM K2HPO4 for two
days and then introduced in 40.0 mL of an aqueous solution of diuron (10-50 mg L-1 ) containing 0.5 mM KH2PO4
and 0.5 mM K2HPO4, pH 6.72. The samples were stored
at 30.0 °C and periodically aliquots of the external solution were analysed by HPLC.

TABLE 1
Properties of the Campania investigated soils.

Soil
Castelvolturno
Mondragone
Dragoni
Dugenta
Pignataro Maggiore

Sand

Silt

Clay

Org.
Nitrogen

Org.
Carbon

(%)
12.36
52.19
56.34
58.54

(%)
62.16
38.72
31.36
35.68

(%)
25.48
9.09
12.30
5.78

(%)
0.06
0.07
0.10
0.15

(%)
0.44
0.54
0.72
1.05

19.47

48.44

32.09

0.26

2.00
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pH
(1:2.5 w/v)

CEC

CaCO3

7.7
7.7
6.0
7.0

(cmol[+] Kg-1)
25.1
8.6
14.6
15.7

(%)
14.37
4.20
1.22
0.81

7.7

37.7

2.03
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HPLC analyses were performed on a Waters chromatographic system, consisting of a 515 HPLC Pump
and a 2487 dual λ absorbance detector, equipped with a
C18 reversed-phase column (3.9 x 150 mm). Diuron was
eluted by a linear gradient 35-42 % of acetonitrile in
water in 15 min, flow rate 1 mL min-1, λ = 248 nm.
RESULTS AND DISCUSSION
Figure 1 shows the sorption isotherms of diuron in
the soils selected for this study. The common Freudlich
model fits well with the sorption data (Table 2). All the
curves are non-linear, as indicated by the N values, less
than unity. In contrast, the plot obtained with the data of
equilibrium dialysis of diuron bound to dissolved humic
acids (HAs) against free diuron concentration, is linear in

the range of HA concentration explored, (Fig. 2). In these
experiments it is assumed that HAs are confined to the
dialysis tube, while diuron can diffuse freely in and out of
the tube. Diuron in the dialysis tube consists of two fractions, one bound to HAs and the other free. Since the free
fraction can diffuse through the dialysis membrane, its
concentration is thus the same both inside and outside the
tube. The diuron-HAs interaction can be described in
terms of a repartition-like equilibrium of diuron between
water and the macromolecular compound HAs, considered as a microscopic environment:
K
Diuron(water)

Based on the slope of the curve in Fig. 2, we obtained
K = 299 ± 10 and ΔG3030 = -14 ± 1 kJ mol-1 for the
transport of diuron from water to HAs.

100

1.5 10
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1 10
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-1

q (mg kg )

-1

q (mg kg )

Diuron(HAs)

80

60

40
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20

0
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0
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0
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FIGURE 1
Sorption isotherm of diuron in different Campania soils,
T = 30 °C: n = soil collected in Pignataro Maggiore,  =
collected in Dugenta,  = collected in Dragoni, ¨ = collected in Mondragone, ² =collected in Castelvolturno

FIGURE 2
Correlation between the concentration of unbound [diuron] and HAs-bound diuron (q) as recorded in the dialysis equilibrium experiments, T = 30 °C

TABLE 2
Freundlich isotherm parameters for the adsorption of diuron on soil

Org. Carbon (%)

Kf (µg/g)(µg mL)-N

N

R2

Castelvolturno

0.44

2.2

0.81

0.98

Mondragone

0.54

2.2

0.91

0.99

Dragoni

0.72

2.9

0.88

0.99

Dugenta
Pignataro
Maggiore

1.05

4.6

0.81

0.99

2.00

7.9

0.77

0.98

Soil

40

50

-1

[diuron] (mg L )

-1

[diuron] (mg L )
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FIGURE 3
Scatchard-like plot of diuron binding to soils. T = 30 °C:
n = soil collected in Pignataro Maggiore,  = collected in
Dugenta,  = collected in Dragoni, ¨ = collected in
Mondragone, ²=collected in Castelvolturno

org

FIGURE 4
Diuron binding to soils: dependence of the maximum amount of
adsorptive (b) on the percentage of organic carbon in the soil (% Corg).

TABLE 3
Microscopic binding constant (k) and maximum amount of adsorptive (b) for the adsorption of diuron by soils.

Soil

Org. Carbon (%)

Castelvolturno
Mondragone
Dragoni
Dugenta
Pignataro M.

0.44
0.54
0.72
1.05
2.00

k
(Kg mg-1)
0.033 (8)
0.016(4)
0.021(3)
0.022(3)
0.0022(3)

b 10-1
(mg Kg-1)
7 (2)
12.5(4)
11.5(2)
17.3(3)
26.4(4)

kb

kb / Corg

2.23(7)
2.00(8)
2.41(5)
3.81(9)
5.81(8)

5.1
3.7
3.4
3.6
2.9

Estimated standard deviations in the least significant digits are shown in parentheses.

Figure 3 shows the dependence of q/C on q (the symbols have been defined in the previous section Basic Theory). For all the soils tested and throughout the diuron
concentration range considered, the plots were linear,
thereby indicating the presence of a single class equivalent sites of interaction. Experiments at higher diuron
concentration couldn’t be carried out because of the low
water solubility of this molecule. Table 3 reports the binding data. It is worth noting that the microscopic equilibrium constant (k) is dependent on the type of soil, while the
maximum amount of diuron that can be adsorbed (b)
increases, within the experimental errors, linearly with the
% of organic carbon (Fig. 4). The kb products determine
the macroscopic equilibrium constants of the binding. Their
values, normalised for the percentage of organic carbon in
the soil, are scarcely influenced by the soil type. The mean
value is K = 373 ± 81, ΔG303° = - 15 ± 1 kJ mol-1 (standard

state = hypothetical ideal solution, conc. 1m). Interestingly,
these values are of same order of magnitude as those
obtained, after normalisation for the % organic carbon, for
the partition in the water-HAs system: K = 594 and
ΔG303° = - 17 kJ. Considering the different physical state of
the two adsorbents, the agreement appears to be excellent.
CONCLUSIONS
The ΔG° values for the binding of diuron to dissolved
HAs and to the organic matters of soils are of the same
order of magnitude. The maximum amount of absorptive,
computed by the Langmuir model, is directly related to
the % OC, no dependence being observed for the microscopic binding constant.

236

© by PSP Volume 13 – No 3b. 2004

Fresenius Environmental Bulletin

ACKNOWLEDGEMENTS
This work was supported by grants from the Italian
“Ministero della Ricerca Scientifica e Tecnologica” and
“Seconda Università di Napoli”.

REFERENCES
[1]

Spark D.L. (1995) Environmental Soil Chemistry. Academic
Press. San Diego.

[2]

Hauang W. and Weber, W.J,. Jr. (1998) A distributed reactivity model for sorption by soil and sediments. 11. Slow concentration-dependent sorption rates. Environ. Sci. Tecnol.; 32:
3549-3555.

[3]

Valsaraj K.T. and Thibodeaux L.J. (1992) Equilibrium adsorption of chemical vapours onto surface soils: model predictions and experimental data. pp. 155-174. In Schnoor J.L.
(ed.) Fate of pesticides and chemicals in the environment.
John Willey & Sons, Inc.

[4]

Veith J.A. and Sposito, G. (1977) On the use of the Langmuir
equation in the interpretation of “adsorption” phenomena.
Soil Sci. Soc. Am. J. 41: 497-502.

[5]

Xing B. and Pignatello, J.J. (1996) Time-dependent isotherm
shape of organic compounds in soil organic matter: implications for sorption mechanism Environ. Toxicol. Chem., 15:
1282-1288.

[6]

Xing B. and Pignatello, J.J (1997) Dual-mode sorption of
low-polarity compounds in gassy poly(vinyl chloride) and
soil organic matter. Environ. Sci. Techonol., 31: 792-799.

[7]

Atkins P.W. (1998) Physical Chemistry. University Press,
Oxford.

[8]

Tomlin C.D.S. (Ed.). (2000) The Pesticide Manual, 12th edition. British Crop Protection Council.

[9]

Cantor C.R. and Schimmel, P.R. (1980) Biophysical Chemistry. W.H. Freeman Company, United States of America.

[10] Giardina B. and Amiconi G. (1981) Measurement of binding
of gaseous and nongaseous to hemoglobins by conventional
spectrophotometric procedures. In Methods in Enzymology,
vol. 76., Antonini E., Rossi-Berbnard L. and Chiacone E. eds.
Academic Press, New York.
[11] M.I.P.A.F. (Ministero per le Politiche Agricole e Forestali Osservatorio Nazionale Pedologico e per la Qualità del Suolo) (2000) Metodi di Analisi Chimica del Suolo, No. 1124.2,
Franco Angeli Ed., Milano, Italy.

Received: August 15, 2003
Accepted: October 21, 2003

CORRESPONDING AUTHOR
Sante Capasso
Dipartimento di Scienze Ambientali
Seconda Università di Napoli
via Vivaldi 43
81100 Caserta - ITALY
e-mail: sante.capasso@unina2.it
FEB/ Vol 13/ No 3b/ 2004 – pages 233 - 237

237

© by PSP Volume 13 – No 3b. 2004

Fresenius Environmental Bulletin

DISTRIBUTION OF A 13C-LABELLED HYDROPHOBIC TRACER
OVER HUMIC FRACTIONS OF DIFFERENT SIZE AND COMPOSITION
Pellegrino Conte, Riccardo Spaccini, and Alessandro Piccolo
Dipartimento di Scienze del Suolo, della Pianta e dell’Ambiente, Università di Napoli Federico II, Via Università, 100, 80055 Portici, Italy

SUMMARY
An aqueous mixture of a humic acid and 13C-labelled
2-decanol was separated in different size-fractions by
preparative high performance size exclusion chromatography (HPSEC). The size-fractions were characterized by
1
H-NMR spectroscopy while the distribution of the hydrophobic tracer in the size-fractions was evaluated by
measuring isotopic dilution. The δ13C value and the 1HNMR spectra showed that the 13C-labelled 2-decanol was
preferentially distributed among the size-fractions rich in
alkyl components. Conversely, size-fractions with a high
content of unsaturated (olephinic and aromatic) constituents were less capable to retain the labelled 2-decanol.
This work confirms that hydrophobic interactions control
the adsorption of apolar compounds on specific alkyl
systems in humic substances. The environmental behaviour of hydrophobic organic compounds appears to depend on the molecular composition and conformational
arrangement of the dissolved humic matter.

KEYWORDS:
hydrophobic interactions, supramolecular association, humic
13
12
1
substances, isotopic δ( C/ C) ratio, H-NMR spectroscopy.

INTRODUCTION
Humic matter plays a major role in the adsorption of
organic xenobiotics in soils and its content is usually the
soil factor most directly related to the environmental
availability and transformation of soil organic contaminants [1, 2]. Physical sorption and chemisorption are the
main processes involved in the interactions between humic substances (HS) and organic pollutants [3], resulting
in the reduction of both the environmental bioavailability
and toxicity of contaminants [4].
Hydrogen bonds, electrostatic attractions and chargetransfer complexes between electron-poor quinonic structures of HS and electron-rich structures of moderately polar

pollutants control the sorption in soil [5]. The hydrophobic more than the hydrophilic components of humic materials appear to prevail when in interaction with apolar
pollutants. Conte et al. [6] have recently shown that the
bioavailability of polycyclic aromatic hydrocarbons
(PAHs) was closely related to the hydrophobicity of humic matter in soils.
A specific molecular composition of HS can also account for the sorption/desorption behaviour of some organic pollutants. A humic material possessing a large
amount of aliphatic components may show an increased
conformational flexibility with respect to another humic
matter that contains a relatively larger percentage of aromatic moieties. Organic pollutants can then deeply penetrate within the aliphatic components due to their molecular
flexibility. This may result in a chemical protection of
pollutants and a more difficult subsequent desorption [7, 8].
Conversely, a humic conformational rigidity due to an
enhanced content of aromatic moieties may limit the
interaction with pollutants to only surface adsorption,
thereby ensuring an easier desorption from the humic
material into the environment [8].
Evidence on the mechanisms involved in the interactions between pollutants and HS have been mainly
collected by means of adsorption isotherms [4]. A number of authors have recently used aromatic compounds
with 13C-label in the ring and 13C-NMR spectroscopy in
order to obtain detailed information on the interaction
modes with humic material [9, 10]. The objective of this
work was to use a 13C-labelled alkyl compound (2decanol) to evaluate its affinity with the molecular components of a purified humic acid. After dispersion of the
13
C-labelled 2-decanol in a humic aqueous solution, the
humic-decanol mixture was subjected to preparative
high performance size exclusion chromatography
(HPSEC) and fractions of progressively lower molecular
dimensions were separated. These size-fractions were
subjected to isotopic measurements and 1H-NMR spectroscopy to assess their molecular composition and the
relative 13C distribution.
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MATERIALS AND METHODS

used to dissolve the HA to reach a concentration of
0.51g.L-1 before addition of the labelled 2-decanol.

Humic sample

A humic acid (HA) was isolated and purified from a
North Dakota Leonardite, as reported elsewhere [8, 11]. The
humic material resulted in 2.7% ashes, 56% C, 4% H, and
2% N. Oxygen and other elements represent 38% of the total
HA. The relative standard deviation measured for elemental
analyses did not exceed 2%. A Bruker DPX300 operating at
300MHz on protons was used to characterize the purified
HA by liquid state 1H-NMR spectroscopy. Acquisition time
of 2s, delay time of 1s and a line broadening (LB) of 1Hz
were used to acquire and transform the free induction decay
(FID). Deuterated dimethylsulfoxide (DMSO-d6) was used
to dissolve the humic material for NMR analysis.
The HA was first suspended in distilled water and titrated to pH 7 with a CO2-free solution of 0.5M NaOH by
an automatic titrator (VIT 90 Videotitrator, Radiometer,
Copenhagen) under N2 atmosphere and stirring. After having reached the constant pH 7, the solution containing
sodium humates was left under titration for two more
hours, filtered through a Millipore 0.45µm, and freezedried. Sodium humates were pre-titrated at pH 7 to exclude
the random occurrence of negative charges on solute molecules, when dissolved into the HPSEC eluent, and to depress ionic exclusion phenomena [12]. The HPSEC eluent,
a NaCl/NaN3 (2.89g.L-1 / 0.30g.L-1) solution at pH 7.0 was

13

C-labelled 2-decanol
13

C-labelled 2-decanol was synthesized by a Grignard
organic reaction [13]. The reaction was carried out by
mixing 1g of 13CH3I (Aldrich) with 0.18 g of pure Mg and
0.995g nonanal aldehyde (Aldrich). Anhydrous ethyl
ether previously distilled over Na was used as reaction
solvent. The yield of the reaction was 86.3%.
The labelling of 2-decanol was confirmed by liquid
state 1H- and 13C-NMR spectroscopy on a Bruker DPX300,
operating at 300MHz on proton and at 75.5MHz on carbon,
using acquisition times of 2 s and 18ms, delay times of 1s
and 13ms, and a LB of 1Hz and 5Hz to transform the 13CNMR, for proton and carbon spectra, respectively. The 13Clabelled 2-decanol was dissolved in deuterated chloroform
or acetone to obtain the 1H-NMR and 13C-NMR spectra,
respectively. Figure 1 reports both 1H- and 13C-NMR spectra of the 2-decanol and signal attribution. Signals with
crosses are attributed to impurities of synthesis. Both spectra correspond to the ones reported in literature [14, 15, and
http://www.aist.go.jp/RIODB/SDBS/menu-e.html], thereby
confirming the successful synthesis of the labelled 2decanol. In the 13C-NMR spectrum, the 13C-labelled carbon is C1 at 23.2 ppm as indicated by its stronger intensity compared to that of the other carbons.

FIGURE 1 - 1H- and 13C-NMR spectra of the synthesised 13C-labelled 2-decanol.
A. Liquid-state 1H-NMR spectrum: Total (0-12 ppm) and enlarged chemical shift interval (0-4 ppm). Peak attribution: H1=2.1 ppm;
H2=2.4 ppm; H3 to H9 ranging in the interval 1.2-1.7 ppm; -OH= 3.7 ppm; † = impurities from lab synthesis.
B. Liquid-state 13C-NMR spectrum: Total (0-210 ppm) and enlarged resonance interval (0-80 ppm). The C1 is the 13C-labelled CH3
obtained by the synthesis of 2-decanol. Peak attribution: C1=23.4 ppm; C2=67.2; C3=39.6 ppm; C4=26.2 ppm; C5=30.1 ppm;
C6=30.0 ppm; C7=29.6; C8=32.2 ppm; C9=22.9 ppm; C10= 14.1 ppm. † = impurities from lab synthesis; ‡ = carbonyl carbon of
acetone (207 ppm) used as solvent to obtain this NMR spectrum of 2-decanol.
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13

Humic-( C-2-decanol) mixture.
13

28.46 mg of C-labelled 2-decanol were added to
250 mL of a 0.51mg.mL-1 HA solution. The concentration of the hydrophobic marker was 0.720mM. The volume of 2-decanol added to the humic solution was unable to significantly modify the carbon concentration in
the humic aqueous solution. The mixture was left under
N2 atmosphere and stirring for one night before the
HPSEC run.
Preparative HPSEC and characterization of size-fractions.

A Biosep SEC-S-2000 (600 mm x 21.2 mm i.d.) column preceded by a Biosep SEC-S-2000 Guard Column
(78.0 mm x 21.2 mm i.d.) from Phenomenex Inc. was
used. A 305 pump, an autosampler model 231 and a
FC205 fraction collector from Gilson combined with a
Perkin-Elmer LC-75 UV/Vis detector set at 280 nm were
used to automate continuous isolation of the humic fractions. All chromatographic runs were automatically recorded with a Perkin-Elmer Nelson 1022S at an elution flow
rate of 1.5 mL.min-1. A NaCl/NaN3 (2.89g.L-1/ 0.30g.L-1)
solution at pH 7.0 and constant ionic strength (0.06M)
was used as mobile phase. For each chromatographic run
eleven fractions were collected during HPSEC separation
by changing the collecting vials every 15 mL within the
81-240 mL interval of elution volume. The total HPSEC
chromatogram and the intervals of elution volumes for
each of the eleven size-fractions are shown in Figure 2.

FIGURE 2
HPSEC chromatogram of the humic-(13C-2-decanol) mixture.

The collected size-fractions were freeze-dried and
subsequently characterized by liquid-state 1H-NMR using
D2O as solvent and a Bruker DPX300 spectrometer. All

fractions were also analyzed by liquid-state 13C-NMR spectroscopy on the same instrument used for protons by applying 18 ms of acquisition time, 13 ms of delay time and a
LB of 5Hz. After two hours of acquisition, no signals were
detected, thereby indicating that the resulting distribution of
13
C in each fraction was insufficient to obtain a significant
signal above the noise for the 2-decanol [10] and this acquisition period was not sufficient to observe resonance
peaks for carbons of the humic matter [16-18].
The 13C/12C isotopic ratio (δ) in the freeze-dried humic
fractions was evaluated by an elemental analyzer (CarloErba Nitrogen Analyser, Milano) coupled to a continuousflow isotope-ratio mass-spectrometer (Finnigan MAT 251,
Bremen). Results were expressed in the relative δ per mil
scale, according to the equation: δ13C‰ = (Rsample/Rstandard –
1) ×103 , where R = 13C/12C, and the standard is the Pee
Dee Belemnite (PDB).

RESULTS AND DISCUSSION
The 1H-NMR spectrum of the purified humic acid
dissolved in DMSO-d6 is shown in Figure 3. The spectrum does not differ from the proton spectra of humic
substances previously reported in literature [16-18]. The
signals in the 0-2.4 ppm region were attributed to protons
in long aliphatic chains and to methyls and methylenes in
α− and β−position to C-O and C-N carbons, while those
in the 4.0-6.6 and 7.0-7.3 ppm intervals were attributed to
protons in olephinic and allylic systems, but also in aromatic structures, respectively. The region between 3.0 and
4.0 ppm showed saturation by the water signal. As it is
well-known, the water signal is still present in 1H-NMR
spectra despite the use of DMSO-d6 to dissolve the sample. A pulse-sequence routine for the suppression of the
water signal was not applied during spectrum acquisition
to allow the visibility of NMR signals in proximity to that
of water [19].
The 1H-NMR spectra of the size-fractions (not
shown) were divided into two spectral regions. The first
region between 0 and 2.4 ppm was attributed to protons
bound to alkyl carbons as well as to those bound to aliphatic carbons in close proximity to oxygen and nitrogen
atoms. The second region between 5.5 and 9.5 ppm was
assigned to olephinic, allylic and aromatic protons. The
3.5-5.4 ppm spectral interval was not considered due to
saturation by the H2O signal that arises from deuterated
water. Also in this case, water-suppression pulse sequences
were not applied to limit the consequent spectral interferences [19]. The resonances in the 0-2.4 and 5.5-9.5 ppm
regions were integrated by the instrumental software in
order to quantify the amount of aliphatic (0-2.4 ppm) and
unsaturated (5.5-9.5 ppm) protons. These values were
assumed to be representative of the relative composition
of alkyl and unsaturated-aromatic structures present in
each size-fraction.
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FIGURE 3 - 1H-NMR spectrum of the untreated HA.

Figure 4 shows the variation in the relative proton
content of the two considered NMR regions of the sizefractions separated by preparative HPSEC. The alkyl
systems increased significantly from fraction 1 (of largest
molecular size) to fraction 5, whereas they decreased
again in the eleventh fraction possessing the smallest
molecular size. Conversely, the unsaturated-aromatic
compounds were predominant in fraction 1 and steadily
decreased until fraction 6, but increasing again in the
following fractions reaching a value in fraction 11 as high
as in fraction 1.
These changes in the relative content of different
components in the humic size-fractions were related to the
changes in their isotopic dilution measured as δ(13C/12C)
values. These values indicated the distribution of the

labelled carbon of 2-decanol over the 11 size-fractions
and are shown in Figure 4. The δ values showed a significant increase from fraction 1 to 3, remained relatively
constant in fractions 4-6, and decreased again from fraction 7 to fraction 11.
The observed distribution of 13C of the hydrophobic
2-decanol over the size-fractions is related to the content
of alkyl structures, thereby showing a chemical affinity
between the carbon-chain of 2-decanol and the alkyl
chains present in the humic size-fractions. Conversely, the
unsaturated-aromatic components in the humic sizefractions reveal a lower chemical affinity for the alkyl
structure of 2-decanol, thereby providing lower δ(13C/12C)
values in those size-fractions relatively richer in unsaturated-aromatic carbons.

FIGURE 4 - Distribution of alkyl and unsaturated-aromatic
protons, and δ(13C/12C) values in the separated humic size-fractions.
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A previous work [19] was conducted on this very
same humic acid without the addition of any exogenous
compound. Fractions of different molecular size were
similarly obtained by preparative HPSEC and characterized by Pyr-GC-MS and 1H-NMR spectroscopy. The
results of this work showed that the humic acid could be
separated in size-fractions possessing a widely different
relative distribution of alkyl and aromatic structures. In
particular, Piccolo et al. [19] showed that humic material
eluting in the high molecular-size range was rich in unsaturated and aromatic compounds, which were spread
towards lower molecular-size range when the humic solution was treated with low amounts of acetic acid. The
lower molecular-size fractions were rich in readily watersoluble aromatic moieties, possibly phenols and benzenecarboxylic acids. The redistribution of humic components
over the different size-fractions following the interaction
with acetic acid was attributed to the loosely-bound conformation of humic molecules in neutral aqueous solutions. Similar disruption of humic supramolecular associations in water were observed when they interacted with
a number of different organic acids [20, 21].

recently shown that the aging of polycyclic aromatic
hydrocarbons (PAHs) in soil is related to the presence of
humic matter rich in aromatic components.

The distribution of humic molecules observed in the
size-fractions obtained in this work agrees with that found in
the work of Piccolo et al. [19] and is consistent with the
relative content of δ values found in the size-fractions.
Moreover, it is plausible that addition of a hydrophobic
compound such as the 13C-labelled 2-decanol may have
affected the stability of the loosely-bound humic conformation by favouring the association of 2-decanol with the
alkyl components of the humic material. Such newlyformed alkyl aggregates may have been separated during
HPSEC fractionation from the more strongly bound unsaturated-aromatic structures, which remained associated in
larger molecular-size aggregates. This may explain the
relatively lower δ values in the highest molecular-size fractions (Figure 4), which appeared to be mainly composed of
unsaturated-aromatic structures exerting a lower chemical
affinity to the 13C-labelled 2-decanol than alkyl systems.
Similarly, the δ values were low also in fractions of lowest
molecular size because their content of water-soluble highly-hydrated unsaturated and aromatic compounds has limited the association with the hydrophobic 2-decanol.
In conclusion, this work confirms that humic substances in solution are loosely-bound associates of heterogeneous humic molecules, which can be separated by
HPSEC in size fractions of a reduced chemical complexity. The molecular composition of the separated humic
aggregates of different molecular-size determines the
extent of interaction with exogenous compounds based on
their reciprocal chemical affinity. It was shown that a
hydrophobic molecule such as 2-decanol preferably associated with humic conformations containing mainly alkylated molecules, whereas it interacted less with unsaturatedaromatic molecules. Humic aggregates rich in unsaturatedaromatic structures may presumably better associate with
aromatic exogenous compounds. Conte et al. [6] have
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REMOVAL OF COPPER FROM
AQUEOUS SOLUTION BY ION EXCHANGE RESINS
Sevil Veli and Beyhan Pekey
Department of Environmental Engineering, University of Kocaeli, 41001 İzmit, Turkey

SUMMARY
In this study the usability of ion exchanging resins is
handled for the purpose of copper removal from aqueous
solutions. The chosen resins were Dowex HCR S/S (strong
cationic) and Dowex Marathon C (strong cationic). During
the removal process using the batch technique the effects of
pH, dosage of the resin, concentration of copper and contact time were studied. The results showed that Freundlich
and Langmuir isotherms are linear. From the Freundlich
adsorption isotherm the capacity / intensity of copper adsorption on Dowex HCR S/S and Dowex Marathon C were
calculated as 26.27 mg g-1 / 2.14 and 46.55 mg g-1 / 2.56,
respectively. Derived from the Langmuir adsorption isotherm, the copper equilibrium constant was calculated as
1.81 for Dowex HCR S/S and 4.71 for Dowex Marathon C.
The separation factors and distribution coefficients of
copper for Dowex HCR S/S and Dowex Marathon C were
presented. It was observed that copper removal by ion
exchange resins can be described by the first-order reversible kinetics. In this study it was clearly shown that
ion exchange resins can be used for removal of copper
from aqueous solutions.

KEYWORDS: Ion exchange resins, copper removal, adsorption
isotherms, separation factors, equilibrium distribution coefficients,
adsorption kinetics.

INTRODUCTION

form of Cu+2 ions, originating from hydrolysis of CuCO3
or organic complexes. Industrial sources of copper are
fertilizers, petroleum refineries, basic steelwork foundries,
non-ferrous metal works, motor vehicles, aircraft plating
and finishing [3,4].
The methods used in copper removal can be classified
as chemical precipitation, ion exchange, evaporation,
cementation, electrolysis and reverse osmosis [5]. The
adsorption phenomenon has been found to be economically appealing for the removal of toxic metals from
wastewater.
Bin et al. [6] used sawdust for low-cost adsorption and
removal of copper in wastewaters. Panayotova [7] analyzed
the removal of copper from wastewaters by using zeolite.
Price and his group [8] indicated that Aspergillus niger has
an good adsorption capacity for copper and zinc. However,
all these above methods do not reduce the copper concentration below the limits (1,3 mg L-1) designated in the environmental laws [9]. Such discharge requirements can be
matched using specific ion exchange resins, characterized
by a very high copper selectivity. Several adsorbents have
been used in previous studies for the treatment of Cu-rich
effluents at the solid-solution interface [10]. It has been
reported that some aquatic plants, agricultural byproducts, tea leaf wastes, lignin, iron oxide-coated sand,
activated carbon and recycled iron-bearing material [10],
natural clay [11], natural zeolite [7, 12], sawdust [6, 13],
red mud and fly ash [14], biopolymers (chitosan) [15],
biosorbents (crab shell, Aspergillus niger, etc.) [8, 16]
have the capacity to adsorb heavy metals.

Organic and inorganic pollutants cause pollution of the
environment, already in small amounts, and have bad effects
on the living organisms or show toxic effects, when exceeding a certain level [1, 2]. Inorganic compounds cannot be
biodegraded and have to be removed from wastewater.
Normally these pollutants are heavy metals or trace elements, such as antimony, arsenic, beryllium, cadmium, zinc,
chromium, copper, lead, mercury, thallium, selenium etc.

In recent years, ion exchange resins were used widespread in the removal of inorganic matters in water and
wastewater. The pretreatment of tannery wastewater by an
ion exchange process for Cr (III) removal and recovery has
been studied by Tiravanti et al. [17]. They found a considerable decrease in the use of chemical compounds, a sludge
production reduced by 80 % and lower costs of sludge treatment and disposal compared to the traditional treatment.

It was found that copper accumulation causes “Wilson’s disease” in the muscles of human brain, skin, liver,
pancreas and heart. In wastewaters copper is found in the

It has also been proven that the use of ion exchange
resins in the removal of chromium and mercury is efficient [18, 19]. Chiarle et al. [19] reported that resins have
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a high adsorption efficiency reaching 30-40 wt. %, but
efficiency decreases with pH due to the competition between H+ and Hg+2 ions. Rengaraj et al. [18] found that
more than 95% removal of chromium could be achieved
under optimal conditions.
Strelow and his group [20] determined the equilibrium
distribution coefficients by using the BIO-RAD AG 50WX8 ion exchanger resin in sulfuric acid media for 45 cations
and in nitric acid media for 49 cations. Bonner et al. [21]
determined Dowex 50 resin affinities for about 25 cations
arranging them in an affinity scale according to the numerical value of the equilibrium constant K.
In this study, the dependence of the quantity of removed copper to pH of the solution, dosage of the resin,
concentration of copper and contact time were investigated.
Also, adsorption isotherms and kinetics are presented.
Furthermore, the separation factors and the equilibrium
distribution coefficients were determined for both resins.

General Procedures: The adsorption of copper with
resins was studied by using the batch technique. 500 mg L-1
copper stock solutions were prepared by dissolving 1.9636 g
of CuSO4.5H2O in 1 L distilled water. Standard copper
solutions with different concentrations ranging between
30-130 mg L-1 were prepared by dilution and 100 mL aliquots were transferred into Erlenmeyer flasks and shaken at
room temperature. The pH of the solution was adjusted by
using 0.1 N hydrochloric acid or 0.1 N sodium hydroxide.
Then the samples were shaken for 24 hours with 0.4 g of
both resins at room temperature and 200 rpm, separated from
the resins and copper concentration in the residual solution
was analyzed by spectrophotometry. Finally, the effect of
many parameters, such as pH, resin dosage, concentration
and contact time, on adsorption efficiency were examined.

RESULTS AND DISCUSSION
Effect of pH

Instrumentation: A spectrophotometer (HACH DR
2000) was used for copper analyses according to the Bicinchoninate Method (Method No 8506). A pH-meter
(Testo) was used for pH measurements and adsorption
experiments were performed in a shaker (NÜVE) at 20 oC.
Chemicals: Copper(II) sulfate (CuSO4.5H2O) was
used for the experiments and hydrochloric acid or sodium
hydroxide obtained from Abaci Chemistry Commercial
Limited Company for pH adjustment. Chemicals used for
copper analysis were obtained from SESA Electronic
Industry and Commercial Company.
Adsorbents: The cation exchange resins, Dowex HCR
S/S and Dowex Marathon C, were obtained from Abaci
Chemistry Commercial Limited Company. The physical and
chemical characteristics of the resins are shown in Table 1.
TABLE 1 - Characteristics of Dowex HCR S/S
and Dowex Marathon C Cation Exchange Resins.
Characteristics
Type
Matrix
Functional
group

Dowex HCR S/S
Strong acid cation
Styrene-DVB, gel

Dowex Marathon-C
Strong acid cation
Styrene-DVB, gel

Sulfonic acid

Sulfonic acid

Uniform particle size
spherical beads
Shipping weight 800 g L-1
Total exchange
Minimum 1.9 eq L-1
capacity
0.3-1.2 mm: 90% minimum,
Particle size
<0.3 mm: 1% maximum
Particle density 1.30 g mL-1
Whole beads
90% minimum
Ionic form
Na+
as shipped
Physical form

The effect of pH on copper adsorption with Dowex
HCR S/S and Dowex Marathon C resins was examined in
the range from 2 to 10 with 80 mg L-1 copper solution.
The results are shown in Figure 1. With both resins the
efficiency of copper removal is high at low pH values and
decreases with increase of pH. This is because hydroxyl
ions form Cu(OH)2 with copper [22]. The effect of pH
also changes with respect to the adsorbent type, its behavior in the solution and the type of the adsorbed ions [2].
Maximum efficiency of Dowex HCR S/S and Dowex
Marathon C resins was obtained at pH values 4.5 and 5.5,
respectively. Now the effect of concentrations, resin dose
and contact time were considered at this pH optimum.
120

Percent copper removal (%)

MATERIALS AND METHODS

100

Na

+

40
20

Dowex HCR S/S
Dowex Marathon C

0
2

4

6

8

10

12

pH
FIGURE 1 - Effect of pH on the removal of copper by Dowex HCR
S/S and Dowex Marathon C resins. Initial concentration of copper
80 mg L-1, resin dosage 0.4 g/100 mL, and equilibration time 24 h.

Minimum 2.0 eq L-1

1.28 g mL-1
95-100%

60

0

Uniform particle size
spherical beads
820 g L-1

585 + 50 µm

80

Effect of resin dose on adsorption

The optimum dosage of the resins was examined by
adding them in amounts varying from 0.01 g to 0.9 g. The
copper solution with an initial concentration of 80 mg L-1
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was balanced with different resin doses for 24 h and the
effects of Dowex HCR S/S and Dowex Marathon C on
copper removal are shown in Figure 2. Increasing resin
doses increase copper adsorption, because a larger surface
area is obtained [23, 24]. With amounts of 0.2 g Dowex
HCR S/S and 0.1 g Dowex Marathon C the removal efficiency reached its maximum and remained stable.

Percent copper removal (%)

120
100
80
60
40

previous experiments in this study, Dowex HCR S/S was
saturated after 180 min and Dowex Marathon C needed
an agitation time of only 150 min.
120

Percent copper removal (%)
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FIGURE 4 - Effect of contact time on the removal of copper by
Dowex HCR S/S and Dowex Marathon C resins. Initial copper
concentration 80 mg L-1, resin dosages 0.2 g/100mL and 0.1 g/
100mL, pHs 4.5 and 5.5.

1

Resin Dosage (g/100 mL)
FIGURE 2 - Effect of resin dosage on the adsorption of copper on
Dowex HCR S/S and Dowex Marathon C resins. Initial copper concentration 80 mg L-1, pHs 4.5 and 5.5, and equilibration time 24 h.

Distribution coefficients and Separation factors

Effect of copper concentration

Different concentrations from 30 to 130 mg L-1 were
used and the results shown in Figure 3. Copper removal
efficiency decreased with increase of copper concentration.
The optimal resin amount reached saturation with high
copper concentrations and, therefore, cannot adsorb more
copper ions. As can be seen from the curve, the optimum
concentration could be calculated as 80 mg L-1, which
matches with the concentration in the previous experiments.

Percent copper removal (%)

100

120

The distribution coefficients and separation factors
were determined with the batch method using 100 mL of
a 80 mg L-1 copper solution and 0.2 g HCR S/S (dry resin
quantity 0.1163 g) at pH 4.5 or 0.1 g Marathon C (dry
resin quantity 0.065 g) at pH 5.5.
Distribution coefficients are calculated by the following formula [25]:

D=

amount on resin
amount in solution

×

mL of solution
g of dry resin

The distribution coefficient for removal of copper
was determined as 5.2 x 104 for Dowex HCR S/S resin
and as 4.4 x 104 for Dowex Marathon C. The distribution
coefficient using HCR S/S is higher than that of Marathon
C, but generally both are quite high, which has to be
simply expected from the mass action law [20].
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20
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Concentration (mg/L)

The separation factor for applications is widely used
in environmental engineering and obtained by dividing
the distribution ratios of the ions in the resin and in the
solution with the distribution ratio of other ions between
these two phases. The separation factor is identical with the
preference factor. But these two factors are not equal, when
the exchange of differently valanced ions is considered.

FIGURE 3 - Effect of concentration on the adsorption of copper on
Dowex HCR S/S and Dowex Marathon C resins. Resin dosages 0.2 g/
100mL and 0.1 g/100mL, pHs 4.5 and 5.5, and equilibration time 24 h.

The separation factor is determined by the formula:
(q c)
α Cu+ 2 = K Cu+ 2
+
+ y
x Na+
Na
Na
Na+

Effect of agitation time

The effect of agitation time for both resins is shown
in Figure 4. Using the optimum data obtained from the

where

K Cu + 2

the formula:
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⎞
⎟
⎟
⎠

2

0,08
Dowex HCR S/S
Dowex Marathon-C

0,06

Ce/(x/M)

where
q- total ion exchange capacity (eq L-1)
C - total ion concentration in solution (eq L-1)
y + - equivalence ratio of Na+ ions in resin
Na

0,04
0,02

x Na + - equivalence ratio of Na+ ions in solution

0

q Cu + 2 - concentration of Cu+2 ions in resin (eq L-1)

0

0,5

1

1,5

C Cu + 2 - concentration of Cu+2 ions in solution (eq L-1)
+

2

2,5

Ce

-1

C Na + - concentration Na ions in solution (eq L )

FIGURE 5 - Langmuir adsorption isotherm for
copper on Dowex HCR S/S and Dowex Marathon C.

q Na + - concentration of Na+ ions in resin (eq L-1)
The separation factor α in removal of copper was determined as 0.16 for Dowex HCR S/S and 0.13 for
Dowex Marathon C. The particle size of the resins is also
important in separation process and 0.3-1.2 mm and 585 ±
50µm were found to be optimal for HCR S/S and Marathon C resins.

We also used the Freundlich isotherm to describe the adsorption in aqueous systems in our experiments. The Freundlich isotherm is expressed by the following equation:
1
x
= K f Ce n
m

(5)

where Kf is the measure of adsorption capacity, 1

Adsorption isotherms

The Langmuir isotherm is an empirical model used for
adsorption on completely homogenous surfaces with negligible interaction between the molecules adsorbed [26]. For
a single solute, the amount adsorbed per unit mass of
adsorbent is given by
x Vm KC e
=
m 1 + KC e

log

(6)

m

from log Ce.

2

x m is the amount adsorbed per

1,6

log(x/M)

K is the equilibrium

Equation (1) can be written in the following linear
form:

Ce
C
1
=
+ e
x m KVm Vm

x
1
= log K f + log Ce
m
n

Figure 6 shows the dependence of log x

m is the mass of the resins (g), V m is the
monolayer capacity, C e is the equilibrium concentration
unit mass of adsorbent (mg g-1) and
constant.

is

The linear form of the equation (5) can be written as

where

of the solution (mg L ),

n

the adsorption intensity and the other parameters have
been defined as in Eq. (1).

(1)

-1

3

1,2
0,8
Dowex HCR S/S

0,4

(2)

Dowex MarathonC

0

The dependence of C e

xm

from

Ce

-1,2

was obtained by

(3)

R 2 = 0.9875 Dowex HCR S/S

Ce
= 0.0127Ce + 0.0027
xm

R 2 = 0.9867 Dowex Marathon C (4)

-0,4

0

0,4

0,8

logCe

using the experimental data (Figure 5). The linear curves in
Figure 5 indicate that the experimental results comply with
Langmuir isotherms. The linear Langmuir equation for
copper on resin in distilled water system is then
Ce
= 0.0211Ce + 0.0117
xm

-0,8

FIGURE 6 - Freundlich adsorption isotherm for
copper on Dowex HCR S/S and Dowex Marathon C.

Adsorption capacities (Kf) and adsorption intensities (n)
were found to be 26.27 mg g-1 and 2.14, respectively, for
Dowex HCR S/S and 46.55 mg g-1 and 2.56 for Dowex
Marathon C. The Freundlich isotherm equation for copper
adsorption on the resins is then
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x
0.4673
R2 = 0.9077 Dowex HCR S/S, (7)
= 26.27Ce
m
x
0.3907
R2 = 0.9356 Dowex Marathon C. (8)
= 46.55Ce
m

In this study analyses were carried out for initial copper concentrations of 30, 80 and 130 mg L-1. The dependences of these concentrations against time are shown in
Figures 7 and 8.
Concentration of copper (mg/L)

© by PSP Volume 13 – No 3b. 2004

Adsorption kinetics

The experiments explain the copper removal mechanisms with Dowex HCR S/S and Dowex Marathon C
cation exchange resins and they can be described as firstorder reversible kinetics.
The reversible reaction was analysed
A↔B

(9)

assuming that the reaction rate constant for A → B is
k1 and k2 for B → A.

Concentration of copper (mg/L)

(10)

(11)

where qe is the equilibrium concentration. From here
we find the reaction rate constant ratio in terms of equilibrium concentration as:

qe
k1
=
k 2 q0 − qe

30 mg/L
80 mg/L
130 mg/L

90
60
30
0
-30
0

60

120

(12)

qe

420

480

30 m g/L
80 m g/L

90

130 m g/L

60
30
0
-30
60

120

180

240

300

360

420

480

FIGURE 8
Kinetics of adsorption of copper on Dowex Marathon C.

(13)
(14)

As can be seen from Figures 9 and 10, the dependence
of ln(1 − q ) against time is suitable to equation (16),

qe

(15)

k = k1 + k2, then
ln(1- q ) = -kt

360

T ime (min)

which is expressed with lines and proved that the copper
removal reaction can be expressed by the first-order reversible kinetics.
0
30 m g/L

(16)

As can be seen from equation (16), the dependence of
ln(1- q ) against the time is linear. Therefore, by using

qe

the experimental data, we found (k1 + k2) from the slope
of the line ln(1- q ). Moreover, from equation (12), the

qe
k
ratio of 1 could be calculated and these values were
k2
sufficient to calculate k1and k2.
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ln (1-q/qe)

qe

300

120

0

The solution of differential equation (14) is
ln(1- q ) = -( k1 + k2)t

240

150

From (10) and (11) it becomes then

dq
= k1(qo - q) - k2q + k1(qo - qe) - k2 qe
dt
dq
= (k1 + k2) (qe – q)
dt

180

FIGURE 7
Kinetics of adsorption of copper on Dowex HCR S/S.

dq
At equilibrium (
= 0) we receive
dt
k1(qo – qe) - k2qe = 0

120

Time (min)

If the initial copper concentration is q0 and at time t
the copper concentration removed is q, it can be written as

dq
= k1(qo - q) - k2q
dt

150

-2

80 m g/L

-4

130 m g/L

-6
-8
-10
0

60

120

180

240

300

360

T ime (min)
FIGURE 9
Kinetic fits for the adsorption of copper on Dowex HCR S/S.
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The results obtained followed the first-order reversible kinetics. Depending on the experimental results, forward reaction rate constants (k1) and backward reaction
rate constants (k2) were calculated and it could be observed that k1 was higher than k2. The low value of k2
(desorption process) indicates that the adsorbed copper
remains almost stable on the resins. The kinetic data could
be useful for making designs of wastewater treatment
systems. For both resins more than 98 % efficiency was
obtained for copper removal from aqueous solutions.

0

ln (1-q/qe)

-2
-4
-6
30 m g/L

-8

80 m g/L

-10

130 m g/L

-12
0

60

120

180

240

300

360

T ime (min)
FIGURE 10
Kinetic fits for the adsorption of copper on Dowex Marathon C.
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TABLE 2 - Correlation coefficient and reaction rate
constants in copper removal with cation exchange resins.

Name of
the resin

Dowex
HCR S/S
Dowex
Marathon C

Initial
copper
concentration
(mg L-1)
30
80
130
30
80
130

Correlation
coefficient
(R2)
0.9447
0.9798
0.9850
0.8832
0.9712
0.9796

Overall
rate
constant
k=k1 +k2
(min-1)
0.0269
0.0257
0.0183
0.0171
0.0346
0.0199

Forward
rate constant (k1)
(min-1)
0.02687
0.02528
0.01782
0.01709
0.03345
0.01949
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SOME PHYSICOCHEMICAL PROPERTIES
OF PERLITE AS AN ADSORBENT
Mehmet Doğan and Mahir Alkan
Department of Chemistry, Faculty of Science and Literature, Balikesir University, 10100 Balikesir, Turkey

SUMMARY
Perlite is a glassy volcanic rock, which will, upon rapid
controlled heating, expand into a frothy material of bulk
density. Considering the fact that the uses of perlite are
based primarily upon its physical and chemical properties, it
is aimed to investigate some physical and chemical properties of unexpanded and expanded perlite. Structural changes
occurring during the expansion of perlite are discussed.
During the expansion a transition from amorphous
structure to a crystalline form has been found to occur,
and also some part of water has been removed, but there
has still been some water in crystal lattice. Acid activation
has caused a little increase in cation exchange capacity of
perlite, while the density has remained almost unchanged.

KEYWORDS: Perlite, acid activation, surface area, cation exchange capacity.

INTRODUCTION
Perlite, a glassy volcanic rock, has the unusual characteristic of expanding to about 20 times its original volume when heated to an appropriate temperature within its
softening range [1]. The name “perlite” is a derivation
from “perlstein” originally given “to certain glassy rocks
(hyaloliparites, hyalo-rhyolites) with numerous concentric
cracks, from the fancied resemblance of broken fragments
to pearls [2]. Petrographically, perlite can be described as
a glassy, volcanic, rhyolitic rock having a pearl-like luster
and usually exhibiting numerous concentric cracks resembling an onionskin in appearance. Chemically, crude
perlite is essentially a metastable amorphous aluminum
silicate. Commercially, the term “perlite” also includes
the expanded product [1].
Along the Aegean Coast, Turkey possesses about
70 percent (70x109 tons) of the world’s known perlite reserves [3]. The uses of expanded perlite are many and varied and are based primarily upon its physical and chemical
properties. Because of i.) its low bulk density; ii.) low ther-

mal conductivity; iii.) high resistance to fire; and iv.) low
sound transmission, expanded perlite is used to a great
advantage as aggregate and insulating material in the
construction industry [4]. The more important applications include the following: abrasives, acoustical plaster
and tile, charcoal barbecue base, cleanser base, concrete
construction aggregates, filter aid, fertilizer extender,
foundry ladle covering and sand additive, inert carrier,
insulation board filler, loosefill insulation, molding filler
medium, packaging medium, paint texturizer, pipe insulator, plaster aggregate and texturizer, propagating cuttings
for plants, refractory products, soil conditioner, tile mortar
aggregate and lightweight insulating concrete for roofdecks, and wallboard core filler [1]. As most perlites have
a high silica content, usually greater than 70 % and are
adsorptive, they are chemically inert in many environments and hence are excellent filter aids and fillers in
various processes and materials [4].
In our previous works, we investigated the electrokinetic properties [5] and surface titrations [6] of perlite suspensions; the adsorptions of methylene blue [7], methyl
violet [8], victoria blue [9] from aqueous solutions onto
perlite samples; and also adsorption kinetics of methyl
violet [10] and victoria blue [11] from aqueous solutions
onto perlit samples. In the present study, the acid-activated
perlite samples have been prepared from expanded and
unexpanded perlite samples, and then the cation exchange
capacities, densities and specific surface areas of these
samples have been determined. Knowledge of these properties is necessary for a better understanding of reactions
occurring onto perlite surface in aqueous solution. We did
not find such a work in literature, which investigated some
of the physicochemical properties of perlite.
MATERIAL AND METHODS
The unexpanded and expanded perlite samples were
obtained from Cumaovası Perlite Processing Plants of
Etibank (İzmir, Turkey). The chemical composition and
some physical properties of the perlite found in Turkey
are given in Table 1 and 2 [3]. The unexpanded and ex-
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panded perlite samples were treated before using in the
experiments as follows: a suspension containing 10 g/L
perlite was mechanically stirred for 24 h, after waiting for
a couple of minutes, the supernatant of suspension was
filtered. The solid sample was dried at 110ºC for 24 h, and
then sieved by 100-mesh sieve [7].
TABLE 1
Chemical composition of perlite.

Constituent
SiO2
Al2O3
Na2O
K 2O
CaO
Fe2O3
MgO
TiO2
MnO2
SO3
FeO
Ba
PbO
Cr

A computer controlled-automatic Huber-GuinierG600
powder diffractometer was used for taking X-Ray diffraction of the powders with CuK (λ=1.54178 Aº) radiation
obtained by using a voltage of 30-40 kV and a current of
12-20 mAº. The X-Ray diffractograms were corrected
with silicon as a standard.
∝

A JEO-JSM840 Scaning Electron Microscopy was
used to obtain SEM pictures.

Percentage Present
71-75
12.5-18
2.9-4.0
4.0-5.0
0.5-2.0
0.1-1.5
0.03-0.5
0.03-0.2
0.0-0.1
0.0-0.1
0.0-0.1
0.0-0.1
0.0-0.5
0.0-0.1

All chemicals were made by Merck.
RESULTS AND DISCUSSION

TABLE 2
Some physical properties of perlite

Parameter
Color
Softening point
Melting point
pH
Specific heat
Maximum free moisture

then pelletted under vacuum with an applied pressure of
10 tons/m2.

Data
Gray, white, black
800 - 1000 oC
1.315 - 1.390 oC
6.6 - 8.0
0.2 kcal/kgoC
0.5 percent

In order to obtain the acid-activated perlite samples
H2SO4 solutions were used. The aqueous suspensions of
both the unexpanded and expanded perlite samples in 0.2,
0.4 and 0.6 M H2SO4 solutions (so that acid/solid ratios
were 1/5, 2/5 and 3/5) were refluxed with a reflux apparatus, then filtered and dried at 110ºC for 24 h [12].
The cation exchange capacity (CEC) of the samples obtained as described above was determined by the ammonium
acetate method, density by piknometer method [12]. The
specific surface area of the samples of expanded (EP), acidactivated expanded perlite (EHP(0.6)), unexpanded (UP),
and acid-activated unexpanded perlite (UHP(0.6)) were
measured by BET N2 adsorption.

The cation exchange capacities of the samples were
shown in Figure 1 as a function of acid concentration. As
seen in this figure, cation exchange capacity of expanded
perlite is higher than that of unexpanded perlite. This
increase in cation exchange capacity is thought as a result
of increasing the broken edges during the expanded perlite production. When perlite is used to improve the quality of the soil, its CEC becomes an important property to
be taken into consideration. The soil mineral fraction, as
well as being an important source of soil nutrients, also
serves as a nutrient sink. The cations may become adsorbed cations held in this way and readily released back
into the soil solution by a process known as ion exchange.
The CEC of the whole soil is a measure of the exchange
capacity or negative charges of the soil, as milligram
equivalents per 1000 grams of soil i.e. meg.kg-1. When
the total content of exchangeable cations is expressed as
meg.kg-1, the amount may seem small, but when recalculated on the basis of the amount of cations available to a
growing crop there are usually several thousand kg of
cations per hectare. The cation exchange capacities of
kaolinite, vermiculite and montmorillonite are 30-150,
1000-1500 and 800-1500 meg kg-1, respectively [13].
60
50
CEC(meg/100 g)
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The IR spectra of perlite samples, sized < 150 µm,
were investigated using a Mattson 1000 FTIR spectrometer. The perlite samples were dried at 120 ºC for twelve
hours. Approximately, 0.0015 g perlite samples were
mixed with 100 mg KBr, ground in an agate mortar, and
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FIGURE 1 - The effect of acid-activation on the cation
exchange capacity of perlite (♦: expanded, ■: unexpanded).
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Cation exchange capacity of the expanded and unexpanded perlite samples increased with acid-activation,
because of formation of new charged sites resulting from
surface reactions occurring during the treatment with acid
solution [6].
TABLE 3 - Some physicochemical properties of perlite samples used in the study.
Sample
Expanded,
purified in water
Expanded,
0.2-M acid-activated
Expanded,
0.4-M acid-activated
Expanded,
0.6-M acid-activated
Unexpanded,
purified in water
Unexpanded,
0.2-M acid-activated
Unexpanded,
0.4-M acid-activated
Unexpanded,
0.6-M acid-activated

Nomenclature

Density
(g/mL)

Specific Surface
Area (m2/g)

EP

2.2

2.30

EHP(0.2)

2.1

----

EHP(0.4)

2.0

----

EHP(0.6)

1.9

2.33

UP

2.3

1.22

UHP(0.2)

2.3

----

UHP(0.4)

2.4

----

UHP(0.6)

2.5

1.99

(a)

(b)
FIGURE 3
SEM pictures of expanded perlite samples: a) EP, b) EHP(0.6)

(a)

The densities of all samples and the specific surface area of expanded perlite, 0.6 M H-expanded perlite, unexpanded perlite and 0.6 M H-unexpanded perlite are given in
Table 3. The densities of expanded perlite and unexpanded
perlite are 2.24 and 2.30 g/cm3, respectively. The scanning
electron microscopic (SEM) pictures in Figure 2 and 3 show
that the shape of the perlite particles is converted into the
form of thin plates, and they do not form a structure which
can prevent the penetration of the liquid, and also that the
porosity of both of them is very low. Therefore, while the
bulk density of the perlite decreases 4-20 times, the true
density almost remains unchanged.

(b)

As seen in the same figures, the porosity of the samples does not change by acid activation, so the densities
and specifice surface areas do not change significantly
during the acid activation.

FIGURE 2
SEM pictures of unexpanded perlite samples: a) UP, b) UHP(0.6)

The X-ray powder diffraction pattern of unexpanded
perlite given in Figure 4 shows that the sample has an
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amorphous structure, so a qualitative analysis is impossible.
A transition from amorphous structure to crystalline form
occurs during the thermal treatment of perlite. This is also
supported by higher count per second values of expanded
perlite. The peak at 4.19 A0 is not a result of only one
phase, but also of more than one phase, which are silicates
and oxides. By comparing the d values obtained in this
study and taken from ICPDS charts the crystal structures
given in Table 4 were estimated to be formed.

Infrared spectroscopy is a universal method, which
has been developed for silica surface studies. The Infrared
spectra of the samples are given in Figure 5 and 6. The
broad band between 3750 and 3000 cm-1 is attributed to
the vibration of hydrogen-bonded hydroxyl groups at the
surface. The band at 3720 ± 20 cm-1 is attributed to the
fundamental streching vibration of free or isolated hydroxyl groups. The band at 3660 ± 90 cm-1 arises from
hydroxyl groups involved in hydrogen bonding called
before vicinal. The band at 3520 ± 200 cm-1 is assigned to
hydroxyl group, hydrogen bonded to adsorbed water.

(b)
FIGURE 4
X-ray powder diffraction patterns of perlite samples: a) expanded, b) unexpanded.
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TABLE 4
The crystal structures formed during the expansion.

Name
Vuagnatite
Gismondine
Hibonite
Stishovite
Fassaite
Chrysotile-2orel
Analcime

Formula
CaAl(SiO4)(OH)
Ca(Al2Si2O8).4H2O
CaAl12O9
SiO2
Ca(Mg,Fe,Al)(Si,Al)2O6
Mg3Si2O5(OH)4
NaAlSi2O6.H2O

ICPDS No
29-289
20-452
25-121
15-26
25-1217
25-646
18-1180

T%

Wavenumber (cm-1)
FIGURE 5 - Infrared spectrums of perlite samples: a) expanded,
b) 0.2 M H-expanded, c) 0.4 M H-expanded, and D) 0.6 M H-expanded.
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T%

Wavenumber (cm-1)
FIGURE 6 - Infrared spectrums of perlite samples: a) unexpanded,
b) 0.2 M H-unexpanded, c) 0.4 M H-unexpanded, d) 0.6 M H-unexpanded.

The investigation of the infrared spectra of expanded
and unexpanded perlite samples show that there is a difference in the intensities of bonds in the region between
3750 and 3000 cm-1, resulting from the population of
hydroxyl groups of the surface of the expanded perlite.
The bonds observed at 800-1250 cm-1 are attributed to
the fundamental Si-O vibrations. In comparison of the
transmission spectra of all samples, a very small difference
may be seen in the region between 1100 and 1250 cm-1. It
can be concluded that the surface of expanded perlite is
more polar that of unexpanded perlite, because the level of
Si-O-Si vibration in this region for unexpanded perlite is
greater than that of expanded perlite [14].

The peak observed at 1650 cm-1 is attributed to the
physical-sorbed water [15] and hydroxyl bonding frequency. The intensity of this peak for expanded perlite is
somewhat greater than that of unexpanded perlite, because of having more hydroxyl groups, which result in
more chemi-sorbed and physical-sorbed water [14].
The absorptions at about 850-900 cm-1 correspond to
the vibrational modes of Al-OH-Al and Al-OH-Mg groups,
respectively. The absorption at 795 cm-1 corresponds to SiO-Al vibrations and the peak at about 630 cm-1, to Al-O
vibrations; that at about 525 cm-1, to Al-O and Si-O vibrations [16]; and that at about 540-420 cm-1, to Si-O-Al
skeletal vibrations [17].
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CONCLUSIONS

[13] Kıllham, K. (1994). Soil Ecology, Cambridge University
Press, Cambridge. 170-176.

The results obtained from this study may be summarized as follows:
1. During the thermal treatment, the true density of perlite does not change significantly, while the bulk density changes about 4-20 times.
2. Cation exchange capacity of perlite increases during
the expansion. Cation exchange capacity of unexpanded and expanded perlite samples slightly increases
with acid-activation, because of forming new charged
sites, resulting from surface reactions occurring during
the treatment with acid solution.
3. During the expansion a transition from amorphous
structure to a crystaline form and some crystaline
structures have been found to form.

[14] Karakaş, R. (1996). Modification of Perlite by Na2CO3 for
Thin Layer Chromatographic Adsorbent. Ph.D. Thesis University of Ege, Faculty of Science and Literature, İzmir.
[15] Ledoux, R.L. and White, J.L. (1966). Infrared studies of hydrogen bonding interaction between kaolinite surfaces and intercalated potassium acetate, hydrazine, formamide and urea.
J. Colloid and Interface Science. 21, 127.
[16] Tilak, D., Tennakoon, B., Thomas, J.M., Jones, W., Carpenter, T.A. and Ramdas, S. (1968). J. Chem. Soc., Faraday
Trans. 1, 82, 545.
[17] Olejnik, S., Aylmore, L.A.G., Posner, A.M. and Quirk, J.P.
(1968). Infrared spectra of kaolin mineral-dimethyl sulfoxide
complexes. J. of Phys. Chem. 72, 241.

4. Some part of water in the structure has been removed
during the expansion, but there has still been some
water in crystal lattice.

REFERENCES
[1]

Meisinger, A.C. (1980). Perlite. Mineral Facts and Problems.
781-792.

[2]

Gustafson, D.F. and Aime, M. (1949). Mining Transactions.
184, 313.

[3]

Uluatam, S.S. (1991). Journal AWWA. 70.

[4]

Chesterman, C.W. (1975). Perlite. Industrial Minerals and
Rocks, 4th Ed, AIMM and Pet. Eng., New York, 927-934.

[5]

Doğan, M., Alkan, M. and Çakır, Ü. (1997). Electrokinetic
properties of perlite. J. Colloid and İnterface Science. 192,
114-118.

[6]

Alkan, M. and Doğan, M. (1998). Surface titrations of perlite.
J. Colloid and Interface Science. 207, 90-96.

[7]

Doğan, M., Alkan, M. and Onganer, Y. (2000). Adsorption of
methylene blue from aqueous solution onto perlite. Water,
Air and Soil Pollution. 120, 229-248.

[8]

Doğan, M. and Alkan, M. (2003). Removal of methyl violet
from aqueous solution by perlite. J. Colloid and Interface
Science. 267, 32-41.

[9]

Demirbaş, Ö., Alkan, M. and Doğan, M. (2002). The removal
of victoria blue from aqueous solution by adsorption on a
low-cost material. Adsorption. 8(4), 341-349.

[10] Alkan, M. and Doğan, M. (2003). Adsorption kinetics of methyl violet onto perlite. Chemosphere. 50(4). 517-528.
[11] Alkan, M. and Doğan, M. (2003). Adsorption kinetics of victoria blue onto perlite Fresentius Enviromental Bulletin.
12(5), 418-425.

Received: June 12, 2003
Accepted: August 12, 2003

CORRESPONDING AUTHOR
Mehmet Doğan
Department of Chemistry
Faculty of Science and Literature
Balikesir University
10100 Balikesir - TURKEY
e-mail: mdogan@balikesir.edu.tr
FEB/ Vol 13/ No 3b/ 2004 – pages 251 - 257

[12] Çakır, Ü. and Tez, Z. (1992). Doğa-Türk Kimya Dergisi. 16, 59.

257

© by PSP Volume 13 – No 3b. 2004

Fresenius Environmental Bulletin

DEGRADATION OF METSULFURON METHYL IN
SELECTED MALAYSIAN AGRICULTURAL SOILS
Saraswathy Sinnakkannu1, Abdul R. Abdullah2, Norhayati M. Tahir3, and Mhd R. Abas2
1

Faculty of Applied Science, University Technology Mara, 40450 Shah Alam, Selangor.
2
Department of Chemistry, University of Malaya, 50603 Kuala Lumpur, Malaysia
3
Faculty of Science and Technology, College University Science and
Technology Malaysia, 21030 Mengabang Telipot, Kuala Terengganu, Malaysia

SUMMARY
Degradation of metsulfuron methyl was found to be
slowest in Persit series soil (17.0 days) and most rapid in
Penor and Sedu series (4.0 days). A highly significant
positive correlation was observed between degradation
rate and soil biomass while a highly negative correlation
was observed with soil pH. The half- life decreased from
11.9 days to 6.3 days as the temperature changed from 25
to 35ºC and increased from 4.1 days to 12.2 days when
the soil moisture content increased from 25 % to 75 %.

KEYWORDS: Environmental fate, degradation, microbial biomass, half-life, metsulfuron-methyl, tropical soil.

INTRODUCTION
Degradation of organic chemicals can occur by photochemical, chemical or microbiological actions. The ability
of organic chemicals to be degraded by microorganisms
varies according to the chemical type, bio-availability and
environmental factors such as pH, soil temperature and
moisture [1]. Soil contains countless organisms, which
digest and decompose organic matter. It is thus not surprising to find that most pesticides are degraded fairly quickly
in the soil. Some do, however, persist in one form or another for longer periods of time. Soil microorganisms, which
are able to degrade organic chemicals, play a major role in
the degradation of plant protection substances [2].
Metsulfuron methyl is a sulfonylurea herbicide, which
was developed in 1975 by George Levitt in the Du Pont
laboratory, USA. Sulfonylureas inhibit acetolactate synthase,
a key enzyme in biosynthesis of branched chain amino acids
in plants. Metsulfuron methyl is commonly regarded as nonvolatile (vapour pressure: 300 x 10-15 Pa). It is a weak acid
with pKa value of 3.3. The solubility of metsulfuron varies
with pH, ranging from 1.1 to 9.5 x 103 mg/L. In neutral and
alkaline soils metsulfuron exist primarily in the anionic form
in solution [3]. The broad spectrum and reliability of weed
control, ease of handling, and low application rates (10-

30g/ha), together with low mammalian toxicity of metsulfuron methyl has contributed to the rapid rise in its use
worldwide [4].
Hance [5] reported that microbial degradation is the
principle mode of degradation of sulfonylureas in soil
factors such as soil pH, temperature, organic matter, clay
content, and the prevailing climatic conditions play an
important role in the rate of degradation. For example, the
half-life of the sulfonylurea herbicides chlorsulfuron and
metsulfuron at a soil pH of 5.6 to 7.3 was shown to vary
from 21 to 74 days and 23 to 79 days, respectively. The
variation in degradation rate was attributed to soil pH and
soil biomass [6]. The degradation rate of trisulfuron in
eight different soils was also shown to be negatively correlated with soil pH. The half-life at 20oC was observed to
vary from 33 days in topsoil at pH 5.8 to 120 days in
subsoil at pH 7.4 [7]. Degradation of sulfonylureas has
also been reported to be alleviated at higher temperature
and in microbiologically active soil [8-9].
Malaysian soil, climatic condition, and cropping systems differ in many ways from those found in USA or
European countries, where most of the research on sulfonylureas has been done and, therefore, the extrapolation
of results obtained under temperate condition may not be
valid. Although the persistence of metsulfuron methyl in
Malaysian soil has been reported [10-12] there is a lack of
information on the fate and behaviour of this pesticide in
Malaysian agricultural soils. In view of the importance of
the persistence, in particular, with regard to the potential
problems associated with residues contaminating ground
water, the present study was conducted to measure the
influence of soil moisture, soil temperature, pH and soil
biomass on the rate of biodegradation of metsulfuron
methyl in several Malaysian agricultural soils.
MATERIAL AND METHODS
Soils and herbicide: The commercial preparation of
metsulfuron methyl (Du Pont Agrochemicals, 20%a.i)
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was used in the present study. Analytical-grade metsulfuron methyl (Du Pont Agrochemical, 99% purity) was used
to prepare the calibration graph used in the quantification
of the chemical by HPLC. Soil samples from the Persit,
Segamat, Retang, and Penor series, representing plantation and vegetable growing soils, were taken from several
research stations of the Ministry of Agriculture. Soils
taken from up to a depth of 25 cm was air-dried overnight
and passed through a 2 mm sieve. The physicochemical
properties of the soil samples were determined as described previously [13]. The physicochemical properties
are presented in Table 1.
TABLE 1 - Physicochemical properties of Malaysian soil samples*.
Properties
Persit
Segamat
Retang
Sedu
Penor
Moisture (%)
23.3
18.1
23.4
52.9
67.4
pH
6.5
4.2
4.9
3.2
3.6
Organic
2.3
2.8
3.9
26.4
33.8
matter (%)
CEC
20.1
5.7
25.9
28.2
23.6
(cmol/kg soil)
Clay(%)
60.6
79.1
23.1
29.1
37.1
Silt (%)
9.4
7.8
48.1
50.2
29.8
Sand (%)
30.0
13.1
28.8
20.6
33.1
* Malaysian soil classification system based on US soil classification

then transferred to a loosely capped jar. The soil herbicide
mixtures were incubated at 30oC ± 1 oC and the soil moisture contents were maintained by periodic additions of water
followed by thorough shaking. An additional incubation of
the Segamat series soil was carried out either autoclaved or
non-autoclaved, at a temperature of 30 ° and 35 °C ± 1 oC
and soil water holding capacities of 30, 50 and 80 %. All
treated soils were sampled immediately after preparation as
well as daily after incubation for 15 days, when 100 g samples were removed and frozen until analysis. For analysis,
triplicate soil samples were extracted with methanol and
water (80:20 by volume) containing 0.5% (v/v) orthophosphoric acid by shaking for one hour on a wrist action shaker.
The soil was allowed to settle and the herbicide concentration in the clear supernatant was determined by HPLC. A
Gilson HPLC was used to analyse metsulfuron methyl.
The column used was Jones Genesis C18 column (15 cm
x 4.6 mm) and the mobile phase was acetonitrile: water:
orthophosphoric acid (60: 40: 0.25 by volume) at a flow rate
of 1.0 mL min-1. Detection was at 242 nm. The retention
time of the herbicide was 2.81 min [17].
RESULTS AND DISCUSSION

Soil microbial biomass was
measured using a modification of the chloroform fumigation
incubation method of Jenkinson and Powlson [14] proposed
by Mele and Carter [15]. Duplicate amounts (20 g) of moist
soil were weighed into 100 ml conical flasks and 2 ml
ethanol-free chloroform was then added (1:10 v/wt). The
flasks were closed with silicone grease-treated glass stoppers, and sealed with parafilm. The samples together with
corresponding controls (without chloroform) were incubated for 8 days at 30 oC.
Soil microbial biomass:

The flasks were then opened, transferred to a vacuum
dessicator and evacuated until no further trace of chloroform in the soil. The fumigated and control soils were
extracted with 50 ml 2 M potassium chloride by shaking
for one hour on a wrist-action shaker. The samples were
centrifuged, and the extracts were analyzed for ninhydrinreactive nitrogen. An aliquot of potassium chloride extract
(1 ml) was mixed with 0.5 ml ninhydrin reagent in a glass
tube and heated in a boiling water bath for 25 min. After
cooling, the residue in each tube was made up to 10 ml
with ethanol:water (50:50 v/v). The absorbance of the
resulting purple solution was measured at 570 nm against
reagent blank. The ninhydrin-reactive nitrogen (fumigated
minus control) was calculated using L-leucine standards,
and the value converted to mg microbial carbon per kg
dry soil as described by Mele and Carter [15].
Herbicide degradation: A suspension of the commercial
formulation of metsulfuron methyl in water was introduced
into a separate sample (1 kg) of each soil to give a nominal
initial concentration of 4.0 mg herbicide kg-1 soil [16]. Additional water was added to adjust soil moisture to 50% field
water holding capacity. Each sample was thoroughly mixed,

The half-life of metsulfuron methyl in non-sterilized
Segamat series soil was 8.9 days, while that of sterilized soil
was 13.7 days. These results indicate a considerable involvement of soil microorganisms in the breakdown of the
herbicide, consistent with the finding of Ismail and Lee [10].
The results of the incubation studies of metsulfuron methyl
in soil samples are shown in Table 2. It was assumed that
degradation of metsulfuron methyl would follow the first
order reaction kinetics and the data in Table 2 is presented as
first order reaction rate constant (Kdeg) and half-lives (t½),
derived from the slopes of the lines of best fit calculated by
linear regression analysis of the logarithms of residual concentration against time of incubation (Figure 1). Half-lives in
the five soil samples at 29oC and 50% field moisture capacity vary from 4 to 16.8 days. The shortest half-life was in
Penor soil at pH 3.2 and biomass of 172.1 mgC 100g-1,
while the longest half-life was observed in Persit soil at pH
6.5 and biomass 13.2 mgC 100g-1.
TABLE 2 - Degradation constant (Kdeg) and half-life (HL) of metsulfuron methyl and microbial biomass (BM) and pH of soil samples.
Soil
Persit
Retang
Segamat
Sedu
Penor

Kdeg
0.041
0.057
0.077
0.133
0.172

HL
16.8
12.3
8.9
5.2
4.0

r2
0.99
0.98
0.98
0.99
0.99

BM mgC100g-1
13.2
25.4
59.3
109.1
172.1

pH
6.5
4.9
4.2
3.6
3.2

The correlation between degradation rates (Kdeg) of
metsulfuron methyl and soil properties was examined by
linear regression analysis. A highly significant positive
correlation (r = 0.994, P<0.001) was noted between degradation rate and soil biomass, while highly negative
correlation (r = -0.882, P<0.001) was observed with soil
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Log Conc

pH. The results agreed with Walker et al [6] who also
observed a positive correlation (r = 0.756, P<0.001) between degradation rate and soil biomass and a negative
correlation (r = -865, P<0.001) with soil pH.
0.7
0.6
0.5
0.4

y = -0.0414x + 0.6379
R2 = 0.9939

0.3
0.2
0.1
0

Likewise, in another study the half-life of chlorsulfuron
in sterilized soil (at 30oC) was found to increase from 3 to
approximately 45 weeks as the pH of the soil was increased
from 5.9 to 8.0 [22]. From a laboratory study on the degradation of chlorsulfuron, metsulfuron methyl and trisulfuron
in Australian soil showed that the half lives at 22oC in nonsterile topsoil of pH 6.7 ranged from 32 to 33 weeks [23]. A
field study conducted on two acidic loam soils in Western
Australia (pH 3.9 to 5.8) showed shorter half lives of 2 to
4 weeks for chlorsulfuron and trisulfuron [24].
TABLE 3 - Half-lives (HL), and degradation rate
constant (Kdeg) of metsulfuron methyl in Segamat
soil at different moisture and temperature level.

0

5

10

15

Temperature
(oC)
30
30
30
25
30
35

20

time (days)
FIGURE 1
Kinetics of degradation of metsulfuron methyl in Persit soil.

The equation of the best fit to the Kdeg and soil biomass was:
Kdeg = k3 – k4biomass

Kdeg(per day)

in which the values of k3 and k4 were 0.0327 and
0.0008 respectively. The fit of the equation above to the
data is shown in Figure 2. Similar trends have also been
observed in previous studies [6-7, 18]. The correlation
coefficient indicates that soil biomass is the most dominant
factor followed by soil pH controlling the degradation rate
of metsulfuron in the group of soils examined. Biodegradation by soil organism is the most important pathway by
which pesticides are removed from soil [19]. The presence
of certain polar groups on the pesticide molecules provides
points of attack for the microorganism. These groups include –OH, -COO-, -NH2 and –NO2 [20].

0.2
0.15
0.1
0.05
0
0

50

100

150

200

Biomass (mgC /100g)
FIGURE 2 - Relationship between first-order rate constant
for metsulfuron-methyl degradation and soil biomass.

Soil pH, on the other hand, is expected to have a direct
effect on the degradation of sulfonylureas, since the aqueous
stability of these compounds is pH-dependent. For example,
in a sterile soil in which pH was adjusted to 6 different
levels (pH 4.0-9.0), the degradation of chlorsulfuron after
6 weeks of incubation was found to be 90% and 10% for
the soils at pH 4.0 and 9.0, respectively [21].

Moisture Content
(% field capacity)
25
50
75
50
50
50

Kdeg
(day-1)
0.057
0.083
0.167
0.058
0.081
0.110

HL
(days)
12.2
8.4
4.1
11.9
8.6
6.3

r2
0.99
0.98
0.99
0.99
0.98
0.99

Temperature and soil moisture content are the other factors, which influence the degradation of metsulfuronmethyl. Abiotic reactions and biological processes are influenced by temperature [25], and rate of herbicides degradation by chemical hydrolysis and microbiological breakdown
are expected to increase with increase in temperature [23].
The degradation of metsulfuron-methyl increased at higher
temperature and a significant effect of temperature was
observed (Table 3). Half-lives of the herbicide decreased by
11.9 and 6.3 days, when temperature increased from 25 ° to
35 °C. This observation is consistent with Briggs [26], who
suggested that an increase of 10oC in temperature generally
decreased the half-life of herbicides by 2-3 times. Ismail and
Lee [10] and James et al. [27] also reported a similar pattern
of degradation of metsulfuron methyl using bioassay techniques. Positive correlation between temperature and biodegradation of sulfonylureas has also been confirmed in
previous studies [8, 28-29]. The degradation of metsulfuronmethyl was more rapid in soil with high moisture content.
At 75% field capacity, the half-life was only 4.1 days, while
at 25% moisture capacity it was 12.2 days (Table 3). An
increase in degradation at higher soil moisture levels is
expected as a result of consequent weaker adsorption of
herbicide molecules by the soil particles. At higher soil
moisture level, water molecules compete with the herbicide
for adsorption sites in soil colloids and increased herbicide
concentration in the soil solution would make them more
readily available to soil microbes [30]. These results are
similar to those reported by Ismail and Lee [10], who observed an increase in half-life of metsulfuron-methyl from
7.1 to 12.1 when the soil moisture was decreased from 80 to
25 %. Previous experiments have also indicated rapid degradation at higher soil moisture level [8, 27-29].
From the foregoing discussion, it is clear that it is often
difficult to establish the role of a single factor in degradation
of the herbicide. Rather the combined effects of several
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factors, such as soil pH, temperature, water content, and
microbiological population, determine the rate of degradation. The results in the present study also clearly demonstrate that in warm, moist and organic rich acidic soils,
breakdown of metsulfuron-methyl is more rapid than in
cooler, drier and alkaline soils. The herbicide would, therefore, tend to breakdown faster in the tropical region than
temperate zone. However, the degree to which the effects
obtained in this study can be extrapolated to field condition
deserves more attention, because other factors such as soil
texture and composition could also influence the biodegradation of the agrochemical.
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SUMMARY
Natural organic matter (NOM) and calcium (Ca2+) are
capable to alter resorptivity and toxicity of organic chemicals in aquatic systems. Therefore, we exemplarily studied
the impact of NOM and Ca2+ on the toxicity of the organophosphorous insecticide trichlorfon (TCF) to early life stages
of zebrafish (Danio rerio). Embryo and larvae were exposed to different TCF concentrations for 144 h. Combinations of different Ca2+ and NOM concentrations were used
during the exposure. The results show an enhanced survival
of fish in high Ca2+ concentrations (p<0.001), but an increased mortality at low Ca2+ conditions.
We suggest that TCF acts as a complexing agent,
which is able to bind Ca2+ ions to its functional groups.
There appear to be two potential modes of action. First,
the positive charge of the TCF-Ca2+ complex avert from
uptake, or, additionally, TCF is protected from breakdown
to the most toxic compound dichlorvos (DDVP). If NOM
is added to the test solution the toxicity is enhanced, even
if Ca2+ is present in the water. This effect is significant in
low Ca2+ water due to the absorption of Ca2+ ions by NOM
that are not longer available for detoxification.

KEYWORDS:
Trichlorfon, toxicity, natural organic matter, calcium, zebrafish.

The organophosphorous compounds TCF and DDVP
are selective insecticides, which decrease the activity of
acetylcholinesterase enzyme [1]. They were formerly used
to control external parasites in animals. It is known that
increasing pH values influence the toxicity of TCF, while
forming the most toxic breakdown compound DDVP [2].
Alkaline water and increasing temperature force a higher
TCF toxicity [2], while forming DDVP.
NOM, mainly dominated by humic substances (HS),
consists of an aromatic C-backbone (or skeleton) and
functional groups. This enables NOM to act as high effective ion exchanger. NOM can interact with xenobiotics
such as pesticides by various modes of binding and absorption, such as ion exchange, hydrogen bonding, charge
transfer, covalent binding and hydrophobic adsorption
and partitioning [3], thus changing the bioavailability.
NOM is able to reduce the uptake of pesticides. Investigations on bioavailability of fenpropathrin to grass carp
(Ctenopharyngodon idella) showed reduced uptake in the
presence of HS [4].
Both Ca2+ and NOM are able to modify the toxicity of
organic substances if Ca2+-modulated channels are activated [5, 6] and/or the substances compete for binding
sites. However, nothing is known about the additional
influence of Ca2+ on interaction with NOM, thus influencing the fish toxicity of organophosporous insecticides. For
this reason the present study has been carried out to identify the potential effects of different Ca2+ concentrations in
interaction with NOM, exemplary on TCF toxicity.

INTRODUCTION

MATERIAL AND METHODS

Toxicity of pesticides to water organisms depends on
various physico-chemical water parameters and the chemical characteristics of the compound itself. Therefore, the
water hardness (mainly the Ca2+ content) and the presence
of NOM, have an impact on the bioavailability and toxicity
of xenobiotic compounds in aquatic environment.

Test fish: Embryos and larvae of zebrafish are often
used in toxicity tests due to their convenience for laboratory
studies [7]. Zebrafish are suitable as test fish for toxicological research because of their biology and reproduction, e.g.,
short generation interval, short spawning interval, and
transparent eggs [8]. Adults reach four to six centimeters in
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TABLE 1
Chemico-physical characteristics of the test waters.

Water composition nominal concentrations
Calcium [mmol L-1]
Magnesium [mmol L-1]
Potassium [mmol L-1]
Sodium [mmol L-1]
T [°C]
pH
NOM [ppm C]

↑Ca2+
-NOM
2
0.5
0.077
0.77
26
7.55 ± 0.04
0

length and sexual characteristics usually begin to develop
at four to five months. Zebrafish are oviparous [9, 10].
Spawning is induced by light, and begins at daybreak
under natural conditions. Eggs are 1.0 - 1.2 mm in diameter and have a transparent chorion; embryonic development is completed in 96 hours at 26 °C water temperature.
Test aquarium: Spawning zebrafish were kept at 26 °C
in modified glass aquaria, each with a volume of 80 L. Five
female and ten male zebrafish were placed in the spawning aquarium. The bottom of each aquarium was made of a
4 mm metal grid, through which the spawned eggs passed,
thus protected from the predatory parents. Below the metal
grate, a funne- shaped base leads into a tube, through which
the eggs were collected. After sampling the eggs were
cleaned with the desired test medium.
Toxicity test: Zebrafish eggs reaching the four- to eightcell-stage were exposed to different concentrations of TCF
(10, 15, 22.5, 33.7 and 50.5 ppm) for 144 hours. Twenty
eggs were placed in each test chamber (crystallizing dishes).
Each investigation contained three replicates. Four kinds of
reconstituted waters were used with each TCF concentration.
The reconstituted test waters as test media were produced by
mixing constant amounts of salts (MgSO4 x 7 H2O; NaHCO3; KCl) with deionized water. The test solutions differed only in the content of TCF, dissolved organic carbon
and the amount of Ca2+ (Tab. 1). Thus, we used four kinds
of test waters (↑Ca2+ (2 mmol), -NOM (0 ppm C); ↑Ca2+,
+NOM (5 ppm C); ↓Ca2+ (0.2 mmol), -NOM; ↓Ca2+,
+NOM). Every 24 hours the test solution was replaced,
and living and dead embryos and larvae were recorded in
each test chamber. Dead embryos and larvae were removed from the test solution. The individuals were observed up to 144 hours and during that time all embryos
and larvae were counted.

↑Ca2+
+NOM
2
0.5
0.077
0.77
26
7.52 ± 0.05
5

↓Ca2+
-NOM
0.2
0.5
0.077
0.77
26
7.63 ± 0.1
0

↓Ca2+
+NOM
0.2
0.5
0.077
0.77
26
7.9 ± 0.07
5

(H+ form, AG50W-X8, BioRad). The Luther Marsh NOM
had a carbon/nitrogen ratio of 140 and a carbohydrate/
protein ratio of 3,820.
Statistics: Toxic effects of TCF in the different test
waters were determined by analysing the survival of embryos and larvae in each of the five TCF concentrations
and control solutions. The Log-Rank test [11] was used to
detect significant differences between the exposure
groups in each investigation. To improve the statistical
power, the observations of the three investigations were
combined in an additional analysis. The Log-Rank test
provides a powerful and robust non-parametric procedure
testing for differences in mortality pattern of homogeneous populations. The survival of individuals from the four
test waters were pairwise tested against each other. For
each population the survival function was estimated by
using the Kaplan-Meier-estimator [12] to visualize the
differences in the survival rates. The statistical analyses
were done using SPSS.
RESULTS
Survival of zebrafish embryos was elevated more
significantly in water samples with increased Ca2+ levels
(p<0.001, Tab. 2), if NOM was present simultaneously
(Fig. 1B-F). In the ↑Ca2+ exposure groups, NOM does not
significantly influence the toxicity of TCF (Tab. 2). Between 10 and 22.5 ppm TCF, the survival of zebrafish
embryos is slightly, but not significantly reduced in the
absence of NOM. At concentrations of 33.7 and 50.5 ppm
TCF and high Ca2+ concentrations, the survival of the
zebrafish embryos was reduced, when the NOM concentration was high (Fig. 1E, F).

The NOM was obtained by isolation. Water from Luther Marsh (N 43°53’38’’, W 80°24’08’’) was centrifuged
(Westphalia; 10,000 g), filtered (glass-fiber filter; 1.0 µm
pore-size) and then passed through a Pellicon 0.2 µm
tangential flow filtration unit (Millipore, Bedford, MA,
USA). Potential metal concentrations in the NOM fraction
were reduced by passage through a cation-exchange resin
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TABLE 2 - Significance levels (p-values) of the
comparison (Log-Rank test) of mortality patterns.
↑Ca2+ -NOM
↑Ca2+ +NOM

↑Ca2+ +NOM

0.6270

2+

0.0000 ***

0.0000 ***

2+

0.0000 ***

0.0000 ***

↓Ca -NOM
↓Ca +NOM

↓Ca2+ -NOM

0.0361 *
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Control

100

80

Survival [%]

Survival [%]

80
60
40
20
0
20

10 ppm TCF

100

A
40

60
40

B

20
60

80

100

120

140

0

160

20

40

60

80

Time [h]

Survival [%]

Survival [%]

40

C
40

60

80

100

120

140

0
20

160

140

160

D
40

60

80

100

120

Time [h]

33.7 ppm TCF

50.5 ppm TCF

100
80

Survival [%]

80

Survival [%]

160

40
20

100

60
40

0
20

140

60

Time [h]

20

160

80

60

0
20

140

22.5 ppm TCF

100

80

20

120

Time [h]

15 ppm TCF

100

100

E
40

60
40
20

60

80

100

120

140

0
20

160

F
40

60

100

120

Time [h]

Time [h]

- - - - ↑ Ca-HS

80

…….. ↑ Ca+HS

-   -   -   ↓ Ca-HS

FIGURE 1 - Cumulative survival of Danio rerio embryos and larvae in
presence of different concentrations of TCF during a 144-hour period.
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Low Ca2+ concentration led to a lower survival at all
TCF concentrations. Comparing the low Ca2+ exposure
groups, the ↓Ca2+ -NOM group always had the best survival rate at highest TCF concentrations (Fig. 1C-F).
There is a significant difference between the ↓Ca2+ -NOM
exposure group and that of ↓Ca2+ +NOM (Tab. 2).
DISCUSSION AND CONCLUSION
Effects of Ca

2+

content

We did not find any detectable influence of NOM on
the toxicity of TCF at high Ca2+ concentrations. Rather, the
toxicity of the pesticide is strongly affected by the Ca2+
content of the medium. The toxicity of TCF is lower at
high Ca2+ concentrations in the medium. The uptake of
TCF through the chorion and at higher stages of development through the gills of the larvae seems to be inhibited in
the presence of Ca2+ ions. Investigations on the toxicity of
TCF to cutthroat trout (Salmo clarki) by Woodward and
Mauck [13] showed quite similar results. The 96-h-LC50
value of TCF increased from 1.68 ppb in soft water (40 ppb
CaCO) to 620 ppb in very hard water (320 ppb as CaCO).
The reason for this effect could be an interaction between
the Ca2+, the hydroxy and the phosphonate group (Fig. 2) of
TCF. Hence, the reduction of the TCF toxicity could be
explained by a reduction in TCF uptake, due to an alteration in the TCF structure in the presence of Ca2+. The modification of TCF could be assigned to fields of interpretation: (1) the charge of the TCF-Ca2+ avert from uptake, (2)
TCF-Ca2+ is protected from DDVP-breakdown (Table 3).
Because of its molecular structure TCF itself acts as a
complexing agent, able to bind to the Ca2+ ion, turning the
molecule into a cation. Ionized, high molecular chemicals
can not be taken up via fish gills or other biological membranes [14]. Under these conditions, the ionized Ca2+-TCF

is biologically immobilized and, therefore, unable to be
challenged with an active carrier through biomembranes
like the gills or chorion. Indeed, McCarthy and Jimenez [15]
suggest that, most likely, the impaired uptake of xenobiotica
involves a charge-exclusion mechanism.
Most toxic is DDVP, the metabolite of TCF. At high
pH values (> 8.5), 99% of TCF degrades to DDVP within
two hours [1]. The pH of our test solutions was slightly
alkaline (7.5 - 7.9). The interaction between Ca2+ and TCF
stabilized the TCF-Ca2+ and protects the pesticide from
degrading to DDVP. Consequently, both mechanisms apply that TCF is unable to form the most toxic DDVP, and,
secondly, the availability for the bio-uptake is reduced.
Effects of NOM

NOM appears to increase the toxicity of the investigated organophosphorous insecticide TCF (particularly in low
Ca2+ conditions) by absorbing the Ca2+ ions [16], as shown
in Fig. 1. For this reason, a smaller amount of Ca2+ is available to interact with the insecticide, and, thus, to reduce its
toxicity. At higher Ca2+ concentrations sufficient Ca2+ ions
remain in solution, though of adsorption by NOM. Similar
effects of NOM were found by Ghillebaert et al. [17] with
deltamethrin, organic carbon, and Ca2+ impacting carp (Cyprinus carpio) larvae mobility. Reduced mobility of larvae
occurred only with lower Ca2+ content. With high Ca2+
concentrations, in the present study we found that NOM had
no significant effects on TCF toxicity to fish. It should be
expected that at high Ca2+ conditions, Ca2+ ions will be
complexed with the NOM and is, therefore, unable to affect
the TCF toxicity. Nevertheless it seems to be a surplus of
Ca2+ forming complexes with NOM and TCF. But, at low
Ca2+ conditions, NOM is able to bind most of the Ca2+ and,
therefore, is unable to affect the breakdown, the toxicity
and/or the uptake of TCF. Under these conditions the toxicity of TCF is enhanced (Fig. 1).
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H3C
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O

O

OH
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H

- OH
2+
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H3C
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- H+

P

O C
H

H3C

O
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O

O
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C
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FIGURE 2 - Mode of calcium action to TCF.
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TABLE 3
Chemical characteristics of TCF and DDVP (taken from [1] and properties signed A taken from Howe et al. [2]).

Trade Name
Chemical Name
Water Solubility
(at 20 °C)
Molecular Weight

Trichlorfon

Dichlorvos

dimethyl 2,2,2-trichloro-1-hydroxyethylphosphonate
120,000 ppm; 9,000 ppm

10,000 ppm

257.44

Log Kow
Molecular Structure

2,2-dichlorovinyl-dimethylphosphate

A

0.304

H3C

O

H3C

O

220.98

A

Not available

O

OH

P

C
H

CCl3

At low TCF concentrations (Fig. 1B-D) the toxicity of
↑Ca2+ +NOM exposure is slightly lower than that of ↑Ca2+ NOM. At higher TCF concentrations the situation will
change. Here, the ↑Ca2+ -NOM conditions permit a higher
survival than those of the ↑ Ca2+ +NOM exposure group
(Fig. 1E, F). But this observation is not significant (Tab. 2)
and should, therefore, be handled carefully. Additionally,
the water solubility of TCF is given with 9,000 ppm [2],
120,000 ppm [1] and the octanol/water partition coefficient
(log Kow) with 0.304 [2]. That means that TCF shows the
typical characteristics of slightly hydrophilic xenobiotica.
McCarthy and Jimenez [18] postulated an inverse relationship between the affinity of xenobiotica to dissolved
organic materials and the water solubility. Therefore, the
NOM cannot interact on a direct way with the organophosphorous insecticide TCF to alter its toxicity.
Our results point out that NOM can alter other
chemico-physical water parameters like Ca2+, which may
significantly increase the toxicity of organophosphorous
pesticides, exemplarily shown for TCF.

H3C

O

H3C

O

O
P

O C
H

CCl2

[3]

Haitzer, M., Höss, S., Traunspurger, W. and Steinberg, C.
(1998) Effects of dissolved organic matter (DOM) on the bioconcentration of organic chemicals in aquatic organisms – A
review. Chemosphere 37, 1335-1362.

[4]

Wu, W.Z., Xu, Y., Schramm, K.W. and Kettrup, A. (1999)
Effect of natural humic material on bioavailability and acute
toxicity of fenpropathrin to the grass carp, Ctenopharyngodon
idellus. Ecotoxicology and Environmental Safety 42, 203-206.

[5]

Meinelt, T., Rose, A. and Pietrock, M. (2002) Effects of humic substances and the water calcium content upon toxicity
of acriflavine. Journal of Aquatic Animal Health 14, 35-38.

[6]

Meinelt, T., Pietrock, M., Wienke, A. and Völker, F. (2003)
Humic substances and the water calcium content change the
toxicity of malachite green. J. Appl. Ichthyol. 19, 6, 380-382.

[7]

Westerfield, M. (1995) The Zebrafish Book. Guide for the laboratory use of zebrafish (Danio rerio). 3. ad. University of
Oregon Press. Eugene, Oregon.

[8]

Ehms, J. (1995) Einfluß von Anilin, 4-Nitrophenol und Malathion auf die Embryonal-entwicklung des Zebrabärblings,
Brachydanio rerio. Freie Universität Berlin, Germany, Diploma-Thesis.

[9]

Hisaoka, K.K. and Battle, H.I. (1958) The normal developmental stages of the zebrafish Brachydanio rerio (HamiltonBuchanan). Journal of Morphology 102, 311-327.

ACKNOWLEDGEMENT
We want to thank Anke Sachse, Institute for Freshwater Ecology and Inland Fisheries Berlin, Department of
Chemistry for the critical review of the article.

REFERENCES
[1]

[2]

[10] Eaton, R.C. and Farley, R.D. (1974) Spawning cycle and egg
production of zebrafish, Brachydanio rerio, in the laboratory.
Copeia 1, 195-204.
[11] Rosner, B. (1995) Fundamentals of Biostatistics. Duxbury
Press, Belmont (4th edition).

EXTOXNET (1996) http://ace.ace.orst.edu/info/extoxnet/ pips//
trichlor.htm
Howe, G.E., Marking, L.L., Bills, T.D., Rach, J.J. and Mayer,
F.L. (1994) Effects of water temperature and pH on toxicity
of terbuvos, trichlorfon, 4-nitrophenol and 2,4-dinitrophenol
to the amphipod Gammarus pseudolimnaeus and rainbow
trout (Oncorhynchus mykiss). Environmental Toxicology and
Chemistry 13, 51-66.

266

[12] Kaplan, E. and Meier, P. (1958) Nonparametric estimation
from incomplete observations. Japan System House Association (JASA) 53, 457-481.
[13] Woodward, D.F. and Mauck, W.L. (1980) Toxicity of five
insecticides to cutthroat trout and two species of aquatic invertebrates. Bulletin of Environmental Contamination and
Toxicology 25, 846-853.

© by PSP Volume 13 – No 3b. 2004

Fresenius Environmental Bulletin

[14] Fent, K. (1998) Ökotoxikologie. Stuttgart, New York: Thieme.
[15] McCarthy, J.F. and Jimenez, B.D. (1985) Interactions between polycyclic aromatic hydrocarbons and dissolved humic
material: Binding and dissociation. Environmental Science &
Technology 19, 1072-1076.
[16] Manahan, S.E. (1994) Environmental Chemistry. Lewis Publishers 6th ed.
[17] Ghillebaert, F., Prodorutti, D., Chaillou, C. and Roubaud, P.
(1996) Deltamethrin multifactorial activity towards carp larvae mobility related to calcium, humic acids, and pH. Ecotoxicology Environmental Safety 35, 268-276.

Received: November 09, 2003
Accepted: January 06, 2004

CORRESPONDING AUTHOR
Thomas Meinelt
Leibniz Institute of Freshwater Ecology
and Inland Fisheries
Müggelseedamm 301
12587 Berlin - GERMANY
e-mail: meinelt@igb-berlin.de
FEB/ Vol 13/ No 3b/ 2004 – pages 262 - 267

267

© by PSP Volume 13 – No 3b. 2004

Fresenius Environmental Bulletin

CADMIUM EXPOSURE AND CHANGES IN SOME PHYSIOLOGICAL
PARAMETERS OF Quercus robur ssp. robur L. (COMMON OAK)
AND Acer negundo L. (BOX ELDER) SEEDLINGS
Hakan Özden and Gülriz Bayçu

Istanbul University, Faculty of Science, Department of Biology, Division of Botany, Istanbul,Turkey

SUMMARY
In this research the toxic effects of Cd accumulation on
Quercus robur ssp. robur L. (common oak) and Acer
negundo L. (box elder) were investigated. Tree seedlings,
grown in hydroponic cultures for 4 months, were exposed to
different Cd concentrations (3, 9, 27, 81 µM) for 16 days.
Cd concentrations in plant organs, total chlorophyll content and peroxidase activity were detected. Cd accumulation in plants increased with increasing concentrations of
this heavy metal in the growth medium. Cd was mostly
accumulated in the roots, followed by the shoots and
leaves, respectively. Decrease in chlorophyll content and
fluctuations in peroxidase activity were determined (P
<0.05). Among the investigated tree species, Acer was
found to be more tolerant to Cd pollution in comparison
to Quercus. We suppose that Acer can be planted in the
polluted urban areas including urban-parks and roadsides.

investigations are underway to develop more stresstolerant species. For this purpose, it is important to understand the mechanisms of Cd toxicity and tolerance in
plants [6, 7].
In this work we studied the metal content in Quercus
robur ssp. robur L. and Acer negundo L. tree seedlings
grown in hydroponic cultures exposed to different Cd concentrations. We carried out a comparative physiological
investigation between these two tree species and discussed
the effects of Cd accumulation on chlorophyll content and
peroxidase activity. We found a positive correlation between Cd treatment and accumulation in plant organs. Cd
accumulation affected chlorophyll content negatively, and
including some fluctuations depending on the tree species,
an increase in POD activity was observed.

MATERIALS AND METHODS

KEYWORDS:
Cadmium, chlorophyll, peroxidase, toxicity, tree.

INTRODUCTION
Physiological processes in plants are affected by increased heavy metal concentrations. Cadmium (Cd) is a
non-essential element that can be highly phytotoxic. Influences of Cd accumulation and toxicity on plant growth
and mechanism are major aspects of eco-environmental
and eco-physiological studies [1]. Exposure to Cd causes
reductions in photosynthesis, water and nutrient uptake
[2] and Cd-exposed plants show various symptoms of
injury such as chlorosis, growth inhibition, browning of
root tips, and, finally, death [3]. One of the consequences
of the presence of toxic metals in cells is the formation
of free radicals, which can be initiated by metals and
cause damage [4]. Amongst the antioxidative systems,
peroxidases have an important role in plant response, in
particular to heavy metals including Cd [5]. Since the presence of Cd prevents the development of a normal plant,

Pot experiments: Well-selected germinated seeds of
Quercus robur ssp. robur L. and Acer negundo L. were
transferred into small pots (350 ml) and first grown singly
on a sand and perlite mixture (1:1 v/v). The pot experiment
was conducted in the phytotrone (light and dark period: 14
h-10 h; light intensity: 7000 lux; temperature: 22 ± 2 oC;
humidity: 48 ± 2%) and tree seedlings were watered with
modified Ingestad nutrient solution for 4 months.
Hydroponic cultures and Cd treatment: Seedlings were
cultured in the liquid media containing modified Ingestad
nutrient solution bubbled with air. Tree seedlings used for
the experiments were healthy and without any exogenous
infection. Approximately 5 plants were grown in black
polypropylene vessels of 10 L volume under the same
phytotrone conditions for another 4 months and nutrient
solutions were changed weekly. Tree seedlings were then
exposed to 3, 9, 27 and 81 µM Cd (3 CdSO4, 8 H2O) for
16 days, and each treatment comprised 15 seedlings divided into 3 replicate culture vessels.
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After the Cd exposure, tree seedlings were harvested,
some of the plants were stored deep-frozen (-20 oC) for
biochemical and physiological experiments and some of
them were dried for Cd determination.
Plant organs were dried at 105 oC and
ground separately with mortar and pestle. At first, an acid
pre-digestion using 65 % HNO3 at 70 oC for 30 min was
applied to samples showing foaming, basically due to their
high organic matter [8]. Secondly, the wet-digestion step was
run at 300 oC for 2-3 days in 65 % HNO3 on a hot-plate. The
obtained suspensions were filtered through an ashless S&S
filter paper, diluted to 10 ml with de-ionized water and stored
in polyethylene bottles at 4 oC for analyses. Cd content of the
cleared and filtered solutions were analysed with atomic
absorption spectrophotometry (Perkin-Elmer Analyst 300,
USA) at 228.8 nm. Results were calculated as µg g-1 dry
weight [9]. Each wet-digestion experiment had 3 replicates.
Cd determination:

Chlorophyll content: Fresh leaf samples were separated
according to different Cd treatments, cut into small pieces,
mixed thoroughly and homogenized in ice-cold 80% acetone
and CaCO3 with an Ultraturrax (Janke & Kunkel, Germany)
to guarantee homogeneity. Leaf homogenates were then
centrifuged at 3500 rpm and 15 oC for 20 min (Heraeus
Labofuge 400 R, Germany). Total chlorophyll content of the
supernatants was determined using the absorbence values at
645 and 663 nm (Jenway 6105 UV-Vis Spectrophotometer,
Great Britain) and calculated as mg g-1 fresh weight [10].
Each chlorophyll measurement had 3 replicates.
Peroxidase activity: Fresh leaf and root samples of the
Quercus and Acer seedlings were separated and prepared as
mentioned for the chlorophyll analysis to obtain homogeneous mixtures. These samples were weighed and extracted in
cold phosphate buffer (Na2HPO4. 2 H2O + NaH2PO4.2H2O,
pH 7, 0.1M) and ice with Ultraturrax. Extracts were then
centrifuged at 13,000 rpm at 7 oC for 15 min (Heraeus Labofuge 400 R).

Enzymatic activity was determined spectrophotometrically (UV-160 Shimadzu UV-Vis Spectrophotometer, Japan)
using guaiacol as substrate. This substrate is commonly used
to measure the activity of peroxidase because of its high
reactivity with the majority of POD isoforms. Assays were
performed in 0.1 M phosphate buffer (pH 5.8) with 5 mM
H2O2 and 15 mM guaiacol. Peroxidase activity of the supernatants was determined by following the oxidation of
guaiacol at 470 nm, and the kinetic measurements were
carried out with a time-dependent increase of absorption
(in 2 min within 10 sec of time intervals). Finally, total
POD activity was expressed as ΔA g-1 fresh weight x minute [11]. Each enzyme activity experiment had 3 replicates.
Statistical analysis: Mean and standard deviations of
cadmium in plant organs, chlorophyll content, and peroxidase activity of the treated and control plant samples were
subjected to analysis of variance (one-way ANOVA, P <
0.05) (Excel 2000).

RESULTS
Cadmium accumulation in plant organs: Cd concentration in plant organs showed a linear increase with increasing concentrations of the medium. Cd was mostly accumulated in the roots, then in the shoots and leaves. After 3, 9,
27, 81 µM Cd treatments, Cd concentrations in Quercus
roots were detected as 65.8, 120.1, 364.1, 567.9 µg g-1 dw,
and 143.3, 276.3, 472.2, 575.5 µg g-1 dw in Acer roots,
respectively. Cd accumulation in the shoots of Quercus
was found to be 1.5, 5.1, 15.9, 29.8 µg g-1 dw, and 3.8,
15.9, 20.4, 37.1 µg g-1 dw in the shoots of Acer. The lowest
concentrations of Cd were detected in the leaves of Quercus, 0.5, 3.3, 5.3, 5.8 µg g-1 dw, and in those of Acer, 0.5,
2.1, 8.7, 19.6 µg g-1 dw. Cd accumulation in Acer organs
was generally found to be higher than in Quercus organs
(Figures 1 and 2).
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FIGURE 1
Cd accumulation in Quercus robur ssp. robur after different Cd treatments.
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FIGURE 2
Cd accumulation in Acer negundo after different Cd treatments.

Total chlorophyll content: Negative effects of Cd on
the chlorophyll content could be observed (see Figures 3
and 4). The total chlorophyll content decreased linearly
with increasing Cd concentrations in both tree species.
The decrease in chlorophyll content of the treated Quercus seedlings was determined as 11.2%, 24.1%, 46.6%,
and 62.6% compared to the control plants, whereas it was
found to be 3.7%, 8.7%, 31%, and 44.4% in Acer, respectively. The chlorophyll content was affected more negatively in Quercus.

3 µM Cd exposure. Peroxidase enzyme showed the highest activity with a sharp peak for the treatment with 9 µM
Cd (81%) and started to decrease at 27 µM Cd (19%). No
activity was observed at 81 µM Cd exposure level, which
was a highly toxic and lethal dose. An increase of POD
activity (76.4%), which reached a peak at 9 µM Cd exposure, could be observed in Quercus roots compared to the
control plant.
POD activity increase in Acer leaves started at 9 µM Cd
treatment (46.2%) and reached the highest value at 27 µM
Cd (92.3%). We have not detected any POD activity increase in Quercus leaves in comparison to the control
samples after Cd treatments (Figures 5 and 6).

Peroxidase activity: An increase in the peroxidase activity of Acer roots was observed with increasing Cd
concentrations in the medium compared to control plants.
An increase of 24.1% in POD activity was determined at
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Total chlorophyll content
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FIGURE 3
Total chlorophyll content in Quercus robur ssp. robur leaves after different Cd treatments.
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FIGURE 4
Total chlorophyll content in Acer negundo leaves after different Cd treatments.
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FIGURE 5
Peroxidase activity in Quercus robur ssp. robur leaves and roots after different Cd treatments.
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FIGURE 6
Peroxidase activity in Acer negundo leaves and roots after different Cd treatments.

DISCUSSION AND CONCLUSION
Cd appears to be absorbed passively and translocated
freely in plants, which mostly depends on the bioavailability
of this metal [12, 13]. A Cd concentration of 3 µg g-1 dw in
the soil is considered to be a threshold value for plant toxicity [4]. Generally, normal Cd concentrations in the leaves are
considered to be 0.05-0.2 µg g-1 dw, and toxic concentrations
are defined as 5-30 µg g-1 dw [14]. In producing metalspecific symptoms, Cd was found more effective than the
other heavy metals [15, 16]. The physiological response of a
plant in terms of peroxidase activity and photochemistry can
reflect the total phytotoxic effect, integrates the metal bioavailability and combines the metal impact within the plant
[17, 18].
In our research, positive correlations were observed between Cd treatments and its concentrations in the organs of
both tree species. Acer seedlings were observed to be more
effective as Cd accumulators in comparison to Quercus
seedlings. But MacFarlane and Burchett [18] have observed
the strongest linear dose-response relationship with Zn. Exposure of 8 months-old Quercus and Acer seedlings to levels
of 3, 9, 27 and 81 µM Cd led to gradually increased uptake
of this metal and its accumulation in the plant organs to
concentrations that far exceeded their critical limits of toxicity [19]. Acer seedlings accumulated higher Cd concentrations in comparison to Quercus seedlings, from which we
can observe the species difference. Significant differences
(P < 0.05) were observed between the control and Cdtreated plant samples (one-way ANOVA).
The total chlorophyll content decreased dosedependently with increasing Cd concentrations, however,
this decrease was more severe in Quercus leaves, probably
depending on the tolerance level of this tree species. It has
been reported by Burton et al. [20] that total chlorophyll
content shows a tendency to decrease with increasing heavy
metal supply, especially in response to Cd. Decreases in
pigments suggest that the chlorophyll synthesizing system
and chlorophyllase activity were affected negatively by Cd
exposure [21], while Fe depletion or substitution of Mg with

Cd may also contribute damage mechanisms [22]. The decrease in chlorophyll concentration and increased POD activity resulting from Cd stress was defined as the heavy metalinduced inhibition in Fe uptake [16]. Decrease of these pigments imply direct reductions in photosythetic activity, and,
hence, reduced carbon fixation and possible effects on the
whole plant level [23]. Changes in membrane permeability
and chloroplast structure may also contribute to declines in
pigment levels due to lipid peroxidation, which is supported
by the increases in peroxidase activity [24].
The induction of antioxidative enzymes is one of the
processes implicated in the regulation of metal ion concentration in plants. We observed some fluctuations in peroxidase activity of different species and also in different plant
organs at sublethal doses of Cd. Our results showed that the
elevated POD activity in the roots of Quercus and Acer is
elicited by treating tree seedlings with Cd. The overall POD
activity level was found to be higher in Acer seedlings than
in Quercus seedlings. It was also higher in the roots than in
the leaves, which can be related to the differences in Cd
accumulation. Meanwhile, POD activity increase stopped at
lethal concentrations of Cd (81 µM) [25, 26].
The increase of peroxidase activity in Cd-treated tree
seedlings is probably related to oxidative reactions corresponding to an increase in peroxides and free radicals in the
plant cells [27, 28]. Radotić et al. [4] described that with
shorter durations of treatment peroxidases were involved in
the raising of antioxidative capacity, which was observed
from the increase of their activity. Fluctuations in antioxidative enzymes in response to heavy metals have frequently
been found. The fact that there was no peroxidase activity
increase in Quercus leaves compared to control may be
explained by a delay in metal translocation [4]. One possible
explanation for the observed decrease in antioxidative enzyme activity may also be related to the impediment compensatory gene activation and the different defense or tolerance mechanisms of the species. It is important to define the
physiological threshold of different plants towards different
kinds of stress. Stress intensity may cause an increase or
decrease in the oxidative metabolism. If it is causing a de-
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crease of oxidative metabolism, physiological functions may
also be affected more negatively, as we have observed in
Quercus samples [4]. It has been also shown that the peroxidase activity can be used as a potential biomarker for sublethal metal toxicity in some plant species [29, 30].
According to our data obtained, Acer trees seem to be
more tolerant to Cd pollution compared to Quercus. Even
Acer accumulate higher concentrations of Cd in all plant
organs, Cd affected their physiological mechanisms at a
lower degree. Although studies on the physiology of metal
toxicity are difficult, some physiological parameters including the increase of peroxidase activity and decrease in chlorophyll content may be used to evaluate the potential phytotoxicity of metals on plants and they may be suitable biological indicators of metal stress under field conditions including urban areas [4, 17, 31]. We suppose that Acer can be
used as a stress-tolerant tree to Cd toxicity along the roadsides and urban parks in the cities, which are mostly exposed
to heavy metal pollution originating from intensive traffic.
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METALS IN SOILS AND ABOVE-GROUND BIOMASS OF PLANTS
FROM A SALT MARSH POLLUTED BY MINE WASTES IN
THE COAST OF THE MAR MENOR LAGOON, SE SPAIN
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SUMMARY
Metals in soils and stems of Arthrocnemum
macrostachyum and Sarcocornia fruticosa from a polluted salt marsh (SE Spain) were determined. Total contents
in the soils were Fe = 132650 ± 60500 mg kg-1, Pb = 8016
± 4077 mg kg-1, Zn = 6940 ± 8279 mg kg-1, Mn = 2288 ±
1692 mg kg-1, and Cu = 109.8 ± 76.7 mg kg-1. Diethylenetriaminepentaacetic acid (DTPA)-extractable Zn was lower
than 11% of the total, but extractable Pb reached 27 %. Pb
and Zn extracted with sodium acetate did not exceed 2% of
the total metal content. The plants accumulated more Zn
(maximum 544 mg kg-1) than Pb (maximum 246 mg kg-1).
The site can be considered as a strongly polluted area.

INTRODUCTION
The impacts of mining activities occur not only in the
mine zone, but also in the surrounding areas, when polluted sediments are carried out by rivers and runoff. The
mine-tailing spill in Aznalcollar (Spain) has been considered to be the largest environmental pollution accident
recorded in the Spanish history [1]. However, in the last
century many other zones were strongly polluted in the
south of Spain, and La Union - Sierra de Cartagena range
(Region of Murcia, SE Spain; see Figure 1) was one of
them. The main minerals extracted from this zone were
pyrite (FeS2), blend (ZnS) and galene (PbS). The wastes
from ore processing were poured during years into the

KEYWORDS: Halophytes, heavy metals, salt marsh, soil pollution, metals in plants, Mar Menor.
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waterbeds and millions of tons of wastes actually remain
in the zone.
An especially sensitive area located near to the mining area is the Mar Menor lagoon (6 meters maximum
depth), one of the largest (135 km2) coastal lagoons at the
Mediterranean Sea. The Mar Menor and associated salt
marshes are included in the Ramsar Convention on Wetlands and the area has been chosen to be included in the
Coastal Area Management Programme (CAMP) of the
United Nations Environment Programme in the frame of
the Mediterranean Action Plan.
The objectives of this work were 1) to determine the
contents of Fe, Cu, Mn, Zn and Pb in the soils of a polluted salt marsh next to the Mar Menor, 2) to evaluate the
accumulation of Pb and Zn in the above-ground biomass
of two halophyte species, and 3) to assess metal pollution
risks in the study zone. A secondary objective was to
contribute to our knowledge of the relationships between

total and extractable metals in salt marsh soils, but also
metal accumulation in plants.

MATERIALS AND METHODS
Study zone

The study area is located in Lo Poyo salt marsh
(210.6 ha) (Figure 1). The climate of the zone is Mediterranean semiarid (average annual precipitation 273 mm
and average monthly temperature 18 ºC). The Rambla del
Beal (an ephemeral water course coming from the nearby
mining area) is the main source of mine wastes going into
the salt marsh. Nowadays, most of the soils of the salt
marsh can be classified as Spolic Anthropic Regosols [2]
and they are fine textured (particle size < 50 µm, more
than 78%). The salt marsh is surrounded by agricultural
lands, and the beach between the salt marsh and the Mar
Menor is used for recreational activities.

N
SPAIN
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long

REGION OF
MURCIA

TRANSECT 2. 189 m

Mediterranean sea

long

Urban
zone

T3
T2
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Phragmites
zone
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PLOT 1a

PLOT 1b

PLOT 2

PLOT 3

PLOT 4

Black stars indicate sampling sites in each plot
FIGURE 1
Location map of the study zone and scheme of the sampling design

Vegetation characteristics and sampling design

Three transects were drawn from the salt marsh’ nonvegetated zone (bare soil) to the zones with the highest plant
cover (Figure 1). Four sampling plots (4 m x 4 m) were
established in each transect according to the plant zonation Plot 1: bare soil (Plot 1a) and a short form (37.6±15.7 cm
height) of Arthrocnemum macrostachyum (Moric.) growing
in disperse patches (Plot 1b); Plot 2: mono-specific stand of a
short form of Arthrocnemum macrostachyum (37.3±12.8 cm
height) growing in dense stands (85 % cover); Plot 3: monospecific stand of a high form (93.4±14.7 cm height) of Sarcocornia fruticosa (L.) A.J. Scott growing in dense stands

(100% cover); and Plot 4: almost mono-specific stand of a
tall form (104.9±9.3 cm height) of Arthrocnemum
macrostachyum growing in dense stands (97% cover). The
slope is nearly flat (less than 1 %) and only some small
micro-depressions appear.
Soil sampling and analysis

Along each transect soil samples (top 20 cm) were taken for each of the plots as follows: plot 1; two samples in
bare soil (plot 1a) and two samples from the patches of A.
macrostachyum (plot 1b) and plots 2, 3 and 4; two samples
in each plot. Each sample was composed of three soil
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cores. The top soil samples (0-20 cm) were air-dried and
passed through a 2 mm sieve before laboratory analysis.
The electrical conductivity of the saturation extract [3] and
pH [4] were measured. Total metal contents were determined by nitric–perchloric digestion. One g of crushed
sample was placed in a Kjeldahl flask, and 10 ml each of
concentrated HNO3 and HClO4 were added and heated at
210 ºC for 90 min. When cool, the content of the tubes
was filtered through an Albert 145 ashless filter paper,
and the volume completed to 50 ml by washing the
Kjeldahl flasks with 0.5 N HCl for several times and
filtering. DTPA-extractable Fe, Cu, Mn, Zn and Pb were
obtained with a 1:5 soil:DTPA relation [5]. Cation exchange capacity (CEC) was determined with sodium
acetate at pH 8.2 [3] and the most abundant metals (Zn
and Pb) were analysed in the percolated solution obtained.
All the analyses of metal contents were made with an
UNICAM 969 Atomic Absorption Spectrometer.


Plant sampling and analysis

Two 0.25 m x 0.25 m sub-plots were sited at random
in each of the 4 m x 4 m plots, and all the above-ground
biomass was cut with clippers at the surface level. Ligneous and green stems were separated in each sample, carefully washed and weighed in fresh. The material was
dried at 65 ºC to get a constant dry weight and then
ground. Sub-samples were oven-dried at 480 ºC, then the
ashes were dissolved in concentrated nitric acid and analysed for Zn and Pb with an UNICAM 969 Atomic Absorption Spectrometer.

the tailings of the mines from which the wastes were
transported, and the existence of different events of deposition of these wastes. However, we cannot reject that
after the deposition of the wastes other factors, such as
plant induced metal mobility [6] or flooding [7] can influence metal distribution.
To evaluate the pollution level, the obtained data were
compared with other studies and several thresholds. In many
cases the contents of Cu were higher than 190 mg kg-1,
that is the intervention level in Netherlands (NMHPE,
1991, [8]) and the ecotoxicological level proposed by Van
der Berg et al. [9]. In most of the plots the Mn contents in
Lo Poyo were higher than the intervention levels in UK
(between 1000 – 2000 mg kg-1, according to [10]). The
mean Pb content in the study zone (8016±4077 mg kg-1)
was 2220 % higher than that in the soils affected by the
Aznalcollar accident (361.1 mg kg-1, according to [11]).
The maximum admissible (according to the criteria of the
País Vasco, Spain) in soils for children’s use (120 mg kg-1)
was surpassed by 6680 % and the maximum admissible in
soils for housing state (150 mg kg-1) by 5344 %. In any
case the contents of Pb were lower than the maximum
content admissible in soils for industrial use (1000 mg kg-1,

RESULTS AND DISCUSSION
General characteristics of the soils and vegetation

The pH increased from plot 1a (mean 5.9±1.3) to plot 4
(mean 8.1±0.1), but EC decreased (mean 80.4±11.9 dSm-1
in plot 1a and mean 41.1±8.1 dS m-1 in plot 4).
Plant biomass increased from plot 1b to plot 4. Mean
above-ground biomass (dry weight, g m-2) was as follows
(n=6 in each plot): plot 1b - green stems 272±126, ligneous stems 1962±827; plot 2 - green stems 188±63, ligneous
stems 1528±480; plot 3 - green stems 354±157, ligneous
stems 5326±950; plot 4 - green stems 599±241, ligneous
stems 6939±2085.
Total metals in the soils

The total metal content in the soils decreased from
plot 1 to plot 4 (Table 1). The Spearman correlation analyses among the concentration of total metals seem to
indicate a common origin for Fe, Cu, Zn and Pb (rs ≥0.7,
p≤0.01). Mn has a significant correlation only with Zn
(rs=0.6343, p≤0.01). The variability and the relations
among the metals can be due to several reasons. A factor
could be the existence of different materials deposited in
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according to the criteria of the Government of the País
Vasco, Spain). The reference values proposed by the
Environmental Ministry of Spain in soils for housing state
(300 mg kg-1) and for industrial use (1000 mg kg-1) were
also surpassed.
The mean Zn content in soils affected by the Aznalcóllar accident (747.9 mg kg-1, according to [11]) was largely
surpassed by that in the soils studied (6944±8280 mg kg-1).
The reference values established by the Government of the
Andalucía (Spain) for Natural Park (1000 mg kg-1) and
Industrial Zone (3000 mg kg-1) were also exceeded. The
maximum content of Zn was higher than the toxicity level
considered by the Government of the País Vasco (Spain) in
soils for housing state (7309 mg kg-1).
Extractable metals

Only a portion of the total metal content was extractable with DTPA and sodium acetate (Table 2). Mean
DTPA-extractable Zn values were lower than 11% of the

total content, but mean DTPA-extractable Pb reached
27% of the total content in plot 4. Nevertheless, the interpretation of the results must be cautious. The quantity of
‘labile metals’ extracted with different reagents (v.g.
EDTA, DTPA, sodium acetate, and others) can be influenced by factors, such as organic matter, content of oxides and hydroxides of metals, pH, and others [12].
In most cases the quantities of Pb extracted with
DTPA were higher than the different thresholds consulted
(indicated above), although those refer to total metal
contents. In plots 1a, 1b and 2 the quantities of Zn, from
which the soil can be considered as polluted in non –
industrial zones according to the Environmental Ministry of Spain (450 mg kg-1), were surpassed by far. The
mean Pb and Zn contents extracted with sodium acetate
did not exceed 2% of the total content in any case, but
even these most labile fractions reached toxicity levels
in some plots (Table 2).

TABLE 1 - Total metals contents in soils from Lo Poyo salt marsh (SE Spain).
The values are mean ± standard deviation; minimum and maximum in brackets,
Fe concentration is expressed as g kg -1 , and number of samples = 6.

1a
1b
2
3
4

Fe
g kg-1
197±31
(160-245)
170±27
(128-199)
146±63
(90-244)
82±13
(67-101)
68±20
(28-80)

Zn

Pb

7052±1960
(4832-9295)
6554±2138
(4237-9220)
17430±12406
(7224-37987)
2380±942
(1279-3896)
1276±309
(679-1494)

mg kg-1
12000±1600
(10400-14300)
10000±1800
(7000-12000)
9900±2600
(6500-12000)
5100±2600
(2200-9600)
2900±900
(1800-4100)

Mn

Cu

1943±1874
(361-4127)
1991±1861
(401-4221)
4215±1802
(1703-7004)
1944±380
(1506-2430)
1243±613
(333-2048)

183±105
(98-357)
163±65
(95-238)
128±32
(86-174)
52±13
(32-68)
45±22
(21-82)

TABLE 2 - Extractable metals in soils from Lo Poyo salt marsh (SE Spain). The values are
means ± standard deviation, minimum and maximum in brackets, and number of samples = 6.

Fe

Zn

DTPA
Pb

41±29
(14-89)
12±3.7
(7.4-16)
12.4±6.7
(7.6-21.3)
17±11
(4.5-31)

599±135
(424-790)
539±289
(167-952)
990±377
(526-1424)
229±107
(76-319)

951±645
(134-1545)
825±405
(287-1316)
910±342
(392-1250)
963±476
(448-1442)

Plot
1a
1b
2
3

Mn
mg kg-1
22±18
(4.8-45)
14±15
(6.9-45)
8.2±2.7
(4.4-12)
10±2.8
(8.5-15)

Cu
6.2±3.8
(2.7-12)
6.1±2.1
(4.1-9.2)
8.4±2.0
(6.2-10.5)
8.6±3.5
(4.6-13)

Sodium acetate
Zn
Pb
199±170
(14-473)
66±64
(10-164)
79±72
(4.8-178)
3.7±1.6
(1.4-5.2)

TABLE 3 - Zn and Pb content in aerial biomass of halophytes from Lo Poyo salt marsh. Values are
means ± standard deviation, minimum and maximum in brackets, and number of samples = 6.
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110±113
(23-235)
140±136
(20-278)
50±41
(11-115)
19±5.1
(13-22)
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Zn content

mg kg-1

Plot
Plot 1a

no plants presents
G: 132±52 (48-187)
Plot 1b
L: 252±183 (203-544)
G: 60±19 (44-95)
Plot 2
L: 171±96 (48-261)
G: 52±14 (36-72)
Plot 3
L: 31±7.2 (22-40)
G: 37±18 (18-67)
Plot 4
L: 23±2.6 (19-25)
G: Green stems; L: Ligneous stems.

Metals in halophytes and relations with metals in soils

The plants mainly assimilated more Zn than Pb in
above-ground parts, decreasing the metal contents in the
high forms (Table 3). The content of Pb was always higher
in ligneous stems than in green ones. For Zn, the short
forms accumulated higher concentrations in green than in
ligneous stems, but the highest accumulation levels in the
high forms were found in ligneous stems. The highest accumulation of metals in ligneous stems can be a strategy to
protect the more physiologically active green stems.

Pb content
no plants presents
G: 60±29 (22-100)
L: 181±51 (110-246)
G: 28±7.1 (18-35)
L: 103±47 (45-163)
G: 8.9±5.5 (3.8-19)
L: 21±3 (18-25)
G: 4.3±1.7 (3.2-7.5)
L: 17±9.5 (6.2-30)

Autónoma de Murcia, by means of a contract with the
Fundación Universidad Empresa. M.J. Ramos had a grant
to work in the Project.
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zone dominated by A. macrostachyum high form were
104±51 mg m-2 for Pb and 161±57 mg m-2 for Zn.
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EFFECT OF LOW TEMPERATURE ON DENITRIFICATION
Ashref Darbi and Thiruvenkatachari Viraraghavan
Faculty of Engineering, University of Regina, Regina, Saskatchewan S4S 0A2, Canada

SUMMARY
Laboratory studies were conducted to evaluate autotrophic denitrification by Thiobacillus denitrificans at low
temperatures in a sulfur/limestone reactor. Studies were
conducted using a sulfur/limestone ratio of 2:1 at 20, 15,

10 and 4°C, with tap water containing 60 mg/L NO3-N. The
reactor degraded the nitrate completely at 20 °C with no
nitrite production; at 15 and 10°C, there was nitrite production of 7 mg/L. At 4 °C, nitrate and nitrite were 30 to
35 mg/L. Temperature affects the denitrification system
adversely below 10°C.
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electron donor and limestone to maintain the pH, sulfur
being converted to sulfate.
Sulfur/limestone autotrophic denitrification process is
simple, reliable and cost effective for removal of nitrate;
this could have an application to nitrate removal from
groundwater. A nitrate removal efficiency of 96% was
achieved with sulfur/limestone ratio of 2/1 (wt/wt); sulfate production was the primary disadvantage in product
water from the bioreactor [6].

KEYWORDS:
Nitrate, denitrification, Thiobacillus denitrificans, low temperature.

INTRODUCTION
Nitrate contamination of groundwater worldwide has
been documented. Many sources of drinking water, especially in areas of intensive agriculture contain high levels of
nitrate ions. The contamination of groundwater by excessive concentrations of nitrate is a significant public health
problem. The maximum acceptable level for nitrate in
drinking water in Canada is 10 mg/L as nitrate-nitrogen [1].
Increased nitrate concentrations in groundwater have
caused the closure of wells, which are the main water
sources in many rural areas of the world. A wide range of
physico-chemical processes, such as ion exchange, reverse
osmosis and electrodialysis, chemical denitrification, and
biological denitrification processes, are currently being
developed for removal of nitrate from drinking water [2].
Autotrophic bacteria such as Thiobacillus denitrificans and Thiomicrospira denitrificans are capable of
reducing nitrate to nitrogen gas. The energy source of
autotrophic denitrifying microorganisms is derived from
oxidation-reduction reactions with elements such as hydrogen or sulfur as the electron donor. Autotrophic denitrifiers utilize inorganic carbon compounds (such as CO2,
HCO3-) as their carbon source [3, 4, 5], therefore, no organic carbon is needed as in heterotrophic denitrification.

The sulfur/limestone process using Thiobacillus denitrificans for groundwater nitrate removal is an example of
autotrophic denitrification, where nitrate is converted into
nitrogen gas under anoxic conditions. Sulfur is used as

The need for optimum denitrification conditions generally limits the use of Thiobacillus dentrificans in the treatment of waters that involve conditions such as acidic or cold
water [7]. A preliminary study by Trouve et al. [7] showed
that it was possible to isolate environmental strains of Thiobacillus denitrificans which has the ability to remove nitrate
at a temperature as low as 5°C with the same efficiency as at
room temperature. Trouve and Chazal, conducted a study on
denitrification using an environmental strain of Thiobacillus
dentrificans in a fixed bed pilot-scale reactor filled with a
pouzzolane/Neutralg® mixture, at 10ºC; the denitrification
efficiency was found to be 100% [8].
The objective of this study was to evaluate autotrophic
denitrification by Thiobacillus denitrificans at low temperatures in a sulfur/limestone laboratory reactor. This would
be an aspect for application in cold climate conditions.

MATERIALS AND METHODS
One plexiglass column, 79 cm high x 5 cm diameter,
shown in Figure 1, was filled with 2/1 (wt/wt) of elemental
sulfur (S) and limestone (L). Previous studies showed that
2:1 was the optimum S:L ratio because mostly uniformly
higher nitrate removal efficiencies were obtained under
different hydraulic retetention times (HRTs) and nitrate
loading rates [9]. Granular elemental sulfur and limestone,
with 2.38-4.76 mm (U.S. sieve sizes #8 to #4) in size were
used in the study. The column was equipped with sampling
ports at 20, 40 and 60 cm from the bottom of the column.

Gas (N2)

Effluent
Sulfur &
limestone
media
(S:L ratio = 2:1)

Sampling
ports
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Influent

Gas meter
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FIGURE 1 - Upflow fixed-bed column reactor.

To prepare the reactor for the column tests, 100 mL
of bacterial culture with heterotrophic plate counts of
24000 CFU/mL was initially introduced into the upflow
anaerobic fixed-bed reactors. After 30 days, the attached
growth was considered substantial enough and the biofilm
can be seen visually, the column studies were started.
Details of column start up have been previously described [9].

Analytical Methods

Nitrate-nitrogen (NO3--N), nitrite-nitrogen (NO2--N),
and sulfate (SO42-) were determined by Dionex 600 ion
chromatograph (IC) equipped with CD25 conductivity
detector. The Dionex Ionpac AS17 column was thermostated at 35 °C on LC25 chromatography oven. The sample was filtered through the AS40 automated sampler,
which was used with the IC system.

Temperature studies

Temperature effects

The column reactor with S/L ratios of 2:1 was
placed in a temperature-controlled chamber (Coldmatics,
Refrigeration Canada Ltd.). Four different temperatures
were used 20, 15, 10 and 4 °C. After achieving a stable
condition (constant nitrate, nitrite and sulfate concentrations for 15 d) the temperature of the reactor was
changed slowly in steps (1°C d-1). The experiments were
conducted over a three-month period; each test lasted
fifteen days using 2 mL/min as flow rate, which corresponded with hydraulic retention time (HRT) of 13h.
Tap water was used to prepare an initial nitrate concentration of 60 NO3-N/L by adding the required amount of
KNO3. Characteristics of the tap water are shown in
Table 1. Nitrate, nitrite and sulfate were measured.

It can be seen from Figure 2, that at 20 °C, the column completely degraded nitrate with no nitrite production, but with an increase in sulfates (Figure 3). At 15 °C
and 10°C nitrite in the effluent increased to 7 mg NO2N/L at both temperatures. Sulfate was the primary endproduct in effluent from the oxidation of sulphur by Thiobacillus denitrificans. It was found in an earlier study [9]
that for each mg NO3--N removed approximately 6 mg
SO4-- was produced. The influent sulfate concentration
was 200 mg/L in almost all cases. Sulfate in the effluent
increased to 300-500 mg/L. At 4 °C the column degraded
less nitrate, resulting in a higher nitrite concentration and
a lower sulfate production. This was due to the adverse
effect of temperature on denitrification. It can be concluded that the denitrification system was not effective at a
temperature lower than 10 °C and at this low temperature,
the system has to be monitored for nitrite in the effluent
continuously.

TABLE 1 - Tap water characteristics.

Parameters

Tap Water

pH
Conductivity µS/cm
NO-3 -N, mg/l
NO-2 -N, mg/l
Cl- , mg/l
SO4-- mg/l
Hardness, mg/l as CaCO3
Alkalinity, mg/l as CaCO3
TDS, mg/l

7.5
534
0
0
18
185-200
232
124
230

Flere [10] reported that the nitrate removal and sulfate production at low temperature (10 °C) remained
approximately the same as at room temperature. The
nitrate removal efficiency decreased to 25-35% at temperatures lower than 10 °C. The results from the present
study agreed with those from previous studies of Trouve
and Chazal [8] and Flere [10].
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FIGURE 2 - Variation of nitrate and nitrite in the
effluent with temperature (influent NO3-N = 60 mg/L).
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FIGURE 3 - Variation of sulfate in the effluent
with temperature (influent SO4 = 200 mg/L).

CONCLUSIONS
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SUMMARY
Monetary valuation of environmental impacts is a
highly complex matter. Several approaches and techniques
have been employed over the last three decades in order to
assess effectively environmental projects or policies, within
the context of cost benefit analysis. The current paper
demonstrates a concise description of the existing environmental impact appraisal methods and, simultaneously, a
new combination of monetary valuation techniques applied
in each potential receptor, which intends to provide an
innovative multiperspective assessment concerning future
environmental projects.

KEYWORDS: Environmental assessment, monetary valuation
techniques, cost benefit analysis.

INTRODUCTION
The weakness that comes up during the exact appraisal of environmental impacts, expressed in financial
terms, can be confronted with the development of a series
of specialized techniques and methods of cost and benefit
assessment. The socioeconomic cost estimation of environmental pollution largely depends on the people’s willingness to pay (WTP), directly or indirectly, for the
achievement of a substantial high level of environmental
quality [1]. Natural recourses provide goods and services,
for which there are no apparent markets, or in the case
they exist, they seem to be quite imperfect. Moreover,
these non-marketed resources are capable of exerting
considerable influence on the social well-being in such a
decisive way that it is expedient to define them in their
true perspective. For example, the quality of the air has an
immediate effect on human health as well as on crops,
buildings, aquatic resources and forests.
In conclusion, the absence of actual markets for the
above-mentioned goods and services means, in sharp
contrast to the rest common man-made market products,
that cannot be priced and, therefore, their monetary value
is not feasible to be assessed and determined precisely.
The underlying principle for monetary valuation of environmental resources, just as for man-made products, is the
individual willingness to pay for an environmental benefit, or conversely, their willingness to accept for compensation (WTA) for environmental degradation, is the appropriate basis for evaluation. This, in fact, constitutes the
cornerstone of the evaluation in question. Assuming that
the environmental resources can be estimated, then the
economic evaluation successfully permits the comparison

among environmental impacts on the same basis as the
private costs associated with pollution control, in all the
alternative scenarios. The integration of financial and
environmental costs and benefits gives us the opportunity
to appraise the social costs and benefits, respectively, in
each investment project.
Monetary valuation methods and techniques are used
in two diverse, though, relative cases. In principle, both
are being applied in ex-post evaluation. Particularly, in
that case, the damage has already occurred, therefore, the
purpose of the evaluation aims at the accurate assessment
of compensation. Alternately, they are also applied whenever an ex-ante assessment is required in order to contribute to decision-making. In the particular study we make
use of the most prevalent and precise environmental impact assessment method, the cost-benefit analysis. The
latter constitutes an ex-ante evaluation method. Focusing
on this analysis, special attention will be given to the study
of environmental cost and their appraisal methods. Our
preference is justified, for practical reasons, in the sense
that it constitutes a remarkable element in the procedure of
shaping an environmental policy.
COST – BENEFIT ANALYSIS
Economics can be divided into two areas of positive
and normative economics. Positive economics attempts to
explain and predict actual economic activity, aiming at the
representation of the ‘facts’ without judging their contribution to the economic development. In contrast, normative
economics explicitly introduces value judgments focusing
on the efficiency evaluation of each investment project.
Economic appraisal techniques aim to indicate to policy
makers which options are ‘better’ and such a process falls
firmly in normative economics [2, 3]. Cost-benefit analysis provides the answer to the normative approach for the
definition of economic impacts related to environmental
investments and policies.
In a close and detailed examination of cost-benefit
analysis, we investigate whether an investment project or
an environmental policy, contributes to social prosperity.
An action or policy is considered solvent if the net social
benefits counterbalance the respective net social cost.
REVIEW OF ENVIRONMENTAL
IMPACT EVALUATION TECHNIQUES
Extracting reliable estimations of environmental costs
caused by human activities, more often than not, constitutes
a major drawback in valuating the net social cost. In the
case of ‘tradeables’ the real economic values are assessed
by means of willingness to pay for purchasing them [4]. On
the contrary, whenever the goods and services in question
are ‘non-tradeables’ then the usage of alternative cost esti-
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mation methods is required. Three general evaluation approaches of non-tradeable goods exist, each one of these
comprises a series of diverse methods:
Revealed preference techniques (direct valuation),
which derive from preferences from actual, observed,
market-based information. These preferences for environmental goods and services are revealed indirectly,
when individuals purchase marketed goods which are
related to the environmental good in some way [5,6].
More specifically, the essence of these techniques is that
they infer environmental values from markets in which
environmental factors have an immediate influence. For
example, these are markets for certain goods, to which
environmental commodities are related, as either substitutes or complements to the goods in question. In this way
people’s actions in actual markets reflect, to a certain
extent, their preferences for environmental assets. There
are three main revealed preference techniques a) hedonic
pricing, b) travel cost method, and c) replacement cost.
Stated preference techniques (indirect valuation),
which attempt to elicit preferences in direct way by use of
questionnaire [5]. The same techniques enable economic
values to be estimated for a wide range of commodities
not traded in real markets. Additionally, these techniques
are the only way to estimate the non-use value of environmental resources. In this study two approaches of this
kind are examined a) contingent valuation, and b) conjoint analysis.
Production function approaches, which link environmental quality changes to changes in production relationships. These approaches are indirect means of non-market
good evaluation, related either to firms’ productions
goods or services, or to household producing services that
generate positive utility [7]. They also share the characteristic that changes in expenditures represent the need to
substitute other inputs for changes in environmental quality. We consider two such approaches a) averting behaviour, and b) dose-response functions. Linking the two is
the evaluation of human morbidity and mortality, a crucial issue which often determines project approval and
environmental standards.
We consider each of these approaches, in turn, highlighting when each could be used, their advantages and
drawbacks as well as their applicability to potential environmental impact receptors.
Revealed preference techniques
Hedonic pricing: This technique is based on existing
market analysis where environmental indices have a decisive influence on specific prices. This is most evident on
shaping the value of real estate. The definition of hedonic
prices is successfully carried out by using appropriate
statistical techniques. The assessment approach is derived
in two basic stages, a) identify the proportion of a price
differential due to a particular environmental difference

between properties, and b) draw out conclusions in reference to i) the number of people willing to pay for an improvement in environmental quality and, ii) the social
value of the improvement in question [7-9]. This technique is applicable in the estimation of disamenity costs
of certain environmental projects (i.e. location near landfill site), or in the assessment of environmental costs
related to air pollution.
Travel cost method: Numerous natural resources are
used extensively for the purpose of recreation activities.
However, the true economic value of these resources is
often difficult to estimate, since, generally, no prices for
them exist. The travel cost approach is widely used for
this kind of purpose, the value appraisal of these resources. By taking advantage of the fact that, in most
cases, a trip to a recreational site requires an individual to
incur costs in terms of travel and time, travel cost approach provides a direct way of assessing the value of the
consumed environmental assets. More specifically, different individuals are likely to incur different amounts of
cost to visit specific sites, in that way these implicit prices
could be used in place of conventional markets prices as
the basis for estimating the value of recreational sites and
changes in their quality [6, 7]. Summarizing, travel cost
method constitutes a complex, technically advanced approach to economic valuation focusing on actual observed
behaviour, however, the technical and statistical requirements are such that it is not readily applicable.
Replacement cost: The specific technique refers to the
cost of replacing or restoring a damaged asset to its original state. Statistical data and information concerning
replacement costs can be obtained from direct measurement of actual expenditures on engineering estimates of
restoration costs. This technique is widely used due to its
comparatively simple application [5]. However, still some
major disadvantages exist such as a) the various required
assumptions during its application, b) the fact that the
validity of this approach exists in cases, in which it is
possible to argue that the remedial work must take place
because of constrains such as an environmental standard.
Stated preference techniques
Contingent analysis: Contingent valuation method
works by directly soliciting from a sample of consumers
their willingness to pay and/or to accept for compensation
for a change in the level of environmental service flows,
in a carefully structured hypothetical (hence, ‘contingent’)
market [7, 10]. A contingent market defines the good
itself, the institutional context in which it would be provided, and the way it would be financed. Structured questions are being devised to assess the maximum willingness to pay. Finally, econometric techniques are applied
to the survey results in order to derive the average willingness to pay [11-13]. Results from contingent valuation
studies are heavily dependent on how well the study is
designed, carried out and interpreted. Given that these
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tasks are performed well, then this method is a useful
technique for estimating economic values for various nonmarketed resources.
Conjoint analysis: Conjoint analysis examines the environmental impacts from an alterative perspective, combining several different techniques of assessment, all of
which are survey methods. Although contingent ranking
is quite similar to contingent valuation, it also presents
some distinctive differences. The main difference compared to the rest of these techniques, involves the fact that it
is carried out by asking individuals to rank a number of
alternatives options according to their preferences instead
of explicitly expressing a willingness to pay or accept for
compensation [5]. Moreover, it allows individual environmental attributes to be valued, in monetary terms, within
each alternative scenario. This is achievable by constructing each relative scenario with a number of attributes and
values which vary across options. For contingent ranking,
the inclusion of prices in some of the alternatives enables
rankings to be converted to monetary values. Other aspects
are similar to contingent valuation. Again, the main application of relevance has been in the context of human health
and landscape effects, as well as disamenity.

Dose-Response function: Dose-response function consists a useful technique, which enables us to measure the
relationship between a unit concentration of a pollutant
and its impact on the relevant receptor. Dose-response
techniques are used extensively where a physical relationship between some cause of damage, such as pollution,
and an environmental impact is known and can be measured [7]. Once the relationship has been established, willingness to pay estimations derive from either conventional market prices, which are adjusted if they are not efficient, or revealed prices, where no markets exist, using
one of the previously referred techniques. The physical
damage is multiplied by this shadow price, or value per
unit of physical damage, to give a ‘monetary damage
function’ [5]. In other words, it takes natural science information on the physical effect of pollution and uses this
in an economic model. The major drawback of this technique is the main source of uncertainty that involves the
specification of the dose-response function, which is
crucial to its accuracy. The described approach can be
used, whenever the physical and ecological relationships
between a pollutant and its impact are known.

APPLICATION TO POTENTIAL
ENVIRONMENTAL IMPACT RECEPTORS

Production function approaches
Averting behaviour: The basis for the averting behaviour technique is the observation that marketed goods can
act as substitutes for environmental goods in certain circumstances. When a decline in environmental quality
occurs, expenditures can be made to mitigate the effects
and protect the household from welfare reductions [14].
The method is applicable in situations where households
spend money to offset environmental impacts. It requires
data on the environmental change and its associated substitution effects. Fairly crude approximations can be
found by simply looking directly at changes in expenditures on the substitute good resulting from some environmental change. The main advantages of this method
are the relatively modest data requirements and the fact that
provides estimations based on actual expenditures [5, 15].
Simultaneously, it is often observed that beneficial effects,
not to be concerned explicitly, result in incorrect estimates.
Furthermore, in some cases important aspects of individuals’ behavioural responses are ignored or underestimated,
increasing the possibility of false estimations.

In the preceding chapters, we have considered three alternative approaches of placing values on environmental
service flows within the framework of cost-benefit analysis. Each of these approaches uses a series of different
monetary valuation technique as a means to estimate the
true price of environmental quality as it is determined directly or indirectly by the individuals. The temptation would
appear to be very strong for grabbing techniques from the
shelf and applying them, in contrast to testing their application validity. The latter is determined by the structural features of each considered technique, such as a) layout, b)
technical characteristics, c) data requirements d) the level of
simplicity of its application, and provide project evaluators
the opportunity to apply one or more of these techniques to
every potential environmental impact receptor based on the
nature of the latter ones. Each environmental project has
positive or negative effect on six main receptors i) human
health, ii) real estate/ buildings, iii) aquatic resources, iv)
forests/ crops, v) air, and vi) landscape.

TABLE 1
Proposed combination of monetary valuation techniques and their potential application to relevant receptors.
Monetary valuation
approaches and techniques
Approaches
Techniques
Hedonic pricing
Revealed
Travel cost
preference
Replacement cost
Contingent
Stated
preference
Conjoint analysis
Averting behaviour
Production

Receptors
Human
health
ü
ü
ü

Real estate/
Buildings
ü
ü
ü
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Aquatic
resources
ü
ü
ü
-

Forests/
Crops
ü
ü
ü
ü
ü
-

Air
quality
ü
ü
ü
ü

Landscape
ü
ü
ü
ü
ü
-

© by PSP Volume 13 – No 3b. 2004

function

Fresenius Environmental Bulletin

Dose-response

ü

ü

-

ü

ü

-

ü Recommended use; - Not recommended use
Source: Adapted by the authors

Based on the analysis that has been demonstrated in
the previous section, the proposed combination of monetary valuation techniques is illustrated in Table 1. More
specifically, the preference techniques, stated earlier, such
as contingent valuation and ranking, can be applied to any
context provided that the elicited responses are founded
on carefully structured questionnaires. However, in the
case of real estate/ buildings the application is limited by
the complexity of the surveys and the respective superiority of other techniques i.e. production functions, hedonic pricing, replacement cost.
Focusing our analysis on production functions approaches, the applicability changes slightly. DoseResponse functions can be used for all receptors, except
for landscape aesthetics, in order to establish the causal
relationship between the ambient concentrations of pollutant emissions and the resulted consequences. Notwithstanding the fact that this method provides the promising
initial approximations and involves relatively low costs,
considerable application difficulties may appear in a) the
identification of the pollutant responsible for the damage
caused, b) the variables affected, c) the specification of
the impact on the receptor by isolating the effects, d)
identification of the long-term effects caused from low to
medium level pollution. Providing these tasks are fulfilled, an estimation of the physical environmental impact
may be converted to monetary units to provide a clear
estimation of the socio-economic value of the environmental degradation. Past successful examples relate to air
quality impacts on agriculture, pollution impacts on fisheries, health effects of air quality and valuation of effects
of acid depositions on the buildings. Calculated doseresponse functions have been extensively applied in economic assessments of environmental stress to agricultural
crop yield changes. Averting behavior is applicable when
avoidance costs like noise insulation, water filters etc.
occur, and considered as a form of defensive or preventive expenditures. Due to the domestic character, these
costs usually have, averting behavior techniques being a
useful tool of assessing health risks, effects of air quality
and property values.
Revealed preference techniques have varying applications according to the nature of the environmental goods or
services considered. Ecosystem assets, such as forests and
fresh waters, which provide natural resources traded in real
markets (e.g. wood, fish) can be explicitly valued by using
market prices. However, some environmental services i.e.
aesthetic views, recreational experiences may not be directly traded in actual markets. For these services the price
people are willing to pay for related goods can act as a safe
indicator. For instance, individuals usually are determined

to pay a higher price for building sites with a view of the
ocean, or spend additional time to find a unique spot for
fishing. The expenditures that are likely to occur can be
used in order to specify the minimum value of the view or
the recreational experience respectively. In detail, hedonic
pricing method depends on the idea that the final market
value of goods is shaped by several separately identified
attributes. Consequently, the method can be applied where
environmental factors can influence prices in order to quantify these effects separately. The market commonly used is
the housing marketing. Property prices are determined not
only by structural characteristics (e.g. room numbers and
sizes), proximity to work, accessibility to public infrastructures, but also by environmental properties like noise levels, air quality, landscape and surrounding views. Although
the main application of hedonic pricing is in the case of real
estate valuation, other cases include landscape effect assessment in the form of visual intrusion (e.g. road proximity), visibility (e.g. air pollution) and available amenities
(e.g. forests). It is addressed to those elements of environmental quality change that is reflected by the property
values, hence, is suitable to be applied in the cases of air
quality, landscape aesthetics as well as in the amenity values of woodland. Similarly, there are several cases where
restoration cost techniques may also be appropriate in a
damage-based approach. In the cases of water and soil
contaminations, the replacement cost method is employed
in order to provide an accurate estimation of the clean-up
costs in financial terms. On the other hand, when historical
monument’s renovations and landscape improvements are
mandatory, the replacement cost method indicates the
restoration expenses of such policies. Finally, travel cost
method has relatively limited applications. The basis of
the estimations, however, is quite accurate providing a
solid foundation for environmental decision-making. The
method involves using the total costs of travel as a proxy of
the public willingness to pay for visiting a given site. Travel expenditures, entry fees (where applicable) and time
spent to and at a site consist an indicator of the demand for
the particular site. As expected, travel cost can be appropriately used in assessing the value of landscape quality, national parks and forests. The method is limited in scope,
since it can be exclusively used to value recreational land.
At the same time it is inexpensive in correlation with sophisticated valuation techniques and can be conducted
simply by observing the variations in the number of visitors
and the use of questionnaires.
DISCUSSION AND CONCLUSIONS
The above analysis sought to identify the most suitable combination of environmental assessment techniques
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in order to provide the necessary foundations of environmental project evaluation. The main conclusion which
emerges is the fact that each monetary valuation technique is applicable in specific cases and under certain
circumstances. Particularly, the point already brought out
is that only contingent valuation is an inclusive method,
whereas the rest of the methods are restricted to measuring a limited class of environmental impacts. Elaborating
this argument, hedonic pricing seeks to identify the actual
relationship between the levels of environmental services,
such as total suspended particulate levels or noise levels,
and the prices of specific marketed goods, mainly real
estate. However, hedonic pricing technique does not
strictly concentrate on house prices and environmental
quality levels, but also is applicable, with caution, to the
implicit price estimation of any observable characteristic
of any good. Outdoor recreational resources such as forests, lakes and wetlands are most suitable for application
of the travel cost method, but even then only the direct
use values of actual users are considered.
On the other hand, production-function approaches
could be used in a wide range of cases, but still, the results
are determined within a substantial level of subjectivity.
More specifically, averting behaviour method is often criticized as resulting in underestimates of damage suffered or
avoided due to imperfect substitutability. Additionally,
dose-response approaches, even though are able to provide
an output in most cases either in quantity terms or in quality terms, as long as a relationship between an environmental quality variable and the output level of a marketed
commodity is established, will only measure that part of a
change in environmental quality (e.g., air quality) that
reduces production of marketed outputs (e.g., timber) for
given levels of resource outputs (e.g., fertilizer applications,
labor outputs, land area) [7]. Still, dose-response functions
require various assumptions and approximations in order to
provide monetary value estimations.
Summing up, each valuation method that focuses on
the cost assessment of specific environmental projects and
policies evidently appears to have certain drawbacks and
advantages, respectively. The final choice of the most
desirable combination, according to its applicability and
result credibility, lies on the critical judgment of the involved evaluators.
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PREDICTION OF THE TOTAL RAINFALL AMOUNT DURING
AUGUST AND NOVEMBER IN THE ATHENS AREA, GREECE
Nick K. Sakellariou and Harry D. Kambezidis
National Observatory of Athens, Institute for Environmental Research and
Sustainable Development, Atmospheric Research Team, Athens, Greece

SUMMARY
This study examines the possibility of predicting the
total precipitation amounts in the 2nd half of August as
well as the period 6-15 of November in the Athens area.
Some regression equations are given as estimation tools
for the above time periods. The forecasts are based on the
total precipitation amounts measured at the National Observatory of Athens during 5-day time intervals in preceding months.
Regression equations are derived to relate the observed rainfall amount during the 4th, 5th and 6th 5-day
interval in August as well as the 2nd and 3rd 5-day interval
in November to the amount measured in previous months.
Since the correlation coefficients of the regression analyses are high enough and statistically significant at the
99% confidence level, they can be used to forecast the
rainfall amount during the mentioned 5-day periods in
August and November in any year in the Athens area.

KEYWORDS: Rainfall, prediction, regression analysis, correlation
coefficient, Athens area, Greece.

INTRODUCTION
Precipitation amount is essential for the climate over
an area as vegetation and many human activities depend
on it. Despite this, prediction of the precipitation amount
for the next day is impossible due to many unknown factors that influence the phenomenon. In this study, an attempt is made for the prediction of total precipitation during the 2nd half of August as well as in the period 6-15 of
November based on the precipitation amounts observed in
earlier months of the same year.
Although, astronomers have accurately estimated the
length of the solar year, its sub-division in twelve months is
quite arbitrary and conventional. Therefore, the use of
monthly averages or monthly totals in many climatological

analyses may obscure important atmospheric signals that
occur within months. The second half of August signifies
the end of the warmest part of the summer period in
Greece. Despite this, the end of the dry season takes place
in the end of October or beginning of November. Therefore, precipitation that occurs at the end of August plays
an important role in sustaining vegetation during the end
of the summer and beginning of the autumn. On the other
hand, the first half of November is climatologically close
to the commencement of the rainy season in the Attica
peninsula (where Athens is located) as well as in many
other parts of Greece. The amount of precipitation occurring during this period is very important for agriculture.
MATERIALS AND METHODS
The National Observatory of Athens (NOA) disposes
the longest and best-documented precipitation time series
in Greece. Consequently, its records have been used in
many studies concerning the rainfall climate in the Athens
basin. The studies [1-3] carried out for the area are indicatively mentioned here. In a yet unpublished work, the
time series of 5-day rainfall total amounts in various
months were found to correlate well with each other. This
phenomenon was further investigated by analysing time
series of daily total rainfall amounts. It was further found
that many of them are highly correlated with each other.
For this reason, the present study divides every month into
6 equal 5-day periods (i.e. 1-5, 6-10, 11-15, 16-20, 21-25,
26-end). Total rainfall amounts for each of these 5-day
periods are calculated from the daily rainfall ones reported in the annual Climatological Bulletins published by
NOA. These rainfall values are also examined for correlation. Therefore, using the observed daily rainfall amounts
of February, March, April, and May, an attempt is made
here to forecast the mentioned parameter in the second half
of August of the same year. On the other hand, regression
equations between observed and estimated daily rainfall
amounts occurring during the same 5-day periods in November are derived using observed daily rainfall amounts
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of January, March, April, and June. These equations are
used to examine whether total rainfall during the 2nd and
3rd 5-day periods in November can be forecasted.
The rainfall data used in this study covers the period
from 1971 to 1990 and has been collected from the annual
Climatological Bulletins of NOA. The 5-day time intervals defined above take on the numbers 1, 2, 3, 4, 5, and

6, respectively. Therefore, Nov2, for instance, denotes the
2nd 5-day time interval of November (days 6-10). The
subscripts obs and est in the text denote the observed and
estimated values, respectively. The data used are the daily
rainfall amounts observed at NOA for January, February,
March, April, June, August and November in the abovementioned period.

TABLE 1 - Observed rainfall amounts (mm) in the Athens
area during several 5-day time intervals in various months.
Year
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990

Feb1obs
6.9
5.0
0.0
1.5
2.1
76.4
0.0
17.4
3.7
1.8
0.0
0.2
42.3
10.6
0.0
11.9
0.1
0.1
0.0
0.0

Mar4obs
22.0
0.0
6.2
0.0
0.0
0.0
1.9
0.0
3.7
30.3
20.5
11.6
7.6
23.5
26.2
0.0
1.9
0.6
0.0
0.0

Apr1obs
0.0
1.1
0.7
0.5
0.0
1.6
1.2
15.3
0.0
3.7
11.0
8.7
0.0
0.0
0.0
2.4
82.0
0.0
0.0
0.0

Apr2obs
7.9
8.2
5.5
3.7
0.0
0.0
0.0
3.2
0.0
9.0
0.0
0.0
0.0
50.4
0.0
0.0
0.7
0.0
0.0
2.3

Apr3obs
1.8
79.9
0.0
6.7
0.0
23.4
7.2
7.2
0.0
12.7
10.9
0.0
11.3
4.5
0.2
7.8
5.0
6.2
4.3
9.7

Apr4obs
1.1
3.3
3.6
2.4
8.2
4.9
0.0
5.2
0.0
5.0
14.1
12.3
1.0
33.3
31.8
3.1
0.0
10.5
0.0
0.3

May3obs
0.4
0.5
0.0
0.7
23.5
12.9
0.4
5.0
8.5
0.4
0.0
4.6
0.0
0.0
8.3
3.1
0.0
0.0
0.0
0.8

Aug4obs
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.1
0.0
0.0
0.0
5.8
0.0
0.0
0.0
0.0
0.0
14.5

Aug5obs
0.0
2.9
0.0
0.0
13.0
17.2
0.0
0.0
0.5
2.1
0.4
1.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
14.5

Aug6obs
0.0
9.9
0.6
2.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
12.8
0.0
0.0
0.0

TABLE 2 - Observed rainfall amounts (mm) in the Athens area during the 2nd and 3rd 5-day time
intervals in November as function of those recorded during 5-day time intervals in other months.
Year
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990

Nov2obs
0.0
0.0
21.4
35.5
7.0
0.0
0.0
0.0
15.9
2.6
4.5
0.0
0.0
0.3
1.3
1.4
0.0
1.3
0.1
19.8

Jan1obs
0.0
0.0
31.5
13.3
14.5
0.0
0.0
7.5
3.0
5.0
0.7
0.0
0.0
0.0
2.4
2.8
0.0
12.6
0.4
0.3

Mar3obs
0.9
0.0
8.5
45.6
0.0
12.3
7.2
10.5
2.2
3.5
0.0
9.9
0.0
10.1
21.3
0.0
14.3
8.5
0.0
0.0

May4obs
0.0
0.0
0.0
19.6
0.0
0.0
0.6
0.3
14.4
7.5
0.0
3.9
4.0
0.0
0.0
0.0
0.0
0.0
0.1
0.0
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Nov3obs
3.1
0.0
1.0
0.0
0.8
0.0
12.5
0.0
2.1
0.0
22.3
3.0
0.6
5.5
0.0
0.0
39.0
24.3
0.0
2.9

Mar5obs
0.0
0.0
5.5
0.0
2.1
2.5
0.0
0.1
1.2
0.0
3.4
10.9
0.0
31.1
4.0
0.0
27.5
15.0
21.7
0.0

Apr1obs
0.0
1.1
0.7
0.5
0.0
1.6
1.2
15.3
0.0
3.7
11.0
8.7
0.0
0.0
0.0
2.4
82.0
0.0
0.0
0.0

Jun1obs
0.0
0.0
0.0
6.2
0.4
0.0
4.6
0.0
0.0
19.4
0.0
0.1
0.0
0.0
0.4
0.0
28.2
0.0
0.9
0.0
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RESULTS

TABLE 4 - Predicted and observed total precipitation
amount in the Athens area in the period 6-15 of November.

The observed rainfall amount values are given in Tables 1 and 2. From Table 1, it is found that the observed
values of precipitation in the time span of 1971 to 1990
for Aug4obs are correlated with Mar4obs (cross-correlation
coefficient, or CCC, equal to 0.50), Apr2obs (CCC=0.94)
and Apr4obs (CCC=0.60). Similarly, Aug5obs is statistically significantly correlated with Feb1obs (CCC=0.39),
Apr3obs (CCC=0.51), and May3obs (CCC=0.96), while
Aug6obs with Apr1obs (CCC=0.45) and Apr3obs
(CCC=0.51). From Table 2, it is found that the Nov2obs
precipitation values correlate significantly well with those
of Jan1obs (CCC=0.55), Mar3obs (CCC=0.48), as well as
with May4obs (CCC=0.66). Further, the Nov3obs time series
correlates with Mar5obs (CCC=0.50), Apr1obs (CCC=0.74),
and Jun1obs (CCC=0.54).
The regression relations that connect observed precipitation values in the denoted parts of August and November to those in other months are given below.
Aug4obs =
18.5 + 0.02Mar4obs + 0.11Apr2obs + 0.003Apr4obs
(1a)
Aug5obs =
129.0 + 0.04Feb1obs + 0.18Apr3obs + 0.45May3obs (1b)
Aug6obs =
-63.9 + 0.15Apr1obs + 0.11Apr3obs
(1c)
and
Nov2obs =
2.35 + 0.68Jan1obs + 0.42Mar3obs + 1.20May5obs
Nov3obs =
2.43 + 0.54Mar5obs + 0.43Apr1obs + 0.77Jun1obs

(2a)
(2b)

TABLE 3 - Predicted and observed total precipitation
amount in the 2nd half of August in the Athens area.
Year
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990

Predicted
precipitation (mm)
derived from eqns (1)
8.5
21.8
8.4
8.6
9.5
11.9
8.6
9.1
8.5
8.2
9.3
9.0
8.9
9.1
8.9
8.6
10.9
8.5
8.4
8.7

Observed
precipitation (mm)
0.0
22.8
0.6
2.1
13.0
17.2
0.0
0.0
0.5
2.1
0.4
1.2
0.0
5.8
0.0
0.0
12.8
0.0
0.0
14.5

Year
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990

Predicted
precipitation (mm)
derived from eqns (2)
5.2
5.3
3.3
5.9
9.3
12.0
12.6
18.9
25.7
3.4
11.8
20.9
9.6
25.8
17.8
7.7
82.6
25.0
17.5
5.0

Observed
precipitation (mm)
3.1
0.0
22.4
35.5
7.8
0.0
12.5
0.0
18.0
2.6
26.8
3.0
0.6
5.7
1.3
1.4
39.0
25.6
0.1
22.7

Eqns (1) are applied to the data used and the predicted values are calculated for the 2nd half of August
(Aug4obs+Aug5obs+Aug6obs) and compared to the observed ones. The results are shown in Table 3. The
CCCs between the two variables (columns 2 and 3 in
Table 3) is 0.80 (statistically significant at the 0.0001
level). Table 4 gives the comparison between the predicted precipitation values in the period 6-15 of November from eqns (2) to the observed amounts.
To demonstrate the applicability of eqns (1) and (2),
these are applied to the observations in the years 19671970 and 1991-1994 for August and November. Table 5
gives the observed and predicted precipitation amounts
for the 2nd half of August. The CCCs between observed
and predicted rainfall values becomes 0.81, statistically
significant at the 0.01 level. The comparison between
observed and estimated rainfall amounts for November
is shown in Table 6.

TABLE 5 - Validation of the regression eqns (1) for predicting
the rainfall in the Athens area in the 2nd half of August.
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Year

Observed
rainfall (mm)

1967
1968
1969
1970
1991
1992
1993
1994

0.0
0.0
0.2
18.5
8.0
0.0
0.0
0.0

Predicted
rainfall (mm)
derived from eqns (1)
8.6
8.5
8.7
8.4
10.5
8.6
9.1
8.9
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TABLE 6 - Validation of the regression eqns (2) for predicting
the rainfall in the Athens area in the period 6-15 of November.
Year
1966
1967
1968
1969
1970
1991
1992
1993
1994
1995

Observed rainfall
(mm)
6.0
18.5
35.5
0.0
2.9
17.8
1.8
18.1
24.3
53.6

Predicted rainfall (mm)
derived from eqns (2)
21.9
35.1
21.5
29.9
7.7
20.3
3.2
22.2
11.8
30.7

DISCUSSION AND CONCLUSION
A method that can be used to forecast the total rainfall amounts for a 5- and a 10-day period in August and
November was presented. The method was based on the
division of a month into six 5-day time intervals and the
calculation of the regression equations relating the rainfall
amounts in the periods under examination to those in 5day intervals in previous months (from January until 15th
of May for prediction in August and from January until
5th of June for prediction in November). Further, the regression equations between the rainfall amounts were
applied to rainfall data of NOA and it was shown that
they could be used to forecast the total rainfall amount in
the periods August 16-31 and November 6-15.
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SUMMARY
The hypothesis of an expansive northward movement
of thermophilic species and changes in marine biodiversity is nowadays supported with numerous records of fish
species previously characteristic to the more southern
areas. Obviously, this is happening in the Adriatic sea as
well, where numerous new species in the area or in the
northern sectors were recorded during the last thirty years.
Good correlation between mean annual air and sea surface
temperature and yearly total number of specimens, as well
as between annual sea surface temperature and species
richness is obtained for the period 1973-2003. The variations in Adriatic temperature conditions correlate well with
the North Atlantic Oscillation (NAO) index showing that
local temperature changes at least partly result from hemispheric one. Variations in sea surface temperature conditions mostly result from the heat flux exchanges on the airsea interface, and since net heat flux is under NAO influence, there is no doubt that recent changes of Adriatic ichthyofauna are partly controlled by hemispheric climate
changes. Distribution of warm-water fish records is influenced by overall cyclonic circulation in the Adriatic Sea.

KEYWORDS:
Climate changes, NAO, ichthyofauna, Adriatic Sea.

species extend their range northward. This is apparently
what is happening within the Adriatic Sea, where warmwater species have been recently occurring in greater
numbers in the northern sectors and occurring for the very
first time [8, 9]. The northward spreading of thermophilic
species has been considered as an indirect indication of
the Adriatic and Mediterranean water warming. This
seems particularly obvious when considering fish assemblages, whose changes in distribution patterns on a large
spatial scale may reflect changes in the oceanographicclimatic conditions. The effects of warming at any one
location are likely to be losses of northern species at the
southern extremity of their ranges, while there will be
gains of southern species at the northern extremity of their
ranges. Since it is difficult to demonstrate the absence of a
species conclusively, it is preferable, in the first instance, to
use the immigration of southern species as an indicator of
the biological effects of warming. Until now studies relating to the changes in the Adriatic ichthyofauna and year-toyear hydroclimatic fluctuations were mostly descriptive [8]
and this paper is a first attempt to correlate these changes in
a more qualitative way throughout North Atlantic Oscillation (NAO), air-sea heat flux exchange, and air and sea
surface temperatures. Possible mechanisms and causes for
a new range extension and occurrences of warm-water
species are also discussed.
MATERIALS AND METHODS

INTRODUCTION
Understanding the fluctuations in marine fish stocks
is important for the management of fisheries, and many
attempts have been made to demonstrate its connection
with oceanographic and climatic variability [1-5]. Numerous authors related changes in species distribution to temperature fluctuations, especially in the areas close to biogeographical boundaries [6]. Grainger [7] predicted that the
foreseen global warming would probably make southern

Changes in fish distribution were chosen to indicate
the biological effect of temperature changes, because they
are considered to be thermal conformers, unable to regulate their temperature independently of the surrounding
water [10]. They thermoregulate by actively swimming to
remain in waters that meet their physiological optimal
demands. Fish are well-monitored by fishermen, divers,
sea anglers and especially scientists, and, so, their changing distributions will certainly be observed and reported.
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Consequently, unusual specimens are regularly brought to
the Institute of Oceanography and Fisheries in Split and
Marine Biological Station in Piran for identification.
Records of warm-water fish, new to Adriatic Sea from
1982 to 2002 together with their dates and locations of
first record are given in Table 1. Locations of warm-water

fish records from Table 1 are depicted in Figure 1. Besides warm-water species northward range expansion, we
also take into account increased abundance of already
recorded species for the Adriatic (1973-2002) which were
previously treated as very rare or rare.

TABLE 1
First records of southern, warm-water fish in the Adriatic Sea.
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)

Year of record
1982
1982
1985
1985
1992
1993
1994
1995
1998
1998
2000
2000
2000
2002

Fish species
Schedophilus medusophagus, southern Adriatic, Pelješac channel. Second record
Schedophilus ovalis, southern Adriatic, Pelješac channel. First record
Hemiramphus par, Albanian coast. First record
Paraexocoetus mento, Albanian coast. First record
Sphoeroides pachygaster, southern and middle Adriatic. First record
Plecthorinchus mediterraneus, Trieste Bay. First record
Tylosurus acus imperialis, southern Adriatic, Bari area
Saurida undosquamis, Albanian coast. First record
Epinephelus coioides, Trieste Bay. First record
Epinephelus aeneus, southern Adriatic, Dubrovnik area. First record
Mycteroperca rubra, southern Adriatic, Dubrovnik area. First record
Leiognathus klunzingeri, southern Adriatic, offshore Island Mljet. First record
Sphyraena chrysotaenia, southern Adriatic, Molunat Bay. First record
Stephanolepis diaspros, souhern Adriatic, Montenegro coast. First record

FIGURE 1
Distribution of warm-water fish records. Encircled numbers correspond to the numbers given in Table1.
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FIGURE 2
Cumulative number of specimens (abundance), and yearly total number of different
warm-water species (species richness) occurred in the Adriatic in the period 1973-2003.

Various hydroclimate data were used in the analysis:
NAO index, air and sea surface temperatures, together
with air-sea heat flux exchange. NAO index were available via the http://www.cru.uea.ac.uk/. NAO index is defined as the pressure difference between the Azores and
Iceland, normalized to the 1961-1990 period [11]. In many
ecological studies NAO index was used to seek the possible linkage between local and global environmental conditions [12, 13]. It has been described as the primary climatic
factor governing hemispheric-scale fluctuation [5, 14]. The
NAO has a dominant influence on winter time temperature across wide region of northern hemisphere including
Mediterranean [15]. In the atmosphere two different phases of NAO index are recognised: positive and negative.
The positive phase means strong high and low pressure
cells, with storm track shifts north and strengthen westerly. The negative phase means weak high and low causing
weaken westerly. NAO controls air temperature, and
consequently sea surface temperature, in a way that two
different temperature characteristics can be distinguished:
warmer and colder episodes. During positive NAO index
warm period persists over most of the northern hemisphere and Mediterranean, while during negative one
colder period occurs.
In order to correlate the observed changes in the
Adriatic ichthyofauna to the local atmospheric and oceanographic variability, data sets of air and sea surface temperature for the northern Adriatic covering the period
1934-2002 from meteorological station Trieste (45039'N,
13045'E) were used. Additionally, yearly means of surface
heat flux for Trieste in 1966-2000 interval have been computed following the procedure described in Grbec [16] and
Supić and Orlić [17] using data provided by Istituto Sperimentale Talassografico »Francesco Vercelli« and by
Universita di Trieste.

RESULTS AND DISCUSSION
Recent changes in Adriatic ichthyofauna open the
possibility that climate changes influence both northward
extension and marine biodiversity.
The cumulative number of warm-water immigrant
specimens to Adriatic from 1973 to 2003 is given in Figure 2. The data show no records of the southern species
spreading over the first 10 years; thereafter, the numbers
have increased at an accelerating rate. Some of the recorded new fish species now visit Adriatic waters regularly
and in increasing numbers [9].
A limitation of such data is that, while new fish species are recorded, the retreat of those species in intervening cooler periods cannot be reflected in the data. Thus
the choice of new species records precludes the detection
of cyclical variation in distributions of species as described by Southward et al. [18].
Over the past century northern hemisphere's average
air surface temperature has increased by about 0.60C [19],
while northern Adriatic air temperature increase by 0.79 0C
since 1900 (Istituto Sperimentale Talasografico). From
the time of instrumental records, the 1990s were the
warmest decade, and 1998 and 2000, the two warmest
years [20]. The largest warming has occurred over the
northern hemisphere during winter, where temperatures
have risen by several degrees during the 20th century.
These dramatic changes are related to the recent changes
in the atmospheric wind patterns as a consequence of
atmospheric air masses displacement between Iceland and
Azores, i.e. with NAO index.
Significant changes in abundance and species richness in our study (Figure 2) have been shown in the relationship with air and sea surface temperatures in the
northern Adriatic. Good correlation between mean annual
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air and sea surface temperature and yearly total number of
specimens (abundance), as well as between annual sea
surface temperature and yearly number of different fish
species (species richness) is obtained for the period 19732003 (Table 2; Figure 3). In the investigated period, warmwater species occurred more frequently in the warm years,
and even accelerated in the period with constant temperature increase from 1998 up to now (Figure 3). It is unclear
why correlation between temperature and fish data shows
no lag in our study (Table 2). Stebbing et al. [21] found a
2-year lag between the best correlation of the fish records
and North Atlantic temperature data. They try to relate
such a lag to delays in the mean temperature for the North

Atlantic reaching British waters, or to delays in observing
and reporting new fish species.
TABLE 2
Correlation coefficients for lag = 0 between warmwater fish species and air (AST) and sea surface
temperature (SST) in the period 1973-2002.

1973-2002
abundance
richness

AST

SST

0.71
p=0.001
0.49
p=0.017

0.67
p=0.001
0.63
p=0.001

AST
2.5

SST
ABUNDANCE

Normalised values

1.5

0.5

-0.5

-1.5

-2.5
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Year

FIGURE 3
Normalised mean annual air (AST) and sea surface temperatures (SST) with
normalised yearly total number of warm-water fish records in the period 1973-2002.
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FIGURE 4
Mean annual normalised values of NAO index together with air (AST) and
sea surface temperatures (SST) for Trieste station in the period 1934-2002.
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FIGURE 5
Mean annual NAO index and net heat flux fluctuations in the period 1966-2000. Mean annual net heat flux
was calculated for Trieste station. Significant linear correlation between examined time series is pointed out.

The variations in Adriatic temperature conditions correlate well with the NAO variations (Figure 4) showing
that local temperature changes at least partly result from
hemispheric one. Correlation between NAO index and air
temperature data shows no lag (r=0.38; lag=0; p=0.027),
whereas correlation between NAO index and sea surface
data is highest for the lag of one year (r=0.31, lag=1 year,
p=0.027). It is evident that the sea surface temperature is
under the hemispheric influences, therefore, it is reasonable to relate local changes to global one. Variations in sea
surface temperature conditions mostly result from the heat
flux exchanges on the air-sea interface, and since net heat
flux is under NAO influence, as it can be seen throughout
correlation analysis (Figure 5), there is no doubt that the
biological changes in marine ecosystem are partly controlled by hemispheric climate changes.
Results shown in Table 1 and Figure 1 indicate that almost all findings of warm-water species originate from the
eastern Adriatic coast, with the exception of one finding
in the Bari area. Early calculations of the geostrophic
currents [22] and the recent direct measurements [23] agree
that overall Adriatic circulation is cyclonic with incoming
flow along the eastern and outgoing flow along the western
coast. Three sub-basin cyclonic gyres in the northern, middle and southern Adriatic are imbedded in the basin-wide
cyclonic pattern [23]. In spite of the significant seasonal and
interannual variations in the circulation intensity, no reversal
of the overall circulation was ever observed. Cyclonic circulation favours the transport of the food and plankton organisms from the south and makes entrance of the southern
species along the eastern coast easier. Analysis of the Advanced Very High Resolution Radiometer (AVHRR) satellite data indicates prominent interannual signal in a northward extension of the warm-water plume along the eastern

coast [24]. In some years the warm-water plume reaches the
northernmost corner of the Adriatic, while in other situations it remains trapped in the south Adriatic cyclonic gyre.
Variability of the warm-water extension is in agreement
with the distribution of the warm-water species shown in
Figure 1. Astraldi et al. [25] also showed the importance of
the prevailing current system on the southward extension of
the warm-water species from the Thyrenian into the Ligurian Sea. The northerly shifts in the distribution of the tropical
fish species north of Portugal are linked to the increased
heat content and the northward flowing current [26], similar
to the changes in the Adriatic ichthyofauna.
One of the indications of the increased intensity of
the Adriatic circulation is increased salinity in the intermediate layer [27]. Low correlation between salinity
changes and warm-water species abundance (r=-0.13,
p=0.60) indicates that their increased number does not
result from intensified circulation, but it is the result of
the increased heat content, and it is favoured by mean
overall Adriatic circulation.
CONCLUSION
It is notable that the fish records correlate significantly
with the temperature data for the Adriatic Sea, and that
variations in temperature conditions correlate well with
NAO index variations. A possible mechanism that can
explain frequent occurrence of the warm-water species in
the Adriatic and their northward extension is the increasing
heat content of Adriatic water caused by the hemispheric
changes. If the rate of temperature increase over time were
linear, a constant rate of immigration of southern species
would be expected. As fish appear to respond to warming,
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as evident by the northerly advance of the distributions of
the southern species in a systematic way, they may provide
a useful index of the effects of warming in the Adriatic.
Incoming northwestward current along the eastern Adriatic
coast carries food and plankton organisms and favours
entrance of the species from the southern areas.
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