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PHOTOINDUCED REACTIONS OF
SELECTED AZO DYE METABOLITES IN WATER
Perihan Ekiçi, Daniela Angerhöfer and Harun Parlar
Department of Chemical, Technical Analysis and Chemical Food Technology
Technical University of Munich, Freising-Weihenstephan, Germany

INTRODUCTION

ABSTRACT
The photochemical reactions of eight azo dye metabolites [o-aminotoluene (1), 4,4´-thiodianiline (2),
4,4´-diaminodiphenylmethane (3), p-chloroaniline (4),
2,4-toluylenediamine (5), p-kresidine (6), 2,4-diaminoanisole (7), and 2-naphthylamine (8)], which are frequently detected in aquatic systems, were investigated in
water under UV-light. Direct photolysis was investigated at two wavelengths (> 230 and > 290 nm) and
under varying partial pressure of oxygen. Indirect
photolysis processes were studied by irradiation of the
azo dye metabolites in the presence of different trapping
agents to identify reactive oxygen species possibly participating in the reaction. Kinetic experiments were
executed to determine quantum yields and environmental lifetimes (ELT) of the metabolites. The stability
of these substances against oxygen directly depended on
their structure, with p-chloroaniline (4) and 2,4-diaminoanisole (7) being most stable and o-aminotoluene (1)
and 2-naphthylamine (8) being least stable. Photolytic
half-life times varied between ca. 15 min and more than
2 h (with λ > 230 nm) and between a little more than
1 h and ca. 22 h (with λ > 290 nm).
Several products could be identified by HRGC-MS.
Furthermore, a new photooxidation reaction could be
observed during the conversion of 2-naphthylamine (8)
in the presence of oxygen. A phenazine derivative could
be identified as the end product. Generally, it can be
assumed that the oxidation processes are more important
for the environmental conversion of azo dye metabolites
than reductive processes.

KEYWORDS:
Azo dye metabolites, photodegradation, conversion products
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Azo dyes belong to the most intensively investigated
classes of dyestuffs; the use of this substance class formerly ranged from dyestuffs to pharmaceutical products.
The apparently general reaction of this substance group,
the in vivo reductive cleavage of the azo linkage, has
prompted concern about the potential hazards associated
with the exposure to azo dyestuffs, which could be metabolized under release of known carcinogens, such as
benzidine. Although general consideration of the kinetics
of azo dye metabolism indicates that accumulation of the
intermediate amines is not very probable, it cannot be
excluded under all conditions. Therefore, the use as food
dyestuffs has been discontinued in many countries, but
they are still extensively applied to textiles, leather, fats,
oils, wood, metal finishes, plastic and paper products.
Following the new legislation of the European Communities of July 17th 1994, the application of azo dyes in textiles is restricted to those colorants of this substance class
which cannot under any conditions be converted to one of
20 conversion products listed by the EC [1, 2].
Poor framing of these regulations, analytical problems, and the complexity of the manufacturing and retailing chain contributed to the confusion created by these
restrictions. In addition to the problems caused by the
possible formation of these hazardous substances by temporary contact with the consumer goods, e.g. textiles or
style jewelry, which may be coloured with azo dyes, there
is another uncertainty regarding the persistence and effects of the metabolites in aquatic systems, especially in
waste water. Aromatic amines formed by biotic and
abiotic conversion processes of azo dye colorants are
mostly toxic [3]. In aquatic systems, these substances
undergo various reactions. Alterations in their chemical
structure can result in the formation of new xenobiotic
compounds, which may be more or less toxic than the
parent compounds and may, in any case, represent undesirable chemical residues in aquatic systems or in sediments. Total degradation of the azo dye metabolites is the
only pathway for a final elimination of these xenobiotics
from the environment.
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This process also may proceed either abiotically or
biotically. In order to estimate the behaviour of the metabolites, more knowledge about their abiotic and biotic
conversion processes is urgently needed.
Formerly, degradation reactions of selected azo dye
metabolites in water under UV-light (λ >230 nm) have
been studied and quantum yields together with half-life
times have been published [4], but not the photoreactions
of aromatic amines under environmentally relevant conditions (λ >290 nm). Also, the products have not been identified during this former investigation. Therefore, we studied
the degradation of eight azo dye metabolites and their photoproducts under simulated tropospheric conditions and, for
comparison, with shorter wavelengths. The test substances
[o-aminotoluene (1), 4,4´-thiodianiline (2), 4,4´-diaminodiphenylmethane (3), p-chloroaniline (4), 2,4-toluylenediamine (5), p-kresidine (6), 2,4-diaminoanisole (7), and naphthylamine (8)] were selected by their stability in test
solutions and chemical purity.
EXPERIMENTAL SECTION
All azo dye metabolites (Table 1) were obtained
from Fa. Ehrenstorfer, Augsburg – Germany. The purity of
these substances was checked by gas chromatography. All
solvents used were of analytical reagent grade; amounts of
impurities being lower than 0.001%. In all cases, bidestilled
water was used. Stock solutions of 10–2 M were prepared
from all metabolites, filtered through a short 1 cm silica gel
column (60-100 mesh), and injected directly without further purification. Trapping agents were of p. a. quality. D2O
(Merck KGaA) was >99.95 % and H218O (Sigma Aldrich)
10 atom%.
Materials:

The samples (50-175 mg) were
dissolved in 300 ml distilled water/methanol 2:1 to give a
concentration of 170-590 ng/µl, and a quartz waterjacketed
cooling finger containing a mercury high-pressure lamp
[HPK 125 W Philips a) with quartz filter, wavelengths
> 230 nm; and b) pyrex filter, wavelengths above 290 nm]
was placed in the solution. Varying the partial pressure of
oxygen was achieved by either degassing the solution and
saturating it with oxygen or argon or by leaving it untreated. In experiments with different pH values,
O2-saturated water was used. The pH was adjusted using
the following buffers: 500 mL of 0.1 M potassium hydrogen phthalate (KCH6H4O4)/223 mL of 0.1 N HCl, diluted
to 1.000 L with water (pH 3), 500 mL of 0.1 M potassium
dihydrogen phosphate (KH2PO4)/291 mL of 0.1 N NaOH,
diluted to 1.000 L with water (pH 7), and 500 mL of
0.05 M sodium bicarbonate (NaHCO3)/107 mL of 0.1 N
NaOH, diluted to 1.000 L with water, or 500 mL of
0.025 M sodium tetraborate (Na2B4O7)/183 mL of 0.1 N
NaOH, diluted to 1.000 L with water (pH 11). Irradiation
times were approximately 17 hours. The quantum yields ΦS
[Φ S = number of reacted molecules (Nm)/number of absorbed quants (Nab)] were determined under the assumption
that all quants were absorbed by the metabolites independent

Photolysis experiments:
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of their UV behavior because of the high concentration
(10–2 mol/l). The number of quants was theoretically estimated from the spectral flux distribution of the HPK 125
Philips lamp. Decrease of concentration of the parent compounds (number of reacted molecules) was determined by
gas chromatography (HRGC-FID). The degradation of azo
dye metabolites under UV irradiation under simulated environmental conditions (pH 7) was also carried out in oxygen
saturated distilled water with an initial concentration of the
compounds of approximately 10–3 mol/l. Trapping experiments were carried out with the agents listed in Table 9 at
wavelengths above 290 nm. For the determination of the
influence of ion strength, sodium chloride, potassium chloride, or dihydrogen phosphate was added in concentrations
up to 1%. Products were identified by mass spectrometry
(HRGC-MS).
HRGC-FID: The GC measurements were carried out with a
Dani gas chromatograph model 4107. The column used was
a capillary glass column DB5, length 30 × 0.1mm i. d., and
the GC conditions used were as follows: injection port temperature 220°C, carrier gas nitrogen, flow rate
25 ml/min, column temperature isothermal, detector: FID.
HRGC-MS: The HRGC-MS

measurements were carried out
with a HP 5890 Series II GC that was coupled to a Finnigan 8200 MS. The column used was a 25m DB 5, i.d.
0.2 mm, film thickness 0.25 µm, and the GC conditions
used were as follows: carrier gas He, 25 cm3/s, split ratio
1:10, injector: 250°C, injection volume: 1µl, temperature
program: 45°C (5 min) → 7° C/min → 280°C splitless.
EI measurements were performed under the following
conditions: 70 eV, interface: 320°C, transfer line 230°C,
emission current: ca. 0.1 nA, ion source temperature:
200°C, scan range: m/z 60-460, scan interval: 0,5 sec, scan
gain: 1.6 kV, threshold: 1000, solvent-cut: 14 min, start
acquisition time: 14,5 min, end acquisition time: 41 min.
RESULTS AND DISCUSSION
The UV spectra
(Figure 1) of the azo dye metabolites investigated were
measured in pure bidestilled water at pH 7. The characteristic
absorption bands of aromatic amines resulting from π→π*
transitions (1Lb-band) are found at 234-340 nm. The nonbinding electrons of the nitrogen occupy a pure p-orbital by
this way giving maximal overlap with the π-electrons of the
ring shifting the π→π* transitions to longer wavelengths
than those of benzene. Substitution at the nitrogen by electron donating methyl groups increases the electron density
on the nitrogen and the interaction with the π-electrons of the
ring system. With increasing number of the substituents, the
1
Lb-band is shifted from 234 nm (aniline) to 243 nm for
N-methylaniline and 251 for N,N-dimethylaniline. UV-λmax
of the 1Lb-bands of the compounds investigated are listed in
Tab. 1. The absorbance maxima show that all substances
investigated can absorb sunlight under tropospheric conditions (λ > 290 nm).
UV-behaviour of azo dye metabolites:
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FIGURE 1 - UV-spectra of the azo-dye metabolites investigated
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TABLE 1 - Substances investigated, GC-FID and HRGC-MS conditions, and 1Lb-band and ε-values in destilled water at pH = 7
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Determination of the quantum yields:

The quantum yields (Φ S) obtained for the light induced reactions of azo dye metabolites in dependence on
the partial pressure of oxygen are shown in Table 2. First
of all, the results show that the photoinduced reaction of
the azo dye metabolites directly depends on the partial
pressure of oxygen. In the absence of O2, the reaction is
totally blocked in most cases. Second, there are no significant differences between the quantum yields determined in different wavelength ranges. This confirms the
assumption that the photooxidation processes take place
from the excited states of the metabolites and are not due
to oxygen species, which can be potentially formed in the
wavelength range below 290 nm.
The quantum yields in dependence on the pH, which
have been measured only with a quartz filter, are also
given in Table 2. As had been expected, the metabolites
are photochemically very stable at lower pH values. This
can be explained by the formation of the respective ammonium salts. The protonated amines cannot easily be
oxidized. These results also confirm the assumption that
the photooxidation reactions are the deciding processes
during the degradation of azo dye metabolites in aquatic
systems. Other photoinduced reactions, such as dehalogenation or isomerization, are nearly negligible.

Photokinetic experiments:

For the determination of the reaction kinetics of the photodegradation of the metabolites, decrease of concentrations
was followed over a time span of 17 h. In Table 3, photochemical parameters and half-life times under experimental
conditions at different wavelengths are listed. The data
demonstrate that there is a significant difference between
the UV-stability of the various compounds depending on
their structure. Some of them, such as o-aminoazotoluene
(1), 4,4’-thiodianiline (2), and 2-naphthylamine (8) were
very easily and completely mineralized to CO2, NH3,
HCHO, or H2O. This is in agreement with the Φ S-values.
The reaction rate constants derived from these experiments,
which are in the range 3.5 to 8.2 × 10–4 (K/s–1), also confirm the obtained results.
The compounds 2,4-diaminoanisole (7), 4,4’-diaminodiphenylmethane (3), 2,4-toluenediamine (5), and p-kresidine
(6) gave reaction rate constants of 1.2 × 10–4 to 2.3 × 10–4.
These metabolites were only partly degraded under these
experimental conditions, while p-chloroaniline (4) remained nearly unchanged during the whole irradiation
time. The rate of UV-induced degradation of the substances
investigated in the wavelength range above 230 nm is approximately 10 times higher than that in the range above
290 nm. Under simulated tropospheric conditions, the halflife times vary between 86.2 to 1352.9 min, but the stability
ranking remains the same.
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The pseudo first-order rate constant for direct phototransformation (k), and thus the lifetime (τ) of a chemical
in water, can be computed from
-

the experimentally determined quantum yield of
disappearance of the compound upon excitation

-

the experimentally determined light absorption
spectrum of the compound in aqueous solution
above 290 nm, which is the lower spectral limit
of sunlight reaching the earth’s surface

-

the solar light intensity available in the spectral
range which coincides with the light absorption
spectrum of the compound [5].

τ=
λ

1
k

and

k = Φ ka

and

k a = Σ λ 2 2.303 ⋅ 10 3 ⋅ I 0 ( λ ) ⋅ ∆λ ⋅ ε (λ )
1
τ=

lifetime (s); the half-life (t1/2) then is defined as
t1/2 = ln2 ⋅ τ
k=
pseudo-first-order rate constant for direct photolysis (s–1)
Φ=
quantum yield of disappearance upon excitation for
the wavelength range λ1 to λ2 (mol ⋅ einstein–1)
ka =
pseudo first-order rate constant for light absorption (s–1)
I0 (λ) = incident sunlight intensity at wavelenght λ
(einstein.cm-2 ⋅ s-1 ⋅ nm-1)
∆λ =
wavelength range (nm)
ε (λ) = molar extinction coefficient (litre ⋅ mol–1 ⋅ cm–1)
2.303 = factor for conversion of decadic molar extinction
coeffi cients of the compound into a Napierian basis
(ln 10)
103 =
factor for conversion of ε (λ) from litre ⋅ mol–1 ⋅ cm–1
into cm3 ⋅ mol–1 ⋅ cm–1

The sunlight intensities used for the calculations are
yearly averaged, mid-day sunlight intensities, corrected for
the reflection from the water surface for altitude 40 to 50
degrees north (in Europe, this region lies approximately
between Rome and Amsterdam). These light-intensity data
are derived using the computer programme SOLAR [6].
On the basis of the photolytic lifetimes calculated, the
abiotic environmental lifetimes (ELT) of the compounds
can be estimated by multiplication of the obtained values
with a corrective factor (F = 1155), which is derived from
outdoor experiments [6]. The photolytic lifetimes as well as
the resulting ELTs are given in Table 3. With the ELT, it is
possible to develop a ranking list regarding the abiotic
stability of the azo dye metabolites. p-Chloroaniline (4), the
most persistent substance in this compound class, has indeed been found in rivers near textile plants in higher concentrations than other azo dye metabolites [7].
2,4-Toluenediamine (5) and 4,4’-diaminodiphenylmethane
(3) are also rather stable under these conditions.
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TABLE 2
Quantum yields (ΦS) of the azo dye metabolites in dependence on the pH value and on the partial pressure of oxygen at pH 7 (T = 22 °C);
irradiation with a HPK 125 Philips lamp and either a quartz filter (λ >230 nm) or a pyrex filter (λ >290 nm);

Φ s (λ >290 nm)

Compound
0

hs

Φ s (λ > 230 nm)

Φ s (λ > 230 nm); hs

s

0

hs

s

pH ≅ 3,0

pH ≅ 7,0 pH ≅ 11,0

1

3.5 × 10-4 1.9 × 10-2

7.0 × 10-1

n.d.

1.7 × 10-2

8.2 × 10-1

n.d.

8.2 × 10-1

8.0 × 10-1

2

2.7 × 10-4 1.8 × 10-2

5.5 × 10-1

n.d.

1.3 × 10-2

5.4 × 10-1

n.d.

5.4 × 10-1

5.5 × 10-1

3

n.d.

4.9 × 10-3

2.0 × 10-2

n.d.

4.9 × 10-3

2.0 × 10-2

n.d.

2.0 × 10-2

2.0 × 10-2

4

n.d.

2.0 × 10-4

2.0 × 10-4

n.d.

2.1 × 10-4

2.2 × 10-4

n.d.

2.2 × 10-4

2.0 × 10-4

5

n.d.

2.7 × 10-3

2.7 × 10-3

n.d.

2.7 × 10-3

2.5 × 10-3

n.d.

2.5 × 10-3

2.7 × 10-3

6

n.d.

2.2 × 10-3

2.3 × 10-3

n.d.

2.2 × 10-3

3.4 × 10-3

n.d.

3.4 ×10 -3

3.3 × 10-3

7

n.d.

5.0 × 10-3

3.0 × 10-2

n.d.

5.3 × 10-2

3.0 × 10-2

n.d.

3.0 × 10-3

3.0 × 10-2

2.2 × 10-4 1.0 × 10-2

4.5 × 10-1

n.d.

0.9 × 10-2

4.8 × 10-1

n.d.

4.8 × 10-1

4.5 × 10-1

8

0 = degassed and saturated with argon;
hs = degassed and stirred for ½ h under normal conditions;
s = degassed and saturated with oxygen

TABLE 3
Rate constants (K/s–1) and half-life times (t½) of the azo dye metabolites in water under UV-light (irradiation with a
HPK 125 Philips lamp and either a quartz filter (λ >230 nm) or a pyrex filter (λ >290 nm);
pH 7, solution degassed and stirred for ½ h under normal conditions; irradiation time 17 h) and abiotic stability ranking list;

Compound

λ > 230 nm

λ > 290 nm

t (min)

ELT

Ranking

(days)
K [s-1]

t1/2 [min]

K [s-1]

t1/2 [min]

o-Aminotoluene (1)

7.7 × 10-4

15.1

5.2 × 10-3

132.7

265.4

212.9

7

4,4´-Thiodianiline (2)

8.2 × 10-4

14.1

2.7 × 10-3

255.5

511.0

409.9

4

4,4´Diaminodiphenyl-methane (3) 2.2 × 10-4

52.1

2.0 × 10-3

345.0

690.0

553.4

3

p-Chloraniline (4)

7.2 × 10-5

160.0

5.1 × 10-4

1352.9

2706.0

2170.4

1

2,4-Toluylenediamine (5)

1.43 × 10-4

80.4

1.4 × 10-3

492.8

985.6

790.5

2

p-Kresidine (6)

1.2 ×10-4

95.8

4.7 × 10-3

146.8

293.6

235.5

5

2,4-Diaminoanisole (7)

2.3 × 10-4

50.0

5.1 × 10-3

136.0

272.0

218.1

6

2-Naphthylamine (8)

3.5 × 10-4

33.0

8.0 × 10-3

86.2

172.4

137.9

8

t = photolytical lifetimes;
ELT = abiotic environmental lifetimes
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TABLE 4
Trapping agents used for the irradiation with wavelengths above 290 nm

Trapping agent

Oxygen
species

D2O solvent

1

O2

9,10-Dimethylanthracene

1

O2

2,5-Dimethylfurane

1

Terpinolene

conc. (mol/l)

Expected comp.

Ref.

––

8

2.5-7.5 × 10–5

Endoperoxide

9

O2

2.5-7.5 × 10–5

Ozonide

10

1

O2

1.0-5.0 × 10–4

Hydroxylated product

11

α- Terpinene

1

O2

1.0-5.0 × 10–4

Ascaridole

12

Limonene

1

O2

1.0-5.0 × 10–4

Products

13

Imidazole + N,N-dimethyl-p-nitrosoaniline

1

O2

Allylthiourea

1

O2

N3–

1

O2

1.0 × 10–2 + 5.0 × 10–5 Transannular peroxide
1.0-5.0 × 10–3

Iminoaminosulfonic acid

14
15

1.0 × 10–4 –1.0 × 10–2 ––

16

1.0 × 10–3 –1.0 × 10–4 NO2–

17

Hydroxylamine

O2– •

Peroxide dismutase

O2– •

traces

O2– •

18

Tetrazolium salts

O2– •

2.0-3.0 × 10–1

O2– •

19

Riboflavin

O2– •

1.0 × 10–2

––

20

Acetaldehyde

21

•

Ethanol

1.0-8.0 × 10–3

OH

5.0 × 10–4 -2.0 × 10–2

Acetone

21

OH

1.0-2.0 × 10–3

Ethylene

22

OH

3.0 × 10–3

OH adduct

23

OOH

excess

•

2-Propanol

•

Methional

•

N,N-Dimethyl-p-nitrosoaniline

Cumene

OH

•

251

Phenol, Acetophenone,
Hydroxycumene

24
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Characterization of possible reactive oxygen species
during the photolysis:

To decide whether active oxygen species were induced by
excited azo dye metabolites, o-aminoazotoluene (1) was
used as a model substance because of its complex
photooxidation pathway. To characterize the possible role
of oxygen species during the irradiation, typical trapping
reactions (Table 4) were performed. The three following
points were of interest:
-

-

whether o-aminoazotoluene can be excited under
tropospheric conditions
whether excited o-aminoazotoluene can transfer it’s
energy to ground state oxygen
what kind of oxygen derivative can be formed by this
energy transfer.

During the irradiation of o-aminoazotoluene (1) in water in the presence of 9,10-dimethylanthracene at wavelenth
above 290 nm, no endoperoxides could be detected [9].
If dimethylfurane was used as trapping agent for 1O2 [10],
the ozonide was formed in very small concentrations along
with other trace products. However, the ozonide was also
formed in the absence of o-aminoazotoluene (1). In contrast
to α-terpinene and limonene [12, 13], which in the presence of 1O2 yielded different conversion products in fingerprint analysis, e. g. ascaridole, terpinolene, a strong
1
O2-quencher [11], did not react under these conditions.
Analysis of the products in comparison to those of
Rose Bengal showed that o-aminoazotoluene has no effect
on these reactions. Experiments with imidazole in combination with N,N-dimethyl-p-nitrosoaniline, which in the
presence of 1O2 normally lead to the production of transannular peroxides and should influence the absorption band
of N,N-dimethyl-p-nitrosoaniline at 440 nm [14], could not
be carried out because of the photolability of N,N-dimethylp-nitrosoaniline. If thiourea or allylthiourea [15] was used as
trapping agents for 1O2, the anticipated aminosulfonic acids
could not be detected. An attempt to quench the reaction
with N3– ions [16] also produced no effect in this case. The
relative degradation rate of o-aminoazotoluene was not
altered under these conditions. If the reaction was carried
out in D2O, which is known to increase the lifespan of
singlet oxygen [8], the degradation rate was also not
changed. These studies confirm that the participation of
singlet oxygen in the photoinduced conversion of o-aminoazotoluene can be excluded.
A possible production of OH radicals was tested by
addition of ethanol, which is oxidized by •OH to acetaldehyde, and 2-propanol, which is transformed into acetone [21]. Both substances were stable under the reaction
conditions. Addition of N,N-dimethyl-p-nitrosoaniline
[23] could not be executed because of its photolability.
These negative results excluded the presence of •OH
in the reaction solution. To investigate the possible participation of the superoxide anion during the

photolysis of o-aminoazotoluene in aqueous systems, hydroxylamine was added [17], but the expected NO2– could not
be detected. Peroxide dismutase [18] and tetrazolium salts
[19] are unsuitable as trapping agents under these experimental conditions because they themselves absorb above 290 nm
and are photochemically unstable. Support for the absence of
O2– • under normal irradiation conditions was obtained from
studies with riboflavin, which in the presence of EDTA or
methionine gives O2– •; addition of riboflavin significantly
increased the degradation rate of o-aminoazotoluene. This
shows that o-aminoazotoluene can react with O2– •.
Assuming that it can produce O2– • by sensitization in the
presence of EDTA or methionine in analogy to riboflavin,
the tranformation of o-aminoazotoluene (1) should be accelerated by addition of these substances. However, both compounds had no measurable effect on the degradation of the
metabolite. Thus, o-aminoazotoluene cannot generate O2– •
even in the presence of EDTA or methionine. Nevertheless,
the experiments indicated that o-aminoazotoluene (1) can
take the role of methionine or EDTA during the photolysis of
riboflavin and contribute to the generation of O2–
If o-aminoazotoluene (1) can react with ground state
oxygen (3O2) to form peroxides from the excited state, it
should react with cumene to give hydroxycumene and
acetophenone in analogy to humic substances in natural
waters. Indeed, after irradiation of o-aminoazotoluene (1)
in the presence of cumene the expected products could
unambiguously be identified. The structures of the products are given in Figure 2. Also, addition of an excess of
quinone totally blocked the oxidation of this metabolite.

Conversion pathways and identification of the products:

The structure elucidation of the degradation products of the
azo dye metabolites was executed only with the help of
mass spectroscopy and by comparison to standards. The
postulated pathways are only putative. The given yields of
the individual compounds are not validated.
Key product after photolysis of o-aminoazotoluene (1)
was 1a (Figure 3), which probably was formed indirectly
via •OOH radicals. These can be formed by energy transfer
from the excited o-aminoazotoluene to ground state oxygen
in the presence of water. The formation of 1a can also be
explained by an attack of •OH radicals. Therefore, two
additional experiments were executed with cumene and
quinone, respectively, as scavenger to decide whether •OH
really contributes to the degradation of o-aminoazotoluene
(1). In the presence of cumene, no significant difference of
rate constants was found, but phenol could be identified in
the solution. These results were confirmed by the total
blocking of the oxidation by quinone in concentrations of
10–3 M. Consequently, it can be assumed, that •OOH is
responsible for the allyloxidation of the methyl group in the
o-position of the ring system.

252

© by PSP Volume 10 – No 3. 2001

Fresenius Enviromental Bulletin

FIGURE 2
Irradiation of o-aminoazotoluene (1) in the presence of cumene; λ > 290 nm
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FIGURE 3
Possible degradation pathway of o-aminoazotoluene (1)
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Possible degradation pathway of 4,4’-thiodianiline (2)
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The second step of the photodegradation was the
cleavage of the (=N–C)-bond which directly led to
o-aminobenzylalcohol (1b). This substance could be identified in only very small amounts. Probably, it is a semilabile intermediate and reacts with a high rate to the corresponding o-aminobenzaldehyd (1c).
The photooxidation of 4,4’-thiodianiline (2) (Figure 4) led
to the sulfoxide 2a which was the main photolysis product.
The oxidated derivative (2b) was found in only negligable
amounts. It can be assumed that excited 4,4-thiodianiline
reacts directly with ground state oxygen and forms the
sulfoxide 2a. Whether peroxide or hydroxy radicals take
part in this reaction remained uncertain; in experiments
with H218O, no intake of 18O into the endproduct could be
detected by mass spectrometry
After irradiation of 4,4'-diaminodiphenylmethane (3) in
aqueous solution in the presence of oxygen, two oxidation
products, 4,4’-diaminobenzophenone (3a) and 4,4’-diaminobenzidine (3b), (Figure 5) were detected by HRGC-MS.
Comparison to standards was not possible because no authentic reference substances were available. It can be assumed that the first step of the reaction, which led to
4,4’-diaminobenzophenone (3a), is controlled by the triplet
excited state of 6,which reacts with ground state oxygen.
The resulting ketone looses its carbonyl group in a chelotropic cleavage and directly forms benzidine (3b). This
reaction has been studied very intensively because of the
interesting, unusual mechanism, especially the conversion
of 3a to 3b. For this reason, 4,4'-diaminobnzophenone was
separately irradiated in bidestilled water saturated with O2.
Under these conditions, the reaction to 3b was nearly
blocked. Additional experiments in the absence of oxygen
showed that the reaction of 4,4-diaminobenzophenone was
not controlled by the partial pressure of oxygen. Instead, it
could easily be accelerated by the presence of typical triplet
sensitizers, such as acetone (triplet energy 79.0 kcal/mol) or
phenanthrene (triplet energy 62.2 kcal/mol), but not by
benzil (triplet energy 58.0 kcal/mol) or diacetyl (triplet
energy 55.5 kcal/mol), if the substance was irradiated in an
organic solvent, for instance acetonitrile. The reaction
could also be quenched with trans-1,3-pentadiene (triplet
energy 66.6 kcal/mol). The uniformity of the photochemical reactions was checked by difference (ED) diagrams
[25]. The rate constant kT of the triplet rearrangement,
which can be derived from the Stern-Vollmer plot using
trans-1,3-pentadiene for a quencher, was approximately
0.7 × 10–7 s–1. These results confirm that the transformation
of 3a to 3b is completely controlled by the triplet state.
The triplet energy of the reaction lies between 62.2 (phenanthrene) and 79.0 (acetone) kcal/mol.
After irradiation of 2-naphthylamine (8), four degradation products could be found (Figure 6). During the first
step of the reaction, two ring-hydroxylated products, 8a
and 8b, were formed in a ratio of 3:1. Both products were
further photooxidized to 1,6-dihydroxynaphthylamine (8c).
Furthermore, a dimerization reaction took place leading to

a dihydrophenazine derivative (8d) by elimination of two
molecules of water. This product is normally stable under
irradiation with wavelengths above 290 nm. In the case of
4,4-diaminodiphenylmethane (3), p-chloroaniline (4),
2,4-diaminotoluene (5), p-kresidine (6), and 2,4-diaminoanisol (7), no degradation product could be detected by
HRGC-MS under the experimental conditions used here.
Probably, they are too polar to be analyzed by HRGC-MS.
In conclusion, these results illustrate that oxidation by
ground state oxygen plays a significant role during the
indirect photolysis of the azo dye metabolites. The stability
of these substances against oxygen directly depends on
their structure. Components with easily oxidable functional
groups, such as –S–, Aryl-CH3, or the dien-structure, for
example 4,4’-thiodianiline (2), can rather easily be degraded because of the comparatively reactive sulfide bridge
located between the aromatic rings. o-Aminoazotoluene (1)
and p-kresidine (6) with their reactive CH3-group are also
relatively easily oxidized. The same is valid for
2-naphthylamine (8) being a quasi dien. In contrast to these
four compounds, p-chloroaniline (4) and 2,4-diaminoanisole (5) are very inert against oxygen. The reason for
this is the lack of reactive functional groups. The only
exception is 4,4’-diaminodiphenylmethane (3) with its
double aryl-CH2-group which should be far more reactive
against oxidation than has been found in these tests. Probably, this compound occurs in a resonance form in aquatic
systems at natural pH values. This assumption is supported
by the good solubility of this substance.
For extrapolation of these results to environmental systems, significant restrictions have to be made. Although it
is possible with the test systems used for these experiments
to determine reaction rate constants and half-life times in
aqueous solution under variation of different parameters,
several factors remain which are not so easy to control.
Natural waters as well as waste water contain numerous
substances which can influence the hydrolysis reaction.
Catalysis by salts or photosensitizers, binding to humic
substances or other suspended materials, or accumulation
and by this retention in organisms are only some of the
possibilities which should be considered. Distribution between the phases in natural systems can be calculated even
with extended simulation programs only for a limited set of
data and should be transferred to environmental conditions
with great care. The situation is especially difficult with
systems with constant exchange of water, such as rivers,
because the input and output of the varying contents cannot
easily be allowed for. Adsorption to suspended material
together with sedimentation is also governed more by turbulences in running water than in water systems with limited water movement and, therefore, difficult to calculate.
Nevertheless, former correlation studies [5, 6, 26] have
shown that extrapolations are possible at least sometimes
and, as long as conditions are not extreme, can even give
good agreement between data measured in limited, seminatural systems and data calculated from laboratory experiments under standard test conditions.
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FIGURE 5
Possible degradation pathway of 4,4'-diaminobenzophenone (3)
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Possible degradation pathway of 2-Naphthylamine (8)
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INTRODUCTION

SUMMARY
Predenitrification is commonly regarded as one of the
most efficient activated sludge systems in terms of organic
carbon utilization and nutrient removal balance. This paper
outlines comparative evaluation of predenitrification with
alternating activated sludge system for total nitrogen removal. Performance evaluation is made on the basis of
model simulation using AQUASIM computer program and
the general characterization of Istanbul sewage. The alternating system is observed to provide a higher nutrient removal efficiency at the same volume and sludge age
through appropriate manipulation of control parameters.

KEYWORDS:
Alternating activated sludge, AQUASIM,
nitrogen removal, predenitrification, model simulation

Nitrogen removal from wastewaters has a vital importance for the protection of waterbodies from eutrophication. In 1991, a new wastewater directive was promulgated for building up a unified basis of nutrient pollution
control in Europe [1]. Single activated sludge systems
such as predenitrification, alternating system, step-feeding,
sequencing batch reactor (SBR), Bardenpho are commonly
applied treatment alternatives for meeting these nutrient
discharge standards.
Predenitrification system involving an anoxic tank
prior to aerobic reactor with an internal recycle is a widely
applicable continuous treatment alternative for nitrogen
removal [2]. It is more carbon efficient than the others, as it
requires no additional carbon source for the conversion of
nitrate nitrogen in the anoxic zone. But the rate of nitrogen
removal is closely related to the recycle ratio provided in
the system. Nowadays, alternating activated sludge systems
are becoming more and more popular because of their
simple operation without any internal recycle.
In addition to the aerated fraction, AF, this activated
sludge alternative involves another control parameter
mainly the cycle time ratio, CTR, presumably of equivalent
function as the internal recycle ratio. The flow diagrams are
schematized in Figure 1.
The purpose of this study is to compare the nitrogen
removal efficiencies of predenitrification and alternating
activated sludge systems for Istanbul wastewaters based on
model simulation using AQUASIM computer program [3].
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FIGURE 1
Schematic diagram of the treatment system configurations

T Anoxic

CONCEPTUAL APPROACH FOR SIMULATION
The nitrogen efficiency of an activated sludge system
basically depends upon the total sludge age, θX, together
with other relevant parameters of the treatment system
configuration. For a predenitrification flow scheme, the
ratio of the anoxic to the total volume, VD/V and the total
recycle ratio, RT, are the significant parameters; the latter
is composed of the sludge recycle ratio, RS, a fixed value
for the selected design and an additional internal recycle
ratio, RI, basically variable control parameter. Nitrogen
removal may be increased by selection of higher VD/V
and RI levels up to certain maximum limits on the basis of
practical and economical constraints.
An appropriate aerobic sludge age, θXA, was selected
for the simulation to sustain nitrification in the system. The
upper limits are conventionally set as 4 for RI and 0.5 for
VD/V [4], [5]. It should be noted that changing VD/V ratio
for a selected θx imposes a similar change on the aerobic
sludge age. The tested values for these parameters were set
as 15 d for θX, 1 for RS (Q= QS= 1 m3/d) and the 0.8 m3 for
total reactor volume. This simulation was carried out for a
unit flow rate Q=1m3/d. The sludge age, θX, sludge recycle
rate, RS and the total volume of the reactor were kept constant for the predenitrification and alternating system.

Simulations of predenitrification system were performed with different VD/V below the value of 0.5 by
changing the internal recycle flow in the range of 1 to 4.
The alternating activated sludge system involves aerated
fraction, AF, and cycle time ratio, CTR, as control parameters. The aerated fraction is the ratio of aerated time to the
total hydraulic retention time and in this sense, it is compatible with the VD/V in predenitrification system.
The cycle time ratio is specifically defined for this
scheme and reflects the ratio of the total cycle time to the
hydraulic retention time [6]. In this simulation the AF was
selected in the range of 0.3-0.7, around 0.5 as proposed in
the literature [7], [8]. The optimum cycle time ratio was
investigated in the range of 0.05–0.7 covering the narrow
range of 0.01 - 0.07 values suggested by [9].
The endogenous decay model proposed by Orhon
and Artan [10] was introduced to AQUASIM computer
program developed by Swiss Federal Institute for
Environmental Science and Technology (EAWAG).
Average characteristics of Istanbul wastewater were
introduced into the program. The wastewater
characteristics and kinetic and stoichiometric constants
of Istanbul sewage are listed in Table 1 and 2.
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TABLE 1
Kinetic and stoichiometric constants of Istanbul wastewater [11]

Average
Value

Parameter
Maximum heterotrophic growth rate (1/day)

4.5

Maximum autotrophic growth rate (1/day)

0.38

Half saturation constant (mg COD/l)

6

Endogenous decay rate for heterotrophs (1/day)

0.2

Endogenous decay rate for autotrophs (1/day)

0.05

Heterotrophic yield coefficient (g cell COD/g COD)

0.67

Autotrophic yield coefficient (g cell COD/g COD)

0.24

Maximum hydrolysis rate for rapidly hydrolizable COD (1/day)

3.1

Maximum hydrolysis rate for slowly hydrolizable COD (1/day)

1.2

Hydrolysis half saturation constant for rapidly hydrolizable COD (g COD/g COD)

0.2

Hydrolysis half saturation constant for slowly hydrolizable COD (g COD/g COD)

0.5

Soluble inert fraction of endogenous biomass

0.1

Particulate inert fraction of endogenous biomass

0.2

Anoxic correction factor for growth

0.58

Anoxic correction factor for hydrolysis

0.9

TABLE 2 - Characterization of Istanbul wastewater [12]

Average Value
[mg/l]

Parameter
COD total
soluble
biodegredable
readily biodegredable
rapidly hydrolizable
slowly hydrolizable
TKN
TP
SS
VSS
Alkalinity

585
180
500
55
95
350
60
9.3
350
260
350
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EVALUATION OF THE RESULTS
FIGURE 3
The effect of CTR on TN profile for alternating system

The simulation results for the predenitrification system are displayed in Figure 2. As shown in this figure, the
effluent quality was observed to be improved by increasing VD/V ratios for a given internal recycle ratio, except
for the simulation carried out with a VD/V ratio of 0.2.
One of the assumptions to explain the performance of the
system with a low VD/V ratio may be the increased carry
over of dissolved oxygen into the anoxic zone negatively
affecting the denitrification capacity and resulting in the
increase of NO3-N concentration.

FIGURE 2
TN profile for the predenitrification system

As shown in Figure 3, an optimum CTR value of 0.2
was observed for the selected AF value. This observation
is confirmed in Figure 4, where the process simulation
carried out at a constant CTR value of 0.2 identifies the
same AF value of 0.5 as the optimum operation set-up
yielding the lowest effluent TN concentration. This result
is also confirmed in Figure 3 displaying the TN profiles
for both AF=0.5 and AF=0.6.
The simulation also indicates that an improvement
in the effluent quality in terms of TN concentration may
be achieved in the alternating system as compared to the
conventional predenitrification configuration flow
scheme. This is evidenced by comparing the optimum
effluent TN levels of 9 mg/l obtained by means of predenitrification, with 5 mg/l characterizing the optimized
operation of the alternating activated sludge system.
FIGURE 4
The effect of AF on TN profile for alternating system

The results show that there is always an optimum
VD/V ratio for a given set of system parameters (in this
case VD/V=0.4), above which the smaller aerobic
sludge ages limit the nitrification potential and lead to
the increased effluent NH3 -N concentration and, therefore, the effluent total N concentration. The simulation
results for the predenitrification system also indicate
that compliance with the EEC directives of
10 mg/l may be secured by a VD/V value of 0.4 and RI
value of 4. The second part of the simulation relates to
alternating activated sludge system as shown in Figure
3. For this purpose the aerated fraction was first set as
0.6, a level compatible with the optimum anoxic volume fraction of the predenitrification system. The
CTRs were changed in the range of 0.05-0.7 to obtain
the lowest total N level.
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INTRODUCTION

SUMMARY
In this study, chemical treatability of septage was investigated. The septage, taken from the equalization tank
of an existing septage treatment plant, was coagulated by
different chemicals such as alum, alum plus polyelectrolite (PE) and lime plus PE in varying dosages. After coagulation-flocculation and sedimentation TSS, COD and
total phosphorus (TP) parameters of the liquid phase were
measured. Capillay suction time (CST) was measured as
an indication of the dewaterability of the sludge generated
from coagulation. The best results were obtained by alum
plus PE and the optimum dosages for alum and PE were
found to be 200 mg/l and 2 mg/l, respectively. The COD
and TSS removal efficiencies were satisfactory and the
phosphorus concentration of the liquid phase was appropriate for the nutrient balance required by activated sludge
microorganisms. Dewaterability of sludge was also at
satisfactory levels. These results imply that dewaterability
of sludge could be considered as an additional parameter
for the determination of optimum coagulants.

KEYWORDS:
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Raw septage that accumulates in a septic tank or
similar treatment facilities; is a highly putrescible material
that may contain high levels of grit, grease and debris.
Frequently, the stabilization of septage prior to discharge
into the environment is necessary in order to minimize the
potential for disease transmission, vector attraction and
odor emission. The objectives of the treatment of septage
are the dewatering and/or stabilization of septic sludge in
order to minimize the potential for odor and vector attraction and to meet the discharge requirements for disposal
in sewer networks or surface water for the liquid phase of
the septage.
Around Istanbul, many small villages that are built in
the catchment areas of drinking water resources employ
septic tanks for sewage disposal. Currently, the septage
(night soil) from septic tanks has been dumped at different disposal sites in an unplanned manner. The appropriate handling and disposal of that is very important for
Istanbul, since the disposal areas are very sensitive to
pollution. In the past, Istanbul Water and Sewerage Administration (ISKI) constructed two treatment plants for
septage. One of them was located on the Asian side and
the other on the European side. The treatment plants were
based on grit removal and batch activated sludge process
and both with a capacity of 1000 m3/day. The quantities
of suspended solids (SS) and biochemical oxygen demand
(BOD) overloaded the biological reactor and as a result
the treatment plants began to experience a poor effluent
quality. Therefore, upgrading of the existing plant was
needed to meet the discharge standards. Residues of the
septage from the treatment facilities could be disposed at
a sanitary landfill. In this case, the requirement of Turkey’s “Solid Waste Control Regulation” is that the water
content of the sludge should not exceed 75% in order to
be accepted at sanitary landfill sites [1]. The liquid phase
of the septage should meet the requirements of “National
Water Pollution Control Regulation” [2].
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MATERIALS AND METHODS
The regulation requirements for discharge to surface
water are BOD5=45 mg/l, chemical oxygen demand
(COD) =110 mg/l and TSS =45 mg/l.
A project was initiated to upgrade the existing septage treatment plants. After several meetings and discussions, it was concluded that a pretreatment unit before
biological treatment was necessary in order to reduce the
TSS and settleable BOD5 to acceptable levels. About 80%
of TSS, 70% of BOD5 and 90% of total phosphorus (TP)
could be removed with chemical treatment processes [3].
The use of chemicals provides a stable and efficient
treatment preventing the effects of diurnal variations in
wastewater loading [4]. Chemical processes could increase the capacity of treatment plant for higher flow
rates, and thus, the required plant area could be smaller
[5].
The traditional approach for determining the optimum
chemical type and dosage requires an analysis of the quality of the clear phase in terms of turbidity, TSS, COD, etc.
after coagulation, flocculation and sedimentation. But it
should be noted that the resulting residue, defined as
chemical sludge, requires further treatment for proper
disposal. Generally, one of the thickening processes following dewatering or direct dewatering operations can be
applied to chemical sludges. Proper dosage and type of
the conditioning chemicals strongly depends on the dewaterability of the original sludge. Hence, dewaterability
of sludge originating from coagulation-flocculation might
be considered as an additional factor in the selection of
chemical type and dosage.
In this study, the influent of a septage treatment plant
located in Istanbul was investigated to determine an appropriate method for pretreatment.

The domestic septage used in the study was obtained
from the equalization tank of an existing septage treatment facility in Istanbul and stored at 4 °C until use. The
septage treatment system consists of an equalization tank
with volume of 100 m3, a batch activated sludge reactor
with volume of 214 m3 and sludge drying beds. The characteristics of the septage are seen in Table 1.
The coagulants used in the chemical treatability studies were alum, alum+polyelectrolite (PE) and lime+PE.
Alum [Al2(SO4)3⋅18H2O] was of extra pure grade and
used in the experiment in varying dosages of 100 to
600 mg/l, lime [Ca(OH)2] was of analytical grade and
both were obtained from Merck. The Zeta G-57, commercial grade cationic PE with medium charge and medium
molecular weight was used as a coagulant aid. The standard jar test apparatus was used in the experiments. All of
the experiments were carried out at the room temperature,
20±2°C, with a sample volume of 500 ml. pH was adjusted to 6.5 for alum using NaOH and H2SO4 and pH
values of around 10 were achieved for lime experiments,
in which these pH values are optimum for the given coagulants [6, 7]. After the addition of chemicals, the samples underwent rapid mixing for 2 minutes at 100 rpm for
alum and alum+PE, while 10 minutes at 100 rpm for
lime+PE. Following the rapid mixing, the samples were
slowly mixed for 30 minutes at 50 rpm. After the completion of coagulation-flocculation, the samples were allowed to settle for 60 minutes.
The COD, TSS and TP parameters of supernatant
were determined after settling for 1 hour. All measurements were performed according to the Standard Methods
[8]. As an indication of dewaterability of resulting sludge,
capillary suction time (CST), an easy and widely accepted
parameter [9-14], was measured by the Triton-W.P.R.L.
type 92/1 capillary suction apparatus.

TABLE 1 - Septage characteristics

pH

TSS
mg/l

VSS
mg/l

COD
mg/l

BOD5
mg/l

TKN
mg/l

NH3-N
mg/l

TP
mg/l

7.4

2320

1470

4650

2450

520

390

46
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FIGURE 1 - Changes in TSS, COD and TP with varying alum dosages
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FIGURE 2 - Changes in COD and TP with varying PE dosages
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FIGURE 3 - Changes in CST with coagulant types and dosages
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RESULTS AND DISCUSSION
Physicochemical Treatment Studies:

Dewaterability of Sludge:

The reductions in TSS, COD and TP are shown in Figure 1.
As can be seen from this figure, it is possible to reduce TSS
concentration up to 30 mg/l by using an alum dosage of 600
mg/l. This alum dosage may be considered high; the TSS
concentration could be reduced to 50 mg/l by a reasonable
alum dosage of 200 mg/l. In fact, a sharp decrease in TSS
concentration is observed for alum dosage of up to 200 mg/l,
while the TSS concentration decreases gradually after this
point. The same tendency can be seen for COD. COD concentration decreased to 940 mg/l from 4650 mg/l for an alum
dosage of 200 mg/l. It could be concluded that the optimum
alum dosage is 200 mg/l when considering the TSS and
CODconcentration in the clear phase of the septage. On
the other hand, phosphorus removal efficiency increases with
increasing alum dosages up to 600 mg/l. The TP concentration of the clear phase dropped to 32 and 15 mg/l for 200 and
600 mg/l of alum dosages, respectively, while original concentration was 46 mg/l.

In order to investigate the effects of chemical type and dosage on the sludge dewaterability, CST of the sludge was
measured for each case. In sewage sludge suspension four
different types of water can be distinguished according to
their physical boarding to the sludge particles. These are: 1)
free water, 2) interstitial water, 3) surface water and 4) intracellular water. The CST method can be used as a measurement to remove the free water of sludge by filtration. The
results of dewaterability studies are presented in Figure 3.
CST of the original sludge without any chemical addition
was 880 seconds; CST was lowered to 650 seconds for 100
mg/l of alum and 317 seconds for 800 mg/l of alum, which
still was far from being suitable for mechanical dewatering.

In order to further removal of COD and phosphorus, PE
in varying dosages, between 2 and 12 mg/l, was added to
samples containing 200 mg/l of alum. All of the physical and
chemical conditions were the same as when only alum was
used. As can be seen from Figure 2, COD concentration was
reduced to 625 mg/l for a PE dosage of 2 mg/l and to 510 mg/l
for a 12 mg/l PE dosage. Additional COD removal efficiencies
of 35 % and 45 % were obtained for PE dosages of 2 mg/l and
12 mg/l, respectively. TP concentration was reduced drastically to 15 mg/l from 32 mg/l for a 2 mg/l PE dosage. In this
case, additional TP removal was increased to 53 %.
In the case of increasing PE dosages, TP removal efficiency showed slight improvement, with additional removal
of 61 %. The aim of this study, however, was not to remove
phosphorus, as phosphorus concentration after coagulation is
important for the nutrient balance in biological treatment. It
has been seen that phosphorus concentration after coagulation is though high enough for biological treatment.
When using alum and PE together as coagulants, the
effluent COD was 625 mg/l for dosages of 200 mg/l of
alum and 2 mg/l of PE. The same COD concentration was
obtained for 500 mg/l alum dosages when only alum was
used. Similarly, in the case of alum plus PE, optimum TP
concentration was 15 mg/l for 200 mg/l alum and 2 mg/l
PE, whereas the same TP concentration was reached for
550 mg/l, in the case of only alum.
As an alternative, lime and PE were used as coagulants. In order to obtain similar treatment efficiencies as for
alum plus PE, the required dosages of the chemicals were
1000 mg/l of lime Ca(OH)2 and 40 mg/l of PE. In this case,
supernatant concentration of COD, TSS and TP were
680 mg/l, 95 mg/l and 16 mg/l, respectively.

The dewaterability of chemical sludge cannot be adequate
without conditioning, in which only alum is used as a coagulant (Figure 3). When alum and PE were used together as
coagulants, the dewaterability of chemical sludge was better
than that of alum sludge. The CST was as low as 23 seconds
for 200 mg/l of alum and 40 mg/l of PE, which exhibits good
dewaterability. It can be seen from Figure 3b that the dewaterability of sludge improves with increasing PE dosages.
But rate of increase is not high enough after the 20 mg/l dosage of PE. Addition of PE into the sludge causes the superflocculation, hence free water of sludge can easily be filtered.
This can be seen in Figure3b even at a dosage of lower than
5 mg/l of PE. Increasing of PE dosage (>20 mg/l) would not
change the value of CST significantly. In fact, measurement
method of CST facilitated to obtain these experimental results
[11]. The amount of free water was fixed after a certain dosage
of PE. Were the method modified to correct these errors, it
could be seen that the CST values increase after the optimum
PE dosage. The excess doses of PE cause an increase of filtration resistance [12]. Therefore, 20 mg/l of PE dosage can be
considered as the optimum value.
When lime was used as coagulant, the dewaterability
of sludge was not affected by a dosage of PE up to
12 mg/l, but for between 12 and 20 mg/l of PE a sharp
decrease in CST was observed (Figure 3c). The CST
values for 1000 mg/l of lime plus 20 mg/l and 40 mg/l of
PE dosages were 51 seconds and 28 seconds, respectively.
A comparable CST was obtained for alum plus 20 mg/l of
PE and for lime plus 20 mg/l of PE.
Another sludge conditioning study was carried out using settled raw septage sludge. In order to obtain a certain
amount of settled sludge, septage was allowed to settle for
2 weeks at room temperature. The same PE, as used in
coagulation studies, was used as conditioner. The results of
this study are given in Figure 4. It can be seen from this
figure that, after the dosage of 1.2 mg-PE/g dry weight
(DW), small decreases of CST values were observed and
that 4.7 g-PE/kg dry weight (DW) was required to obtain
well-conditioned sludge. In this case, CST of the conditioned sludge was 25 seconds.
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CONCLUSIONS
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INTRODUCTION

SUMMARY
Natural and modified (by means of heating and/or
treating with NaOH, NaCl, HCl, CH3COONa) zeolite has
been tested in a batch process for its ability to remove Ni2+
from wastewater. The role of some of process parameters
on removal effectiveness has been investigated for unmodified zeolite. Wastewater to zeolite ratio of 100:1 has been
found as the optimum. Use of zeolite with finer particles
increases its uptake ability. Best results have been obtained
at pH=5-6 of water to be treated. Presence of Ca2+ and
Mg2+ in the wastewater (in relatively high concentrations)
decreases the uptake of Ni2+. The uptake process obeys the
kinetic equation for the first order irreversible reactions.
Initially the process of Ni2+ uptake is relatively fast - overall rate constants k=3.81x10-3 and k=4.16x10-3 min-1 have
been determined for the first 30 min for solutions containing 10 and 50 mg/dm3 of Ni2+, respectively. Concentrations
of 1-2 mg/dm3 can be reached for less than half an hour, at
an initial Ni 2+ concentration of 10-15 mg/dm3. The uptake
equilibrium is best described by the Langmuir adsorption
isotherm. The apparent equilibrium constant found, as well
as the values of Langmuir constants show moderate to low
affinity of natural zeolite to Ni2+. Zeolite modification with
CH3COONa and NaCl increases (by 25-30 %) its ability to
remove Ni2+ from wastewater and decreases mobilization
of Ni2+ caused by contact of loaded zeolite with acidified
water (pH=2.5). Contacting with 2 mol/dm3 of NaCl solution can easily regenerate loaded natural and modified
zeolite. Investigations made have shown that natural and
modified zeolites can be used for treating wastewater released by mines, metallurgical enterprises processing Nibearing material or resulting from Ni-plating process, as
well as for additional conditioning of liquid wastes from
Ni-Cd batteries recycling.

KEYWORDS:
Nickel, wastewater, zeolite

Nickel is known as hazardous pollutant with general
toxicity causing skin allergies and asthma. Cancer of the lung
and nasal sinus is the most serious consequence from long
term exposure [16]. Mining, mineral processing and metallurgical enterprises dealing with Ni-bearing ores and concentrates, stainless producing metallurgy, Ni-plating activities
and enterprises producing and recycling Ni-Cd batteries are
the main sources of air, water and soil pollution with nickel.
Precipitation [10] reverse osmosis [3] and adsorption on
activated carbon [21] are methods most often used to remove
Ni2+ from wastewater. These methods are relatively expensive. Use of cheap, abundantly available material, such as
zeolite, to remove Ni2+ from wastewater represents an interesting alternative. Zeolites are an attractive native material
for removing heavy metal ions from industrial and processing effluent water because of the following advantages: low
cost, stability and abrasion resistance, low swelling capacity,
their exchangeable ions are relatively harmless Na+, Ca2+ and
K+ ions, no secondary pollution can be caused during zeolites preparation and use, and relatively easy regeneration.
Natural zeolites from different countries have been investigated for their selectivity with respect to hazardous
heavy metal ions including Ni2+ [14, 15, 22]. Although zeolites affinity with respect to Ni2+ is not very high (compared
to the other heavy metal ions), zeolites have been applied to
remove Ni2+ from wastewater from metallurgy [1, 14, 19];
electroplating plants [9], and for recovery of metals from
hydrometallurgical solutions [5]. An increase in zeolites
uptake ability achieved by their modification has been reported for heavy metal ions different from Ni2+ [7, 13].
The aim of the present work was to investigate:
(a) ability of Bulgarian natural zeolite to remove Ni2+
from wastewater, (b) influence of some process parameters, of Ca2+ and Mg2+ presence in the wastewater on the
uptake, and (c) influence of zeolite modification on its
uptake ability with respect to Ni2+. Also, it was aimed to
determine equations describing (a) kinetics of Ni2+ uptake, and (b) equilibrium sorption of Ni2+. Dependencies
obtained could be used to predict removal of Ni2+ from
wastewater by use of zeolite and would contribute to the
implementation of zeolite technology.
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MATERIALS AND METHODS
Natural Bulgarian zeolite - clinoptilolite was used.
Its chemical composition was the following, in mass %:
SiO2, 68.70; Fe2O3, 2.28; TiO, 0.15; Al2O3, 11.83;
CaO, 2.66; MgO, 0.76; MnO, 0.04; Na2O, 1.60; K2O, 4.01;
P2O3, 0.14; SO3, 0.225; ignition loss, 7.62; total, 100.02.
Cation-exchange capacity of clinoptilolite, determined as
described by other authors [11] was 134.30 meq/100 g.
Natural zeolite was modified by heating and by placing it
in contact (at ratio solution to mass of zeolite = 1dm3:100 g)
with some chemicals (with or without heating) as it is shown
in Table 1.

For the first order reversible reactions:

Solutions containing Ni2+ in concentrations of 50 and
10 mg/dm3 were prepared by dissolving corresponding
quantities of Ni(NO3)2 in distilled water. Solutions of
Ca(NO3)2 and Mg(NO3)2 prepared with distilled water were
added to Ni(NO3)2 solutions in order to obtain the corresponding ratio of Ca2+ and Mg2+ to Ni2+. Concentrations of
metal ions were determined with an ICP-AES analysis.
Composition of zeolites was determined by means of classical silicate analysis. Solutions pH value was measured
with a Metrohm E 588 pH-mV-meter. Experiments were
conducted batchwise: 1.0 g of zeolite contacting with solutions was shaken with an ESZTERGOM (Hungary) shaker
(20 strokes/min, throw of 6 cm). Experiments were conducted at room temperature. Desorption experiments were
made in order to check how strongly Ni2+ ions were immobilized by zeolite. One gram of loaded natural and modified
zeolite that showed the highest uptake was placed in contact for 6 hrs with 0.1 dm3 of (a) distilled water acidified to
pH=2.5 by HNO3 addition, and (b) 2 mol/dm3 NaCl solution. Each experimental result was obtained by averaging
the data from two parallel experiments.

For the second order irreversible reactions:
(Co - Cτ) / (Co. Cτ) = k . τ

Influence of any of process parameters on the effectiveness was investigated by calculating Ni2+ uptake by
zeolite at changing the investigated parameter and keeping other parameters constant.
Uptake efficiency was calculated using the equation:
Uptake, % = [(Co-Ceq) /Co] . 100

(1)

where Co is the initial and Ceq is the equilibrium concentration of pollutant, mg/dm3.
Kinetic equations for the first order reversible [2] and
first and second order irreversible reactions [20] are the
equations most often used to describe the removal of heavy
metal ions from polluted water by use of natural material. It
has been stated that ion exchange adsorption is the main
mechanism of heavy metal ions uptake by zeolite [15]. That
is why the kinetic equation describing adsorption [12] was
also considered. Data fitting to equations mentioned above
was tested in the usual way [8], i.e. processing the data in
suitable manner and checking whether they obey one of the
following straight lines found after mathematical transformations of the corresponding kinetic equations:

ln [1-(Co-Cτ)/(Co-Ceq)] = - k’. τ

(2)

where: Cτ - concentration of Ni at any time τ, k’ – overall rate constant, Co and Ceq – as described above.
2+

For the first order irreversible reactions:
ln (Co/ Cτ) = k . τ

(3)

(4)

where k denotes the reaction rate constant in (3) and (4)
and Co, Cτ and τ are as described above.
For adsorption:
ln (dw / dτ) = ln a - α . w

(5)

where: w – amount of substance adsorbed for time τ, a
and α - constants depending on the adsorbent / adsorbate
system and on the temperature.
Rate constants were determined in the classical way [8].
Uptake data found were processed for fitting to different
adsorption isotherms, as described by other authors [18].
RESULTS AND DISCUSSION
It has been found that modification by treating with
NaOH causes zeolite desilication, a decrease in Si/Al
ratio, and an increase in the relative quantity of Na+, Mg2+
and Ca2+ in the zeolite. Treatment with NaCl and
CH3COONa causes an increase in Na+ and a decrease in
Ca2+ relative amounts in zeolite, leading to an increase in
the ratios Na+/K+ and Mg2+/Ca2+. Treatment with HCl
increases to some extent Si/Al ratio and also increases the
relative amount of K+ in zeolite, so decreasing Na+/K+ ratio.
Heating of zeolite does not cause changes in concentrations
of metal ions naturally present in the zeolite.
Solution to zeolite mass ratio of 100:1 was found to
be the optimum one by means of experiments made under
the following conditions: concentration of solutions,
10 and 50 mg/dm3 Ni2+; solutions’ pH value of 5; contact
time, 5 hours; zeolite particles size, 0.09 – 0.325 mm;
solution to zeolite ratios (v:m), 20:1, 50:1, 100:1, 200:1.
Kinetics of Ni2+ uptake by natural zeolite (at
v:m=100:1, pH = 5, and particles size of 0.09 – 0.325 mm)
is presented in Figure 1. Concentrations in the range of
1 – 2 mg/dm3 can be reached at an initial Ni2+ concentration
of 10 - 15 mg/dm3. These values are near to the maximum
permissible concentrations for Ni2+ in industrial wastewater
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that can be emptied in rivers (Bulgarian Standard, 1986).
Significant correlation has been found between the amounts
of Na+ and K+ released into the solution and the quantity of
immobilized Ni2+. This fact points out the important role of
ion exchange in the uptake.
The uptake process is very fast in the beginning as it
can be seen from the figure. Actually, the significant
removal of Ni2+ was in the first 30 - 60 min. Then, up to
the fifth hour a slight increase in the uptake of Ni2+ was
observed only at the higher Ni2+ concentration. Probably,
during the first hour more easily accessible zeolite cations
are being exchanged. It is likely that exchangeable ions
situated deeper in zeolite channels are being exchanged in
the following hours.

To investigate the influence of zeolite particles size on Ni2+
removal, tests were made under the following conditions:
solutions concentration - 10 and 50 mg/dm3 Ni2+;
solutions pH value of 5; contact time – 10 min;
v:m ratio = 100 : 1.
Results obtained are presented in Table 2.
Use of zeolite with finer particles leads to an increase in Ni2+
uptake both at higher and lower nickel concentration. Most
probably, this is due to the higher number of sites available
for exchange. Application of zeolite with more coarse particles considerably decreases Ni2+ removal.
The influence of solution pH value on Ni2+ uptake was
investigated under the following conditions:
solutions concentration - 10 and 50 mg/dm3 Ni2+;
contact time – 10 min; v:m ratio = 100 : 1;
zeolite particles size: 0.09-0.325 mm;
pH value of solutions to be treated
(referred to as pHini.): 3.0, 5.0, 7.0, 9.3, and 10.8.
The results obtained are presented in Table 3.

FIGURE 1
Kinetics of Ni2+ uptake by natural zeolite:
(a) 10 mg/dm3 Ni2+, (b) 50 mg/dm3 Ni2+

Having in mind the results shown in the table, it can be
stated that higher Ni2+ removal due to zeolites’ uptake
(most probably by ions exchange adsorption) can be
observed at pH = 5-6.
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constant all other parameters of the process. Concentrations of Mg2+ and Ca2+ used are in the range of concentrations of these metal ions in the natural Bulgarian water.
Results obtained are presented in Table 4.
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It has been found that the process of Ni2+ uptake is
best described by the kinetic equation for the first order
reversible reactions. For solutions containing 10 mg/dm3
Ni2+, correlation coefficients, r=0.984 and r=0.891, were
found correspondingly for the first 30 min until a steady
state has been reached, and for the whole investigated
time interval. For solutions containing 50 mg/dm3 Ni2+,
correlation coefficients, r=0.880 and r=0.856, were
found correspondingly for the first 30 min, and for the
whole investigated time interval. Overall rate constants
determined for the first 30 min were k=3.81x10-3 and
k=4.16x10-3 min-1 for solutions containing 10 and
50 mg/dm3 of Ni2+ , respectively.

As it can be seen from the table, Ca2+ and Mg2+ significantly interfere with the uptake of Ni2+. The decrease in
Ni2+ uptake could be explained by competing ion exchange leading to a decrease in sites of zeolite available to
Ni2+ ions. This statement is confirmed by results from the
analyses made, that showed a decrease in Mg2+ and Ca2+
concentrations in the solution and an increase in the solid
zeolite phase in amounts equivalent to the decreased
amount of immobilized Ni2+. Ouki and Kavannagh [15]
also observed diminution in heavy metal ions uptake by
zeolite in presence of Ca2+. Serious interference of K+,
Ca2+ and Mg2+ with the ion exchange of heavy metals has
been mentioned [5].
The influence of zeolite modification on the Ni2+ uptake was
investigated under the following experimental conditions:
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solutions containing 50 mg/dm3 Ni2+;
v:m ratio = 100:1; pHini.=5.0; contact time, 10 min;
zeolite particles size, 0.09-0.325 mm.
Results obtained are presented in Table 5.
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TABLE 1 - Conditions for zeolite modification

Type of modification

Temperature (K)

Modifying solution

Contact time (h)

A

378

-

2

B

503

-

C

373

D

168

2 mol/dm NaOH
3

295

F

24

3

2 mol/dm NaOH

295

E

24
3

2 mol/dm CH3COOH

373

168

3

24

3

2 mol/dm NaCl

G

295

2 mol/dm NaCl

168

H

373

2 mol/dm3 HCl

24

I

3

295

2 mol/dm HCl

168

TABLE 2 - Influence of zeolite particles size on Ni2+ removal

Zeolite particles
size (mm)
<0.09
0.09-0.325
0.325-0.400

Removal at an initial concentration of
10 mg/dm3 Ni2+
82.87 %
74.57 %
31.30 %

Removal at an initial concentration of
50 mg/dm3 Ni2+
40.41 %
35.40 %
13.82 %

TABLE 3 - Influence of pH value of wastewater on Ni2+ removal

Removal at an initial concentration of
10 mg/dm3 Ni2+
41.45 %
74.57 %
66.29 %
61.53 %

pH
3
5
7
8

Removal at an initial concentration of
50 mg/dm3 Ni2+
18.62 %
35.40 %
34.42 %
32.37 %

TABLE 4 - Influence of presence of Ca2+ and Mg2+ in wastewater on Ni2+ removal

Ratio
CMg2+/CNi2+ =1:1
CCa2+/CNi2+ =2:1
CCa2+/CNi2+ =5:1
No Ca2+ or Mg2+
addition

Removal at an initial concentration of
10 mg/dm3 Ni2+
47.28 %
53.89 %
37.72 %
74.57 %

Removal at an initial concentration of
50 mg/dm3 Ni2+
18.59 %
21.02 %
13.84 %
35.40 %

TABLE 5 - Influence of zeolite modification on Ni2+ removal

Modification 1

None

A

B

C

D

E

F

G

Ni2+uptake(%)

35.40

33.92

30.94

51.81

52.54

53.45

19.24

12.86

1

as described in Table 1
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H
36.22

I
36.05
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As it can be seen from the table, zeolite treatment with
HCl decreases the efficiency of Ni2+ uptake. It has been
shown [11] that cation exchange capacity of zeolites is reduced by the presence of K+ and that the smaller is Si/Al
ratio the greater is the ion-exchange capacity. Treatment with
HCl increased relative K+ amount in the sample, and also
increased Si/Al ratio to some extent. Consequently, lower
uptake capacity can be expected. Higher Ni2+ removal observed for zeolites treated with NaOH could be assigned to
the influence of the decreased Si/Al ratio. Modification with
NaCl or CH3COONa leads to an increase in Ni2+ uptake
capacity with about 25-30 %, probably due to the raised
relative concentration of more easily exchangeable Na+ as a
result of the modification. Analyses made showed that Na+
ions were the predominately exchanged ions for the modified
zeolite. Good correlation has been found (r= 0.954) between
the amounts of immobilized Ni2+ and Na+ released in the
solution by Na+-modified zeolite.
The isotherm for Ni2+ uptake by zeolite (at pHini.=5,
contact time of 360 min, v:m=100:1 and particles size
0.09-0.325 mm) is presented in Figure 2.

2+

Amount of adsorbed Ni , mg/g

FIGURE 2
Adsorption isotherm of Ni 2+

The apparent equilibrium constant Ka, that may be calculated as the product of the Langmuir equation parameters
KL and M, can be assumed as relative indicator for zeolite
affinity to Ni2+ [17]. In our case Ka=0.210. Figures obtained
for KL, M and Ka are in the range of values found for heavy
metals’ adsorption on natural materials, such as soil [18]
and natural and activated bentonite [17] and show medium
to low affinity of zeolite to Ni2+.
Placing values found for M and KL in Langmuir
equation, a predictive expression describing Ni2+ sorption
by zeolite could be obtained:
x/m = (9.181x10-2 x2.289x C)/(1 + 9.181 x10-2 x C) (7)

Zeolites’ cation selectivity in ion exchange reactions is
determined by the type of zeolite, distance between anionic
sites, cationic radii and cationic hydration energy of ions to
be removed [15]. Relatively low ionic radius (ri=0.69 Å) and
high enthalpy of hydration (∆H=-2105 kJ/mol) of Ni2+ [6]
compared to the other heavy metal ions (for example, Pb2+
with ri=1.21 Å and ∆H=-1481 kJ/mol, Cd2+ with
ri= 1.03 Å and ∆H=-1807 kJ/mol) could explain its relatively low uptake by zeolite.
Desorption experiments showed that Ni2+ were more
strongly immobilized by zeolite modified with NaCl and
CH3COONa compared to natural zeolite. Contacting with
solution containing 2 mol/dm3 of NaCl easily regenerated
loaded natural and modified zeolite.

2,5

CONCLUSION

2
1,5
1
0,5
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0

100

200

300

400

Equilibrium concentration, mg/dm

500
3

Processing the data obtained and fitting to adsorption
isotherms showed that the equilibrium is best described
by the traditional linear Langmuir isotherm (coefficient of
correlation r=0.999) presented in the form:
C / (x / m) = 1 / (KL . M) + C / M

(6)

where: KL and M, Langmuir constants; x, concentration
of the solute adsorbed; m, mass of the adsorbent; and C,
equilibrium concentration of the solute.
Values obtained for Langmuir constants are correspondingly KL=9.181x10-2 dm3/mg and M=2.289 mg/g. The
constant M is generally accepted as the adsorption maximum of the adsorbent with respect to the specific solute,
and KL is related to the energy of adsorption [18].
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1. Natural Bulgarian zeolite – clinoptilolite could be
used to remove Ni2+ (present in relatively low concentrations) from soft slightly acidic to neutral
wastewater. Concentrations of 1-2 mg/dm3 can be
reached at contact time less than half an hour at an
initial concentration of 10-15 mg/dm3 Ni2+ in water
to be treated. Presence of Mg2+ and Ca2+ in the
wastewater significantly decreases the uptake of
Ni2+. Use of zeolite with finer particles increases its
uptake ability. Zeolite modification with NaCl and
CH3COONa increases its uptake ability and decreases Ni2+ mobilization by acidified water. Contacting with 2 mol/dm3 of NaCl solution can easily
regenerate loaded natural and modified zeolite.
2. The process of Ni2+ uptake by natural zeolite obeys
the kinetic equation describing the first order reversible reactions. It could be stated that the ion exchange adsorption is the main mechanism of Ni2+
uptake by zeolite on the basis of correlation found
between the uptake of Ni2+ and amounts of Na+ and
K+ released into solution by zeolite. The uptake
equilibrium is best described by the traditional
Langmuir isotherm. The apparent equilibrium constant and values of Langmuir constants found show
moderate to low affinity of natural zeolite to Ni2+.
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LAND-BASED SOURCES OF COPPER
ALONG THE TURKISH COAST OF THE BLACK SEA
Mustafa Ünsal
Çanakkale Onsekiz Mart University, Faculty of Fisheries, Çanakkale/TURKEY

SUMMARY

MATERIALS AND METHODS

The land-based sources of copper have been studied
along the Turkish Black Sea coast. Total copper concentrations were determined in surface sediments and mussels collected from 29 stations in the western and eastern
parts of the southern Black Sea between 1992 and 1996.
The results strongly suggest that the copper pollution
is of terrigenous origin and that the mines and refineries
are its main sources in the Black Sea.

KEYWORDS: Metal, Concentration, Mussel, Sediment, Station

INTRODUCTION
The Black Sea borders several cities and countries. It
is an important area for fishing and aquaculture. It receives an enormous quantity of pollutant-containing
sedimentary material from the northern, western and
southern regions fed by some big rivers and several
creeks. Untreated domestic and industrial wastewaters
from the heavily populated and industrialized cities also
enter the sea directly through the sewerage outlets.
Sediments are reservoirs for all kinds of pollutants including heavy metals. They are, therefore, available as a
medium for the long term monitoring of many contaminants in aquatic environments and have been the subject
of several investigations (1-4).
Mussels have been used as indicator organisms for
monitoring trace metal pollution because of their ability to
filter large quantities of water and so accumulate large
amounts of pollutant from the environment (5-10). The
mussel, Mytilus galloprovincialis, chosen for this study is
abundant along the shore of the Black Sea (11).
The aim of this study is to determine, therefore, the
sources of copper along the Black Sea coast of Turkey.

Surface sediment samples were collected in 1992 and
1995 from the south-western and in 1993 and 1996 from
the south-eastern Black Sea coast of Turkey using an
Ekman grab sampler. A total of 29 stations (10 contaminated sites and 2 reference sites in the west and 14 and
3 in the east, respectively) were visited (Fig. 1A, B).
Mussels were collected from the same stations as the
surface sediments. Unfortunately, mussels were not available at some of sampling stations. Before analyses, sediment samples were wet sieved through a plastic sieve
with a 100 µm screen and only the fraction <100 µm was
taken for analysis. The soft parts of the mussels were used
for analyses. At least three individuals taken from each
station were pooled to obtain a composite sample.
Determination of total copper in sediments and mussels
was carried out by a GBC flameless Atomic Absorption
Spectrophotometer (Model 902) according to the methods
described by UNEP/FAO/ IAEA/IOC (12).

RESULTS AND DISCUSSION
South Western Black Sea

Spatial distributions of total copper concentrations in
surface sediments from the south-western Black Sea are
shown in Fig. 2. The values represented in this figure are
the averages of all sampling periods at each station. With
few exceptions yearly variations in metal abundance were
not so significant, while variations among the stations were
more considerable. The extremely high levels of copper
obtained for 1992 (216.69 ppm) and 1996 (445.15 ppm) in
sediments from St.9 in Inebolu reflect the local pollution
(Fig.2). This station was the most polluted of the western
Black Sea and had the highest contamination factor (CF) in
1992 and 1995 (Table 1). The copper pollution at St.9 resulted mainly from two sources: copper-bearing materials
from a copper mine in this area (in Küre) are carried by
Zarbana Creek and by torrent waters.
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The effect of mining activity on the metal content of
sediment was pointed out also by some investigators (13).
On the other hand, copper ore, which is being loaded from
Inebolu harbour, is the other source of the high Cu concentrations in this region. The St.9 was followed by St.1
in Igneada (Fig. 2) with a value of 36.67 ppm, which
reflects probably the influence of Danube River.

Copper-containing particulate matters originated from
Danube and Sakarya rivers, both have a large catchment
area, are transported by these Rim Currents and settled
down by anticyclonic eddies. Copper concentrations in
mussel as a function of locations are shown in Fig. 3 for the
years 1992 and 1995. With the exception of St.9 located in
Inebolu, average concentrations appear to have declined
from 1992 to 1995.

The concentrations of heavy metals in sediments depend not only on pollution inputs but also on other factors
(14). Of these factors, the circulation is may be the most
important in the western Black Sea. The currents flowing
towards eastern direction parallel to the coast, called as
Rim Current, form many cyclonic and anticyclonic eddies
on their way (15,16).

A correlation could be expected between Cu concentration in sediment and in mussels. All the results showed
well the existence of copper pollution and its reflection in
mussels as a monitoring organism. The concentrations are
at the same levels as those reported for the polluted areas
in the N.W. Mediterranean (in Marseille), for the Romanian coast and the Bosphorus entrance (17-19).

FIGURE 1A
Sampling stations in the south-western Black Sea (R : reference stations)

FIGURE 1B
Sampling stations in the south-eastern Black Sea (R : reference stations)

274

© by PSP Volume 10 – No 3. 2001

Fresenius Enviromental Bulletin

TABLE 1
Contamination factors (CF) for the surface sediments from the eastern and western Black Sea

Western
Black Sea
1992

Stations

4.92

1
2

-2.23

3
4

Eastern
Black Sea

--

1995

Stations

1993

11

0.007

--

1.71

12

0.37

--

2.16

13

1.88

14

13.9

--

1996

--

1.13
1.84

5

2.51

2.45

15

11.69

6

2.86

2.13

16

12.61

7

2.63

2.85

17

4.27

1.88

18

44.71

59.67

19

13.93

--

0.94

20

14.98

--

21

11.09

--

22

29.03

--

23

174.6

--

24

388.61

8

-29.05

9
10

--

-1.51
-5.09

208.68

South Eastern Black Sea

The distribution of total copper concentrations in surface sediments of the south-eastern Black Sea is represented in Fig. 4. The values shown at each station in this
figure are the average of all sampling periods. As it is
seen from this figure, considerable variations among
copper concentrations were observed at different stations.

Several creeks together with three big rivers Kizilirmak,
Yesilirmak and Çoruh and their tributaries have been
observed to drain formerly and/or actually productive
mining areas and flow into the eastern Black Sea. The
total amount of Cu transported by these rivers and creeks
is more than 71000 kg/year (22).

The Cu concentrations obtained in 1993 showed
some anomalies with unexpectedly high values in samples
from Sts. 24, 23 and 18 (14767, 6634 and 1699 ppm,
respectively), which receive effluents from the copper
refineries. In a previous study, sediment samples taken
from the bottom of these effluents contained the highest
copper concentrations among the 14 stations sampled
(20). Sediments from the other stations contained also
very high Cu concentrations that were not observed in any
polluted area neither in the Mediterranean Sea nor in
other seas. The highest Cu concentrations were measured
in the eastern part of Black Sea (21). These high levels of
Cu derived probably from the activities of several copper
mines occurred in the eastern Black Sea region (Fig.5).

Average concentrations of copper and their spatial
variations in mussels from the south-eastern Black Sea are
shown in Fig. 6. The distribution of Cu in mussels is
quite dependent on the location of stations, the highest
concentrations (33.49 and 9.31 ppm in 1993 and 1996
respectively) being obtained in those from Hopa region
(St.24) as was the case in sediments (Fig. 4). The results
from St.24 are in agreement with the previous studies
(10). In earlier studies, any correlation could not be not
found between copper concentration in sediments, water
and in bivalve tissues (5, 6, 23, 24). However, mussels
from St.24 contained extremely high Cu associated with
very high concentrations in sediments. It was indicated
that molluscs are relatively poor regulators of metals and
used therefore as monitoring organisms (25).
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FIGURE 2
Copper concentration in sediments from sampling stations in the
south-western Black Sea (R: reference stations)

40

FIGURE 3
Copper concentration in mussels from sampling stations in the
south-western Black Sea (R: reference stations)
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FIGURE 6
Copper concentration in mussels from sampling stations in the
south-eastern Black Sea (R: reference stations)
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FIGURE 4
Copper concentration in sediments from sampling stations in the
south-eastern Black Sea (R: reference stations)
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FIGURE 5
Copper mines along the Turkish coast of the Black Sea (modified) (21)
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DIEL VARIATION OF NUTRIENTS AND CHLOROPHYLL
IN SEA BREAM AND SEA BASS CAGES
IN THE MEDITERRANEAN

I. Karakassis, M. Tsapakis, E. Hatziyanni and P. Pitta
Institute of Marine Biology of Crete, Heraklion, Greece

SUMMARY
The water column in a fish farm was sampled seven
times at three depth layers from 8:00 to 19:00 h to determine short term changes in water quality. NH4 ions were
the dominant form of dissolved inorganic Nitrogen (DIN)
at the surface layer and peaked at noon, showing an increase by a factor of 7 in comparison to the values recorded
at the beginning and the end of the sampling period. PO4
and SiO2 also increased during the day with maximal values at the surface. Chla showed little response to this
change in nutrient content except for the deep layer, which
showed a consistent increase. Our results support the idea
that monitoring of these variables should be properly designed to avoid bias due to diel variability.

KEYWORDS: Mediterranean; nutrients; chlorophyll; sea bream;
sea bass; cage farming

INTRODUCTION
The effect of fish farming on benthic ecosystems has
been demonstrated in several parts of the world in terms
of both sediment geochemistry (1-4) and benthic fauna
(5-10). However, there is limited published information
on the effects of fish farming on plankton. Most of it
concerns freshwater (11-13) or low salinity environments
(14), while a significant portion of relevant literature is
obscure and contained in reports of, or to, agencies, universities or international working groups with special
interests (15). In a review integrating such information
sources (16), it was concluded that in marine waters,

several studies have failed to establish a relationship between enhanced nutrient concentrations and phytoplankton growth. A response of plankton community to hypernutrification became evident only in the microtidal and
low-salinity marine environment of the Baltic (14) and,
particularly, in highly sheltered bays. In a study comparing natural to mariculture-induced variability in water
quality, it has been shown (17) that, even in microtidal areas,
mariculture could be a major source of variability for phosphate and ammonium ions but not for chlorophyll a (Chla) or
particulate organic carbon (POC).
Seasonal changes in environmental variables related
to aquaculture have been studied for marine sediments
(3, 4) and the water column (17). It is unlikely that
changes in sediment characteristics could be detected at
very short temporal scales (of days or hours). However,
for the water column, it is reasonable to assume that excretion of solute wastes, taking place within a few hours
after feeding (18), might induce significant changes in
water quality. Although such changes have been reported
for effluents of fish ponds (19, 20), there is little information on how these changes affect the cultivation medium
in fish cages, particularly at small time scales.
The present study addresses the impact of dissolved
wastes from sea bream and sea bass, farmed in sea cages.
The study focuses on short-term variability (in the scale
of hours), particularly in the Eastern Mediterranean,
where tidal range is negligible (<50 cm) and, therefore,
water transport of material may not be assisted through
standard water renewal processes. The aim of the study
was to assess the extreme concentrations that could be
attained within a day for different descriptors of water
quality and to investigate the response of the phytoplankton to these changes.
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RESULTS

MATERIALS AND METHODS
Cephalonia fish-farm (18-20 m depth) is situated in a
semi-enclosed bay, which is connected to the surrounding
marine area (the Eastern Ionian Sea) by a narrow opening
of 3 miles at the Southern part of the bay. The fish farm is
the oldest in Greece and produces more than 700 tons of
sea bream (Sparus aurata) and sea bass (Dicentrarchus
labrax) in sea cages every year. Data on the environmental impacts of fish farming in this area have been
reported for sediment geochemistry and macrofaunal
communities (4, 9, 10) and for water column effects (17).
A current-meter (AANDERAA CR-7) was deployed at
10 m water depth for a total period of one year and it was
found that the annual average current velocity in the farm
site was 3.5 cm sec-1 (P. Drakopoulos, Institute of Marine
Biology of Crete, unpublished data). During the particular
day when sampling for the present study was carried out,
the current velocity remained lower than the measuring
threshold of the AANDERAA CR-7 device (1.1 cm sec-1).
Vertical profiles of salinity and temperature were measured by means of a SEABIRD-19 CTD.
Samples were collected by means of 5 l Niskin
bottles at 1, 10 and 20 m water depth in the middle of a
fish farming unit (ten cages arranged in two rows), containing ca 140 tons of sea bream and sea bass. Sampling
started at 8:15 am (i.e. before any food was given to the
fish) and was repeated at 09:50, 11:30, 13:50, 17:00,
18:00 and 19:00. Samples for photosynthetic pigment
analyses were filtered through glass fibre filters
(Whatman GF/F). The filters were extracted in 90% acetone for 24 h and the fluorescence was measured by
means of a Turner fluorometer (21). The filtrate was kept
frozen at -20o C and analysed for phosphates, silicates,
nitrites and nitrates after Strickland and Parsons (22), and
for ammonium after Ivancic and Deggobis (23).

The water column was quite homogeneous in terms
of temperature and salinity. The difference between
maximal and minimal temperature was 0.5 oC and salinity
varied vertically by only 0.39 psu (Table 1).
Ammonium ions at the surface comprised only 15%
of the DIN during the beginning of the sampling and was
found to remain above 50% for most of the day, reaching
up to 90%. The concentration of NH4 peaked at noon
hours (12:00-14:00 h) at the surface layer (Fig. 1) reaching 7 µM, exceeding the early morning concentration by a
factor of seven. The signal of NH4 increase was less evident down the water column with the bottom layer showing an increase by a factor of less than 1.5 and the intermediate depth layer by a factor of three. The concentrations of nitrates and nitrites showed some fluctuations
during the day, with peaks during the first hours after the
feeding started and a second, less pronounced, peak after
the maximal ammonium concentration. The overall dissolved inorganic Nitrogen (DIN) followed the temporal
pattern shown by the NH4 concentration.
The temporal variation in phosphate concentration
(Fig. 1) was, in general, similar to that of the ammonium
ions, showing an increase during the noon hours (by a
factor of 2 at the surface water layer) and then a decrease
to the levels found before the beginning of the sampling
series. The fluctuation was again less conspicuous down
the water column.
Silicates were also found to increase during the day
showing an increase by a factor of 2 to 4 in the afternoon
for different water layers (Fig. 1) and then decreased to
minimal levels towards the end of the sampling period.
During the entire sampling period, the N:P molar ratio
(Fig. 1) remained above 27 with an overall average of 75.
The most conspicuous fluctuations of N:P ratio were
found in the deep layer, where PO4 was almost depleted
during the afternoon.
The concentration of chlorophyll a and phaeopigments
(Fig. 2) showed little change throughout the day with the
exception of the bottom layer, which showed a consistent
increase throughout the day resulting in approximately
double concentration values by late afternoon.

TABLE 1
Summary of results of the CTD profiles taken at the Cephalonia fish farm

Temperature (oC)

Salinity (psu)

min

18.54

38.746

max

19.07

39.133

average

18.87

39.026
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FIGURE 1
Diel variability in nutrient concentration and N:P ratio at different depth layers beneath fish cages
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FIGURE 2 - Diel variability of pigment concentration at different depth layers
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DISCUSSION
The diel patterns studied in the present paper are influenced by multiple factors such as feeding and excretory
rhythms of the fish stock, temperature fluctuations affecting
microbial processes in the water column and the sediment
and variation in light availability, which determines phytoplankton activity and nutrient uptake. The present study was
designed to address the overall effect of these factors on the
water column variables investigated. However, more detailed
studies are needed in order to obtain a quantitative estimate
of the contribution of each factor to the overall effect.
Our results showed that there is a large amount of nutrient loss to the environment in the form of solute release. The
high concentrations of ammonium determined are consistent
with other studies addressing the issue of nitrogen loss into
the environment. For trout farming in Sweden, it has been
calculated (24) that 48% of the nitrogen supplied through the
fish feed is directly released into the marine environment in
solute form and 12-20% is accumulated in the sediment. In
several other studies (25), the total nitrogen loss has been
estimated to be as high as 80%, dominated by ammonia and
urea from fish excreta.
The high concentrations of phosphate found in our samples during the peak (0.2 – 0.34 µM) exceeded by a factor of
4 to 7, the amounts typically found in undisturbed coastal
waters of the Eastern Mediterranean (17, 26, 27). This increase is consistent with the mass balance model for P in
cage farming (2) predicting that ca 28% of phosphorus is lost
in solute form in the marine environment plus the 2-4% from
sediment fluxes. If phosphorus is the limiting nutrient in the
Mediterranean as it has been suggested (28), it seems that the
soluble fraction of fish farming wastes does not induce local
imbalance by modifying the N:P ratio in favour of phosphorus. The results of this study showed that throughout the day,
N:P ratio was by far higher than the Redfield ratio (16:1) and
substantially higher than the ratios found in offshore Mediterranean marine ecosystems (29).
More than 99% of the silicon supplied through the fish
feed is lost into the environment (30) and it is also considered that the release of dissolved Si directly from fish to
water would be insignificant. Although the increased silicate concentrations found at the bottom water layer (and
the lower ones at the intermediate depth layer) may be
attributed to the high benthic fluxes below the farm (30), it
is difficult to explain the increase in silicate at the surface
water layer, which follows the NH4 peak. However, the
increase in silicate can be explained by the presence of
mussels on the floating structures as well as on the sea bed
below the cages since it is known (31) that bivalve beds
show a significant release of silicates.

Marine teleosts are predominantly ammoniotelic, and a
large number of studies on different marine species (32) have
shown that total ammonia-nitrogen comprises 70-90% of
nitrogen excretion. While NH4 makes up the bulk of nitrogenous waste of fish, it is in equilibrium with the highly toxic
NH3 (33), although in seawater high salinity and sodium
chloride have both been shown to decrease ammonia toxicity
(18). It has been suggested (34) that even ammonium may
have some toxic effect when present in high concentrations.
In this context, the build up of ammonium in the water column could impose risks for the farmed stock, particularly in
microtidal areas such as the Mediterranean. In such systems,
management could not take advantage of standard natural
processes of water renewal by, e.g., adjusting feeding time to
tidal exchange as suggested (32). The results presented here
indicate that even in sea cages, water quality could change
substantially during the day. This change is possible only
under extreme conditions i.e. very low velocity of water
currents in microtidal systems, and water quality becomes
even poorer due to the significant decrease in water circulation imposed by the cages (15).
The excretion of N and P wastes by farmed fish (and
particularly S. aurata and D. labrax) after the supply of fish
feed has been reported in papers dealing with ponds and
other land-based rearing facilities (19, 20, 32, 35). One of
those studies (35) involving time intervals similar to those
used in the present paper for determining postprandial ammonia excretion, reported maximal excretion at 5-6 hours
after feeding of the seabream and seabass stocks. The dynamics of phytoplankton in fish ponds (20) showing phytoplankton “bloom-and-crash” cycles is not comparable to the
conditions prevailing in cages. As can be inferred from other
studies in marine mesocosms (26, 36), “bloom-and-crash”
cycles are a typical consequence of water confinement even
with no nutrient addition, whereas in the sea and during the
same period, fluctuations of phytoplankton biomass are
much less pronounced and controlled by different processes.
Investigations of the effect on water quality variables
of different sources of variability such as seasonal, bathymetric, between areas and stochastic (i.e. among replicates)
have shown (17) that the effect of mariculture was never a
prime source of variability (with the exception of ammonium). In that paper, Chla and POC were not found to be
affected by fish farming wastes despite some peaks in ammonium and phosphate. This inconsistency between nutrient enrichment and lack of significant chlorophyll a increase may be attributed to limited utilisation of the excretory wastes due to rapid flushing, so that phytoplankton are
not present long enough to capitalise on the high production of nutrients (37). The results of the present study illustrate this hypothesis by demonstrating that even under very
low water current speed, the increase in nutrient concentration around cages is only transient.
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In the report on the requirements for monitoring of ecological effects of fish farming (38), it has been suggested that
monitoring of nutrients (particularly dissolved N and P) and
chlorophyll (as an indicator of phytoplankton biomass) may
provide medium to high interpretative value for fish farming
effects at relatively low cost. The results of the present paper
support the idea that monitoring of these variables should be
properly designed in order to avoid bias due to diel variability.
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DECOLORIZATION OF AZO DYE SOLUTIONS
PHOTOINDUCED BY FERRIC OXIDES
Feng Wu, Zongping Wang and Nansheng Deng
Department of Environmental Science and Engineering, Wuhan University, Wuhan, P. R. CHINA

SUMMARY
Decolorization of azo dye, Reactive red 2, in aqueous
solutions photoinduced by ferric oxides (α-FeOOH,
β-FeOOH and amorphous(am)-Fe(OH)3) was investigated
under irradiation with a 250W high pressure mercury
lamp with λ ≥ 313 nm. Obvious decolorization occurred
in the presence of these ferric oxides, especially amorphous-Fe(OH)3. Effects of pH, ferric oxide dosage and
initial dye concentration on photochemical decolorization
of the dye solutions were examined.

Whatever mechanism is predominant, photodegradation of organic compounds in the presence of ferric oxides
is affirmative.
We had conducted a series of studies on photochemical decolorization of azo dye solutions induced by different ferric species including Fe(III)-OH [5], Fe(III)-oxalate
[6], and Fe(III)-citrate [7]. As a part of the whole systematic study, this paper presents the primary observation on
the photoinduced decolorization of an azo dye, Reactive
red 2 in the aqueous solutions in the presence of ferric
oxides. This work will improve our understanding on the
photoactivities of different ferric species.

KEYWORDS: Decolorization, Irradiation, Dye, Ferric oxides
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INTRODUCTION
Since the later 70s, semiconductor photocatalytic
oxidation of organic compounds has been extensively
investigated. Besides the most popular photocatalyst
TiO2, many species of ferric oxides such as α-Fe2O3,
γ-Fe2O3, α-FeOOH, β-FeOOH and γ-FeOOH were used
for their special photochemical properties of oxidizing
organic compounds [1,2].
Cunningham et al. [3] presented evidence for the
photocatalytic formation of hydroxyl radicals in illuminated suspensions of α-FeOOH. Hydroxyl radicals can
oxidize many kinds of organic compounds. The photooxidation of organic compounds in an aerated iron oxide
suspension could be due to three mechanisms [4]:
(i) a ligand-to-metal charge transfer process resulting in
photoreduction of ferric oxides and oxidation of organic
compounds; (ii) photoproduction of e--h+ couple as in the
photocatalytic system containing TiO2; and (iii) the ŸOH
radicals resulting from the oxidation of surface -OH
groups: > Fe-OH + hν → Fe 2+ + ŸOH

NaO3S

C

N
N C
Cl

SO3Na

MATERIALS AND METHODS
A commercial textile azo dye, Reactive red 2
(Wenzhou Dyestuff Co. Ltd., P. R. China), was
used as received. FeSO4? 7H2OFeCl3? 6H2ONaOHHCl
and H2O2 used were all analytical grade and the water was
distilled.
Three ferric oxides, α-FeOOH, β-FeOOH and amFe(OH)3 were prepared respectively according to the
methods mentioned in references 8, 9, and 10. The products were used without further analysis. The colorcomparison-tubes (o.d.1.5 cm, length 11.5 cm) were used
as photochemical reaction cells. Each cell contained
10 mL dye solution. Different ferric oxides were added
into the dye solutions. Irradiation of these solutions under
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near-UV light was performed with a high pressure mercury lamp (λ ≥ 313 nm, 250W) in a rotating photochemical reactor [7]. The light and the cells were kept parallel at
a fixed distance of 7 cm. During the irradiation, an air
pump (Shanben-X6500, Shanghai, China) was used to
aerate the dye solutions. At different time intervals, a tube
of dye solution was sampled and centrifugated for two
minutes at 4000 rpm with a centrifuge LD5-2A (Beijing,
China). The absorbance of the top solution was measured
at λmax 540 nm of the dye with spectrophotometer UV120-02(Shimadzu). The pH was measured using a pHS-4
digital pH-meter. Measurements were made in triplicate
in each experiment. The error for decolorization efficiency is less than 5%.

2. pH effects

Effects of pH value of dye solutions on the decolorization efficiency were examined at three pH values, 2.0,
3.0 and 4.0. Irradiation times for α-FeOOH, β-FeOOH
and am-Fe(OH)3 were 30, 30, and 4 minutes, respectively.
As shown in Figure 2, results indicated that photoinduced
decolorization efficiency decreased with pH value increasing. Ferric oxides are easier to dissolve at Low pH
value to release free ferric ions and form Fe(III)-OH
complexes, which undergo photolysis to produce hydroxyl radicals. These hydroxyl radicals might contribute
to decolorization of dye solutions [5]. Among the three
ferric oxides, am-Fe(OH)3 is the most dissolvable species
at low pH value, so the photoinduced decolorization efficiency was the highest in the presence of it.
FIGURE 2 - pH effect on decolorization efficiency

RESULTS AND DISCUSSION
Decolorization efficiency (%)

70
1. Effects of ferric oxides on the photochemical
decolorization of dye solutions

Since ferric oxides can adsorb dye molecules resulting from decolorization of the solution, we did a control
experiment to show the photoinduced decolorization by
ferric oxides under the condition of pH 2.0, initial dye
concentration 20 mg/L, and ferric oxides dosage 5 mg.
Reaction time for α-FeOOH, β-FeOOH and am-Fe(OH)3
were 30, 30, and 10 minutes, respectively. Results are
presented in Figure 1.
Photoinduced decolorization occurred in the presence
of three ferric oxides. Especially when am-Fe(OH)3 was
added, the decolorization efficiency reached 98% after
irradiation for only 10 minutes. In addition, the direct
photolytic decolorization of dye solutions without any
ferric oxides was examined, the decolorization efficiency
was 7% after 90 minutes irradiation.
FIGURE 1
Decolorization efficiency of dye solutions containing ferric oxides.
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3. Decolorization kinetics

Under the condition of pH 3.0 and initial dye concentration 20 mg/L, the photochemical decolorization of the dye
solutions containing α-FeOOH or β-FeOOH was pseudozero order reaction, while when containing am-Fe(OH)3, the
reaction was in agreement with the pseudo-first order law.
Kinetics analysis results are listed in Table 1, where r0 and r1
represent correlation coefficients calculated respectively
under pseudo zero and first order law; t represents reaction
time in unit of minute. When the sampling number is 6, the
critical correlation coefficient ra = 0.9741 (a= 0.001). Time
intervals for α-FeOOH and β-FeOOH were 6 minutes, and
for am-Fe(OH)3, 5 minutes.

60

TABLE 1
Decolorization kinetics analysis

40

Ferric oxides

20
0

2

α-FeOOH

β-FeOOH

am-Fe(OH)3

-r0

-r1

Reaction
order

Kinetics equation

α-FeOOH

0.9838 0.9640

Zero

C/C0= 0.976 - 0.015t

β-FeOOH

0.9910 0.9845

Zero

C/C0=1.0000 - 017t

am-Fe(OH)3

0.9873 0.9944

First

ln(C/C0)=0.018 –0.058t
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FIGURE 3
Initial dye concentration effect on decolorization efficiency
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BIOLOGICAL DEGRADATION OF WINERY WASTES
AND THE EFFECT OF AN OZONE PRETREATMENT
F. J. Benitez, J. Beltran-Heredia, F. Real and J. L. Acero
Departamento de Ingeniería Química y Energética. Universidad de Extremadura. Badajoz. SPAIN

SUMMARY
Wastewaters generated in the wine distillery are degraded in experiments by aerobic microorganisms in a
batch reactor, where the initial substrate and biomass
were varied. Final removal of organic matter measured as
COD around 90% was obtained, while the total phenolic
content was reduced in the range of 65-80%.
The application of the Contois model to the experimental
results provided values for qmax and Ks of 0.396 mg
subs/(mg VSSΑh) and 10.61 mg subs/mg VSS, respectively, as well as a cellular yield coefficient YX/S=0.537 g
biomass produced/g substrate consumed and a kinetic
constant for the death phase of kd=3.3x10-2 h-1. The effect
of an ozonation pretreatment on the latter aerobic degradation is also reported and discussed.
KEYWORDS: Winery wastewaters, aerobic degradation, organic
matter removal, ozone pretreatment

As little research has been reported with regard to the
application of purification technologies for the disposal of
wine distillery residues, the degradation of them has been
studied in the present work. The process is carried out, in
a first phase, by means of a single aerobic degradation;
and later in a second phase, by means of a combined
treatment, with an ozone pretreatment followed by an
aerobic degradation. In both cases, the objectives were to
obtain data on the removal of the pollutant organic matter,
represented by the reduction of the chemical oxygen demand and the total phenolic content. Furthermore, as the
design of equipments requires the knowledge of the kinetics of the processes which take place, the kinetic study of
the biological stages was conducted according to the
Contois model [5], with the aim to provide rate constants
useful for the design of bioreactors, where these aerobic
stages are carried out in the treatment plants.

INTRODUCTION

MATERIALS AND METHODS

Wine distilleries produce large volumes of wastewaters
(WDW) whose composition varies widely according to the
raw material distilled. But, in general, all of them have an
acidic pH and have a high organic content with chemical
oxygen demand (COD) in the range of 10-60 g/L [1]. Usually these effluents are disposed of into evaporation ponds
or eliminated through public channels, and caused a largescale environmental problem, to which little attention has
been paid by this industry until recently.

The original wastewaters were Αvinasses collected
from an industrial distillery plant located at the Extremadura Community (south-west of Spain). These effluents
were analysed according to the procedure described in the
Standard Methods [6]. The values obtained for the main
chemical characteristics and compositions were: pH, 3.55;
COD, 29 g/l; total phenolic compounds, 644 mg/l; total
solid concentration, 11.40 g/l; total volatile solids, 7.34 g/l
and the volatile suspended solids, 924 mg/l.

Biological waste treatment methods have been recognized as a viable way for the degradation of wastewaters
with high organic contaminant load coming from wine distilleries [2]. However, the presence of some substances,
specially phenolic compounds, which, in general, are toxic to
biological treatments [3], inhibit the efficiency of these processes. For these situations, some chemical pretreatments,
which remove phenolic compounds and facilitate later biological treatments, have been investigated. Among them,
ozonation has proved to be a promising technology, since
ozone has many of the oxidizing properties desirable for
wastewater treatments [4].

The aerobic degradation experiments were performed
in a completely mixed batch reactor with a constant temperature of 28°C. An air stream was introduced into the
reacting medium through a bubble gas sparger. Initially,
this biological reactor was inoculated with an activated
sludge taken from a municipal wastewater treatment plant,
after several previous experiments carried out for the acclimatization of this biomass. When the acclimatization
period was finished, the aerobic degradation experiments
were conducted by introducing into the reactor the amount
of biomass required to obtain the desired initial concentration and loading the adequate volumes of wastewater to
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attain the predesignated initial concentration of substrate to
be degraded in each experiment. These experiments lasted
around 5 days, and periodically samples were withdrawn
to analyse the substrate (expressed as mg of COD/l) and
biomass (expressed as mg of VSS/l) concentrations, as
well as the total content of phenolic compounds present in
the reacting mass.
On the other hand, the ozonation experiment of the
combined process was conducted in another glass batch
reactor provided with a cover containing inlets for bubbling
the gas fed and stirring, and outlets for sampling and venting.
This experiment was started when the impute ozone partial
pressure was adjusted to the desired value (4.8 kPa). The gas
flow rate and ozone reaction time were 40 l/h and 6 hours,
respectively. Then the ozone-oxygen stream was fed to the
ozonation reactor, and several samples were also taken periodically to analyse the COD concentration. When the experiment was finished, a volume of this ozonated wastewater
was loaded into the bioreactor, and an aerobic degradation
experiment was performed in the same way as described
previously, the final concentration of substrate from the
ozonation stage being the initial substrate concentration for
the biological stage.

RESULTS AND DISCUSSION
The wine distillery wastewaters were, firstly, degraded
by aerobic microorganisms in a group of experiments, where
the initial substrate concentration So was varied between
29800 and 9120 mg of COD/l, and the initial biomass Xo
ranged from 2800 to 520 mg of VSS/l. During the experiment, in addition to the concentration of substrate, the biomass X and the total phenolic compounds (TP) were determined. Figure 1 shows the substrate degradation curves for
the experiments performed by varying the initial substrate
concentration and keeping constant the initial biomass concentration (Xo=730 mg of VSS/l).
As an example, Table 1 summarizes the values obtained for these parameters in one of those experiments,
with similar trends being observed in the remaining runs.
Thus, in the case of the substrate degradation, it was observed that the COD decreased continuously through
bioreaction time. The final removal obtained was around
90% in all the experiments, which demonstrated the excellent efficiency of the aerobic process in the degradation
of the organic matter present in this type of wastes.

FIGURE 1
Evolution of the substrate concentration with reaction time in the aerobic treatment.
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TABLE 1
Single aerobic degradation experiment taken as example

t
(h)
0
14
24
38
48
72
86
120

COD
X
(mg subs/l) (mg VSS/l)
28600
21900
17100
15800
11900
5620
3890
2780

1900
4050
5760
6260
5560
5350
4690
3080

TP
(mg/l)

qΑ103
(mg subs/mgVSSΑh)

612
468
422
402
372
296
240
155

215.1
73.2
58.4
46.3
42.9
35.4
31.2
18.7
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dX/dt
(mg VSS/hΑl)
239.1
130.8
75.1
37.5
12.5
-32.9
-55.0
-77.2

µnΑ102
(h-1)
12.6
3.22
1.30
0.59
0.22
-0.61
-1.17
-2.51
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Regarding the biomass, as it is seen in the experiment
shown in Table 1, its evolution followed the typical
growth-cycle phases for batch cultivation [7]: after an
acclimatization period (lag phase), the population of microorganisms is well adjusted to its new environment.
Then the cells multiplied rapidly and an important increase in the biomass concentration was observed (exponential growth phase), until a maximum size of population was reached (the stationary phase). At the end, a
decline in the cell number took place (death phase of
microorganisms). This evolution could also be observed
in the rest of the experiments of this group. Finally, the
phenolic compound content (TP) also decreased continuously with time (see Table 1 ), and an important level for
the removal of this parameter was reached in all cases, in
the range of 65-80 %.
In the exponential growth phase, when the population
of microorganisms is perfectly adjusted to the environment, the rate of production of biomass and the rate of
substrate decomposition are related to the mass of cells
present . The descriptors µ and q have been used to the
specific growth rate of biomass and the specific substrate
decomposition rate, respectively [7]. Specifically, q is a
single parameter which characterizes the degradation
process. Among the expressions provided by the literature, which relate the specific rate, q, to the substrate
concentration, the Contois model [5] is the most suitable:

q = q max

S
Ks X + S

q = 0.396

S
10.61 X + S

Other kinetic parameters useful in the design of bioreactors are related to the biomass evolution during the whole
cycle for batch cultivations [9], like the cellular yield coefficient, YX/S, and the kinetic constant, kd, for the biomass decrease during the death phase of microorganisms. The first
one is defined as the ratio: g of biomass produced/g of substrate consumed, and by taking into account the definition of
µ and q, it can be written for the total growth rate, µt:

µt = YX / S q

(4)

However, this expression only holds for the exponential growth phase. For the whole growth cycle of microorganisms, the death phase must be also taken into account,
when the decline in the cell number takes place. As Bailey
and Ollis [7] pointed out, relatively few studies have been
made on this phase, because many industrial batch microbiological processes are terminated before the death phase
begins. Usually the death rate of the microorganisms’
population during this period is assumed to follow a first
order kinetics [7]:

-

dX
= kd X
dt

(5)

where kd is the previously mentioned kinetic constant for
the decrease rate of biomass in the death phase. Therefore, the global expression for the net specific growth rate
µn must be:

µ n = YX / S q - k d

(2)

According to this Eq. (2), a plot of 1/q vs X/S must
lead to a straight line for every experiment conducted,
whose intercept and slope will be 1/qmax and Ks/qmax ,
respectively. For this purpose, the specific rate, q, must be
previously evaluated for each time of bioreaction. For this
evaluation, the term dS/dt is calculated by fitting the experimental data (S,t) to a polynomic expression by leastsquare regression analysis, and dividing by the biomass
concentration X at any time. Followed this procedure,
Table 1 also shows the values calculated for q in the experiment selected as an example. Similar results were
obtained in other experiments. Once the specific rates
q are known, Eq. (2) can be used, as described above, for
all the experimental data obtained. After least square
regression analysis, the slope and intercept are determined, which lead to the following values: qmax = 0.396
mg subs/(mg VSSΑh) and Ks = 10.61 mg subs/mg VSS.

(3)

which correlates satisfactorily all the experimental results.

(1)

where qmax represents the maximum rate of substrate
decomposition and Ks is the Contois saturation constant.
In order to obtain these specific kinetic parameters for this
model, Eq. (1) can be linearized in the form [8]:

K X
1
1
=
+ s
q
q max S
q max

Therefore, Eq. (1) can be transformed into:

(6)

According to this Eq. (6), a plot of µn values versus q values in the experiments must lead to a straight line, whose
slope and intercept will be YX/S and kd, respectively. For
this purpose, the specific growth rate µn must also be calculated at any time of each experiment, in a similar way as
the specific substrate decomposition rate, q, was evaluated.
That is, the term dX/dt was determined by fitting the experimental data (X,t) to a polynomic expression by means
of a regression analysis; and later, this term was divided by
the biomass concentration X at any time. Table 1 also
shows the values obtained for both parameters in the experiment taken as an example: the decreasing values of
dX/dt and µn with reaction time during the exponential
growth phase, and their negative values during the death
phase can be clearly seen. A general plot of µn versus q
according to Eq. (6) is performed, and after least square
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regression analysis, a slope of 0.537 and an intercept of 0.033 are obtained. In conclusion, it is proposed, a value of
YX/S = 0.537 g of biomass produced by g of substrate consumed for the cellular yield coefficient, and a value of kd =
3.3x10-2 h-1 for the kinetic constant for the death phase of
microorganisms.
In a second phase, the degradation of these wine distillery wastewaters was performed by the combined process constituted by an ozone oxidation followed by an
aerobic degradation. In the ozonation stage, it was observed that the substrate concentration decreased continuously with reaction time, with a final value of 17.52 g of
COD/l. The phenolic compounds reduction was 60 % and
the ratio: consumed ozone/COD reduction, was 0.05 mol
ozone/g COD. With this effluent, the aerobic degradation
stage was conducted and the changes in concentrations
observed for substrate, biomass and total phenolic compounds during bioreaction time were quite similar to the
trends observed in the single aerobic degradation of the
unpretreated wastewaters. Thus, in this stage reductions
of 78 % and 62% for the substrate and the total phenolic
compounds are obtained.
Later, the kinetic study for this aerobic step of the combined process was also performed in a way similar to that
conducted in the single aerobic treatment, by applying the
Contois model to the experimental data. For this purpose, the
parameters dS/dt and q were also evaluated, and according to
Eq. (2), a plot of 1/q values against X/S was drawn. Figure 2
shows this plot, and by regression analysis, the slope and
intercept were determined which provide the following kinetic parameters: qmax = 1.138 mg subs/(mg VSSΑh) and
Ks = 65.91 mg subs/mg VSS. As can be seen, the value for
qmax is higher than that obtained in the single aerobic process
of the untreated wastewaters; that is, the main kinetic parameter for the substrate decomposition has increased with
the previous chemical ozonation.

It suggests that the ozonation pretreatment enhances the
later aerobic degradation probably due to different effects;
among others, the removal of an important amount of
phenolic compounds, which potentially inhibit the biological oxidation, and the break-up of long chain organics
into readily biodegradable short fractions must be considered.
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SUMMARY
The spectral behavior of fluorescent DOM was studied over the Po River-Adriatic Sea mixing gradient with
the aim of investigating the role played by the DOM
composition in metal distribution during estuarine mixing
process. The relative contribution of the two (humic-like
and amino acid-like) components to the fluorescent DOM
was evaluated by synchronous fluorescence spectroscopy
to describe qualitative DOM changes over the mixing.
The relationships found between the dissolved Cd, Cu and
Fe concentrations and the fluorescent DOM composition
indicate that metal-organic complexation can be affected
by variations in the relative contribution of humic-like
material to DOM.
KEYWORDS:
fluorescent DOM, trace metals, estuarine mixing, Po River delta

Since in most estuarine waters a linear relationship between fluorescence intensity and salinity was found, a
conservative behavior of terrestrial DOM over its mixing
with seawater was previously proposed. However, newer
investigations provided evidence for different fluorescent
properties of marine DOM arising likely from the input of
organic matter of autochthonous origin (5,6). Possible
differences in organic ligands between terrestrial and
marine DOM can affect trace metal interactions, which
are largely determined by the organic composition and the
metal affinity to specific functional groups (7).

Compared with quantitative DOC measurements,
the spectrofluorimetric approach is a possible tool (8)
for detecting and monitoring qualitative DOM variations, which are expected over the estuarine mixing,
according to the relative contribution of terrestrial and
autochthonous components.

INTRODUCTION
Metal distributions in aquatic environments are strongly
influenced by the presence of the organic matter in particulate as well as in dissolved (DOM) form. It is generally accepted for the latter that humic-type DOM of terrestrial origin exerts the main influence on metal speciation and distribution in estuarine waters (1), however, little is still known
about the nature of the metal-organic complexes. While
recent studies (2,3,4) have investigated organic complexation
by size fractionation of organic ligands, we approached the
problem by studying the spectral behavior of fluorescent
DOM during estuarine mixing. The aim was to determine
whether qualitative and quantitative characterization of
DOM by fluorescence spectroscopy could give information
on the role played by the different DOM components in
dissolved metal distribution.

Two main fluorescence signals can be observed in natural DOM samples (8, 9): the “amino acidic-like” fluorescence, which is referred to young production by recent biological activity, and the “humic-like” fluorescence, which is
generally related to old material, such as humic-type compounds of terrestrial origin. The relative contribution of the
two fluorescing components to the DOM was recently proposed as a parameter able to detect changes in DOM quality
over the estuarine mixing (10). This fluorescence parameter
was used to investigate the role played by the DOM composition in the dissolved Cd, Cu and Fe distribution over the Po
River-Adriatic Sea mixing process.
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MATERIALS AND METHODS
The Po River delta, as the largest Italian river providing
over 50% of the freshwater input to the North Adriatic Sea
(Italy), was investigated over the estuarine mixing area.
Surface water samples were collected during two sampling
surveys from eight stations over a salinity gradient from
0 to 37 psu: a riverine station (Po) and seven coastal to marine stations (1-7), as shown in Fig. 1. The two samplings
were performed in different river flow conditions (11):
one on October 10, 1995 (2420 m3/s) and the other on
March 4, 1996 (1380 m3/s).
Particulate matter was separated by filtering 6-20 litre
samples through a polycarbonate membrane (Nuclepore,
147 mm, 0.4 µm) under N2 pressure. Preweighed filters were
washed to remove seasalts and dried in a laminar air flow hood
before reweighing to determine total suspended solids (TSS).

The filtrate was used for dissolved metal determination:
1 litre samples were preconcentrated (NH4+ charged-Chelex
100 resin extraction; HNO3 2.5 N elution) and analyzed by
electrothermal (Cd, Cu) or flame (Fe) atomic absorption
spectrometry (12,13).
The DOM was characterized by synchronous fluorescence spectroscopy (14) of unconcentrated filtered (Millipore
HA 0.45 µm) samples. Spectra were collected in the excitation wavelength range of 250-500 nm with 25 nm ∆λ (10,
15). Two fluorescent signals were recorded: T (350 nm Ex
max, F.U.) for the “humic-like” and A (276 nm Ex max,
F.U.) for the “amino acid-like” or “newly produced” DOM
component (8, 9). The A/T ratio was used to describe qualitative changes in DOM composition.

FIGURE 1 - Map of sampling stations
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RESULTS AND DISCUSSION
Due to the different river flow conditions (2420 vs.
1380 m3/s), both solid transport (Fig. 2a) and humictype T DOM (Fig. 2b) were higher in October than in
March sampling.

While in both sampling times the T DOM decreased
linearly over salinity and traced the dilution of the riverine DOM with seawater, uncoupled behavior was observed for the A DOM component (Fig. 2b), suggesting
the contribution of autochthonous production in the seawater samples. Due to the latter contribution, the DOM
composition was changing between the two samplings as
well as over the mixing.

Dissolved Fe and Cu are plotted in Fig. 3a as a function of salinity. Fe concentrations, which were similar in
the river waters at both sampling times, behaved conservatively in both seasons showing a similar decreasing
trend over the dilution gradient. By contrast, Cu enrichment was observed passing from riverine to coastal stations. As previously observed in estuarine waters (3), the
mobilization process from particulate matter seems responsible for the enhanced metal concentrations in the
dissolved form. As expected in view of the higher content
of both suspended matter and humic-type DOM, the Cu
increase in the October sampling was sharper than that in
March. However, particularly in October sampling conditions, a relation linking the dissolved metal concentrations
to the DOM would be expected to confirm the role of
metal-organic complexation. Whereas, on the one hand,
no relation was found between metals and A DOM component, on the other hand, the metal trends of Fig. 3a were
found to remain quite unchanged when plotted as a function of the humic DOM T. By contrast, better relationships were found using the A/T ratio (Fig. 3b), which in
particular could explain the unclear trend of Cu (Fig. 3a)
observed in October samples (R2=0.75 vs. 0.51). These
results suggest that qualitative changes in DOM can also
influence metal concentrations in the dissolved form.

As far as Cd is concerned, it is generally accepted
that in estuarine waters mobilization from particulate
matter is affected by inorganic complexation which
gives variable but systematic increase of dissolved Cd
with chlorinity (16). While chlorinity can be regarded as
an important parameter, it was suggested (17) that other
factors can also play an important role controlling Cd
since both the intensity and the location over the mixing
of the dissolved Cd maximum can vary.

As shown in Fig. 4a, marked increases in dissolved
Cd concentrations were observed over the mixing area.
Consistent with previous estuarine studies, the formation
of highly soluble Cd-chloro complexes seems responsible
for the dissolved Cd distribution in both sampling times
over the 0 to 25 psu salinity range, the maximum being
located at 25 psu.
While at salinities above 25 psu Cd concentrations
tended to decrease in both samplings, two Cd levels, being distinct for each and surprisingly higher in March than
October, were observed. This definitely contrasts with the
high riverine input of particulate matter and humic DOM
in October, and even in the marine stations (>25 psu) no
relation between Cd and T DOM or TSS was discerned
which could explain the different Cd concentration levels
or support the role of metal-organic complexation. By
contrast, by means of the A/T ratio (Fig 4b) it was possible to identify a single linear trend for both samplings,
linking dissolved Cd distribution to qualitative DOM
variation, indicating that Cd concentrations decrease as
the relative contribution of humic-like material to the
DOM decrease.

CONCLUSIONS
Results from samplings performed over the Po River
estuarine mixing in different flow conditions provided
evidence for dissolved metal-organic association. Nevertheless, despite the clear ability of the spectrofluorimetric
approach to trace the riverine humic DOM and to distinguish it from autochthonous contributions, the use of the
humic-type T parameter proved less effective than expected to show metal-organic relationships. Particularly in
non-conservative metal behaviors, where organic complexation can exert a primary role, the fluorescence parameter A/T proved effective showing that qualitativequantitative changes in DOM composition can also affect
dissolved metal concentrations. Consistent with previous
findings, our results indicate the humic-type as the main
DOM component involved in metal-organic complexation, but they further suggest the role of the relative contribution of humic-like material to the DOM.
While confirming the hypothesis recently proposed
by Guo et al. (7), that the DOM composition changes
between estuarine and oceanic environments largely
affect OC-metal interactions, our findings suggest that
the combined application of size fractionation and
fluorescence techniques can enlarge the knowledge on
metal speciation in marine environments.
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SUMMARY

INTRODUCTION

In this study, activated bentonite was used for the
separation and preconcentration of cobalt, copper and
manganese prior to their determination by flame atomic
absorption spectrometry (FAAS). The bentonite used in
this study was obtained from west part of Turkey, Enez,
Edirne. Optimum conditions for the separation and
preconcentration of analyte elements were investigated.
Bentonite was further purified by treating the material
with 4.0 mol L-1 hydrochloric acid for the removal of
contaminants before use. Both batch and column methods
were used for the separation of the above metals. In the
batch method, the effects of pH and shaking time on retention and elution were investigated. The elements were
quantitatively retained by the collector at pH 4 and again
quantitatively eluted with of 0.1 mol L-1 EDTA for
Co and Mn and 2.0 mol L-1 HCl for Cu and Mn.

The presence of heavy metals in the environment can
be detrimental to a variety of living species. Therefore,
the elimination of heavy metals from water and waste
water is important to protect public health [10]. Many
methods have been proposed for the trace metal removal.
Flow-preconcentration systems [3], liquid-liquid extraction [15], co-precipitation [6, 14], sorption [7, 13], ion
exchange [4, 11] and adsorption have been successfully
applied as separation procedures.

Blank values were low and recoveries were 99.2±2%,
99.6±1% and 99±1% for Co, Cu and Mn, respectively, at
95% confidence level. The relative standard deviations for
the determinations were found to be 1.0-8.8%. Detection
limits (3σ) were 1.5 µg L-1 for Co, 0.9 µg L-1 for Cu, and
1.4 µg L-1 for Mn. The maximum loading capacity was
found to be 0.22 mg g-1 bentonite for copper using batch
procedure. The method was applied to the analysis of the
elements studied in waste water and ground water.

The adsorption is greater for clays such as montmorillonite or bentonite with a Si:Al ratio 2:1 than for clays
such as kaolinite with a Si:Al ratio 1:1 [5, 12].

KEYWORDS: Bentonite, preconcentration,
manganese, atomic absorption spectrometry

cobalt,

copper,

Particularly, ion exchangers have been suggested to
be effective and reliable collectors for preconcentrations
in off/on-line combination with atomic spectrometric
methods [2]. Because of the variations in the compositions of the soil and clay minerals from different localities, each requires specific study [1, 9].

In this study, an inorganic ion exchanger, bentonite,
was used as an adsorbent. It is an inexpensive clay mineral readily available in Turkey. Coarse components of
the bentonite are mostly feldspar, biotite, crystobalite and
rock fragments, and these constituents are present in varying proportions. Montmorillonite is the predominant constituent of clay size. The others are illite and crystobalite
in lesser amounts. For its characterisation, detailed
chemical and mineralogical analyses were performed by
using XRD, DTA/TG, XRF [8].
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MATERIALS AND METHODS
A Unicam model 929 AA flame
atomic absorption spectrometer with deuterium lamp and airacetylene burner was used for the determination of the analyte elements. The hollow cathode lamps for cobalt, copper
and manganese were operated at 15mA, 3mA and 12mA,
respectively. The wavelengths for cobalt, copper and manganese were set at 240.7nm, 324.8nm, and 279.5nm, respectively, and slits widths at 0.5nm for Cu and 0.2nm for Co and
Mn. All pH measurements were made with Orion 720A
model pH-meter and combination glass electrode.The adsorption properties of Na+ and K +ions were determined by
Jenway PFP 7 model flame photometer.
Apparatus and materials:

Reagents: An activated bentonite from the west part of Turkey was used, in which mont-morillonite (65-80%) is the
major component and feldspar (20-30%), illite+mica
(5-10%) and crystobalite (5% max.) are the minor ones.
Bentonite was washed with 4.0 mol L-1 hydrochloric acid
and subsequently with distilled water several times to remove contaminants prior to use. It was dried at 110°C for
one hour. All chemicals used were of analytical grade. Standard stock solutions (1000 mg L-1) of Co(II), Cu(II) and
Mn(II) were prepared by dissolving appropriate amounts of
metals or compounds. Reference solutions were prepared
daily by further dilution with distilled water.

EXPERIMENTAL
The pH of the standard metal solution
(1 mg L-1 of Co(II), Cu(II) and Mn(II)) was adjusted to a
preselected value by the use of 0.1 mol L-1 HCl or NaOH.
0.10 g of activated bentonite was added and the mixture
of bentonite and sample was shaken at room temperature
for different periods of time between 1 to 10 minute. The
analytes were eluted from the bentonite with 10 mL of
0.1 mol L-1 EDTA and 4.0 mol L-1 HCl depending on the
kind of elements and determined by FAAS. The maximum loading capacity of the bentonite was determined
using the batch procedure as well. For this purpose 0.3 g
of activated bentonite was dispersed in 10 mL of 20 mg
L-1 Cu(II) solution. The pH of the solution was adjusted to
4.0, at which maximum retention is reached. After shaking for 10 minutes, copper in the supernatant was directly
determined and maximum loading capacity of the bentonite with respect to Cu(II) was calculated.
a) Batch procedure:

The height of filling was 0.6 cm. The pH of a studied
solution was adjusted to 4 and was passed through the
column at a flow rate of about 10 mL min-1, which was
found to be optimum. Samples, blanks and standards were
treated in the same way, with the only exception that the
volume of real samples passed through the column were
increased depending on their metal concentration. Cobalt,
copper manganese were eluted from the column with
2.0 mol L-1 HCl, 4.0 mol L-1 HCl and 0.1 mol L-1 EDTA.
If necessary, the elute was diluted and cobalt, copper and
manganese contents were determined by FAAS. The
bentonite column was regenerated by washing with
hydrochloric acid and then distilled water.
RESULTS AND DISCUSSION
The loading capacity of the bentonite for copper is
determined by the batch method as described in the experimental section. The capacity was calculated to be
about 0.22 mg Cu2+/g bentonite. In spite of its relatively
small sorption capacity, bentonite can be used to collect
copper and other heavy metals from large volumes of
waste water samples for purifying procedures, because
bentonite can be easily obtained in high enough amounts.
After treating the bentonite with hydrochloric acid for
one day, the material was completely purified and blank
values were below detection limits.
The retention of each metal was determined by the
batch procedure as described before. The effect of pH on
the retention of cobalt, copper and manganese on bentonite is shown in Fig.1. All the elements are retained
quantitatively on bentonite at pH ≥4.
FIGURE 1
The effect of pH on the retention of the analytes
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A small portion of glass wool
washed with HCl and distilled water was placed at the
bottom of a glass column (1.3x20 cm) and 0.3 g bentonite
was placed into the column. Then another small glass
wool plug was inserted on the top of the bentonite.
b) Column procedure:
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Effect of shaking time on the retention of the Co(II),
Cu(II), and Mn(II) ions on bentonite is illustrated in Fig.2.
The sorption rate is so fast that after shaking the mixture
even manually for about only one minute, a quantitative
collection of the elements on the bentonite was achieved
at pH 4. One minute is, therefore, selected as optimum for
three elements in all experiments.
By applying the column procedure, the adsorption of
Na+ and K+ (6 mg L-1, 2 mg L-1, 10mL solution; pH 4) were
determined. It was found that Na+ and K+ are not adsorbed
by bentonite. This shows that in the presence of high concentration of Na+ and K+ (e.g. sea water) the studied elements
can be successfully retained by bentonite.

The detection limits, based on three times the standard
deviation of the blanks (n=10), were 1.5 µgL-1, 0.9µg L-1,
1.4 µg L-1 for Co, Cu and Mn, respectively, and the relative
standard deviations were between 1.0 and 8.8%. When using
the column technique, the results are much reproducible
because the experiments are performed with the same bentonite, so some of the uncertainties in the batch method,
which cannot be controlled, e.g. uncertainties in the weighing and adjusting the volumes, are removed.
TABLE 1
Effect of eluents on the recovery of the elements
(bentonite 0.3 g; pH 4; eluent volume 10 mL)

Recovery % a
Eluent

FIGURE 2
The effect of shaking time on the retention of the analytes
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HCl, 4.0 mol L
110

Retention, %

a
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HNO3, 4.0 mol L

90

Cu

-1

HNO3, 2.0 mol L

100

Co

Average of three determinations with 95% confidence level.
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If higher concentration factors are required, the column procedure has to be applied. Bentonite column is
prepared as given in the experimental section in detail.
For the determinations of column parameters, firstly,
optimum flow-rates were investigated over the range of
1-30 mL min-1. Cobalt, copper and manganese were
quantitatively retained at flow-rates of 5, 2.5, 10 mL min-1,
respectively. Therefore, the three elements were passed
through the column at a flow-rate of 2.5 mL min-1.

In the analysis of real samples using preconcentration
procedures, the sample volume is one of the important
parameters used to obtain a sufficient concentration factor. Therefore, the effect of changes in the volume of
sample solution passed through the column on the retention of Co, Cu and Mn was investigated. Volumes of 250,
500 and 1000 mL of sample solutions containing 0.40,
0.20, 0.10 and 0.05 mg L-1 of Co, Cu and Mn were passed
through the column. The data in Table 2 indicate that the
recoveries of the analytes were approximately quantitative
up to a sample volume of 1000 mL.

The elution studies were performed by using different
eluents at different flow-rates. Cu and Mn could be quantitatively eluted with 2.0 mol L-1 hydrochloric acid
whereas Mn and Co could be quantitatively eluted with
0.1 mol L-1 EDTA at a flow-rate of 2.5 mL min-1
(Table 1). The elution yields using 4.0 mol L-1 HCl or
0.1 mol L-1 EDTA reached 99% for Co.
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TABLE 2
Effect of sample volume on the recovery of trace elements
(bentonite 0.3 g; pH 4; eluent volume 50 mL;
eluent 2.0 mol L-1 hydrochloric acid)

Sample
volume
mL

Concentration

Recovery %

of element
µg mL-1

Co

Cu

Mn

250

0.40

94.0

98.0

85.0

500

0.20

92.5

96.3

83.0

1000

0.10

91.7

99.0

80.0

1000

0.05

91.0

98.2

76.5
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TABLE 3
Determination of Co, Cu and Mn in waste water and ground water
(bentonite 0.3 g; pH 4; sample volume 250 mL; eluents volume10 mL; eluents 2.0 mol L-1 hydrochloric acid for Cu and Mn; 0.1 mol L-1 EDTA for Co)

Conc.
Ground water
µg mL-1

Conc.
Waste water
µg mL-1

Added
µg mL-1

Ground water a

Waste water a

µg mL-1

µg mL-1

Co

0.012±2.1x10-3

0.05±2.3x10-3

2.00

2.01±4.2x10-2

2.05±3.2x10-2

Cu

0.038±1.1x10-3

0.011±3x10-3

2.00

2.04±3.0x10-2

2.01±1.3x10-2

Mn

0.042±4.5x10-3

0.082±1.6x10-3

2.00

2.04 ±9.1x10-2

2.08±2.2x10-2

Element

a

Average of three determinations with 95% confidence level
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CHANGES IN PHYSICO-CHEMICAL PROPERTIES OF SOILS
FERTILIZED BY AGRO-INDUSTRIAL RESIDUES
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SUMMARY
Cyclic fertilization of two soils by olive oil-mill
sludge compost (alpechin) and vinasse, improved their
agrotechnical properties. THESE soils were classified as
Typic Xeropsamment and Typic Xerorthent. The effect of
fertilization was studied by X-ray diffraction, and measurement of water sorption and water retention from gaseousphase. Incorporation of fertilizers increased both
water sorption and water retention, especially in case of
sandy soil. Relative calcite content in the clay and silt
fractions was changed after addition of fertilizer, this
distribution was dependent on soil type.

KEYWORDS:
Waste fertilizers; Alpechin; Vinasse; Water sorption and retention.

INTRODUCTION
Crop response to the application of agricultural and
agroindustrial waste fertilizers is well documented, however,
there are few studies on the effect of such fertilization on soil
properties, and the conclusions are sometimes controversial
(1,2). Organic fertilizers derived from agricultural and agroindustrial wastes contain significant amounts of organic
matter and nutrients, thus they may be used for fertilization
or improvement of agricultural soils, either directly or after
suitable treatment (3). Humification and mineralization of
the wastes can contribute to changes in soil physical and
chemical properties favoring nutrition and growth of plants.
Thus, soil may be an ideal recycling substrate for many
wastes products, based on the physical, chemical and microbiological interaction between the components and microorganism of soils and wastes. After a period of biodegradation
soil fertility can be enhanced because of the increase of organic matter and nutrient content (4).

Agricultural use of "alpechín" (wastewater from olive
oil production) and vinasse (a liquid by-product from sugar
beet industries), both with a high organic matter content,
K and Mg, is recognized as an environmentally and economically appropriate method of waste disposal (5). Today,
discharging into rivers of these by-products create an
increasing pollution problem in many countries (6,7), thus
their agricultural utilization may be of vital importance.
Soil fertility is related to soil-water interaction, which is
strongly dependent on its specific surface. This value is
measured by various methods, usually by sorption of various
organic or inorganic molecules. A suitable method to know
the soil-water system seems to be the water sorption determination. It may be measured at various relative humidity
p1/p0 conditions using respective coefficients derived from
the “known“ number of sorbed water molecule layers. This
has been applied in soil mechanics (8) and the comparison
with other methods of specific surface measurement indicated consistent results (9,10).
Water sorption was studied here to explain the reason of
changes in properties of two soils of different characteristics
after their fertilization with two agroresidues. This study was
supported by X-ray diffraction tests.
MATERIALS AND METHODS
Two surface soils were used in this work. Soil 1 is classified as Typic Xeropsamment, of sandy texture and medium
calcium carbonate content. Soil 2 is a Typic Xerorthent, of
loam clay sandy texture and high calcium carbonate content.
Some characteristics of these soils are shown in Table 1.
The waste fertilizers used were "alpechin" (A),
a composted olive oil mill sludge, and vinasse (V), the byproduct at the production of alcohol from sugar beet
molasses. The waste fertilizers were applied during three
years to containers of 4L capacity, each filled with 6.1 Kg
of either one of the two topsoils.
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TABLE 1
Selected chemical and physical properties of the soils.

Soil

OM* (%)

pH

CaCO3 %

CEC**
cmolc kg-1

Clay
< 2µm
%

Silt
2-50µm
%

Fine Sand
50-200µm %

Coarse Sand
> 200 µm %

1

0.14

8.5

8.6

3.9

7.6

2.5

2.5

87.4

2

0.53

7.9

27.0

9.4

21.3

21.1

12.8

44.8

*

Organic matter content. **Cation exchange capacity.

Every year the soils of each container (except the
untreated control) were mixed either with 67.8 g of
alpechin or with 250ml of vinasse of 5% wt/v dissolved in
water. Thereafter, the whole soil samples were air dried,
sieved (< 2 mm) and stored at 4ºC before further study.
X-ray diffraction (XRD) was used to identify the minerals
present (11) in the clay and silt fractions of the soils (separated by suspension), and to find the possible changes after
fertilization. X-ray diffraction patterns of powder samples
were obtained using a Siemens Kristalloflex D-500 diffractometer with Ni filtered Cu Kα radiation.
To estimate the soil-water interactions, water sorption
(WS) and water "retention" (WR) were measured as described by Stepkowska (12), and shown in Figure 1. In
WS test, 0.5 g of the air dry powder (WS) or of the oven
110°C dry powder (WSo) were put in triplicate in aluminum containers (3 cm x 2 cm x 1 cm) and placed for two

weeks at 30°C and atmospheric pressure, successively in
desiccators over solutions producing the following relative water vapor pressures (p/po): 0.5 (over the saturated
Mg (NO3)2 solution), 0.95 (over the 10% H2SO4 solution)
and 1.0 (over distilled water). After finishing WS test, the
WR test is carried out in the same samples. In WR test the
relative humidity was decreasing successively in an
analogous way. In this work different water vapor pressures were used to measure water sorption and retention.
At the relative water vapor pressure p/po = 1.0 (p = 0.023 bar
at 20 °C and 0.042 bar at 30 °C) the soil water suction
(soil potential) was 10.2 cm, pF about 1. At p/po = 0.99 the
soil suction is 6.1 cm, pF > 3 (13). At these conditions water
is sorbed or retained on the surfaces of particles within clusters and aggregates (in micropores): at p/po = 0.5 in bimolecular layer, and at p/po= 1 up to four-molecular layer (8,14).
At p/po= 1.0 the capillary condensation may occur in
mesopore and in macropores (15).

FIGURE 1
Water sorption (WS) and retention (WR) and stating heating (SH)
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RESULTS AND DISCUSSION
Smectite dominates in the clay fraction of soil 1
(Fig. 2a). The peak at 15.31 Å of high intensity and no
broadening to either side indicates a good crystallinity. The
remaining peaks are low and broad, except that at 4.48 Å
(corresponding to 0,20 peak of dioctahedral clay minerals).
Addition of A and V caused a slight decrease of the smectite peak intensity at 15.31 Å (Fig.2 b,c), so that, the remaining peaks were better discernible: illite at 10.04, 5.04
and 3.34 Å, kaolinite at 7.13 Å, calcite peak at 3.04 Å and
quartz at 4.26 and 3.34 Å. Calcite peak was very low and
broad in the clay fraction of untreated sample (Fig. 2a), and
also in the soil treated with V (Fig. 2c).
The silt fraction of soil 1 (figure not shown) contained also an appreciable amount of smectite; the peaks
of illite at 10.04 and 5.04 Å were very small. The strongest peaks belonged to quartz (at 4.28 and 3.35 Å) and
calcite (3.04 Å). Some feldspar was discernible at 3.20
and 2.13 Å. In this silt fraction after addition of fertilizers,
the ratio of peak intensity at 4.48 Å to the intensities of
d00l peaks, increased as compared with the untreated sample, indicating more random particle orientation.

Calcite content was higher in both fertilized samples,
especially in silt fraction of the soil amended with A (data
not shown ). Thus the addition of both fertilizers to soil 1
caused an increase in calcite content in the silt fraction,
whereas only alpechin addition caused it in the clay fraction, resulting in clay particle cementation. There is also a
more random orientation of clay minerals in the silt fraction after fertilization, which was the reason for the decreasing of the peak intensity ratio at 4.48 Å to the d001
peaks. The XRD diagrams of the clay fraction of soil 2
showed the presence of smectite, illite and kaolinite, the
first two mainly in mixed layers. The peaks are low and
broad (Fig.3a). Strong calcite peaks were detected in the
original sample. The intensities of calcite peaks (3.04,
3.84, 2.49, 2.28 and 2.09) became lower after treatment
with A (Fig.3b), and after treatment with V they disappeared completely (Fig.3c).
Thus, the addition of fertilizers to this soil removed the
carbonates from the clay fraction (partly by A addition,
completely by V addition). Therefore, the intensities of
the remaining peaks apparently increased. Silt fraction
behaves differently, since calcite peaks are present in all
the samples of soil 2 (data not shown).

FIGURE 2 - XRD of clay soil 1: a) untreated;
b) treated with A;c) treated with V

FIGURE 3 - XRD of clay soil 1: a) untreated;
b) treated with A; c) treated with V
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Water sorption, water retention

A change in WS and WR values at p/po = 0.5 and 0.95
indicates the change in specific surface, to which they are
proportional, being inversely proportional to particle thickness (14). A change in WS and WR values at p/po = 1.0
indicates also a change in specific surface and possibly in
macropore water content (16). If these values are higher than
twice the values measured at p/po = 0.5, this indicates either
particle delamination by water sorption or macropore water
formed by capillary condensation (17). A large increase in
WSo (water sorption after oven drying) as compared to WS
(after air drying) indicates a disturbance of cementing bonds
between clay particles (14).
The results of WS, WSo and WR tests of the soils
with and without waste fertilizers are shown in Table 2.
All the WS and WR values of untreated soils are in accordance with the clay fraction content: 21.3% and 7.6%
for soils 2, and 1, respectively (Table 1). Indeed: WS and
WR of soil 2 >> WS and WR of soil 1. Thus WS and
WR are approximately proportional to the clay fraction
content, which is logical: the particles in clay fraction
present the highest specific surface.
When waste fertilizers are applied to soil, the organic
matter input may influence water sorption and water retention in the following ways: direct effect due to organic
particles themselves, which have a high water sorption
capacity (18).

Organic molecules may intercalate in the interlayer
space of clay particle facilitating the particle delamination. An indirect effect due to the modification of other
physical properties: bulk density, porosity, pore size distribution, etc. (2).
The addition of A and V caused an increase in water
sorption (WS) and water retention (WR) at most of the p/po
conditions, indicating a change in specific surface. This
increase is especially pronounced at the saturated water
vapor pressure (p/po=1), indicating either an increased mesoand macro-pore water content (16) or further increase in
specific surface due to water sorption (particle delamination).
The relative increase in WS and WR of the soils with
the addition of fertilizers is the highest in soil 1, which
has a low clay fraction (7.6%) and high sand content
(89.9%). Tester (18) indicated that this improvement
seems to be related to the decrease in bulk density of soils
with coarse texture. This behavior normally occurs in
soils with a clay fraction content lower than 15% (19).
In soil 2 at p/po=1 somewhat higher WS and WR
were observed after fertilization, but they were more
noteworthy after V addition. This can be connected with
the complete disappearance of calcite from the clay fraction, so, the cementing bonds are removed and, consequently, the water sorption increases. In general, at any
p/p0 value the addition of vinasse caused a higher increase
in water sorption (WS ) than alpechin addition, in both
soils. That is particularly noteworthy for p/p0 =1.

TABLE 2
Water sorption (WS) and water retention WR) of air dried soils, and water sorption of soils dried at 1100C
(WSo) (in weight percent ), without and with fertilizers, at the given p/po.

Soil

1

1A

1V

Test

W at p/po
0.5

0.95

1.0

WS

0.8

1.2

1.0

WR

0.8

1.2

1.7

WSo

0.6

1.2

WS

1.0

WR

Soil

Test

W at p/po
0.5

0.95

1.0

WS

1.7

2.6

4.4

WR

2.0

3.2

3.5

0.8

WSo

1.7

2.7

5.3

1.7

4.0

WS

1.9

2.8

3.9

0.9

1.8

2.6

WR

1.8

3.2

4.6

WSo

0.9

1.4

6.7

WSo

1.8

3.3

4.0

WS

1.1

1.8

6.2

WS

1.9

3.2

7.0

WR

0.9

1.9

6.7

WR

1.8

3.7

7.5

WSo

0.9

1.6

4.9

WSo

1.7

4.0 10.9

2

2A

2V

Mean values of three determinations. Standard deviation ranged between 0.1 and 0.3 %,
except for WSo at p/po = 1.0 of soil 2, where it was about 1 %.
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CONCLUSIONS
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CONTRIBUTION TO THE METHODOLOGY OF
DRY DEPOSITION MEASUREMENTS

Mirjana D.Tasic, Slavica F.Rajšic, Velibor T.Novakovic and Milica N.Tomaševic
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SUMMARY
Dry deposition measurements of trace metals were
carried on in a sub-urban area of Belgrade during July and
August 1999. In the field experiments, deposition fluxes
were determined using a Frisbee type aerodynamically
designed sampler. Greased and ungreased Teflon plates
mounted on the sampler facing upward and downward,
have been used. Particle resuspension rate was determined
by simultaneous sampling on different surfaces at various
exposure times. Deposition flux to the greased plates was
about four times the flux to the ungreased plates.

KEYWORDS:
Dry deposition; Resuspension; Trace metals; Airfoils

INTRODUCTION
The process of dry deposition is one of the key
mechanisms for removal of particles from the atmosphere.
It is influenced by meteorological (wind speed, relative
humidity) and micrometeorological (roughness length,
friction velocity etc.) parameters, as well as the surface
properties (shape, roughness, stickiness and wetness).
Resuspension of previously deposited particles additionally complicates the determination of dry deposition rate.
Particles striking the surface may rebound if their kinetic
energy after impact is sufficiently large to overcome the
surface attraction forces. Previously deposited material
may be resuspended into the flow if the lift forces are
greater than the forces holding particles to the surface.
Resuspension has been found to be strongly dependent on
time, wind speed and particle size (1).

Dry deposition of trace metals is of special interest for
investigation of the impact on the biosphere; however, relevant measurements on natural surfaces are complex and
difficult to perform. Therefore, artificial surfaces are usually
applied, when dry deposition is to be determined by the
accumulation method. The accumulation method has been
preferred for coarse particles that dominate dry deposition in
both urban and nonurban areas. According to Davidson (2)
over 70% of the deposited mass of lead (exists primarily in
the fine-particle mode), zinc and cadmium was due to the
fractions larger than 10 µm. In spite of the results showing
that artificial collectors overcollect coarse and undercollect
fine particles compared to the natural surfaces (3,4), artificial
surfaces still provide a simple way for obtaining information
on temporal and geographical trends in atmospheric dry
deposition. It is almost impossible to compare the results
obtained on a variety of artificial surfaces presented in the
literature. Obviously, there is no accordance on the shape or
the chemical composition of the appropriate surrogate surface. Many types of collectors have been used, including
bucket samplers, which have been widely criticized (5).
Trapping of coarse particles in the bucket was partly avoided
by using low rim Petri dishes (4, 6), but it was really
overcome by a Frisbee-type, aerodynamically shaped
sampler (7).
The aim of this work was to propose and evaluate a
modified design of a Frisbee type sampler, with two Teflon
plates, one facing upward, and the other facing downward.
The idea was to make a leaf-like design. As dry deposition
includes both downward and upward fluxes (8, 9), and the
bottom surface of the vegetation leaf is usually rough, the
deposition on the bottom surface should not be overlooked.
The influence of the exposure time on average deposition flux values was also investigated, with the intention to
determine the shortest exposure time for the chosen experimental set-up and analytical method. In addition, the influence of the resuspension and characteristics of the surface on
dry deposition fluxes of trace metals were investigated.
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EXPERIMENTAL
Site description

The field experiment was conducted during July and
August 1999, at the ground of the Institute of Physics,
Belgrade. The experimental site is situated in the suburban area of Belgrade, 50 m far from the river Danube
and 200 m from a heavy traffic road.
The collector was developed according to the previous design of the dry/wet precipitation collector (10).
Petri dishes were replaced with six low-speed airfoils,
mounted on a polyethylene holder, at the height of 2 m
above a grass-covered terrain. Each airfoil (Fig. 1) consisted of a solid piece of Teflon coated aluminium, with
two Teflon plates (D = 49 mm) positioned one on the top
and the other on the bottom side for the measurement of
downward and upward dry deposition fluxes. Aerodynamic artificial surfaces were used to obtain control over
boundary layer and surface conditions. According to the
calculation (7) boundary layer thickness over the deposition plate is nearly uniform and without any flow separation. The airfoil is symmetric about its vertical axis; thus
the variations in wind directions have negligible effect on
the deposition process.

Prior to the exposure to atmospheric deposition,
blanks for both airfoils were made in the field and prepared in the same way as the samples, except that the
exposure times was less than five minutes. Five Teflon
plates were used for the purpose of chemical analysis and
one for physical characterization by automatic image
analysis system.

Meteorological variables

The sampling surfaces were exposed to atmospheric dry
deposition under ambient conditions. During the experiment,
average wind speeds were low, no precipitation occurred and
insolation was strong. Therefore, atmospheric stability, according to Pasquill stability categories (11), could be characterized as class A-C, i.e., high to week stability. The height
of the grass, h, was 30 cm, therefore, the aerodynamic surface roughness, z0 (z0=0.15 h), was 4.5 cm, and the aerodynamic displacement height, d, (d=0.75 h) was 22.5 cm.
The friction velocities were calculated from wind speed
velocities at 24 m using the well-known expression for
vertical wind speed profile at near neutral atmospheric
stability condition (12).

FIGURE 1 - Low speed airfoil
Chemical analysis

The preparation work and chemical analyses were
done in a Class 100 clean laboratory. The dry deposition
material was extracted with 10 mL bidistilled and deionized water, using an ultrasonic bath for one hour. Solutions were filtered and poured into quartz measuring vessels. Samples of deposited particles to greased Teflon
plates were irradiated (4 hours) by an UV lamp to destroy
organic substances that may interfere determination.
Trace metals (Pb and Cu) concentrations were determined
by differential pulse anodic stripping voltammetry
(DPASV), by the method of standard addition. (6).
Determination limit was 0.1 ng mL-1.
Automatic image analysis system

Ungreased Teflon plates were exposed for 4, 6, 8 and
12 hours in order to determine the most suitable exposure
time for the experimental set-up. Exposure time of
8 hours was chosen and simultaneous sampling was performed on greased (Apiezon L) and ungreased Teflon
surfaces. The grease was used to eliminate the surface
resistance for particles (no bounce off or resuspension).
After exposure, the plates were carefully removed from
the airfoil, put into the Petri dishes and treated according
to the procedure that will be described further on.

The particles of interest have projected area diameters
larger than 1 µm. The Leitz optical microscope was used
to examine Teflon plates and the optical images were
viewed by a Sony video camera. A Snappy Video Snapshot frame grabber recorded the output of the
CCD-camera. Image processing of gray-scale frames was
performed using an IBM PC with the support of specially
designed software (OZARIA v.2.5) that included some
standard image processing operation (13, 14) for particle
recognition. Thirty randomly chosen images from each of
sampled Teflon plates were prospected. The morphology
and particle size distributions were determined.

306

© by PSP Volume 10 – No 3. 2001

Fresenius Enviromental Bulletin

RESULTS AND DISCUSSION
Dry deposition fluxes to ungreased Teflon plates, both
upward and downward oriented, for Pb and Cu contents, for
8 and 12 hours exposure times are presented in Table 1. Dry
deposition fluxes of Pb and Cu were generally high for both
top and bottom surfaces. Knowing that resuspension increases with wind speed and particle diameter and that wind
speed is highly variable, exposure time should be as short as
possible. Minimal exposure time depends on the analytical
method sensitivity and accordingly, 8 hours exposure time
was chosen. Knowing that deposition fluxes are usually
very inhomogeneous, it was necessary to determine the
coefficient of variation, Cv. According to Mage (15), for the
0.33 < Cv2 < 1, distribution is lognormal or pseudolognormal. Cv2 values for upward dry deposition fluxes, both
for Pb and Cu, were within the range of 0.37 to 0.66 indicating a lognormal distribution. This denoted a presence of
inhomogeneous flux dominated by a small number of coarse
or giant particles. Cv2 for downward dry deposition fluxes i.e.
deposition to upper plates (ungreased Teflon), for the exposure times 8 and 12 hours, were found to be 0.04 - 0.30,
indicating a homogenous flux dominated by small particles.
According to the dry deposition model for atmospheric
coarse particles (8), the flux ratio FR, defined as the ratio of
upward to downward flux, is indicative of the size of deposited particles. When FR is over 0.1 it is likely that dry deposition mass is dominated by particles having an aerodynamic
diameter greater than 5 µm. The average ratio of upward to

downward flux, FR, obtained from our results is unusually
high: it varies in the range of 1.15 - 1.65, but the values of
FR for particular samples were scattered in the range of 0.44 3.82. This can be partly explained if deposition processes are
dominated by inertial deposition. In other words, inertial
velocity vI, (component of velocity related to wind velocity),
for particles with dimensions of 5 - 100 µm, far exceeds
sedimentation velocity (vI >> vS).
Accordingly, the deposition velocity in downward direction is vd ↓ = vI + vS and the deposition velocity in
upward direction, vd ↑= vI - vS , if vI >> vS , than it follows:
vd ↓ ≈ vd↑. The contribution of inertial deposition is
roughly equal to both, top and bottom surfaces, as particles
have equal probability of traveling upwards or downwards
on air eddies. In that case, both surfaces upward and downward are equal and it can be related with similar corresponding deposition fluxes. FR values much greater than 1 cannot
be explained by Noll’s theory (8) and might be the consequence of the flux inhomogeneity.
The dry deposition fluxes to the greased plates
(Table 2) were about four times higher than the fluxes to ungreased plates (particle perfect retention on greased surface). It
illustrated the significance of the resuspension processes. The
values of flux ratio FR being 1.07 (Pb) and 1.06 (Cu) were
similar as for ungreased plates, but Cv2 values are less than 0.1
(for top and bottom), indicating homogeneous flux.

TABLE 1.
Heavy metals dry deposition fluxes to Teflon plates (ng m-2 s-1)

Exposure time = 8 hours;

Ungreased Teflon (N=5)

Pb ↓

Pb ↑

FR

Cu ↓

Cu ↑

FR

Xa

0.210

0.257

1.15

0.353

0.492

1.26

Sa

0.114

0.182

0.37

0.153

0.401

0.72

Cv

0.543

0.708

0.433

0.815

2

0.295

0.501

Cv

-1

-1

0.188
0

0.664
-1

Av.wind s.:1.1 m s (max = 5.7 m s ); T=25.7 C; RH=66%; Friction vel.=3 cm s
Exposure time = 12 hours;

Ungreased Teflon (N=5)

Pb ↓

Pb ↑

FR

Cu ↓

Cu ↑

FR

Xa

0.225

0.369

1.65

0.692

0.598

1.18

Sa

0.045

0.255

1.13

0.318

0.365

1.31

Cv

0.200

0.691

0.459

0.610

2

0.040

0.478

Cv

-1

-1

0.211
0

0.372
-1

Av.wind s.:1.1 m s (max = 5.1 m s ); T=20.7 C; RH=74%; Friction vel.=3 cm s

↓ ↑ arrows indicate the direction of fluxes; Xa = arith. Mean; Sa = stand. arith. Deviation; Cv = Sa/Xa - coefficient of variation; FR = F ↑ / F ↓ = flux ratio
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TABLE 2
Heavy metals dry deposition fluxes to Teflon plates (ng m-2 s-1)

Exposure time = 8 hours;

Greased Teflon (N=5)

Pb ↓

Pb ↑

FR

Cu ↓

Cu ↑

FR

Xa

0.915

0.944

1.07

1.670

1.777

1.06

Sa

0.110

0.170

0.17

0.205

0.306

0.09

Cv

0.120

0.180

0.123

0.172

0.015

0.030

Cv

2

0.014
-1

0.032
-1

0

-1

Av.wind s.:1.1 m s (max = 5.7 m s ); T=25.7 C; RH=66%; Friction vel.=3 cm s

↓ ↑ arrows indicate the direction of fluxes; Xa = arith. Mean; Sa = stand. arith. Deviation; Cv = Sa/Xa - coefficient of variation; FR = F ↑/ F ↓ = flux ratio

FIGURE 2
Accumulated mass versus exposure time for Pb and Cu
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Dry deposition fluxes have also been measured for the
exposure times of 4 and 6 hours. Accumulated masses (Pb and
Cu), as a function of exposure time are presented in Fig. 2
indicating the linear dependence (r > 0.9) for the time interval
up to 8 hours. The results of size distribution analysis of the
deposited particles showed that on the upper plate, size distribution maximum was at about 2 µm; coarse particles, which
dominate mass distribution, were present in a small number
too. On the lower plate, coarse particles were present, but
small particles were rare. Spherical particles were mainly
occurring in the range of small particles, but coarse spherical
particles were also found. The accumulated mass per unit area,
M (g m-2) depends on the exposure time, the arrival flux of
particles at the surface Jin, the fraction of rebound F, and the
resuspension rate β.
For the constant average Jin, F and β, according to (7)
accumulated mass M is

M=

(1 − F) J [1 − exp(− βt )]
in
ß

6

8

10

12

t(h)

t (h)

For sufficiently long period (t→∞), mass would reach a
balance value what is practically impossible in an experiment
in the field as none of the parameters are constant.
The instantaneous value of β has been found to be dependent
on many variables, such as wind speed, particle size, relative
humidity and time period after particle deposition.In order to
investigate the influence of the sampling time on the accumulated mass, a two-component experiment was performed.
In the first component, the mass of particles deposited on
ungreased Teflon plates was determined in subsequent intervals (0, t1), (t1, t2) and the sum is M1(t). The component M2
was obtained measuring the deposition mass on another
identical plate in the entire time interval (0, t2).
Following the calculations based on Eq. 1 and presented in
details elsewhere (16), the average resuspension rate was
determined from the Eq. 2.
M1 − M 2 1
= βt
M1
2

(1)
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The calculated value for the resuspension rate β for Pb
was 4.7 10-6 s-1, what was in agreement with previously
determined value (1.0 ± 0.35 10-6 s-1) (16). The obtained
values may be compared to the resuspension rate of Pb on
vegetation surfaces (1,8 - 2,6 x 10 –6) from a similar field
experiment (7). Reported values of the resuspension rate
cited in the literature (17) vary from 10-13 s-1 to 10-2 s-1.
In wind tunnel experiments, it was observed that the resuspension rate decrease with time, essentially defining two
regimes (1,18). The first regime lasts < 1 min and is
characterized by higher resuspension rates. In the second
regime, resuspension rate also decreases, and after about
30 min falls to 10-6 - 10-7 s-1. Such a short time scale phenomenon cannot be quantified in an experiment in the field.
Besides the strong dependence on wind speed, it may be one
of the most important reasons for very different results for
the resuspension rate. Frisbee-type aerodynamically designed artificial sampler appeared to be easy for handling
and sampling performed on six identical pairs of Teflon
plates gave a possibility of estimating the homogeneity of the
flux and a better accuracy of the results.
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SUMMARY
During these last decades many applications of heterogeneous photocatalytic reactions have been reported in
gas-solid and liquid-solid systems both for inorganic and
organic pollutants’ abatement. In this paper some case
studies, i.e. the photocatalytic oxidation of toluene in gassolid phase by using TiO2 as the catalyst, the photocatalytic oxidation of cyanide ions in aqueous suspensions of
TiO2 and the photocatalytic oxidation of phenol by using
mixed WO3/WS2 powders in liquid-solid phase are reported. Moreover the possibility of coupling the photocatalytic method with the use of membranes is presented
for the 4-nitrophenol photodegradation carried out in
aqueous medium.
KEYWORDS:
Heterogeneous photocatalysis, oxidation of pollutants, cyanide
photodegradation, phenol photodegradation, mixed powders.

NTRODUCTION

A drawback to the industrial utilisation of photocatalysis
for the purification of aqueous effluents stems from the
difficulty to carry out the expensive liquid-solid separation, due to the formation of milky suspensions after mixing the catalyst in water. Moreover, the composition of
the actual wastewaters is generally more complex than
that of the synthetic solutions containing dissolved pollutants and the presence of suspended inert solids may shield
the impinging photons and/or dirty the surface of the
catalyst particles reducing the efficiency of the system.
Coupling other technologies to the photocatalytic
method is a useful alternative and the membrane technology is one of the candidates, especially when muds must
be treated and/or the separation of undesirable inorganic
species present together with organic pollutants is needed.
In this paper we present some case studies to illustrate the capabilities of heterogeneous photocatalysis.

MATERIALS AND METHODS

Heterogeneous Photocatalysis over semiconductor
oxides has been widely studied since Fujishima and
Honda [1] reported the photo-splitting of water on TiO2
electrodes. In recent years, the photocatalytic method has
been found effective for the achievement of the photooxidation of many inorganic and organic pollutants, present in liquid and gaseous environments [2]. This method
offers some advantages compared to the traditional ones
because the reactions occur usually at room temperature
and atmospheric pressure, UV radiations of low intensity
are needed and noxious compounds at very low concentration levels can be oxidised.
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Toluene photo-oxidation: The photoreactivity experiments were carried out in a cylindrical reactor, whose
dimensions were: 1 cm internal diameter, 2 cm external
diameter, and 30 cm height. A porous frit at the bottom of
the reactor was used to support the fixed catalytic bed
and to distribute the inlet gas. The reactor was vertically
mounted in a thermostatted chamber with a Pyrex window
on a wall. A 400 W (Polymer GN ZS Helios Italquartz)
medium pressure Hg lamp was used and the radiation
power, measured by means of a radiometer (UVX Digital), was 5 mW/cm2. The catalyst used was TiO2 (Merck,
anatase phase, BET specific surface area 10 m2/g).
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The amount of catalyst was 8 g, corresponding to a
catalytic bed height of ca. 10 cm. The reactant mixture
was prepared by bubbling air through saturators containing
double-distilled water and toluene (Carlo Erba, RS) at room
temperature. The temperature of the reactor was always kept
at 413 K. The gas flow rates and the toluene molar ratio used
were in the ranges 0.17÷10 cm3/s and 4·10-4÷3·10-2 respectively. The water molar ratio was maintained constant at
2.5·10-2 with the exception of the runs, for which water was
eliminated to study the catalyst deactivation. The runs lasted
170, 350 or 470 h and the gases leaving the reactor were
analysed by means of a gas chromatograph.
Cyanide photo-oxidation: The photoreaction was performed in a 1.5 l Pyrex batch cylindrical photoreactor using
polycrystalline home prepared TiO2 (anatase phase, BET
specific surface area 57 m2/g) as the catalyst. The photoreactor was irradiated by medium pressure Hg lamps (Helios
Italquartz) having different powers and a mixture of N2 and
O2 was continuously bubbled in the aqueous suspension.

The kinetics of the photo-oxidation reaction were investigated by varying the initial cyanide concentration
(0.192÷4.04 mM), the catalyst amount (0.1÷3g/l), the initial
pH (9.9, 11.6, 12.8, 13.9) and the irradiation power (500,
750, 1000 W). The quantitative determination of the cyanide
was performed by means of a ion sensitive electrode
(ORION mod. 94-06) in an expandable ion analyser
(ORION EA 920), after filtration of the suspension through a
0.45 µm cellulose acetate membrane (HA, Millipore). The
investigation of the intermediates was performed by using an
ionic chromatograph (Alltech).
Phenol photo-oxidation: The photo-catalysts were mixed
WO3/WS2 powders (BET specific surface area 3÷4 m2/g)
prepared according to two different procedures:

(i) WO3 (Carlo Erba) was sulfurized in a cylindrical Pyrex
reactor fed with a flux of gaseous H2S. The reaction was
carried out at different temperatures (573-873 K) and for
different times;
(ii) WS2 (Aldrich) was oxidised by O2 or air in the same
experimental conditions reported above.
The WO3/WS2 molar ratio was determined by a gravimetric
method calcining the samples in air at 873 K for 3 h and
determining the WS2 content from the weight loss. The surface composition was obtained from X-ray photoelectron
spectroscopy (XPS).
The photoreactor was similar to that employed for the
cyanide photo-oxidation and the amount of photocatalyst
was 1.5 g/l. The initial concentration of phenol was 200mM
and the initial pH 4.5.

A 1000 W medium pressure Hg lamp was used as irradiation source and oxygen was continuously bubbled through
the solution. Samples of suspension were withdrawn and,
after their filtration, the liquid was analysed. The phenol
concentration was determined by a standard colorimetric
method and the formation of the main intermediates was
investigated by HPLC.
4-nitrophenol photo-oxidation: To avoid the separation
procedure needed after the photo-oxidation reactions, TiO2
powder was incorporated in a polymeric matrix. The particular morphology of the membranes for ultrafiltration was
obtained by the phase inversion method using a three components system consisting of a polymer, a solvent and a nonsolvent. A co-solvent was added to improve the phase inversion process. The polymeric support was a commercial polysulphone (PSF), the solvent N-methyl-pyrrolidinone, the
non-solvent water and the co-solvent 1-octanol. The system
was completed by TiO2, incorporated in the polymeric mixture before the gelation bath. Membrane samples containing
TiO2/PSF w/w ratios ranging from 0.2:1 to 1:1 were prepared and characterised by scanning electron microscopy
(SEM) and permeability tests at different pressures after
irradiation. The photocatalytic behaviour of the membranes
was tested by performing the photo-oxidation of
4-nitrophenol dissolved in water (20 or 40 mg/l). Two kinds
of photoreactors were used: the first one was a batch photoreactor irradiated by a 125 W medium pressure Hg lamp and
O2 was bubbled at atmospheric pressure through the solution,
the second one was a flow photoreactor irradiated by a
500 W medium pressure Hg lamp but consisting of a pressure cell system, equipped with a quartz frit. In this last case
the solutions were saturated with oxygen before their
introduction inside the reactor.

RESULTS
Toluene photo-oxidation: Benzaldehyde was found as the
main product while benzene was only a transient product in
the first steps of the photoreaction [3]. In Figure 1 is reported
the toluene fractional conversion to benzaldehyde versus
irradiation time for two typical experiments carried out in the
presence and in the absence of water. When water vapour
was present a maximum molar conversion of benzaldehyde
of 0.19 was achieved after ca. 2 h, while a steady-state conversion of 0.08 was achieved after 70 h. The run lasted 350 h
and no conversion decrease was observed after the achievement of steady-state conditions. For the run carried out in the
absence of water vapour, the photoreactivity continuously
decreased down to negligible values. The results obtained for
benzaldehyde photoproduction after elimination of water at
steady-state conditions and its re-introduction, indicated that
a sharp decrease of the toluene conversion occurs in the
absence of water (from 0.08 to 0.04 after ca. 6 h and then to
0.01 after ca. 180 h). When water vapour was re-introduced,
the photoreactivity increased and then decreased down to
conversion values not far from 0.01.

311

© by PSP Volume 10 – No 3. 2001

Fresenius Enviromental Bulletin

Cyanide photo-oxidation: The main oxidation products
were found to be cyanate, nitrate and carbonate ions [4,5].
In Figure 2 the cyanide, cyanate and nitrate concentrations
versus irradiation time are reported for a typical run. It can be
noted that nitrate ions appear only when the cyanide concentration reaches a negligible value. Moreover, the oxidation of
the cyanate ions becomes significant only after the almost
complete disappearance of the cyanide ions.

Membranes with more than 20% of TiO2 showed
a good photocatalytic activity and a complete disappearance of 4-nitrophenol occurred in about 6 h. Unfortunately, a complete mineralisation was not achieved and
work is in progress to improve the system performance
and to clarify the behaviour of TiO2 trapped into the
polymeric matrix.

The cyanide photo-oxidation rate increased with increasing the catalyst concentration and the irradiation power,
although a steady state rate was achieved at 2 g/l of TiO2,
due to shielding effects. On the contrary, the presence of
chloride ions was detrimental, because the concentration of
dissolved oxygen decreased down to values for which it
became the rate limiting reactant, due to the increase of the
ionic strength of the solution.

FIGURE 1
Toluene fractional conversion to benzaldehyde versus irradiation
time for runs carried out in the presence (♦) and in the absence (l)
of water vapour.

Different mixed WO3/WS2 systems were prepared by sulfuration of WO3 or by oxidation of
WS2. In both cases the composition of the powders was
easily tailored by varying the amount of the starting powder,
the time, or the temperature of the reaction [6]. The photoreactivity experiments showed different behaviours of the
samples depending on the content of WS2 and WO3 in the
powders. The most photoactive samples (about 50% surface
molar composition, as determined by XPS analyses) enabled
to obtain the total conversion of phenol after 3 h of irradiation. Figure 3 shows the photoactivity of two WO3/WS2
powders compared with that of WO3 and WS2. The plots
refer to powders with about the same WS2 molar fraction (x
= 0.4), but obtained respectively by sulfuration of the oxide
and oxidation of the sulfide.

Toluene fractional conversion
to benzaldehyde

No reactivity was observed by using CO2 or N2 instead
of O2. FT-IR spectra of the TiO2 catalyst before and after
toluene adsorption have shown that surface OH groups are
involved in the adsorption of the organic molecules which
result stabilised on the surface by hydrogen bonding between
the delocalised p electrons of the aromatic ring and the hydroxyl groups.
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FIGURE 2
Cyanide (♦), cyanate (n), nitrate (? ) and nitrogen balance (l)
concentrations versus irradiation time. Initial pH=12; 500 W
medium pressure Hg lamp; TiO2 amount 0.15 g.l-1.
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The results indicate that WO3 and WS2 are poor catalysts for the phenol photo-oxidation, whilst the mixed
WO3/WS2 systems reveal an enhanced photoactivity compared with that of the pure tungsten chalcogenides.
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FIGURE 3
Phototocatalysed conversion of phenol: WS2 (n), WO3 (u), WO3
sulfidised (? ), WS2 oxidised (l).
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4-nitrophenol photo-oxidation: SEM observation and
TOC analyses indicated that the home prepared membranes have a good photostability. No significant variations of the morphology and porosity and release of organic species were observed.
The permeability (determined by measurements of
permeate fluxes using distilled water) increased by increasing the TiO2 content in the membranes [7].
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DISCUSSION
Toluene photo-oxidation: The results have confirmed
that the photocatalytic oxidation of toluene can be performed in a gas-solid regime. Benzaldehyde and benzene
were the main products of the photo-reaction. O2 was
essential for the occurrence of the photoreaction while
water played an important role in the maintainance of the
catalytic activity. The presence of benzene can be explained by hypothesizing that photodecarboxylation of the
benzoic acid deriving from the oxidation of benzaldehyde
occurs during the first hours of the process. This insight
can be related to a more oxidant behaviour of the fresh
photocatalyst. In this system the catalyst deactivation
seems to be irreversible and this is probably due to the
dehydroxylation of the catalyst surface.

the photocatalyst and products gives serious advantages
over the traditional approaches. In the light of the above
results it can be concluded that heterogeneous photocatalysis can be successfully used to perform different kinds
of photo-oxidation reactions involving pollutants both in
gas solid and in liquid-solid regimes. In our opinion, its
fate is not only to grow as a field of basic research but
also to give a contribution to solve some actual problems.
Indeed, all the potentialities of the photocatalytic method
have not been up-to-date exploited and in particular some
attention deserves the possibility to use photocatalysis in
tandem with other methods.
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SUMMARY
In this study, historical monument samples, which
were provided from Harput (in Elazig in Turkey), were
characterized. The effect of acid rain on these samples
were investigated. The effects of pH, contact time and
temperature on the solubility of calcium at the monuments
were also examined. The concentrations of calcium in the
run-off solutions are the highest at low pH. The maximum
concentration of calcium at pH=2 and 25°C for one hour
was found to be 190 mg/L for Esadiye Mosque(E1). The
increasing of contact time and temperature also increases
the erosion of the monuments.

The pH of the rain will change during the rain fall from
time to time. At the beginning of the rain, the concentration
of SO3 in the air will be maximum, and the pH will be the
lowest minimum. The pH will be higher because of the concentration of SO3 will be lower with passing time.
Stone monuments are the most susceptable materials to
acid rain. Monuments that are made of calcerous stone react
with acid rain. Acid rain will not react with sandstone
monuments. The reaction can be summarized as follows:

KEYWORDS :
Acid rain, monuments, solubility of calcium, erosion.

INTRODUCTION
Rain is naturally slightly acidic because of the presence of CO2 in the air, that dissolves in water to from
carbonic acid. The reaction can be written as follows:
H2O + CO2 ⇔ H2CO3 ⇔ H+ + HCO3-

The pH of the rain will be lower because of the higher
concentration of SO3 at urban areas, high traffic areas and
industrial areas. Similar reactions can be written for the
nitrogen oxides, but SO3 is considered to be the most
important constituent in air pollution [1].

(1)

The pH of natural rain can be calculated from the above
equilibria as about 5.6. In urban and industrialized areas,
the oxides of sulfur and nitrogen gases are produced from
cumbustion of fossils fuels. Sulfur dioxide is the most
commonly produced gas. SO2 can be oxidized to SO3 by
oxygen or ozone under the influence of UV light and
catalytic dust particles and other agents in the air. Then,
the SO3 dissolved in water to produce sulfuric acid. The
reaction can be written as:
UV, catalists
SO2 + ½ O2 → SO3

(2)

SO3 + H2O ⇔ H2SO4 ⇔ H+ + HSO4

(3)

H2SO4 + CaCO3 ⇔ Ca+2 + SO4=+ H2O+ CO2(gas) (4)
The dissolution of calcite involves more equilibria
than the simple one represented by eq. 4. Three reactions
considered to occur simultaneously are given as [1]
CaCO3 +H+⇔ Ca+2 + HCO3-

(5)

CaCO3 + H2CO3 ⇔ Ca+2 + 2HCO3-

(6)

CaCO3 + H2O ⇔ Ca+2 + OH-+ HCO3-

(7)

The different mechanisms controlling the dissolution
of calcite depend on several conditions such as pH, flow
hydrodynamics etc. Below pH∼4 the dissolution is transport controlled. Between pH∼4 and 6 the reaction would
appear to be controlled by surface kinetics. As the pH rises
above 6, the reaction tends to become pH-independent
mechanism and the rate is surface controlled [2].
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The amount of calcite dissolved would be one mole
for each mole of hydrogen ion (eq.5). According to eq. 4,
the effect of hydrogen ion is reduced, because 1 mole of
calcite would be dissolved for every 2 mole of hydrogen
ion. Thus, the predicted stoichiometry of the reaction of
carbonate stone with hydrogen ion would be between 1
and 2 depending on the degree of out gassing [3]. In this
study, the characterization of the historical samples that

are made of stone, brick and binding materials (Arapbaba
Small Mosque, Milk Castle, Esadiye Mosque and Bath,
Hoca Bath, Kursunlu Mosque and Sarahatun Mosque) in
Harput were carried out and the effects of acid rain on
these samples were investigated. The solubility of calcium
at monuments were determined and the effects of pH,
contact time and temperature on the interaction were also
examined.

TABLE 1
The names, symbols and some properties of monument samples

Sample name

Symbols

Sampling place and properties

Building date

Arapbaba Small Mosque

A1

North wall, outer surface

1270-1280

Esadiye Bath

ES

West wall, inter surface

1144-1167

Kursunlu Mosque

K1

South wall, outer surface, stone

1740

Kursunlu Mosque

K2

South wall, outer surface, binding material

Esadiye Mosque

E1

East wall, inter surface

Esadiye Mosque

E2

Entry Door, outer surface, North, calcerous sandstone

Esadiye Mosque

E3

South wall, , inter surface, brick

Sarahatun Mosque Minaret

S1

Outer surface, North, block stone

Sarahatun Mosque Minaret

S2

Outer surface, North, block stone

Harput Milk Castle

KA1

Inter castle, South-West, outer surface, sandstone *

KA2

Inter castle, South-West, outer surface, sandstone, bazalt stone

KA3

Filling and binding material,

M1
M2

Outer surface, North-West,

Hoca Bath

1144-1167

1478

1634

M3
*

Castle was used as safe residental building from first period to Ottoman from time to time. There are still walls of castle that belong to Artuk, Seljuk and Ottoman.

MATERIALS AND METHODS
Experimental work was carried out according to
Standard Analysis Methods and solutions were prepared
from chemical substances in analytical grade [4, 5, 6].
Monument samples

The monument samples were obtained from Harput,
which is a historical place near Elazig in Turkey. Elazig
has serious environmental problems especially atmospheric problems. Samples taken from the monuments
were kept, to protect from moisture and other effects, in
nylon bags. Before the experimental procedures, samples
were washed in order of deionized water, ethyl alcohol
and diethyl ether for removing of impurities. The symbols
and some properties of samples are given in Table 1.

Minerological constituents of samples were determined by XRD technique. The determination of SO2 was
carried out by gravimetric method. After SiO2 was precipitated, Al, Fe, Ca, Zn and Mg in solution were determined by Atomic Absorption Spectrophotometer (AAS)
and K was determined by Atomic Emission Spectrophotometer (AES).
pH of solutions were adjusted by using EDT GP 353
pH-meter. 100 ml of pure water was taken in 250 ml
beaker. H2SO4 was used for pH=2 to 7 and saturated NaOH
was used for pH=8 and 9. If solution volume is more than
100 ml, 100 ml of solution was interacted with sample.

315

© by PSP Volume 10 – No 3. 2001

Fresenius Enviromental Bulletin

The determination of calcium ion in solution

The effect of contact time

The effects of pH, contact time and temperature on
the dissolution of calcium were examined. The nature
of acid rain, the time of rain and the temperature of the
seasons were considered at the selection of pH, contact
time and temperatures.

Samples were treated with various contact times at
25°C and in pH=5. 30, 60, 90, 120, 240, 480, 900,
1200 and 1440 minutes were chosen as contact times. As
defined above, solution was filtered and calcium
concentration was determined.

The effect of pH

The effect of temperature

Historical monument sample was interacted with 100 ml
of adjusted solution at 25°C for one hour. pH values were
chosen as 2, 3, 4, 5, 6, 7, 8 and 9. Each run-off solution was
filtered through a Watmann filter. The volume of the run-off
was measured, and the calcium concentration in solution was
determined by atomic absorption.

Samples were interacted with 100 ml of the solution (pH=5) for one hour at the temperatures of 5, 10,
15, 20 and 25°C. After solution was filtered, the
calcium concentration in the run-off solution was determined by atomic absorption.

TABLE 2
The chemical and minerological constituents of samples
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FIGURE 1
The variation of calcium concentration with pH
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FIGURE 3
The variation of calcium concentration with temperature
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The chemical and minerological constituents of samples were given in Table 2. The main constituents of A1,
KA1, KA2, KA3, M1, M2, E2, E3 is SiO2 and ES, K1,
K1, E1, S1, S2, M3 samples mainly consist of CaCO3.
Moisture is below 1 % in many of samples. The maximum ratio of moisture was found to be 2.4% and 2.1% in
E1 and E3 samples, respectively.
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Calcium ion concentration in solution
The pH effect: The amounts of calcium ions solution
at various pH values are given in Figure 1. Figures were
shown two parts because of there are many values. The
maximum concentration of calcium at pH=2 and 25°C
for one hour was found to be 190 mg/L for Esadiye
Mosque (E1) and minimum concentration in the same
conditions was 20 mg/L for Esadiye Bath. The results
show that the concentration of calcium in the solutions is
the highest at low pH.

Contact time (hour)
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The contact time effect: The amounts of calcium ions
into solution at various contact time values are given in
Figure 2. The maximum concentration of calcium for 24
hours (at pH=5 and 25°C) was found to be 133 mg/L for
Esadiye Mosque (E3) and minimum concentration in the
same conditions is 40 mg/L for Harput Milk Castle
(KA1). The dissolution rate of Ca2+ ions is high for most
of all samples in first four hours. The dissolving ratio of
calcium is average 47% for four hours. After that the
dissolving continued uniformly by time.
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SUMMARY
The fungicidal activity of 13 diazobenzene dyes and
3 reference compounds was determined on 36 fungal
strains and the strength and selectivity of the fungicidal
effect was distinguished by the spectral mapping technique. Calculations proved that both the strength and
selectivity of the fungicidal activity of diazobenzene dyes
considerably depended on the chemical structure of the
dye and on the type of fungi. It was found that spectral
mapping technique is a useful tool to separate the strength
and selectivity of fungicidal activities.

diazotrophic cyanobacteria (14), fungi (15) and the Gramnegative soil bacterium Myxococcus xanthus (16). It was
further established that dyes in wastewater can serve as
sensitizers of various indirect pho- toeffects and inhibit
the growth of Escherichia coli (17).
The objectives of the present work were to determine the fungicidal activity of some diazo- benzene
derivatives towards fungi and the separation of the
strength and selectivity of the fundicidal effect by the
spectral mapping technique.

KEYWORDS: diazobenzene dyes, fungicidal activity, spectral
mapping technique

MATERIALS AND METHODS

INTRODUCTION
Synthetic dyes are extensively used in many fields of
up-to-date technology such as in the various branches of
textile industry (1,2), in paper production (3) in agricultural research (4, 5), in the control of the efficacy of sewage (6) and wastewater treatment (7), for the determination of specific surface area of activated sludge (8),
ground water tracing (9), etc. The accurate amount of
dyes produced in the world is not known. It is supposed to
be over ten thousand tons per year. Exact data on the
quantity of dyes discharged in the environment are also
not available. It is assumed that a loss of 1-2% in production and 1-10% loss in use is a fair estimate (10). Due to
large-scale production and the extensive application of
synthetic dyes they can cause considerable environmental
pollution and are health risk factors. The impact and toxicity of dyes released in the environment have been vigorously discussed (11,12). As several thousand different
synthetic dyes are employed exhibiting various biological
activities, it is understandable that our knowledge concerning their behavior in the environment and health
hazard connected with their use is yet incomplete. Synthetic dyes present in industrial effluents and wastewaters
can contaminate soil and inhibit the growth of soil microorganisms such as nitrogen fixing cyanobacteria (13),
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The diazobenzene dyes were commercial preparations
and used as received
I

azobenzene = 1,2-diphenyldiazene;

II

Sudan Yellow = 4-dimethylaminoazobenzene;

III PMOAB = p-methoxy-azobenzene;
IV Sudan III = 1-[[4-phenylazo)phenyl]azo]-2-naphthalenol;
V

Sudan IV = 1-[[2-methyl-4-[(2-methylphenyl)azo]
phenyl]azo]-2-naphthalenol;

VI

Sudan Red = 1-[[3-methyl- 4-[(3-methylphenyl)azo]
phenyl]azo]-2-naphthalenol;

VII Sudan Black B = 2,3-dihydro-2,2-dimethyl-6-[[4-phenylazo)-1-naphthyl]azo]-1H-perimidine;
VIII Orange G = 7-hydroxy-8-(phenylazo)-1,3-naphthalenedisulfonic acid disodium salt;
IX

Thorin = 1-(2-arsonophenylazo)-2-hydroxy-3,6-naphthalenedisulfonic acid disodium salt;

X

Amido black 10B = 4-amino-5-hydroxy-3-[(4-nitrophenyl)azo]-6-(phenyl-azo)-2,7-naphthalene disulfonic
acid disodium salt;

XI

Congo Red = 3,3'-[[1,1'-biphenyl]-4,4'-diylbis(azo)bis
[4-amino-1-naphthalene sulfonic acid disodium salt;
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XII Evan's Blue = 6,6'-[(3,3'-dimethyl[1,1'-biphenyl]-4,4'diyl)bis(azo)]bis[4-amino-5-hydroxy-1,3-naphthalenedisulfonic acid;
XIII Trypan Blue = 3,3'-[(3,3'-dimethyl[1,1'-biphenyl]-4,4'diyl)bis(azo)]bis[5-amino-4-hydroxy-2,7-naphthalenedisulfonic acid tetrasodium salt.

Nystatin (compound XIV), fenpropimorph (XV),
carboxin (XVI) and chlorothalonil (XVII) were used
as reference compounds.
Unless otherwise noted, 0.2 M stock solutions of test
compounds were prepared in methanol prior to use. The
fungi tested were taken from the collection of the Plant
Protection Institute, Hungarian Academy of Sciences
(Budapest, Hungary). Zygomycetes, Muco- rales: Mucor
racemosus Fresenius [further strain 1], Rhizopus nigricans Ehrenberg [2], Asco- mycetes, Endomycetales: Saccharomyces cerevisiae Hansen [3], Eurotiales; Aspergillus
niger van Tiegh. [4], Penicillum oxalicum Currie & Thom
[5], Dothideales; Alternaria solani Sorauer [6],
Botryodiplodia theobromae Pat. [7], Didymella applanata
(Niessl.)Sacc. [8], Septoria lycopersici Speg. [9], Venturia inaequealis (Cooke) Winter [10], Hypocreales; Nectria haematococca Berk. & Broome [11], Fusarium graminearum Schwabe [12], F.oxysporum Schlechtendahl
tomato [13], Piricularia oryzae Cavara [14], Trichotecium
roseum Link. [15], Trichoderma harzianum Rifai [16],
Verticillium albo-atrum Reinke et Berthold [17], Sphaeriales; Ascochyta pisi Lib. [18], Fulvia fulva (Cooke) Cif.
[19], Cladosporium cucumerinum Ellis et Arth. [20],
Mycosphaerella tulasnei (Janz.) Land. [21], Colletotrichum coccodes (Wallr.) Hughes [22], C. lindemuthianum (Sacc. et Magn.) Bri. et Cav. [23], C. dematium
(Pers.) Grove [24], C. graminicola (Cesati) Wilson [25],
Glomerella cingulata (Stoneman) Spaulding et Schrenk
[26], Myrothecium roridum Tode [27], Endothia parasitica (Murill) Anderson et Anderson [28], Thielaviopsis
basicola (Berk. & Broome) Ferraris [29], Helotiales;
Botrytis allii Munn. [30], B. cinerea Pers. [31], Basidiomycetes, Ustilaginales: Schroeteria decaisneana (Boudier) de Toni [32], Ustilago zeae (Beckm.) Unger [33],
Sorosporium cenchri Hennins [34], Oomycetes, Peronosporales: Pythium irregulare Buisman [35], Phytophthora
cactorum Pethyb. [36].
The strains of real fungi (Zygo-, Asco- and Basidiomycota) were maintained on potato dextrose agar slants at
22±1ºC. For producing conidia, the strains were grown on
malt agar slants (MEB and agar-agar, 17 and 11 g/L,
respectively, supplemented with inorganic salts and vitamines (18). Inocula were prepared by suspending conidia
(105 cell/mL), sporidia or vegetative cells (104 cell/ mL)
in sterile distilled water containing glucose and TWEEN
40 (2.0 and 0.2 g/L, respectively). P. irregulare and P.
cactorum (Peronosporales, Oomycota) were maintained
on green pea agar (GPA). For both species, four-day-old
colonies, grown on cellophane film on the surface of GPA
plates, were gently triturated in grean pea broth and these

suspensions (50 mg mycelium ml-1) were used as inoculum. Toxicity tests: the melted PDA was inoculated with
suspensions of the fungus (105 propagules for one Petri
dish) and a 5 mm deep layer was dispensed into dishes
(90 mm diameter). Filter paper discs (5 mm diameter)
impregnated with 10-6 M of test compound were placed
centrally on the agar plate (one disc per dish) and growth
inhibition zones were measured after 48 hours incubation
at 22±1 °C. The activity to peronosporaceus fungi was
determined by the same manner on GPA, and the growth
inhibition zones were measured after 72 hours incubation
at 18±1 °C. The data matrix consisting of the diameter of
the inhibitory zones (12 compounds x 36 fungi) was
evaluated by the spectral mapping technique (19). The
dimensionality of the spectral maps was reduced to two
by the nonlinear mapping technique (20). As diazobenzene dyes I, II, III and VII showed no inhibitory effect,
they were omitted from the calculations.

RESULTS AND DISCUSSION
The antifungal effect of diazobenzene dyes and reference compounds are compiled in Table 1. The fungicidal
activity of dyes shows considerable differences suggesting that the various dyes exert different impact on the
fungi in the environment and the molecular structure
markedly influences the biological impact of dyes. The
sensitivity of test organisms towards dyes also shows high
variations indicating that some fungi can tolerate this
class of environmental pollutants the sensitivity depending on the character of the fungi. The saprophytic and soil
originated species exhibited lower sensitivity towards
diazobenzene dyes than biotropic ones or species originated from phyllo- sphere. The potency values of individual synthetic dyes and fungi calculated by the spectral
mapping technique are compiled in Table 2. The data in
Table 2 entirely support our previous qualitative conclusions. The strength of the overall biological activity of
dyes show high variation among the dyes proving again
that their biological activity strongly depend on their
chemical structure. As expected, reference compounds
exhibited the highest antifungal activity, however, some
azobenzene dyes showed marked inhibitory effect too.
The response of fungi towards dyes also exhibit considerable diversity, although the differences between the sensitivity of fungi were lower than the differences among the
antifungal activities of dyes. Diazobenzene dyes together
with chlorothalonil (XVII) form a well defined clusteron
the two-dimensional nonlinear selectivity map (data not
shown). This result indicates that the differences among
the selectivity of the antifungal effect of dyes is relatively
low and it is similar to that of chlorothalonil. Surprisingly,
fungi did not form well-defined clusters according to their
taxonomical position on the two-dimensional nonlinear
selectivity map. These results can be tentatively explained
by the supposition that the selectivity of the sensitivity of
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fungi towards diazobenzene dyes and reference compounds does not depend on the taxonomical position of
fungi. It is probably defined by the enzyme set of fungi
suitable for the decomposition of this class of environmental pollutants. The mode of action of diazobenzene
dyes is not well understood. The fact that their activity
was linearly related to the effect of membrane damaging
reference compounds indicated that the lipophilic ring
structure of dyes probably inserts into the hydrophobic
membrane bilayer while the polar substructures bind to
the polar head groups of phospholipids.

The binding results in membrane disfunction and growth
inhibition of test organisms. It can be concluded from the
data that diazobenzene dyes accumulated in ground waters
and soil may exert a noxious effect on the fungi present in
the environment. It was established that both the chemical
structure of diazobenzene dyes and the character of the fungi
may influence the antifungal effect. As spectral mapping
technique successfully separated the strength and selectivity
of the antifungal activity its application in future environmental protection studies is highly recommended.

TABLE 1
Antifungal effect of diazobenzene dyes and reference compounds. Roman numbers refer to diazobenzene dyes and reference compounds,
arabic numbers refer to fungi in MATERIALS& METHODS. Compounds I, II, III and VII were ineffective.
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TABLE 2
Strength of the microbiological effect of diazobenzene dyes towards fungi and the sensi- tivity of fungi towards synthetic dyes.
Potency values (arbitrary units) are calculated by the spectral mapping technique. Roman numbers refer to diazobenzene dyes
and reference compounds, arabic numbers refer to fungi in MATERIALS&METHODS section.
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THE EFFECT OF AIR POLLUTION
ON THE FORESTS

SUMMARY
The first remarkable research about the effects of air
pollution on forests in Turkey has been carried out in
1951. People are generally interested in visible effects of
air pollution in urban areas. In fact, effects of air pollution
on forests and plants covering the rural areas and, especially, sensitive mountainous forested regions have been
neglected in the last period of years.
Nowadays many researches conducted on this subject
and have clearly shown that air pollution has an important
effect on forest decline.
KEYWORDS:
Air Pollution, sulphur concentration of needles, forests, Turkey

INTRODUCTION
Air pollution is a well-known phenomenon and primarily originates from burning fossil fuels (coal and petroleum). Gasses like SO2, NOx, Cl, F, and O3, small dust
particulates (<10 µm), hydrocarbons (CH and PAN),
waste and exhaust gasses from different emission sources
pollute the air. These pollutive materials affect living
organisms and trees by several ways. The destruction of
the chlorophyll tissues causes decreasing of carbohydrate
synthesis which is required for respiration and growth of
the trees. Under dry air conditions, these pollutive materials accumulate on the leaves of the trees as a dry deposition. Under wet or moist air conditions, the pollution
gasses are transformed to acids and cause acidic rainfall
on earth surface and plants. Acidic rain may create a
spoiling process in the soil profile by leaching the toplayered bed. A decrease of alkaline saturation may also
cause decomposition of clay minerals and soil reaction
falls down to the aluminium buffer level.

The effects of air pollution on the forests are different
and mainly depending on atmospheric moisture conditions.
Polluting gasses in dry air diffuse together with CO2
through the respiratory pores. Initially in carbohydrate
(C6H12O6) synthesis water is ionised in chlorophyll of the
leaves and one atom oxygen is released. This oxygen
atom is capable together with CO2 from the air or H2O
from soils to synthesize carbonic acids. Additionally,
pollutive gasses reach the chlorophyll and are converted
into acids such as H2SO3, H2SO4, HNO3, HF, and HCl.).
The presence of ozone in the air surrounding the leaves
accelerates this converting process. The following destruction in chlorophyll tissues makes the plants less incremental and often causes their death phase. [Kantarci
1991, 1997/1, 1997/2, Kantarci and Karaöz 1994, Tolunay 1997, Bayçu 1997).
Under moist air conditions these pollutive gasses came
into contact with water molecules and can cause drastic and
fatal effects on the leaves (burning, brown spots and drying).
Particularly PAN (peroxy acetyl nitrate), formed by the
combination of NOX+O3+CH, is very effective.
In periods of wet air conditions the afore-mentioned pollutants are converted into acidic forms in air causing acidic
rainfall. Rain drops and snow crystals containing these acids
reach the soil and leaching processes are initiated. A decreasing of the soil pH value (reaction to the aluminium buffer
level) can damage the plant roots (Kantarci 1986, 1987,
1992, 1995, 1997/1, 1997/3, Eruz 1990, Çepel-Eruz-Karaöz
1993, Karaöz 1994, Eruz-Karaöz 1997 for acidic rainfall and
Kantarci 1992/2 for acidic snowing).
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STANDARDS ON LIMITS
OF AIR POLLUTION IN TURKEY
The Regulation related to "Protection of Air Quality"
in Turkey (issued 1986) is based on the Air Pollution
standards related to human health.

Country basis
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Forest declining in the northern and southwestern
parts of Anatolia are caused by industrialisation and polluted air coming from the Middle European countries.

These values are fatal for all forest trees which are
under the effect of SO2. The resistance values of the forests are as follows (Kantarci 1994, Kantarci et al. 1994,
Kantarci et al. 1996/1, 1996/2, 1996/3, Kantarci 1997/2):

(dry and very cold conditions, stony or shallow soil)

50-80 µg/m3

Sensitive Tree species

50 µg/m3

Medium Level Sensitive Tree species

80 µg/m3

Less Sensitive Tree species

Preliminary work on the effects of air pollution in
Turkey dealing with the influence of copper industry
began 1951 (Irmak and Hus). Damages occurred in the
sixties and the first measurements have been published by
Acatay (1968) for the same area.
The thermal power plants producing electricity and
established in southwestern parts of the country in the
area of Mugla, Yatagan, Yeniköy and Kemerköy are a
further source of air pollution effects. Studies done in this
area evidenced that sulphur concentration in the leaves of
some coniferous forests has reached a very high level
(see Table 1).

30 µg/m3

Sensitive and poor ecosystems

Good ecosystems

The Anatolian peninsula is surrounded by the cool Black
Sea with a humidic climate in the north, and the warm
Mediterranean Sea with a dry climate in the south. From
the western part of Anatolia to the eastern plateau, which
is high and cold, and additionally influenced by the parallel stressing of the mountain ranges in the north and
south, very different climate regions are created. Central
Anatolia and Inner Thrace have a continental climate that
is hot and dry in summer and cold in winter. The high
mountain ranges with their sensitive ecological systems
are often misused and overgrazing or disturbing the natural flora are also main factors of declining, change in the
ecological balance and destruction (Kantarci 1988).

Recent studies elucidated that the sulphur accumulation in forests around industrialised cities is generally
very high (see Table 1).

120 µg/m3

SENSITIVE ECOLOGICAL REGIONS
IN TURKEY AND THE EFFECTS OF
AIR POLLUTION ON FORESTS

CONCLUSIONS

Ecosytems are characterized by site and living societies
which generate a living union. They have reached an internal
balance because of generating mutual effects and relations
among the growth site factors and their living societies.
When such a natural ecosystems is destroyed by any outer
effect (for example air pollution), some parts or the total
sytem may be negatively affected. This decline, especially in
ecologically sensitive or poor ecosystems, will be more
drastically than any other effect (Kantarci 1988).

Field and laboratory studies proved that air pollution
and its effect on forests has reached a critical level. For
example, in Samsun province the sulphur concentration of
maritime pine (P. pinaster) leaves is 2430 to 3380 ppm
and similar concentrations are found in the red pine (P.
brutia) leaves in Mugla region (see Table 1).
In intensively used and effected areas a sulphur concentration level of 10680 ppm has been observed. In noneffected and clean areas the sulphur concentration of
leaves normally ranged from 1000-2000 ppm.
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TABLE 1 - Sulphur accumulation in leaves of Turkish forest trees.
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TABLE 1 (continued)
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MONITORING TRACE METAL LEVELS IN KIRSEHIR-TURKEY:
SERUM COPPER AND ZINC LEVELS OF HEALTHY SUBJECTS
M. Soylak1, L. Elçi2, Ü. Divrikli1 and S. Saraçoglu1
1
2

Erciyes Üniversitesi, Fen-Edebiyat Fakültesi, Kimya Bölümü, Kayseri-TURKEY
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SUMMARY
In the present work, the concentrations of copper and
zinc in blood serum samples of 94 (60 male + 34 female)
healthy people living in Kirsehir, Turkey, were determined by flame atomic absorption spectrometry.
The mean concentrations of copper and zinc were found
to be 1.61 ± 0.10 mg/l and 1.13 ± 0.33 mg/l, respectively.
The mean serum copper and zinc concentration of persons living in Kirsehir, Turkey, were found in the upper
limits of the world values.

In the present study, the serum copper and zinc concentrations of ninety-four healthy people aged between 19 and
65 living in Kirsehir, Turkey, were determined by flame
atomic absorption spectrometry.

MATERIALS AND METHODS
Reagents and Apparatus

KEYWORDS:
Copper,
zinc,
healthy
subjects,
flame atomic absorption spectrometry, Kirsehir-Turkey

serum,

INTRODUCTION
The determination of the trace amounts of heavy
metal ions in biological materials such as hair, blood,
urine etc. are of increasing interest of many clinical and
research laboratories [1-4]. Serum is an important bioindicator for trace element status. Many factors such as
eating habit, age, sex etc. are known to influence serum
trace metal values. Determinations of serum and zinc
concentrations have been continuously performed by
various researchers around the world [5-10].
Copper and zinc are essential micronutrients for human. They activate enzymatic and hormonal processes in
human body. Zinc deficiency can result from inadequate
dietary intake, impaired absorption, excessive excretion.
Copper is involved in the functioning of the nervous system, in maintaining the balance of other useful metals in
the body, such as zinc, and possibly other body functions.
The mean concentrations of copper and zinc in serum are
0.7-1.3 mg/l and 0.5-1.7 mg/l, respectively [10, 11].
Kirsehir is in middle Anatolia region of Turkey and has
approximately 50.000 population. According to our literature search, no report has been published about the serum
copper and zinc levels of Kirsehir, Turkey.

All chemicals used were of super pure grade unless stated
otherwise; aqueous reagents were prepared in doubledistilled de-ionised water. 1000 mg/l of stock solutions of
copper and zinc were prepared by dissolving their nitrate
(Merck-Darmstadt, Germany) in distilled water. To prepare working standards, serial dilutions were made with
the double-distilled water.
Copper and zinc determinations were performed using a Perkin-Elmer Model 3110 flame atomic absorption
spectrometer. All measurements were carried out in
air/acetylene flame without background correction. The
operating parameters were set of as recommended by the
manufacturer.

Sampling and Determinations
of Copper and Zinc in Serum Samples

Blood samples were collected from 60 males and 34 females at November-December 1998 in a Health Center in
the city center of Kirsehir, Turkey. After centrifugation at
1500 rpm for 10 min, serum samples were separated and
stored at -20 oC until analysis. Serum was thawed and
mixed before assay. The concentrations of copper and
zinc in the serum samples were determined by flame
atomic absorption spectrometry (FAAS) according to
procedure given by Tietz [12].
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RESULTS AND DISCUSSION
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Blood serum samples of 94 healthy subjects aged between 19 and 65 from Kirsehir, Turkey, were analyzed for
copper and zinc by flame atomic absorption spectrometry.
Mean concentration of copper in serum samples without
discriminating the sexes was found as 1.61 ± 0.10 mg/l,
ranging from 0.39 to 2.23 mg/l. The mean serum level of
zinc was 1.13 ± 0.33 (range: 0.59-2.25 mg/l). These levels of
copper and zinc were in the upper levels of the mean world
values given in Literature [6, 10, 11]
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The levels of copper and zinc in serum samples of different
sexes were compared. While average concentrations of
copper for male and female were 1.57 ± 0.12 mg/l and
1.63 ± 0.27 mg/l, respectively, the mean concentrations of
zinc for male and female were found as 1.12 ± 0.33 mg/l and
1.16 ± 0.31 mg/l, respectively. No significant difference was
observed in the serum copper and zinc levels between males
and females.
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(range: 1.11-1.15 mg/l) in all age groups.
TABLE 1
The level of serum copper and zinc in the age groups (mg/l)

[1]

Soylak M, Saraymen R., Dogan M (1995) Fresen. Environ.
Bull., 4, 485-490

[2]

Saraymen R., Soylak M., Elci L., M. Dogan (1997) Fresen.
Environ. Bull., 6, 694-698.

[3]

Wang YS, Zhao HF, Zhang TX, Tan MG, Zhuang GS, Chen
BL, Huang ZZ, Tian HL,. Sun QF (1999) Biological Trace
Element Research, 71, 617-621.

[4]

Alarcon OM., Fuller JR., Silva TM., Angarita C., Teran E.,
Navas M., Solano P., Agostinelli M. (1997) Archivos Latinoamericanos de Nutricion, 47, 118-122.

[5]

Soylak M., Kirnap M. (2001) Fresen. Envir. Bull, In Press

[6]

Soylak M., Saraymen R., Narin I, Dogan M. (1998) Trace
Elem. Electrol., 15, 142-144.

[7]

Soylak M., Saraçoglu S., Divrikli Ü., Elçi L. (2001) Trace
Elem. Electroly., 18, 47-50 .

[8]

Terresmartos C., Navarroalarcon M., Martinlagos F.,
Delaserrana HLG., Lopezmartinez MC. (1997) Science of the
Total Environment, 198, 97-103.

Age Group

N

Copper

Zinc

19-25

21

1.52 ± 0.15
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n: number of person

The influences of the smoking habits on the serum zinc
and copper concentrations were also examined. Thirty three
of 94 people in the present study were smokers. The percentage of smoking persons was 35 %. The changes in the concentrations of copper and zinc of smoking and non-smoking
groups are given in Table 2. The levels of copper and zinc in
the serum samples for the smoking group were found as
1.52 ± 0.29 mg/l and 1.03 ± 0.38 mg/l, respectively.

Copper

Zinc

Smoking

33

1.52 ± 0.29

1.03 ± 0.38

Non-Smoking

61

1.62 ± 0.14

1.15 ± 0.33
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THE EFFECT OF LITHIUM CHLORIDE ON
HETEROTROPHIC BACTERIAL ACTIVITY
Ruben Sommaruga
University of Innsbruck, Institute of Zoology and Limnology, Innsbruck, Austria

SUMMARY
In this study, the effect of the hydrological tracer LiCl
was tested on the activity of a natural heterotrophic bacterial assemblage. The effect was assessed following the
[3H]-thymidine incorporation by bacteria under three
treatments: 1) 400 mg Li+ l-1 (concentration of the solution intended to be injected into the lake), 2) 5 µg Li+ l-1
(the expected end concentration after dilution), and 3) a
control (no LiCl). After 6 h, a significant inhibition (31%)
on the incorporation of [3H]-thymidine was observed at
the highest concentration, but not at the lowest.

Heterotrophic bacteria were selected as test organisms because their small cell size and relatively high abundance
warrant a rapid contact with the tracer. Moreover, measurements of bacterial activity using the [3H]-thymidine method
[5] provide a rapid and easy assessment of the bacterial response to different stress factors.

KEYWORDS: Toxicity,
thymidine, alpine lakes.

The lake selected for the hydrological study was
Gossenköllesee (area: 1.7 ha, maximum depth: 9.9 m)
situated above the tree line at 2417 m above sea level in
the Central Alps, Tyrol, Austria (47° 13’N, 11° 01’E).
Information on the limnological characteristics of this
system is published elsewhere [6].

hydrology,

tracer,

aquatic

bacteria,

INTRODUCTION
Lithium chloride (LiCl) is a conservative tracer used in
hydrological studies. Among the main advantages of this
tracer are its high solubility in water and the low background concentration found in freshwater systems (0.0751.1 µg l-1) [1]. Unfortunately, the potential toxic effect of
LiCl on the biota has been largely ignored; therefore, limited information is available on this scientific literature.
Nevertheless, the use of LiCl in hydrological studies has
been questioned because of its proven effect on the biological activity [2]. For example, experiments with the freshwater snail, Elimia clavaeformis have indicated that Li+ at
concentrations as low as 150 µg l-1 reduces its feeding rate
by 50% [2]. Furthermore, based on results from toxicity
studies on Li+ with fish larvae, zooplankton, and a snail,
Stewart & Kszos [2] suggested that the results reported by
Tate et al. [3] on algal phosphorus dynamics in a mountain
stream may have been affected by the concomitant use of
Li+ as a tracer (see also Tate et al. [4]). Within the framework of a tracer hydrological experiment designed to
estimate the water residence time in an alpine lake, the
potential toxicity of LiCl on the activity of planktonic
heterotrophic bacteria was tested.

MATERIALS AND METHODS

Water samples for the experiments were taken from
Gossenköllesee on June 18, 1997 from 4 m depth and
placed in sterile bottles (500 ml). Lithium chloride
(p.a. Merck) was added immediately to the samples to give
a final concentration of 5 µg Li+ l-1 and 400 mg Li+ l-1. This
wide range was selected because the concentrations approximately corresponded, respectively, to the expected
final concentration in the lake after mixing and the concentration of Li+ in the aqueous solution to be injected into the
lake (Thies et al. unpub. data). Controls were included
without the addition of LiCl. The samples were transported
to the laboratory in Innsbruck where they were maintained
close to the in situ temperature (4°C) and immediately
processed. [3H]-Thymidine (85 Ci mmol-1, Amersham,
England) was added at saturating concentrations (10 nM) to
eight replicates from the different treatments and incubated
at in situ temperature and darkness for 1 h.
Total time of exposure to LiCl was 6 h. Incubations
were finished by the addition of formaldehyde (3% final
concentration). Bacteria were then collected by filtering
samples through 0.2 µm pore-size cellulose nitrate filters
(Sartorius, Goettingen, Germany).
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Filters with the contents were pre-washed 10 times
with 1 ml ice-cold 5 % (w/v) trichloroacetic acid (TCA),
then extracted for 10 min with 5 ml ice-cold TCA and
finally washed 10 times with 1 ml TCA and two times
more with 5 ml ice-cold 80 % ethanol (v/v). The dry filters were placed into scintillation vials with 10 ml of
scintillation cocktail (Ready Safe, Beckman, CA). Disintegrations per minute were determined in a Beckman
LS 6000 IC scintillation counter, after the filters had dissolved completely in the cocktail. All samples in the different treatments were corrected for abiotic incorporation
by subtracting the radioactivity in two formaldehydekilled controls (3 % final concentration).

in the lake water (control) and in the 5 µg l-1 treatment was
23 µS cm-1, in the highest LiCl concentration it was 140-fold
higher. Although the decrease in bacterial activity observed
under the highest LiCl concentration was modest (31% after
6 h), these results indicate that the use of this tracer in hydrological studies must be done with caution and that its potential toxicity in the biota must be assessed. In this experiment,
measurements of bacterial activity were done at 4°C (in situ
temperature); however, toxicity may increase with temperature, i.e., at higher bacterial division rates. Finally, a strong
mixing during the process of injection of the aqueous
LiCl solution must be assured to prevent toxic effects by a
highly concentrated discharge.
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