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IRON BIOGEOCHEMISTRY AND ITS
ENVIRONMENTAL IMPACTS IN FRESHWATER LAKES
Wei Xing and Guihua Liu*
Key Laboratory of Aquatic Botany and Watershed Ecology, Wuhan Botanical Garden, Chinese Academy of Sciences, Wuhan 430074, P.R. China

ABSTRACT

2. IRON SOURCES IN FRESHWATER LAKES

Iron is an essential element for almost all living species. Its environmental impacts on physiology and ecology of aquatic organisms are always the focus of limnology and oceanography. To gain insight into iron biogeochemistry and its environmental impacts in freshwater
lakes, we collected and reviewed numerous studies on iron
in combination with our own work. Our review reports
iron sources, iron speciation, iron cycle and iron uptake
mechanisms as well as impacts of iron on physiology and
ecology of phytoplankton and aquatic plants in freshwater
lakes. We also proposed some suggestions for further
studies.

KEYWORDS: iron biogeochemistry, freshwater lakes, iron speciation, size-fractionated iron, iron uptake mechanisms

1. INTRODUCTION
Iron is the second most abundant metal and fourth
most abundant element in the Earth's crust [1], but its
concentration in water is quite low because of low solubility [2, 3]. Generally, iron concentrations in natural
freshwaters do not exceed 1 mg L-1 [4]. However, population explosion, rapid urbanization and growth of industries result in various ecological problems in the ecosystems of most water-bodies. Lakes act as a recipient of
wastewaters like a dustbin, which leads to eutrophication
and algal blooms. As a consequence, significant changes
in speciation, concentration and bioavailability of iron in
lake water and sediment occur [5-7]. Conversely, variations of iron profoundly influence the structure and function of lake ecosystems [3]. Therefore, iron biogeochemistry and its environmental impacts in freshwater lakes are
always the research focus in limnology. The review consists of iron sources, iron speciation, iron cycle, iron uptake mechanisms and impacts of iron on physiology as
well as ecology of phytoplankton and aquatic plants in
freshwater lakes.
* Corresponding author

There are many iron sources in freshwater lakes. In
natural conditions, iron primarily comes from the products of weathered rocks and soil around watersheds, controlled by many factors, such as geological process, soil
composition, environmental temperature, precipitation, and
hydrology [8]. Another important contributor is air deposition [9-12]. Some nutrient elements, like nitrogen, phosphorus, sulphur and iron, can fall into lakes with precipitation and dust, or simply due to gravity. More important,
wastewater and storm-water discharges have already been
the first source of iron in freshwater lakes because of anthropogenic influences [5].
3. IRON SPECIATION AND IRON CYCLE
Numerous studies about iron speciation in freshwater
lakes have been carried out. However, most studies have
focused on redox reactions at oxic/anoxic boundaries in
water columns [13-17]. The redox transformations at the
oxic/anoxic boundary influence the iron cycle in lakes
because of the solubility difference between ferrous (Fe2+)
and ferric (Fe3+) iron [4]. In oxic waters, ferric iron is the
stable oxidation state and, at neutral pH, it forms highly
insoluble oxides and hydroxides [4, 16, 17]. Ferrous iron
is stable in anoxic waters and, in many freshwater systems, it exists usually as a dissolved ion, although, in the
presence of high carbonate, sulphide and orthophosphate
levels, it forms insoluble salts [18]. Most studies showed
that reduction of ferric iron can also occur in oxygenated,
high pH, surface lake waters, although this usually results
in much lower concentration of ferrous iron [19-21]. These
redox reactions would enhance iron availability to phytoplankton and aquatic plants by releasing organically bound
Fe (Fe3+) [22], or upon reoxidation.
However, iron speciation is highly affected by the
chemical composition of the lake water, iron inputs and
removal processes, as well as internal recycling [13]. The
physicochemical speciation of iron, which profoundly influences its bioavailability, depends on the relative importance of various competing processes including adsorption-desorption, precipitation-dissolution, ion exchange,
complexation-dissociation, and redox reactions [3].
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Hence, the traditional classification of iron speciation
could not satisfy the demand of collecting information on
iron biogeochemistry in presently complex lakes anymore.

energy is consumed and very short time is needed in the
step. Second step is an active absorption process. Because
it is related to metabolisms of organisms, thereby, large
amount of energy is consumed [27].

The following method based on size separation has
been accepted and applied in limnology. Operationally defined filtration and ultra-filtration techniques set boundaries
in the continuum between dissolved, colloidal and particulate phases. Accordingly, iron in lake water is separated
for three size fractions: particulate iron (>0.22 µm), colloidal iron (0.025-0.22 µm) and soluble iron (<0.025 µm)
[3, 5-7, 23, 24]. The highly reactive colloidal iron may
either coagulate or flocculate to form larger particles, or become soluble [18, 25]. In addition to controlling iron solubility, the formation of colloidal and larger, more refractory iron particles provides a mechanism for removing
dissolved iron and other trace metals from the water by
adsorption and co-precipitation [18]. Bioavailable iron has
been studied clearly, but the cycle involving the new iron
speciation is not well understood.

Importantly, ferric iron (Fe3+) must transform into ferrous iron (Fe2+) before it can be absorbed in the pathway.
Fe2+ is then transported into phytoplankton cells though
special transport points on the membrane [28]. The mechanism may be a main pathway for freshwater phytoplankton,
especially cyanobacteria [27].

According to the above new method, experiments of
iron separation were conducted in Dianchi Lake (China) [57]. Concentrations of size-fractionated iron in lake water
were much higher than that in other lakes (e.g. Kinneret
Lake, Israel) and varied with season because of serious
cyanobacterial blooms in summer and autumn. Similar to
the view of Shaked et al. [3], we found that size-fractionated
iron could transform into each other, especially the highly
reactive colloidal iron [5-7], and significant linear correlations were found between iron in different size fractions [5].

4. IRON UPTAKE MECHANISMS OF
PHYTOPLANKTON AND AQUATIC PLANTS
Iron availability to organisms depends on (1) total concentration of iron, (2) its chemical speciation, and (3) how
the physicochemical properties of a system alter that speciation [26].

3+

4.1.2. Iron uptake through Fe -siderophores

Siderophores are organic Fe3+/metal-chelating molecules that serve to solubilize and scavenge Fe3+ from ambient environment. They are classified as phenolates–catecholates or hydroxamates, or mixtures of the two forms [29].
The Fe3+-siderophore complex is subsequently imported
into the cell. Most freshwater phytoplankton, especially cyanobacteria, can secrete siderophores under iron-limited
environment [30-34]. Lammers and Sanders-Loehr [30]
proved that some strains of Anabaena can produce schizokinen (a siderophore). Besides Anabaena, M. aeruginosa
can also produce hydroxamate-type siderophores [32]. In
our previous study, siderophores were found in culture
solutions of M. aeruginosa and M. wesenbergii isolated
from Dianchi Lake (China) [34]. Furthermore, the amount
of siderophores of M. aeruginosa was much more than
that of M. wesenbergii, as M. aeruginosa requires a higher
iron concentration than M. wesenbergii [34].
4.1.3. Iron excess absorption and storage

Most phytoplankton species have the ability to excessively absorb (luxury consumption) and store nutrients,
especially phosphate under good environment [35]. When
times get tough, the storage nutrients would be used by
phytoplankton to keep normal metabolisms. But studies
on luxury consumption of iron are rare. Wang et al. [36]
indicated that iron contents of two strains (a unicellular
strain of M. aeruginosa PCC7806 and a colonial strain of
M. aeruginosa XW01) were less than 1/3 cultured in ironlimited than in iron-replete conditions.

4.1. Iron uptake mechanisms of phytoplankton

Phytoplankton differs from land-based plants in that
they do not have roots, stems, or leaves. But the whole
body of phytoplankton can take up nutrients from ambient
environment. There are many studies on iron uptake mechanisms of phytoplankton, but there is little information about
freshwater phytoplankton used as experimental material
compared to oceanic phytoplankton.
Possible uptake mechanisms of freshwater phytoplankton are as follows:
4.1.1. Iron uptake through membrane transport

The mechanism includes two steps. First step is a
passive adsorption process, that is, physical adsorption or
ion exchange occurs on algal cell surface. Moreover, no

4.2. Iron uptake mechanisms of aquatic plants

It is well-known that roots are the main absorbing organs for water and nutrients from environment. Most
aquatic plants have an active transpiration-mediated rootpressure system which can transport water and dissolved
nutrients from roots through stems to leaves [37]. Moreover, leaves or/and stems of some aquatic plants, such as
submerged macrophytes, can also absorb nutrients from ambient environment. Gentner [38] had used 59Fe3+ as a tracer
to study uptake and transportation of iron in Vallisneria
spiralis L.. Data showed that roots take up more iron than
shoots, and transport within the plant occurs principally in
the shoot to root direction [38]. In addition, nutrient concentrations in aquatic plants are far higher than necessary
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concentrations of metabolisms due to active absorption
[37].
Roots of aquatic plants mainly take up iron from lake
sediment. Meanwhile, leaves and stems can also absorb
iron from water column. But their absorption processes
are identical with iron transport into cells of aquatic plants
through transferrin [39]. Transferrin binds extracellular iron
with high affinity, docks at transferrin receptors on the cell
membrane, and is taken up into cells by means of the invagination of sections of this membrane. The iron is then
unloaded from transferrin into specialized intracellular compartments, from where it can be transferred to the cytoplasm [29]. In addition, aquatic plants also have the ability
to produce siderophores (phytosiderophores, PS) which can
retrieve adequate amounts of iron from sediment or/and
water [40]. This chelation strategy is more efficient than
the reduction strategy used by other plants.
5. EFFECTS OF IRON ON
PHYSIOLOGY OF PHYTOPLANKTON AND
AQUATIC PLANTS IN FRESHWATER LAKES
As it is well-known, iron is an essential trace element
for biological requirements of phytoplankton and aquatic
plants. It can be involved in chlorophyll pigment biosynthesis, in many components of photosynthesis (PS I and
PS II) and electron transport systems, as well as in nitrate
assimilation as an enzyme cofactor (nitrate reductase and
nitrite reductase) [41, 42]. Therefore, only good iron concentration promotes growth and physiological metabolisms of phytoplankton and aquatic plants [34, 43-47]. The
physiological features determined in studies are generally
as follows: growth rate, pigment content, photosynthesis,
respiration, nutrient contents, enzyme activities (e.g. nitrate
reductase, antioxidant enzymes) and others.
5.1. Phytoplankton

Different phytoplankton species have different thresholds of iron concentration for growth [32, 48]. Sun et al.
[48] found that a Fe concentration of 10−8 to 10−7 M is the
threshold for growth of Anabaena circinalis (cyanobacterium). Iron stress can inhibit photosystem II (PS II) photochemistry, the amount of photooxidizable reaction center pigment of photosystem I (PS I) (P700), and the partial
reaction rates associated with PS II and PS I, respectively
[49, 50]. Concomitantly, a large decrease in the amount of
phycocyanin (PC) and Chl a accompanied by structural
alterations of the thylakoid membranes and phycobilisomes
as well as a blue shift of 5-6 nm in the main red absorption
band of Chl a are characteristics of iron-stressed cyanobacteria [51]. Furthermore, the number of iron-containing proteins within the photosynthetic apparatus reduces because of
iron limitation [49]. In our previous study, iron limitation
(0.01 µM Fe3+) seriously affected the growth, pigment
content and photosynthesis of M. aeruginosa and M.
wesenbergii [34].

Oxidative stress induced by iron starvation could be a
common feature of photosynthetic bacteria [52]. Latifi et
al. [52] pointed out that iron deficiency causes oxidative
stress in the cyanobacterium Anabaena sp. strain PCC
7120. In addition, iron limitation inhibited remarkably the
activities of ATPases (Ca2+-ATPase, Mg2+-ATPase), nitrate
reductase (NR) as well as acid phosphatase (ACP) and alkaline phosphatase (ALP) of M. wesenbergii [45].
5.2. Aquatic plants

Compared to phytoplankton, studies on effects of iron
limitation or iron deficiency on aquatic plants are not fully
understood. Most studies focused on phytoremediation of
aquatic ecosystems which suffered from contaminations of
iron and other heavy metals [46, 47, 53-56]. Therefore, high
capacity of metal accumulation with normal physiological
metabolisms is a hot topic of phytoremediation using aquatic
plants in aquatic environments [53, 56].
Duckweed is a suitable plant model because of its small
size, rapid growth, and ease of culture [46, 57, 58]. Lemna
minor L., Lemna paucicostata Hegelm., Lemna gibba L.
and Spirodela polyrrhiza (L.) Schleid are all widespreadly
used in toxicity evaluation experiments. In our previous
study, S. polyrrhiza was used to evaluate its physiological
responses to excess iron (1, 10, and 100 mg L-1 Fe3+, added
in the form of FeCl3·6H2O) [46]. After a 24-h short-term
exposure, 10 and 100 mg L-1 Fe3+ caused plants necrosis or
death and colonies disintegration as well as roots abscission. Moreover, significant differences in chlorophyll fluorescence (Fv/Fm) were observed at 1-100 mg L-1 iron. Furthermore, the synthesis of chlorophyll and protein as well
as carbohydrate, and the uptake of phosphate and nitrogen,
were inhibited seriously by excess iron. In addition, with
the increase of iron concentration, malondialdehyde (MDA)
content increased, but proline content decreased.
Though submerged macrophytes and emergent plants
are extensively studied, effects of iron on physiology of
them are relatively rare. At higher iron solution concentrations, plants exhibit visual symptoms of possible iron
toxicity, including root flaccidity, reduced root branching,
increased shoot die-back and mottling of leaves [44, 59,
60]. Moreover, Basiouny et al. [43] pointed out that contents of iron and chlorophyll in Hydrilla verticillata (L.f.)
Royle increased with the increase of iron concentration
(0-8.0 ppm). Batty and Younger [44] found a threshold of
iron concentration (1 mg L-1) above which seedling growth
of Phragmites australis was severely inhibited. In addition,
P. australis is proposed as a more appropriate biological indicator of iron and manganese pollutions [61]. Like phytoplankton, the activities of antioxidative enzymes in aquatic
plants, such as Elodea nuttallii (Planch.) H. St. John,
are inhibited seriously by high iron concentration (beyond
10 mg L-1 [Fe3+]) [47].
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6. EFFECTS OF IRON ON
ECOLOGY OF PHYTOPLANKTON AND
AQUATIC PLANTS IN FRESHWATER LAKES

reservoir in times of deficiency that help to solubilize
nutrients with restricted availability by acidification [77].

Since “Iron Hypothesis” has been proposed [62], effects of iron on ecology of phytoplankton in ocean and
fresh water are always research focus in limnology and
oceanography [3, 6, 21-24, 63-65]. Though less comprehensively than in the ocean, iron influences algal productivity and species composition in freshwater lakes [3, 66,
67]. It is reported that when iron concentration ranges
from 0.1 to 1.0 mg L-1, algal community in lakes shifts
from green algae to cyanobacteria [66]. Pollingher et al. [67]
also found that iron addition affects species composition
of phytoplankton in Lake Kinneret, and markedly promoted the growth of green algae and bacteria. In an in situ
experiment in Lake Erken (Sweden), phosphate and nitrate
were added to all enclosures, but Gloeotrichia echinulata
only increased in abundance in enclosures to which iron
had also been added [68].
Our mimic experiment in enclosures on lakeshore of
Dianchi Lake (China) revealed a positive relationship between the decrease of dissolved iron and the increase of biomass of aquatic organisms (submerged macrophytes and
bloom-forming cyanobacteria) in the period of JuneSeptember [23]. It has been a common phenomenon that
dissolved iron concentration is relatively low in summer
because of rapid reproduction of phytoplankton, particularly bloom-forming cyanobacteria [23, 69]. However, at
the whole-lake scale, iron had no obvious influences on
formation of cyanobacterial blooms in shallow and eutrophic Dianchi Lake [6].

7. PERSPECTIVE OF RESEARCH
ON IRON IN FRESHWATER LAKES
Though iron cycle and its impact on phytoplankton
and aquatic plants in freshwater lakes are completely reviewed here, some aspects of iron biogeochemistry in freshwater lakes are still not clear. Therefore, based on the review, the following questions of iron are suggested to pay
more attention in further studies:
(1) size-fractionated iron cycle in lake ecosystems;
(2) bioavailability of different iron speciation and regime
shifts of freshwater lakes;
(3) iron uptake mechanisms and detailed transport pathways at various levels;
(4) iron biogeochemistry and global climate change.
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For aquatic plants, long-time iron accumulation and
iron toxicity could change physiology and ecology of them,
such as morphology, anatomy, life-history traits, species
composition and community dynamics. Stanković et al.
[70] evaluated iron contents in the most common submerged
and floating aquatic plants (Ceratophyllum demersum L.,
Myriophyllum spicatum L., and Nymphoides flava Hill.)
of Provala Lake, and iron contents in submerged species
were considerably higher than in floating ones, and this
may be a reason for degradation of submerged macrophytes.
Van der Welle et al. [71, 72] proved that iron profoundly
influences species composition and distribution of wetland
plants.
Iron plaque is commonly formed on the roots of aquatic
plant species, such as Typha latifolia L. and Phragmites
australis Trin. The iron plaque may be amorphous or crystalline [73]. It is composed mainly of ferrihydrite (63%)
with lesser amounts of goethite (32%) and minor levels of
siderite (5%) [74, 75]. The effect of iron plaque on plant
uptake of nutrients and/or contaminants may depend on
the amount of iron plaque that is formed on the plant roots
[75, 76]. Interestingly, the amount of iron in root plaque is
not related to the amount of iron taken up to the shoot,
and toxicity symptom expression is not related to root
iron plaque [44]. Iron plaques may also act as a nutrient
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ABSTRACT
Cold or drought tolerant plants may also show salinity
tolerance due to cross adaptation. Chlorella strain NJ-18, a
freshwater unicellular green alga from the Antarctica,
showed increased salinity tolerance relative to C. vulgaris
UETX259, a temperate strain of the same genus. As shown
with growth rate, membrane permeability and photosynthetic activity, the Antarctic strain was more tolerant to
salinity stress than the temperate one. There were significantly higher levels of soluble sugars and free proline accumulated in NJ-18 than in UTEX259. Under salinity stress,
total amino acid contents decreased in UTEX259 but increased in NJ-18. Especially, in NJ-18 exposed to salinity
stress, cystine and methionine contents increased about 4and 1.5-fold compared to cells without the stress. Our results suggest that salinity tolerance may be developed in
parallel to cold tolerance in green algae in permanently
cold environments.

KEYWORDS: Antarctic Chlorella, salinity stress, soluble sugars,
free proline, S-containing amino acid residues

1. INTRODUCTION
Antarctic wetlands are characterized by the presence
of liquid water for only a few weeks to a few months during short austral summer. Microalgae from Antarctic wetland habitats are exposed to severe conditions, of which the
changes in the desiccation-rehydration and freeze-thaw cycles are two of the most stressful ones [1]. Water-deficiency
due to desiccation or freezing is one of the most critical
stressors affecting species activities and survival. Water
plays a crucial role for all metabolic activities, and cellular dehydration can inhibit photosynthesis [2] and oxidize
* Corresponding author

proteins, DNA and membrane components [3]. Accordingly, algal cells need to prevent water loss to maintain
turgor pressure and cell volume. Studies based on field or
laboratory experiments have shown that Antarctic algae are
able to tolerate prolonged desiccation or freezing [1, 4-6].
In plants, some strategies involved in desiccation or
freeze tolerance can also be involved in salinity tolerance.
Accordingly, there are cross-talks between different pathways for tolerance of abiotic stresses [7-9]. For an example,
accumulation of compatible solutes in plant cells can relieve
the stress caused by drought, coldness or salinity. Also,
different abiotic stresses can lead to oxidative damages.
Accumulation of antioxidants can enhance the tolerance of
plant cells against drought, coldness and salinity stresses.
Chlorella species are unicellular green algae distributed all over the world. They are generally found on soil,
humid rock and in freshwater [10]. Similar to higher plants,
they possess a photosynthetic system which only requires
carbon dioxide, water, light, and a small amount of minerals to rapidly produce energy. They also have a short life
cycle easily manipulated in the lab, and can be used as a
model organism in plant physiology research. Chlorella sp.
NJ-18 is a freshwater green alga isolated from the surface
of wet rocks in Antarctica [6]. The aim of this study was to
assess the salinity tolerance of NJ-18 in comparison to a
temperate Chlorella strain, and investigate the cross adaptation of salinity and freeze tolerance in green algae.
2. MATERIALS AND METHODS
2.1. Organisms and culture conditions

In January 1999, Chlorella sp. NJ-18 was isolated
from the surface of wet rocks near a transitory freshwater
pond about 5 km away from the Zhongshan station of Antarctica, to examine its resistance to all kinds of stresses [6].
UTEX259 was purchased from the Algal Culture Collection of the University of Texas (Austin, USA), and 1892
originally isolated from Delft, Netherlands by Beijerink
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who worked there. Algal cells were maintained in BG11
medium [11] for comparison, at 20 °C under continuous
illumination of 40 µmol/(m2·s) with aeration, for at least
one year. Log-phase stock cultures were used for all
experiments. To test salt inhibition of growth rates, BG11
medium was prepared without NaCl (control) and with
NaCl (0.1, 0.2, 0.4, 0.6, 0.8 or 1.0 mol/L). Cultures were
grown in 100-ml Erlenmeyer flasks containing 50 ml of
medium with initial OD730 = 0.1. Cell density was measured turbidimetrically at 730 nm (UV-3000, Shimadzu)
every 24 h for 12 days. The growth inhibition rate was
calculated as (OD730 control－OD730 treated with NaCl) /
OD730 control × 100%. For all the following assays, algal
cells were cultured in the BG11 medium until exponential
phase, harvested and re-suspended (OD730 = 1.0) in fresh
BG11 medium with different concentrations of NaCl for
48 h.

1200 µmol/(m2·s). The oxygen production rate under these
conditions was recorded continuously for a period of 5 min.
2.5. Measurements of soluble sugars

Cells treated with NaCl were harvested by centrifugation at 6,000 rpm for 10 min and freeze-dried. 1 g of dried
sample was homogenized with 4 ml of 80% ethanol solution in a mortar and pestle. After heating the homogenate
in a water-bath at 80 °C for 40 min, the insoluble residue
was removed by centrifugation at 5,000 rpm for 10 min.
The precipitate was re-extracted with 1 ml of 80% ethanol
at 80 °C and re-centrifuged. The supernatants were pooled
and decoloured by active carbon for 30 min. The filtrate
was added to 10 ml with 80% ethanol and used for soluble sugar (glucose, sucrose, fructose) determinations by
the phenol-sulphuric acid method [15].
2.6. Measurements of free proline

2.2. Relative membrane permeability (RMP)

The increase of RMP can be used to evaluate salinity
stress-caused cell damage. The RMP was determined as
described by Yang et al. [12] with modification. The test
tube with deionized/distilled water was assayed for initial
electrical conductivity (EC0). Cells treated with or without
salinity stress were harvested by centrifugation at 6,000 rpm
for 10 min, washed three times with deionized/distilled water
and put in test tubes containing 20 ml of deionized/distilled
water. The test tubes were vortexed for 15 min, and solution
was assayed for EC1. The same samples containing cells
were boiled at 100 °C for 10 min to determine EC2. Percent RMP was calculated as RMP (%) = (EC1 − EC0)/(
EC2 − EC0) × 100.
2.3. Photochemical efficiency (Fv/Fm)

Exponentially growing cells were harvested and transferred to fresh BG11 medium with OD730 = 1.0 at 1.0 mol/L
NaCl concentration, and then, at various time intervals, photochemical efficiency (Fv/Fm) was measured by using a Plant
Efficiency Analyzer (PEA MK2, (Hansatech Instruments
Ltd, King’s Lynn, UK). After 72 h of treatment with
1.0 mol/L NaCl, the algal cells were harvested, washed
with fresh BG11 medium and used for photochemical
efficiency measurements. Cells were diluted and dark-adjusted for 15 min before measurements. The maximal (Fm),
variable (Fv) and non-variable fluorescence yield (Fo) were
determined to estimate the photochemical properties of the
algae [13].
2.4. Photosynthetic oxygen evolution

Photosynthetic oxygen evolution rate of cells was measured using a Clark-type oxygen electrode (Hansatech Instruments Ltd., UK) according to Zhang et al. [14]. Cells
treated with NaCl were harvested by centrifugation and resuspended in fresh BG11 media. A 2-ml aliquot of cell
suspension was transferred to the oxygen electrode chamber. Photosynthetic activity was assayed by measuring the
rate of O2 evolution at 20 °C and a photon flux density of

Proline is one of the most effective osmotically adjustable substances [16]. Cells treated with or without salinity
stress were harvested by centrifugation at 6,000 rpm for
10 min. Cell pellets (1 g) were homogenized in 5 ml of
3% aqueous sulfosalicylic acid at 100 °C for 15 min and
centrifuged. Two ml of supernatant were then reacted with
2 ml of ninhydrin reagent and 2 ml of glacial acetic acid in
a test tube for 30 min at 100 °C, and the reaction was
terminated in an ice-bath. The reaction mixture was extracted with 4 ml of toluene and mixed vigorously using a
test tube stirrer for 30 sec. The chromophore-containing
toluene was aspirated from the aqueous phase, warmed to
room temperature and the absorbance was read at 520 nm
with toluene as the blank. The proline concentration was
determined from a standard curve and calculated on a fresh
weight basis [16].
2.7. Amino acid compositions

For analysis of amino acids, exponentially growing
cells cultured in BG11 medium were harvested, transferred
to fresh BG11 medium with or without 0.5 mol/L NaCl
(OD730 = 1.0), and incubated at 20 °C under continuous
illumination of 50 µmol/(m2·s) for 12 h. Then, cells treated
with or without salinity stress were harvested by centrifugation at 6,000 rpm for 5 min and freeze-dried immediately.
The dried sample was hydrolyzed at 110 °C for 24 h with
4 M methanesulphonic acid, in hydrolysis tubes. Hydrolysates were then passed through a cation-exchange resin
and purified amino acids eluted with 2 M ammonium hydroxide. The amino acids were then reacted with (6-aminoquinolyl)-N-hydroxysuccinimidyl carbamate (AQC) and
analyzed by reverse-phase (C11 column) high-performance
liquid chromatography (HPLC). This analysis employed
a binary gradient composed of 0.23 mol/L sodium acetate
(pH 4.95) with 0.017 mol/L tetrahydrofuran and 0.1%
EDTA (eluent A) as well as 60% (v/v) acetonitrile (eluent
B). The gradient was adjusted to separate amino acids of
interest but was essentially linear from 7 to 100% (eluent
B) over 30 min. Individual amino acid peaks were identi-
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fied by comparison with retention times from a standard
mixture of pure amino acids. Integrated peak areas of samples were quantified by comparison with external standards
[17].
2.8. Statistics

Data are represented as means ± standard deviations
obtained using 3 parallel cultures. Statistical significance
was analyzed using the t-test.

3. RESULTS AND DISCUSSION
3.1. Growth and membrane permeability

The effect of NaCl (0-1.0 mol/L) on the growth of
Chlorella sp. NJ-18 was investigated in comparison with the
temperate strain UTEX259. Both Chlorella strains showed
inhibition of growth to the medium (Fig. 1a). Under lower
concentrations (0.1 and 0.2 mol/L) of NaCl, no statistical
difference between the two strains (P>0.05) was found.
When the NaCl concentration was set at 0.4, 0.6 or 0.8
mol/L, however, there were weak but statistically significant
differences (P<0.05) between NJ-18 (57, 79 and 88% inhibition, respectively) and UTEX259 (64, 83 and 92% inhibition, respectively). The salinity stress-caused damage
was evaluated with RMP. The higher the permeability is,
the more severe the damage to cell membrane structure
[18]. For both strains, RMP increased with the increase of
NaCl concentration (Fig. 1b). With NaCl at 0.1, 0.2, 0.4,
0.6 and 0.8 mol/L, the RMP of UTEX259 was 3, 6, 10, 9
and 7% higher than that of NJ-18, respectively.

3.2. Photosynthetic oxygen evolution and photochemical
efficiency

Photosynthetic activity is usually the most sensitive
physiological indicator of higher plants or algae in response
to abiotic stresses. The photosynthetic oxygen evolution
rate was sensitive to salinity stress in both Chlorella strains
(Fig. 2a). However, UTEX259 showed a much stronger
inhibition (P<0.05) by this stress. At the concentration
of 0.2 mol/L, NaCl reduced the photosynthetic rate of
UTEX259 by 22% relative to control (cells without salinity
stress), but showed almost no effect on that of NJ-18 (P>
0.05). At ≥0.6 mol/L NaCl, the photosynthetic oxygen
evolution in UTEX259 was completely inhibited but only
partially in NJ-18. Even in the presence of 1.0 mol/L
NaCl, the photosynthetic oxygen evolution remained at
0.46 µmol O2/(mg chl a min), a fairly high level in NJ-18.
Figure 2b shows the response of photochemical efficiency
to the salinity stress. Under the stress of 1.0 mol/L NaCl,
the photochemical efficiency (Fv/Fm) of UTEX259 decreased much faster than that of NJ-18 with the elapse of
time. Once the salinity stress was removed, the recovery
of Fv/Fm in NJ-18 was faster than that of UTEX259. The
photosynthetic responses indicated that NJ-18 was indeed
more tolerant to salinity stress than UTEX259.
3.3. Soluble sugars and free proline

Accumulation of soluble sugars and free proline can
protect algal cells from damage by cold, drought and salinity stresses [19，20]. To analyze the underlying mechanism
that allows the parallel development of salinity and freeze
tolerance in the Antarctic Chlorella strain, we compared
the contents of soluble sugars and free proline in both
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FIGURE 1 - Growth inhibition rate after 12 days (a) and relative membrane permeability (RMP) after 48 h (b) of Chlorella sp. NJ-18 and
Chlorella vulgaris UTEX259 treated with NaCl at different concentrations.
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FIGURE 2 - Photosynthetic oxygen evolution rates (a) of NJ-18 and UTEX259 treated with NaCl at different concentrations and photochemical efficiency (b, the arrow indicates the recovery of Fv/Fm after removal of NaCl) under the stress of 1.0 mol/L NaCl.
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FIGURE 3 - Soluble sugar (a) and free proline (b) contents of Chlorella sp. NJ-18 and Chlorella vulgaris UTEX259 treated with NaCl at
different concentrations for 48 h

Chlorella strains. With or without addition of NaCl to the
medium, NJ-18 contained significantly higher contents of
both soluble sugars (P<0.01) and free proline (P<0.05) than
UTEX259 (Fig. 3). The two strains showed maximal
contents of soluble sugars in medium supplemented with

0.6 mol/L NaCl, and maximal contents of free proline
with 0.4 or 0.6 mol/L NaCl. The higher levels of soluble
sugars and free proline in NJ-18 should partially explain
its higher tolerance to freeze and salinity stresses. Accumulations of soluble sugar [21, 22] and proline [16, 21]
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have also been found in other algal species under osmotic
stress. Soluble sugars accumulated in cells can function as
osmoprotectants. Proline, also known as an osmoprotectant,
could act as a free radical scavenger and an enzyme protector under conditions of salinity stress [16, 22]. In addition, Venekamp [23] assumed that an increased proline
synthesis could be an attempt to limit cytoplasm acidification in stress conditions.
3.4. Amino acid composition

Because sulfur-containing amino acid residues, such as
methionine and cysteine, of proteins may serve as antioxidants [24, 25], leading to the conversion of non-radical
species of ROS to innocuous products, we measured amino

acid compositions in Chlorella strains. When 0.5 mol/L
NaCl was added to the medium, total amino acid contents
were lowered by 4.3% in UTEX259 but increased by 33%
in NJ-18 (Table 1). All the amino acid contents, except
that of lysine, serine and glycine, increased in NJ-18 treated
with 0.5 M NaCl, and among them, cystine showed the
highest proportional increase (417%), followed by methionine (153%) and isoleucine (94%). In UTEX259, the maximal increase of amino acids was no more than 7%, cystine content had only an increase of 2%, and methionine
de-creased a little (0.1 mg/g biomass). The increase of methionine and cysteine percentages in total proteins may
play a role in protecting NJ-18 from oxidative damages
under freezing or salinity stress.

TABLE 1 - Contents (mg/g dried weight biomass) of amino acids in NJ-18 and
UTEX259 grown in BG11 medium with 0.5 mol/L NaCl , or without (control).
Amino acids
Glutamic acid
Aspartic acid
Leucine
Proline
Phenylalanine
Serine
Arginine
Histidine
Lysine
Alanine
Valine
Tyrosine
Threonine
Glycine
Isoleucine
Methionine
Cystine
Total

NJ-18
control
3.90
2.90
2.56
2.47
2.18
2.14
2.03
1.95
1.72
1.69
1.47
1.26
1.21
1.12
0.99
0.45
0.30
30.34

UTEX259
control
5.96
3.91
4.68
3.84
3.65
2.00
2.88
3.21
1.56
2.63
2.91
1.95
1.57
1.33
2.03
1.12
1.03
46.26

0.5 mol/L NaCl
4.89
3.39
3.93
2.78
3.24
2.05
2.47
2.77
1.26
2.38
2.36
1.68
1.40
1.05
1.92
1.14
1.55
40.26

4. CONCLUSIONS

0.5 mol/L NaCl
5.42
3.12
4.77
3.86
3.91
1.87
2.57
2.76
1.66
2.41
2.88
1.91
1.63
1.42
2.07
1.02
1.05
44.33
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ABSTRACT
Mycotoxigenic fungi isolated from corn, sorghum
grains and peanut kernels were identified. Nine fungal
species belonging to three genera were recovered from the
tested samples. With the exception of the sorghum isolate,
all tested Aspergillus flavus isolates were capable of producing variable amounts of G1 and B1 aflatoxin ranging
from 1-6 parts per billion (ppb). The highest amount of
aflatoxin B1 (8ppb) was produced by A. flavus isolated from
corn grains. The sorghum isolate of Penicillium oxalicum
was the highest producer of citreoviridin (37ppb).
Fusarium subglutinans isolate recovered from popcorn
was capable of producing fumonisin B1, zearalenone and
vomitoxin (DON). Corn isolate of Fusarium proliferatum
however, failed to produce fumonisin B1 and sorghum
isolate of Fusarium verticillioides produced only
fumonisin B1. The antifungal activity of yellow liquid
fraction of Aloe vera against toxigenic fungi was tested. All
tested concentrations were effective in inhibiting fungal
growth.
KEYWORDS: Anthraquinones, GC/MS analysis, leaves sap,
fungi, mycotoxins.

1. INTRODUCTION
Seed-borne fungi are responsible for considerable grain
and oilseed spoilage as well as bio-deterioration of other
agriculture products worldwide [33]. They can cause significant loss in seed quality and nutritive value of grains
[1, 2]. Significant grain quality loss is also due to mycotoxins production by toxigenic fungi [3]. The occurrence
of toxigenic fungi and mycotoxins in peanut, corn and
sorghum grains and its derived foods has been frequently
reported worldwide [4-8].
Aspergillus, Fusarium and Penicillium are considered
to be the most significant toxigenic fungi growing in pre
and/or post-harvested and stored grains [9,10]. It was reported that more than 25% of the world cereals are conta* Corresponding author

minated with known mycotoxins [11]. The detrimental
health effects of mycotoxins on humans and animals have
frequently been reported [12].
Several control methods could be used to control pre
and post-harvest seed-borne fungi. The use of fungicides
is common although it could lead to many ecological
problems [13, 14]. Therefore, an alternative method without toxicity to either human or animals should be used to
prevent grain deterioration by associated fungi during the
storage.
Control of fungal diseases using different natural substances, such as essential oils and plant extracts has been
widely investigated [15, 16]. The first report of Aloe vera
antifungal activity against plant pathogenic fungi was reported by Saks and Barkai-Golan [17]. They indicated that
A. vera had antifungal properties against Fusarium oxysporum, Rhizoctonia solani and Colletotrichum coccodes.
Fungicidal activity of Aloe vera against plant pathogenic fungi have frequently been reported [18, 19]. Extracts
of Aloe vera fresh leaves also showed in vitro inhibitory
effects against Fusarium oxysporum f. sp. gladioli, Heterosporium pruneti and Penicillium gladioli, isolated from
ornamental plants [20]. Thus the present study was undertaken to evaluate the antifungal potential of Aloe vera leaves
sap on the (in vitro) growth of seed-borne fungi isolated
from corn, popcorn and sorghum grains and peanut kernels.
2. MATERIALS AND METHODS
2.1. Fungal cultures

Samples of corn, popcorn and peanut were collected
from different locations of Riyadh, Kingdom of Saudi Arabia and evaluated for frequency of seed-borne fungi. Fungi
were isolated and cultured according to the method described by Hussaini et al. [21]. Two sets of 10 gm of each
sample were used either after surface sterilized (using 5%
sodium hypochlorite solution and washed three times by
sterile distilled water) or without sterilization. Ten grains of
each commodity were placed randomly on the surface of
Petri dish containing Potato Dextrose Agar (PDA) in triplicate. Petri dishes were incubated at 25ºC and examined
daily for five days, after which the colonies were counted.
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Isolates were purified either by single spore or hyphal tip
methods and then transferred to PDA slants. The isolation
frequencies of fungal species were calculated according to
Gonzalez et al. [22]. Identification of obtained fungal isolates was carried out based on morphological and microscopic characteristics according to the methods of Dugan
[23].

methane, and the extract was partially purified on silica and
amino solid-phase extraction (SPE) columns. The extract
was analyzed for citreoviridin by normal-phase liquid chromatography, using a mobile phase of ethyl acetate: hexane
(75:25 v/v) at 1.5 ml/min and a fluorescence detector to
measure the yellow fluorescence (388 nm excitation, 480 nm
emission).

2.2. Mycotoxins assay

2.2.3. Fusarium toxins

2.2.1. Aflatoxin

Fungal mats of each flask were blended with 5 g sodium chloride and 100 ml of 80% methanol at high speed
for one min, and then filtered through glass micro-fiber
filter paper. 10 ml of the filtrate was diluted with 40 ml of
wash buffer and filtered again through 1 µm micro-fiber
filter. 10 ml of the diluted extract were passed through a
fumontest column (Vicam Company) and the column was
washed using 10 ml of the same dilute solution.
Fumonisins were determined according to the method
described by Mazzani et al. [28]. Fumonisin was eluted
by passing one ml of HPLC grade methanol through the
column and then elutes were re-collected. 1 ml of each of
developer A (Vicam product No. G5005) and developer B
(Vicam product No. G5004) were added to the elute and
placed in calibrated fluorometer (Series-4 /Vicam) for
fumonisin toxin, but the dilution was made with 49 ml
distilled water which were passed through a Zearatest
and/or vomitoxin column (Vicam Company) and then
measured in calibrated fluorometer model (Series4/Vicam).

Aspergillus isolates were grown in sterilized SMKY
liquid medium [Sucrose- 200g, magnesium sulphate- 0.5 g,
potassium nitrate- 3g, yeast extract-7g and distilled water
1000 ml] in 100 ml flasks for 10 days at 27±2°C with
three replicates per isolate [24]. After incubation, cultures
were blended for 2 min using a high speed homogenizer
and filtered through Whatman’s filter paper 1. Aflatoxins
were extracted from the homogenized filtrates using a
mixture of chloroform-acetone 9/1 (v/v). Dried residues
containing aflatoxin were dissolved in 1 ml of the same
liquid mobile phase solution which contained methanol:acetic acid:water and stored at -20°C in brown tubes.
The method described by Christian [25] was used to
detect and determine aflatoxin production. The extracts
were passed through a 0.45 µm micro-filter. Analysis of
compounds was performed on HPLC model PerkinElmer®
Brownlee™ validated C18, with internal diameter of 100 mm
× 4.6 mm, 3 micron. The HPLC was equipped with an UV
detector and fluorescence detection with 365 nm excitation and 430 nm emission wavelengths. The liquid mobile
phase yielded results of methanol:acetic acid:water
(20:20:60 v/v/v). The total run time for the separation was
approximately 25 min at a flow rate of 1 ml/min.
2.2.2. Penicillium toxins

Tested isolates were grown on sterilized liquid malt
extract media prepared in 100 ml flasks and incubated for
7-10 days at 27±2°C with three replicates per isolate.
Cultures were blended for 2 min using a high speed homogenizer and filtered using glass filter paper. Patulin was
extracted from homogenized filtrate using acetonitrile:water (5:95 v/v) [26].
The solvent was then evaporated at 35°C under vacuum. The dried residues containing patulin were dissolved in
1 ml of the same liquid mobile phase. The method described by Christian [25] was used to determine patulin.
The extract was passed through a 0.45 µm micro-filter.
Analysis of compounds was performed on an HPLC model
PerkinElmer® Brownlee™ validated C18, 250 mm with internal diameter; 2.1 or 3.2 mm. The HPLC was equipped
with UV detector and the wave length was set at 280 nm.
Patulin was completely resolved by using acetonitrile-water
(95:5, v/v) as the mobile phase at a flow-rate of 1.0 ml/min
for 25 min.
A reliable analytical quantitative method described by
Stubblefield et al. [27] was used for citreoviridin determination. The toxin was extracted with 5 ml dichloro-

2.3. Plant material

Aloe vera leaves were collected from the Botanical
Garden of Botany and Microbiology Department, College
of Science, King Saud University. Leaves weighing 1 kg
or more were chosen and cut out from the whole plant at
the basal point of attachment. The inner yellowish brown
mucilage (glue-like substance) which is usually liquid in
nature flowed from the cut leaves and was collected in
dark sterilized bottles.
2.4. GC/MS analysis of Aloe vera sap

Samples were methylated according to Vogel [29] and
dissolved in ethyl ether. One ml of an ethyl ether solution
was injected into the gas chromatograph. An HP-5 fused
silica capillary column (30 × 0.25 mm), mass selective detector, Hydrogen carrier gas at 32 cm min-1 and split ratio
1:50 were used. Oven temperatures ranged from 75°C for
3 min and ramp 15 °C/min to 270 °C, ending with an isothermal period of 10 minutes. Injector, transfer and detector temperatures were 260, 285 and 250°C, respectively
while solvent delay was 2 min. Detection and identification of anthraquinones [30] was based on analysis of the
corresponding mass spectrum and comparison with data
of the Wiley-275 library and scan was from 50 to 500 Da.
2.5. Effect of A. vera on fungal growth

To study the effect of A. vera on colony growth, concentrations of 1%, 2%, 4% and 8% from A. vera leaves
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sap were prepared. A. vera yellow liquid sap was applied
to PDA medium just before pouring in Petri plates. 5 mm
plugs cut from the margin of 10 days old fungal colonies
were placed in the center of the plates. Cultures were
incubated at 23°C and radial growth measured daily for
five days. Inhibition of fungal growth in the plates containing tested crude was judged by comparison with growth
in blank control plates. Maximal radial growth for some of
the fungi was limited by dish diameter (80 mm). Three replicate plates were used for each treatment.
2.6. Statistical analysis

The isolation frequency (Fq) of genera was calculated
according to Marassas et al. [31]. A randomized complete
block design was used in the present study. Analysis of
variance (ANOVA) of the fungal isolation frequency was
performed with the MSTAT-C statistical package, Michigan State Univ., USA). Least significant difference (LSD)
was used to compare fungi means. Low detected concentrations of mycotoxins did not permit model fit for inferential
analysis of these toxins.
3. RESULTS
3.1. Fungal occurrence

Analysis of variance of the fungal isolation frequency
revealed that fungus and fungus × treatment (crop) interaction were highly significant sources of variation in frequencies of fungi isolated from tested samples (Table 1).

The fungus × treatment (crop) interaction was the most important as a source of variation in isolation frequency, while
fungus was of second importance (Fig.1). Due to the significant effect of fungus × treatment interaction, a least significant difference was used to compare between fungi
within each crop. Aspergillus spp. i.e., A. flavus and A. niger
were recovered from all samples with the highest isolation
frequencies from corn grains (Table 2). In addition, A.
clavatus was recovered only from corn and popcorn samples. F. proliferatum (88.9%) was the most dominant fungus in corn samples followed by F. verticillioides (80.57%)
and F. subglutinans (88.9%) was the most dominant in
popcorn samples. In respect to Penicillium spp. P. funiculesum (100%) was the most dominant in sorghum samples
and P. chrysogenum (74.07%) was the most dominant in
peanut samples (Table 2).
3.2. Mycotoxin production
3.2.1. Aflatoxins

Most Aspergillus isolates were capable of producing
detectable levels of both B and G aflatoxins at variable
levels. Three of the ten tested isolates failed to produce
any detectable amount of aflatoxins (Table 3). All with
the exception of the sorghum isolate, A. flavus isolates
were capable of producing variable amounts of B and G
aflatoxin. The highest amount of aflatoxin B1 production
(8ppb) was obtained from A. flavus isolated from corn
grains. A. clavatus isolated from popcorn produced only
aflatoxin B1 and B2.

TABLE 1 - Analysis of variance of effects of crop, fungus and their interaction on frequencies of fungi isolated from corn, peanut, popcorn
and sorghum samples.
Source of variation
Replication
Crop( C)
Fungus (F)
CxF
Error
DF=degrees of freedom, MS= A mean square

D.F
3
3
8
24
70

M.S
89.393
721.356
2395.801
3791.600
295.393
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F. value
0.3026
2.4420
8.1106
12.8358

P>F
0.0714
0.0000
0.0000
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FIGURE 1 - Relative contribution of crop, fungus and their interaction to variation in frequency of fungi isolated from corn, peanut, popcorn and sorghum grains. Relative contribution was calculated as percentage of the explained (model variation).
TABLE 2 - Frequencies of fungi isolated from corn, peanut, popcorn and sorghum grains.
Fungus
A. clavatus
A. flavus
A. niger
F. proliferatum
F. subglutinans
F. verticillioides
P. chrysogenum
P. funiculosum
P. oxalicum
L.S.D for fungus x crop (P≤0.05)= 27.99, (P≤0.01)= 37.16

Isolation frequency (%)	
  
Popcorn
Corn
41.67
16.67
17.00
86.67
35.54
36.11
00.00
88.90
88.90
00.00
00.00
80.57
36.11
00.00
00.00
19.44
41.68
6.67

Peanut
00.00
65.55
34.29
00.00
19.77
00.00
74.07
44.74
00.00

Sorghum
00.00
75.00
30.55
00.00
00.00
75.00
16.67
100.00
23.33

TABLE 3 - Aflatoxin production by Aspergillus spp. isolated from corn, peanut, popcorn and sorghum grains.
Fungus
Aspergillus niger

A.	
  flavus	
  

A. clavatus

Host
Peanut
Popcorn
Corn
Sorghum
Peanut
Popcorn
Corn
Sorghum
Popcorn
Corn

Aflatoxins (ppb)
B2
G1
2.0
1.0
2.0
5.0
1.0
4.0
3.0
2.0
4.0
2.0
4.0
4.0
-

B1
6.0
5.0
4.0
4.0
6.0
8.0
4.0
-

G2
3.0
2.0
3.0
3.0
-

3.2.2. Penicillium toxins

3.2.3. Fusarium toxins

All tested isolates were patulin producers except peanut and popcorn isolates of P. chrysogenum which did not
produced any patulin (Table 4). A sorghum isolate of P.
chrysogenum was the highest patulin (38ppb) producer.
Citreovirdin however, was produced by all isolates except
P. chrysogenum of popcorn and sorghum as well as the P.
funiculosum isolated from sorghum. The sorghum isolate of
P. oxalicum was the highest producer of citreoviridin
(37ppb).

All isolates except the peanut isolate of F. subglutinans were toxin producers. Toxin-producing isolates varied
in the type and concentrations of toxin produced. F. subglutinans isolate of popcorn was capable of producing
fumonisin, zearalenone and vomitoxin. F. proliferatum
isolated from corn however, failed to produce fumonisin,
and the sorghum isolate of F. verticillioides produced only
fumonisin B1 (Table 5).

TABLE 4 - Production of patulin and citreovirdin by Penicillium spp. isolated from corn, peanut, popcorn and sorghum grains.
Penicillcum spp.
P. chrysogenum
P. funiculosum
P. oxalicum

Host
Peanut
Popcorn
Sorghum
Peanut
Corn
Sorghum
Peanut
Corn
Sorghum

Pencillium toxin (ppb)
Patualin (ppb)
38
14
12
12
35
21
25

Citreoviridin
27
21
25
14
25
37

TABLE 5 - Production of fumonisin, zeralenone and vomitoxin by Fusarium spp. isolated from corn, peanut, popcorn and sorghum grains.
Fusarium spp.
F. subglutinans
F.verticillioides

Host
Peanut
Popcorn
Corn

Fumonisin
6.3
-
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Fusarium toxin (ppb)
Zea
9.7
3.3

vomitoxin
1.4
-
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F. proliferatum
Fraction
no.
1.
2.
3.
4.
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Sorghum
3.5
Corn
5.4
TABLE 6 - Identification of Aloe vera leaf sap fractions using GC/MS analysis.
Identification

1,3-Propanediol, 2-Methyl-, Dipropanoate
(2-Methyl-1,3-Propane)
4-Vinylphenol (P-Vinylphenol)
7.Beta.,9A.BETA.-Dimethyle-6-MythyleneTrans-4,5,5A,6,7,8,9,9A-Octahydro
9-Octadecenamide, (Z)-

7.4

RT

Relative concentration

3.242

1.594

7.485
13.211

4.318
1.576

15.871

30.489

TABLE 7 - Analysis of variance of effects of fungus, Aloe vera concentration and their interaction on linear growth of seed-borne fungi.
Source of variation
Replication
Fungus (F)
Concentration (C)

D.F
3
8
4

M.S
6.896
51.885
1183.119

F. value
0.9248
6.9580
158.6609

P>F

FxC
Error

32
88

18.552
7.457

2.4879

0.0004

0.0000
0.0000

FIGURE 2 - Analysis of Aloe vera leaf sap fractions using GC/MS.

FIGURE 3 - Relative contribution of fungus, concentration of Aloe vera and their interaction to variation in linear growth. Relative contribution was calculated as percentage of sum square of the explained (model variations).

3.3. GC/MS analysis of Aloe vera sap

Fractionation of Aloe vera sap using GC/Ms analysis
resulted in four fractions with RT ranged from 3.242 to
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15.871. According to the data of Wiley library which
include in GC/Ms data these fractions are identified as
shown in Table 6. Relative concentrations of theses fractions ranged from 1.576 to 30.489 (Fig. 2 and Table 6).
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FIGURE 4 - Relative efficiency of different concentrations (1%,2%,4% and 8%) of A. vera on inhibition of fungal growth. (1= A. clavatus, 2=
A. flavus, 3= A. niger, 4= F. proliferatum, 5= F. subglutinans, 6= F. verticillioides, 7= P. chrysogenum, 8= P. funiculosum and 9= P. oxalicum).

3.4. Effect of A. vera on fungal growth

Data analysis revealed that the A. vera concentration,
and fungus x A. vera concentration interaction were highly
significant sources of variation in linear growth of the
tested fungi (Table 7). A. vera concentration was the most
important source of variation as it accounted for 82.2% of
the total variation in linear growth (Fig. 3). Due to the
significant of the interaction, a least significant difference was used to compare between concentrations within each fungus (Fig. 4). These comparisons showed that
all the tested concentrations were effective in inhibiting the
linear growth of fungi; an increase in concentration resulted in an increase in the fungicidal activity of Aloe vera
leaves sap.
4. DISCUSSION
Data obtained in this study indicate that samples of
peanut kernels, corn, popcorn and sorghum grains were
contaminated with a diverse group of seed-borne fungi.
Aspergillus, Fusarium and Penicillium were the major genera frequently recovered from corn grains [32], peanut [7,
33] and sorghum grains [34] from several regions of the
world.
Diversity in isolation frequencies of recovered fungi
in the present study could be attributed to the fungal colonizing ability which could be affected by (host) and origin
of samples [35]. Differences in genotype, sample location
and storage environment could play critical role in fungi
colonizing ability within the same host [36, 37].
Most of our tested isolates were capable of producing
detectable levels of mycotoxins. Mycotoxins are mainly
produced by Aspergillus, Fusarium and Penicillium species isolated from stored grains and have frequently been
documented [38, 39]. Aflatoxins (AFs) are the most wide-

spread toxins and are mainly produced by Aspergillus spp.
and in this study were isolated from most of corn [40] and
peanut isolates [7, 49].
Fusarial mycotoxins mainly fumonisins, vomitoxin and
zearalenone [41] were also produced by corn and peanut isolates in this study [42]. The sorghum isolate of F.
verticillioides was capable of producing only fumonisin.
This result agrees with Da Silva et al. [6] and Isakeit et al.
[43] but differs with Makun [21] and Hussaini et al. [34] in
that sorghum grain molding fusaria were zearalenone
producers. Isolates of P. funiculosum and P. oxalicum
recovered from corn, sorghum and peanut were patulin
and citreoviridin producers [44]. Plant pathogenic Penicillia may produce these toxins in culture media, and in
agricultural commodities as well as in food waste [45].
Some of the tested isolates failed to produce any detectable mycotoxins. Variation in mycotoxin productivity
might be due to the probable genetic diversity among and
within tested species.
In vitro screening of Aloe vera sap against seed borne
fungi revealed that it was effective in inhibiting the mycelial growth of tested fungi. The antifungal potential of Aloe
vera extracts has frequently evaluated [46]. It was also
found that aqueous and organic extracts of Aloe vera shoots
had inhibitory effects on hyphal growth, mycelium development, biomass production [47] and sporulation [19] of
several phytopathogenic fungi. The fungicidal effects of
Aloe vera might be due to its chemical composition [20].
The yellowish exudates of Aloe vera contains several substances such as anthraquinone derivatives, glycosides,
tannins and many active enzymes [48].
5. CONCLUSION
The current research demonstrated the susceptibility
of some storage crops in Saudi to colonization with Asper-
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gillus section Flavi, especially A. flavus isolates, Aspergillus section Nigri, Fusarium species and Pencillium species. Leaves sap of A. vera were evaluated for antifungal
activity against nine mycotoxigenic fungi isolated from
corn, popcorn, peanut and sorghum grains. Results revealed
the very toxic effects of such sap. Based on the antimycotic
activity, crude plant extracts may be a commercial way of
protecting storage crops against toxigenic fungi. Therefore, plant extract may become an alternative for the control of the harmful effects of mycotoxins on food products.
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HEAD CAPSULE DEFORMITIES IN CHIRONOMUS TRANSVAALENSIS (Diptera: CHIRONOMIDAE) AS INDICATOR OF
ENVIRONMENTAL STRESS IN AN INDUSTRIAL EFFLUENTIMPACTED STREAM IN SOUTHERN NIGERIA
Francis O. Arimoro*
Department of Animal and Environmental Biology, Delta State University, P.M.B 1, Abraka, Delta State, Nigeria

ABSTRACT
In furtherance of evolving an appropriate tool for assessing water pollution in Nigerian streams, this study investigated head capsule deformities in Chironomus transvaalensis in relation to heavy metal concentration and some
physicochemical parameters of Adofi River, a forest stream
in southern Nigeria. Chironomid larvae (C. transvaalensis)
were collected from three sites of the river for the study of
morphological deformities in the head capsule in relation
to the toxic discharge of rubber industry processing effluent. Significant deformities were observed between the
impacted site and the unperturbed sites. Individuals from
upstream and further downstream of the impacted site
recorded the lowest incidence of deformities. Elevation in
the sediment levels of some heavy metals (Ni, Pb, Cu, Fe,
Cr and Zn), and water chemistry values, BOD, COD, color,
conductivity and the amount of nutrients at the discharge
site bears credence to the fact that the chemical components
of the rubber effluent wastewater probably led to the incidence of larval deformities. The high incidences of head
capsule deformities observed in C. transvaalensis larvae
could make them good bioindicators for heavy metal pollution in Nigeria.

KEYWORDS: Rubber industry, chironomid, deformities, water
quality, industrial pollution, heavy metals.

1. INTRODUCTION
Freshwater chironomids are considered to be an ideal
bioassay organisms since they spend most of their larval
stages in surface sediments, their relatively sedentary forging behavior ensures that their home ranges are restricted
to localized areas, and have an ubiquitous distribution. Thus,
the chironomid community structure is an index of environ* Corresponding author

mental quality [1]. The head capsule of chironomid larva
is one of the most impacted structures in the body of the
organism when the environment in which it lives is altered, and it is an indication of stress [2]. Deformities of the
head capsule in larval Chironomidae indicate sub-lethal
effects of exposure to contaminants and are considered to
be an early warning signal for environmental water quality
deterioration [3]. Several studies, especially in the temperate region, have examined the use of head capsules of
different species of chironomid larvae in response to a
variety of contaminants [1, 2, 4, 5], including increase in
morphological deformities of antennae and other parts of
chironomid larvae as a result of heavy metals elevation in
surface water and sediments [6-8]. Although Chironomidae larval deformities have been successfully used as
a biomonitoring tool in other parts of the world, its potential as an indicator of pollution stress in Nigeria freshwater system is yet to be explored. Studies of aquatic invertebrates have been mainly centered on diversity and abundance [9], and even in Adofi River previous studies [10]
were centered on the use of composition and diversity indices to detect stress mainly arising from high concentrations of contaminants, rather than from low concentrations.
The frequency and patterns of morphological deformities in
chironomid larvae, as individual organisms, can show impacts of pollutants, such as heavy metals, even at low concentrations [11].
Effluent from the rubber industry consists of a complex mixture of chemicals, varying in composition over
time. In the production processes, these plants generate
both inorganic and organic wastes (major ions, organic
solvents, nutrients etc) mixed with water, which change
the concentration of suspended solids, biological oxygen
demand (BOD), conductivity, temperature, color and odor
of the receiving water-bodies [12]. The aim of this study
was to examine the head capsules of C. transvaalensis
Kieffer, a common chironomid species in tropical Africa,
in a rubber effluent-impacted river with the ultimate goal
of using them as a tool for biomonitoring of heavy metal
pollution in Nigeria.
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2. MATERIALS AND METHODS
Water, sediments and chironomid larvae samples were
collected every month for a 6-month period between February and July 2008 at the three sampling sites.
2.1. Description of study area

The study was carried out in a stretch of Adofi River,
which lies between latitude 50451–60 001N and longitude
60171E, 60341E within the tropical rain forest of the Niger
Delta area, Nigeria (Fig. 1). The study area shows the characteristic tropical climate of two distinct seasons; the dry
season (November–April) and the wet season (May–
October). The mean annual temperature is about 28 °C
while the mean annual relative humidity is 85%. The source
of the river is in Alidinma and Ejeme-Aniogor water-shed
from where the river runs southwest towards Utagba-Uno
where a rubber processing factory is located. The river then
changes its course northwesterly through Iselegu to join
the River Ase. The reach where the study sites are located
is a characteristic of a slow-flowing valley floor river.

depth, flow and substrate, were included. Depth was measured in the sample area using a calibrated stick. Flow velocity was measured in the mid channel on three occasions
by timing a float (average of three trials) as it moved over a
distance of 10 m [14]. Substratum composition in each
25-m sampling reach was estimated visually as percentage of silt, loam, clay and sand [15].
2.3. Physical and chemical variables

At each sampling station, the following physical and
chemical variables were measured: dissolved oxygen (YSI
55 dissolved oxygen meter), temperature, pH, conductivity
and total dissolved solids (TDS) (Hanna HI 991300/1),
turbidity (portable turbidity meter HI 93102). Water samples were taken for analysis of nitrates, phosphates, nitrites,
nitrate–nitrogen (NO3–N), ammonia–nitrogen and phosphate–phosphorus (PO4–P), measured spectrophotometrically after reduction with appropriate solutions [16]. Biochemical oxygen demand (BOD5) and chemical oxygen demand (COD) were determined in the laboratory using [16]
methods.
2.4. Heavy metal analysis

For the analysis of heavy metals, one gram of the river bottom sediment from each station was digested with a
mixture of hydrofluoric, nitric, perchloric and sulphuric
(HF–HNO3–HClO4–H2SO4) acids. The clear digest was diluted to 50 ml mark with distilled de-ionized water. The
sample solution was analyzed for cadmium, chromium,
copper, lead, iron, manganese, nickel and zinc using air–
acetylene flame atomic absorption spectrophotometry (Perkin–Elmer A3100). The atomic absorption spectrophotometer was fitted with appropriate lamps and settings to determine the non-residual metal contents. Concentrations of
specific metals in sediments were calculated using regression equations of standard curves.
2.5. Chironomid sampling and data analysis

FIGURE 1 - Map of Adofi River showing the study
stations (Inset: Africa showing the location of Niger Delta).
2.2. Habitat quality

The qualitative evaluation index (QHEI) is a physical
habitat index designed to provide an empirical, quantitative evaluation of the general lotic macro-habitat characteristics that are important to aquatic communities [13]. The
QHEI is composed of six principal metrics, i.e., substrate,
in-stream cover, channel morphology, riparian zone, pool
quality, riffle quality and gradient [13], with maximum
possible QHEI site score of 100. Each of the metrics was
scored individually and then summed to provide the total
QHEI station score. At each sampling site, a reach of 25 m
was selected and a habitat characterization was carried out.
A description of the stream, summary of aquatic plants,
measurements of in-stream parameters, such as width,

Sediment samples were collected by sweeping through
the substrate with a 250-µm mesh size handnet within an
approximately 25-m wadeable portion of the river. Sample
processing, preservation and identification were done as in
previous studies [2, 5]. Head capsules were removed from
40 randomly selected 4th instar larvae from the three sampling stations (a sample size of only 40 was used owing to
the few numbers of the species collected from the unimpacted sites). All chironomid head capsules were mounted
for light microscopical identification following the methods described by [2, 5]. The head capsules were mounted
ventral side up and squeezed under a cover slip until maximum visibility of antennae, mentum, mandibles, premandibles, and pecten was achieved. These five structures were
systematically screened for morphological deformities. Any
anomaly resulting from mounting or natural mechanical
damage was excluded. Single deformity as used in the table
is a term used to indicate that only one out of the five structures (antennae, mentum, mandibles, premandibles, and
pecten) in an organism is deformed while, on the other
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hand, multiple deformity is a term used to indicate that
more than one structure in an organism is deformed. The
data were analyzed using SPSS 15 for windows. Twoway ANOVA in combination with Tukey’s (HSD) post
hoc test was used to test for physicochemical parameters,
heavy metals and chironomid head capsule deformities
among the three sites. The data of incidence percentage
were transformed using the arcsine √x transformation
before analysis. The Principal Component Analysis
(PCA) was used to evaluate relationships between chironomid deformity and environmental variables with Brodgar
statistical package (version 2.0, Highland Statistics Ltd.,
2000).
3. RESULTS AND DISCUSSION
The mean and standard deviation of the physical and
chemical variables of the sampling stations, and their significant differences, are shown in Table 1. Noticeable water
deterioration was recorded at station 2 with significantly
higher (p<0.05) COD, turbidity, conductivity, BOD5 and
nutrient levels. Tukey honest significance test revealed that
station 2 was the cause of the observed differences. The
results of water quality showed that stations 1 and 3 recorded fair water quality conditions. Water quality is often

affected with the discharge of organic and inorganic materials into a water-body with observable changes in the biotic
community and density [9, 17, 18]. Environmental data,
physical and chemical parameters, provide a clear distinction between the effluent discharge site and those upstream
and downstream. The high organic load (BOD5 and nitrogen) of the water at the discharge station is attributable to
rubber effluent in the water-body and could be accounted
for by the accumulation of decomposable organic matter
in the effluent [19]. In addition, the results obtained in this
study confirmed that there were changes in habitat and
water quality at station 2. Turbidity, total suspended solids,
nitrite, nitrate, ammonia, conductivity and COD showed
marked changes at the impacted station. Higher levels of
the heavy metals (Ni, Zn, Cu, Pb and Fe) were detected in
the streambed at the discharge station compared to the
other stations (Table 2). The downstream station (station 3),
however, recorded a higher manganese level as compared
with the other stations. The presence of relatively high
levels of heavy metals at station 2 gives credence to the fact
that the sediments as well as the water chemistry were
severally altered by the effluent. The rubber effluent-impacted station recorded a high percentage (67%) of deformed
Chironomus transvaalensis larvae when compared to the
other two stations (<12.5%) (Table 3).

TABLE 1 - Environmental factors measured at the sampling stations of Adofi River
(February–July 2008) showing habitat quality, including physicochemical parameters (n = 6).
Parameter/metal

Station 1

Station 2

Station 3

Features of the reach

Constrained

unconstrained

Constrained

Riparian vegetation

Native

Native

Native

Land use

Forestry

forestry

Forestry/agriculture

Substrate type

Silt/loam

Silt/sand

Silt/clay

Canopy cover (%)

60

62

72

Qualitative habitat evaluation index (QHEI)

84

58

71

Water temperature (oC)

20.83± 0.71 a
20.9 ± 0.90 a
20.8 ± 0.77 a
(20.2 - 22.1)
(20.1 - 22.40)
(20.00-22.00)
Depth (m) *
0.56 ± 0.11 a
0.43 ± 0.13 b
0.78 ± 0.26 b
(0.42 – 0.74)
(0.26 - 0.58)
(0.65 – 1.09)
Flow velocity (m s-1)*
0.24 ± 0.04 a
0.11 ± 0.03 b
0.19 ± 0.06 ab
(0.24 - 0.35)
(0.08 - 0.16)
(0.14 – 0.29)
Dissolved oxygen (mg L-1) *
7.94 ± 0.84 a
2.84 ± 0.76 b
6.61 ± 0.78 c
(7.03 – 9.20)
(2.30 – 4.00)
(5.30 – 7.20)
BOD5 (mg L-1) *
2.32 ± 0.40 a
18.51 ± 1.31 b
3.78 ± 0.30 a
(1.89 - 2.80)
(14.54 – 24.22)
(5.30 – 7.20)
COD (mg L-1) *
10.26 ± 1.83 a
163.95 ± 20.55 b
14.30 ± 2.04 c
(8.20 – 12.89)
(144.2 – 192.6)
(12.0 – 17.3)
pH
6.8 ± 0.2 a
6.3 ± 0.3 a
6.6 ± 0.3 a
(5.5 - 7.1)
(5.8 - 6.5)
(6.3 - 6.9)
Nitrate-nitrogen NO3-N (µg L-1) *
47.48 ± 3.90 a
278 ± 11.10 b
161.67 ± 4.97 c
(42.0 – 53.20)
(268 - 298)
(147 - 176)
Nitrite-nitrogen NO2-N (µg L-1) *
12.50 ± 1.89 a
137.85 ± 5.18 b
25.58 ± 1.49 c
(10.4 – 14.43)
(130.6 – 144.2)
(24.2 – 28.2)
Phosphates-phosphorus (µg L-1) *
40.70 ± 1.50 a
85.57 ± 7.45 b
152.32 ± 21.93 c
(38.6 – 42.4)
(77.2 – 96.80)
(74.56 – 231.45)
Ammonia nitrogen (µg L-1) *
14.25 ± 1.64 a
43.58 ± 4.74 b
32.4 ± 4.53 b
(8.9 – 18.6)
(29.6 – 58.9)
(19.6 – 44.2)
Values are means ± SD, range in parenthesis; * indicates significantly calculated F-values detected by ANOVA. Different superscript letters in a row
show significant differences (P <0.05) indicated by Tukey`s Honest significant difference tests ( n=6).
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TABLE 2 - Amounts of nickel, zinc, copper, chromium, cadmium, lead,
iron and manganese in the streambed sediments at the three sampling stations.
Ni, µg g-1±
Zn, µg g-1
Cu, µg g-1
Cr, µg g-1
Cd, µg g-1
Pb, µg g-1
Mn, µg g-1
n=6, ND = not detected

4.9 ± 0.91
45.0 ± 6.76
54.0 ± 8.41
4.2 ± 0.44
ND
6.0 ± 1.04
4.0 ±0.42

59.0 ±9.43
125.9 ±12.15
110.0 ±6.90
9.3 ±1.02
9.0 ± 2.34
64.0 ± 6.19
10. ±0.96

6.8 ± 0.97
78.0 ±11.24
67.0 ±8.76
4.7± 0.51
2.0± 0.22
19.0±3.12
12.6±0.84

TABLE 3 - The number of deformed C. transvaalensis head capsules at each station. Forty individuals were examined at each site.
Deformity
Station 1
Antennae
2
Menta
0
Mandibles
2
Premandibles
1
Pecten
1
Single deformities
2
Multiple deformities
1
Total deformities
3
% deformed larvae
7.5
ANOVA result of deformities among stations (F=19.1, p<0.001 )

Station 2
9
11
4
5
12
14
13
27
67.5

Station 3
2
1
3
2
2
3
4
7
12.5

FIGURE 2 - Principal component analysis (PCA) ordination plots for percentage chironomid deformity and environmental variables.

In order to determine the relationship between the
heavy metals and chemical parameters with the percentage chironomid deformity, a principal component analysis
(PCA) was performed. PCA first and second axes were
significant and accounted for 84.6 and 15.4% of the total
variance explained, respectively. Accordingly to PCA ordination (Fig. 2), percentage chironomid deformity was positively correlated with the heavy metals concentration.
Considerable morphological abnormalities were revealed in the mouth parts with deformed mandible, re-

duced antenna and distortion of the mentum. The deformities reported here are similar to some other chironomid
species in polluted waters [2]. These abnormalities represent sub-lethal effects and can be considered as early warning signals of environmental degradation by chemical contaminants [20]. The increase in deformities observed in the
chironomid larvae herein is attributable to the high toxic
nature of the effluent of the rubber discharge. Although
the organic matter content must have favored chironomid
abundance, the chemical components, on the other hand,
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must have led to severe damage in the head capsule of C.
transvaalensis larvae examined. For example, it has been
reported from earlier studies that heavy metals, such as
copper and lead as well as some organic xenobiotics, led
to deformities of chironomids larvae in exposure experiments [20-23]. Similarly, Al-Shami et al. [8] reported high
percentage of chironomid deformity in rivers contaminated
with industrial discharges from garment and rubber factories. Head capsule deformities can be used as biomarkers
for pollution stress, especially in Nigeria, where infor-

mation on chironomid deformities is lacking. The larval
head capsule morphological deformities in C. transvaalensis observed in this study (Fig. 3) are comparable
to those reported by Bird [1], Al-Shami et al. [8] and
Ochieng et al. [11]. According to Janssens de Bisthoven
et al. [21], the positive correlations between deformities
and pollution stress are, moreover, confirmed by the fact
that deformed chironomid larvae tend to have higher body
concentrations than normal larvae of, respectively, heavy
metals depending on the respective local pollution types.

FIGURE 3 - Normal and deformed mouth parts of Chironomidae. (a) normal mentum of Chironomus transvaalensis, (b) missing teeth, (c) Kohn gap, (d) split teeth, (e) extra median tooth, (f) extra tooth and fused teeth.

4. CONCLUSION
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ABSTRACT
Algae are potentially productive sources of highly bioactive secondary metabolites that might be useful in the
development of new pharmaceutical agents. In this study,
methanolic extract from Ulotrix cylindricum (UME) was
investigated for anti-mutagenicity/anti-genotoxicity properties by using the AMES/Salmonella system, sister chromatid exchange (SCE) and micronuclei (MN) assay. Also
we aimed to determine the anti-oxidative effects of UME
against aflatoxin B1 (AFB1) in human lymphocyte cell culture in vitro by using superoxide dismutase (SOD), glutathione peroxidase (GPx) and malondialdehyde (MDA)
assay. The results show that UME (10µg/ml) has an antimutagenic effect in all three test systems. UME caused
significant increases in the level of GSH as well as the
activities of SOD and GPx at the concentrations of 5 and
10 µg/ml. In addition, the level of MDA decreased at the
concentrations of 5 and 10 µg/ml. According to the findings, UME has strong anti-oxidative and anti-genotoxic
effects.

KEYWORDS: Ulotrix cylindricum, AMES, sister choromatid exchange, micro nucleus, antioxidant enzymes.

1. INTRODUCTION
Algae are very simple chlorophyll-containing organisms [1] composed of one cell or cells grouped together in
colonies, or as organisms with many cells, sometimes collaborating together as simple tissues. The microalgal phyla
have been recognized to provide chemical and pharmacological novelty and diversity. Moreover, microalgae are
considered as important producers of some highly bioactive compounds found in marine resources [2].
* Corresponding author

Algae receive most of their nutrients from dissolved
substances in water. Many researchers believe that they
should be good indicators of the conditions prevailing in
the aquatic environment [3, 4]. Therefore, algae are widely
used as biomonitors to accurately define eutrophication and
water pollution [3, 5]. In addition, due to the variability in
chemical and aromatic compounds, seaweeds are traditionally used in the pharmaceutical and cosmetic industries as
culinary herbs. They have also been used as a traditional
food and medicine for healing helminthes infections, gout
and eczema, particularly by people in coastal areas of several countries [6].
In previous studies, it has been demonstrated that extracts of seaweeds are used against pathogenic microorganisms, especially human pathogenic viruses, bacteria and
fungi, and they are also know for their antiproliferative
activity against human and mice cancer cell lines in vitro
[6-19]. Several researchers have reported that crude seaweeds or their organic extracts collected from the coast of
South East Marmara Sea had antioxidant capacity and antigenotoxic/antimutagenic effects [20, 21].
Especially, some metabolites from this seaweeds act
as protective compounds against endogenic and exogenic
agents threatening the genome. There are several studies
conducted to determine the biological activity of these
metabolites including antimicrobial, immunostimulating,
antioxidative, antiulcerogenic, analgesic/antipyretic, antiinflammatory, and antitumor and antimutagenity activity
assays [22, 23].
Mutations play an important role in the formation of
various diseases including cancer. Currently, cancer is one
of the most important diseases in the world mostly because of DNA damage, and of natural or synthetic chemicals in the environment [24, 25]. There is a strong connection between mutagenesis and carcinogenesis. The antimutagenic effect of herbal species suggests the presence of
anti-oxidative constituents in their tissues [26]. Recently,
there has been an increase in naturally occurring antioxi-
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dants` research for their use in food or medicinal compounds to replace synthetic antioxidants, which are being
restricted due to their carcinogenicity [27]. Therefore, seaweed extracts and components are extensively used in traditional medicine in many places of the world [28, 29]. Research and determination of antimutagenic and antioxidant activities of these compounds has become an important strategy in the treatments of many human diseases
related to mutations [20, 21, 28, 29].
In this study, in vitro mutagenic and antimutagenic
properties of the methanol extracts of Ulotrix cylindricum
algae from Kuzgun Dam Reservoir, in the eastern part of
Turkey, were investigated by using (i) antimutagenicity
assay systems as well as AMES-Salmonella, sister chromatid exchange (SCE) and micronuclei (MN) assay in
human lymphocyte cell culture in vitro, and (ii) SOD, GPx
activity assays and MDA level determination in human
blood culture, in order to understand the mechanisms underlying chemo-protective and antimutagenic effects.

2. MATERIALS AND METHODS

zerland) yielding a waxy material. The extract was then
lyophilized and kept in the dark at +4 °C until tested.
2.4. AMES analysis

Salmonella typhimurium TA1535 (ATCC® Number:
29629) and S. typhimurium TA1537 (ATCC® Number:
29630) strains were provided by The American Type Culture Collection – Bacteria Department of Georgetown University, Washington, USA. All strains were stored at -80 ºC.
Working cultures were prepared by inoculating nutrient
broth with the frozen cultures, followed by an overnight
incubation at 37 ºC with gentle agitation [31].
2.5. Viability assays and determination of test concentrations

The toxicity of methanolic extracts toward S. typhimurium TA1535 and 1537 strains were determined as described in detail elsewhere [32, 33]. These tests confirmed
that there was normal growth of the background lawn,
spontaneous colony numbers within the regular range, and
no significant reduction in cell survival. Thus, for the concentrations and conditions reported here, no toxicity or
other adverse effects were observed.
2.6. Mutagenicity and antimutagenicity tests

2.1. Sampling and Identification

Algae were of Kuzgun Dam Reservoir in the eastern
part of Turkey. Samples were dried at room temperature for
48 hours. The taxonomic identifications were confirmed
by Hasan Gurbuz, Department of Biology, University, Erzurum, Turkey. The voucher specimen (Ulotrix cylindricum
-KKEF-705) has been deposited at the herbarium of Kazim
Karabekir Education Faculty, Ataturk University, Erzurum,
Turkey.
2.2. Chemicals

Direct acting mutagens, sodium azide (NaN3), 9-aminoacridine (9-AA), AFB1, cytochalasin B, N-methyl-N’-nitroN-nitrosoguanidine (MNNG) and phytohemaglutinin (PHA),
were obtained from Sigma–Aldrich, Merck, ABCR GmbH
& Co. and Biological Industries, respectively. Other solvents and pure chemicals, including magnesium sulfate
(MgSO4), sodium ammonium phosphate (Na2NH2PO4), Dglucose, L-tryptophan, D-biotin, sodium chloride (NaCl),
L-histidine HCl, sodium phosphate-dibasic (Na2HPO 4),
crystal violet, citric acid monohydrate, potassium phosphate-dibasic (K2HPO4) and sodium phosphate-monobasic
(NaH2PO4), were also obtained from Sigma, Merck, Difco
and Fluka.
2.3. Preparation of methanol extracts

Air-dried and powdered algae (10 g) were extracted
with 250 ml of methanol by using the Soxhlet extractor
(Isopad, Heidelberg, Germany) for 72 h at a temperature
not exceeding the boiling point of the solvent [30]. The
extract was filtered by using Whatman filter paper no. 1,
and then concentrated in vacuum at 40 °C by using a
rotary evaporator (Buchi Labortechnik AG, Flawil, Swit-

The bacterial mutagenicity and antimutagenicity assays
were performed as described by Mortelmans and Zeiger
[66]. NaN3 (in distilled water, 1 µg/plate) for S. typhimurium TA1535 and 9-AA (in methanol, 10 µg/plate) for
S. typhimurium TA1537 were used as positive controls
and 10% DMSO was used as negative control.
The mutagenicity test was performed with TA1535
and TA1537 strains of S. typhimurium. 100 µl of the overnight bacterial culture, 50 µl test compounds at different
concentrations (0.05, 0.5, 5 µg/plate in 10% DMSO)
and 500 µl phosphate buffer were added to 2 ml of the top
agar containing 0.5 mM histidine/biotin. Mixture was
poured onto minimal glucose plates. Histidine-independent
revertant colonies and viable cells were scored on plates
after incubation at 37 ºC for 48h or 72 h.
For the antimutagenicity test performed with the
same strains, 100 µl of overnight bacterial culture, 50 µl
mutagen, 50 µl test compounds at different concentrations
(0.05, 0.5, 5 µg/plate in 10% DMSO), and 500 µl phosphate buffer were added to 2 ml of top agar containing 0.5
mM histidine/biotin. The mixture was poured onto minimal glucose plates. Histidine-independent revertant colonies and viable cells were scored on plates after incubation at 37 ºC for 48h or 72 h. The plate incorporation
method was used to assess the results of mutagenicity and
antimutagenicity assays [34].
For the mutagenicity assays, the mutagenic index was
calculated for each concentration, which is the average
number of revertants per plate divided by the average
number of revertants per plate with the negative (solvent)
control. A sample was considered to be mutagenic when
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dose-response relationship and a two-fold increase in the
number of mutants with at least one concentration were
observed [35-37].
For the antimutagenicity assays, inhibition of the mutagenicity was calculated by using the following equation
(M: number of revertants/plate induced by mutagen alone,
S0: number of spontaneous revertants, S1: number of revertants/plate induced by the test compound plus the
mutagen): %Inhibition = 1-[(M-S1) / (M-S0)]×100
25–40% inhibition was defined as moderate antimutagenicity; 40% or more inhibition as strong antimutagenicity; and 25% inhibition as no antimutagenicity [36, 38, 39].
2.7. SCE and MN evaluation

Peripheral blood lymphocytes were taken from 3 (age:
28, 26, 25) nonsmoking healthy males. Lymphocyte cultures were set up by adding 0.5 ml of heparinized whole
blood to RPMI-1640 chromosome medium supplemented
with 15% heat-inactivated fetal calf serum, 100 IU/ml
streptomycin, 100 IU/ml penicillin, and 1% L-glutamine.
Lymphocytes were stimulated to divide by 1% phytohemaglutinin (PHA). AFB1 (5 and 10 µM), Ulothrix methanolic extract (UME) (5 and 10 µg/ml) were added to the
cultures just before incubation. The experiments were performed with 7 groups as follows:
Group 1: Control
Group 2: 5 µM AFB1
Group 3: 10 µM AFB1

was removed, the cells were mixed thoroughly and 5 ml
of cold hypotonic solution (0.05M KCl) was added. Cells
were subsequently incubated at 37 oC for 20 min and
centrifuged again (900g, 10 min). Pellet was mixed thoroughly and 5 ml fresh ﬁxative (1:3 acetic acid: methanol)
was added dropwise. Fixation procedure was repeated
three times and the tube was centrifuged again. Cell pellet
was then resuspended in 1 ml of fresh ﬁxative, dropped
onto a clean microscope slide, incubated at 37 oC or at
room temperature overnight, and stained with Giemsa dye.
Coded slides were scored blind by two independent individuals. Only binucleated cells were scored for MN analysis. For each subject, at least 1410 nucleated cells were
analyzed for the presence of MN. For the MN scoring, the
micronucleus criteria described by Countryman and Heddle [40] were used: a diameter less than 1/3 of the main
nucleus, non-refractivity, not touching, and with the same
color as the nucleusor lighter.
2.8. Biochemical analysis

The cell homogenates were prepared at a 1:10 (w/v)
dilution in 10 mM potassium phosphate buffer, pH 7.4.
Samples were centrifuged at 3000 rpm and 4 °C for 10 min,
and supernatants were collected and immediately assayed
for enzyme activities. Cu, Zn-SOD and GPx activity and
MDA levels in the cell culture supernatant were measured
by the methods of Paglia and Valentina [41], Sun et al.
[42] and Ohkawa et al. [43]. All samples were measured
for 6 times.
2.8.1. GPx assay

Group 4: 5 µM AFB1 + UME (5 µg/ml)
Group 5: 5 µM AFB1 + UME (10 µg/ml)
Group 6: 10 µM AFB1 + UME (5 µg/ml)
Group 7: 10 µM AFB1 + UME (10 µg/ml)
For SCE demonstration, cultures were incubated at
37 °C for 72 h, and 5-bromo 2-deoxyuridine at 8 mg/ml
was added at the initiation of cultures. All cultures were
maintained in darkness. Next, 0.1 mg/ml of colcemide was
added 3 h before harvesting to keep the cells at metaphase.
The cultures were centrifuged at 800g for 10 min. Cells
were harvested and treated for 30 min with hypotonic
solution (0.075 M KCl), and fixed in a 1:3 mixture of
acetic acid/methanol (v/v). Bromodeoxyuridine-incorporated
metaphase chromosomes were stained with fluorescence
plus Giemsa technique as described by Perry and Evans [65].
In SCE study, by selecting 20 satisfactory metaphases, the
results of SCE were recorded on the evaluation table. For
each treatment condition, well-spread second division metaphases containing 42–46 chromosomes in each cell were
scored, and the values obtained were calculated as SCEs
per cell.
For MN analysis, cytochalasin B was added 44 h after
PHA stimulation for a ﬁnal concentration of 3 g/ml. Twentyeight hours later (after 72-h culturing), the cells were harvested by centrifugation (900g, 10 min). The supernatant

GPx activity in the cell culture supernatant was measured by the method of Paglia and Valentine [41]. Briefly,
50 µL of sample was combined with 100 µL of 8 mM
NADPH, 100 µL of 150 mM reduced GSH, 20 µL of glutathione reductase (30 units/ml), 20 µL of 0.12 M sodium
azide solution, and 2.65 ml of 50 mM potassium phosphate buffer (pH 7.0, 5 mM EDTA) and the tubes incubated for 30 min at 37 °C. The reaction was initiated with
the addition of 100 µL of 2 mM H2O2 solution, mixed
rapidly by inversion, and the conversion of NADPH to
NADP was measured spectrophotometrically for 5 min at
340 nm. The enzyme activity was expressed as units per g
protein using an extinction coefficient for NADPH at
340 nm of 6.22 × 10−6.
2.8.2. SOD assay

Cu, Zn-SOD activity in the cell culture supernatant
was detected by the method of Sun et al. [42]. Assay reagent [2.45 ml; 0.3 mM xanthine, 0.6 mM Na2EDTA,
0.15 mM nitroblue tetrazolium (NBT), 0.4 M Na2CO3, 1 g/L
bovine serum albumin] was combined with 100 µl of the
sample. Xanthine oxidase (50 µl, 167 U/L) was added to
initiate the reaction, and the reduction of NBT by superoxide anion radicals, produced by the xanthine-xanthine
oxidase system, was determined by measuring the absorbance at 560 nm. Cu, Zn-SOD activity was expressed in
units of SOD per mg protein, where 1 U is defined as that
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amount of enzyme causing half-maximal inhibition of NBT
reduction.

and UME. But UME (10 µg/ml) with AFB1 (10 µM)
treatment inhibited the cell division in the cultures.

2.8.3. MDA assay

MDA levels in the cell culture supernatant were determined spectrophotometrically based on the method described by Ohkawa et al. [43]. A mixture of 8.1% sodium
dodecyl sulphate, 20% acetic acid and 0.9% thiobarbituric
acid was added to 0.2 mL of sample, and distilled water was
added to the mixture to bring the total volume up to 4 ml.
This mixture was incubated at 95 °C for 1 h. After incubation, the tubes were left to cool under cold water and 1 ml
distilled water with 5 ml n-butanol/pyridine (15:1, v/v) was
added. The samples were centrifuged at 4000g for 10 min.
The supernatants were removed, and absorbances were
measured with respect to a blank at 532 nm. 1,1,3,3-Tetraethoxypropane was used as the standard. Lipid peroxide levels were expressed as µmol/L MDA. Protein concentrations in the cell culture supernatant were determined by
Bradford method [44]. All photometrical measurements
were performed with an ELISA reader.
2.9. Statistical analysis

The statistical analysis of MN frequencies was performed by use of the χ2 test. A p-value of ≤0.05 was regarded to be indicative of statistical signiﬁcance for all
tests used. For statistical analysis of SCE values and biochemical parameters, Mann–Whitney U-test was used. A
value of P <0.05 was accepted as statistically significant.
Results were expressed as means ± SE. For these procedures, SPSS 11.5 version for Windows (SPSS Inc, Chicago, Illinois, USA) was used.

3. RESULTS
3.1. AMES Test analysis

In the mutagenicity assays performed with S. typhimurium TA1535 and TA1537 bacterial mutant strains, the
algal extract did not show any mutagenic effects at tested
concentrations of 5–10 µg/plate (Fig. 1).
At the antimutagenicity assays performed with the
same strains, although the extract did not show any antimutagenic effect on mutagenicity of sodium azide in
TA1535 strain at any concentration, it showed high antimutagenic effect against 9-aminoacridine mutagenicity to
TA1537 strain at 10 µg/plate concentrations. The inhibition rate of 9-AA mutagenicity was 60.18% (Fig. 1).
3.2. SCE and MN evaluation

SCE and MN frequencies of the experimental groups
are given in Fig. 2. SCE frequency in AFB1-treated group
(5 and 10 µM) was higher than that in the control group
(p <0.05 and p<0.001) (Fig. 2). There was a significant
decrease in the SCE and MN frequency in AFB1-treated
group when compared with the groups receiving AFB1

FIGURE 1 - Number of revertant colonies of S. typhimurium
TA1535 and TA1537 applied to UME. NaN3 and 9-AA were used as
positive controls for S. typhimurium TA1535 and TA1537 strains,
respectively. DMSO was used as negative control (* p<0.05).
3.3. Biochemical analysis

The activities of antioxidant enzymes, such as SOD
and GPx in the control and experimental groups, are presented in Fig. 2. Significant reduction in the activities of
antioxidant enzymes were found in AFB1-treated group (5
and 10 µM) when compared with control (p<0.001 or
p<0.05). On simultaneous supplementation of AFB1 with
UME, a significant increase in the activities of SOD and
GPx was observed, compared to the group treated with
AFB1 alone. Especially, in the group with AFB1 (5 µM)
and UME (10 µg/ml), SOD and GPx activity was higher
than it was in the other groups. The level of human lymphocyte MDA is presented in Fig. 2. The data depict that
MDA level increased significantly in the AFB 1-treated
group (10 µM) with regard to control group. UME-treated
groups showed decreasing MDA level when compared to
AFB1 (10 µM)-treated group (p<0.05).
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FIGURE 2 - Effects of AFB1 and different UME on the SOD and GPx activities as well as the level of MDA and the values for SCEs/cell and
MN/cell in the cultures of human peripheral lymphocytes in the study groups. In SCE and MN chart, gray shows SCE and black shows MN.
a
p <0.05 compared with control, bp <0.001 compared with control group, cp <0.05 compared with AFB1 (5 µM) group, dp <0.001 compared
with AFB1 (5 µM) group, ep <0.05 compared with AFB1 (10 µM) group, fp <0.001 compared with AFB1 (10 µM) group.

4. DISCUSSION
Search for genetic mutations has been one of the most
important strategies for protecting human health from the

undesirable effects of mutations. In this study, Salmonella
typhimurium TA1535 mutant strain was used for determining single base point mutations, and TA1537 was used
for the determination of frame-shift mutations. The same
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strains were used to determine antimutagenic potential of
the algal methanol extract against NaN3 and 9-AA mutagenicities. Methanol extract has no mutagenic activity,
neither in TA1535 strain nor in TA1537 strain. Thus, it can
be regarded as safe at tested concentrations.
Furthermore, the methanol extract showed high antimutagenic activity (60.18%) against 9-AA, a member of the
acridin family at 10 µg/plate concentration. Acridine compounds are known as model frameshift mutagens [45],
and they are frequently used in bacterial assays. In the frameshift mutagenesis mechanism, acridines bind to DNA noncovalently by intercalation. Through intercalation, 9-aminoacridine induces frameshift mutations at hotspots in which
a single base, especially guanine, is repeated [46-48].
In previous studies, extracts of some algae have shown
antimutagenic effects in S. typhimurium (TA1535) assay.
The antimutagenic effect of the algal extract has been related to lutein, chlorophyll and β-carotene isolated from
these algae [28, 29].
It has been previously shown that AFBı could stimulate the release of free radicals, including reactive oxygen
species, which lead to chromosomal aberrations [49, 50].
AFBı, a human carcinogen and the most potent genotoxic
agent, is mutagenic in many model systems and produces
CA, MN, SCE, unscheduled DNA synthesis, and chromosomal strand breaks as well as the formation of adducts in
rodent and human cells [50, 51]. The effects of AFBı have
been reported to be primarily associated with AFB1-8,9epoxide, which subsequently binds to nucleophilic sites in
DNA, and the major adduct 8,9-dihydro-8-(N7 guanyl)- 9hydroxy-AFB1 (AFB1 N7-Gua) and the generation of intracellular reactive oxygen species (ROS) like superoxide
anion (O-2), hydroxyl radical (HO·), and hydrogen peroxide (H2O2) during the metabolic processing of AFB1 [5255].

duced toxicity on human hepatocytes (Hep3G) by decreasing apoptosis and the level of AFB1-guanine adducts. These
carotenoids also prevented AFB1-induced mutations in p53
tumor suppressor gene, and inhibited the metabolism of
AFB1 [63]. Another in vitro study showed that carotenoids inhibit the growth of human colon carcinoma cells
by inducing apoptosis [64].
In our opinion; the antigenotoxic effect of these algal
species may originate from the antioxidative activity of
UME in vitro. We were able to measure antioxidant enzyme activity for SOD and GPx which form the first line
of defense against ROS and MDA, and are, therefore, used
for the determination of oxidative stress. Our results showed
that increasing concentrations of AFBı decreased SOD and
GPx activities but increased MDA levels whereas in AFB1
with UME-treated groups, SOD and GPx activities increased
and MDA levels decreased.
Consequently, the protective role of UME on genotoxic effects of AFB1 may relate to the anti-oxidative effect
of UME. Further studies on bioactive compounds of UME
are needed, such as isolation and identification in order to
understand the mechanism underlying its chemoprotective
and antigenotoxic effects.
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All concentration of AFBı used in this study increased
the frequencies of SCE and MN, but this mutagenic effect
of AFBı on MN and SCE frequencies decreased after treatment with different UME. This is the first scientific report
on the antigenotoxic and protective potential of UME. Recent studies have reported that several algal extracts have
antiproliferative activities against cancer cell lines, reducing intestinal tumor incidence in rats and strong antigenotoxic activity in human lymphocytes in vitro [15, 20,
29, 56]. Several authors have reported that algal extract
has antioxidant and antimutagenic/anticarcinogenic activities due to compounds, such as β-carotene, lutein and
chlorophyll-related derivatives isolated from this species
[57-61]. β-Carotene has shown significant suppressive
effects on the mutagenesis induced by AFB1 [62]. The
inhibitory role of β-carotene on cytochrome P450, such as
cytochrome P1A2 and P1A1, mediated the metabolism of
AFB1 genotoxicity. In vitro studies showed that lycopene
and ß-carotene are effective in inhibiting the AFB 1-in-
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ABSTRACT
The manganese and ferric oxides (Mn-Fe-Ox) catalysts were prepared by organic solvent method which mixing the aqueous solutions of Mn- and Fe-salts, and the
calcinations of the product thereof. The catalytic activities
of the prepared catalyst were investigated on the oxidation
of NO. The effects of the preparation conditions, such as
washing solutions, order of feeding the reactants, the methods of combining the reactants, and the precursors, on NOconversion are discussed in this study. The results show
that the Mn-Fe-Ox catalyst with quasi-crystalline structure
has the notable activity for the NO-oxidation. In our work,
more than 90% NO could be converted to NO2 over the
Mn-Fe-OX catalysts at 125 at a space velocity of 45000 h-1.
The characterization of the catalysts was carried out by Xray diffraction (XRD) and scanning electron microscopy
(SEM) techniques. The characterized physicochemical properties of the prepared catalysts showed that the specific crystal structure and the microstructure of the catalysts were
greatly affected by the prepared conditions, especially by
the combination-methods, and precursors.

KEYWORDS: catalytic oxidation; NO; Mn-Fe-Ox oxides; organic
solvent method

* Corresponding author

Considering the appropriate ratio of NO and NO2, the
NOX in flue gas can be easily removed by absorption. The
studies show that the catalytic oxidation of NO to NO2 at
low temperature is a promising way for NO-reduction. The
studies on the catalysts for the oxidation of NO include
activated carbon [4-7], ion-exchanged zeolites [8], metaloxides [9], and noble metal oxides [10], etc. Amongst these
catalysts, the activated carbon has the highest NO conversion (~90%) at 30°C. But, the temperature of flue gas ranges
from 100 to 150°C. The oxides of Mn, Co, Fe, Cu transition
metals are the main focus of research. In these studies, the
optimal activity temperatures are above 250°C, and the
optimal conversion efficiency is blow 90%.
In this work, the performance of Mn-Fe-Ox catalysts
for NO oxidation and the effect of catalysts-preparation
conditions are discussed. The aim of this work was to systematically analyze manganese- ferric oxides for NO oxidation. The effects of the preparation conditions, such as
washing solutions, order of feeding the reactants, the methods of combining the reactants, and the precursors, on NOconversion are discussed in this study. The changes in the
physicochemical properties of the catalysts were examined by using the XRD and SEM techniques.
2. MATERIALS AND METHODS

1. INTRODUCTION
Nitrogen oxides are known to be associated with several environmental problems and health hazards, including
photochemical smog, acid rain, and ground-level ozone formation. The selective catalytic reduction (SCR) of NOX
with NH3 is the most common technology. The other methods using reducing agents such as CO, CH 4 and other
hydrocarbons, also have received much attention [1, 2]. Although the SCR process appears effective and is established, yet it is not widely used in China because of high
running costs. Therefore, more research work must be done
for De-NOX.

2.1. Preparation of manganese-iron oxides catalysts (Mn-Fe-Ox )

The following metal salts and organic solvent about the
order of feeding the reagents and the methods of combining
the reactants were selected to prepared catalysts: Manganese acetate (Mn2+), Ferric nitrate (Fe3+), potassium permanganate (KMnO4) and polyethylene glycol (PEG1000).
There were three types of method for order of feeding the
reactants. Different methods of combining the reactants
metallic salts were also studied. The Mn2+ and Fe3+ salts
were mixed together in combination I, and the aqueous
solutions of PEG1000 and KMnO4 were put in different
beakers, respectively. The KMnO 4 and Fe 3+ salts were
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mixed together in combination II, and the aqueous solutions of PEG1000 and Mn2+ were put in different beakers, respectively. The KMnO4 and Mn2+ salts were mixed
together in combination III, and the aqueous solutions
of PEG1000 and Fe3+ were put in different beakers,
respectively. The order of feeding the reagents and the
methods of combining the reactants of the catalysts are
shown in Table 1.

N2. The flow rate of the reacting mixture was 200 cm3·min-1,
corresponding to a space velocity of 45000 h-1. First, NO
and N2 were mixed in a steel chamber. In order to avoid
possible reaction by oxidation between NO and O2 before
the gases entered the catalyst bed, O2 was fed directly into
the reactor. The concentrations of the feed gas and the effluent gas were measured by a flue gas analyzer (TH-990) and
a C16 PortaSens-Gas detector. NO-conversion was obtained
by the following equation:

TABLE 1 - The different of preparation methods
Combination methods

I
II
III

a
Mn2+, Fe3+
Mn2+
Fe3+

b
PEG1000
PEG1000
PEG1000

NO Conversion =

c
KMnO4
KMnO4, Fe3+
KMnO4, Mn2+

NOinlet − NOoutlet
NOinlet

(1)

2.3. Characterization of Mn-Fe-Ox catalysts

In this paper, three kinds of order of feeding the reagents were adopted: 1) Normal: The aqueous solution (b)
was added to that of (a), followed by the addition of aqueous solution of (c). 2) Reverse: The aqueous solution (b)
was added to that of (c), followed by the addition of the
aqueous solution of (a). 3) Parallel-flow: The aqueous solution (a) and the aqueous solution (c) were added simultaneously to (b) at a certain flow rate. The mixtures were
stirred in a water bath for 4h at 50°C. The resulting precipitates were filtered and washed with distilled water
until the pH value was 6. The obtained solid samples were
dried for 12-15h at 100°C in air, followed by calcinations
at 400°C for 4h. Finally, all catalyst samples were crushed
and sieved to the 40~60 mesh size. The molar ratio of the
metal ions in the mixture was set as follows: (Mn7++ Mn2+):
Fe3+=2:1, Mn7+:Mn2+=2:1, PEG1000/(Mn7++Mn2++Fe3+)=
1.3%.

X-ray diffraction (XRD, D/MAX-2200) patterns
were obtained with a Rigaku diffractiometer operated
at 36KV and 30mA by using Ni-filtered Cu kα radiation
(λ= 0.15406 nm) at a rate of 5º min-1 from 2θ=20º to 80º.
The powder samples were analyzed without previous treatment after deposition on an agate mortar. The identification
of crystalline phases was made by matching the JCPDS
files. The XL30ESEM-TMP (Poland) type scanning electron microscope (SEM) coupled with energy-dispersive
X-ray spectrometry (EDS) was used for the observation of
microstructure observation of at the interface and that of
the element distribution of Ce/La. EDAX (PHOENIX) Genesis 2000 by Be detector.
3. RESULTS AND DISCUSSION
3.1. The conversion efficiency of catalytic oxidation NO
about washing solutions
3.1.1. Effect of washing solutions on NO conversion efficiency

2.2. Catalytic activity measurement

The reaction was carried out in a fixed bed flow Pyrex reactor of 8 mm internal diameter. The packed bed
catalyst was 500 mg, with the temperature of the bed controlled by a K-type thermocouple in direct contact-mode
with the Pyrex tube. The schematic of the experimental
setup is shown in Figure 1, including the gas-supply, catalytic oxidation reactor, and analytical instrument. The reaction-temperature ranged from 50°C to 250°C. The feed gas
composition was as follows: 0.05% NO, 3% O2 and 96.95%

Figure 2 describes the effect of various washing solutions on the NO-catalytic oxidation in terms of conversion. Distilled water and ethanol were used as the washing
solutions. It is indicated that the conversion efficiency is
more than 90% at 150°C. When the reaction temperature
is higher than 150°C, NO conversion decreases with increasing temperature. As shown in Figure 2, when reaction temperature is 100°C and 150°C, the catalysts washed
with distilled water had better conversion efficiency than
the catalyst with ethanol.
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FIGURE 1 - Schematic diagram of catalytic oxidation equipment
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normal, the better conversion were obtained when reaction temperature at 150°C and 175°C.

FIGURE 2 - Effect of washing solution on NO conversion efficiency

PEG1000 is dissolved by ethanol, which results in the
weak stability of catalyst. Based on the previous report
[11], it was found that MgCl2 did not dissolve into PEG400
because the solubility of reduced by the high molecular
weight-PEG400. When a lower molecular weight PEG200
was used, it was found that it could dissolve MgCl2 [11]. It
has been shown that the Mn-organic substance complexes
were formed or Mn was stabilized by the presence of organic materials [12].

FIGURE 3 - Effect of order of feeding the reactants of combination
method I on NO conversion efficiency

According to this result, it is shown that the role of
high molecular weight-PEG is stabilization. It is reported
that the P-type semiconductor material could promote the
oxidation reaction. MnO2 is a typical P-type semiconductor material [13]. The reaction between MnO2 and ethanol
is as follows:

CH3CH 2OH + MnO2 → CH 3CHO + 2H 2O + MnO (2)
On the basis of the above test results and the literature
data, the effect of PEG1000 is stabilization. If the organic
solvent was dissolved by ethanol, the stability of the catalyst may be adversely affected. Therefore, the catalyst
washed with distills water shows better catalyst activity
than washed with ethanol.

FIGURE 4 - Effect of order of feeding the reactants of combination
method II on NO conversion efficiency

3.2 The effect of order of feeding the reactants and the methods of combining the reactants
3.2.1 Effect of order of feeding the reactants on NO-conversion

Figures 3-5 show the effect of order of feeding the
reactants on NO conversion efficiency. The results distinctly indicate that the highest conversion efficiency exceeding 90% is gained at 125°C in all reagents feeding
orders and the combination-methods. It can be observed that
the combination method I had similar conversion efficiency, as shown in Figure 3. The reagents-feeding orders
did not influence the conversion. It may be because of the
fact that the similar structure was developed by three kinds
of reagents-feeding orders in combination method I. According to Figure 4, the reagents-feeding orders in combination method II have a little impact on the conversion
when the combination method II catalyst was prepared by

FIGURE 5 - Effect of order of feeding the reactants of combination
method III on NO conversion efficiency
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As observed from Figure 5, significant differences
exist between the various catalytic activities. It is obvious
that the reagents feeding orders affect the combination
method III. According to Figures 3-5, when the conversion efficiency is higher than 70%, the activity temperature range is 100°C~150°C, 100°C~175°C, 100°C~125°C,
respectively. The catalyst prepared by combination method
II and normal feeding order was optimum, which was used
in the later studies.
According to the chemical characteristics of PEG1000,
it is a non-ionic surfactant which does not ionize in water.
There are two pro-hydrophilic molecular structure comprising thehydroxyl (-OH) and ether links. Because of its high
stability in solution, it is not a strong electrolyte unlike the
inorganic salts, acid or alkali. Its role is to enhance dispersion, viscosity, solubilization, formation of the pore, packaging, connectivity and molecular self-assembly, so that it
can be used as solvents, binders and stabilizers. The steric
effect is produced when the solid particles are packaged
by polyethylene glycol. The particles disperse uniformly
because the shielding effect of the layer of the polymeric
film reduces slightly the attraction between particles [14].
The presence of PEG did not modify the initial reaction
velocity, but the polymer slightly enhanced stability [15].
The experimental results show that the role of physical and chemical reactions occurred simultaneously in the
combination methods I and II. However, in the combination method III, manganese compound and potassium permanganate were mixed together. The chemical reaction is
shown by equation (3). In this combination the chemical
reaction occurred ahead of physical actions absent in
PEG1000. It can be supposed that the main function of
polyethylene glycol is package. Based on the former report [16], the micelle-like reaction environment is very
important. It is concluded that the combined effect of physical and chemical in preparation process is beneficial to the
catalytic oxidation.

2MnO4− + 3Mn 2+ + 2 H 2O → 5MnO2 + 4 H +

(3)

The XRD patterns of Mn-Fe-Ox catalysts prepared in
the normal mode and different combination methods are
shown in Figure 6. According to Figure 6, weak peaks of
manganese oxides and iron oxides can be observed. These
weak peaks are between amorphous and crystal structure.
Therefore, it is considered to be a quasi-crystal structure.
We can see that the catalysts have two peaks between 30o
to 40o. The peaks correspond to MnO2 and Fe2O3 and are
marked in the figure. At 41.5o the Fe2O3 weak peak is
observed in combination methods I and II. The results of
XRD measurements indicate that the intensity of quasicrystallinity is as follows: combination method II > combination method I > combination method III. Based on the
oxidation efficiency and characterization data, the quasicrystal structured catalyst is shown to be propitious to NO
oxidation. The crystal-temperatures of Mn3O4, Mn2O3 and
MnO 2 are given in Table 2 [17]. The temperature programmed reduction peaks of Mn3O4, Mn2O3 and MnO2

are 293°C, 403°C, and 391°C, respectively. It is reported
[18] that after calcinations, the composite metal oxide phase
containing Fe3+, Mg2+ cations are developed. Some new
diffraction peaks, different from pure MgO and α-Fe2O3
are detectable in the XRD patterns. The same result was
obtained in this study. In our study, some new diffraction
peaks are detectable in the XRD patterns. The results of
XRD analysis and the literature data indicate that these
preparation methods result in the enhancement of catalyst
dispersion.
TABLE 2 - Temperature programmed reduction (TPR) data
(a 1st peak, b 2nd peak)
Name
Starting reduction
temperature(°C)
Temperature of TPR peak(°C)
End of reduction
temperature(°C)

Mn3O4

Mn2O3

MnO2

170

305

311

293a, 460b

403a, 515b

391a, 625b

545

610

-

FIGURE 6 - XRD patterns of Mn-Fe-Ox catalysts prepared at different combination methods by normal (a- Combination method I,
b- Combination method II, c- Combination method III)
3.3 The conversion efficiency of catalytic oxidation NO about
precursors
3.3.1 Effect of precursors on NO conversion efficiency

The effect of manganese precursors on NO conversionefficiency is shown in Figure 7. As shown in Figure 7, the
conversion efficiency is as follows: manganese acetate>
manganese nitrate> manganese sulfate. The maximum conversion efficiency is 90% obtained at 125°C for Mn-acetate,
and that for Mn-sulfate is only 35%. Figure 8 shows the
effect of ferric precursors on NO conversion efficiency.
When the temperature is below 150°C the conversion for
ferric nitrate is better than that for ferric acetate. Above
150°C, the opposite trend is observed. The results indicate
that ferric nitrate is relatively more favorable to lowtemperature oxidation.
The XRD spectrum of manganese precursors is displayed in Figure 9. It is shown that the amorphous structure was formed for the catalysts prepared by manganese
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FIGURE 7 - Effect of manganese precursors on NO conversion
efficiency

peaks for the other two, but a weak peak corresponding to
Fe2O3 is observed at 41.5o, 54.8o and 66o. Based on the
results of experiment and the XRD data, it is illuminated
that the microcrystalline structure of Fe2O3 is useful for
the NO catalytic oxidation. Moreover, as per the XRD of
ferric precursors expressed in Figure 10, the strong peak
of MnO2 and Fe2O3 is seen for the catalyst prepared by
ferric acetate. It is because of the fact that ferric acetate is
not soluble in water, so the Fe ion inexistence in mix
solution. In this case, the PEG1000 take action with ferric
acetate compound granule instead of Fe3+ ion. So, it is
difficult to form a highly dispersed structure. On the other
hand, it results in crystallization. Combining the results of
Figures 9 and 10, the crystallinity of XRD is observed as
follows: ferric acetate>manganese acetate>manganese
sulfate> manganese nitrate. The results demonstrate that
quasi-crystallinity is propitious to the low-temperature
catalytic oxidation of NO when the temperature is below
150°C. However, the crystal structure is propitious to the
high-temperature catalytic oxidation of NO when the
temperature is higher than 150°C.

FIGURE 8 - Effect of ferric precursors on NO conversion efficiency

FIGURE 10 - XRD patterns of Mn-Fe-O x catalysts prepared at
different ferric precursor (a- Ferric nitrate, d- Ferric acetate)

FIGURE 9 - XRD patterns of Mn-Fe-Ox catalysts prepared at different manganese precursor. (a- Manganese acetate, b- Manganese
nitrate, c- Manganese sulfate)

nitrate and manganese sulfate. In these two catalysts, one
weak peak can be observed between 30o and 40o. The
quasi-crystallinity was formed in the catalyst prepared by
manganese acetate. In this sample, not only the peak at
the same location is more intense than the corresponding

To further explain the catalysts structural effect on the
catalytic activity, the morphology of the different catalysts
films was examined by SEM and is shown in Figure 11.
The surface of Mn-Fe-Ox film with manganese acetate and
ferric nitrate is rough. A clear microporous surface can be
seen on the film in Figures 11-a1 and 11-a2. From the
results of SEM images, the microporous were produced by
thermal decomposition and evaporation of PEG1000 [14].
The surface of the film is in powder-form, and nano configuration is observed in Figures 11-b1 and 11c1 when manganese nitrate and manganese sulfate were used as precursors. For ferric acetate composite film shown in Figures
11-d1 and 11-d2, the surface is rough and the structure is
complex. Compare Figures 11-a2 and 11-d2 with different
ferric precursors, it is shown that the microporous is not
formed when catalyst prepared by ferric acetate. Why the
different catalysts configuration can be gained when catalysts prepared with different metal salts precursors, it is
needed more studies to be done.
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FIGURE 11 - SEM patterns of Mn-Fe-Ox catalysts prepared at different ferric precursor
(a- Manganese acetate, b- Manganese nitrate, c- Manganese sulfate, d- Ferric acetate)

Based on the experimental data and the characterization results, it may be confirmed that microporous surface
is favorable for the low-temperature catalytic oxidation of
NO when temperature is below 150°C. In addition, it may

be confirmed that PEG1000 with manganese acetate and
ferric nitrate exhibit a strong synergistic effect in the MnFe-O x catalysts, which may contribute to the promising
oxidation of NO emitted directly from the tail gas.
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4. CONCLUSIONS
Several manganese and ferric oxides (Mn-Fe-Ox)
based catalysts were prepared by the organic solvent method. The catalytic oxidation of NO over these catalysts was
investigated. The activities of Mn-Fe-Ox catalysts were
related to cleaning solutions, order of feeding the reactants,
the methods of combining the reactants, and the precursors. The manganese and ferric oxides (Mn-Fe-Ox) catalysts washed by distilled water exhibited higher activity for
the catalytic oxidation of NO than by ethanol. The combination method II was attractive because it yielded in large
catalytic activity over a wide temperature range. It is shown
that the maximum catalytic activity was obtained at 125°C
with NO con-version reaching 90%. The maximum conversion was attained when the catalyst was prepared by
manganese acetate and ferric nitrate. It is concluded that
the combined physical and chemical effects during the
preparation process is propitious to the catalytic oxidation
of NO. Based on the oxidation efficiency and characterization data, the quasi-crystal structure catalyst is
observed to be propitious to NO oxidation. It is implied
that PEG1000 with manganese acetate and ferric nitrate
exhibit a strong synergistic effect in the Mn-Fe-Ox catalyst which may contributes to the promising oxidation of
NO emitted directly from tail gas.
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A COMPARATIVE ASSESSMENT ON SPATIO-TEMPORAL VARIATIONS IN WATER ENVIRONMENT QUALITY OF
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ABSTRACT
In this study, two pollution index methods (singlefactor and comprehensive index models) and two fuzzy
mathematical methods (single-factor deciding and weightedaverage models) were used to investigate water environment
quality of Chaohu Lake based on chemical analyses of
water samples collected from 12 sites during 2002-2009.
Chemical oxygen demand, ammonia nitrogen, total nitrogen, total phosphorus and chlorophyll α in Chaohu Lake
water showed evidently spatio-temporal variations. With
pollution models, water quality of all the sampling locations in the western lake was identified as class III (slightly
polluted) to V (heavily polluted), while the eastern half had
a slighter pollution stress. The two fuzzy mathematical
methods shared almost common assessment results of the
western lake (classes V in most cases), but had distinct
differences in the membership degree to each pollution
class. Comparison of the models showed that in-troduction
of membership degree and weight of each factor to fuzzy
mathematical models made these methods more reasonable in environmental quality assessment. This study provided some baseline information for water environment
assessment, which is of assistance and importance to
select suitable models to make assessment results satisfactory to practical requirements and close to the facts.

KEYWORDS: Chaohu Lake, environmental quality, fuzzy mathematical model, pollution index method, water pollution

1. INTRODUCTION
Chaohu Lake, one of the five most famous largest freshwater lakes in China, lies in the centre of Anhui province
(31°43′–31°25′N and 117°16′–117°51′E). The area of the
lake is about 9,130 km2 and Chaohu Lake Basin covers
* Corresponding author

11 cities and towns, and there are seven main rivers flowing into the lake [1]. Over the past two decades, the rapid
population growth and economic development in the area
have resulted into an increasing discharge of nutrient-rich
industrial wastewater and domestic sewage into Chaohu
Lake, which leads to severe contamination and eutrophication of this lake [2].
Recently, a large number of studies have indicated that
various environmental pollutants, including organic [3,4]
and inorganic toxitants [1,5], occur in the water of Chaohu
Lake. Public health and eco-safety problems have arisen
from the presence of these pollutants even at very low concentration. However, limited information is currently available about the environmental quality assessment on Chaohu
Lake water.
Among several assessment methods, pollution index
model has been most widely used to evaluate environmental quality of various environments [6,7]. The pollution
index method employs definite limit to differentiate and
quantify the extent of water pollution [8,9]. However, there
is a vagueness or fuzziness in relation to environmental risk
in environmental quality assessment owing to inconsistency
and peculiarities of each pollution index [10]. In classification schemes, fuzziness makes it difficult to justify the use
of sharp boundaries. Several advanced assessment methods have been proposed based on fuzzy logic [11,12].
Fuzzy comprehensive assessment is considered reliable and
effective in solving problems of fuzzy boundaries and in
controlling the effect of monitoring errors on assessment
results [13-15].
So far, the fuzzy methods have been applied to evaluate the environmental quality of lake water [16], river water
[17], coastal water [18], agricultural water [19], ground water
[20], soil [21] and air [22], as well as environmental risks induced by particular pollutants [13, 14, 23]. However, few
investigations are currently documented about applying the
methods to assess Chaohu Lake water environment. Although these approaches have been used in various water
bodies, information is limited about the comparison of the
pollution index and fuzzy mathematical methods.
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This study aimed to assess water environment quality
of Chaohu Lake water using two pollution index methods
and two fuzzy mathematical methods based on chemical
analyses of water samples collected from 12 sites during
2002-2009. The comparative applications of the four assessment methods were also characterized in order to provide baseline information, which is of assistance and importance to select a suitable model to make the assessment
results satisfactory to practical requirements and close to
the facts.
2. MATERIALS AND METHODS
2.1. Water sampling

Water was sampled from the Chaohu Lake at 12 sites
(Figure 1) near Hefei City and Chaohu City (Anhui, China).
The lake has been seriously polluted by domestic sewage
and industrial wastewater produced in these cities. There
are 12 sampling sites over the whole lake, six for each half,
i.e. Nanfeihe, Shilihe, Tangxi, Paihe, Xinhe and Xihuxin
in the western half and Bakou, Zhonghan, Chuanchang,
Donghuxin, Zhongmiao and Zhaohe in the eastern half.
Water sampling (1 L) was performed in triplicate in the
middle of February, May, June, July, August and November during 2002-2009.

sampling. CODMn was determined using the acid-potassium
permanganate method [24]. NH3-N, TN and TP were measured according to APHA [25], and Chlα concentration was
determined fluorometrically according to Neveux and
Panouse [26].
2.3. Pollution index assessment methods

The water quality parameters DO, CODMn, NH3-N, TN,
TP, and Chlα were selected as pollution indices to assess
the water environment of Chaohu Lake. Assessment criteria were established based on the actual local situation and
the National Environmental Quality Standards of China.
Accordingly, the water quality was classified into five levels: class I, excellent; class II, clean; class III, slightly polluted; class IV, moderately polluted; and class V, heavily
polluted (Table 1) (National Standards for Surface Water
Environmental Quality of China, GB 3838-2002).
Two pollution index methods (single-factor index and
Nemero comprehensive index) were used to evaluate the
water quality of Chaohu Lake. The single-factor index
method can be expressed as:
Pi = Ci/Si

and the calculation formula of the Nemero comprehensive index method is:

(

2.2. Chemical analyses

The water samples of February, May, August and November were used to determine annual average concentration of dissolved oxygen (DO), chemical oxygen demand
(CODMn), ammonia nitrogen (NH3-N), total nitrogen (TN)
and total phosphorus (TP), and the water samples of May,
June, July and August were used for measurement of average chlorophyll α (Chlα) level. DO was measured using
HI9146 Portable DO Meter (HANNA Inc., USA) when

(1)

P=

1 n
Pi ) 2 + [max( Pi )]2
∑
n i =1
2

(2)

where P i: the pollution index of pollutant i; C i
(mg/L): the actual monitoring data of water quality parameter i; Si (mg/L): the environmental background value
at Chaohu Lake region; and P: the Nemero comprehensive pollution index.

FIGURE 1 - Geographical distribution of twelve water sampling sites located in Chaohu Lake.
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TABLE 1 - Standards used for water environment quality assessment in this study
Pollution level classification
DO, mg/L ≥
CODMn, mg/L ≤
NH3-N, mg/L ≤
TP, mg/L ≤
TN, mg/L ≤
Chlα, µg/L ≤
Nemero comprehensive index (P)

Class I
Excellent
7.5
2
0.015
0.01
0.2
0.5
P ≤ 0.70

Class II
Clean
6
4
0.5
0.025
0.5
2
0.70 < P ≤ 1.00

2.4. Fuzzy mathematics assessment methods

Membership functions represent the degrees to which
the specified concentration belongs to the fuzzy set. The
membership degrees of pollutants at each level can be
determined by a set of formulas of membership functions
as follows:

ui , m

⎧1 − um −1 (Ci )
⎪
= ⎨(em +1 − Ci ) /(em +1 − em )
⎪0
⎩

em −1 ≤ Ci ≤ em

em ≤ Ci ≤ em +1 (3)
Ci ≥ em +1

where ui,m: the membership degree of pollution index
i at class m, Ci (mg/L): the actual monitoring data of pollution index i, and em (mg/L): the criteria value at class m.
After substituting the monitoring data of each pollution index at each sampling site and the assessment criteria into the membership function, one fuzzy matrix was
obtained for each sampling location in every year. For
example, the fuzzy matrix of the sampling site Nanfeihe
in 2009 was expressed as:
0.64 0.36
0
0
0
0
0
0.76 0.24
0
0
0
0.46 0.54
0
RA = 0
0
0
0 1.00
0
0
0
0.98 0.02
0
0
0
0.84 0.16

Class III
Slightly polluted
5
6
1.0
0.05
1.0
10
1.00 < P ≤ 1.70

Class IV
Moderately polluted
3
10
1.5
0.1
1.5
26
1.70 < P ≤ 2.80

Class V
Heavily polluted
2
15
2.0
0.2
2.0
64
P >2.80

It is very important to choose the appropriate weight
for each factor since the contribution to integrated environmental quality varies greatly among the different water
quality parameters. The weight of each pollution index at
certain monitoring location was allocated according to:
C /A
(4)
Wi ,k = n i ,k i
∑ Ci,k / Ai
i =1

where Wi,k: the weight of pollution index i at location
k; Ci,k (mg/L): the detection results of pollution index i at
location k; and Ai (mg/L): the average assessment criteria
of pollution index i.
In this research, the weights were selected based on
both the water quality assessment criteria and the actual
detection data. Here, Ci,k indicated the extent of exceeding
the average assessment criterion since it was assumed that
this included the difference among the pollutant elements
and the pollution degree.
According to Equation (4), the weights of the six pollution indices in the 12 water sampling locations were
obtained and are shown in Table 2.
The environmental risks of the 12 sampling locations
were assessed using two fuzzy mathematical methods: single-factor deciding and weighted-average model. Calculation of single-factor deciding model was performed according to:
n

(5)

bm = Max Wi ui , m
i =1

TABLE 2 - Weights of assessment indices for the twelve water sampling sites
Pollution index
Nanfeihe
Shilihe
Tangxi
Paihe
Xinhe
Xihuxin
Bakou
Zhonghan
Chuanchang
Donghuxin
Zhongmiao
Zhaohe

DO

CODMn

NH3-N

TP

TN

Chlα

0.15
0.18
0.18
0.20
0.17
0.17
0.33
0.32
0.31
0.36
0.30
0.33

0.09
0.09
0.09
0.09
0.09
0.10
0.11
0.09
0.11
0.09
0.10
0.10

0.13
0.11
0.11
0.11
0.11
0.09
0.07
0.07
0.06
0.07
0.06
0.07

0.33
0.30
0.31
0.30
0.29
0.31
0.21
0.24
0.23
0.21
0.26
0.23

0.14
0.16
0.16
0.14
0.13
0.13
0.25
0.24
0.25
0.24
0.25
0.23

0.16
0.16
0.15
0.16
0.21
0.20
0.04
0.04
0.03
0.02
0.03
0.04
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and the weighted-average model can then be expressed as:
n

bm = ∑Wi ui , m

(6)

i =1

where bm: the membership degree of final assessment
result at class m; Wi: the weight of pollution index i at the
sampling location; and ui,m: the membership degree of pollution index i at class m.
The assessment vectors of the single-factor deciding
model were normalized before application of the results to
assess the environmental quality of Chaohu Lake.

the lake is the Nanfei River, discharging a total of 1.8 ×
108 tons per year of untreated domestic sewage and industrial wastewater from Hefei City into the west region of
the lake [1]. It has also been indicated that the annual
amount of sewage discharged into the lake from Hefei
City contained about 18,360 tons of TN and 1,050 tons
of TP [28]. Compared with most lakes in Europe [29] and
the USA [30], Chaohu Lake has been more heavily polluted. On the whole, water quality of Chaohu Lake seemed
similar to those of Taihu and Dianchi, other two big lakes
in China, but was worse than most of the other Chinese
lakes or reservoirs [31,32].
3.2. Pollution index assessment

2.5. Statistical analyses

Experimental results were statistically analyzed using
SPSS 11.0 (SPSS Inc., Chicago, USA). All values were
expressed as mean ± standard deviation (SD). The significance of the difference in the levels of environment assessment parameters among different sampling time or sites was
assessed with Independent Samples t-Test. A p < 0.05
was considered statistically significant.
3. RESULTS AND DISCUSSION
3.1. Chaohu Lake water quality

Figure 2 shows the level of the six pollution indices
of the Chaohu Lake during 2002-2009. In the past eight
years, DO in Chaohu Lake water showed a slight variance, but the western half always had a significant lower
DO than the eastern half (p < 0.05). As an example, the
average DO in 2009 was 7.61 mg/L in the western lake
and 8.46 mg/L in the eastern lake.
NH3-N, TP, TN and Chlα in Chaohu Lake showed obvious temporal variations. During the past eight years,
COD Mn tended to decrease and then increase, but other
parameters, including TP, TN and Chlα, were found to
initially increase, and then decrease. Average CODMn of the
12 sampling location was highest in 2002 (6.0 mg/L) and
lowest in 2005 (4.8 mg/L). However, the highest NH3-N
(0.73 mg/L) was found in 2006 and the lake water sampled in 2005 contained more TN, TP and Chlα. Distribution of these pollutants in Chaohu Lake also showed significant spatial differences. Compared with the eastern lake,
the western lake had higher concentrations of CODMn, NH3N, TN, TP and Chlα during 2002-2009. At the same time,
the spatio-temporal fluctuations of CODMn, NH3-N, TN,
TP and Chlα were found to be significantly greater in the
western lake than in the eastern lake (p < 0.05).
The western half of Chao Lake has been more heavily
polluted than the eastern half. Previous study showed that
the western Chao Lake was at medium eutrophication level
and the eastern lake was at medium nutrient level [27].
Chaohu Lake is now the main recipient of pollutants from
cities and towns along the lake, especially from the Hefei
City. For example, one of the biggest pollutant influent to

Two pollution index methods (single-factor model and
comprehensive index model) were used to assess water environment quality of Taihu Lake. With single-factor model,
environmental quality of each sampling site in the western
half during 2002-2009 was determined to be class IV or V
(Table 3). Comparatively, the eastern half had a slighter
pollution stress, and environmental quality of most sampling sites in this area was determined to be class IV (Table 3). However, using comprehensive index model, environmental quality of the most eastern sites was identified
as class III within the past eight years (Table 3).
This study demonstrated that the environmental qualities identified with single-factor index method were worse
than those of the comprehensive index model. The distinction of the assessment principles between the two
methods resulted in the different results. Only the maximum contributing factors were introduced into the singlefactor index method, and other factors were neglected in
the assessment. Thereby, in practical assessment work, it
is usually found that the factors with high concentration
(heavily polluted) have a fateful influence on the final
assessment results obtained by the single-factor method
[33]. However, the dominant parameter and the average
contribution of all factors were both taken into account in
the comprehensive index method in this study, and a better
environmental quality was obtained for this assessment
method [34].
Lake water pollution is an emerging environmental
issue in the economic booming countries. Mustapha [35]
revealed the excellent water quality of Oyun Reservoir
(Nigeria) after an assessment using comprehensive index
method, but eutrophication is being pronounced in the
reservoir to induce public health risk. Eutrophication process has also occurred in Aguamilpa Reservoir (Mexico)
since 1994 [36]. Rapid, uncontrolled, and illegal urbanization coupled with insufficient infrastructure has caused
the deterioration of the water quality in the Omerli Lake
(Turkey) [37] and eutrophication risk has also been increasing [38] within the past two decades.
3.3. Fuzzy mathematical assessment

As shown in Table 4, the two fuzzy mathematical
methods shared almost common assessment results for the
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2009

2003
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COD Mn , mg/L

9.0
6.0
3.0
0.0

NH 3-N, mg/L

2.4
1.8
1.2
0.6
0.0
2002

2007

2008

2009

TP, mg/L

0.8
0.5
0.3
0.0
2002

2003

2004

2005

2006
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2008

2009

TN, mg/L

9.0
6.0
3.0
0.0
2002

2003
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750
600
450
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0
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Donghuxin

Zhongmiao

Zhaohe

FIGURE 2 - Concentrations of dissolved oxygen (DO), chemical oxygen demand (CODMn), ammonia nitrogen (NH3-N), total nitrogen (TN),
total phosphorus (TP) and chlorophyllα (Chlα) at twelve water sampling sites in Chaohu Lake during 2002-2009.
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TABLE 3 - Assessment on water environment quality of Chaohu Lake
during 2002-2009 by using single-factor index and comprehensive index methods
Assessment
method
Time
Nanfeihe
Shilihe
Tangxi
Paihe
Xinhe
Xihuxin
Bakou
Zhonghan
Chuanchang
Donghuxin
Zhongmiao
Zhaohe

2002

2003

Single-factor index model
2004 2005 2006 2007

2008

2009

2002

2003

Ⅴ
Ⅴ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅴ
Ⅳ
Ⅳ
Ⅳ
Ⅳ

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ

Ⅴ
Ⅳ
Ⅳ
Ⅴ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ

Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅴ
Ⅲ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ

Ⅴ
Ⅳ
Ⅴ
Ⅳ
Ⅳ
Ⅴ
Ⅲ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ

Ⅴ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅲ
Ⅳ
Ⅲ

Ⅴ
Ⅳ
Ⅴ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅲ
Ⅲ
Ⅲ
Ⅲ

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅳ
Ⅲ
Ⅳ
Ⅳ
Ⅳ
Ⅳ

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ

Comprehensive index model
2004 2005 2006 2007
Ⅴ
Ⅳ
Ⅳ
Ⅴ
Ⅳ
Ⅳ
Ⅲ
Ⅲ
Ⅲ
Ⅲ
Ⅲ
Ⅲ

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅳ
Ⅴ
Ⅲ
Ⅲ
Ⅲ
Ⅲ
Ⅲ
Ⅲ

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅳ
Ⅴ
Ⅲ
Ⅲ
Ⅲ
Ⅲ
Ⅲ
Ⅲ

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅲ
Ⅲ
Ⅲ
Ⅲ
Ⅲ
Ⅲ

2008

2009

Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅲ
Ⅲ
Ⅲ
Ⅲ
Ⅲ
Ⅲ

Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅲ
Ⅲ
Ⅲ
Ⅲ
Ⅲ
Ⅲ

TABLE 4 - Assessment on water environment quality of Chaohu Lake during 2002-2009 by using fuzzy mathematical methods.
Assessment
method
Time
Nanfeihe
Shilihe
Tangxi
Paihe
Xinhe
Xihuxin
Bakou
Zhonghan
Chuanchang
Donghuxin
Zhongmiao
Zhaohe

2002

2003

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅰ
Ⅰ
Ⅴ
Ⅰ

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ

Single-factor deciding model
2004 2005 2006 2007
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅰ
Ⅰ
Ⅰ
Ⅰ
Ⅰ
Ⅰ

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅰ
Ⅰ
Ⅰ
Ⅰ
Ⅰ
Ⅰ

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅰ
Ⅰ
Ⅰ
Ⅰ
Ⅰ
Ⅰ

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅰ
Ⅰ
Ⅰ
Ⅰ
Ⅰ
Ⅰ

2008

2009

2002

2003

Weighed-average model
2004 2005 2006 2007

2008

2009

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅰ
Ⅰ
Ⅰ
Ⅰ
Ⅴ
Ⅰ

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅰ
Ⅰ
Ⅰ
Ⅰ
Ⅰ
Ⅰ

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅳ
Ⅴ
Ⅳ

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅰ
Ⅳ

Ⅴ
Ⅴ
Ⅴ
Ⅳ
Ⅳ
Ⅴ
Ⅳ
Ⅳ
Ⅳ
Ⅰ
Ⅴ
Ⅳ

Ⅳ
Ⅴ
Ⅴ
Ⅳ
Ⅴ
Ⅴ
Ⅳ
Ⅳ
Ⅳ
Ⅰ
Ⅳ
Ⅳ

six western sampling sites. In most cases, environmental
quality was determined to be classes V in the western
lake. However, difference of the membership degree to
each pollution class still existed between the two methods
(Figures 3 and 4). In each sampling site, the sum of membership degree to classes I and II calculated by the singlefactor deciding method was higher than that obtained by
weighted-average model. In contrast, the total membership degree to classes III, IV and V was higher for the
weighted-average model. For example, in both of the two
fuzzy models, class V was assigned to the environmental
quality of Naifeihe in 2002. However, single-factor model
assessment showed that the total membership degree to
classes I and II was 0.21 for Naifeihe in 2002, and that to
classes III, IV and V was 0.79 (Figure 3A), while the two
values were determined to be 0.12 (< 0.21) and 0.88 (>
0.79), respectively, according to the weighted-average
model (Figure 3B). Therefore, water environment will be
considered to be more heavily polluted if single-factor
deciding model is used.
The application example of the two fuzzy mathematical methods in this study indicates that weighted-average
model usually provides a result of the better environmental
quality than single-factor deciding method (Table 4), which

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ
Ⅳ

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅰ
Ⅳ
Ⅰ
Ⅰ
Ⅰ
Ⅰ

Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅴ
Ⅰ
Ⅰ
Ⅰ
Ⅰ
Ⅰ
Ⅰ

FIGURE 3 - Membership degrees to class III, IV and V of the six
western sampling sites in Chaohu Lake calculated by using singlefactor model (A) and weighed-average model (B).
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FIGURE 4 - Membership degrees to class III, IV and V of the six
eastern sampling sites in Chaohu Lake calculated by using singlefactor model (A) and weighed-average model (B).

is similar to the relationship between the two pollution index
methods. The difference between the assessment results was
attributed to the distinct assessment objectives and principles [12, 39]. In the single-factor deciding model, the dominant factor was given more attention, and the effects of the
other factors were weakened. However, in the weightedaverage model, the contribution of each factor was well
taken into account, and the weights were allocated for the
factors according to the contribution degree. Therefore, the
assessment results of the weighted-average model depend
on the integrated effects of all factors to a great extent [40].
Given that vagueness is present in the differences of
the classes of water quality parameters, fuzzy methods have
recently been frequently used for lake water quality assessment. A fuzzy logic index model was used for water quality evaluation and classification of Eber Lake (Turkey) [41].
Ren et al. [42] developed a multiplex model of fuzzy clustering with pattern recognition to investigate environmental
quality of Ulansuhai Lake (China). Hong et al. [16] proposed
a fuzzy comprehensive-quantifying assessment model to
evaluate the water quality changes of Honghu Lake (China)
in recent decades and indicated that the lake water quality
degraded one level from class II in 1991 to class III in
2005–2006. However, few concerns have focused on the
comparison of the fuzzy models and the traditional assessment methods used in water quality assessment.

simple number was marked as a limit to differentiate two
distinct grades of pollution degree. For example, at the
sampling site Zhaohe in 2009, CODMn was 4.16 mg/L,
and the two closest environmental criteria were 4 (class II)
and 6 mg/L (class III). It is self-evident that the number
4.16 is closer to 4 than to 6, but with the pollution index
method, the environmental quality of Zhaohe in 2009 was
determined to be class III in terms of CODMn pollution. In
fuzzy methods, fuzziness logic makes it difficult to justify
the use of criteria’s sharp boundaries. Membership functions were employed to describe the limit between different pollution degrees. The membership degree of 4.16 to
4 is 0.92, and to 6 is 0.08, which demonstrates that class II,
not class III is more reasonable to be assigned to the level
of environmental risk caused by CODMn pollution at Zhaohe.
A similar assessment result also demonstrated that water
quality of Shilihe in 2009 was determined to be class IV by
pollution index method, while fuzzy mathematics methods
showed that class III was more reasonable.
At the same time, different from pollution index methods, fuzzy mathematical methods were established with
more attention paid to the contribution of all factors to the
integrated pollution [21,23]. Different weights were allocated for different factors, and the weight reflected the contributing capacity of each factor. For example, contribution degrees of the pollutants at Nanfeihe were listed as
the following sequence: TP > Chlα > DO > TN > NH3-N
> CODMn (Table 2). This result was supported by the wellknown viewpoint that phosphorus, nitrogen and chlorophyll are the most important water quality parameters affecting lake contamination and eutrophication [2, 43, 44].
Fuzzy methods evaluate comprehensively the contributions
of various pollutants according to predetermined weights,
and decrease the fuzziness using membership functions. The
fuzzy mathematical methods that introduce weight to assessment process are more reasonable than the pollution
index models in the field of environmental quality assessment [16].
The above comparisons reveal that single-factor methods (including single-factor index and single-factor deciding models) are applicable in the situation where individual
evaluation factor is over proof and the assessment aim is
to externalize the principle of single factor rejection [45].
However, the comprehensive methods (including Nemero
pollution index and weighted-average models) are more
applicable in the situation where the contents of evaluation factors are even and the evaluation aim is to externalize the contribution of each factor to the quality of water
environment [11]. Therefore, in practical work, it is necessary to select a suitable model according to monitoring data
and assessment objectives to make the assessment results
satisfactory to practical requirements and close to the facts.

3.4. Comparison of the assessment methods

According to the results in Tables 3 and 4, the environmental quality will be evaluated to be better by fuzzy
mathematical models, while pollution index methods will
present a worse assessment result. In the later methods, a

4. CONCLUSIONS
In this study, we investigated the levels of six water
quality parameters, i.e. DO, CODMn, NH3-N, TN, TP and
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Chlα, at twelve sampling sites located in Chaohu Lake
during 2002-2009. Two pollution index methods and two
fuzzy mathematical methods were comparatively applied
to investigate the environmental quality of Chaohu Lake.
CODMn, NH3-N, TN, TP and Chlα showed significant
temporal changes in the Chaohu Lake within the past eight
years. As a result of economic development, the western
half of Chao Lake is more heavily polluted than the eastern half. Among pollution index methods, single-factor
model usually produces a worse assessment result than
comprehensive index model. A similar result was also
found for the two fuzzy mathematical methods, in which
weighted-average model generated a better environmental
quality than single-factor deciding method. Comparison of
the present methods shows that fuzzy mathematical models
were more reasonable for environmental quality assessment
of Chaohu Lake owing to the introduction of membership
degree and weight of each factor to the models.
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RESPONSE SURFACE METHODOLOGICAL
APPROACH AND THE KINETIC STUDY FOR THE
ASSESSMENT OF THE PHOTODEGRADATION OF A
PULP MILL EFFLUENT WITH H2O2/Fe(III)/Solar UV
Neval Baycan Parilti* and Deniz Akten
Dokuz Eylul University, Department of Environmental Engineering, Buca, Izmir, Turkey

ABSTRACT
As an advanced oxidation treatment, the Fe(III)/H2O2/
Solar-UV process was applied to a pulp mill industry wastewater in İzmir, Turkey. A solar photocatalytic reactor was
used for the advanced oxidation. The Box–Wilson experimental design method was employed to optimize the oxidant and catalyst concentrations and circulation velocities
of wastewater as significant factors for maximum the
TOC, color and AOX removals. By testing different kinetic models to the data of decolorizations, it was found that
solar photocatalytic oxidation of pulp mill effluent best
fitted pseudo-first-order kinetics and the maximum ktrue
value was 1.89 min-1 with respect to color concentration.
The maximum color, TOC and AOX removal efficiencies
were 89%, 89% and 100% were achieved, respectively
with the addition of 79mM H2O2, 0.6mM Fe(III) and at a
10L/h circulation velocity after 8 hours of the solar oxidation.

KEYWORDS: Advanced oxidation process (AOPs), Fenton’s
reagent, solar oxidation, pulp mill effluent, kinetics.

1. INTRODUCTION
The pulp and paper industry has been considered as
one of the biggest consumers of natural resources (wood,
water) and energy (fossil fuels and electricity) and as a
significant taxpayer of discharge of pollutants to the environment [1–4]. Effluents of the pulp and paper industry
contain a number of toxic compounds and may cause deleterious environmental impacts upon direct discharge to
receiving waters. The high water usage, between 20,000
and 60,000 gallons/t of products, results in large amounts
of wastewater generation [5]. The most significant sources
* Corresponding author

of pollution in pulp and paper industry are wood preparation, pulping, pulp washing, screening, bleaching and
coating operations. Among the various processing steps,
pulping generates a high-strength wastewater containing
toxic chemicals such as phenolics [6].
Major pollutants present in the effluents of paper industry are suspended solids, chemical oxygen demand
(COD), toxicity, color, adsorbable organic halogens (AOX)
and high concentration of nutrients that cause eutrophication in receiving water [7,8]. Since some of the contaminants in pulp and paper industry effluents are non-biodegradable, conventional biological treatment processes
are not sufficient for treatment. The extent of toxicity and
color removal by conventional biological treatment vary
depending on the pulping process used. In order to meet
increasingly stringent discharge limits, pulp mills are forced
to adopt technologically advanced treatment systems. Organic compounds such as chlorophenols are not fully degraded by biological processes which require advanced oxidation after biological treatment to reduce refractory organics and color of the pulp mill wastewater [9,10]. Advanced
oxidation processes (AOPs) were developed and used as
potentially powerful methods capable of transforming the
pollutants into harmless substances [11]. AOPs are based
on the generation of very reactive non-selective transient
oxidizing species such as the hydroxyl radicals (•OH)
which were identified as the dominant oxidizing species
[12]. For effective oxidations of refractory organic compounds, the hydroxyl radicals must be generated continuously in situ through chemical or photochemical reactions
due to their instability. Solar photo-catalysis is an advanced
oxidation process (AOP) that has been found to be efficient
in the treatment of some industrial wastewaters [13,14]. It
consists in the use of solar light to generate a highly oxidising species, commonly the hydroxyl radical (•OH).
Catalysts are needed in the process, being the Fenton reagent and titanium dioxide the two most widely employed.
The Fenton reagent consists in a mixture of iron(II) salts
and hydrogen peroxide. The process can be accelerated by
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irradiation of the solution, although wavelengths corresponding to the UV-range are the most commonly employed, sunlight can also be used, with important environmental and economical advantages [15].

A low BOD/COD ratio of 0.33-0.42 indicated low biodegradability of the organic compounds present in the
wastewater which require advanced treatment.

The Fenton process can be modified employing iron(III)
or even other metal cations [16,17]:
Fe2+ + H2O2 → Fe3+ + OH- + •OH
(1)
3+
2+
Fe + OH + hv → Fe + •OH
(2)

2.2. Materials

On the other hand, titanium dioxide is a solid semiconductor that upon light excitation generates electrons in
the conduction band and holes in the valence band [18].
Bothphoto-catalysts, Fenton reagent and titanium dioxide
have been tested with satisfactory results to bleach the
black effluents from production of kraft pulp and white
paper as substitutes of chlorine [19-24].
By considering the results of past studies, this study
was designed to investigate the paper mill industry
wastewater treatment by using solar photocatalysis. Paper
mill industry wastewater was selected because of its recalcitrant and even toxic nature which results in problems
for a conventional biotreatment system.
The major objective of this study is to investigate the
performance of the solar oxidation method and its combinations for the removal of the color, TOC and AOX from
a paper mill effluent. The Fe(III)/H2O2/Solar UV treatment
was employed. The Box–Wilson experimental design was
used in order to investigate the effects of important process variables on the color, TOC and AOX removal performance. The Box-Wilson experimental design is a response surface methodology used for evaluation of a dependent variable as functions of independent variables [25].
Fe(III), H2O2 concentrations and circulation velocity were
considered as independent variables and color, TOC and
AOX removal efficiencies were considered as dependent
variables in the Box-Wilson statistical design method. In
addition to TOC, color and AOX removal efficiencies,
COD and BOD were also determined in order to evaluate
the biodegradability rate, as an important indicator of
effective treatment.
2. MATERIALS AND METHODS

The analytical grade (Merck) iron sulphate (Fe2(SO4)3•
7H2O) was used as source of Fe(III). The hydrogen peroxide (H2O2) solution obtained from Merck was in a stable
form (35% (w/w)). A stock solution of 10g/L Fe(III) was
used to prepare the desired concentrations in the experiments after dilution. The Fe(III) stock solution was stored
in a dark place to prevent the oxidation of Fe(III). MnO2
was added to the collected aqueous samples containing
H2O2 to remove the excess H2O2 and thereby to preventing the further oxidation of organics with excess H2O2.
Distilled water was used in cleaning and experimentation.
2.3. Photocatalytic reactor

All experiments were performed in a photocatalytic
reactor with a total volume of 40L. The photocatalytic reactor was operated as a batch process. The system consists
of sun light collectors, water preparation tank, circulation
pump and a control panel. The solar collector is mounted
on a fixed platform tilted 37o (local latitude). The sun light
collectors were made up of eight borosilicate glass cylindrical tubes 100cm in length and 3cm in diameter. The
tubes were connected to each other in a series by polyethylene cylindrical parts. A circulating pump was used to
feed the water from the tank to the collectors. Aluminum
UV-reflective panels were placed on the plates which were
focused on the borosilicate glass tubes. This geometry enables light entering from almost any direction to be reflected
into the focal line of the tubes and the light entering the
tubes can also be employed for the photocatalytic reaction.
The water preparation tank was made of stainless steel with
a cooling jacket. The tank has an inner diameter of 40cm
and an outer diameter of 46cm including the cooling jacket.
The water and reagents added to the tank from openings in
the lid. A thermocouple was placed into the water preparation tank to measure the reaction temperature. A mechanical mixer was used to obtain homogenious conditions in the water tank. The whole system was controlled
using a control panel (Fig. 1).

2.1. Characterization of the Pulp Mill Effluent

2.4. Experimental Procedure and Analytical Methods

The Pulp Mill industry wastewater samples were obtained from a stabilization pond of a pulp and paper industry wastewater treatment plant located in Aliağa/Izmir,
Turkey. Composition of the wastewater used in this study
was analyzed before experimental studies. The pH values
of the effluent samples used in the experimental studies
varied from 7.12 to 8.50. The COD concentrations of the
samples varied from 608mg/L to 1500mg/L. The BOD concentrations of the samples were between 260mg/L and
500mg/L. The TOC concentrations of the samples varied
from 206.2mg/L to 303.2mg/L and the AOX concentrations of the samples were between 136µg/L and 2864µg/L.

For a standard reaction run, 15L of wastewater was
used and the sun light collectors were covered before the
beginning of each run. Then, Fe(III) and H2O2 at different
amounts, which are given in Table 1, were added to the
reactor. Then the circulating pump was started and the
tubes were filled with wastewater. When the system was
exposed to sun light was recorded as the beginning of the
experiment and H2O2 was added simultaneously. Then,
using a stopwatch samples were taken at hourly to be
analysed for color, TOC, AOX, COD, and BOD. Samples
were analyzed immediately to avoid further reaction. The
reaction time was 8 hours.
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FIGURE 1 - (a) Front view of the pilot scale solar reactor (b) Back view of the pilot scale solar reactor

TABLE 1 - Experimental conditions according to a Box–Wilson statistical design with H2O2
Axial points
No.
A1
A2
A3
A4
A5
A6
Center points
C

Factorial points
H2 O2
(mM)
79
24
51
51
51
51

Fe(III)
(mM)
0.5
0.5
1
0
0.5
0.5

Q
(L/h)
30
30
30
30
50
10

51

0.5

30

No.
F1
F2
F3
F4
F5
F6
F7
F8

Wavelength scan was done to find a peak wavelength
that gives the maximum absorbance for each wastewater
samples which were obtained from the wastewater treatment plant. Peak wavelengths and the maximum absorbance values of wavelength scan were nearly similar. Peak
wavelength and the maximum absorbance values were
found 480 nm and 0.141. The color measurements were
carried at the wavelength 480nm and the beginning absorbance value at this wavelength came up to 100 unit color
concentration.
A spectrophotometer of DR LANGE - DR 5000 was
used to measure the absorbance. TOC measurements were
carried out using a DOHRMAN DC 190 TOC analyzer.
An AOX-MT 20 Analyser was used for adsorbable organic
halogen compounds measurements in µg/L unit [26]. BOD
(Standard Methods 5210 B) and COD measurements
(Standard Methods 5220 B) were carried out according to
procedures given in the Standard Methods for the Examination of Water and Wastewater [27].
2.5. Box–Wilson Experimental Design

The Box–Wilson design is a response surface methodology which is an empirical modeling technique devoted
to the evaluation of the relationship of a set of controlled
experimental factors and observed results. Basically, this
optimization process involves three major steps, 1. performing the statistically designed experiments, 2. estimating

H2 O2
(mM)
67
67
67
35
67
35
35
35

Fe(III)
(mM)
0.8
0.8
0.2
0.8
0.2
0.2
0.8
0.2

Q
(L/h)
41.5
18.5
41.5
41.5
18.5
41.5
18.5
18.5

the coefficients in a mathematical model, and 3.predicting
the response and checking the adequacy of the model.
The H2O2 and Fe(III) concentrations and circulation
velocity were considered as independent variables and designated as X1, X2 and X3 respectively. The TOC, Color and
AOX removal efficiency was considered as a dependent
variable in the Box–Wilson statistical design method. The
H2O2 concentration (X1) was varied between 24mM and
79mM, the Fe(III) concentration (X2) between 0mM and
1.0mM and the circulation velocity (X3) between 10L/h
and 50L/h . Experimental conditions determined by the
Box–Wilson statistical design are presented in Table 1. The
experiments consist of six axial (A), eight factorial (F) and
center points (C). The center point was repeated four
times. Computation was carried out using multiple regression analysis using the least squares method.
The following response function was used in correlating the colour removal efficiency (YC), TOC removal efficiency (YTOC) and AOX remocal efficiency (YAOX) with
independent parameters (X1, X2, X3). The STATISTICA
computer program was employed for the determination of
the coefficients of Equation 3, by regression analysis of the
experimental data for each where, Y is predicted yield, b0

b1 , b2 , b3 are linear coefficients, b12 , b13 , b23
are cross product coefficients and b11 , b22 , b33 are quadis constant,

ratic coefficients.
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Y = b0 + b1 X 1 + b2 X 2 + b3 X 3 + b12 X 1 X 2 + b13 X 1 X 3 + b23 X 2 X 3 + b11 X 12 + b22 X 22 + b33 X 32
3. RESULTS AND DISCUSSIONS
The Fenton reaction is a widely used catalytic oxidation method based on electron transfer between H2O2 and
metal ions (Fe(III)) serving as homogeneous catalyst. The
efficiency of the Fenton’s reagent is based on the hydroxyl
radical generation by a mixture of H2O2 and Fe(III) ions. A
number of experiments were carried out with the Fenton’s
reagent/Solar UV process to determine the effects of initial
hydrogen peroxide, Fe(III) concentrations, and circulation
velocity on color, TOC and AOX removals from the pulp
mill effluent.

(3)

The Kipp & Zonen CUV3 was used to measure of the
Solar light intensity. It was changing from 500 w/m2 to
2350 w/m2 during the day.
The color, TOC, AOX, COD and BOD removal efficiencies obtained from the experiments are summarised in
Table 2. Experimental results were used to determine the
coefficients of the response functions (Equation 3) by the
STATISTICA regression analysis program. The determined
coefficients are listed in Table 3. The coefficients were used
in calculating predicted values of color, TOC and AOX removal efficiencies. The correlation coefficients (R2) be-

TABLE 2 - The observed and predicted color, TOC removal efficiencies and observed COD, BOD and AOX removal efficiencies
No.
A1
A2
A3
A4
A5
A6
F1
F2
F3
F4
F5
F6
F7
F8
C1
C2
C3
C4

% Color
removal
observed
predicted
56
57
47
48
72
72
41
43
71
72
66
66
68
69
70
69
57
55
73
71
55
55
51
50
64
65
45
43
62
62
61
62
62
62
62
62

% TOC
removal
observed
predicted
49
51
39
39
50
49
36
39
54
56
60
59
44
44
60
59
55
51
54
52
54
54
44
44
49
52
34
32
62
60
59
60
61
60
60
60

% BOD removal

% COD removal

% AOX removal

observed
60
49
57
37
60
62
61
71
58
49
42
49
66
49
56
58
56
57

observed
62
51
59
39
62
58
62
71
58
48
45
50
68
50
57
56
54
57

observed
36
38
50
35
59
65
53
35
50
52
46
42
51
53
69
67
68
69

TABLE 3 - Coefficients of the response functions
Coefficients

Values
for color removal (Yc)

for TOC removal (YTOC)

for AOX removal (YAOX)

b0

-65.98959

64

174.3102

b1

0.09072

0.000933

-0.052085

b2
b3

113.46333

60

-43.36814

-0.24095

-0.88533

-6.5354

-0.02170

-0.001386

0.001124

-0.00044

-0.000111

0.000565

-0.85761

0.214493

0.013768

-0.00002

0.000002

0.000012

-11.37103

-50.37281

65.60919

0.02893

0.016979

0.088186

0.916

0.994

0.984

b12
b13
b23
b11
b22
b33
correlation coefficient (R2)
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tween the observed values were 0.916, 0.994 and 0.984 for
color, TOC and AOX removal, respectively, indicating a
good agreement between the observed and predicted values of color, TOC and AOX removal efficiencies.
The maximum color and TOC removal efficiencies
were 77.27% and 76.08% and were achieved at A3
(51mM H 2O 2, 1.0mM Fe(III) and 30L/h flowrate) and
A1 (2677mg/L H2O2, 0.5mM Fe(III) and 30L/h flowrate)
experimental conditions, respectively (Table 2). More experimental results were needed to comment the regression
model better.
The ratio of BOD to COD in the water was monitored
throughout the experiment. The ratio was approximately
BOD/COD= 0.33 in the feeding water, then the ratio increased to around BOD/COD= 0.6 after 8 hours of oxidation period. The results indicate that the biodegradability of
the organic substances in the water increases after oxidation.
3.1. Degradation kinetics

By testing different kinetic models to the data of decolorizations, it was found that solar photocatalytic oxidation of pulp-mill effluent best fitted pseudo-first-order kinetics with respect to color concentration, expressed by Eq. (46):

dC
Reaction rate: −
= k1C
dt
C
After integration: − ln
= k1t
Co

(4)
(5)

and in terms of x: − ln(1 − x) = k1t

(6)

where C0 is initial concentration, C is concentration
for corresponding time, t is reaction time and k1 (min-1) is
rate constant for first kinetic.

By applying a least-square best fitting procedure to
the experimental data, the values of k1 were determined.
The photoreacting system used in this work is a total
recycling one composed by a solar photocatalytic reactor
and a feed tank. The reaction of dye oxidation occurs only
inside the irradiated solar photocatalytic reactor. In order
to obtain the true kinetic constants, the experimental reactivity data must be corrected by multiplying them by the
ratio of the total volume (Vt) which represent the irradiated volume (Vi) + the dead volume of the connecting tubes
and the holding tank. In the present case, being the kinetics of first order, the true kinetic constants (ktrue) are
obtained by the experimental ones (k1) by means of the
simple relationships in Eq. (7) [28].
ktrue = k1

Vt
Vi

(7)

The calculated values of true kinetic constants for decolorization of the pulp mill effluent at different operating
conditions are reported in Table 4. As a results of the
kinetic studies, the maximum ktrue value was 1.89 min-1
and and the r2 was 0.90 and, it was achieved at A3 (51mM
H2O2, 1.0mM Fe(III) and 30L/h flowrate).
3.2. Effect of Fe(III)

The H2O2 concentration and the Fe(III) concentration
were varied between 24mM and 79mM and 0 and 1.0mM
in these set of experiments, respectively, while the circulation velocity was constant at 10L/h . The variations of the
percent color, TOC and AOX removal efficiencies as a
function of Fe(III) at different H 2O 2 concentrations are
depicted in Figure 2, 3 and 4, respectively. The percent
color removals increased up to the H2O2 concentration of
51mM and then decreased with further increases. The
highest percent color, TOC and AOX removals were 89%,
89% and 100%, respectively after 8 hours of oxidation with

TABLE 4 - The observed r2, k1 and ktrue values for decolorization of the pulp mill effluent
No.

r2

A1
A2
A3
A4
A5
A6
F1
F2
F3
F4
F5
F6
F7
F8
C1
C2
C3
C4

0.96
0.96
0.90
0.98
0.91
0.80
0.91
0.91
0.89
0.82
0.93
0.72
0.85
0.85
0.80
0.85
0.81
0.84

Reaction rates
k1
0.19
0.09
0.27
0.05
0.20
0.12
0.15
0.25
0.14
0.23
0.18
0.15
0.16
0.10
0.19
0.21
0.19
0.19
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ktrue
1.33
0.63
1.89
0.35
1.40
0.84
1.05
1.75
0.98
1.61
1.26
1.05
1.12
0.70
1.33
1.40
1.33
1.40
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a H2O2/Fe(III) molar ratio of 131. In other study, optimum
molar ratio in Fenton oxidation was found as 20-40 [29,
30]. Percent color and TOC removals decreased to 43%
and 72%, respectively at a H2O2/Fe(III) molar ratio of 85.
Therefore, the optimal molar ratio for H2O2/Fe(III) yielding
the highest color, TOC removals was found to be 131 corresponding to 0.6mM Fe(III) and 79mM H2O2 concentrations
but for AOX removals was found to be 27 corresponding
to 0.9mM Fe(III) and 24 mM H2O2
3.3. Effect of H2O2

A set of experiments with Solar UV/H2O2/Fe(III) were
carried out with variable H2O2 concentration at different
circulation velocity and at a constant Fe(III) concentration
(0.5mM). Figure 5, 6 and 7 depicts the variation of percent
color, TOC and AOX removals, respectively with the H2O2

concentration at constant initial Fe(III), reaction time of
8 hours and hydrogen peroxide doses of between 24 and
79mM. The addition of H2O2 to the Solar UV system improved the color, TOC and AOX removals considerably at
the maximum circulation velocity. The percent TOC removal increased with increasing H2O2 concentration. The
percent color removal slightly increased with H2O2 concentration up to 51mM and then decreased with further
increases in H2O2. At high concentrations, hydrogen peroxide probably served as a free-radical scavenger causing
decreases in the hydroxyl radical concentration [6,12]. The
maximum AOX removal efficiency (90%) was obtained
with the addition of the 79mM H2O2 at 50L/h. The optimum H2O2 concentration was found to be 51mM yielding
76% color and nearly 85% TOC removals (Figure 5, 6).
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FIGURE 5 - The variation of decolorization efficiency as a function of H2O2 concentrations at different circulation velocity (Fe(III)=5mM)
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FIGURE 6 - The variation of TOC removal efficiency as a function of H2O2 concentrations at different circulation velocity (Fe(III)=5mM)
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FIGURE 7 - The variation of AOX removal efficiency as a function of H2O2 concentrations at different circulation velocity (Fe(III)=5mM)

3.4. Effect of Circulation Velocity

In order to determine the effect of circulation velocity
on color, TOC and AOX removal efficiencies at a constant H2O2 concentration, some results are predicted by
using response equation with calculated coefficients. The
color, TOC and AOX removals from the wastewater were
significantly improved with the addition of ferrous salt
and increasing circulation velocity. Percent color, TOC
and AOX removals increased to 89% 83% and 99%, respectively. Figure 8, 9 and 10 depicts the variations of percent color, TOC and AOX removals with the different
Fe(III) concentration and different circulation velocity at a
constant initial H2O2 of 51mM for the reaction time of 8h.
The maximum color removal efficiency was obtained as

89% in 8h at a Fe(III) concentration of 1.0mM and a circulation velocity of 10L/h .
Percent TOC removals varied between 55 and 83%
depending on the Fe (III) concentrations with a maximum
at 0.5mM Fe (III) concentration and at 50L/h circulation
velocity. However, percent TOC removal decreased from
83% to 79% when the Fe (III) concentration increased from
0.5 mM to 1.0 mM due to inhibition effect of iron [31, 32].
The maximum AOX removal efficiency (99%) obtained
with addition of 1.0mM Fe(III) at 10L/h . Therefore, an
initial ferrous concentration of 0.5 mM was selected as the
most suitable Fe (III) concentration yielding 76% color and
83% TOC removal.
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FIGURE 8 - The variation of decolorization efficiency as a function of circulation velocity at different Fe(III) concentrations (H2O2=51mM)
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FIGURE 9 - The variation of TOC removal efficiency as a function of circulation velocity at different Fe(III) concentrations (H2O2=51mM)
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FIGURE 10 - The variation of AOX removal efficiency as a function of circulation velocity at different Fe(III) concentrations (H2O2=51mM)

4. CONCLUSIONS
The experimental results indicated that, Fe(III) and
H2O2 concentrations are important parameters for color,
TOC and AOX removal. The Fe(III) requirement for over
89% color, 89% TOC and 100% AOX removal was 0.6 mM
which can be considered as low Fe requirement compared to
other advanced oxidation process. The solar irradiation
accelerates the formation of OH radicals as Fe(III) does.
So exposing to the sunlight can be considered as the main
reason for the low Fe(III) requirement in the treatment of
pulp mill wastewater. However, decreasing in the removal
efficiency at high Fe concentrations (>0.6 mM) is mainly
because of the turbidity occurred by the excess Fe concentration which decreased the effectiveness of solar radiation
on oxidation.

The maximum color and TOC removal were achieved
at the highest concentration of H2O2 studied (79 mM). This
concentration corresponds to around 2.125 g H2O2 / g COD
removed. This result is in good agreement with the theoretical O2 requirement per g of COD (1gO2 / g COD which
corresponds to 2.125 g H2O2 / g COD). No excess H2O2 is
required for the decolorization and TOC removal for the
pulp mill wastewater. For the maximum AOX removal
only 24 mM H2O2 was needed.
The effect of circulation velocity on the removal of
these pollutants was negligible compared to the other selected factors. The removal of the pollutants was the maximum (89% for color, 89% for TOC and 100% for AOX)
for the circulation velocity 10 L/h. Feeding the system
with higher circulation velocity resulted in a slight de-
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creasing in the removal efficiencies. The removal efficiencies were 84% for color, 83% for TOC and 89% for
AOX at the maximum circulation velocity of 50 L/h. The
reason for obtaining a slight difference in the removal efficiency for the lowest and the highest feeding rates could be
the same exposure time to the solar irradiation. The effect
of circulation velocity could be more obvious if the system is operated at higher circulation velocities.
The optimal conditions over 89% color, 89% TOC
and 100% AOX removal of the pulp mill effluent was determined as 10L/h circulation velocity, 79 mM H2O2 concentration and 0.6mM Fe(III) addition.
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EFFECTS OF ETHANOL AND MTBE ADDITIVES
ON PROPERTIES OF BLENDS WITH BASE GASOLINE
Zlatica J. Predojević, Biljana D. Škrbić* and Nataša L. Đurišić-Mladenović
Faculty of Technology, University of Novi Sad, Bulevar cara Lazara 1, 21000 Novi Sad, Serbia

ABSTRACT
In this study, specific emphasis is given to the comparison of the effects of two gasoline additives, methyl
tert-butyl ether (MTBE) and ethanol, on several physicochemical properties of the blends with base gasoline. The
following characteristics were considered: relative density
at 20 oC, distillation curves, Reid vapor pressure, research
(RON) and motor octane (MON) numbers and oxygen
content. An unleaded gasoline (RON: 94.4) without any
additive was used as a base gasoline for the preparation of
gasoline/ethanol blends and gasoline/MTBE blends with
additions in the following volumetric proportions of 3, 5,
7, and 10 % (v/v). The obtained results are discussed in
relation to the European Norm 228 for gasoline and also
to the recently introduced Directive 2009/30/EC regarding
the environmental specification of fuels. The results implied that special care must be taken to control the oxygen
content and vapor pressure of the ethanol blends to be in
compliance to the maximum allowed values.

KEYWORDS: ethanol-unleaded gasoline blend, MTBE-unleaded
gasoline blend, physicochemical properties of blends.

1. INTRODUCTION
The additions of oxygenates to gasoline have become
increasingly important after the elimination of the tetraethyl lead compounds for environmental and public health
reasons, not only because they improve the octane ratings
[1], but also they reduce the vehicular emission of carbon
monoxide (CO) and unburned hydrocarbons [2-5]. Moreover, the introduction of a minimal percentage of oxygen
in the formulation of gasoline has become a legal requirement in most countries whose air quality is low [6]. The
oxygenated compounds used worldwide are classified into
ethers and alcohols, with methyl tert-butyl ether (MTBE)
and ethanol the most commonly applied. The MTBE market predominates in Europe and the US, while there is great
* Corresponding author

environmental motivation for use of renewable fuels like
ethanol in gasoline. However, use of MTBE has become
restricted owing to its high solubility in water and toxic
effects, which become the object of environmental concern [7-11]. Presently, ethanol as an oxygenous biomass
fuel is considered as a predominant alternative to MTBE
for its biodegradability, low toxicity, low persistence and
regenerative characteristics. However, alcohols are more
polar than the ethers and gasoline hydrocarbons causing
phase separation in presence of low water contents [12].
Moreover, blending ethanol into gasoline increases the vapor
pressure of the resulting fuel and this should be controlled
to limit air pollutant emissions [7]. The European Norm
EN 228 allows 5% (v/v) of ethanol and 15% (v/v) of ethers
(with 5 or more C-atoms in the molecule) as the maximum
quantity of oxygenates added to unleaded gasoline. The
latest Directive 2009/30/EC [13] regarding the environmental specification for market gasoline and introduction
of a mechanism to monitor and reduce greenhouse gas
emissions, allows gasoline with up to 10% (v/v) on the
market within Member States territory, while gasoline
with a maximum ethanol content of 5% should be ensured
until 2013 and may be further required if Member States
consider it necessary [13]. Simultaneously, maximum content of oxygen in gasoline is set to be 2.7% (m/m). The
purpose of this study is to characterize the blends of base
gasoline with either MTBE or ethanol, added in different
amounts, in order to study and compare the influence of
these oxygenates over the properties of the blends, like
relative density at 20oC, distillation curves, Reid vapor
pressure, oxygen content, and research (RON) and motor
octane (MON) numbers. It should be emphasized that this
paper explores also the properties of gasoline blends with
elevated content of ethanol that could be expected to be
placed on the EC market in accordance to the Directive
2009/30/EC.
2. MATERIALS AND METHODS
A base gasoline without any additive, referred to herein
as BG, was used to evaluate the effect of the gasoline formulations containing oxygenates (MTBE, ethanol). Absolute ethyl alcohol was supplied by Lachema (Czech Republic), while MTBE of ≥99% purity was obtained from
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Merck (Germany). Alcohol and gasoline were stored overnight at 4oC (refrigerator) before mixing. Blends were prepared by adding 3, 5, 7, and 10% (v/v) of the oxygenate
into the base gasoline using volumetric pipettes. Samples
were subsequently stored in refrigerator and removed from
it just prior to sample analysis and returned immediately
thereafter.
The obtained gasoline/ethanol and gasoline/MTBE
blends were dubbed as E3, E5, E7, E10, and MTBE3,
MTBE5, MTBE7 and MTBE10, respectively. The E10
blend was made despite the fact that the European Norm
228 specifies a maximum allowable content of 5% (v/v) for
ethanol in unleaded gasoline. The physicochemical characterization of the base gasoline and the blends were performed in the following way: relative densities (at 20/4 oC)
were measured using an Anton Paar DMA 45; the volatility
was obtained using ISO 3405 standard method [14], and a
laboratory batch distillation unit. During distillation of the
samples, systematic observations of temperature readings
and volumes of condensate (evaporate) were made; initial
boiling point (IBP) was characterized by reading of temperature when the first drop of condensate falls from the
condenser tube, while final boiling point (FBP) was maximum temperature reading during the test. Vapor pressure
(RVP-Reid vapor pressure) was determined using EN
13016-1 standard [15]; the research octane number (RON)
and the motor octane number (MON) were determined by
using Gasoline Analyzer GS-1000 (Ing. Hatzl – Beta Analytic); analysis of paraffines, olefines, naphthenes and aromatics in the base gasoline was done by MIDAC FOX
FTIR Oil Analyzer. The results presented hereafter correspond to the average of the tests carried out in duplicate.
The repeatability of the successive tests followed the recommendations of the standards.

the blends. The point corresponding to 0% additive fraction
referred to the relative density (at 20/4°C) of the base gasoline, while those for 100% additive fractions are in fact the
densities of MTBE and ethanol (0.7460 and 0.7840, respectively).
TABLE 1 - Physicochemical characteristics of the base gasoline
(BG) used for making of the blends with oxygenates
Characteristics
Relative density, 20/4 oC a, kg/m3
Distillation, initial boiling point, oC
Distillation (evaporated 10% v/v), oC
Distillation (evaporated 50% v/v), oC
Distillation (evaporated 90% v/v), oC
Final boiling point, oC
Evaporated liquid at 70oC, % v/v
Evaporated liquid at 100oC, % v/v
Evaporated liquid at 150oC, % v/v
Vapor pressure at 37.8oC, kPa
Research octane number (RON)
Motor octane number (MON)
Paraffins and naphthenes, %v/v
Olefins, %v/v
Aromatics, %v/v
a
Relative density at 20o in relation to water at 4oC.

Relative density at 20/4 o C

© by PSP Volume 20 – No 6. 2011

0,790
0,785
0,780
0,775
0,770
0,765
0,760
0,755
0,750
0,745
0,740

3. RESULTS AND DISCUSSION

Base gasoline
(BG)
0.7603
33.4
56.9
103.3
166.7
195.2
25.1
49.1
81.2
56.3
94.4
84.5
42.1
11.0
46.9

E/BG
M TBE/BG

0 10 20 30 40 50 60 70 80 90 10
0

Additive fraction in base gasoline
(a)

3.1. Base gasoline characterization

Relative densityat 20/4 o C

The main physicochemical characteristics of the base
gasoline are summarized in Table 1. Variability of the results was in compliance with the repeatability limits set by
the respective standard methods; e.g. for ISO 3405 method,
the precision of temperature readings was ≤1.5oC in the
range from 5 to 95% (v/v) of the condensate. As can be
seen, the base gasoline contained a large portion of aromatics and saturated aliphatic and cyclic alkanes, having a
broad range of distillation from 33 to 195oC, high octane
rating and high vapor pressure (Rvp).
3.2. Influence of the oxygenates on the blends properties
3.2.1. Relative density at 20/4 °C

The graphs in Figure 1 depict the densities of the base
gasoline mixed with the oxygenated compounds (MTBE
and ethanol) in different volumetric concentrations. In these
graphs, the lines indicate the ideal behavior of the mixtures for the interval of zero to 100% (v/v) (Figure 1(a))
and zero to 20% (v/v) (Figure 1(b)) of each oxygenate in

0,790
0,785
0,780
0,775
0,770
0,765
0,760
0,755
0,750
0,745
0,740

E/BG
M TBE/BG

0

5

10

15

20

Additive fraction in base gasoline
(b)
FIGURE 1 - Relative densities at 20/4 oC of the blends of base gasoline (BG) and (a) ethanol (E) and (b) MTBE. The lines indicate the
ideal behavior of each oxygenate in the blends
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The densities were found to display an almost ideal
behavior. Basically, the differences in the density profiles
of blends with oxygenates could be ascribed to the intermolecular interactions between the base gasoline and the
oxygenates. Namely, de Menezes et al. [6] explained that
ethanol molecules introduce dipolar associations in the
gasoline along with van der Waals forces of attraction existing among the gasoline molecules. These new interactions
increase the attraction between molecules, leading to the
higher blend densities. On the other hand, MTBE molecules behave like neutral molecules causing little disturbance and weak intermolecular interactions (hydrocarbons/
oxygenates, hydrocarbons/hydrocarbons, oxygenates/ oxygenates) in the blends.
3.2.2. Volatility

180
170
160
150
140
130
120
110
100
90
80
70
60
50
40
30
20

Figure 2b shows the distillation curves of the base
gasoline and its mixtures with MTBE and indicates that
increasing additions of MTBE to gasoline decreased the
evaporate temperature that is more pronounced in the range
at 40-100% v/v. The maximum amount of liquid evaporated at 70oC (40%, v/v), specified by ISO 3405, was not
exceeded. Request of ISO 3405 that at least 75% (v/v) of
the fuel should be evaporated at 150oC is fulfilled in the
case of the MTBE blends. This indicated that MTBE
blended with gasolines enhanced volatility of the higher
fractions. According to the results of the distillation curve,
MTBE facilitated the vaporization of heavy fractions, contributing to the almost a complete vaporization of the hydrocarbons.
The results of the vapour pressure in kPa measured at
37.8 oC (Rvp) of the original gasoline compositions and of
the blends formulated with different additive percentages
are shown in Figure 3. The addition of MTBE caused a
linear decrease in the Rvp values of the blends, while the
ethanol additions increased them. It could be seen that the
maximum increase of the blend Rvp was reached for the
5% (v/v) addition of ethanol coinciding with the finding
of da Silva et al. [7], who explained this phenomenon by the
formation of ethanol azeotropes with aromatic compounds
of gasoline. The vapour pressure obtained for the E blends
was almost the same or slightly higher than the maximum vapour pressure for summer period set to be 60 kPa

BG

Temperature (o C)

Temperature (o C)

The volatility of gasoline blends is determined based
on the properties of distillation curve and Reid vapor pressure. The distillation curve gives an idea of the volatility of
gasoline throughout the whole range of distillation, whereas
Reid vapor pressure is a good indicator of the volatility of
the lightest fraction of the gasoline, i.e. of the most volatile compounds. According to the ISO 3405 standard [14],
the specifications for the distillation curves of eurosuper
gasoline are as follows: evaporated at 70°C: 20-40% (v/v);
evaporated at 100°C: 46-71% (v/v), evaporated at 150°C:
minimum 75% (v/v), and maximum ebullition point: 210°C.
Figure 2a presents the distillation curves of the base gasoline and its blends with ethanol in the volumetric proportions of 3, 5, 7 and 10% (v/v), respectively. Our results
indicated that the base gasoline meets the quality requisites of eurosuper – type gasolines. Moreover, the addition of ethanol leads to a distortion of the base gasoline
distillation curve (Figure 2a), which becomes more marked
at the higher content of ethanol. Increase in ethanol concentration reduces the temperature of evaporation. Based on the
specification for the distillation curve of European gasolines, it was found the fraction of evaporated liquid at
tem-

perature of 70°C was higher than 40% (v/v) as set by the
ISO 3405 standard. Thus, there is obvious increase of volatility of the blend higher fraction as a direct consequence
of blending with ethanol. This would further lead to reduction of the engine’s performance especially at lower ambient temperature and with higher amounts of ethanol added
due difficulty in starting the engine [7]. Adding ethanol to
gasoline could cause the difficulty in starting the engine,
which is more difficult at lower ambient temperature and
the higher the percentage of ethanol in gasoline.
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FIGURE 2 - Distillation curves of base gasoline (BG) and its blends in the
volumetric proportions of 3, 5, 7 and 10 % (v/v) with a) ethanol (E); or b) MTBE.
FIGURE 4 - Research (RON) and motor (MON) octane numbers of
the base gasoline (BG) mixed with ethanol (E) and MTBE at 3, 5, 7
and 10% (v/v).
3.2.4. Oxygen content

65
Reid vapor pressure, kPa
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60

Ethanol
55

MTBE

50
0 1 2 3 4 5 6 7 8 9 10 11
Volumetric proportions od ethanol
and MTBE with base gasoline, % v/v

TABLE 2 - The calculated mass percentage of oxygen (% O (m/m))
in ethanol, MTBE, and their blends with base gasoline in the volumetric proportions 3, 5, 7, and 10% (v/v)

FIGURE 3 - Reid vapor pressures of the base gasoline
blends with ethanol and MTBE (3, 5, 7 and 10% (v/v)).

by the SRPS EN 228/2008 [16]. However, Directive
2009/30/EC [13] recognizes that ethanol blending with gasoline results in non-linear change of the vapour pressure of the
resulting fuel mixture; however, in order to encourage the
use of low-carbon fuels while respecting the air pollution
targets, it advises that if low vapour pressure gasoline is
not available in the volume required, the gasoline pressure
limit for ethanol blends should be increased in order to
allow the biofuels market to develop.
3.2.3. Octane number

RON and MON

A gasoline’s octane rating number was evaluated to
assess whether the product met the engine’s requirements
with regard to the compression rate used without selfigniting. Figure 4 illustrates the RON and MON profiles of
gasoline mixed with the oxygenates and their respective
volumetric proportions. In general, it could be said that
the addition of oxygenates led to an increase in RON
proportionally to the content of the oxygenate fraction in
the gasoline blends. The trend lines in Figure 4 indicated
ethanol as the oxygenate that favoured the RON increase
more than MTBE. The MON values of different blends with
oxygenated compounds displayed no significant differences.
98
97
96
95
94
93
92
91
90
89
88
87
86
85
84
83

RON-E/BG
MON-E/BG
RON-MTBE/BG
MON-MTBE/BG

0

1

2

3

4
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6
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8
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The values of the oxygen mass percentages were calculated for the chosen blends in accordance to the molecular masses of MTBE and ethanol. It was assumed that
the oxygen content of the base gasoline used for the
blends preparation was 0% (m/m), not containing any of
the additives or compounds with oxygen atom incorporated
in the molecule. The calculated values are given in Table 2.
The addition of ethanol resulted in the higher contents of
oxygen in the blends compared to the content obtained for
the same proportions of MTBE in the base gasoline.

Additive fraction, %
(v/v)
100
10
7
5
3

Ethanol

MTBE

34.8
3.5
2.4
1.7
1.0

18.2
1.8
1.3
0.9
0.6

This was expected since the oxygen mass percentage
in ethanol (34.8% O (m/m)) is higher than in MTBE
(18.2% O (m/m)), so, the same volumetric proportions of
the former led to the higher oxygen content in the blends
than the latter. The oxygen content of the blends with MTBE
was below a maximum limit set to be 2.7% (m/m) by the
SRPS EN 228/2008 [16] that is in accordance to the European Norm EN 228. This implies that higher quantities of
MTBE might be added to the base gasoline, especially
keeping in mind that Directive 2009/30/EC [13] allows the
addition of ethers to petrol up to 22% (v/v), and a maximum oxygen content of up to 3.7% (m/m). However, due
to environmental problems inherent with the MTBE use (its
toxicity, high water solubility and groundwater contamination), its use has become restricted leading to growing
interest in other oxygenated additives like ethanol. In the
blend with 10% (v/v) of ethanol, the oxygen content was
calculated to be 3.5% (m/m) that was higher than the requested maximum of 2.7% (v/v). However, it was still below the maximum oxygen content of 3.7% (v/v) in petrol
newly specified by the latest Directive 2009/30/EC [13].
Still, due to slight difference between the oxygen content
calculated for the E10 blend and the new petrol specification, special caution has to be paid on applying the higher
ethanol additions to gasoline particularly if other O-containing additives have to be used in order to be in compliance with the new environmental specification for market
fuels.

10 11

Additive fraction (% v/v)
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4. CONCLUSION
The study deals with characterization and comparison
of the gasoline blends with oxygenates (ethanol or MTBE)
added in different quantities (3, 5, 7 and 10% (v/v)). It was
found that the density of studied blends changed very
slightly in comparison to the base gasoline. The addition
of both types of oxygenates was followed by a distortion
of the base gasoline’s distillation curves, which became
more pronounced with the higher additives’ contents. The
additions of MTBE led to the proportional decrease of
Reid vapor pressure, while ethanol additions influenced the
increase of Reid vapor pressure with its peak at 5% (v/v)
additive fraction. RON increased in both blends almost
linearly with increasing content of the oxygenates with more
pronounced increase in the case of ethanol addition compared to the MTBE addition. The MON values of different blends with oxygenated compounds displayed no significant differences in comparison with gasoline. The content of oxygen in the blend with the highest ethanol content
was very close to the newly specified value of 3.7% (m/m)
requested by the latest Directive 2009/30/EC, implying that
special care has to be paid if the 10% (v/v) addition of
ethanol would be used simultaneously with other O-containing additives.

[8]

Fernadez, L. and Keller, A.A. (2000) Cost-benefit analysis of
methyl tert-butyl ether and alternative gasoline formulations.
Environ. Sci. Policy 3, 173-188.

[9]
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gas emissions and amending Council Directive 1999/32/EC
as regards the specification of fuel used by inland waterway
vessels and repealing Directive 93/12/EEC. Official Journal
of the European Union, L 140/88, 5.6.2009
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AND LIQUIRITIN IN LICORICE ROOT USING FIRST DERIVATIVE
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ABSTRACT
Two simple, reliable, accurate, precise, rapid and economical spectrophotometric methods have been described
for simultaneous determination of glycyrrhizic acid (GA)
and liquiritin (LQ) in pure and real sample extracted from
licorice root (from four various regions in the south of
Iran (called brand A, B, C and D) without prior separation
or purification. The first method is based on first derivative
spectrophotometry, with zero crossing and graphical (peck
to baseline) measurement method in 70% aqueous methanol
solution at pH 9. The first derivate amplitudes at 272.3
and 316.2 nm were selected for the assay of GA and LQ,
respectively. Calibration curves follow Beer’s law in the
range of 8-64 and 2-16 mg L-1 and the linearity was satisfactory (R2=0.9992 and 0.9996), for GA and LQ, respectively. The second method was based on the Vierordt̕s
method in the binary mixture at first derivative spectra
were calculated by using the absorbance measured at the
appropriate wavelength in 70% aqueous methanol solution at pH 9. The wavelengths selected for estimation of
GA and LQ were 272.3 and 316.2 nm. For both methods
the values of limit of detection (LOD) were 0.164 and
0.194 mg L-1and the values of limit of quantitation (LOQ)
were 0.549 and 0.646 mg L-1 for GA and LQ, respectively.

the main flavonoids and triterpene saponins in licorice are
liquiritin (LQ) and glycyrrhizic acid (GA), respectively
(Figure 1) [1,2].
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KEYWORDS: Glycyrrhizic acid, Liquiritin, first derivative spectrophotometry, Simultaneous determination, Vierordt̕ s method

(b)
FIGURE 1 - Chemical structure of GA (a) and LQ (b)

1. INTRODUCTION
Licorice (Glycyrrhiza Uralensis Fisch) is one of the
traditional media herbs used in the world. Iran is one of the
countries where the herb is used. Compounds in licorice
mainly include flavonoids and triterpene saponins, one of
* Corresponding author

The triterpene saponins and flavonoids are both considered as the major bioactive constituents of licorice [3].
The pharmacological studies of licorice flavonoids and triterpene saponins exhibit extensive biological activities, including antiulceric, antiinflamatery, antiallergic, antioxi-dative, antiviral, anticarcinogenic, antithrombotic,
antidia-betic, hepatoprotective, neuroprotective, antimicrobial, anti-spasmodic, antitumor and metablolic syndrome
preventive for GA and LQ [3-7].
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Several analytical methods including, ultraviolet (UV),
infrared (IR), near-infrared (NIR) spectroscopy, thin-layer
chromatography (TLC), gas chromatography (GC), high
performance liquid chromatography (HPLC), liquid chromatography/mass spectrometry, capillary electrophoresis,
high speed counter current chromatography, electrochemistry and immunoassay in the literature describe the determination of GA and LQ [3, 8-11].
Song et al. [12] measured total GA in Glycyrrhiza
Radix using second order derivative spectroscopy but the
method of Song et al requires ion pair extraction and applies
only for alone total GA.
Several spectrophotometric determination methods have
been used for resolving mixture of compounds with overlapping spectra [13]. Derivative spectrophotometry is a fast
and simple method which is useful for determining drugs
in formulations in the presence of interfering excipients
[14-18].
Two simultaneous equations have been used by Vierordt
as another way for assaying the mixture of compounds with
overlapping spectra [19-21].
In this paper the first derivative spectrophotometry
and Vierordt’s method were proposed for simultaneous
determination of GA and LQ in their synthetic mixtures
and solution extraction of licorice root. The proposed
methods do not need prior separation of GA and LQ before
analysis.
2. MATERIALS AND METHODS

2.3. Solutions
2.3.1. Stock solution

Stock solution, 1 mg/ml in 70% aqueous methanol solution of pure samples of GA and LQ were freshly prepared individually. Other ranges of concentrations were
prepared by appropriate aliquots of the stock solution and
2ml Britton-Robinson buffer solution were added into a
25 ml volumetric flask and made up to the mark with
solvent (70% aqueous methanol solution).
2.3.2. Sample Preparation

100 ml of 70 % aqueous methanol solution was added
to 5g licorice sample which was minced. After 24 hours
this mixture was dipped and placed in the ultrasonic apparatus for 1 h. This solution was filtered and the residue
washed with 50 ml of 70 % aqueous methanol solution.
2.4. Procedure
2.4.1. First- derivative UV-spectra

The first derivative spectra of compounds were obtained separately starting from the zero order spectra of
GA and LQ. Using the zero crossing method, 2 points were
observed for the GA analysis (272.3 and 239.4 nm) and
using the maximum-minimum (graphical) method 2 points
were observed for the GA analysis (269.9 and 240.7 nm)
and 3 points for LQ analysis (349.1, 316.2 and 225.2 nm).
The results suggest 272.3 nm for GA and 316.2 nm for
LQ, the possible absorption wavelengths that we could
use to select these materials.
2.4.2. Calibration curves

2.1. Instrumentation

A Perkin-Elmer Lambda 25 spectrophotometer with
10 mm cells was used for measurement of the absorbance
and derivative absorption spectra. For all solutions, the first
derivative spectra were recorded, over a range of 400200 nm against solvent (70 % aqueous methanol solution)
at a scan speed of 240 nm/min, wavelength interval 0.1 nm
with a Δλ = 4nm. The spectra derivatives were obtained digitally by software incorporated in the Perkin-Elmer Lambda
25 spectrophotometer.
A pH meter (Metrohm, Model 691) with a double junction glass electrode was used to check the pH of the solutions.
2.2. Reagents

All reagents were of analytical reagent grade. Glycyrrhizic acid ammonium and methanol were prepared from
Merck (Germany). Liquiritin was purchased by Dalian Fusheng Pharmaceutical C,Ltd (China). Deionized water was
used in all experiments. Licorice root was obtained from
four different areas in the south of Iran, the following
licorice root solution (70 % methanol) preparation were
assayed brand A, B, C and D.
Britton-Robinson (B-R) buffers (0.1 mol L-1 in phosphate, acetate and borate) in the range 2-10 were used,
throughout.

The GA calibration curve was made by plotting the
first derivative amplitude (1D) at mentioned wavelength
against the concentrations (8-64 mg L-1). The calibration
curve of the LQ was made by plotting the first derivative
amplitude (1D) at mentioned wavelength against the concentrations (2-16 mg L-1).
2.4.3. Vierordt’s method (simultaneous equation)

This method is based on the solving of equations with
1

two unknowns using absorptivity A 1 (1%, 1cm) value for
each compound in the binary mixture at first derivative
spectra were calculated by using the absorbance measured
at the appropriate wavelength in 70% aqueous methanol
solution at pH 9. The wavelengths selected for estimation
of GA and LQ were 272.3 and 316.2 nm, respectively.
Similarly the absorbances of the mixed sample solutions
were measured and then the concentration of each compound was calculated from the following simultaneous
equations:
A1 = α1C1 + β1C2 for λ1

(1)

A2 = α2C1 + β2C2 for λ2

(2)

where C1 and C2 are the concentrations of GA and
LQ, A1 and A2 denote the absorbance of the mixture solutions of GA and LQ, whilst α and β are their respective
1

A 1 (1%, 1cm) values the subscripts 1 and 2 refer to wave-
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TABLE 1- Experimental parameters calculated for the simultaneous determination of GA and LQ in binary mixture by Vierordt’ s method
λ / nm
λ1 = 316.2
λ2 = 272.3
Linearity range, mg L-1

GA

LQ

α1
-0.016788

α2

β1
0.000029

0.000094
8-64

β2
0.005897

2-16

lengths. The Vierordt’s method was chosen as the analytical reference method.
Table 1 shows the experimental parameters obtained by
using the first derivative absorption spectra for the standard
solutions of GA and LQ.
2.5. Validation of the methods
2.5.1. Limit of detection (LOD) and limit of quantitation (LOQ)

Limit of detection (LOD) and limit of quantitation
(LOQ) were calculated according to the 3s/m and 10s/m
criteria, respectively, where s is the standard error of the
absorbance of the sample and m is the slop of the corresponding calibration curve.

and the absorbency is much stronger. A plot of pH versus
maximal absorption wavelength and maximum absorbency
are shown in Figure 3.
The GA maximal absorption wavelength undergoes a
very small change as the pH increases. For LQ the maximal absorption wavelength started to increase at pH 6 and
reached the maximum at pH 8, with a red shift of about
57 nm from 276.2 to about 333.2 nm.
GA is a weak acid with three carboxyl and five hydroxyl groups (pka1 =2.76; pka2 = 2.81 and pka3 = 4.7) and
LQ is also a polyhydroxyl compound (pka1= 7.79 and
pka2=12.79). Under strong acidic conditions (pH<3), most
of GA and LQ exist in a molecular form. However, the
dissociated form of GA predominates under pH>6.0. At

2.5.2. Precision

For evaluation of the precision of proposed methods,
the terms of percent relative standard deviation (% R.S.D.

(a)

= [S/ X ] 100, where S is standard deviation and X is mean
of the sample analysed) were measured. The experiments
were repeated ten times. The concentration values were calculated ten times separately and percent relative standard
deviations were calculated.
2.5.3. Accuracy

The accuracy and interference of matrix of the proposed methods, recovery experiments were carried out for
synthetic mixture and real samples by standard addition
method. This study was performed by analyzing a known
concentration of synthetic mixtures and addition of known
amounts of GA and LQ to a real sample solution. The
amounts of standard recovered were calculated in terms of
mean recovery with the upper and lower limits of percent
relative standard deviation.

(b)

3. RESULTS AND DISCUSSION
3.1. Effect of pH

The chemical structures of glycyrrhizic acid (GA)
liquiritin (LQ) are shown in Figure 1. The GA and LQ are
soluble in 70% aqueous methanol solution. The influence
of pH on the absorption spectra of GA and LQ was studied. Ultraviolet scanning of GA and LQ (20 mg L-1) in
70% aqueous methanol solution under different values of
pH is shown in Figure 2.
It can be seen from Figure 2 that as the pH increases,
the maximal absorption wavelength of GA solution decreases, and LQ solution has a large bathochromic shift

FIGURE 2 - Ultraviolet scanning spectra of GA (a) and LQ (b) at
different pH (20 mg L-1of GA and LQ in 70% aqueous methanol
solution)
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To choose the optimum derivative order the derivative
spectra of different orders (first, second, third and fourth)
were studied for both GA and LQ simultaneously. The
experiments showed that the first derivative spectra of GA
and LQ were simple and give results with suitable precision at Δλ value 4 nm.

(a)

(a)

(b)

(b)

FIGURE 3 - Effect of pH on the maximal absorbing wavelength (a)
and maximal absorbency (b) (20 mg L-1of GA and LQ in 70% aqueous methanol solution)

the higher pH (pH>8.0), phenolic hydroxyl groups in LQ
can also dissociate to form H+ and their corresponding
anions [22]. Therefore, the red shift of the maximal absorption wavelength for GA and LQ with pH is possibly due
to formation of the anions of GA and LQ.
Only were small changes observed between pH 2-10
for GA, pH2-6 and pH8-10 for LQ. Therefore, pH value
of 9 was considered suitable for use throughout
3.2. Spectra features

The zero order absorption of GA and LQ solutions in
70% aqueous methanol solution at pH 9 are shown in
Figure 4(a).
The spectra show overlapping in the region 200-290 nm.
Therefore, the determination of GA in presence of LQ by
conventional UV spectrophotometry is difficult, but the determination of LQ between 320 to 360 nm might be possible
without the interference from GA. In order to perform
simultaneous determinations of multi components when the
spectra overlap, there are some chemiometric techniques
which have been successfully applied to spectra photometric signals.
The derivative spectrophotometric method is wellknown examples of these types of techniques.

FIGURE 4 - Zero-order (a) and first-order (b) spectra of GA (32 mg
L-1) and LQ (8 mg L-1) dissolved in 70% aqueous methanol solution
at pH 9.

Figure 4(b) displays the first derivative spectra of GA
and LQ. The wavelengths suitable for measuring the signal
in the first derivative spectra (1Dλ) were selected taking
into account the zero crossing point and graphical methods.
The wavelengths were 272.3 and 239.4 nm (zero crossing
point) and 269.9 and 240.7 nm (graphical method) to determine GA and wavelengths of 349.1, 316.2 and 225.2 nm
(graphical method) were found suitable for the quantification of LQ binary mixture. These wavelengths can be seen
in Figure 4(b).
3.3. Linearity, sensitivity and selectivity

To obtain calibration curves for both GA and LQ, the
first derivative spectra of standard solutions were recorded
at varied concentrations of GA (8-64 mg L-1) and LQ (216 mg L-1) (Figure 5), and the first derivative amplitude
(1D) at selected wavelengths plotted against the concentrations. The characteristic parameters of regression equation
for the 1 D method and correlation coefficient that was
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(a)

(b)

FIGURE 5 - The first derivative spectra of different concentration of GA (8, 16, 32, 54 and 64 mg L-1) (a) and of LQ (2, 4, 8, 10 and 16 mg L-1)
(b) dissolved in 70% aqueous methanol solution at pH 9
TABLE 2 - Calibration data in the determination of GA and LQ (n=3)a
Equation
GA
1
D272.3
1
D269.9
1
D240.1
1
D239.4
LQ
1
D349.1
1
D316.2
1
D225.2
a
b

Range, mg L-1

Correlation coefficient

Y= 0.0057Cb + 0.0022
Y= 0.0059Cb + 0.002
Y= -0.0043Cb - 0.0021
Y= -0.0042Cb - 0.0022

0.9992
0.9993
0.9993
0.9994

8-64
8-64
8-64
8-64

Y= 0.033Cb - 0.0001
Y= -0.0169Cb - 0.0002
Y= 0.0448Cb + 0.0038

0.9996
0.9996
0.9998

2-16
2-16
2-16

Number of points of the calibration graphs
Concentration of GA and LQ, mg L-1

obtained for individual GA and LQ are given in Table 2.
In all cases, good regression coefficients (between 0.9992
and 0.9998) are obtained. The concentration range for
Vierordt’s method is cited in Table 1.
3.4. Accuracy and precision

Table 3 summarizes the validation data obtained from
10 replicate measurements of the standard solutions of 20
and 10 mg L-1 of GA and LQ respectively for the pro-

posed methods. The mean recovery percent, standard
deviation (S.D.), standard error (S.E.), relative standard
deviation percent (% R.S.D.), limit of detection (LOD)
and limit of quantification (LOQ) of GA and LQ are
shown in Table 3. The wavelengths of 272.3 and 316.2 nm
were selected for determination of GA and LQ respectively in the assay of synthetic mixtures and real samples,
due to its lower LOD and S.D. value and suitable mean
recovery among the wavelengths mentioned (Table 3).

TABLE 3 - Results of validation parameters obtained by first order derivative and Vierordt’ s methoda
Signal measured
GA
1
D272.3
1
D269.9
1
D240.7
1
D239.4
LQ
1
D349.1
1
D316.2
1
D225.2
GA
LQ
a
b
c

Accuracy
(Recovery, %)

S.D.b

S.E.c

Reproducibility (R.S.D.,
%)
First derivative

LOD
mg L-1

LOQ
mg L-1

102.7
113.8
109.7
99.2

0.00098
0.81446
5.13112
6.36534

0.00031
0.25756
1.62260
2.01290

0.840
0.716
4.676
6.419

0.164
130.9
1132
1437

0.546
436.5
3773
4792

100.2
99.2
90.0

1.58050
0.00345
1.94880

0.49980
0.00109
0.61627
Vierordt’ s method
0.00031
0.00109

1.577
2.058
2.165

45.44
0.194
41.27

151.4
0.646
137.6

0.820
2.049

0.164
0.194

0.549
0.646

101.9
100.3

0.83585
2.05572

Ten replicate samples (n =10)
Standard deviation of the recovery of the sample
Standard error of the absorbance of the sample
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TABLE 4 - Results of recovery study of GA and LQ in synthetic mixtures by proposed methods
Mixture
number
1
2
3
4
5
6
7
8
9
10
11
12

Added, mg L-1
8
8
24
28
28
28
28
36
40
64
64
20

X

S.D.
R.S.D., %

GA
First derivative
Recovery, %
99.5
101.1
102.1
100.0
101.4
99.2
101.9
101.1
102.2
102.0
101.2
101.8
101.1

Vierordts method
Recovery, %
101.2
104.0
100.8
98.1
99.8
98.0
100.7
99.0
100.1
99.5
98.6
101.0
100.1

1.029
1.017

1.667
1.666

The detection limits (LOD) [23] for Vierordt’s method
were 0.164 mg L-1 for GA and 0.194 mg L-1 for LQ while
the quantification limits (LOQ) [23] were 0.549 mg L-1
for GA and 0.646 mg L-1 for LQ (Table 3).
In order to obtain the accuracy and precision of the
method some binary mixtures with different concentration
ratios of GA and LQ were made from stock solutions
which were analyzed using the proposed methods. Table 4
summarizes the recoveries obtained for GA and LQ in
synthetic mixtures. GA gave recovery values between
99.2 % and 102.2% by first derivative at 272.3 nm and between 98.0% and 104.0 % by Vierordt’s method. LQ gave
recovery values between 97.2 % and 103.8% by first derivative at 316.2 nm and between 98.3% and 105.8 % by
Vierordt’s method.

Added, mg L-1
2
8
8
2
8
14
16
6
8
16
8
10

LQ
First derivative
Recovery, %
100.2
99.7
101.2
100.1
101.4
97.2
98.6
103.8
101.8
100.9
97.7
101.2
100.3

Vierordt’s method
Recovery, %
102.1
100.7
102.5
103.8
102.8
98.3
99.6
105.8
103.4
102.3
99.8
102.3
101.9

1.847
1.841

2.053
2.013

3.5. Application to real samples

The methods were applied to determine the concentration of GA and LQ in licorice 70% aqueous methanol
solution whose licorice roots were obtained from four various regions in south of Iran (called brand A, B, C and D).
Two replicate determinations were made. In order to verify
the accuracy of the proposed methods and detect interactions of the matrix in these methods, experiments were
carried out using the standard addition method. Amounts
of 4, 8 and 12 mg L-1 of GA and amounts of 2, 4 and 6 mg
L-1of LQ were simultaneously added to solutions. The results obtained (Table 5) showed satisfactory amounts found
and confirmed the accuracy of the methods.

TABLE 5 - Results obtained for the determination of GA and LQ in real sample extracted from licorice root

Added mg L-1

GA
First derivative
Founda mg L-1

Vierordt‘s method
Founda mg L-1

4
8
12

3.59
7.08
11.6
15.7

4
8
12
4
8
12

Sample

Added mg L-1

LQ
First derivative
Founda mg L-1

Vierordt’s method
Founda mg L-1

3.87
7.27
11.7
15.7

2
4
6

1.62
3.49
5.45
7.29

1.64
3.54
5.52
7.38

7.67
11.8
15.6
19.3

7.79
11.8
15.5
19.1

2
4
6

0.75
2.61
4.62
6.56

0.78
2.66
4.69
6.65

3.03
7.27
11.0
15.5

3.43
7.58
11.3
15.5

2
4
6

3.98
5.88
7.96
9.86

4.02
5.95
8.04
9.96

0.46
4.59
8.79
12.8

0.58
4.77
8.78
12.8

2
4
6

4.19
6.18
8.04
9.98

4.26
6.13
8.11
9.92

Brand A

Brand B

Brand C

Brand D
4
8
12
a
Average for two determinations
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3.6. Statistical comparison of the results of the proposed
methods

The first derivative spectrophotometry and Vierordt’s
methods were successfully applied to the analysis of GA
and LQ in licorice 70 % aqueous methanol solution extracted licorice root without any interference of matrix and
pretreatments. The results obtained were compared statis-

tically by Student t-test and by the variance ratio F-test
with those obtained by each method. The calculated values of the Student t-values at 95% confidence level and
the variance ratio F-values did not exceed the theoretical
values indicating that there were no significant differences
between the results of the two methods indicated in Table 6.

TABLE 6 - Statistical comparison of the results obtained by the developed two methods
Parameters

Vierordt̕ s method

First derivative
GA

LQ

GA

LQ

Brand A
Meana ± S.D., mg L-1
tcalculated
Fcalculated

3.50 ± 0.29
0.66 (2.45)b
1.29 (9.28)b

1.46 ± 0.14
0.67 (2.45)b
1.49 (9.28)b

3.63 ± 0.26

1.52 ± 0.11

Brand B
Meana ± S.D., mg L-1
tcalculated

7.58 ± 0.21
0.12 (2.45)b

0.63 ± 0.08
1.17 (2.45)b

7.56 ± 0.32

0.69 ± 0.06

Fcalculated

2.32 (9.28)b

1.83 (9.28)b

Brand C
Meana ± S.D., mg L-1
tcalculated
Fcalculated

3.21 ± 0.23
2.00 (2.45)b
4.25 (9.28)b

3.92 ± 0.06
2.03 (2.45)b
1.64 (9.28)b

3.46 ± 0.11

4.00 ± 0.05

Brand D
Meana ± S.D., mg L-1
tcalculated
Fcalculated

0.67 ± 0.18
0.60 (2.45)b
3.12 (9.28)b

4.10 ± 0.10
0.09 (2.45)b
1.87 (9.28)b

0.74 ± 0.10

4.10 ± 0.14

a
b

Results obtained are average of eight experiments for each, S.D. = standard deviation
Values in parentheses are the theoretical values at P = 0.95. Theoretical values at 95 %
confidence limits F= 9.28; t = 2.45

4. CONCLUSION
The proposed methods, first derivative spectrophotometry and Vierordt’s methods are simple, specific, accurate, precise, rapid and economical and can therefore be
applied with great success for the simultaneous determination of GA and LQ in mixtures and real samples without prior separation from each other. The matrix did not
interfere in their determinations. The results obtained by
the proposed methods have been statistically compared by
means of Student t-test and by the variance ratio F-test.
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AN EXAMINATION OF THE TOURISM CLIMATE INDEX IN TURKEY
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ABSTRACT
Tourism, which has become the world’s most important industry, is strongly influenced by climate and
weather conditions. Since the tourism sector is very important for Turkey's economy, the goal of this study is to
examine the relationship between climate and tourism and
the impact of climate on tourism using Mieczkowski's
Tourism Climatic Index (1985) to explore climate suitability for tourism in Turkey’s coastal zones. This paper
describes the spatial variation of climate suitability for
tourism in Turkey. The spatial variation of TCI values is
presented for 97 stations during the period 1975-2006.
Moreover, in order to understand the impact of climate
change on the TCI for coastal zones in Turkey, we
compare the periods 1975-1990 and 1990-2006. Finally,
relationships between tourism and climate are obtained
for the study regions. This study will contribute to the
tourism sector in terms of climate suitability and increasing
tourism awareness of Turkey.

KEYWORDS:
Tourism Climate Index, coastal zones, climatic change.

1. INTRODUCTION
Tourism is an important sector of the global economy,
driving about 10% of the world economy with international
tourism receipts of US $852 billion in 2009. According to
the UNWTO (UN World Tourism Organization) [1], the
number of international tourist arrivals worldwide was about
880 million in 2009; by 2020, the projection is for about
1.6 billion international tourist arrivals worldwide. Europe
is the world’s most popular destination, attracting 52% of
international tourist arrivals, or around 460 million international tourists, in 2009. Mediterranean countries received
around 30% of the global aggregate.
Turkey (36°- 42°N; 26°-45°E), a country located in
the southeastern part of Europe and bordering Asia with a
780,000 km2 total area surrounded by sea on three sides
with 8300 km of shorelines, has been the home of several
great civilizations throughout its history. Turkey is situated in a transition region between polar and tropical air
* Corresponding author

masses, with Mediterranean climate characteristics in a subtropical climate zone. Temperatures normally reach their
maximum in July and their minimum in January. About
half of Turkey is classified as having a continental climate,
with peak precipitation occurring in late spring or early
summer, whereas the west and southern regions have a
Mediterranean climate with both winter and late spring
precipitation peaks [2].
Turkey was among the top seven tourism destinations
in the world in 2009 with 25.5 million tourists, fifth in
Europe. The tourism sector in Turkey, as in most Mediterranean countries, has been characterized by strong seasonality, with large differences in occupancy rates between
winter and summer. In spite of the several ski resorts open
in both winter and spring in several parts of the Anatolian
peninsula, winter-sports tourism in Turkey is very limited
compared to summer coastal tourism.
Tourism is considered a highly climate-sensitive economic sector because the climate determines the suitability of locations for tourist activities as well as the length
and quality of tourism seasons. Therefore, weather and
climate are accepted as key influences on the tourism sector
worldwide. Several researchers suggest that the meteorological parameters affecting tourists’ comfort and safety include air temperature, humidity, sunshine duration and
radiation intensity, wind, cloud cover, and precipitation [36]. Changes in the length and quality of the tourism season
have considerable implications for the long-term profitability of tourism enterprises and competitive relationships
among destinations [7]. The most favorable or “optimal”
climate conditions for tourism sectors or activities are
explained in the literature [8-17]. A considerable effort has
been put into defining numerous metrics for favorable climate in the tourism sector [18]. This climate-related information can be used by tourism industries for the development of tourism facilities and areas. Furthermore, global
climate change has the potential to alter the distribution of
climate assets among tourism destinations, with implications
for tourism seasonality, demand, and travel patterns [19].
The International Panel on Climate Change (IPCC)’s
Fourth Assessment Report states that climate change is expected to magnify regional differences in Europe’s natural
resources and assets [20]. According to this report, climate
is a major factor for tourists, and tourism stakeholders are
thus sensitive to fluctuations in weather conditions and climate. The IPCC states that it is very likely that heat waves,
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hot extremes, and heavy precipitation events will continue
to become stronger and more frequent. Such changes will
affect the tourism industry due to the additional requirements they will entail.
The temperatures in Europe are increasing more in
winter than in summer, so the mountainous areas will face
reduced snow cover and thus winter tourism. According
to the First National Communication of Turkey on Climate
Change, summer temperatures in Turkey are increasing
mostly in the western and southwestern areas of Turkey.
Coastal cities are particularly under threat. Higher summer temperatures may lead to a gradual decrease in summer tourism in the Mediterranean area but an increase in
the spring and fall.
In order to determine the suitability of different tourism locations, several numerical indices have been developed to measure the thermal aspect of climate. One of the
most frequently used of these indicators is the Tourism
Climate Index (TCI). The TCI, developed by Mieczkowski,
is based on several meteorological variables such as temperature, precipitation, wind speed, sunshine duration, and
relative humidity [9]. These meteorological variables were
combined into five sub-indices that produced the TCI. It is
accepted as the most comprehensive climate index developed specifically for tourism and was originally conceptualized as a composite measure to systematically assess the
climatic elements most relevant to the quality of the general tourism experience. This index is therefore vital for
tourism destinations to anticipate these coming changes
and draw their consequences.
The goal of this study is to examine the suitability for
tourism of climate conditions in Turkey by using Mieczkowski’s tourism climate index [9]. For this purpose we intend to explore the spatial patterns of the tourism climate

resources in Turkey, specifically the coastal zones, over a
30-year period (1975-2006). Additionally, we compare the
temporal changes in TCI of two periods (1975-1989 and
1990-2006). This assessment uses TCI to sketch the changes
in climate suitability and discusses the potential implications of climate change.
2. MATERIALS AND METHODS
The climatological data used in this study cover the
period of 1975-2006 and come from a dense network of
97 meteorological stations. The meteorological stations
were selected to be representative of the whole country. In
order to avoid homogeneities or discontinuities in the climate record (caused by changes to the station, such as site
location and instrumentation), procedures such as visual
examination of data and checks of neighboring meteorological station were followed. Figure 1 shows the distribution of selected meteorological stations. Data used in this
study are temperature (°C), humidity (%), precipitation
(mm), sunshine (h), and wind speed (m/s).
Topography characteristics are shown in Fig. 2, which
shows that the coastal areas of the Mediterranean region in
the south are separated from central Anatolia by the South
Anatolian Mountains, with elevations up to 3000 m. Similarly, the North Anatolian Mountains, with elevations reaching 4000 m, are parallel to the Black Sea coast. The Central
Anatolia Plateau is located between the two mountain
ranges, with varied elevations. The average altitude in the
country is 1130 m and, as seen in Fig. 2, the altitude gradually increases from the central part of Anatolia to the east.
Furthermore, topographic effects associated with the mountainous terrain in particular greatly complicate the climate
variability [21].

FIGURE 1 - Map of the meteorological stations.
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FIGURE 2- The distribution of elevations for Turkey.

2.1. Tourism Climate Index (TCI)

Mieczkowski [9] used a combination of monthly means
or totals of air temperature, relative humidity, precipitation,
sunshine duration, and wind speed in his tourism climate
index. Mieczkowski’s tourism climate index assumes that
rainy days are always unfavorable for tourists. Furthermore,
the inclusion of solar radiation was considered, because
tourists can suffer serious ill effects from intense sunshine,
but this made the scheme too complex. The TCI provides
a method to rate the tourism climate resource using a
scale of -20 to 100. The scores explain the categories of
TCI. Table 1 presents the descriptions of the TCI scores.
TCI = 2 [ (4 x CID ) + CIA + (2xP) + (2xS) + W]
where CID and CIA are daytime and daily comfort
indices, respectively. P, S, and W indicate precipitation in
mm, daily hours of sunshine, and wind speed, respectively.

In this formula, the greatest weight is given to the
daytime comfort index to reflect the fact that tourists are
generally most active during the day, and that temperature
is a key determinant of climate fitness. Mieczkowski considered sunshine to be undesirable once the temperature
reaches 33ºC, implying that temperatures above 33ºC are
too great for comfort [9]. CID is composed of maximum
daily dry bulb temperature and minimum daily relative
humidity. It is obtained from the thermal comfort rating
system for the tourism climate index. CIA is composed of
mean daily dry bulb temperature and mean daily relative
humidity. The index ranges from -20 (impossible) to 100
(ideal) and attempts to capture those climatic features that
have an impact on the satisfaction individuals receive
from visiting a particular destination. The TCIs are calculated using historical climate data as well as the most
likely climate outcomes during two separate periods.

TABLE 1- Components of the Tourism Climate Index.
Sub-Index
Daytime Comfort
Index (CID)
Daily Comfort
Index (CIA)
Precipitation (P)

Variables
Maximum daily
temperature;
Minimum daily
relative humidity
Mean daily
temperature;
Mean daily relative
humidity
Total precipitation

Sunshine (S)

Total hours of
sunshine

Wind (W)

Average wind speed

Influence on TCI
Represents thermal comfort when maximum tourist
activity
Occurs

Weight (%)
40

Represents thermal comfort over the full 24 hour
period,
including sleeping hours

10

Reflects the negative impact that this element has on
outdoor activities and holiday enjoyment
Positive impact on tourism; (can be negative because
of the risk of sunburn and added discomfort on hot
days)
Variable effect depending on temperature (evaporative cooling effect in hot climates rated positively,
while wind chill in cold climates rated negatively)

20
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TABLE 2- Rating Categories for Tourism Climate Index.
Numerical value
of indices
90-100
80-89
70-79
60-69
50-59
40-49
30-39
20-29
10-19
9- (-9)
(-10) – (-20)

Code

Descriptive category

9
8
7
6
5
4
3
2
1
0
-1

ideal
excellent
very good
good
acceptable
marginal
unfavourable
very unfavourable
extremely unfavourable
impossible
impossible

The TCI provides a method to systematically rate the
tourism climate resources of locations around the world,
using an easily interpretable scale (-20 to 100) divided
into 11 categories, where 50-59 is “acceptable” as a tourism
climate, 80-89 is “excellent,” and 90-100 is “ideal”. Though
not designed to be used in climate change research, the
TCI also represents a potentially useful empirical tool for
exploring the impact of climate change on the tourism
climate resource. The five sub-indices and their relative
contribution to the TCI are presented in Table 2.
3. RESULTS AND DISCUSSION
3.1. Spatial variation of monthly averaged TCI scores

Figure 3 demonstrates monthly TCI patterns by drawing the isolines of the calculated TCI values. Generally,
summer (June-August) TCI values are high throughout the
country, with the exception of inner western Anatolia
(Eskisehir and surrounding areas) and the northeastern
coastal zone of the Black Sea. This region has a relatively
wetter climate under the influence of the North Anatolian
Mountains, circulation patterns in the region, and local
orography conditions. The average maximum annual rainfall over the Black Sea coasts can reach up to 2210 mm on
the eastern coast. These exception areas represent merely
“acceptable” TCI values. On the other hand, the southwestern Aegean coast and its inner regions and southeastern
Anatolia are also “acceptable” in July and August, but
during the late spring (April-May) and fall (SeptemberNovember), they show somewhat higher TCI values. These
high values are found around the Mediterranean coastal
locations, while values remain between 60 and 79 in the
west of Turkey or below (unfavorable) in the mountainous areas of eastern Anatolia. Eastern Anatolia shows significantly different weather patterns in early spring conditions (March) than it does in April.
3.2. Comparison of TCI scores in two periods of (1975-1989)
and (1990-2006).

In order to understand the potential effects of climate
change on TCI values, their temporal and spatial variations in the periods of 1975-1989 and 1990-2006, and the

Mapping category
excellent
very good
good
acceptable

unfavourable

implications for coastal tourism in Turkey, we assessed the
monthly mean TCI variations for two periods in Turkey.
The monthly mean TCI patterns from 97 meteorological
stations throughout Turkey in the two periods were analyzed in the light of coastal tourism. Figure 4 demonstrates
the monthly mean patterns in TCI from the two periods.
There are slight differences in mean monthly TCI values in
some regions. Significant variations in the Aegean and
Western Mediterranean can be seen in the summer months
(Fig. 4). In July, the regions with TCI scores corresponding
to “acceptable” and “good” expanded in the Aegean and
West Mediterranean in both coastal and inner regions and
in southeastern Anatolia bordering Iraq and Syria in the
second period. This feature was also significantly present
in August.
The annual mean TCI scores in the two periods were
also examined for selected locations (Table 3). The annual
mean TCI values increased in southern coastal locations
such as Bodrum, Antalya, and Antakya. As seen in Table 3,
Bodrum’s category changed from “good” to “very good”
in the second period. This can be explained by the increased temperature in the Mediterranean region.
Furthermore, we examined the temporal variations of
TCI values in three zones (Mediterranean, Southwestern
Aegean Coastal, and Aegean Coastal) for the two periods.
3.3. Temporal variations of TCI scores within the two periods
3.3.1. Mediterranean Region

Five locations were selected to represent the coastal
zones of the Mediterranean region of Turkey for TCI assessment: Antalya, Anamur, Mersin, and Antakya. Each of
these locations has at least one month of a TCI score above
80, the level judged to be an excellent tourism climate.
Figure 5 shows the monthly averages of TCI values for
the whole period and divided periods. One of these locations, Antalya (30.42 °E, 36.53 °N), is located on the
Mediterranean coast of southwestern Turkey. The city is
situated on coastal cliffs and surrounded by the Taurus
Mountains of the Mediterranean coastal area.
Antalya is well-known as one of the most pleasant
and popular historical destinations of the world. With TCI
scores above 80 in April and May and from mid-August to
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FIGURE 3- The monthly variation of TCI values in Turkey.
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FIGURE 4a- The monthly TCI patterns for the periods of 1975-1989.
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FIGURE 4b- The monthly TCI patterns for the periods of 1990-2006.
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TABLE 3- The annual mean TCI scores for selected locations in the two periods.
Stations
Anamur
Antakya
Antalya
Aydın
Bodrum
Burdur
Çeşme

1975-1990
70,2
64,6
68,2
70,1
69,6
75
75,1

1990-2006
70,2
64,7
69,3
68,3
71,8
72,5
73,8

Overall
70,3
65,4
70,9
65,8
65,8
72,2
73,3

Stations
Denizli
İzmir
Marmaris
Mersin
Sinop
Trabzon
Zonguldak

1975-1990
70,7
69
68,4
74,1
73,6
71,8
68,8

1990-2006
68,3
67,9
68,3
73,3
71,1
67,3
67,1

Overall
69,4
69,2
66,91
74
72
66,7
66,3

FIGURE 5- Temporal variations of the monthly TCI scores in Mediterranean for the two periods.

November, it has an excellent climate for tourism. The
annual average TCI scores in Antalya have been 70.90
over 30 years. However, in the period of 1990-2006, the
average TCI score increased by 1.4% compared to 19751990. Anamur (32.50 °E, 36.40 °N), on the Mediterranean
coast, has a bimodal TCI curve with peak values above 80
in the spring (April-May), and close to 80 in the fall (September); these scores remained constant over the two
periods. Mersin is another city on the Mediterranean coast
(Fig. 5) but shows highly different TCI variations. The
city of Mersin has at least six months (from March to June
and from September to November) with an excellent tourism climate. However, Mersin’s TCI scores show a decrease in the second period (1990-2006). Antakya (36.07 °E,
36.14 °N) borders Syria in the Turkish Eastern Mediterra-

nean and has only one month with a score above 80 (June).
The Antalyan regions of Kaş and Kalkan (TCI scores were
not given here) placed more emphasis on marine wildlife
along with their historical attributes, while regions closer
to Antalya reported that not only historical characteristics
but also the beaches were important.
3.3.2. Southwestern Aegean Coastal Zones

Bodrum (27.40 °E, 37.14 oN) and Marmaris (28.27 °E,
36.85 oN) are international centers of tourism and yachting
located in the southwestern Aegean region of Turkey. Both
locations are known for their pleasant spring and fall seasons. Figure 6 presents the calculated TCI scores for
Bodrum: the bimodal curve peaks in the spring and fall
seasons. However, Marmaris shows an approximately
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optimal curve in which only four months are below a TCI
rating of 60. As can be seen in Fig. 6, spring TCI scores
in Bodrum are slightly higher than they are in Marmaris:
Bodrum has a score of over 85 in April, while Marmaris

only reached 80. Fall peaks of 75-77 are similar for both
cities (Fig. 6). Furthermore TCI scores are increasing in
Bodrum by about 2% but are decreasing slightly in Marmaris (Table 3).

FIGURE 6- Temporal variations of the monthly TCI scores in Southwestern Aegean coastal zones for the two periods.

FIGURE 7- Temporal variations of the monthly TCI scores in Aegean Coastal zones for the two periods.
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3.3.3. Aegean Coasts

Çeşme is located on a peninsula in the western Aegean coastal zone of Anatolia about 80 km west of Izmir.
The region has a typical Mediterranean climate and is one
of the most attractive tourist resorts with a number of long
sand beaches and a great tourism potential for water sports.
The variation of average TCI scores presents a bimodal
variation at Çeşme, Izmir, and Çanakkale (Fig. 7). The
annual average TCI scores in 1990-2006 are slightly decreased when compared with 1975-1990 (Table 3).

region of eastern Anatolia has “unfavorable” conditions.
Finally, winter is dominated by low TCI scores in most of
the country. In winter, only the Mediterranean region has
good conditions, while eastern Anatolia and some inner
locations show unfavorable characteristics.
In summary, extremely high temperatures in the Mediterranean and Aegean coastal zones may lead to a gradual decrease in summer tourism, but an increase in the
spring and fall. In order to understand the impacts of
climate changes on tourist activities, TCI scores should be
evaluated in the light of climate change scenarios.

4. CONCLUSIONS
Turkey, a country in the Mediterranean macroclimate
zone with about 8300 km of shoreline, has hosted several
great civilizations throughout history. Tourism is now one
of the key economic sectors in Turkey.
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ABSTRACT

1. INTRODUCTION

Experimental design was employed to identify the optimum operating conditions for sonophotocatalytic degradation of alachlor using S-doped TiO2 under visible light. A
response surface methodology based on the Box-Behnken
design was used. Three operational variables of alachlor
degradation were investigated: the initial alachlor concentration, catalyst loading, and ultrasonic power intensity.
Sonophotocatalysis, the combination of photocatalysis and
sonolysis, was employed on the widely used herbicide
alachlor in an aqueous solution with S-doped TiO2 under a
wide range of visible light. The sonophotocatalytic degradation of alachlor was statistically investigated. The experimental design model predicted a quadratic model as a
function of the relationship between the alachlor removal
efficiency and the independent variables. The correlation
coefficient (R2) between the experimental data and model
data was 0.98. The obtained optimum operating conditions
for achieving 85% alachlor removal were an alachlor concentration of 1 mg L-1, a catalyst loading of 1.785 g L-1, and
an ultrasonic power intensity of 0.55 W mL-1 (44 W in
80 mL). In addition, the model results proposed that ultrasonic power increased the alachlor removal efficiency. It
may be concluded that response surface methodology based
on the Box-Behnken design can be a precise and reliable
technique for optimizing the operating conditions of alachlor degradation using sonophotcatalytic activities.

KEYWORDS: sonophotocatalysis; S-doped TiO2; response surface methodology (RSM)
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Agriculture is essential for the life and livelihood of
communities worldwide, as it produces food and energy
for local and regional consumption. An agricultural area
dramatically increases with the increased demand of an
agricultural product. However due to improper management, residues of herbicides, known as non-point source
pollutants, affect water quality in rivers, lakes, wetlands
and ground water. An herbicide pollution issue may result
from any unexpected spill or leakage during its use, storage, transport, or disposal. Alachlor (2-chloro-2′, 6′-diethylN-(methoxymethyl) acetanilide) is one of the most widely
used herbicides for controlling grass and broadleaf weeds
[1]. Due to the health hazards, toxicity, and carcinogenicity of alachlor, it has been classified as a class II priority
pesticide by the US Food and Drug Administration [2].
Therefore the need for effective treatment is high. A report
in Solvenia found evidence of alachlor in the groundwater
of a variety of agricultural areas [3].
A number of advanced oxidation processes that generate hydroxyl radicals (OH ) are available for the decomposition of herbicides in contaminated wastewater. The
following are some of the more commonly used ones:
photocatalysis by TiO2 under UV light, reactions by H2O2
with UV light, sonolytic reactions, reactions under O3 and
UV light, and the Fenton reaction (H2O2/Fe2+). The combined use of sonolysis and photocatalysis, or sonophotocatalysis, has been proven to enhance the mineralization of
herbicides and reduce total organic carbon values. Sonophotocatalysis has been found to be more effective than
the use of sonolysis or photocatalysis alone [4]. Even
though the use of sonophotocatalytic oxidation to treat organic compounds has been a method of high interest in
recent years, no report has employed experimental design,
or design of experiment (DoE), to optimize results. The
effects on the reactions have been reported individually [46]; in other words, one factor was varied at a time, while
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the other factors were held constant. This means that interaction data of the studied factors have been neglected.
DoE is a method of performing experiments systematically, reducing cost and time consumption due to the
economical number of experimental runs. It is also used
to study the interactional effects among all experimental
factors. In the DoEs, there are four methods: the full threelevel-factorial design, central composite design (CCD),
Doehlert design, and Box–Behnken design (BBD). The BoxBenkhen technique, for instance, has been used to optimize the photocatalytic degradation of phenol by TiO2 nanoparticles. The four variables of the titanium dioxide
(TiO2) catalyst size, TiO2 concentration, dissolved oxygen
(DO) concentration, and phenol concentration were analyzed, and the maximum degradation rate of phenol photocatalytic degradation was predicted through the DOEs [7].
A multivariable center composite design (CCD) based on
response surface methodology was applied to estimate
four factors’ effects individually and amongst one another. The factors were pH, TiO2 loading, oxygen concentration, and light flux [8]. Lin et al. [8] also determined the
best condition in his work on the degradation of
methylparaben.
The BBD exhibits remarkable predictability within the
spherical design space. It requires a smaller number of experiments than the other response surface techniques
(RSMs). In addition, the BBD technique is considered to be
the most suitable for evaluating quadratic response surfaces. It is a three-level design based upon the combination
of two-level factorial designs and incomplete block designs. This method can avoid extreme conditions in the
experiments, which is a main advantage of the BBD [9].
In this study, the optimal range for alachlor degradation under sonophotocatalysis was evaluated. The parameters, including the initial alachlor concentration, ultrasonic
intensity, and catalyst load, were statistically analyzed. A
RSM based on the Box–Behnken design (BBD) was used
as a tool for evaluating the response model and determining the optimal condition. Finally, several experimental sets
were tested against the obtained model.
2. MATERIALS AND METHODS
2.1. Materials

Alachlor (2-chloro-2-,6-diethyl-N-(methoxymethyl) acetanilide) was supplied by Supelco (USA). S-doped TiO2
was synthesized under the conditions reported by Ohno et
al. [10]. Water (HPLC grade) and acetonitrile (LabScan,
Thailand) were used.

pension was photoirradiated by using a 500-W Xenon
lamp (Shanghai Dian Guang Device Ltd.). In order to cut
off the shorter wavelengths (i.e., less than 420 nm) of the
light source, the light beam was passed through a JB420
cutoff filter (China Nantong Yinxing Optical Co., Ltd.). A
20 kHz ultrasonic processor (Sonic Model: VC 505) was
used as the ultrasonic source. The reaction condition was
maintained within the temperature range of 24-25oC by a
cooling system. At each time interval, samples were collected for the analysis at a volume of less than 10% of the
total volume.
The alachlor that remained after the reaction was
measured at each time interval. The amount of alachlor was
determined using an HPLC with an Agilent Technologies
1200 series detector and Agilent Technologies 1100 series
pump and controller. A hypersil C18 ODS 4.0 x 125 mm
5 micron column was employed in this analysis. A maximum absorption wavelength of 197 nm was used to
measure the alachlor concentration corresponding to five
standard points. Acetonitrile made up 60% of the mobile
phase, while the other 40% was composed of distilled–
deionized water at a flow rate of 1.0 mL min-1. The percentage of alachlor removal from the sonophotocatalytic
activity was calculated as follows:
% alachlor removal =

(1)

where Co represents the initial alachlor concentration
and C, the measured alachlor concentration at t = 1 hr.
2.3. Experimental design and statistical analysis

The response function and the experimental data on
the percent removal of alachlor were evaluated statistically.
A three-factor level BBD with three central points of factors was applied to investigate the optimal operating conditions. Table 1 lists three levels (low, medium, and maximum) for each design factor. In this study, three factors,
X1 (the initial concentration of alachlor), X2 (the catalyst
load), and X3 (the ultrasonic power intensity), were tested.
They were evaluated randomly in order to prevent any
systematic bias of the results. According to the experimental design, 30 experiments were assigned, as presented
in Table 2 (in the studied parameters column). The obtained experimental data were assigned to 30 experimental
matrixes and analyzed by the response surface regression
pro-cedure to fit the following second-order quadratic
equation.

(2)

2.2. Sonophotocatalytic activity

The catalyst was suspended in an aqueous alachlor
solution that was placed in an 80 mL cylindrical Pyrex
glass reactor. Before photoirradiation, the suspended solution
was stirred in the dark for 30 min so that adsorption equilibrium could be reached on the catalyst surface. The sus-

where Y is the response (percent removal of alachlor),
βk0, βki, βkii, and βkij are constant coefficients, and X is
the uncoded independent variable. The ridge max option
was used to compute the estimated ridge of the maximum
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response for increasing the radii from the center of the
original design.
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TABLE 1 - Experimental range and levels of independent variables
Independent
variable
Initial concentration of alachlor
(ppm)
Catalyst loading
(mg L-1)
Ultrasonic power intensity
(w in 80 mL)

Factor
Xi

-1

Range and level
0

+1

X1

1

3

5

X2

500

1500

2500

X3

24

34

44

3. RESULTS AND DISCUSSION
The experimental design responses are tabulated in
Table 2. A response surface model based on Box-Behnken
was applied to determine the simple and interactive effects
of the operating variables on alachlor removal. The model
could perform analyses of variance and model fitting,
adequacy checks of the model, the optimization of conditions, response surface analysis, model verification, and
experimental confirmation.
TABLE 2 - Design matrix for the experimental factors and responses at different factor levels

Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Studied parameters
Initial
Catalyst
Power
concentration
Loading
intensity
(ppm)
(mg L -1) (W in 80 mL)
1
1500
44
3
2500
24
5
1500
24
3
2500
24
3
500
44
1
1500
24
1
2500
34
5
500
34
3
1500
34
3
1500
34
3
1500
34
5
2500
34
5
2500
34
5
1500
44
5
500
34
3
2500
44
3
500
24
1
2500
34
3
2500
44
1
1500
44
5
1500
24
3
1500
34
3
500
44
1
1500
24
3
1500
34
5
1500
44
1
500
34
1
500
34
3
1500
34
3
500
24

Response
Percent
removal
81.0
47.2
32.2
47.2
48.7
74.6
88.3
33.9
51.7
50.5
48.4
37.2
37.0
39.2
34.8
51.8
39.6
89.0
57.0
83.7
32.0
49.0
47.8
75.7
47.6
42.4
72.0
76.8
47.1
39.8

der a wide range of operating conditions. The F-value
of 305.44, which is greater than the tabular F 0.01 (9, 20)
value (3.46), implies that the model is significant. It means
that this model can be applied to predict the sonophotocatalytic degradation of alachlor. The experimental data reveal that the model is statistically significant with linear,
quadratic, and interaction terms due to the value of “P”
being less than 0.050, indicating a 95% confidence interval. The “lack-of-fit F-value” of 1.67 was lower than the
F 0.01(3, 17) value (5.19), indicating that lack-of-fit is not
significant relative to pure error [11]. The response surface
model based second-order quadratic equation was obtained,
as shown in equation 3. It gave a correlation efficient (R2)
of 0.9889. The quadratic model results gave excellent details of the relationships between the independent variable
and the response. An approximating expression of the percent removal of alachlor was obtained and is shown in equation 3 and Table 4.
%Alachlor removal = 49.050 - 22.025X1 + 3.831X2
+ 3.956X3 + 9.894X12 - 0.319X22 - 1.344X32
- 2.875X1X2 - 0.375X1X3 - 0.338X2X3

(3)

TABLE 3 - ANOVA results of the experimental responses at different factor levels
Source
Regression
Linear
Square
Interaction
Residual Error
Lack-of-fit
Pure Error
Total

Seq SS
9077.27
8246.90
762.21
68.16
66.04
15.06
50.98
9143.31

Adj SS
9077.27
8246.90
762.21
68.16
66.04
15.06
50.98

Adj MS
1008.59
2748.97
254.07
22.72
3.30
5.02
3

F
305.44
832.50
76.94
6.88

P
0.000
0.000
0.000
0.002

1.67

0.210

Table 4 presents the P-values that are a tool to verify
the significance of each coefficient and P-value with the
estimated factor. The smaller the P-value, the more significant it is to the corresponding coefficient [12]. In this experiment, the initial concentration, catalyst loading, and
ultrasonic power intensity strongly affected the alachlor removal efficiency (all P-values were less than 0.05, as shown
in Table 4).

3.1. Analysis of variance (ANOVA) and model fitting

The ANOVA results of the model presented in Table 3
indicate that the model equation can adequately be used to
describe the sonophotocatalytic degradation of alachlor un-

The response model (equation 3) was adjusted by selecting only the significant parameters (X1, X2, X3, X1X2,
X12, and X32), resulting in an adjusted correlation coefficient (Radj 2) of 0.9864 that was close to the correlation
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coefficient (R2) of 0.9889. This indicated that the regression model fitted the experimental value well. The R2 and
Radj2 were also close to one, meaning that the regression
model provided an excellent explanation of the relationship between the independent variables and the response.
TABLE 4 - Response surface model regression coefficients for percent removal
Term
Constant
Initial concentration
Catalyst loading
Power intensity
Initial concentration*Initial concentration
Catalyst loading*Catalyst loading
Power Intensity*Power Intensity
Initial concentration*Catalyst loading
Initial concentration*Power Intensity
Catalyst loading*Power Intensity

Coef
49.05
-22.025
3.831
3.956
9.894
-0.319
-1.344
-2.875
0.375
-0.338

Se Coef
0.7419
0.4543
0.4543
0.4543
0.6687
0.6687
0.6687
0.6425
0.6425
0.6425

P
0.000
0.000
0.000
0.000
0.000
0.639
0.058
0.000
0.566
0.605

3.2. Adequacy check of the model

To ensure that an approximating model provides adequate predicted data to an actual system, an adequacy check

of the predicted model is necessary for data analysis. The
model results complied with the assumptions of the analysis of variance (ANOVA), and the normal probability plot
provided a straight line, presenting that the residuals possessed a normal distribution and no apparent problems.
All residuals were within the interval of ±3.50 [13]. It
means that the plot showed a random scatter in which the
variance of the observed data was constant with respect to
all of the responses.
3.3. Main and interaction effects and response surface analysis

The plots of the main effects display the important
factors, including the initial alachlor concentration, catalyst load, and ultrasonic power intensity, as shown in
Fig.1a. The results of Fig.1a illustrate that the removal
efficiency of alachlor decreases as the initial alachlor concentration decreases. Due to increased equilibrium adsorption of alachlor onto the active sites of the catalyst surface,
a small amount of OH radicals, active oxidants, was generated; this is what caused the lower removal efficiency
[14]. The removal efficiency of alachlor increased as the

(a)

(b)

FIGURE 1 - Matrix of plots of experimental factors for percentage removal of alachlor in three factors, three levels Box-Behnken design (a)
Main effect plot; (b) two-factor interaction plots.
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(a2)

(a1)

(b2)

(b1)

(c2)

(c1)

FIGURE 2 - Contour plot and surface plot of response for (a) catalyst loading and initial concentration; (b) ultrasonic power intensity and
initial concentration; (c) ultrasonic power intensity and catalyst loading.

catalyst loading was increased from 500 to 1500 mg L-1
and then it only slightly increased when the loading was
increased further from 1500 to 2500 mg L-1. A high
amount of catalyst generates more free radicals, which can

increase alachlor degradation. However, increasing the catalyst loading too much may hinder light from passing,
which is needed to activate the catalyst. In the contour plot
of the effects of ultrasonic power intensity, the removal
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efficiency of alachlor linearly improved along with power
intensity up until 30 W. Increasing the ultrasonic power
intensity, which initiates stronger acoustic cavitation, can
therefore improve alachlor removal efficiency [15].
The two-factor interaction effects of the initial alachlor
concentration, catalyst load, and ultrasonic power intensity
are plotted in Fig. 1b. The higher flat line normally represents the lower interaction between parameters. Among
them, the highest impact was between the initial alachlor
concentration and catalyst loading, since the line shows
sharp sloping. The result corresponds to the interaction
analyzed by ANOVA as presented in Table 4. The P-value
of the interaction between the initial alachlor concentration
and catalyst loading was less than 0.05, indicating a 95%
confidence level.
Figure 2a-2c shows the interaction effects of the three
factors through contour and three-dimensional (3D) surface plots for the predicted responses based on the experimental factors. The plots present models of the effects of
two factors while the other is kept under control. It was
found that the response (alachlor removal) was proportionally affected by the catalyst loading and power intensity,
while it responded diversely to the initial concentration.
However, the catalyst loading and power intensity do not
have a significant effect when they acted simultaneously

with the initial concentration factor. After the study of the
main and interaction effects was conducted, the optimization study was carried out using the numerical optimization function to determine the optimal conditions for alachlor degradation. However, the optimal condition could
not be determined within the range of the studied boundary
setup. Since complete degradation of alachlor could not
be reached within the range of our study, 85% alachlor
removal was set as the satisfaction standard. It was found
that the following condition provided a satisfactory level
of degradation: an alachlor concentration of 1 mg L-1, Sdoped TiO2 concentration of 1.785 g L-1, and ultrasonic
power of 44 W.
3.4. Verification of the model and experimental confirmation

The validation of the model is an important task. Several experiments conditioned within the studied range were
conducted and compared with the predicted values, computed from the original model and the adjusted model. In
our study, three critical conditions were used for validating
the adequacy of the predicted results, as presented in Table 5.
The triplicate values of the four observed values indicate that
the predicted values of the adjusted model were closer to the
experimental values than those from the predicted model.

TABLE 5 - Comparison of experimental and predicted values of four responses at the optimal levels predicted by RSM
Initial concentration of
alachlor (mg L-1)

Catalyst loading
(mg L-1)

Ultrasonic power
intensity (W in 80
mL)

Predicted value
(%) (Predicted
model)

Predicted value
(%) (Adjusted
model)

Observed value
(%)

1.61
1.46
1
1

859
2013
1785
2500

24
24
44
44

60.0
70.5
85.0
89.3

61.5
71.0
86.8
91.6

63.2+2.2
71.2+2.9
87.2+2.6
91.6+1.9

4. CONCLUSION
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ABSTRACT

habitats in the Neotropical region since there are no native
freshwater bivalves that cause it [6].

Adding biocides to water is one strategy to control
macrofouling organisms. A natural biocide that helps to
prevent/control macrofouling of Limnoperna fortunei (Dunker, 1857) on human installations is one way to minimize environmental impacts of different control strategies. Laboratory tests were carried out to evaluate effects of three commercial tannis preparations (ECOTEC®-UA, ECOTEC®-L
and ECOTEC®-MC) on the survival of two life-history
stages (larvae and adults) of L. fortunei. In addition tests
were performed on two non-target species, a crustacean
Daphnia magna and a plant Lactuca sativa, to evaluate
effects of these tannins on the aquatic environment. The
larvae of L. fortunei were more vulnerable to the concentrations of the three tannins than adults. The two non-target
species were not affected at concentrations that were effective for larvae. These results suggest that these products
could be used as biocides to control macrofouling caused
by L. fortunei.

KEYWORDS: Limnoperna fortunei, macrofouling, bioassays,
tannins, biocide, Argentina

1. INTRODUCTION
Bivalve molluscs are one of the more important groups
of organisms that cause macrofouling on human installations [1]. Among these, in the Holartic region, the zebra
mussel Dreissena polymorpha (Pallas, 1771) and in the Neotropical region golden mussel, Limnoperna fortunei (Bivalvia: Mytilidae) are noteworthy [2, 3]. The invasion of L.
fortunei in the Neotropical region began in 1990 [4] and impacts on natural and man-made structures are similar to
those observed for D. polymorpha in the Holartic region
[5-8]. This type of macrofouling is unusual in freshwater
* Corresponding author

Limnoperna fortunei infects man-made structures and
causes macrofouling in three places in Southeast Asia:
Hong Kong [9], Taiwan [10] and Japan [11]. In South America, invasions have been recorded in various power stations
(nuclear, thermal and hydroelectric) [8], water treatment
plants [6], and irrigation systems [7]. Among the many
problems caused by this species, the following are noteworthy: obstruction of filters and pipes, production of turbulent
flow, loss of hydraulic capacity and an increase in corrosion
[12].
Among the treatments for controlling macrofouling
(e.g. manual and mechanical removal, the use of filters,
manipulation of the water temperature, use of antifouling
paints ultraviolet light and ozonization [13-15], addition
of biocides to water is one of the most widely used techniques, both for macrofouling in general and for the golden
mussel in particular [13, 16, 17]. One of the compounds
most often used as a molluscicide is sodium hypochlorite
[17, 18] but this compound corrodes the pipes and produces
carcinogenic compounds at certain concentrations [19].
Therefore, it is important to look for alternative biocides
that are less damaging than some now widely used [20-22].
Tannins are a group of plant compounds, principally
glucoside complexes of catechol and pyrogallol, which
consists mainly of gallic acid residues that linked to glucose
by glucoside bonds. They are natural compounds common
in higher plants and brown algae and are found in practically any body of water where there is a large amount of
decaying vegetation. The presence of tannins is most noticeable by the presence of yellowish to brown water. Tannins are also important in industry [23, 24] and very common in food (beverages, wines, cereals and berries) [25].
Recent studies show that quebracho tannins might have
antifouling properties that are effective against marine
organisms such as Balanus amphitrite and Polydora ligni
[26, 27].
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In this context, it is believed that, the tannins’ preparations of quebracho colorado (Schinopsis balansae, Engl)
are (i) toxic to L. fortunei, and, (ii) the toxicity is a function
of size and stage of the target individuals. Moreover, effects on non-target species are low in relation to concentrations that affect L. fortunei.

The seeds of L. sativa (mantecosa variety) were obtained from commercial suppliers with 98% guaranteed
germination.

2. MATERIALS AND METHODS
2.1. Characteristics of tested products

Tannin preparations used in this study were obtained
by a three step process: (1) grinding and diffusion; (2) primary evaporation; and (3) chemical treatment and spraydrying.
The grinding process (step 1) included cutting quebracho colorado logs and boiling them in water at 130 °C
to obtain tannin extract with 10 – 11% of solid matter. The
primary evaporation process (step 2) was used to obtain
tannin extract of 55% solid matter. Finally, chemical treatment (step 3) of the extract was diluted with sodium bisulphate; its properties (color, percentage of salts and insoluble) were controlled, and then spray-dried to obtain the
products of dust ground material (more details are provided at http://www.unitan.net/esp/unitan/index.html).
Even though all the tested products were tannins preparations, they differed in some physicochemical properties
(Table 1) such as the percentage of natural polyphenols
(74, 70 and 86% for ECOTEC-UA®, ECOTEC-L® and
ECOTEC-MC® respectively).
TABLE 1 - Characteristics of the three tannins tested (UNITAN
SAICA pers. com.).
Tannins (% max)
Observed red colour
Observed yellow colour
pH
Insolubles (% max)
Ashes (% max)
Humidity (% max)

Daphnia magna neonates used in toxicity tests were
obtained from cultures maintained in standard conditions
(conductivity 1,0 ms/cm; hardness 215 mg/L CO3Ca; alcalinity 180 mg/L CO3Ca, pH range 7,6 ± 0,2, temperature 20 ± 2 ºC, photoperiod 16:8 light:darkness and fed
with chlorococcal algae) [28].

ECOTEC-UA® ECOTEC-L® ECOTEC-MC®
74
70.0
86.5
1.9 - 2.2
1.1 - 1.4
3.8 - 4.2
2.2 - 3.0
4.7 - 5.1
4.0 - 4.4
4.1 - 4.5
0.0
2.0
2.5
7.2
5.5
2.5
9.0
9.0
9.0

2.2. Collection of organisms

Larvae of L. fortunei were collected near the Argentine coast of Río de la Plata (34°49´S - 57°56´W) by filtering 1000 L water with a 45µ net. The presence of larvae was verified with a stereoscopic microscope before performing tests.
Adult specimens of L. fortunei were manually collected
in the field. Individuals were transported to the laboratory
where they were acclimatized for fifteen days in 10 L
acuaria (conductivity = 1 ± 0.3 ms/cm, temperature = 23 ±
2 ºC; pH = 7 ± 0.5). Aquaria water was changed completely the first three days and then partly changed (5 L) every
two days up to the end of the fifteenth day of the acclimatization period. Specimens were fed daily with
TetraMin® fish food, except for the two days before the
tests.

2.3. Biocide tests

Toxicity tests with L. fortunei were performed on two
stages of their life cycle: larvae and two sizes of adults
(13 ± 1 mm and 19 ± 1 mm). All tests were carried out in
triplicate using at least five concentrations and controls
and using tap water for the dilutions and controls. The
temperature (23 ºC, min = 21.8 ºC, max = 23.7 ºC), photoperiod (16:8 light: darkness, pH (7.31, min = 7.08, max
= 7.55), dissolved oxygen (> 6 mg/L) and the conductivity (1 ± 0.3 ms/cm) were controlled during tests.
Tests with larvae were performed by placing 12 ml of
each concentration of a tannin preparations in plastic Petri
dishes containing between 10 and 15 larvae per dish. The
mortality in each Petri dish was controlled after 24 h using
a stereoscopic microscope (Figure 1). Larvae were considered dead if swimming or signs of internal activity were
not detected (Figure 1).
Tests on adults were performed by selecting individuals by size (0.01 mm precision) the day before the start of
the tests. Then, 12 individuals were randomly selected and
placed in replicate in Petri dishes. Dishes were submerged
in 250 ml dilution water. After 24 h, specimens that did
not attach themselves to the Petri dishes with their byssal
threads [28] were eliminated from the tests. Next, Petri
dishes and attached specimens were submerged in 250 ml of
different test concentrations to be tested for 168 h. The
controls were prepared in a similar way. Mortality was determined after 168 h exposure. A mussel was considered
dead when it does not respond to mechanical stimuli.
Standard toxicity tests of Daphnia magna and Lactuca sativa were used to evaluate any potential ecotoxic
effects of the studied products. The acute toxicity tests of
24 and 48 hours exposure of D. magna neonates were
performed by following the protocol of USEPA [29];
using tap water for solutions and control (conductivity 1,0
ms/cm; hardness 215 mg/L CO3Ca; alcalinity 180 mg/L
CO3Ca, pH range 7,6 ± 0,2). Tests were carried out under
controlled temperature (20 ± 2 ºC) and photoperiod (16:8
light:darkness) conditions, and the neo-nates were not fed
during the assay. Germination/ elongation tests of roots of
L. sativa were performed for 120 h of exposure to darkness using double distilled water as dilution water, according to the USEPA protocol [30], at 22 ± 2 ºC temperature. Tests for D. magna and L. sativa, were both carried
out in triplicate using at least five concentrations and a
control.
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FIGURE 1 - Scheme of a larvae bioassay. The larvae are collected in the field and its number is checked under stereoscopic magnifying
glasses. Then, three replicates of each concentration and a control are made. Twelve milliliters of each solution are added into plastic Petri
dishes, along with 10 to 15 larvae. After 24 h, the mortality is checked. More details are provided in the text.

2.4. Analysis of the results

The LC50 (lethal concentration on 50% exposed organisms) was used as the measure of efficacy for Limnoperna fortunei. It was calculated using linear regression
with the concentration previously transformed to the logarithm and the mortality to Probit units [31] by using the
Probit program, version 1.5, of USEPA. The lower concentration that effectively produced 100% mortality of the
exposed individuals was considered as LC100.
In order to compare the toxicity of the three tannin
extracts an analysis of variance (ANOVA) between extracts and between life and sizes of adults by application
of a generalized linear model of homogeneous slopes [32]
and considering the stages and sizes as covariables associated to the age of the individuals used.
In the case of D. magna all estimations of the LCXX
were undertaken with the Probit programme, considering
LC1 as NOEC (the highest concentration of the product at
which no significant differences were found when compared to the control) and LC10 as LOEC (the lowest concentration of the product at which a significant difference
was seen as regard to the control).

In the case of L. sativa, the IC50 (inhibitory concentration 50) was obtained by adjusting the results with a linear
regression, with the concentrations previously transformed
to logarithms, and using the percentage of inhibition as the
dependent variable as relative to the control. The NOEC and
LOEC were obtained using an a posteriori comparison of
Dunnett before ANOVA.
3. RESULTS
Results obtained for each product and each stage of L.
fortunei are summarized in Table 2. In the case of the
larvae, a LC100 of 400 mg/L was determined for the three
tested products. The LC100 for the adult stages was not
estimated as no tests showed 100% mortality after 168 h
exposure in any of the concentrations tested.
In the tests with adults it was seen that they stopped
filtering while submerged in the tannin solutions, closing
their valves. This information was not quantified to avoid
manipulations during the tests. This behaviour was not
observed in the controls where individuals continued with
their normal filtering behaviour after being transferred.

TABLE 2 - Concentrations (mg/L) of LC50 and 95% confidence intervals of three tannin extracts tested on larvae and two sizes (13 and 19
mm) of adult Limnoperna fortunei.
Adults

Larvae
ECOTEC-UA®
ECOTEC-L®
ECOTEC-MC®

LC50
160,21
138,54
138,53

Lower limit Upper limit
94,06
235,31
89,67
277,11
96,7
182,95

LC50
983,27
309,92
160,1

13 mm
Lower limit
763,36
232,18
75,45

1440

Upper limit
1465,61
414,91
283,4

LC50
1273,73
442,14
557,71

19 mm
Lower limit Upper limit
983,27
2066,6
349,39
564,93
428,83
818,96
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TABLE 3 - LC50, LOEC and NOEC of Daphnia magna for the tests of 24 and 48 h exposure. All concentrations are expressed in mg/L.
NOEC is the highest concentration of the product at which no significant differences were found when compared to the control; LOEC is the
lowest concentration of the product at which a significant difference was seen as regard to the control.

ECOTEC-UA®
ECOTEC-L®
ECOTEC-MC®

LC50
896,21
635,76
849,53

Lower limit
823,75
547,42
731,22

Upper limit
994,18
701,14
1081,05

ECOTEC-UA®
ECOTEC-Ñ®
ECOTEC-MC®

LC50
348,29
363,65
341,58

Lower limit
322,44
329,78
318,07

Upper limit
370,63
385,82
366,24

24 h trials
LOEC
Lower limit
584,48
508,6
409,54
284,01
462,62
389,17
48 h trials
LOEC
Lower limit
248,01
207,17
290,00
224,85
244,24
214,08

The LC50, NOEC and LOEC for D. magna and the
IC50, NOEC and LOEC for L. sativa are shown in Tables 3
and 4, respectively. The IC50 for L. sativa were higher than
the LC50 calculated for all stages of L. fortunei and overlap was only observed in the 95% confidence intervals for
product ECOTEC-UA® (Tables 1 and 3). The LC50 for D.
magna were higher than those estimated for the larval
stages of L. fortunei and there is no overlap between their
respective confidence intervals (Tables 1 and 2).
TABLE 4 - IC50, LOEC y NOEC for Lactuca sativa. All concentrations are expressed in mg/L. NOEC is the highest concentration of
the product at which no significant differences were found when
compared to the control; LOEC is the lowest concentration of the
product at which a significant difference was seen as regard to the
control.
IC50
Linf
Lsup
NOEC
LOEC

ECOTEC-UA®
1748,02
1303,52
2344,09
750,00
1000,00

ECOTEC-L®
2005,83
1555,61
2586,33
500,00
750,00

ECOTEC-MC®
2023,83
1472,65
2781,29
750,00
1000,00

In the case of L. sativa, the NOEC were higher than the
LC100 of the larvae for all three products, whereas in D.
magna only product ECOTEC-UA® had a slightly higher
NOEC, although it is not yet possible to confirm that these
differences were significant.
The analysis of variance, using stages and sizes as covariables, the tested products as factor and the LC50 as dependent variables, indicates that there is no treatment effect
(p ≤ 0,8893) but there is a significant effect of the covariable (p ≤ 0,00986). The same analysis shows that there is
no interaction between the factor and the covariable (p ≤
0,07386).
4. DISCUSSION
The results achieved in this study indicate that tannin
preparations have acute toxicity effects in L. fortunei. In
addition larvae are more susceptible to the products than
adults. This is in agreement with the literature on the vulnerability of early life stages of most organisms [33, 34].

Upper limit
644,17
491,18
525,78

NOEC
412,51
286,15
281,87

Lower limit
323,5
163,06
197,26

Upper limit
479,92
374,91
344,7

Upper limit
276,38
322,41
267,82

NOEC
188,04
241,14
185,81

Lower limit
142,03
162,26
151,86

Upper limit
221,3
282,44
212,32

When working with bivalve mollusks the biggest problem faced is their capacity to detect biocides, as they close
their valves or reduce the siphoning activity [13, 33, 35],
which makes it necessary to increase exposure times to obtain mortality. Tests on L. fortunei using sodium hypochlorite show 100% mortality at 1.2 mg/L in 576 h [36]
and in 408 h with 1 mg/L at 25ºC [13]. Similar results
were ob-tained with sodium hypochlorite for D. polymorpha (95% mortality after 552 h exposure at 1 mg/L) [34],
Mytilus edulis (Linnaeus 1758) (480 h to reach 100% mortality with 1 mg/L) [37], and Perna viridis (Linnaeus 1758)
(816 h to reach 100% mortality when exposed a continuous
application of 1 mg/L residual chlorine) [38]. Although
some molluscicides are effective in less time for both L.
fortunei [13, 39] and D. polymorpha [28] they may be aggressive to other non-target species and they are often
more costly.
Tests carried out on D. magna and L. sativa show
higher LC50 than those for the larval stages but similar to
those obtained for the adults. The comparison of the results for D. magna show that the lower confidence limits
of LOEC at 24 h are higher than the LC50 of the larvae
and they do not differ very much with the concentrations
at which 100% mortality of the larvae (400 mg/L) occured.
This evidence suggests that the evaluated tannins could be
considered as biocide. The concentrations at which they
would have the desired effect (100% mortality) with only
one minimal dilution in an aquatic system would not show
any acute effects on the two non- target species tested.
On the basis of this, use of biocides for control of the
golden mussel should be concentrated on the larval stage.
Studies of D. polymorpha show the vulnerability of the
larval stages. Some studies show that the larvae are more
vulnerable than the adults in five out of six products tested
over 24 h [40]. Other studies working with cationic polymers, show that larvae are more sensitive than adults [34].
Similar conclusions are reached when working with L.
fortunei exposed to quaternary polymers [39].
Some authors [39, 41] propose that biocides that do not
cause mortality, but rather prevents settlement of larvae
would be considered successful. Yebra et al [42] mentions
that treatments without biocide capacity but highly anes-
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thetic, settlement deterrent or with settlement inhibitory
properties should be considered in control strategies. Studies based on paints with quebracho tannins in seawater [26,
27] were developed following this logic, and they showed
antifouling potential. Considering these and the present
results, further studies with quebracho tannins and its derivates are recommended.
However, it should be noted that there is no general
technique for controlling the L. fortunei on all man-made
structures, on the contrary, a combination of treatments is
necessary. Each water intake has to be considered separately by structure, given its complexity, and depends on
the function of each one, so that the best sequence of control techniques can be established [7, 14, 16]. In this sequence, applying a biocide may be one of several treatments to be applied within the system.
Finally, studies in the field are necessary to determine
the applicability of any control strategy. At present, it is
common to consider that the aquatic invasions are difficult
to control, often impossible [43, 44]. In fact, no method
seems to stop the expansion of the golden mussel in the
American continent and beyond [45, 46]. There is not even
a local, regional or continental program to control or eradicate the problem; this is the same case with the zebra mussel in the U.S. [47]. Attempts to control those species in
open waters are scarce and were made with potassium
chloride for D. polymorpha [47] and chlorine for L. fortunei [48]. The impacts on non-target organisms of these
attempts are not reported, but the deleterious effect of the
chlorine is well known [17]. For example, eradication of
the black-striped mussel, Mytilopsis salei (Recluz, 1849),
of a 600 megalitre marina was made with about 200 tons
of bleach, and killed all living organisms [49, 50]. In this
context, to find an environmentally friendly biocide against
fouling mussels is a management priority.
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ABSTRACT

1. INTRODUCTION

In this study, the ability of 2,4-dichlorophenoxyacetic
acid (2,4-D) tolerance and degradation of Pseudomonas
spp. isolates was investigated. 20 strains of Pseudomonas
spp. were tested for their tolerance to 2,4-D. All the strains
exhibited variation in sensitivity at 50-1000 ppm 2,4-D concentration but none of the strains were completely inhibited.
When compared with the control tubes, all strains exhibited intensive growth but 3 strains (B7, B8, B12), are less
intensive than others. P. aeruginosa B1 strain was the one
with most resistant to 2,4-D concentrations tested. On the
contrary, P. fluorescens B7 strain was more sensitive to
2,4-D at these concentrations. Growth of the 20 strains
examined remained unaffected at concentrations between
50 and 200 ppm whereas some of the strains showed sensitivity at 850-1000 ppm concentrations. The 20 strains of
Pseudomonas spp. were further screened for 2,4-D degrading capacity. Only one strain (B1) having appreciable
2,4-D herbicide degrading capability was selected. Tolerance to and degradation of 2,4-D by B1 was significantly
greater than others. The degradation capacity of 2,4-D
herbicide of this culture were performed by HPLC. HPLC
data analysis has revealed 24, 31, 32, 33% degradation of
2,4-D respectively in 24, 48, 72 and 96 h of incubation at
37°C . HPLC and spectrophotometric measures of the degradation capacity of B1 strain showed that it had the ability
to degrade 2,4-D herbicide. This study suggests that resistance to 2,4-D and ability to degradation were achieved
through the cells of B1. This strain could be considered as
highly beneficial for application of bioremediation of 2,4D herbicide pollutants.

KEYWORDS: Sensitivity, degradation, 2,4-dichlorophenoxyacetic
acid (2,4-D), Pseudomonas spp.

* Corresponding author

One of the important factors contaminating the natural
habitat is agricultural pesticides. These agents used against
pests, undesirable herbs and agricultural diseases were found
to have adverse effects on the environment. Among the
herbicides used in Turkey with potential toxicity against
humans are phenoxy compounds such as 2,4-dichlorophenoxyacetic acid (2,4-D). 2,4-D is the most widely used
herbicide in the world [1]. 2,4-D herbicide is classified by
WHO (World Health Organization) as a hormonal herbicide of level II toxicity. It is considered a carcinogen agent,
affecting liver, heart and central nervous system, leading to
convulsions [2, 3]. This herbicide is usually commercialized as salt, amine and ester formulations, and has postemergence action. After its application in the field, the
excess of the herbicide is easily transferred to the groundwater, due to its high solubility in water (600 mg L-1 at
25ºC) [4]. Even after a long period of disuse, considerable
amounts of either 2,4-D or its main product of degradation,
2,4- dichlorophenol (2,4-DCF), might be found in surface
waters, and groundwater as well [5]. Also, contamination
with this herbicide has caused critical environmental and
health problems. The contamination of soils, groundwater
and surface waters by herbicides possess major clean-up
problems [6]. Therefore, the development of an efficient
degradation process for this herbicide is extremely relevant and necessary [7]. Bioremediation methods are needed
as alternative approaches for cost-effective and residue-free
clean-up. Bioremediation involves the acceleration of natural biodegradation process in contaminated environments
[6].
Many investigations have suggested bioremediation
as an alternative process for the removal of xenobiotic compounds from the soil, due to the smaller environmental
impact, and greater efficiency [8-11]. Bacteria are the primary agents of the removal/degradation of environmental
toxicants such as herbicides, pesticides, insecticides, various petrol hydrocarbons and they are able to use some of
these compounds as the only sources of carbon and energy. Today many microorganisms, especially Pseudomonas sp. are used to degrade organic pollutants in order
to minimize contamination caused by several industrial
activities [12, 13].
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The present investigation aims at determining the efficiency for 2,4-D degradation by selected strains according to the degradation capacity, using high-performance
liquid chromatography (HPLC) and the ability of Pseudomonas spp. to tolerate and degrade the 2,4-D herbicide.
2. MATERIAL AND METHODS
2.1. Test chemicals

The herbicide, 2,4-dichlorophenoxyacetic acid (CAS
RN: 94-75-7, 98 % purity) and HPLC-grade solvents were
purchased from Sigma. All chemicals used for media
preparation were provided from Merck.
2.2. Bacterial strains, media and growth conditions

A total of 20 strains of Pseudomonas spp. were provided from the culture collection of the Biotechnology
Laboratory of Gazi University, Department of Biology
at the Faculty of Arts and Science in Turkey. All isolates
were stored on Nutrient Agar Medium (Oxoid) slopes at
4ºC and stock cultures were maintained at -20 ºC in 0.5%
(v/v) glycerol.
Samples were maintained in 250 mL flasks containing 50 mL of nutrient broth (NB) culture medium [14] (in
g/L: peptone, 2.5; NaCl, 2.5; yeast extract 1.0; beef extract 0.5; pH 7.0) and Mineral Salt Medium (MSM) [14]
(in g/L: Na2HPO4 4.0, KH2PO4 1.5, NH4Cl 1.0, MgSO4.
7H2O 0.2, C6H8O7FeNH3 0.05; Modified Hoagland trace
element solution g/3.6 L: BH 3 11.0, MnCl2. 4H 2O 7.0,
AlCl3 1.0, CoCl2 1.0, CuCl2 1.0, KI 1.0, NiCl2 1.0, ZnCl2
1.0, BaCl2 0.5, KBr 0.5, LiCl 0.5, Na2MoO4 0.5, SeCl4
0.5, SnCl2.2H2O 0.5, NaVO3.H2O 0.1; pH 7.0) for microbial
growth, and degradation assays.
1 mL of the active cultures was adjusted to Macfarland 5
for whole assays and inoculated inside media. The Erlenmayer flasks were incubated at 37 ºC, at regular time intervals (24, 48, 72 and 96 h), by using an incubator shaker
(MINITRON) at 100-150 rpm.
NB medium was autoclaved for 15 min at 120 ºC but
mineral salt solutions were autoclaved separately to prevent precipitation reactions. The 2,4-D herbicide was sterilized through 0.45-µm-pore-size type HA membrane filters
(Millipore Corp., Bedford, Mass.).
2.3. Sensitivity to 2,4-D of Pseudomonas spp. strains

The sensitivity to 2,4-D of Pseudomonas spp. strains
was determined by using broth dilution method [15]. In
this test, 2,4-D herbicide is serially diluted and a single
concentration is added to a culture tube with nonselective
broth medium (NB), which is then inoculated with test organisms and incubated. Results, optical density at 600 nm,
were also checked after 24 h of incubation to measure
bacterial growth in the tubes. 2,4-D herbicide resistance
was evaluated by comparing it with the control group. The
main values and the standard deviation were calculated
through the data obtained with duplicate trials.

2.4. Biodegradation of 2,4-D

All the bacterial isolates were freshly grown in mineral salt medium (MSM) (pH 7.0) containing 0.2% (v/v)
2,4-D as carbon source. At regular time intervals, growth
was monitored by measuring the optical density at 600 nm
by the spectrophotometer (Hitachi UV-VIS).
Besides, the degradation quantity of 2,4-D herbicide in
the highest growth exhibiting culture according to spectrophotometric measures was also monitored by high-performance liquid chromatography (HPLC) (Varian ProStar).
HPLC samples were prepared by modifying them according to Kelly et al. [16]. The mobile phase consisted of 40 %0.75 mM phosphoric acid (pH 2.0) and 60 % methanol at
a flow rate of 1.5 mL min -1 . The HPLC system was
equipped with a C18 (150 x 4.6 mm, 5 µm) and the UV
detector was operated at a wavelength of 210 nm. Peaks
areas and retention times were compared to a standard
curve and the percentage reduction in 2,4-D calculated
attributing 100 % to the value of the chemical control peak.
HPLC analyses were conducted by Middle East
Technical University, Central Laboratory at the Molecular
Biology and Biotechnology R&D Center, Ankara-Turkey.
All analyses were conducted in triplicate for each of
replications. Results were reported as mean ± standard
deviation (S.D.).
3. RESULTS
3.1. Sensitivity to 2,4-D herbicide of Pseudomonas spp. strains

In this study, a total number of 20 strains of Pseudomonas spp. were tested for their sensitivity to herbicide
2,4-D. These bacterial strains exhibited variation in sensitivity at 50-1000 ppm concentration intervals of 2,4-D. The
results of the methods used for sensitivity showed that none
of the strains were completely inhibited at these concentrations (50-1000 ppm). While many strains (B1, B2,
B3, B4, B5, B6, B9, B10, B11, B12, B13, B14, B15, B16,
B17, B18, B19, B20) exhibited intensive growth (85%),
the others (B7, B8 and B12) suppressed the growth (15%)
at the same concentrations when compared with control.
With the exception of B7, B8, B12 strains, all strains were
highly resistant to 2,4-D herbicide at concentration intervals tested. B7, B8, B12 strains exhibited greater sensitivity to 2,4-D at concentrations tested than that of the 17 other
strains. Also, growth of strains was inhibited 3% (B1) to
73% (B7) by 2,4-D at concentration intervals tested (Fig 1).
It was observed that P. aeruginosa B1 strain (97%) was the
most resistant strain. On the contrary, sen-sitivity (73%) to
2,4-D by P. fluorescens B7 strain was significantly greater
than that of all others tested (Fig 1). Moreover, it was
shown that growth of the 20 strains tested remained
unaffected at concentrations between 50 and 200 ppm of
2,4-D. At 250-400 ppm concentration intervals of 2,4-D,
growth of strains inhibited 10%. Also, while growth of
strains suppressed 15% at 450-600 ppm concentration intervals, the same strains inhibited 25% at concentrations
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FIGURE 1 - Percent inhibition of Pseudomonas spp. at 50-1000 ppm concentration intervals of 2,4-D. Values are the means ± SD of triplicate
measurements.

FIGURE 2 - Percent inhibition of Pseudomonas spp. at various concentration intervals of 2,4-D. Values are the means ± SD of triplicate
measurements.

between 650-800 ppm of 2,4-D. The majority of strains
inhibited 45% at 850-1000 pmm concentrations of 2,4-D
(Fig. 2). Therefore, it was determined that the concentration intervals of 2,4-D herbicide for the following degradation studies were selected from 50-200 ppm concentration intervals to no inhibition and according to optimizing
studies (data not shown), the suitable concentration found
for these strains was 50 ppm.
3.2. Degradation of 2,4-D

Pseudomonas spp. which had degraded to 2,4-D
herbicide were examined for herbicide degradation. For
this purpose, firstly absorbance changes in the mineral

salt medium [with 0.2% (v/v) 2,4-D as the sole source of
carbon] of cultures were monitored by measuring the optical
density at 600 nm as spectrophotometric at different time
intervals (24, 48, 72 and 96 h). When cultures were grown
in the 2,4-D herbicide [0.2% (v/v)] containing MSM medium, absorbance changes generally increased over time.
These strains capable of utilizing 2,4-D as a carbon source
showed growth at 24 h and then the growth of these
strains became constant. The maximum growth was mostly
achieved at 72 h of incubation (Table 1). Growth rates
decreased after 4 d of incubation (data not shown). While
some strains (B1, B5, B11, B20) exhibited high growth in
the range of 0.14-0.19 OD in 2,4-D herbicide [0.2% (v/v)]
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TABLE 1 - Screening of 2,4-D-degrading microorganisms at different time intervals.
Microbial Growth (OD600nm)b
24 h
48 h
72 h
0.19±0.0
0.19±0.0
0.19±0.0
0.04±0.0
0.04±0.0
0.05±0.0
0.06±0.0
0.06±0.0
0.10±0.0
0.06±0.0
0.06±0.0
0.07±0.0
0.06±0.0
0.07±0.0
0.07±0.0
0.13±0.01
0.13±0.0
0.14±0.0
0.07±0.01
0.08±0.0
0.08±0.0
0.14±0.01
0.15±0.0
0.15±0.01
0.07±0.01
0.07±0.0
0.07±0.01
0.04±0.0
0.04±0.01
0.05±0.01
0.09±0.0
0.11±0.0
0.12±0.0
0.05±0.0
0.05±0.0
0.06±0.0
0.09±0.0
0.09±0.0
0.12±0.01
0.10±0.0
0.12±0.0
0.14±0.0
0.10±0.0
0.10±0.0
0.12±0.0
0.08±0.0
0.08±0.0
0.08±0.0
0.06±0.0
0.06±0.0
0.06±0.0
0.07±0.0
0.07±0.0
0.09±0.0
0.07±0.0
0.08±0.0
0.08±0.0
0.04±0.0
0.06±0.0
0.06±0.0

Bacterial Strains
P. aeruginosa

P. fluorescens

P. stutzeri

P. putida
P. cepecia
P. luteola
a
b

B1a
B2
B3
B16
B19
B20
B4
B5
B6
B7
B8
B9
B10
B11
B12
B15
B18
B13
B14
B17

0
0.02±0.0
0.0
0.0
0.0
0.0
0.01±0.0
0.0
0.02±0.0
0.0
0.0
0.01±0.0
0.0
0.0
0.01±0.0
0.01±0.0
0.0
0.0
0.01±0.0
0.0
0.0

96 h
0.18±0.0
0.05±0.0
0.10±0.0
0.07±0.0
0.07±0.0
0.13±0.0
0.08±0.0
0.15±0.0
0.07±0.0
0.05±0.0
0.12±0.0
0.06±0.0
0.12±0.0
0.14±0.0
0.12±0.0
0.08±0.0
0.06±0.0
0.09±0.0
0.08±0.0
0.06±0.0

It exhibited maximum growth in MSM medium with 2,4-D herbicide at different time intervals.
Values are the means ± SD of triplicate measurements.

containing MSM medium, the others (B2 and B7) showed
low growth (0.04-0.05 OD) at this concentration when
compared with each other. Later, according to results in
Table 1, out of the 20 strains screened, only one strain
(B1) exhibited the highest substantial growth in the presence of 2,4-D herbicide as a sole carbon source. In the
presence of 2,4-D, the maximum cell density for this strain
(B1) reached firstly 0.19 OD within 24 h. The maximum
cell densities steadied 0.19 OD when B1 grew in MSM
medium 48 and 72 h of incubation, respectively. Moreover,
the cell density for B1 declined in MSM within 96 h. In
view of these studies, it is evident that this strain showed
both high resistance to 2,4-D and rapid growth rates in
MSM medium at different time intervals as described
above. HPLC assays performed in order to develop the
ability of the selected strain (B1) to remove 2,4- D herbicide
from MSM medium. In the chromatograms, two peaks
were present. One of the peaks is described as 2,4-D standard. The other peak is the sample. The data did not indicate
any detectable spectral distortions or peak shifts. The
chromatograms were free of transiet peaks. Chromatograms
showed a marked decrease in the main peak. The concentration of 2,4-D did not significantly change at different time
intervals. Different degradation rates were found in shake
flasks containing 2,4-D. The HPLC data analysis revealed
respectively 24, 31, 32, 33 % degradation of 2,4-D [0.2%
(v/v)] in the MSM medium inoculated with the pure cultures of B1 strain in 24, 48, 72 and 96 h of incubation at
37°C. 2,4-D was observed to be quickly degraded in
MSM medium containing 2,4-D degrader (B1). The degradation rates increased with the increase in different incubation times (24, 48, 72 and 96 h) of 2,4-D herbicide
and maximum degradation rate was observed at 96 h of
incubation. 2,4-D in MSM medium was not completely

degraded by the strain (B1) and no intermediate products
were detected by high-performance liquid chromatography (Fig 3). HPLC and spectrophotometric measures of
the characterized 2,4-D degrader (P. aeruginosa B1)
showed that it had ability to degrade 0.2% (v/v) of 2,4-D in
96 h when incubated at 37 °C. Results of both analyses
(UV and HPLC) did not completely confirm each other.
The cell growth and 2,4-D degradation curves obtained
in MSM medium at different time intervals of P. aeruginosa B1 strain are shown in Fig. 4. The strain B1 was
able to utilize 2,4-D as a carbon source, producing a significant biomass in 2,4-D MSM.
4. DISCUSSION AND CONCLUSION
Large amounts of man-made chlorinated organic
chemicals have been used in agriculture as herbicides and
pesticides. Among these, 2,4-D have received widespread
use as a herbicide for more than 40 years. Unlike many of
the synthetic compounds released into the environment,
2,4-D is rapidly mineralized by soil bacteria. Organisms
that have been reported to be capable of degrading 2,4-D
belong to a number of genera, including Achromobacter,
Alcaligenes, Arthrobacter, Corynebacterium, Flavobacterium, Pseudomonas and Streptomyces [17]. The ability of
a microorganism to tolerate high contaminant concentrations would be a distinct advantage for bioremediation of
highly contaminated media [18]. The results of the present
studies reported here demonstrated differences among
Pseudomonas spp. strains in terms of sensitivity to 2,4-D.
These differences could be desirable characteristics for bioremediation applications. Hence, all the bacterial strains
were tested for their susceptibility against 2,4-D herbicide
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FIGURE 3 - HPLC chromatograms (A through D) of spent culture media at different (24, 48, 72 and 96 h ) time intervals of incubation. The
entire time course of the growth of this culture is depicted in Table 1. The retention times of 2,4-D is 4.56 (mAU: milli absorbance units).

FIGURE 4 - 2,4-D degradation and growth curve during degradation of 2,4-D by
P. aeruginosa B1 strain. Each point is the mean two replicate MSM medium. OD (optical density).

at different concentrations (50-1000 ppm). The natural
populations of bacteria have in other studies been shown to
be unaffected by concentrations of 2,4-D in the 50-500 ppm
range as measured by plating on a general agar medium
[19]. Here it is reported that the various concentrations
(50-1000 ppm) of 2,4-D enabled the growth of these strains.
Also, it was determined that P. aeruginosa B1 strain at all
concentrations (50-1000 ppm) of 2,4-D demonstrated the
most rapid growth rate, compared with the other Pseudo-

monas spp. strains. Namely, it significantly tolerated to
2,4-D herbicide. In this respect, P. aeruginosa B1 strain
could be considered highly beneficial for application in
bioremediation of 2,4-D herbicide pollutants. The findings of this study are quite similar to those reported by
Khalil [20] who investigated sensitivity to fungicide mancothane (0, 0.1, 1, 10, 100 and 1000 mg mancothane ml-1)
of Alternia solani isolates. Reported tolerances of A.
solani varied depending on mancothane and some A.
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solani isolates tolerated even up to 1000 mg mancothane
ml-1. Lamar et al. [18] studied sensitivity to pentachlorophenol (5-25 ppm) of Phanerochaete spp. They reported that Phanerochaete spp. demonstrated the presence of great variability in growth rates of 2% malt agar
and also observed that these isolates were very sensitive to
25 ppm PCP and even growth of several species was
prevented by the presence of 5 ppm PCP. Shafiani and
Malik [21] tested tolerance of some pesticide (endosulfan, carbofuran and ma-lathion) by 64 bacterial isolates
(40 Pseudomonas spp., 12 Azotobacter and 12 Rhizobium
spp.) from wastewater-irrigated soil. They indicated that
12.5% of the Pseudo-monas isolates tolerated concentrations of 1600 µg malathion ml-1 whereas 7.5% of isolates tolerated the same concentration of carbofuran, but
the same isolates demon-strated a tolerance limit to endosulfan at a concentration of 800 µg/ml. In the same
study, Azotobacter and Rhi-zobium spp. were able to tolerate concentrations of pesticides up to 1600 µg/ml.
Also, all the herbicide tolerant isolates were tested for
their ability to degrade. The optimum concentration of 2,4-D
for further bacterial growth and degradation assays in MSM
medium was determined by the above-mentioned sensitivity test. Several authors have reported inhibitory effects of
certain pesticides on soil bacteria, depending on the concentrations used [21, 22-24]. Therefore, we determined the
lowest 2,4-D concentration (50 ppm) for their ability to
intensively grow. Disadvantage of bioremediation is longer
treatment time compared to alternative treatment technologies. Therefore, microorganisms used in bioremediation
must possess rapid growth rates and the environmental conditions for the optimum growth and activity of these organisms must be identified to ensure expeditious production of microbial biomass [18]. The data collected through
this study showed that Pseudomonas spp. strains in MSM
medium with 2,4-D demonstrated different growth levels
(rapid and slow) at different time intervals (24, 48, 72 and
96 h). Goyne et al. [25] also reported that degradation rates
might have been affected by factors such as the growth
rates of 2,4-D degrading microorga-nisms, and/or specific
enzyme affinity for the substrate. In general, the growth in
the presence of 2,4-D revealed that the adaptation of the
strains to the MSM medium was very fast, with no lag
phase. Furthermore, the curves also indicated fast growing, and therefore a good adaptability of these strains to
MSM media with 2,4-D herbicide, considering that log
phase reached at 48 h and then the growth of the strains
became constant. Growth pattern of the only Pseudomonas isolate (B1) was studied by HPLC because it showed
both high resistance to 2,4-D and rapid growth rates in
MSM medium at different time intervals. Results of both
analyses (UV and HPLC) did not completely confirm each
other. This difference may be attributed in part to UV-absorbing impurities contained in the technical grade 2,4-D.
The degradation quantity was often based on optical density measurements of microbial growth as described here,
which could not be always a valid parameter. Hence, this
study and other recent studies [16, 26-30] also showed that

the extent of the degradation was analyzed by HPLC (HighPressure Liquid Chromatography) or gas chromatograph as
well as UV spectroscopic analysis. Kelly et al. [16] who
analyzed the degradation of 2,4-D by HPLC and UV absorbance (A550). They found that the HPLC data indicated
complete removal of 2,4-D after 5 d of incubation and the
chromatograms were free of transient peaks. Close inverse
correlation between turbidity (A550) and 2,4-D degradation
was observed. Likewise, Oh and Tuovinen [31] reported
that degradation of 2,4-D was verified by HPLC and UV
spectroscopic analysis of the residual 2,4-D concentration
in the test cultures. Cultures that were initially developed
with 2,4-D also grew readily with glucose, but the degradation of 2,4-D was effectively prevented under mixed
substrate conditions. They also in-dicated that major intermediates or metabolites resulting from 2,4-D degradation were not detected with the HPLC methodology except 2,4-dichlorophenol which appeared to accumulate
transiently in the growth medium. The HPLC data analysis in this study revealed respectively 24, 31, 32, 33 %
degradation of 2,4-D [0.2% (v/v)] in the MSM medium
inoculated with the pure cultures of B1 strain in 24, 48, 72
and 96 h of incubation at 37°C. Results of both analyses
(UV and HPLC) did not completely confirm each other.
2,4-D in MSM medium was not completely degraded by the
strain (B1) and no intermediate products were detected by
high-performance liquid chromatography and the results of
this study were supported by both studies reported in the
literature above. Kopytko et al. [32] found that Pseudomonas putida is possibly able to remove more than 90%
of either of Gramoxone (1,1’-dimethyl-4,4’-bi-pyridylium)
(by UV/VIS) or of Matancha (2,4-dichloro-phenoxiacetic
acid) (by HPLC) in 24 h when AC (activated charcoal) is
added to the aqueous solution. Charnay et al. [33] found
that Alcaligenes strain could only mineralize about 50% of
the initial amount of [14C]-2,4-D. Satchanska et al. [34] revealed that Pseudomonas rhodesiae KCM-R5 and Bacillus
subtilis KCM-RG5 are able to utilize o-nitrophenol and
2,4-dichlorophenoxyacetic acid as a sole carbon and energy source. They eliminated between 76 and 83 % of o- NP
and just 1 % and lower of 2,4-D within 96th h and also
reported that the possible reason for the slight 2,4-D removal was the difficulty of chlorine atom removal and consecutive break of the aromatic nucleus. Here it is reported
that the degradation of the 2,4-D reached almost 33% of
the initial amount within 96 th h by the strain B1. The
amount of degradation was lower in the study of Satchanska et al. [34] while it was higher in the study of Charnay
et al. [33] and Kopytko et al. [32] than it is in this study.
The strain showed significant degradation of 2,4-D on the
MSM medium. Hence, this culture can be used for cleanup
of 2,4-D herbicide under optimal growth conditions. Similar
studies were also carried out by several researchers. Musarrat et al. [28] reported that Pseudomonas aeruginosa (NJ
10 and NJ 15) capable of degrading the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) exhibited substantial
growth in mineral salt medium supplemented with 0.1–0.5%
of 2,4-D as a sole source of carbon and energy. The HPLC
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data analysis revealed 96.6 and 99.8% degradation in the
soil inoculated with the pure cultures of isolates NJ 10 and
NJ 15, respectively within 20 d of incubation at 30 °C.
Khalil [17] indicated that one of the 7 isolates was found to
degrade 2,4-D entirely in 45 h and it was the most potent
isolate. It grew and degraded 500 ppm of 2,4-D optimally
at pH 6.5 and 30ºC. But, the results of this study are not in
agreement with those of Musarrat et al. [28] and Khalil
[17].
In conclusion, the present study showed that Pseudomonas spp. strains were able to grow in the presence of
2,4-D herbicide. This property of 2,4-D herbicide tolerance in these bacteria may be important in the decontamination of agricultural fields polluted by the 2,4-D herbicide. However, the results of this study suggest a potential
strain (P. aeruginosa B1) for future use in bioremediation
suitable for various industrial and environmental applications. Very little comparative information on 2,4-D herbicide degradation is available, especially in case of practical applications, indicating the need for further research in
Turkey.

This work was supported by FEF Gazi University
BAB project no: 05/2006-18.
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ABSTRACT
The aim of this study was to investigate the protective
effect of Calendula officinalis L. (CO) on rats exposed to
cigarette smoke (CS). For this purpose twenty one albino
male Sprague Dawley rats were randomly divided into
three groups as control, CS and CS+CO. The rats of the CS
and CS+CO groups were subjected to CS during 1 h twice
a day for 23 days. CO (100 mg/kg body weight) was
given to the rats of the CS+CO group by oral gavage one
hour before each administration period. Protective effect
of CO was detected by comparing some serum biochemical parameters and mean body weight changes of groups.
While aspartate aminotransferase (AST), lactate dehydrogenase (LDH) and creatine phosphokinase (CK) levels of
CS group increased, amylase and lipase decreased significantly compared to control. AST, LDH and CK levels reversed to nearly their control group values by CO supplementation. There was a significant reduction in the HDL
level of the CS group compared to control. But its level
increased markedly in the CS+CO group. With regard to
calcium, its amount escalated significantly in the CS and
CS+CO groups compared with control. Administration of
CO caused an amendment in the body weight loss. In conclusion, this study revealed that CO could relatively combat the hazardous effects of CS and thus may help to
reduce development risk of some disorders related to CS.

KEYWORDS: Cigarette smoke, body weight, biochemical constituents, Calendula officinalis L.

Assessment of organ specific enzymes in serum may
play a key role in the diagnosis and monitoring of some
disorders such as hepatic, renal and cardiovascular diseases
[6]. Besides CS oxidizes lipids, disrupts cell membranes,
changes lipoproteins, and impairs DNA [6-10]. Another
harmful effect of CS is observed in body weight. Some
investigations demonstrated an opposite relevance between
smoking and body weight [11-15].
When investigating the effect of passive smoking in
humans, the amount of dose is important in terms of accuracy of results [16]. For this reason, the results of controlled
animal experiments related to this subject can offer us more
clear information. For a more healthy life, some studies have
been focused on protection of humans against risk factors by
means of dietary meddling, chemopreventive drugs and conventional medicinal plants [6,17]. In this respect we decided to determine the protective influence of CO against
passive CS exposure by evaluating body weight status and
some biochemical parameters for the first time.
Calendula officinalis L. (Asteraceae) is an annual plant
grows in Mediterranean region. It’s known as pot marigold
and has been widely used for reducing inflammation and
antiseptic, wound-healing purposes [18,19]. Apart from
that CO has been reported to possess a number of beneficial properties such as free radical scavenging and antioxidant activity [20,21].
The object of this investigation is to clarify the deleterious effects of CS on some biochemical parameters and
body weight of albino rats and study out the positive act
of CO flower extract in mitigation of these effects for the
first time.

1. INTRODUCTION
Cigarette smoke (CS) is a major risk factor for many
diseases. The toxicity of CS is mainly due to nicotine, cadmium, benzopyrene, oxidants, and excitants of reactive oxygen species (ROS) that stimulate oxidative damage [1-5].
* Corresponding author

2. MATERIALS AND METHODS
2.1. Plant material and extraction

Calendula officinalis L. samples were obtained from
herbal store in Sanliurfa, Turkey. The plant sample was
authenticated by Esat Çetin, PhD. The extraction protocol
was performed according to a modified method of Chandran
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and Kuttan [22]. Flowers of CO (400 g) were air-dried at
room temperature and powdered coarsely. It was extracted
with 350 ml ethyl alcohol at 25 °C for 5 days after maceration in the 225 ml distilled water. It was placed in a dark
chamber at room temperature and shaken every day. Afterwards the blend filtered and stored in deep freeze for
24 h. The CO extract was concentrated under reduced pressure and lyophilized (Tel Star Cryodos) to get the dry residue. Finally extract was mixed with distilled water before
administration. The concentration of CO dose (100 mg/kg
body weight) used in this trial was adjusted according to
the study reported by Chandran and Kuttan [22].
2.2. Experimental animals

Experiments were performed on 21 Sprague-Dawley
male albino rats (250±20 g) that were housed in plastic
cages (7 rats per cage) in a temperature-controlled room
(22 °C) and food and water were given to the rats ad
libitum. The 12-h light/dark cycle was from 7 am to 7 pm.
2.3. Experimental protocol

The animals were divided into three groups, each composed of seven animals 1. Control group: inhaled fresh air
and received 1 ml physiological saline (0.9 % NaCl) by
intragastric administration during 23 days before sacrificing process. 2. CS group: exposed to CS during 1 h twice
a day and received 1 ml physiological saline by intragastric
administration for 23 days. 3. CS+CO group: exposed to CS
during 1 h twice a day and received 1 ml CO (100 mg/kg
bw) by intragastric administration during trial period. The
body weight (bw) of the rats was measured and noted
down at the initiation and end of the trial. All animals received humane care in compliance with the European Community Guidelines on the care and use of laboratory animals.
Rats were exposed to CS in a 44x44x100 glass box
which was used for passive smoke exposure. A rubber tube,
with one tip connected to blower, was placed into the box.
Two lit cigarettes were mounted to the tip of tube in box
and they were pumped by the blower during 60 min twice
a day. There was a hole for air evacuation in the opposite
wall of glass box. Moreover, fresh air was circulated regularly into the box from a further gap. Commercial filtertipped cigarettes were used in current study. Food was not
given to rats during the inhalation in box.

2.4. Analysis of Biochemical Parameters

At the end of the treatments, rats were anesthetized
with ketamine (100 mg/kg ip) [23]. Blood samples were
taken from these animals into tubes by injectors from the
heart under light anesthesia. Afterwards rats were euthanized by CO2 inhalation. The serum samples were obtained by centrifuging blood samples at 3000 rpm for 15
min at 4 °C. Biochemical parameters including aspartate
amino-transferase (AST) (EC 2.6.1.1), alanin aminotransferase (ALT) (E.C 2.6.1.2), lactate dehydrogenase (LDH) (EC 1.1.1.27), lipase (EC 3.1.1.3), creatine
phosphokinase (CK, CK-MB) (EC 2.7.3.2), alkaline phosphatase (ALP) (EC 3.1.3.1), gamma glutamyl transferase
(GGT) (EC 2.3.2.2), amylase (AMY) (EC 3.2.1.1), urea,
creatinine, uric acid, total protein, albumin, triglyceride,
cholesterol, high density lipoprotein (HDL), total bilirubin,
direct bilirubin, glu-cose, calcium (Ca), rheumatoid factorII (RF-II), C-reactive protein (CRP), iron, unsaturated
iron binding capacity (UIBC), antistreptolysin O
(ASO) were analyzed by an autoanalyser (Roche, Cobas
Integra 400 plus) using the kits.
2.5. Statistical analysis

The statistical analyses were realized using one-way
analysis of variance-ANOVA test. Minitab 13 for windows
package program was used. The level of statistical significance was set at p< 0.05. Results were presented as means
± standard deviation (SD) (n =7).
3. RESULTS
The detrimental effect of passive CS exposure and protective influence of CO supplementation against this exposure were observed via recording the changes of body weight
and measuring biochemical constituents in the serum samples obtained from control and treated rats.
3.1. Effect on serum enzymes

As shown in Table 1, while AST, LDH and CK levels
of CS group increased, amylase and lipase decreased significantly compared to control. Lipase had a significant decline even after CO supplementation. AST, LDH and CK
levels reversed to nearly their control group values by CO
supplementation.

TABLE 1 - Protective effect of Calendula officinalis L. on serum enzymes of cigarette smoke exposed rats (Mean ± SD).
Parameters
Control
CS
AST U/L
142.33±18.24
172.40±16.76 a
ALT U/L
57.67±14.29
59.20±11.12
ALP U/L
203.00±25.16
210.00±20.00
LDH U/L
1141.67±79.30
1486.80±91.93 a
GGT U/L
1.03±0.23
1.06±0.25
CK U/L
601.00±69.43
774.40±94.07 a
CK-MB U/L
493.00±151.97
517.20±90.99
AMYLASE U/L
1849.83±129.03
1675.00±78.17 a
LIPASE U/L
4.75±0.36
4.12±0.52 a
Values are given as the means±SD. aControl versus treated p< 0.05 level. bCS versus treated p< 0.05 level.
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CS+CO
152.20±6.69 b
58.20±6.30
209.20±20.09
1309.00±88.91 a.b
1.20±0.27
614.60±61.16 b
437.40±121.28
1833.00±167.25
4.26±0.342 a
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TABLE 2 - Protective effect of Calendula officinalis L. on serum renal function markers and lipid profile of cigarette smoke exposed rats
(Mean ± SD).
Parameters
Control
CS
Urea mg/dl
47.50±4.04
46.00±6.20
Creatinine mg/dl
0.32±0.05
0.34±0.03
Uric acid mg/dl
1.55±0.26
1.66±0.28
T. protein mg/dl
7.58±0.78
7.70±0.51
Albumin g/dl
3.63±0.16
3.64±0.35
Triglyceride mg/dl
88.83±9.91
93.20±15.96
Cholesterol mg/dl
65.67±9.31
70.60±4.88
HDL mg/dl
21.50±2.17
16.00±3.46 a
Values are given as the means±SD. aControl versus treated p< 0.05 level. bCS versus treated p< 0.05 level.

CS+CO
45.00±6.36
0.34±0.03
1.60±0.33
7.60±0.49
3.54±0.42
85.20±10.43
66.00±11.29
20.60±2.41 b

TABLE 3 - Protective effect of Calendula officinalis L. on some biochemical parameters of cigarette smoke exposed rats (Mean ± SD).
Parameters
Control
T. bilirubin mg/dl
0.055±0.012
D. bilirubin mg/dl
0.032±0.008
Glucose mg/dl
188.83±15.12
Ca (mg/dl)
10.37±1.54
RF-II (IU/ml)
10.58±2.01
CRP (mg/l)
0.14±0.02
Iron (µg/dl)
159.33±18.36
UIBC (µg/dl)
516.50±78.48
ASO (IU/ml)
9.00±1.10
Values are given as the means±SD. a Control versus treated p< 0.05 level

CS
0.056±0.011
0.026±0.005
180.00±11.62
12.10±0.70a
12.00±1.90
0.15±0.03
163.40±9.07
562.20±134.22
10.50±3.04

CS+CO
0.056±0.009
0.032±0.004
185.80±17.54
12.32±0.76 a
10.84±1.59
0.14±0.02
157.00±10.56
559.60±106.94
10.60±1.95

3.2. Effect on serum renal function markers and lipid profile

3.3. Effect on other biochemical parameters

There was no significant difference in the levels of
urea, creatinine, uric acid, total protein, albumin, triglyceride and cholesterol between control and treatment groups.
While passive CS exposure led to significant decrease of
HDL in comparison with control, its level was markedly
increased in CS + CO group (Table 2).

Ca amount increased markedly both in CS and CS+CO
groups compared with control (Table 3).
3.4. Effect on body weight

While mean body weight of control group rats increased significantly in control group at the end of the
experiment compared with the beginning, it decreased in
CS group and did not change in CS+CO group (Figure 1).

FIGURE 1 - The changes of body weight in groups (arithmetic mean ± SD; standard deviation). Values are given as the means±SD. * “Beginning of the experiment” versus “end of the experiment” in control and CS groups p< 0.05 level.
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4. DISCUSSION AND CONCLUSION
In the current study, we determined the alterations in
the level of serum enzymes, renal function markers, lipid
profile and also other biochemical parameters after passive CS exposure. In addition the mean body weight
changes of control and treated groups were established. To
the best of our knowledge ameliorative effect of CO against
CS exposure by means of evaluating biochemical parameters and body weight alterations has been assessed in
current study for the first time.
Enzymes as macromolecules leak from the injured
tissues into the body fluids. Thus measurement of these
molecules in serum has been found to be precious in the
evaluation of related tissue damage. Hereof, serum enzymes are used as confidential markers in the identification
of organ specific diseases [24]. In our study, while activities of AST, LDH and CK escalated, amylase and lipase
activities inhibited markedly with CS exposure. Lipase had
a significant decline even after CO supplementation. Activities of AST, LDH and CK significantly dropped in
CS+CO group compared to CS group. Escalation of hepatic marker enzymes AST [25-28] and LDH [28] might
be due to liver damage by CS exposure. Increased activity of CK may be associated with deterioration of cardiac
[29, 30] and other muscle tissues in rats exposed to CS.
Lipoprotein lipase activity which is responsible for triglyceride hydrolysis might have been diminished by the presence of carbonmonoxide in CS [10, 31]. In this trial CO
might have regulated the activities of foregoing serum enzymes by reinforcing the cell membranes of tissues that
may suffer from CS. Meanwhile Dontenwill et al. [32]
reported that long-term exposure to CS did not impress the
activities of serum enzymes.

rats in CS group might have reduced as a result of depletion in food intake due to CS exposure [35,36]. In our
study supplementation of CO caused an amendment in the
body weight loss.
In conclusion, assessment of some biochemical constituents and body weight alterations possess key role to
detect physiological changes and general health status of
rats exposed to CS. Our results suggest that CO could
relatively combat the hazardous effects of CS and thus may
help to reduce development risk of some disorders related
to passive cigarette smoke.
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With regard to lipid profile, while the cardio-protective
HDL significantly reduced in CS group compared to control, it markedly increased in CS+CO group. There was no
significant difference between groups in terms of triglyceride and cholesterol. Low level of HDL in CS group obtained from this study is compatible with data of some previous investigations suggesting that CS could oxidize lipids, change lipoproteins [6-10] and thus diminish HDL
level. CO may have supplied relative protection against these
detrimental effects of CS owing to its antioxidant features
[20,21].
As shown in Table 3, Ca amount elevated crucially
both in CS and CS+CO groups comparing to control. CS
might have induced production and release of parathyroid
hormone that is responsible for increase of serum calcium
level [33,34].
While mean body weight of rats increased significantly in control group at the end of the experiment compared with the beginning, it decreased in CS group and
did not change in CS+CO group. Accordingly it can be
said that there is negative correlation between passive CS
exposure and body weight. These results are in accordance with some previous studies [11-15]. Body weight of
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ABSTRACT
It is well-known that environmental factors cause some
changes in metabolisms of all living organisms. Such
metabolic changes may take place in genetic structure,
antioxidant mechanism, certain enzyme activities etc. The
aim of this study was to assess the effects of increasing
stock density on the activity of carbonic anhydrase (CA)
enzyme in liver, muscle, gill and kidney tissues, and CYP
450 1A gene expression in muscle tissue of rainbow trout.
For this purpose, we prepared four groups of trout:
the control group (15 kg/m3) and three experimental groups
of 20, 25, 30 kg/m3. CA activities were determined from
tissue homogenates. Interestingly, an increase was observed
in gill CA activity. The studies, particularly those on gill
CA activity, showed that there could be an important correlation between CA activity and stocking density, and oxygen consumption of rainbow trout. The results about CYP
450 1A gene expression demonstrated that expression of
the gene significantly increases with stocking density.

KEYWORDS: Stocking density; gene expression; multiplex real
time PCR; cytochrome P450; carbonic anhydrase; rainbow trout.

1. INTRODUCTION
Recently, public, governmental and commercial interest in the welfare of intensively farmed fish has witnessed a
global increase. Stocking density has been emphasized as
an area of particular concern since the effects of stocking
density are known to be complex and appeared to comprise
of numerous interacting and case-specific factors [1]. Studies on these factors are important to improve the welfare
* Corresponding author

of intensively farmed fish. It is known that stocking density, diet, feeding techniques, and management procedures
may influence on fish welfare. In general, stocking density
can be defined as the weight of fish per unit volume [1,
2]. Therefore, stocking density is crucial in the welfare of
farmed fish including rainbow trout. It could be argued that
rainbow trout is the most-cultured fish species in aquaculture industry around the world. Therefore, there are many
studies showing the effects of stocking density on production and physiological parameters of some aquacultures
including rainbow trout. For instance, Montero and colleagues [3] investigated the effect of high stocking density
on one of the most important marine fish species for Mediterranean aquaculture: gilthead seabream (Sparus aurata).
They found that stocking density affected growth, biochemical composition, immune status and hematology. In
addition, North et al. [4] examined the impact of stocking
density on the welfare of rainbow trout. They stocked juvenile rainbow trout in triplicate in 1.82 m3 flow-through
tanks at densities of 10, 40, and 80 kg m-3 over a 9-month
period, and they demonstrated that stocking density did
not significantly affect growth or mortality, but it had a
significant effect on fin condition. Besides, there are some
studies associated with effects of stocking density on fish
growth and survival [5-7]. Furthermore, some other articles reported that on certain alterations of fish behavior,
metabolism etc., in relation to high stocking density [8,
9]. As mentioned above, environmental conditions including stocking density have influence on genetic, some stress
factors, enzyme activities and oxygen consumption etc. of
living beings including fish metabolism. Particularly, some
factors ranging from metal toxicity to density are important
as a target in critical functions of living metabolism [5-7,
10-14]. Among these factors, stocking density is wellknown as a biological stress factor in aquaculture. Such
biological stress directly or indirectly influences metabolic
molecules, such as DNA, RNA, and a variety of proteins
and enzymes including cytochrome P450 and carbonic
anhydrase.
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Cytochromes P450 (CYPs), heme-thiolate protein family, play important roles in oxidative metabolism of endogenous and exogenous compounds. CYPs have been
described in both eukaryotic and prokaryotic organisms,
such as vertebrate and invertebrate animals, plants, fungi,
yeasts and bacteria. It is known that CYPs have 74 gene
families [15]. A CYP gene family known in fish metabolism
includes CYP1A, CYP1B, CYP1C, and CYP1D. CYP1A
monooxygenase constitutes a ubiquitous family of proteins
that plays a critical role in the xenobiotic metabolism. This
metabolism can lead to detoxification or activation of reactive intermediates [16]. There are few studies about the
effects of rearing density on the expression of stress-related
genes including CYP4501A and HSP70 in fish metabolism [17, 18].
In the present study, we also described that stocking
density was not effective only on CYP 450 1A but also on
carbonic anhydrase (CA) activity, a vital enzyme in respiration. However, our literature review did not yield any
studies about the effect of stocking density on CA enzyme
activity in the muscle, gill, liver and kidney of rainbow
trout. Nevertheless, we described that there is a close relationship between stocking density, oxygen consumption and
CA enzyme activity. The most interesting result obtained
concerns gill CA activity. It is well-known that carbonic anhydrase is expressed in almost all tissues of rainbow trout
and other organisms. The enzyme is basic for respiration and
transformation mechanism of CO2 to HCO3- for all living
beings. So the enzyme is known to be a target for many
environmental factors, such as those mentioned above. In
view of this fact, CA enzyme has been increasingly studied in various sources by scientists around the world. Our
laboratory is also specialized in this subject [19-22].
Consequently, this study focused on determining the
effects of stocking density on CYP 450 1A gene expression in muscle and CA activity in the muscle, gill, liver
and kidney of rainbow trout. Furthermore, the present
study revealed a close relationship between stocking density, oxygen consumption and CA enzyme activity.
2. MATERIALS AND METHODS

day with a commercial pelleted trout feed (at 1% body
weight). Trout feed was purchased from Pınar Yem Company, İzmir-Turkey. Fish were fed a commercial pellet
diet with 49.4% protein, 18.2% fat, 94.3% dry matter, and
9.8% ash at a daily ration of 1% of their wet body mass
during the study. Feed was given by hand. Fish treatments
were conducted according to Applied Research Ethics
National Association (ARENA, 2002).
Prior to the experiment, fish of each group were kept
in 1x1.2 m (diameter-deep) fiber-glass tanks for one month.
The average water temperature was 10±2 °C during the experiment. Aeration was provided along the experiments.
The water quality parameters were measured to be O2 =
8.6 ppm, pH = 7.7, SO4-2 = 0.33 mg/L, PO4-3 = trace, NO3= 3.45 mg/L, NO2- = trace, and conductivity = 230 µs/cm.
Throughout the experiments, one tank was used as control
(15 kg/m3) while the other three experimental groups were
20, 25, 30 kg/m3. After 2 months, three animals from each
group were randomly sampled, immediately stunned and
sacrificed. Tissue samples were transferred into liquid nitrogen and stored at -80 0C until analysis.
2.3. Enzyme Assay
2.3.1. Homogenate Preparation

The samples of muscle, gill, liver and kidney were
washed three times with 0.9 % NaCl. Cells were lysed by
immersion in liquid nitrogen (approximately -163 oC).
The lysed sample was transferred to the buffer solution
(25 mM Tris-HCl / 0.1 M Na2SO4, pH 8.7) and centrifuged
at 4 oC and 20000 x g for 30 min. The supernatant was
centrifuged again and the second supernatant was taken. In
order to remove lipids from the tissues, CCl4 was applied
and the solution was centrifuged at 4 oC and 1500 x g for
5 min. Supernatant was used in subsequent studies [23].
2.3.2. Hydratase Activity Assay

Carbonic anhydrase activity was assayed by following
the hydration of CO2 according to the method described by
Wilbur and Anderson [23]. CO2– hydratase activity (enzyme
units (EU)) was calculated by using the equation t0-tc/tc
where t0 and tc are the times for pH change of the nonenzymatic and the enzymatic reactions, respectively.
2.4. Real-Time PCR Assay
2.4.1. RNA isolation and cDNA Synthesis

2.1. Materials

TRIzol reagent for total RNA isolation and ThermoScript™ RT-PCR System for First-Strand cDNA Synthesis were purchased from Invitrogene Co. FastStart
TaqMan Probe Master using real time applications was
purchased from Applied Biosystems. Chemicals used for
enzyme activity experiments were purchased from SigmaAldrich or Merck. All other chemicals were of analytical
grade and obtained from either Sigma-Aldrich or Merck.
2.2. Fish Husbandry and Experimental Design

Rainbow trouts were obtained from the Fisheries Department of the Agricultural Faculty at Atatürk University
in Erzurum and weighed 130±20 g. They were fed twice a

Total RNA was isolated from frozen muscle tissues using TRIzol reagent. RNA was treated with DNase in order
to avoid genomic contamination. RNA concentrations and
quality were verified by means of a Nanodrop spectrophotometer and gel electrophoresis, respectively. After isolation, cDNA synthesis was performed using the ThermoScript™ RT-PCR System for First-Strand cDNA Synthesis Kit according to the manufacturer's protocol. All
cDNA samples were stored at − 20 °C until use.
2.4.2. Primer and TaqMan Probe Design

Primers and TaqMan probes were designed in Primer3
software (v. 0.4.0) (http://frodo.wi.mit.edu/) using rainbow
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TABLE 1 - Primers and probes set.
Amplification
length

Genes

Sequences (5′- 3′)

CYP 1A Forward

AGTGATGAGTTTGGGCAGGT

CYP 1A Reverse

TCACGGATGTTGTCCTTGTC

CYP 1A TaqMan Prob

FAM

GAPDH Forward

ATCAAAGGGGCTGTCAAGAA

GAPDH Reverse

AGGAGTGGGTGTCTCCAATG

GAPDH TaqMan Prob

Cy5

179 bp

- TCGTTACCTGCCCAACCGCAC -TAMRA
106 bp

- CGCCGAAGGACCCATGAAGG -BQ2

trout CYP-1A (GenBank accession no. AF015660) and
GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
(GenBank accession no. NM_001124246) sequences and
BLASTed to ensure correct mRNA sequences. GAPDH
was used as the housekeeping gene. In order to perform
multiplex real time PCR, TaqMan probe of the housekeeping gene was conjugated with Cy5/Blackhole Quencher 2,
the fluorophore and quencher molecules, whereas the probe
for target gene was conjugated with FAM/TAMRA. The
primer and probe sequences are provided in Table 1.
2.4.3. Multiplex Real-Time PCR

Quantification of gene expression by real-time PCR
analysis was performed using a thermal cycler Stratagene
MxPro3000. The PCR was carried out in a reaction volume of 50 µl containing template DNA, 900 nM of both
target and reference forward and reverse primers, 250 nM
both target and reference TaqMan probes, and 25 µl
FastStart TaqMan Probe Master (Applied Biosystems)
which consists of AmpliTaq Gold DNA Polymerase,
AmpErase uracil N-glycosylase (UNG), dNTP with
dUTP, and optimized buffer component. Amplification
and detection of samples and standards were performed
using the following thermal cycling conditions: 50 °C for
2 min for activation of optical AmpErase UNG enzyme, 95
°C for 10 min as hot start to activate AmpliTaq Gold
DNA polymerase, followed by 45 cycles of denaturation
at 95 °C for 15 s, and annealing and extension at 60 °C
for 1 min. Real-time PCR data were analysed using the
efficiency (e)(−ΔΔCt) method [24], which is used to determine mean-fold changes in gene expression against control
group and housekeeping gene GAPDH. Analytical sensitivity was confirmed by running standard curves. Amplification efficiency (e) was calculated based on the slopes
of the curves (slope) using the formula e = 10 (-1/slope) [24],
and the slope value via Stratagene MxPro3000 software.
2.5. Statistical Analyses

The statistical analysis was performed using SPSS
(version 17.0) software. Data were presented as means ±
standard error of the mean (SEM), and analyzed by oneway ANOVA. The significant means were compared by
Duncan’s multiple range tests at p<0.05 level (n = 3).

3. RESULTS
In the present study, muscle, liver and kidney tissues
of rainbow trout were homogenized in stocking densities
of 20, 25, 30 kg/m3, and 15 kg/m3 density was selected as
the control group. CA activity was observed decreasing in
the muscle, liver and kidney of rainbow trout (Fig. 1).
While the difference between the decrease in CA activity
of the control group and that of the 20 kg/m3 group was
statistically insignificant, that between others was significant (p<0.05). A significant decrease in muscle and kidney CA activities was observed in all groups (p<0.05).
Interestingly, an increase was seen in gill CA activity
(Fig. 1). While this increase was not significant between
control and 20 kg/m3 group, it was significant between the
other groups. We also determined the effects of stocking
density on expression levels of CYP4501A gene in rainbow
trout muscle using real time PCR. The results demonstrated
that expression of CYP 450 1A gene significantly increased
along with stocking density. CYP 450 1A gene expression
significantly decreased (p<0.01) in the 1st group (20 kg/m3)
(0.99±0.016) when compared to the 2nd group (25 kg/m3)
(6.32±0.23) (Fig. 2). In a much similar way, this gene expression also significantly decreased (p<0.01) in the 1st group
(20 kg/m 3) (0.99±0.016) with regard to the 3rd group
(30 kg/m3) (6.49±0.068) (Fig. 2). However, no statistical
difference was found between the 2nd and 3rd groups. We
also determined the amplification efficiency to be 1.96.
4. DISCUSSION AND CONCLUSIONS
To achieve potential for growth and profit in fish
farms, fish must be provided with optimal environmental
conditions. Any deviation from these conditions can result
in decreased performance, and it will clearly affect the
profitability of aquaculture industry. Because high stocking density can lead to reduced performance due to a number of factors, the effect of stocking density on welfare is
the key factor in fish production. In this context, there are
numerous studies showing that high stocking density has
a wide variety of effects on cultured fish populations,
such as alterations in physiological parameters and poor
feed utilization, results in mortality and poor growth, and
inhibition or activation of some vital enzymes.
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FIGURE 1 - Stock density-dependent alterations in CA activity (A: liver; B: muscle; C: gill; D: kidney) (p<0.05).
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FIGURE 2 - Relative mRNA levels of CYP 1A to GAPDH and
control group (15 kg/m3) in muscle after rear to different stock
density (p<0.05).

It is known that CA enzyme, a Zn-containing metalloenzyme, is found in almost all tissues and plays a crucial role in physiological and pathological processes in the
living metabolism. CA catalyses the reversible hydration
of CO2 to HCO3- and H+ [10]. Carbonic anhydrase is also
important in osmotic pressure and acid-base regulation in
the fish metabolism. Indeed, it is well-known that there is
a close relation between CA enzyme activity and oxygen
consumption. The results of the present study, particularly
those on gill CA activity, revealed the possibility of a
critical correlation between CA activity and stocking density, and oxygen consumption of rainbow trout. This may be
stress-induced and so might be associated with increased
oxygen consumption caused by an attempt to supply the
energy demand under these conditions [25]. The fish gill is
a complex organ, known to be involved in respiratory gas
exchange, ion transport, and acid–base regulation. CA,

abundantly present in gill epithelial cells, is assumed to
play a role in these processes [26]. In contrast to gill, we
observed an inhibitory effect of stock density on liver, muscle and kidney CA enzyme activity. This inhibition effect
increased with stocking density in all other tissues. This
phenomenon could be attributed to the fact that increasing
stock density leads to stress and increased CO2 release,
which inhibits CA activity in liver, muscle and kidney,
while gill combats to compensate dissolved oxygen concentration. Some common strategies and procedures used
in fish farming industry, like variation of stocking density, can be a source of stress for fish. Stocking density is
directly related to animal comfort and fish culture productivity, and can be a determining factor in the economic
return on production. The ideal density is one that does
not cause substantial reduction in growth rates or environmental quality [27]. Specifically, stress is vital for both
welfare and productivity in farmed fish and it has been
linked to reduction in growth, abnormal behavior and immuno-depression [28]. Although we have not found any
study investigating oxygen consumption and CA activity,
there are some studies on stocking density and oxygen
consumption in the literature. For instance, Li et al. [29]
investigated the effects of dissolved oxygen concentration
and stocking density on phenoloxidase, superoxide dismutase, and peroxidase of Chinese shrimp (Fenneropenaeus chinensis). Their results demonstrated that the activities
of these 3 enzymes were significantly affected by dissolved oxygen concentration. While phenoloxidase activity increased with stocking density, it was not affected by
dissolved oxygen concentration. On the contrary, no
changes were produced in superoxide dismutase activity
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as a result of the stocking density treatments; yet, the
activity was found to be affected by different dissolved
oxygen concentrations, such as low, medium and high.
No significant effect was observed in peroxidase activity
for dissolved oxygen concentration or stocking density.
In addition to decreased dissolved oxygen concentration, high stocking densities imply more feed input, more
metabolites produced by the fish, more feed spills. Thus,
more organic matter decomposition will occur. Furthermore, the nutrients that are not digested by the fish are
accumulated in the fish pond [30], and then a part of this
remnant dissolved in water. For so long, dissolved organic
material has been regarded to be of great importance, because of its ability to interact with many xenobiotics [3133]. In the present study, induction of CYP 4501A in rainbow trout parallel to stocking density may be a result of
binding of a foreign compound (xenobiotic) to a cellular
receptor [34,35]. This binding triggers the expression of
the gene coding for CYP 4501A and leads to increase in
mRNA transcription [35, 36]. CYP 4501A is especially
sensitive to induction by a wide-range of organic contaminants, such as petroleum hydrocarbons, dioxins, furans,
organochlorine pesticides etc. [37]. For instance, Binelli
and colleagues [38] studied the effects of several xenobiotics on ethoxyresorufin O-deethylase (EROD), whose
activity is considered to be specifically catalyzed by the
cytochrome P450 1A1 gene product and AChE activities
in Zebra mussel (Dreissena polymorpha). They exposed
the freshwater bivalve Zebra mussel (Dreissena polymorpha) to different pollutants at laboratory conditions. The
pollutants were Arochlor 1260, CB 153 and 126, pp’DDT, chlorpyrifos, and carbaryl. They observed a significant induction of EROD activity when mussels were
exposed to 100 ng/L of PCB mixture of Arochlor 1260
and dioxin-like CB 126, but this congener also showed a
clear competitive inhibition after 48 h of exposure. Furthermore, they determined a significant decrease of basal
EROD activity after only 24 h of exposure after pp’-DDT
application. Additionally, Gornati et al. [18] carried out a
study on the effects of rearing density on expression of
stress-related genes in sea bass (Dicentrarchus labrax L.).
They found that CYP4501A and HSP70 were influenced
only at the higher population density of 100 kg/m3.

density. Besides, they observed a decrease in both haemoconcentration and in alternative complement pathway
(ACP), an important component of the immune system of
fish, and hematocrit; hemoglobin concentration and red
blood cell count were significantly higher in high stocking
density. They found some alterations in liver fatty acid
composition with high stocking density.
Consequently, many environmental conditions influence fish metabolism, including stocking density effect on
genetic, some stress factors, enzyme activities and oxygen
consumption etc. This study focused on determining the
effects of stocking density on CYP 450 1A gene expression
in muscle and carbonic anhydrase activity in the muscle,
gill, liver and kidney of rainbow trout. Besides, the present study found a close relationship between stocking
density, oxygen consumption and CA enzyme activity.

In an interesting study about the effects of population
density on seabass (Dicentrarchus labrax, L.), gene expression showed that population density had an effect at
gene level by repressing or enhancing the expression of
different genes. The study argues that these genes can be
used as rapidly to detect biomarkers [18]. Additionally,
Montero and colleagues [3] investigated the effect of high
stocking density on juveniles of Sparus aurata, and they revealed some information on the alterations in the growth,
biochemical composition, immune status and hematology
of this fish under the conditions used in their study. Their
results revealed that high stocking density produced a
chronic stress situation, plasma cortisol levels in low stocking conditions was four times higher than high stocking
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SEASONALITY AND DISTRIBUTION OF EPILITHIC DIATOMS
IN AN ALKALINE LAKE (LAKE HAZAR, ELAZIG, TURKEY)
Feray Sonmez* and Bulent Sen
Fırat University, Fisheries Faculty, Department of Basic Aquatic Sciences, 23119 Elazig, Turkey

ABSTRACT
In this study, epilithic diatoms and their seasonal variations were determined from 4 stations along the south littoral of an alkaline lake (Lake Hazar) for a 1-year period.
Temperature, pH, electrical conductivity, total hardness,
dissolved oxygen, organic matter, nitrite, nitrate, orthophosphate, total phosphorus, sulphate, silica and chlorophyll a concentrations were measured and analysed. During
the study, a total of 67 diatom taxa belonging to 30 genera
were identified. Navicula spp. (10 taxa) were the most noticeable diatoms in terms of species numbers and numbers
of individuals in the epilithon, followed by Cymbella spp.
(7 taxa), Epithemia spp. (7 taxa) and Gomphonema spp.
(6 taxa) at the stations. The diatoms showed their best
growth in late-spring and summer, and they reached their
highest numbers in summer. The diatoms occurred in low
numbers in the other two seasons. The chemical and physical properties of the lake water were discussed in relation
to seasonal occurrence of the diatoms.

KEYWORDS: Epilithic diatom, seasonal changes, distribution,
alkaline lake, Lake Hazar, Turkey.

1. INTRODUCTION
Algae are the major primary producers in many aquatic
systems and an important food source for other organisms.
They include planktonic and benthic forms. Diatoms have
been especially recognized as useful indicators of environmental conditions. The use of diatoms as water quality indicators has been recognized in a number of articles [1, 2].
Phytoplanktonic and benthic diatoms are analyzed and discussed separately with different relationships between these,
and the environmental variables assumed due to different
ecology [3].
A considerable amount of information has been gathered over the last 20 years on the ecology and distribution
of algae in freshwater ecosystems in Turkey. Most of these
studies were performed on the species composition and
* Corresponding author

biomass of both planktonic and benthic algae occurring
in lakes [4-10]. However, many studies were also performed on algae of running waters in recent years in Turkey [11-16].
Lake Hazar is the second deepest lake after Lake Van
in Turkey, and has a great significance for both recreational and fisheries purposes. The lake is situated in the
east of Turkey, 26 km from the city of Elazig and 1248 m
above sea level. It is located in a tectonic depression of the
Taurus Mountains. Its basin covers an area of 273 km2. The
surface area (20 km long and 4 km wide) and water capacity of the lake are about 80 km2 and 7.5 x109 m3, respectively. It has a maximum depth of 219 m, and the average
depth is determined to be 98 m [17].
Lake Hazar is an alkaline lake and most of the studies
on its limnological properties have been carried out in the
last 20 years, the majority concerned with pollution and
trophic status [18, 19]. The studies related to algae occurring in the lake, and appear to have started with Sen [20]
who reported on the littoral algae. However, seasonal variations of epilithic diatoms in Lake Hazar have been studied
less [17-22], compared to those of other lakes in Turkey
[4-10], and only two of these studies were related to
epilithic diatoms in alkaline lakes [5, 9].
The present study was carried out to determine the
species composition and seasonal variations of epilithic
diatoms in relation to physical and chemical factors in
Lake Hazar, since species composition and the seasonal
variations of benthic forms in freshwaters are known to be
dependent on interactions between both factors.
2. MATERIAL AND METHODS
The map of Lake Hazar and location of the sampling
stations are shown in Fig. 1.
The water temperature, pH and electrical conductivity
of the lake water were measured directly by means of a thermometer and a pH-meter (YSI 63 pH/cond/temp), respectively. Dissolved oxygen, organic matter and total hardness
were determined through titration analysis. Spectrophotometric method was employed for the analysis of sulphate,
silica, nitrite, nitrate, ortho-phosphate, total phosphorus
and chlorophyll a [23].
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FIGURE 1 - The sampling stations and localization of Lake Hazar.

Water samples were collected monthly from the stations using a Nansen water bottle. The epilithic diatoms
were scrapped from stones/gravels into a plastic container.
The relative abundance method [24] was applied for individual numbers of the diatoms and results were expressed
as “% organism’’ since it was hard to identify the live cells
during the counting process.
To prepare permanent diatom slides, subsamples were
taken and acid solution was added to digest the organic
material. These samples were boiled on a hot plate for
15 min to expedite the digestion process, and were subsequently left to cool. Then, samples were neutralized by
rinsing with distilled water and dried on coverslips. Coverslips were glued onto clean glass slides by entellan. Species
were observed through a research microscope (Nikon
Eclipse 80i) and identified according to Krammer & LangeBertalot [25-28]. The relationship between taxon numbers
and the frequency of occurrence of conspicuous species in
Lake Hazar with physical and chemical parameters were
tested with the Spearman`s rank correlation coefficient by
using Minitab Statistical Software Release 10 [29].

3. RESULTS AND DISCUSSION
Seasonal changes in values of physical and chemical
parameters in Lake Hazar are presented in Table 1. Minimum concentration (6.1 mg O2/L) of dissolved oxygen was
recorded in September and maximum value (13.57 mg O2/L)
was registered in January. Maximum water temperature
(31.5 oC) was measured in August, while the minimum
(6.2 oC) was in January. The pH level of Lake Hazar
ranged from 7.42 to 11.85 (generally pH >10) during the
study. Electrical conductivity was measured to be highest
in June-July (132 mV) and minimum value was observed
in February (25 mV). Total hardness changed between
410 and 450 mg CaCO3/L (Table 1).
Minimum and maximum organic matter concentrations
were measured to be 2 and 8 mg O 2/L (mean 3.95 mg
O 2/L). Minimum nitrite concentration (2 µg NO 2-N/L)
was analysed in January/February while maximum level
(6.1 µg NO2-N/L) was recorded in July. The nitrate concentration in the lake ranged from 86 to 346 µg NO3-N/L
(being highest in summer months). Ortho-phosphate con-

TABLE 1 - Variations in values of physical and chemical parameters in Lake Hazar.
Water
temperature
(oC)
January
6.50±0.32
February
7.65±1.26
March
8.65±0.94
April
9.95±0.29
May
15.38±0.48
June
21.75±0.70
July
25.52±0.71
August
30.93±0.68
September 24.95±1.83
October
17.38±1.15
November 16.10±0.56
December 9.25±1.18

pH
10.86±0.89
9.18±1.30
9.07±0.65
9.23±0.10
9.19±0.53
9.78±0.51
9.40±0.22
9.35±0.22
9.36±0.42
9.63±0.22
10.87±0.28
7.97±0.30

Electrical
conductivity
(mV)
28.50±2.52
39.25±12.09
73.50±9.15
127.00±5.48
124.75±6.60
127.75±4.35
124.75±1.71
127.5±2.38
120.00±0.00
116.25±1.70
82.25±13.07
60.5±13.70

Dissolved
oxygen
(mg O2/L)
12.99±0.42
13.16±0.33
12.39±0.61
10.79±0.69
9.39±0.64
8.71±0.40
8.38±0.32
8.08±0.12
7.81±0.33
7.30±0.83
7.83±0.58
9.88±0.70

Total
hardness
(mg CaCO3/L)
420.00±8.16
435.00±12.90
432.50±9.57
437.50±5.00
427.50±9.57
432.50±9.57
435.00±5.77
440.00±8.16
440.00±14.14
428.75±4.79
417.50±2.89
416.25±7.50

Organic
matter
(mg O2/L)
2.75±0.96
3.50±0.58
2.75±0.96
2.50±1.00
3.75±1.50
4.25±0.50
4.50±1.29
5.75±1.50
5.00±2.16
3.88±0.85
4.50±0.58
4.25±0.29

OrthoNitrite
Nitrate
phosphate
(µg NO2-N/L) (µg NO3-N/L)
(µg PO4-P/L)
2.68±0.72
170.25±63.33 21.25±13.15
2.80±0.85
167.00±59.54 21.00±12.78
2.85±0.44
179.75±24.36 19.25±10.59
3.50±0.76
159.50±29.74 21.75±10.24
3.48±1.11
199.25±28.42 25.00±10.00
4.23±1.05
222.00±14.45 26.75±12.20
4.68±1.28
221.00±114.89 25.00±16.71
4.63±0.29
273.5±27.73
25.75±18.31
3.75±0.19
223.00±62.07 26.00±16.25
4.00±0.90
140.75±33.13 38.00±9.93
3.80±0.24
128.50±25.72 36.75±10.44
3.33±0.15
105.50±24.89 22.50±5.00
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Total
phosphorus
(µg P/L)
46.00±17.74
42.50±17.21
41.75±19.12
46.25±25.51
49.75±25.59
53.00±21.56
47.00±22.05
42.50±28.43
44.00±24.54
38.00±18.07
67.50±18.73
64.75±8.77

ChlorophyllSulphate
Silica
a
(mg SO4/L) (mg SiO2/L)
(µg/L)
31.43±6.49 0.60±0.19
0.43±0.05
31.65±4.17 0.58±0.16
0.69±0.41
34.28±1.90 0.74±0.16
0.97±0.58
26.93±1.95 1.30±0.42
2.41±1.35
25.95±5.45 1.72±0.92
5.43±2.73
33.28±3.96 2.01±0.76
7.33±3.25
27.53±3.85 1.50±0.77
6.93±1.07
26.78±3.21 1.09±0.36
5.33±2.05
23.78±0.97 1.04±0.30
4.73±1.14
55.88±5.05 2.90±1.21
3.27±0.72
61.60±1.33 2.49±0.90
2.45±0.83
58.75±1.76 2.47±0.78
1.14±0.36
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TABLE 2 - The mean frequency of occurrence and mean relative abundance of epilithic diatoms in Lake Hazar.
Taxa
Centrales

Mean Relative Abundance (%)

Mean Frequency of Occurrence (%)

2.00
4.05
3.33
2.00

8.30
25.00
29.15
8.30

5.00
10.2
4.75
6.00
3.00
6.13
3.00
5.55
6.65
1.00
12.85
4.33
6.30
8.17
3.10
9.28
11.13
9.45
8.00
1.00
4.50
2.00
3.00
5.57
5.60
6.50
6.50
7.90
5.00
9.00
5.38
5.95
3.00
15.00
4.15
10.00
9.65
8.50
1.00
3.00
1.00
1.00
6.98
1.00
2.50
11.83
8.20
5.77
1.50
1.83
3.25
1.00
12.93
16.83
4.65
5.63
13.43
9.10
1.00
1.50
1.00
4.50
4.00

8.30
22.90
19.43
25.00
8.30
41.67
13.87
37.50
45.83
8.30
25.00
33.33
36.20
33.33
25.00
39.60
31.25
37.50
8.30
8.30
16.70
8.30
16.70
19.43
35.43
12.50
16.70
35.40
41.70
19.47
16.68
29.2
8.30
62.48
16.65
25.00
30.55
8.30
8.30
8.30
8.30
8.30
60.40
12.50
16.65
13.90
54.15
22.23
8.30
11.1
10.40
8.30
47.93
62.50
52.10
30.53
20.83
45.83
8.30
8.30
8.30
8.30
16.65

Aulacoseira ambigua Grunow Simonsen
Cyclotella kützingiana Thwaites
Cyclotella meneghiniana Kützing
Cyclotella ocellata Pantocksek
Pennales
Amphiprora costata Hustedt
Amphora ovalis (Kützing) Kützing
Amphora ovalis var. affinis (Kützing) Van Heurck
Amphora ovalis var. pediculus Kützing
Amphora proteus Gregory
Aneumastus tusculus (Ehrenberg) D.G. Mann & A.J. Stickle
Caloneis bacillaris var. thermalis (Grunow) A. Cleve
Caloneis ventricosa (C.G.)Ehrenberg F. Meister
Cocconeis placentula var. lineata (Ehrenberg) van Heurck
Craticula cuspidata (Kützing) D. G. Mann
Ctenophora pulchella (Kützing) D.M. Williams & Round
Cymatopleura solea (Brébisson) W. Smith
Cymbella affinis Kützing
Cymbella cistula (Hemprich) O.Kirchner
Cymbella cuspidata Kützing
Cymbella cymbiformis C. Agardh
Cymbella leptoceros (Ehrenberg) Kützing
Cymbella parva (W. Smith) Cleve
Cymbella prostrata var. auerswaldii (Rabenhorst) Reimer
Diatoma hyemale var. mesodon (Ehrenberg) Kirchner
Encyonema prostratum (Berkeley) Kützing
Encyonema triangulum (Ehrenberg) Kützing
Epithemia adnata (Kützing) Brébisson
Epithemia adnata var. saxonica (Kützing) R.M. Patrick
Epithemia argus (Ehrenberg) Kützing
Epithemia argus var. longicornis (Ehrenberg) Grunow
Epithemia argus var. protracta A. Mayer
Epithemia sorex Kützing
Epithemia turgida (Ehrenberg) Kützing
Fragilaria capucina subsp. rumpens (Kützing) Lange-Bertalot
Fragilaria capucina var. vaucheriae (Kützing) Lange-Bertalot
Geissleria decussis (Østrup) Lange-Bertalot & Metzeltin
Gomphonema acuminatum Ehrenberg
Gomphonema constrictum var. capitatum Ehrenberg
Gomphonema intricatum Kützing
Gomphonema gracile Ehrenberg
Gomphonema olivaceum (Hornemann) Brébisson
Gomphonema truncatum Ehrenberg
Navicula gotlandica Grunow ex Van Heurck
Navicula protracta (Grunow) Cleve
Navicula pseudotuscula Hustedt
Navicula pupula var. capitata Hustedt
Navicula reinhardtii Grunow
Navicula reinhardtii var. elliptica Herib.
Navicula rostellata Kützing
Navicula salinarum Grunow
Navicula trivialis Lange-Bertalot
Navicula veneta Kützing
Neidium binode (Ehrenberg) Hustedt
Nitzschia linearis (Agardh) W. Smith
Nitzschia sigmoidea (Ehrenberg) W. Smith
Pleurosigma salinarum (Grunow) Grunow
Pseudostaurosira brevistriata (Grunow) D. M. Williams & Round
Rhoicosphenia abbreviata (C. Agardh) Lange-Bertalot
Rhopalodia gibba (Ehrenberg) O. F. Müller
Rhopalodia gibba var. ventricosa (Ehrenberg) Grunow
Staurosira construens Ehrenberg
Staurosirella pinnata (Ehrenberg) D.M. Williams & Round
Surirella moelleriana Grunow
Surirella ovalis var. maxima Grunow
Synedra pulchella var. lacerata Hustedt
Synedra ulna var. amphirhynchus (Ehrenberg) Grunow
Ulnaria acus (Kützing) M. Aboal
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centration was 53 µg PO4-P/L in August, and lowest in
January (10 µg PO 4-P/L). Total phosphorus concentrations changed between 25 (August-September) and 88 µg
PO4-P/L (May). Concentrations of sulphate varied only
slightly throughout the sampling period (63.2 mg SO4/L,
maximum in November and 21.9 mg SO4/L, minimum in
May), respectively. Also silica levels varied slightly in
Lake Hazar (maximum 3.7 mg SiO2/L in October, minimum 0.42 mg SiO2/L in January). The maximum (9.3 µg/L)
and minimum (0.33 µg/L) chlorophyll a values were
measured in June and March, respectively (Table 1).
A total of 67 taxa belonging to Bacillariophyta were
identified in the epilithic diatom association (Table 2).
Centric diatoms were represented only by 4 species (mainly
Cyclotella spp.) whilst 63 pennate diatom taxa were recorded during the study. Navicula was the richest in taxon
numbers (10 taxa) in the epilithon, followed by Cymbella
spp. (7 taxa), Epithemia spp. (7 taxa) and Gomphonema
spp. (6 taxa). The total taxon number of diatoms varied

between 38 and 66 in the epilithic association throughout
the research. The highest taxon number (66 taxa) was observed in summer, and the lowest (38 taxa) in autumn
(Table 2).
Navicula (particularly N. reinhardtii, N. trivialis and
N. salinarum) was also the most conspicuous genus in
terms of individual numbers with Rhoicosphenia (R. abbreviate), Gomphonema (G. constrictum var. capitatum and G.
gracile), Staurosira (S. construens) and Pseudostaurosira
(P. brevistriata) with >10 % mean relative abundance.
Gomphonema constrictum var. capitatum (62.5%), N.
reinhardtii (60.4%) and R. abbreviata (62.5%) were the
most noticable diatoms with their higher frequency of
occurrence, followed by Navicula trivialis (54%),
Rhopalodia gibba (52%), Pseudostaurosira brevistriata
(47%), Cocconeis placentula var. lineata (45%) and
Cymbella affinis (36%).

FIGURE 2 - The seasonal variations of epilithic diatoms with high frequency occurrence.
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Considerable differences in seasonal abundance of
diatom species were recorded in epilithon. However, the
growth patterns of species varied slightly from station to
station. In general, the growth dynamics of diatoms in the
epilithic association were quite similar. Diatoms started to
increase in numbers during April and continued to increase gradually until the end of summer (Table 2; Fig. 2).
The highest cell numbers of diatoms occurred in August.
The numbers of individuals started to decrease regularly
and continuously throughout autumn and winter. In fact,
the major diatom populations occurred in late spring-early
summer; smaller developments were observed in autumn.
The major biomass peaks were formed by a succession of
different species. Four species appeared as dominant or codominant in the samples throughout the study, viz. Rhoicosphenia abbreviata (C. Agardh) Lange-Bertalot, Gomphonema constrictum var. capitatum Ehrenberg, Navicula
reinhardtii Grunow and N. trivialis Lange-Bertalot were
the most numerous, displaying similar growth patterns at
all stations (Fig. 2). The reasons for the similarities might
be due to similar environmental conditions at the stations,
since physical and chemical properties were similar there
It is noteworthy to mention that N. trivialis, N. reinhardtii and R. gibba were present in the epilithic community throughout the study at all stations. This finding may
show that these diatoms have a wide ecological tolerance
[30].
Data presented in this study are results of a 1-year observation only. At least two to three years data are needed
to determine any patterns of algal population dynamics.
Therefore, no generalizations are made in this paper on
the observed seasonal cycles.
Diatoms were the dominant diatom groups in the benthic algal flora of Lake Hazar. Dominance of the diatoms
was also reported from the sediments of some other lakes
in Turkey [4-10]. This may suggest that diatoms have a
wider range of nutritional tolerance with regard to other
algal groups in most lakes with different water quality. In
addition, diatoms are also found to be dominant on the
sediments of various lakes, all over the world [31], even in
lakes with extreme conditions, e.g. Moore [32] and Lowe
& Pan [33] reported that diatoms constituted 63 % of the
total benthic flora of ponds in the Canadian Arctic.
Lake Hazar is a slightly alkaline lake, and some of
the diatoms found in the present study have also been
reported to thrive in neutral and alkaline waters. In fact,
Amphora ovalis, Aulacoseira ambigua, Cocconeis placentula, Cyclotella meneghiniana, C. ocellata, Epithemia
sorex, Gomphonema gracile, Navicula pupula, Rhopalodia
gibba, Ulnaria acus and U. ulna occurring in Lake Hazar
were also reported to occur worldwide in alkaline lakes
[34].
Epilithic diatoms appeared to have a bimodal growth
pattern with March-June and October/December maxima
in Lake Hazar; the spring-summer development was far
greater than that in the autumn. Thus, the present study is

in harmony with Wetzel [35] who also reported two growth
periods for diatoms. Similar growth patterns have also been
recorded by many researchers in lakes of Turkey [4-10]. A
noticeable midsummer increase in the cell numbers of
many species suggesting that high water temperature and
light intensity may not inhibit their growth. In other words,
benthic diatoms would also multiply in summer if the environmental factors are favourable. This is in accordance
with the conclusions of Moss [36] and Stanley & Daly [37]
who found that high light intensity did not inhibit the
epipelic algae which showed better tolerance to high temperatures than phytoplankton.
In general, both negative and positive correlations
were observed between taxon numbers and the concentrations of dissolved nutrients at the stations. However, a
negative correlation (r=-0.42) always occurred between
taxon numbers and the concentrations of silica at all stations. It is also worth to mention that the highest taxon
numbers (26 taxa) coincided with the highest concentration of nitrate (273 µg/L) on one occasion.
As in case of taxon numbers, both negative and positive correlations were also observed between relative abundance of diatoms and the concentrations of dissolved nutrients at the stations. The growth of Gomphonema constrictum var. capitatum and Rhoicosphenia abbreviata that
are two conspicuous diatoms with higher individual numbers had strong positive correlations (r=0.91; r=0.85)
whilst another noticeable diatom Navicula trivialis had a
strong negative one (r=-0.80) with the concentration of
silica. In fact, a notable relation was observed between
diatom growth and silica concentrations in the present
study. Si-lica concentrations decreased gradually during
the growth of diatoms and were recorded at their lowest
level when the maximum ended in summer. In contrast,
silica concentrations decreased during such growth periods and increased whilst individual numbers of diatoms
were decreasing. This finding is in harmony with that of
Cox [38] who suggested that the decrease in silica concentrations coincides with the diatom maxima. However,
considering the continuous presence of diatoms on the
sediments, one might think that the dissolved silica concentration was always sufficient to support their development throughout the year. In fact, the concentrations of
silica never fell under 0.42 mg SiO2/L in the present
study. This finding is in accordance to that of Lund [39]
who also reported that diatoms can even develop at very
low concentrations (0.01 mg/L) of silica.
The seasonal variations of diatoms are related to a variety of environmental factors in aquatic environments.
Water temperature is among the most important physical
factors affecting the distribution and seasonal variations
of epilithic diatoms in lakes [40]. The effects of water temperature on epilithic diatoms have been examined in many
freshwater ecosystems, and it was found that water temperature strongly regulates the seasonal variations of epilithic
diatoms [41]. The increase in epilithic diatoms during the
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spring and summer months in Lake Hazar could also be a
result of an increase in water temperature.
Light is a major resource for phytoplankton and has a
complex pattern of spatial and temporal variability. Suspended matter in lake water increases in autumn and spring,
resulting in minimum transparency. There was a significant
correlation between the growth of epilithic diatoms and
transparency in Lake Hazar since the largest populations
of all diatoms occurred during summer. In opposite, individual numbers were low in winter.
No relations were observed between diatom growth
and pH level since high and low cell numbers were recorded at almost similar pH levels. Both weak positive
(r=0.08 and r=0.27) and negative (r=-0.23 and r=-0.41)
correlations were determined between the abundance of
diatoms and pH.
The lake has moderately hard water. Total concentrations of hardness varied only between 416 and 440 mg
CaCO3/L during the study. Thus, total hardness appeared
to have no strong effects on the growth of the diatoms,
since the numbers of cells increased or decreased regardless of the concentrations of hardness.
According to the concentrations of total phosphorus,
chlorophyll a and total organic matter determined during
the study period, south littoral of Lake Hazar shows the
characteristics of mesotrophy according to Whittaker [42],
OECD [43] and Vollenweider and Kerekes [44].
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