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HISTOPATHOLOGICAL ALTERATIONS
OF PERMETHRIN IN LIVER AND INTESTINE
OF Xiphophorus helleri (PISCES: POECILIIDAE)
Nagihan Gülsoy*
Department of Biology, Faculty of Art and Science, Marmara University, Göztepe, İstanbul 34722, Turkey

ABSTRACT
Large-scale application of pesticides poses a risk for
our environment. Permethrin is a widely used pesticide but
its histopathological effects in fish are not known completely. The objective of this study was to evaluate the effects of
permethrin on swordtail fish (Xiphophorus helleri) liver
and intestine. A histopathological light microscopy approach was used and the experiments included a control
and three treatment groups exposed to 25, 50 and 100 µg/L
permethrin for 30 days. The control group exhibited normal
histology and no tissue damage, while in exposed fish, hepatic lesions were characterized by hypertrophy and vacuolization of hepatocytes, disarray of hepatic cord structure,
increase of sinusoidal space, atrophy, necrosis, and infiltration of mononuclear leucocytes. Intestinal lesions included invasion of blood cells into the lamina propria and
atrophy, oedema of epithelial cells, and fusion of the villi.
In both organs, the severity of damages was dose–dependent.
These results should help to understand the potency of permethrin toxicity on fish and its aquatic environment.

KEYWORDS: Permethrin; pyrethroid; Xiphophorus helleri; histopathology; liver; intestine

1. INTRODUCTION
Large-scale application of pesticides to lands, crops
and forests may contribute to the presence of toxic substances in the environment. These chemicals can find their
way into the water reservoirs, streams and rivers producing
an adverse impact on the aquatic biota including fish [1].
Permethrin is a synthetic version of pyrethrum, a
chlorinated hydrocarbon produced by the chrysanthemum
(Chrysanthemum cinerariaefolium), used to kill a wide
spectrum of insect pests in agriculture, public areas and
* Corresponding author

households [2]. Although pyrethroids are classified as wellknown and safe substances, their widespread use, nonselective potency and increasing residence time in the environment make them potentially harmful [3, 4]. Several
studies have reported that these compounds, including
permethrin, are exceptionally toxic to aquatic organisms
including ﬁsh [5-9].
Permethrin has very low mobility, is moderately persistent and has a high affinity to bind to soils/sediments
and organic carbon [10, 11]. Furthermore, permethrin, like
the other chlorinated hydrocarbons, is soluble in fats, tends
to accumulate in internal and external surfaces of fish and
affects vital organs, such as gills and ovaries. Previous laboratory studies have reported reduced gonadosomatic
index and atresia in ovaries, and degenerative alterations
in lamellae structure of gills [12-14]. Other effects, such as
loss of schooling behavior and coordination, denote its neurotoxic character as with the other pyrethroids [5, 15, 16].
Histological changes in animal tissues provide a rapid
method to detect effects of pollutants, in various tissues
and organs [17]. Studies on histopathological responses of
vital organs like gills, kidney and liver to pesticides` toxicity are common in fish. Although many reports are available about histomorphological alterations in those organs
after exposure to different chemicals, only a few studies
have reported on histological interactions caused by pyrethroids, [13-15, 20-21, 23-26]. These studies indicate that
pyrethroids cause pathological lesions in different organs
of fish [15, 16, 25, 26]. Histopathological investigations
have proven to be a sensitive tool to detect effects of
chemical compounds within target organs of fish in laboratory experiments [19, 20, 27-34].
Both liver and intestine have shown to be valuable biomarkers of pollution [36, 37]. Fish liver is regarded as the
major site for storage, biotransformation and excretion of
pesticides. Furthermore, it is a target organ of toxic compounds because of its large blood supply leading to pronounced toxicant exposure and accumulation; its clearance
function involving microvasculature, hepatocytes, possibly phagocytic cells, and intrahepatic biliary system; and
its pronounced metabolic capacity [35]. Intestine is the first
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organ to come into contact with pesticide-contaminated
food particles. Toxicants interact with the intestine trough
the processes of absorption, biotransformation, and elimination.
Herein, the histopathological effects of permethrin in
liver and intestine of the swordtail fish (Xiphohorus
helleri) are reported. In addition, potential effects of permethrin exposure on fish behavior were studied.
2. MATERIALS AND METHODS
2.1. Fish and experimental design

X. helleri was obtained from a local commercial supplier. Fish weighed 2.1 ± 0.45 g, and their lengths ranged
from 3.9 to 4.3 cm. They were transferred to a 120-L glass
aquarium containing dechlorinated water (pH 6.5 ± 0.03,
dissolved oxygen 7.6 ± 0.2 mg/L, total hardness 160 ± 2.8
mg/L) and acclimated for 1 week at 27.5 ± 5 oC under a 13-h
light/11-h dark photoperiod [38]. Fish were fed once a day
with balanced fish food sticks (Hashimai, China).
Permethrin was purchased from Supelco (Bellefonte,
PA). A stock solution of 100 mg/L was prepared in acetone
(99.5% purity, Merck, Germany). Experimental concentrations were made by diluting the stock solution in water.
Actual concentration of stock was determined by gas chromatography (Model 6890, Agilent, Little Falls, DE) with
micro-electron capture detector. Stock solution was kept
in the dark d at 4 °C until use.
Fish were divided into five groups of 10 fish, placed
in four 24-L aquaria, and exposed to nominal concentrations of 25, 50 and 100 µg/L permethrin (groups I, II and
III, respectively). A negative control (water addition) and
an acetone control were also included. Fish were kept in
5-L dechlorinated water under semi-static test conditions,
and water was renewed every 24 h [15].
2.2. Preparation of tissue samples

At the end of the exposure period, both treated and
control fish were ice-euthanized, and livers and intestines
were collected in 10% neutral formalin with 0.03% eosin
(F5304, Sigma). After fixation for 24 h, tissues were dehydrated through a graded series of ethanol, cleared in
xylene, and infiltrated in paraffin. Sections of 5 µm were
prepared from paraffin blocks by using a rotary microtome. These sections were then stained with the Periodic
acid-Schiff (PAS) staining technique [39]. Histological
preparations were randomly examined three times, and
the results from each observation combined for the final
results. Histopathological images were captured using an
Olympus BH2 microscope with an image analyzer system
(Media Cybernetics, Silver Spring, MD).
2.3. Semiquantitative scoring

Histopathological alterations were assessed using a
score ranging from – to +++ depending on the degree and

extent of the alteration: (-) none, (+) mild occurrence,
(++) moderate occurrence, (+++) severe occurrence. A
total of 20 slides were observed from each treatment

3. RESULTS
No fish died during the acclimation period before permethrin exposure, but some fish died during toxicity tests
in the highest permethrin group (100 µg/L, group III).
Some behavioral changes were observed in all permethrintreated groups. Actual concentrations of permethrin in the
nominal 25, 50 and 100 µg/L samples were 18.5±9.3,
43.1± 6.5 anfd 95.8± 8.7, respectively. Nominal concentrations were used to evaluate the experimental groups.
3.1. Histopathology of permethrin-exposed livers

All liver samples from the control fish showed normal histology. Typical hepatocytes with increased glycogen deposits (sustaining droplets in cytoplasm) and welldefined nuclear and cell membranes were observed (Fig.
1a). The hepatic cell cords are located among sinusoids
and the hepatic lobules are not defined well as usual. In
contrast, liver samples from the permethrin-treated fish
showed some hepatic histological alterations, even at the
low doses. This was characterized by the general hypertrophy of hepatocytes in all fish exposed to permethrin.
Vacuolization, hypertrophy and disarray of hepatic cord
structure in parenchyma were seen in group I (Fig. 1b). In
group II, an increase in sinusoidal space and significant
increase of Kupffer cells were observed (Fig. 1c). At the
highest exposure dose, cellular atrophy and diffused necrosis were evident in all fish examined (Fig. 1d). Nuclear
alterations and infiltration of mononuclear leucocytes were
observed in group III. The histological changes noticed in
pesticide-exposed and control fish are seen in Table 1. The
extent of liver pathology was generally dose–dependent,
with pathology being worse at the highest dose of experiment.
3.2. Histopathology of the permethrin-exposed intestines

The intestine of all control fish showed normal histology. The wall of digestive tract included mucosal epithelium, lamina propria, stratum compactum, muscularis
mucosae, submucosa and serous membrane with mesoteliom. Mucosal epithelium was simple columnar-shaped and
epithelial cells were facing the canal lumen. Mucous cells
were between these cells, and easily distinguishable using
the microscope. The lamina propria showed loose connective tissue with several blood capillaries. Muscularis mucosa was a thin layer of smooth muscle (Fig. 2a).
Different doses of permethrin were observed to cause
significant histopathological alterations in the intestine of
all the fish after exposure for 30 days. In 25 µg/L permethrin level, the epithelium cells of intestine were found to
be degenerated after 30-days exposure. An increase in the
number of pycnotic nuclei, necrotic lesions in the villi,
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fusion of the villi, and invasion of blood cells into the
epithelium layer were observed (Fig. 2b). At 50 µg/L, permethrin induced oedema in the lamina propria, which had
increased diameters in villus, especially towards to distal
portion. Vacuolization and deformations in many villi tips,
degeneration and disintegration of epithelium cells, and
accumulation of lymphocytes were found in the lamina
propria after 30 days of exposure (Fig. 2c). Also, there

were contractions in the length of villi in the intestines. At
the highest permethrin level of 100 µg/L, a clear necrosis
in the surface of villi as well as complete loss of integrity
of epithelium layer and villi were observed. Oedema and
infiltration of mononuclear leucocytes in the lamina propria were apparent after 30-days exposure (Figs. 2d, 2e and
2f). The histological changes noticed in the pesticide-exposed and control fish are listed in Table 2.

FIGURE 1 - Sections of liver from ﬁsh after 30-days exposure to waterborne permethrin. Control ﬁsh (a) show normal histology. Fish exposed to 25 µg/L permethrin (b), generally show vacuolosation, hypertrophy, lipidosis (black arrowheads), and disarray of hepatic cord
structure (white arrowheads). An example from the ﬁsh liver exposed to 50 µg/L treatment (c), showing extreme pathology with complete
loss of glycogen, significant increase of sinusoidal space (black arrowheads), and number of Kupffer cell structures (white arrowheads). At
the highest permethrin level of 50 µg/L (d), all ﬁsh show infiltration of mononuclear leucocytes (black arrowheads), with areas of necrosis
(white arrowheads) and cellular atrophy. All observations were done at x400 magnification. Bars represent 50 µm.

TABLE 1 - Histopathological effects in the liver of X. helleri exposed to permethrin.
Parameters
Hypertrophy
Vacuolation
Increased Kupffer cells
Necrosis of hepatocytes
Increased hepatic sinusoidal space
(−) none, (+) mild, (++) moderate, (+++) severe.

Control
(0 µg/L)
−
−
−
−
−
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Group I
(25 µg/L)
++
+
+
−
+

Group II
(50 µg/L)
+
++
+++
+
+++

Group III
(100µg/L)
+
++
+++
+++
+++
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FIGURE 2 - Sections of intestine from ﬁsh after 30-days exposure to waterborne permethrin. Control ﬁsh (a) show normal histology (E)
epithelium, (Lp) Lamina propria, (M) muscularis layers, and (S) serous membrane, x400. Fish exposed to 25 µg/L (b), show fusion of villi
(black arrow) and invasion of blood cells (white arrowheads), x200. An example from the ﬁsh liver at 50 µg/L treatment (c), showing oedema,
increase of villus diameter and deformations of the villi tips, x400. The highest concentration of 100 µg/L permethrin evidences necrosis in
the surface of villi (black arrowhead) (d), odema and infiltration of mononuclear leucocytes (e), loss of integrity of epithelium (f), x400,. Bars
represent 50 µm.
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TABLE 2 - Histopathological effects in the intestine of X. helleri exposed to permethrin.
Control
(0 µg/L)
Atrophy of epithelial cells
−
Necrosis of epithelial cells
−
Oedema
−
Infiltration of blood cells
−
(–) none,(+) mild,(++) moderate,(+++) severe.

Group I
(25 µg/L)
+
+
−
−

Parameters

4. DISCUSSION AND CONCLUSION
The effects of pesticide-contaminated water on nontarget organisms, including fish, should be determined using
histological methods. In a previous study, it has been recorded that low concentration of permethrin may affect
ovarian structure in X. helleri [13, 14]. In this work, the
effects of permethrin on liver and intestine tissues were
investigated. The liver is a target organ for exposure to
waterborne pesticide pollution and useful to describe the
effects of pollutants [40, 41]. In this histological examination, liver tissues were compared between control samples
and permethrin-treated groups. Permethrin mainly caused
hypertrophy, atrophy and necrosis in hepatocytes. In addition, increase in sinusoidal space and number of the Kupffer
cells and lymphocyte infiltration were seen in liver tissues.
These effects are similar to previous studies. Cengiz and
Unlu [19] observed hypertrophy, focal necrosis, fatty degeneration nuclear picnosis, and narrowing sinusoids in
Gambussia affinis. Marchand et al. [42], investigated hypertrophy of hepatocytes, reported an increase in presence
of melano-macrophage centers, disarray of hepatic cord
structure, necrosis, infiltration of mononuclear leucocytes
in liver tissues of sharptooth catfish affected by
nonylphenol. Changes of hepatic glycogen storage and
cellular lipidosis in affected liver tissue were reported
with other pollutants, such as organophosphorus pesticides [19, 24, 43-47], and metals [48-50].

Group II
(50 µg/L)
+
++
++
+

Group III
(100µg/L)
+++
+++
+++
+++

Waterborne pesticides have been a major risk factor
impacting liver and intestine tissues of fish, and histopathological studies could be useful to evaluate their
pollution risks. Our study showed that the histopathological changes could be detected easily at different concentrations of permethrin. Therefore, the substantiation of
pathological alterations in organs sequentially in contact
with toxicants seems to be useful as a biomarker of pollutant exposure and effects.
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Histological comparison of tissues indicated that intestine, rather than the liver, contained more damage. This
could be due to early and prolonged permethrin exposure
of intestine (first organ coming into contact with foodborne contaminants because of its primary absorption function [51]). Pathological changes in the intestine after exposure to permethrin included the rupture of villi, degeneration of cells, pycnotic cells, contraction of villus length,
degeneration, accumulation of lymphocytes in the lamina
propria, and disintegration of epithelium cells. Cengiz et al.
[44] reported oedema, degeneration, accumulation of lymphocytes in the lamina propria, pycnotic state of nuclei, and
necrosis in the intestine of Gambusia afﬁnis exposed to
endosulfan. Necrosis, inﬁltration of lymphocytes and eosinophils were reported in the intestine of G. afﬁnis exposed to deltamethrin [19]. Velmurugan et al. [21, 33, 34]
showed oedema, necrosis and atrophy of epithelial cells in
the intestine tissues of Cirrhinus mrigala after exposure to
lambda-cyhalothrin, fenvalerate, and monocrotophos.
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ABSTRACT
In the present study the antioxidant activities exhibited by the crude extracts of six marine algae collected
from the Aegean Sea shores of Turkey were examined: Padina pavonica, Cystoseira barbata, and Sargassum acinarium of the Phaeophyceae (brown algae), Caulerpa racemosa
var. cylindracea of the Bryopsidophyceae (green algae),
and Jania longifurca and Laurencia obtusa belonging to
the Rhodophyceae (red algae). Antioxidant activities were
assessed by measurement of glutathion peroxidase activity
spectrophotometrically and malondialdehyde measurement
for lipid peroxidation by HPLC. Among the species examined, the highest antioxidative capacity according to specific glutathion peroxidase activity was measured from the
extract of the brown alga Sargassum acinarium (124 U/mg
protein) followed by another brown alga Padina pavonica
(16.20 U/mg protein). Malondialdehyde contents of extracts
as an indicator of lipid peroxidation were compared, and S.
acinarium extract had the lowest MDA level (0.229 µmol/l).
Antimicrobial activities of the methanolic extracts of P.
pavonica, Cy. barbata, S. acinarium and J. longifurca were
also evaluated against eight microorganisms (7 bacteria and
a yeast strain). The extracts showed moderate inhibitory
activity.
KEYWORDS: Antimicrobial activity, antioxidative activity, glutathion peroxidase, lipid peroxidation, seaweeds.

1. INTRODUCTION
Many marine resources have attracted attention in the
search for bioactive compounds to develop new drugs and
health foods [1]. Among the most relevant compounds
found in the algae, antioxidants are probably the substances
that have attracted major interest. Antioxidants are considered key-compounds in the fight against various diseases
(e.g. cancer, chronic inflammation, atherosclerosis and
cardiovascular disorder) and ageing processes. Moreover,
the relevance of using antioxidants from natural sources
* Corresponding author

has been considerably enhanced by consumer’s preference
for natural products and concerns about the toxic effects
from synthetic antioxidants. Algae, as photosynthetic organisms, are exposed to a combination of light and high oxygen
concentration at the origin of the formation of free radicals and other oxidative reagents. But the awareness of the
lack of structural damage in their organs has led the scientific community to consider that their protection against
oxidation comes from their natural content, or production under stress, in antioxidant substances [2]. Algal
anticarcinogenicity may involve the effects of antioxidant
activity. An algal antioxidant mediated mechanism was
hypothesized as a contributing factor in the inhibition of
ma-mmary carcinogenesis by dietary kelp in the presence
of enhanced antioxidant activity and reduced lipid peroxidation in livers of the treated rats [3]. Indeed, seaweeds
are known to contain not only labile antioxidants (ascorbate, glutathione, e.g.) when fresh, but also more stable
molecules such as natural antioxidants, e.g. phlorotannins,
ascorbic acid, tocopherols, some pigments (carotenoids,
fucoxanthin, astaxanthin), polyphenols (phenolic acid,
flavonoid, tannins), and mycosporine-like amino acids
[4,5]. Most investigations have been devoted to phlorotannins that play an essential role in the photoprotection of
the brown algae. Some active antioxidant compounds from
brown algae were identified such as phylopheophytin in
Eisenia bicyclis [6] and fucoxantine in Hizikia fusiformis
(=Sargassum fusiforme) [7].
The use of natural antioxidants has the advantage that
the consumer, considering them to be safe because of no
chemical contamination, readily accepts them. Conversely,
the synthetic antioxidants that have been commonly used
(e.g. BHA, BHT, TBQH) have been suspected of toxicity.
Therefore, current attention is focusing on natural antioxidants [5].
Marine algae are one of the largest producers of biomass in the marine environments [8]. They produce a wide
variety of chemically active metabolites in their surroundings, potentially as an aid to protect themselves against
organisms potentially settling on them. These active metabolites also known as biogenic compounds, such as halogenated compounds, alcohols, aldehydes, and terpenoids,
are produced by several species of marine macro- and
microalgae and have antibacterial, antialgal, antimacro-
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fouling and antifungal properties that are effective in the
prevention of biofouling. They also have other likely uses,
e.g. in therapeutics [8, 9].
With about the 600 identified species, the coasts of
Turkey are rich in macroalgae, and several studies have
been conducted for the determination of their antimicrobial activities [10-13]. However a very few studies were
carried for their antioxidative capacities [14-16]. The aim
of the present study was to assess the antioxidative capabilities of six species from the Aegean Sea by two methods. Also the antimicrobial activities of the extracts of four
of these algae were studied against different microorganisms.

milimeters. The solvent and DMSO were used as a negative controls, while Amikasin and Nystatin discs (30
µg/disc) were used as positive controls.
2.4. Tissue homogenization for enzyme analysis

In order to prevent the inhibition of enzyme activity,
samples were taken to the laboratory on ice and after they
were cleaned. Each sample was ground by adding liquid
nitrogen and about 4 g of sample was homogenized with
10 ml of 0.05 M phosphate buffer (pH, 7.2) using an UltraTurrax homogenizer. Homogenates were placed in a tube
and centrifuged for 11.200xg at 4 °C and kept at -20 °C
until assay [15].
2.5. Determination of Glutathion Peroxidase (GSH-Px) Activity

2. MATERIALS AND METHODS
2.1. Sampling of algae

Seaweeds were collected by scuba diving from two
locations as Ayvalık (Sargassum acinarium) and Çeşme
(Cystoseira barbata, Caulerpa racemosa var. cylindracea,
Jania longifurca, Laurencia obtusa and Padina pavonica)
along the coastline of the Aegean coast of Turkey. Algae
were taken to the laboratory on ice immediately after harvesting and kept frozen at -20 °C until further use.
Algal specimens were identified by Ergün Taşkın according to the accounts [17,18], and voucher specimens
were deposited in his personal herbarium.
2.2. Extract preparation

Algal samples were washed twice with distilled water
and air-dried on blotting paper. Ten grams of milled algal
species were added to 150 ml of methanol and left for 24 h
at room temperature stirring at 200 rpm. The solvent extracts were then filtered, and the filtrate was concentrated
by rotary evaporation at 45-50 °C. The resulting extracts
were redissolved in dimethylsulfoxide and then kept at
+4 °C until further use.
2.3. Cultivation of microorganisms and antimicrobial assay

Seven bacteria strains (Staphylococcus aureus, S. epidermidis, Bacillus subtilis, B. cereus, Proteus vulgaris,
Enterococcus faecalis, Escherichia coli) were cultivated on
Mueller Hinton Broth and a yeast strain (Candida albicans) on Sabouraud Dextrose Broth at 37 ºC for 18 hours
before inoculation for the assay. One hundred µl of broth
culture which contains 10 7- 108 number of bacteria/mL
was spread onto Tryptic Soy Agar (CASO Agar, Merck,
1.07324, Darmstadt, Germany) medium that were poured
to sterile petri dishes. Then, 4 mm holes were punched
onto the medium using a cork borer. Petri dishes left for
15 minutes until bacteria were absorbed to medium. Then
extracts (50 µl) were poured into wells. Dishes were incubated at the same incubation conditions mentioned above.
Assays were run in triplicate. After incubation, the inhibition zones around the wells as an evidence of antibacterial
activity were measured underside and expressed in

GSH-Px activity was measured by the decrease of
NADPH at 340 nm. The reaction mixture (1 ml) contained, in order of addition: 20 mM phosphate buffer (pH,
7.4), 0.25 µmol of reduced glutathione, 0.12 mol of
NADPH, 0.5 U of glutathione reductase and 20 µmol
occumene hydroxyperoxide. An extinction coefficient for
NADPH at 340 nm of 6200 M-1 cm-1 was used in the
calculation [19].
2.6. Determination of Lipid Peroxidation (LPO) by the measurement of Malondialdehyde (MDA) on HPLC

For the determination of LPO, the procedure for the
measurement of MDA-TBA as one of the final products
of peroxidation on HPLC was followed. Firstly, about 4 g of
sample was homogenized in 2 ml of ice-cold 1.15% KCl
using an Ultra-Turrax homogenizer [15]. 40 µl of sample
were put into the glass tubes and the reactives were added
as following: 100 µl of distilled water, 20 µl 2.8 mmol/L
butylatedhydroxytoluen (BHT in ethanol), 40 µl 8.1% SDS
and the mixture of 600 µl 8g/l Thiobarbituric acid (TBA)
and acetic acid. This reaction mixture was then incubated
at 95 °C for 1 hour. After incubation, it was quickly cooled
and extracted with the 200 µl distilled water and 1 ml butanol:piridin (15:1, v/v) by vortexing for 1 minute. The organic phase was taken and centrifuged at 10 000 rpm for
5-10 minutes. Then 10 µl of extract was injected to HPLC
[20].
2.7. Protein determination

Determination of the total protein content of the samples was carried out by using ‘BCA Protein Assay kit’
(Pierce). Bovine serum albumin (BSA) (2mg/ml) was used
as standard.

3. RESULTS AND DISCUSSION
3.1. Antimicrobial activities of the algae extracts

The results for the inhibitory activities of algae extracts
are shown presented in Figure 1. The inhibitory activities
of extracts are indicated by the clear zones (inhibition
zones, IZ) around the colonies in the petri dishes. The

1003

© by PSP Volume 20 – No 4a. 2011

Fresenius Environmental Bulletin

Inhibition	
  z one	
  (m m )

broadest inhibitory acitivity among all of the extracts was
shown by the extract of Sargassum acinarum (against
four of the test microorganisms). The inhibitory activities
of all extracts were limited. The highest inhibitory activity
was shown by the extract of S. acinarium against B. subtilis by 15 mm as average inhibition zone. The extract of
Padina pavonica didn’t show any inhibitory activity.
25

S .	
  ac inarium

C .	
  b arb ata

20

P .	
  pavonic a

J .	
  longifurc a

15

A mik as in

Nys tatin

3.2. Results for the specific GSH-Px activities of the algae
samples

10
5
0
SE

SA

BS

BC

EF

P. vulgaris (15 mm, IZ). It is to be noted that no activity
was shown against B. subtilis, which is a different result
from that observed by Caccamese et al. [21], who is using
extracts of specimens of C. barbata from eastern coast of
Sicily (Italy) showed a 16 mm IZ against B. subtilis. Gurbuz et al. [22] tested extracts of three freshwater algae
against six pathogens from Turkey.

EC
PV
CA
T e st	
  m ic roorg a nism s

FIGURE 1 - The inhibition of the test microorganisms by the extracts of seaweeds.

Tuney et al. [11] observed weak activity of the P.
pavonica ethanol extract against test microorganisms in
the range of 7-10 mm IZs. The yeast was not inhibited by
any of the extracts. The antibacterial effect of the extract
of the Cystoseira barbata which was collected from the
Aegean Sea was also evaluated by Taşkın et al. [12]. They
have found the inhibitory effect of the extract against six
test microorganisms and the highest activity was shown
against the E. coli O157:H7 strain (22.33 mm IZ). In this
study, the extract of C. barbata was active against three of
test microrganisms and particularly strongly active against

GSH-Px activities the above six algal species were
measured spectrophotometrically as a measure of the response of these algae to oxidative environmental conditions. The enzyme activities are shown in Figure 2. The
highest specific GSH-Px activity was demonstrated by the
brown alga S. acinarium as 124 U/mg protein. The other
brown algae P. pavonica and C. barbata had 16.20 and
5.13 U/ mg protein (the lowest activity), respectively. The
green algae sample C. racemosa var. cylindracea had
26.29 U/mg protein specific GSH-Px activity. GSH-Px
activity of this sample has also been studied by Cavaş and
Yurdakoç [15]. They measured the activities seasonally
and found as the highest activity as 15.3 U/mg protein in
September. The studied C. racemosa var. cylindracea
sample in this study was collected in the spring, and the
activity measured was higher than that measured in September by Cavaş and Yurdakoç [15]. In another study
carried out by Cavaş and Yurdakoç [14] C. racemosa var.
cylindracea, P. pavonica and C. barbata samples were
also evaluated for their GSH-Px activities. They measured
the highest GSH-Px activity from C. racemosa var. cylindracea as ~11 U/mg protein. The GSH-Px activities of P.
pavonica and y. barbata were ~ 4.5 and 4 U/mg protein.
The activities of P. pavonica studied in this paper were
found to be almost 4 times higher.

FIGURE 2 - Specific and volumetric glutathion peroxidase activities of the seaweed extracts.
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Algal tissue levels for antioxidative molecules have
been reported to have a positive correlation with UV exposure during growth [23]. Rhodophyceae and Phaeophyceae are known to synthesize UV-inducible polyphenols, i.e. polyphenols that absorb in the UVB range [24].
Therefore, the season of collection can play a positive
effect on the increase of the GSH-Px activities in our
samples.
Increased oxidative stress can be overcome by antioxidant system. Among antioxidant enzymes, superoxide
dismutase scavenges the superoxide anion radical to hydrogen peroxide. The produced hydrogen peroxide is
decomposed by catalase (CAT) and glutathion peroxidase
(GSH-Px). The overproduced or unscavenged reactive
oxygen species in metabolism attacks directly the polyunsaturated fatty acids of cell membranes and causes a complex process called lipid peroxidation (LPO) [15,25].
3.3. Results for LPO levels of the algal samples

Lipid peroxidation levels of the above six algal species are shown in Figure 3. While the lowest LPO level
was observed in S. acinarium as 0.229 µmol/l, the highest
level of LPO was found in J. longifurca as 0.588 µmol/l.
LPO levels in P. pavonica, C. barbata, C. racemosa and
L. obtusa were 0.265, 0.418, 0.279 and 0.45 µmol/l, respectively.
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FIGURE 3 - Malondialdehyde measurements of the seaweed extracts.

Cavas and Yurdakoç [14] also studied the MDA levels of C. racemosa, P. pavonica and C. barbata collected
from another coast of Turkey. They measured the lowest
MDA level from C. racemosa sample as 2.55 nmol/g. In
our study, the MDA was also lower if compared to other
algal extracts. However, brown algal samples (P. pavonica
and S. acinarium) had lower values than the red and green
algal samples.
Lipid peroxidation is a key process in many pathological events and is one of the reactions induced by oxidative stress. The unsaturated fatty acids in cell membranes

on oxidation lead to the formation and proliferation of lipid
peroxides. The oxygen uptake, structural rearrangenments
of unsaturated fatty acids and ultimate damage of membrane lipids lead to production of malondialdehyde, which
is known to be carcinogenic and mutagenic [26].
The antioxidant activity of the lipid extracts of eight
marine algae belonging to the genus Cystoseira has been
evaluated in a micellar model system [27]. Among the
phenolic compounds, tetraprenyltoluquinols are characteristic secondary metabolites of Cystoseira, and these compounds gave comparable results to that of α-tocopherol.
Some tetraprenyltoluquinols were isolated and relative
antioxidant efficiency values of Cystoseira extracts were
calculated. The highest RAE was obtained from C. amentacea var. stricta as 0.83.
Antioxidant capacity of dried Scytosiphon lomentaria
(a brown alga), which was consumed as food in Japan, was
evaluated by five assays [1]. Water extracts of the sample
showed good antioxidant activity, especially in the linoleic acid peroxidation assay (about 22 mg CatE/ g DS).
The aqueous and ethanolic extracts of 17 species of
marine macro algae were screened for antioxidant activity
using the soybean lipoxygenase inhibiton technique and
radical scavenging activity [28]. The antioxidant activity
of ethanol extracts was found as higher than that of aqueous extracts. Ethanol extract of Sargassum horneri (brown
alga) inhibited lipoxygenase by 80%. Three species of Sargassum (S. siliquastrum, S. macrocarpum and S. thunbergii), Scytosiphon lomentaria and Spatoglossum pacificum all showed high radical scavenging activity.
Previous studies reported high antioxidant activity in
Caulerpa spp. [15, 29]. The genus Sargassum also exhibited relatively high DPPH radical scavenging activities with
an oxidation index EC50 ranging from 6.64 to 7.14 mg/ml.
Extensive in vitro studies of the genus Sargassum have
shown it to have high antioxidant potential, whereas species of Laurencia have not shown high antioxidant activity [29].
Enzymatic extracts of seven brown seaweeds were
investigated as potential natural-water soluble antioxidant
source [5]. Some seaweed enzymatic extracts indicated
relatively higher antioxidant activities as compared to commercial antioxidants such as α- tocopherol, BHA, BHT. In
fact, the production of antioxidant compounds, like phenolics, is influenced by several factors: extrinsic (herbivory
pressure, irradiance, depth, salinity, nutrients, etc.), and
intrinsic (type, age and reproductive stage). Therefore, antioxidant activity of seaweeds could be subject to great
intraspecific variation, even at very small scales [30].
Antioxidant activities of five brown marine algae were
investigated by the in vitro ABTS decolorization, inhibition
of ß- carotone bleaching and the total phenol compounds.
Hexane extracts of Dictyota dichotoma var. intricata (as D.
dichotoma var. implexa) were found to have highest phenolic contents as 189.6 GAE/g [16].
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As reported in the literature, the antioxidant capacitities of members of the brown algae were extensively studied with different measurement methods. According to the
results of these studies the antioxidative capabilities of the
brown algal samples stand in a better position than other
algae that have been examined. However, the green alga
C. racemosa var. cylindracea also had good results in terms
of its antioxidative capability as shown by the MDA content and GSH-Px activities, as reported in literature.
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ABSTRACT
Microcystin-LR (MC-LR) is a hepotoxin produced by
toxic algae species in waterblooms. For the first time, the
degradation of MC-LR by nitrous acid was investigated,
and several parameters including initial sodium nitrite concentrations, initial pH value and initial MC-LR concentrations affect the degradation were investigated respectively.
Degradation of MC-LR was obvious in the present of sodium nitrite under acidic conditions and no degradation was
observed under neutral and alkaline conditions. The reaction processes showed preferable relevance between the
concentrations of residual MC-LR and time, and they could
fit well with the pseudo-first-order kinetics. The degradation rate increased when the pH value decreased, but was
not positive correlated with the initial NaNO2 concentration and the initial concentration of MC-LR in this order
of magnitude had little influence on its degradation. It is
clear that 94.89 % of MC-LR was removed at 5 h under
optimum initial condition of 5 mM sodium nitrite, pH
1.73, and 9.78 mg/L MC-LR.

KEYWORDS:
microcystin-LR, nitrous acid, recovery rate, degradation, kinetics.

1. INTRODUCTION
Occurrences of water blooms are major issues all
around the world. Most cyanobacteria species in fresh
water bloom such as Microcystis, Oscillatoria, Nostoc,
Aphanizomenon and Anabaena can produce a family of
monocyclic heptapeptides microcystins (MCs) [1-6]. Over
70 different MCs have been identified, among which the
most common and toxic specie found in natural water
samples is MC-LR. The senescence and lysis of algae
cells will release the toxins into water and they are relatively stable under a range of pH and temperature proba* Corresponding author

bly due to their cyclic structure [7-9]. The toxicity of MCs
is exhibited by initiating tumor-promoting activity and
leading to liver damage [10], even causes death [11-13],
which poses great threat to human health [14], animals
[15] and ecological environmental security [16, 17].
Recently, many effective methods including electrochemical oxidation methods [18], chlorination methods [19],
potassium permanganate methods [20], and photo catalysis
methods [21] have successfully been employed to degrade
MCs. Gajdek et al. [22] reported the effective degradation
of MC-LR in the Fenton process by OH radicals and Bandala et al. [23] also showed obvious degradation by the
photo-Fenton process. Brooke et al. [24] have shown that
under suitable dose of ozone, microcysin-LA and LR could
be completely detoxified and Momani et al. [25] have further studied the degradation kinetics of cyanobacteria toxin
by ozone.
Nitrous acid (HNO2) and nitrite are prevalent in atmosphere [26] and almost all water bodies [27]. Previous
study showed that nitrous acid played a key role in the
process of the degradation of pollutants [28]. During the
process of meso-/eutrophication, nitrite and MCs were
often detected at the same time [29]. Degradation of MCLR by nitrous acid had been observed in our preliminary
tests (data not shown). In this study, a novel approach was
applied in the degradation of MC-LR and the effect of several parameters on MC-LR degradation process including
sodium nitrite concentration, pH value and MC-LR concentration were investigated.
2. MATERIAL AND METHODS
2.1. Materials

Microcystis aeruginosa (FACHB-927) was purchased
from Institute of Hydrobiology, Chinese Academy of Sciences (Wuhan, China). Deionized-distilled water was obtained from a Milli-Q-Water system (Millipore, Bedford, MA, USA). MC-LR standard was purchased from
Express Technology Co., Ltd. (China) and prepared for a
series of concentration gradients in deionized-water. HPLCgrade methanol was purchased from Tedia Company
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(USA). Sodium nitrite (NaNO2), sodium hydroxide (NaOH)
and perchloric acid (HClO4) were of analytical grade. C18
cartridges were purchased from Supelco Corporation (USA).
2.2. Solutions

The nitrite ion (exists in the form of NO2- or HNO2
was provided by sodium nitrite (NaNO2) stock solutions.
The concentrations of NaNO 2 stock solutions were prepared at a gradient series of concentrations of 0.003 M,
0.009M, 0.015 M, 0.03 M and 0.06 M for each test.
The pH values of the solutions were adjusted by sodium hydroxide solution (NaOH, 0.02 M) or perchloric acid
solution (HClO4, 0.2 M and 0.02 M).
MC-LR solution was extracted from cultured algae
cells. The concentration of the MC-LR stock solution was
19.56 mg/L and the stock solutions was diluted with deionized-distilled water or concentrated by nitrogen flow
under room temperature to get the concentration gradient
stock solutions.
2.3. MC-LR extraction and semi-purification

The alga strain was grown in BG-11 medium under
the condition of 23-25 ℃, light intensity of 2000 lux, with
a light and dark rotation of 12 h. When the algae grow to
near the maximum biomass, cells (in 500 mL culture medium) were harvested by centrifugation (5000 rpm, 10 min)
for the extraction of MC-LR. Crude MC-LR was extracted
using the freezing and thawing extraction method through
the following steps:
1. The algae cells were crushed by freezing and thawing in methanol by liquid nitrogen for three times. The supernatant was collected after centrifugation for rotary evaporation process.
2. Rotary evaporation process was carried out at 50 ℃
in water bath. At the end of this process, deionized-water
was added and the volume was set to 100 mL. MC-LR
concentration in this solution was detected to calculate the
approximate relative weight of MC-LR in algae cells.
3. Then, MC-LR water solution was centrifuged and
followed by filtering through 0.45 µm filter. Solid-phase
extraction process under vacuum was carried out as follows: 10 mL methanol and 10 mL deionized-distilled water
in sequence to activate and equilibrate the C18 cartridge.
MC-LR solution was loaded afterward and then, the cartridge was eluted with 10 mL 20 % methanol. MC-LR was
finally extracted with 10 mL methanol.
4. The methanol was removed by rotary evaporation
process from the solution and the MC-LR residual was redissolved with deionized-distilled water (volume was set
to 50 mL). Then the MC-LR solution was filtered through
0.45 µm filter to get the MC-LR stock solution for the
experiment. The MC-LR concentration in this solution
was detected by HPLC.
By comparing the amount of MC-LR in step 2 and
step 4, the recovery rate of the Solid-phase extraction process could be calculated.

2.4. HPLC analysis

The concentrations of MC-LR in each sample were
determined by a high-performance liquid chromatograph
(HPLC, Agilent 1200) equipped with an autosampler
(model), an Agilent pump (model), a PDA detector (model)
and a ZORBAX SB-C18 column (5 µm, 4.6×250 mm,
Agilent, USA).
Mobile phase was a gradient elution of water and
methanol, both containing 0.05 % (v/v) trifluoroacetic acids
(TFA). The gradient elution was programmed as 30 % to
35 % of methanol in the first 10 min followed by an increase to 70 % within 35 min, and finally a decrease to 30 %
in 5 min. Total time for each sample was 1 h including the
post run time of 10 min. The wave length of the UV absorbance detector was set at 238 nm. The flow rate was
0.8 mL /min and the sample injection volumes were 40 µL.
Each MC-LR sample was filtered through a 0.45 µm filter
before HPLC analysis.
2.5. Experiment design

Experiments were carried out to investigate the effect
of different parameters including initial NaNO2 concentrations (actually existed in the ionization equilibrium of
NO2- and HNO2 under different pH values), initial pH
values and initial MC-LR concentrations.
The volume of the reaction solutions was divided into
quotas for each stock solution, with 1.0 mL for NaNO2,
0.5 mL for HClO4 or NaOH stock solutions and 1.5 mL
for MC-LR. After the mixture of all the stock solutions,
1.0 mL of the reaction solution was immediately transferred to a sample vial in the autosampler for HPLC analysis. All the reactions were carried out in total darkness to
prevent the photolysis of HNO2 in the reaction solutions
and the temperature was maintained at 20 ℃.
According to the equilibrium of nitrous acid in water
solutions, theoretical concentrations of nitrous acid can be
calculated with the pH values and NaNO2 concentrations
in the reaction solutions. Variants of each parameter were
adjusted by the stock solution with different concentration.
The HPLC standard curve was generated using MCLR standard solutions. The peak time of MC-LR was at
46.5 min. The first sampling time was defined as t = 0. The
sampling time intervals were 1 h. The relative MC-LR concentration (ct / co) was used to represent the MC-LR retention at each time. Pseudo-first-order kinetics equation, ln
(co / ct) = k t, was adopted to investigate the rate of the
reaction. Variables of each parameter were charged to
study their effects on the change of MC-LR degradation
rate constant k.
3. RESULTS AND DISCUSSION
3.1. MC-LR extraction

3.75 g of algae cells were collected from 500 mL culture medium. Using the freezing and thawing extraction
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method, 1.024 mg MC-LR were obtained from 3.75 g wet
algae cells, which equaled to the MC-LR relative weight was
0.273 mg/g in wet algae cells. By comparing the amount of
MC-LR in step 2 and step 4, the MC-LR recovery rate
(95.5 %) through the process of solid-phase extraction
was obtained.
The change of relative MC-LR concentrations with
time in the reaction solution with fixed concentrations of
NaNO2 (5 mM), and MC-LR (9.78 mg/L), and pH value
(1.73) was investigated.
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FIGURE 2 - Relative MC-LR concentrations (ct / c0 ) versus time
under different initial pH values. Composition of other stock solutions: 1.0 mL 15 mM NaNO2, 1.5 mL 19.56 mg/L MC-LR, 20 ℃.
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FIGURE 1 - A typical degradation process showing change of relative
concentration of MC-LR with time. Composition of stock solutions:
1.0 mL 15 mM NaNO2, 0.5 mL 0.2 M HClO4, 1.5 mL 19.56 mg/L MCLR, 20 ℃.

As shown in Figure 1, 94.89 % of MC-LR was degraded within 5 h. The value of the pseudo-first-order kinetics constant k was 0.01305 min-1, with the MC-LR halflife of 53.11 min. After 5 h, the peak of MC-LR became
very weak and could hardly be detected.

The MC-LR degradation with different concentrations
of NaNO2 was also investigated. The NaNO2 concentration
in the reaction solution was 1 mM, 3 mM, 5 mM, 10 mM
and 20 mM respectively.
As shown in Figure 3, the MC-LR degradation rate
was enhanced when the initial NaNO2 concentrations increased. However, the degradation rate changed little when
the NaNO2 concentration was more than 5 mM. The actual
pH value detected in each reaction solution only changed
slightly (was 1.63, 1.66, 1.70, 1.73, 1.77 and 1.95 respectively in this study). Besides, not surprisingly, no degradation was observed in the 0 mM NaNO2 group, which
excluded the possibility of MC-LR degradation by HClO4.
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In this study, four groups of pH values (1.73, 3.96,
7.15 and 10.91) were adopted to investigate their effect on
the degradation of MC-LR. Because of the ionization
equilibrium of nitrous acid and the possible influence of
MC-LR, the actual pH value could not be calculated
merely by the HClO4 stock solutions added into the reaction solutions. The actual pH values in this study were
read with the pH meter before each trial. The relative concentrations of MC-LR at each time to the initial concentrations were shown in Figure 2. Results indicated that the
MC-LR degradation rate was negatively correlated with
the pH value.
Very effective degradation of MC-LR could be achieved
in the presence of NaNO2 under acidic conditions. At the
fixed NaNO2 concentration (5 mM), the degradation rate
increased when pH value was reduced. No degradation of
MC-LR was observed within 5 h under neutral and alkaline conditions, suggesting that acidic condition is essential for the degradation of MC-LR, probably mediated by
nitrous acid (HNO2).
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FIGURE 3 - Relative MC-LR concentrations (ct / c0 ) versus time
under different initial amount of total NO2-. Composition of other
stock solutions: 0.5 mL 0.2 M HClO4, 1.5 mL 19.56 mg/L MC-LR,
20 ℃.

The reaction rates were described by pseudo-firstorder kinetics, and the parameters were listed in Table 1.
Consistent with the experiments with different initial
NaNO2 concentrations, the reaction processes could well
fit the pseudo-first-order kinetics respectively, and differ-
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ent initial NaNO2 concentrations had different effect on
the rate constants and the half lives of MC-LR in the
reaction solutions. However, the degradation rate of MCLR was not positive correlated with the initial NaNO2
concentration. The first order kinetics constant k increased
when the initial NaNO2 concentration were below 5 mM,
and then fell slightly when the initial NaNO2 concentration increased, which reached the maximum when the
NaNO2 concentration was near 5 mM.
TABLE 1 - Kinetics of MC-LR degradations in different reactions
Parameters of pseudo-first order kinetics in each trial
c(NaNO2),
mM

ln (co / ct)=
0.00427 t
ln (co / ct)=
0.00968 t
ln (co / ct)=
0.01305 t
ln (co / ct)=
0.01202 t
ln (co / ct)=
0.01081 t

1
3
5
10
20

k, min-1

t1/2, min

R2

0.00427

162.3

0.99549

0.00968

71.61

0.98683

0.01305

53.11

0.99264

0.01202

57.67

0.99464

0.01081

64.12

0.99750

Rate equation

3.5. Effect of initial MC-LR concentration

Three groups with different MC-LR concentration
(6.52 mg/L, 9.78 mg/L and 13.77 mg/L) in the reaction
solutions were further tested to investigate the effect of the
initial MC-LR concentrations on its degradation. The NaNO2
concentration was 5 mM and actual pH values were respectively 1.73, 1.73 and 1.75 in the reaction solutions.
Although the residual MC-LR in each group was different at the same time, similar relative MC-LR concentrations (ct /c0) were observed with time, which are shown
in Figure 4.
1.0

in this study were 763, 509, and 361 respectively. These
results suggested that the initial NaNO2/MC-LR molar ratio
and the MC-LR concentrations in this study had little influence on MC-LR degradation.
3.6. Relationships between reaction rate constant and theoretical HNO2 concentrations

Results showed considerable degradation of MC-LR
in the present of NaNO2 under acidic conditions, and no
degradation under neutral and alkaline conditions or acidic condition in the absence of NaNO2. Thus, the primary
condition for the degradation of MC-LR is the present of
HNO2, and the potential underlying degradation mechanism was probably mediated by HNO2.
According to the ionization equilibrium of HNO2:
HNO2 → H+ + NO2pKa=3.3
The theoretical concentrations of HNO2 under the
tested pH values with different initial NaNO2 concentrations in this study were listed in Table 2.
TABLE 2 - Theoretical concentrations of
HNO2 in NaNO2 solutions under different pH values
pH
1.95
1.77
1.73
1.70
1.66
c(NaNO2), M 0.02
0.01
0.005
0.003
0.001
c(HNO2), M 1.91 × 10-2 9.71 × 10-3 4.87 × 10-3 2.93 × 10-3 9.78 × 10-4

The relationship between kinetics constant and the
theoretical concentration of HNO2 is depicted in Figure 5.
The same conclusion that the degradation rate was not positively correlated with the theoretical nitrous acid concentration can be also obtained from the results in this study.
With the MC-LR concentrations in this order of magnitude, the first order kinetics constant k reached the maximum when the concentration of theoretical HNO2 was
near 5 mM, regardless of different initial NaNO2 concentrations and initial pH values.
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FIGURE 4 - Relative MC-LR concentrations (ct / c0 ) versus time
under different initial MC-LR concentrations. Reaction solution
composition: 1.0 mL 15 mM NaNO2 stock solutions, 0.5 mL 0.2 M
HClO4 stock solution, 20 ℃.

There was no significant change of the reaction kinetics constant (the k values were 0.0124, 0.01305 and
0.01184 respectively). The NaNO2/MC-LR molar ratios

FIGURE 5 - Variants of k values versus theoretical HNO2 concentrations in the reaction solutions. Initial MC-LR concentration was
9.78 mg/L

It was reported that the conjugated diene structure of
Adda moiety in MCLR was essential for inhibition of
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protein phosphatase 1 and 2A [30, 31] and the conjugated
double bonds in the Adda moiety can cause a characteristic absorption maximum at 238 nm [32]. In this study, the
absorption intensity of the 5 h sample was found to be
greatly weakened in the chromatograms, which indicated
that the Adda moiety have been destroyed during this process.
Diazo-reaction can take place between nitrous acid
and amino acid, peptide or proteins [33-35]. During the
reaction processes, nitrous acid reacts with the N-terminal
groups in amino acids, peptides or proteins. MCs belong
to a family of monocyclic heptapeptides, and the degradation of MC-LR might also go through the similar diazoreaction. However, the specific reaction intermediates and
degradation pathway still need further investigation.

[4]

Chorus, I. (Ed.), (2001) Cyanotoxins: Occurrence Causes and
Consequences. Springer, Berlin, 115-133.

[5]

Zurawell, R.W., Chen, H., Burke, J.M. and Prepas, E.E.
(2005) Hapatotoxic cyanobacteria: A review of the biological
importance of microcystins in freshwater environments.
Journal of Toxicology and Environmental Health 8(1), 1–37.

[6]

Simeunovic, J., Svircev, Z., Karaman, M., Knezevic, P. and
Melar, M. (2010) Cyanobacterial blooms and first observation of microcystin occurrences in freshwater ecosystems in
Vojvodina Region (Serbia). Fresenius Environmental Bulletin 19(2), 198-207.

[7]

Jones, G.J. and Orr, P.T. (1994) Release and degradation of
microcystin following algicide treatment of a Microcystis aeruginosa bloom in a recreational lake, as determined by
HPLC and protein phosphatase inhibition assay. Water Research 28 (4), 871–876.

[8]

Harada, K-I. and Tsuji, K. (1998) Persistence and decomposition of hepatotoxic microcystins produced by cyanobacteria
in natural environment. Journal of Toxicology-toxin Reviews
17 (3), 385–403.

[9]

Hyenstrand, P., Rohrlack, T., Beattie, K.A., Metcalff, J.S.,
Codd, G.A. and Christoffersen, K. (2003) Laboratory studies
of dissolved radiolabelled microcystin-LR in lake water. Water Research 37 (14), 3299–3306.

4. CONCLUSIONS
For the first time, the degradation of MC-LR in solutions by nitrous acid under darkness was investigated. The
degradation rate increased when the pH value decreased,
but was not positive correlated with the initial NaNO2
concentration, and the initial concentration of MC-LR in
this order of magnitude had little influence on its degradation. Under the optimum initial conditions (5 mM sodium
nitrite, pH 1.73, and 9.78 mg/L MC-LR), the MC-LR
degradation rate could reach 94.89 % at 5 h. The decrease
in product absorbance demonstrated that the toxic Adda
moiety in MC-LR molecule structure had been destroyed
in the reaction process in this study. MCs belong to a
family of monocyclic heptapeptides, and the diazoreaction may be another possible pathway for MC-LR
degradation. The reaction intermediates and degradation
pathway is underway and further study is still needed to
clarify the reaction mechanisms.
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ABSTRACT
Irrigation, as a major solution to drought, is connected
with irreversible nitrogen losses due to leaching. Improvement of soil management through the application of biodegradable polymers, as soil water bearers, gives a new
approach in drought control. Trials were performed to
examine the influence of Super-Hydro-Grow polymer
(SHG), a starch-based polymer, on maize growth and grain
yield, compared with rain-fed and irrigation cropping practices. The climatic conditions during 2006 were moderate
compared to the ones in 2007, which was a relatively dry
year. The positive impact of the polymer on plant growth
was observed through the significant increases in the fresh
matter of the shoots and grain yield, compared to the other
treatments. In addition to maintaining soil moisture (as its
main function) during the vegetative period, the polymer
suppressed soil N deprivation making it advantageous cropping practice. Furthermore, the extended effect of the SHG
polymer on the subsequent rotational crops should be considered.

KEYWORDS:
starch polymer application, maize growth, yield, soil nitrogen.

1. INTRODUCTION
The global climatic changes are associated with increased length of drought periods. In maize, water stress
reduces plant height, leaf area, growth and yield by increasing the anthesis-to-silking interval [1, 2]. Irrigation, where
economically available, is the major solution to drought. It
is the major approach to intensification in agriculture but it
is associated with hazards, such as soil erosion, salination
and leaching, which have a great impact on ground-water
pollution [3, 4]. Furthermore, N-fertilizers contribute to
environmental impacts, such as eutrophication and global
warming. Some production practices can be used for re* Corresponding author

ducing N leaching without influencing the potentiality of
high yield [5].
Sustainability and green chemistry (design of chemical
products and processes that reduce or eliminate the use or
generation of hazardous substances; it applies across the
life cycle of a chemical product, including its design, manufacture and use) are the new principles in the development
of the next generation of products and processes based on
the “recycling concept”. This has opened up new opportunities for the development of the next generation of sustainable materials that meet ecological and economic requirements [6]. Polymers are widely used for many applications in agriculture: to combat viruses and other crop
pathogens, and functionalized polymers are employed to
increase the efficiency of pesticides and herbicides, allowing the application of lower doses and thus indirectly protection of the environment [7]. Some polymers acting as
cementing material hold the primary soil particles together
[8]. Super absorbent polymers help in reducing the consumption of irrigation water and the death rate of plants,
improving fertilizer retention in the soil and increasing
plant growth rate [8]. Based on the results of Orzolek [9],
the benefits derived from polymer application to soil
include an increase in the water holding capacity and soil
nutrient reserves and a reduction in soil compaction.
The aim of this study was to examine the influence of
Super-Hydro-Grow polymer (a starch based polymer from
Super Absorbent Company (SAC) Irvine, California, USA)
on maize growth and development, and grain yield in the
rain-fed cropping practice and compare the results with
those obtained for rain-fed and irrigation cropping practices without the addition of the polymer.
2. MATERIAL AND METHODS
2.1. Experimental design

The trial was set up with two maize hybrids ZP SC
434 (H1) as drought tolerant, ZP SC 578 (H2) as drought
intolerant and their parental inbreds: PL 204 (L1), PL 142
(L2) and PL 233 (L3), PL 16 (L4). Pre-sowing preparation
was performed with standard cultivation, including appli-
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cation of 600 kg ha–1 of NPK (15:15:15) in the autumn
and 150 kg ha–1 of urea in the spring. The sowing was
performed on 04.05.2006 and 26.04.2007, by the block
system, each genotype in 6 rows, 10 m long, with a distance of 0.7 m between the rows, in 3 replications. The
plant density was 62,100 plants ha–1. The applied treatments were:
1. application of Super Hydro Grow polymer under rainfed conditions;
2. rain-fed conditions only;
3. irrigation only.
The application of the SHG™ polymer consisted of
the addition of 5 g of polymer into every seedbed (10 x 10
cm). This polymer is a non-toxic, biodegradable, pH neutral, starch-based superabsorbent (hydrogel), produced by
Super Absorbent Company (SAC) Irvine, California,
USA. It absorbs large quantities of water.
In the field with irrigation, the dynamics of the soil
moisture at the rizosphere was determined by the thermogravimetric method, and the moisture content was maintained at 70 – 75 % of the water-retaining capacity [10] by
providing water from a rain gun (BAUER RAIN STAR).	
 
2.2. Soil and plant sampling

Soil samples were taken at the three most important vegetative phases: initial growth (25.05.2006 and 23.05.2007),
anthesis (25.07.2006 and 19.07.2007) and after harvest
(23.10.2006 and 06.11.2007), while the plant samples were
taken at the beginning of vegetation (14.05.2006 and
06.05.2007) and at anthesis (25.07.2006 and 19.07.2007).
Differences between the sampling times were emphasized
by different climatic conditions, characteristic for the experimental years.
The soil was sampled from the effective rizosphere
zone, from the 0 – 30, 30 – 60 and 60 – 90 cm layers. The
soil moisture was determined thermogravimetrically by
heating to constant mass at 105 °C and determining the
mass loss. The ammonium (NH4) and nitrate (NO3) nitrogen were determined from the soil using the method of
Scharpf and Wehrmann [11]. The soil samples were extracted with 1 M NaCl + 0.1 M CaCl2 solution. The sum
of the ammonium and nitrate N determined in each of the
three layers represents the total available N in the soil.
Three average plants per replication were sampled in
the sprouting and anthesis phases. The aerial parts of the
plants were collected. The fresh weight (FM, g) of the plants
was measured, as well as the dry weight (DM, %), after
drying at 60 °C in a ventilation dryer. Total nitrogen content was determined for dried plant material by a modified
method of Allen [12].
2.3. Statistical analysis

The means for FM, DM and grain yield were compared using the Student’s protected least significant difference test (LSD) at the 0.05 level. The water use efficiency was calculated by the following relation [13, 14]

with modification, in which the available water is rain +
irrigation as suggested by Dardanelli et al. [15]:
WUE = GY/AW
(1)
–1
–1
Where WUE is water use efficiency (t ha cm ), GY
is the grain yield (t ha–1) and AW is the total available
water (cm).

3. RESULTS
3.1. Meteorological conditions

Experiments were performed during two distinct seasons: 2006, with lower daily average temperatures and a
larger amount of precipitation, and 2007, with relatively
high daily average temperatures and a smaller amount of
precipitation (Fig. 1). In 2006, the average temperatures
were: in May 17.1 °C, June 19.7 °C, July 23.8 °C, August
20.2 °C, September 18.6 °C and October 20.7 °C and
the sums of precipitations were: in May 23.5 mm, June
143.6 mm, July 27.3 mm, August 109.0 mm and September 10.8 mm; in 2007, the daily average temperatures
were: in May 18.9 °C, June 23.1 °C, July 25.0 °C, August
23.8 °C, September 15.7 °C and October 11.2 °C and the
sums of the precipitations were: in May 52.6 mm, June
87.0 mm, July 18.9 mm, August 51.6 mm, September
73.0 mm and October 102.5 mm.
Based on the obtained data, the sums of the average
daily temperatures during the vegetative period in 2006
and 2007 were 2338.3 °C and 3700.2 °C, respectively,
and the sums of the precipitations were 314.2 mm and
385.6 mm, respectively, but distribution of precipitations
were different. The main quantities of precipitations in
2007 occurred during September and October (175.5 mm),
after grain filling.
3.2. Available nitrogen and soil moisture

A higher, almost double, N content was observed in
soil in the initial phase of 2006, compared to 2007 (Table
1), while the average soil moisture in the same phase was
1.71 % lower in 2007 than in 2006. The polymer application expressed inversely proportional results to rain-fed
conditions for N in anthesis: in 2007 the higher average N
content (42.26 kg N ha-1, Table 1) and relative lower soil
moisture (1.02 %) was observed under polymer treatment,
while in 2006 N content and moisture level were higher
(37.49 kg N ha-1 and 3.3%, respectively) in rain-fed conditions. Based on maintaining the soil moisture (70 – 75
% of field capacity at depth 0-90 cm), the irrigation was
performed once in 2006 (19 July) with 14.7 mm and twice
in 2007 (20 July and 03 August) with 50 and 35 mm,
respectively. In the soil profile (0 – 90 cm) of the irrigated
field N was highest under H1 in 2006 (216.71 kg N ha-1)
and under L4 in 2007 (236.72 kg N ha-1) during anthesis.
The soil moisture varied depending on the cropping
year and treatment (Table 1). The relatively favorable
conditions present in 2006 resulted in higher soil moisture
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FIGURE 1 - Daily average temperatures and daily precipitation during the vegetative seasons of 2006 and 2007.

TABLE 1 - The content of available nitrogen (kg ha-1) and soil moisture (%) during initial growth,
anthesis and harvesting phases, under maize hybrids (H1, H2) and inbreds (L1-L4); Mean ± SD.
2006
N
348.87 ± 27.8
227.84 ± 9.3
232.04 ± 9.0
136.88 ± 8.7
192.54 ± 4.5
132.84 ± 5.9
171.63 ± 4.8
182.30 ± 7.0
56.78 ± 2.8
63.57 ± 4.9
80.28 ± 5.3
57.01 ± 3.2
51.95 ± 3.3
64.77 ± 2.8
64.77 ± 3.7

Initial phase
H1
H2
L1
L2
L3
L4
Mean
H1
H2
L1
L2
L3
L4
Mean

340.11 ± 16.9
215.13 ± 5.4
221.71 ± 7.9
121.85 ± 8.6
171.60 ± 6.6
154.83 ± 7.7
193.48 ± 9.3
179.77 ± 7.6
33.88 ± 5.4
49.07 ± 3.0
52.92 ± 4.5
67.29 ± 5.9
34.08 ± 3.2
49.68 ± 6.9
47.82 ± 4.8

Initial phase
H1
H2
L1
L2
L3
L4
Mean
H1
H2
L1
L2
L3
L4
Mean

301.25 ± 15.2
216.71 ± 14.1
123.35 ± 6.7
199.27 ± 6.2
174.83 ± 7.6
168.43 ± 8.2
168.41 ± 8.4
175.17 ± 8.5
16.13 ± 2.1
11.40 ± 2.7
18.31 ± 5.2
14.48 ± 1.8
15.72 ± 2.9
41.67 ± 3.5
19.62 ± 3.0

Harvesting

Anthesis

Harvesting

Anthesis

Harvesting

Anthesis

Initial phase
H1
H2
L1
L2
L3
L4
Mean
H1
H2
L1
L2
L3
L4
Mean

2007
Moist.

N

Polymer treatment
20.38 ± 2.7
181.38 ± 15.3
15.90 ± 1.2
123.17 ± 14.0
15.02 ± 0.8
224.29 ± 14.2
16.34 ± 1.7
210.21 ± 7.5
16.30 ± 1.6
244.68 ± 15.8
15.24 ± 1.5
254.43 ± 13.9
15.70 ± 1.3
290.57 ± 17.4
15.75 ± 1.3
224.56 ± 13.8
17.14 ± 1.5
173.47 ± 9.6
16.78 ± 1.2
162.21 ± 13.2
17.68 ± 1.3
190.75 ± 14.9
17.57 ± 1.7
172.63 ± 15.2
17.66 ± 1.5
165.92 ± 14.3
17.08 ± 1.4
178.75 ± 12.4
17.32 ± 1.4
173.96 ± 13.3
Rain-fed conditions
20.15 ± 1.2
184.14 ± 9.6
14.61 ± 0.8
120.49 ± 6.6
16.19 ± 1.3
109.66 ± 4.5
16.40 ± 1.5
97.43 ± 7.9
14.06 ± 0.5
137.43 ± 8.3
15.04 ± 0.7
145.25 ± 6.6
17.30 ± 1.3
243.44 ± 9.3
15.60 ± 1.0
142.28 ± 7.2
17.39 ± 0.4
51.05 ± 3.8
17.34 ± 0.6
48.57 ± 3.0
16.61 ± 0.2
53.36 ± 4.5
16.75 ± 0.4
87.74 ± 5.9
18.08 ± 2.0
87.40 ± 3.2
17.19 ± 0.7
97.07 ± 9.1
14.61 ± 0.7
70.86 ± 4.9
Irrigation
18.64 ± 1.6
197.73 ± 5.4
18.04 ± 0.7
117.75 ± 4.0
17.56 ± 1.5
157.39 ± 7.3
16.41 ± 1.2
115.53 ± 4.2
18.04 ± 0.4
119.46 ± 3.9
17.23 ± 1.5
149.71 ± 6.8
17.56 ± 1.4
236.72 ± 7.8
17.47 ± 1.1
149.4 3± 5.7
17.50 ± 0.3
75.21 ± 2.3
17.61 ± 0.2
77.38 ± 5.2
17.23 ± 0.3
85.50 ± 3.8
16.41 ± 0.2
79.70 ± 1.8
17.70 ± 0.7
102.69 ± 4.6
16.73 ± 0.5
72.07 ± 3.3
17.19 ± 0.4
82.09 ± 3.5

1016

Moist.
18.92 ± 0.6
12.38 ± 0.3
13.77 ± 0.2
13.94 ± 0.3
14.74 ± 0.4
16.88 ± 0.2
16.68 ± 0.8
14.7 3± 0.4
16.62 ± 0.3
15.84 ± 0.8
16.04 ± 0.2
17.60 ± 0.2
17.43 ± 0.4
18.85 ± 0.1
17.06 ± 0.3
18.14 ± 1.7
11.02 ± 0.6
13.22 ± 0.8
13.31 ± 1.1
12.17 ± 0.2
10.49 ± 0.3
13.73 ± 0.5
12.32 ± 0.6
15.71 ± 0.4
17.81 ± 0.4
16.89 ± 0.1
17.83 ± 0.2
17.39 ± 0.2
17.03 ± 0.4
17.11 ± 0.3
17.00 ± 1.5
11.57 ± 1.3
13.08 ± 0.9
13.94 ± 1.6
13.18 ± 0.2
11.77 ± 0.2
11.69 ± 0.4
12.54 ± 0.8
15.75 ± 0.1
15.69 ± 0.2
14.38 ± 0.2
14.66 ± 0.4
15.40 ± 0.1
17.08 ± 0.3
15.49 ± 0.2
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compared to 2007 (on an average from 0.23 to 6.49 %).
The higher precipitation level present in both growing seasons from August to October (Figure 1) induced the increase of the soil moisture from anthesis to harvesting (from
0.05 to 3.04 % for 2006 and from 0.44 to 6.90 % for
2007).
3.3. The fresh, dry matter and N content in plant shoots

The slightly higher shoot FM was noted in initial phase
of 2007, compared to 2006 (Table 2), what could be related

to the relatively favorable conditions and faster sprouting.
Unfavorable conditions present during anthesis in 2007,
induced a decrease in FM and on an average was 13%
lower, compared to 2006. Irrespective to seasonal influence and treatment, the highest FM values were observed
in H1 and H2 (in initial and anthesis phases).
Concerning the changes of the DM under the applied
treatments (Table 2), a significant difference was observed
between genotypes in 2006 in both examined phases and
in anthesis of 2007.

TABLE 2 - The fresh matter (FM), dry matter (DM) and nitrogen content in shoots of maize hybrids (H1, H2) and inbreds (L1-L4) during
initial growth and anthesis in 2006 and 2007; (Pol. – polymer cropping; Rf – rain-fed cropping; Irr – application of irrigation).
H1

H2

L1

L2
2006
Pol.
105.73
71.07
53.03
21.87
Init.
Rf
74.17
78.87
37.20
21.87
Irr.
179.63
101.00
52.17
29.47
Mean
119.84 a
83.65 b
47.47 c
24.40 d
Pol.
280.14
275.63
218.40
280.28
Anth.
Rf
313.67
239.51
236.36
219.80
Irr.
278.25
258.44
192.57
243.04
Mean
290.69 a
257.86 b
215.78 c
247.71 b
Pol.
12.33
10.8
11.57
9.84
Init.
Rf
11.33
12.03
12.45
9.58
Irr.
13.90
11.57
11.66
9.43
a
ab
ab
Mean
12.52
11.47
11.89
9.62 b
Pol.
29.65
29.66
31.06
26.80
Anth.
Rf
28.24
29.21
32.40
27.53
Irr.
29.18
28.66
28.63
25.55
Mean
29.02 ab
29.18 ab
30.70 a
26.63 b
Pol.
43.31
47.58
45.87
43.09
Init.
Rf
45.87
45.05
42.62
44.07
Irr.
40.71
49.47
44.75
43.23
n.s.
n.s.
n.s.
Mean
43.30
47.37
44.41
43.46 n.s.
Pol.
23.35
25.53
27.04
22.56
Anth.
Rf
27.90
23.73
31.21
26.20
Irr.
25.51
31.66
27.12
29.01
Mean
25.59 b
26.97 ab
28.46 a
25.92 b
2007
Pol.
130.13
198.20
53.20
39.57
Init.
Rf
113.97
84.13
55.17
7.71
Irr.
121.36
87.13
55.08
8.47
Mean
121.82 a
123.15 a
54.48 b
18.58 c
Pol.
234.26
258.23
170.73
200.97
Anth.
Rf
232.37
241.05
144.90
163.73
Irr.
232.86
241.43
191.14
207.94
ab
a
b
Mean
233.16
246.90
168.92
190.88 ab
Pol.
9.80
10.46
10.21
11.11
Init.
Rf
11.17
11.02
10.20
11.60
Irr.
9.82
9.68
10.37
12.06
Mean
10.26 n.s.
10.39 n.s.
10.26 n.s.
11.59 n.s.
Pol.
26.21
27.80
24.40
24.63
Anth.
Rf
25.61
27.14
25.49
23.14
Irr.
25.62
26.59
19.98
22.27
Mean
25.81 ab
27.18 ab
23.29 ab
23.35 ab
Pol.
38.64
36.72
38.49
41.19
Init.
Rf
39.06
41.33
39.78
46.61
Irr.
43.30
40.02
39.73
46.97
Mean
40.33 b
39.36 b
39.33 b
44.92 a
Pol.
26.16
27.13
28.02
26.31
Anth.
Rf
25.03
27.89
27.32
30.59
Irr.
26.41
26.88
29.84
27.49
Mean
25.87 b
27.30 b
28.39 ab
28.13 ab
The values followed by same letters are not significantly different at the 0.05 level
N (mg g-1)

DM (%)

FM (g shoot-1)

N (mg g-1)

DM (%)

FM (g shoot-1)

Genotype
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L3

L4

Mean

LSD 0.05

31.00
30.23
39.07
33.43 cd
228.48
156.80
184.17
189.82 d
10.36
10.23
10.34
10.31 b
27.77
27.17
28.22
27.72 b
46.47
44.34
44.15
44.99 n.s.
26.88
25.63
26.28
26.26 b

21.15
17.54
18.90
19.20 d
223.58
135.38
115.15
158.04 e
10.04
10.48
9.53
10.02 b
28.08
25.75
24.92
26.25 b
46.78
45.11
47.89
46.59 n.s.
27.93
29.36
26.19
27.83 a

50.64 b
43.31 c
70.04 a
54.67
251.08 a
219.92 b
211.94 b
224.65
10.82 n.s.
11.02 n.s.
11.07 n.s.
10.97
28.84 a
28.38 a
27.53 b
28.24
45.52 a
44.51 c
45.03 b
45.02
25.55 b
27.34 a
27.63 a
26.84

Treatment
6.22
Genotype
16.96
Treatment
9.46
Genotype
12.44
Treatment
0.61
Genotype
1.86
Treatment
0.73
Genotype
2.33
Treatment
0.31
Genotype
5.43
Treatment
1.31
Genotype
1.10

22.19
32.87
33.67
29.58 c
149.49
105.18
154.14
136.27 b
12.03
12.23
10.06
11.44 n.s.
28.00
27.50
28.89
28.13 a
40.29
27.79
37.62
35.23 c
28.27
29.19
28.72
28.73 ab

16.12
14.56
22.78
17.82 c
233.03
124.60
276.57
211.40 ab
11.13
9.28
12.28
10.90 n.s.
23.07
25.63
15.79
21.50 b
37.92
31.75
49.29
39.65 b
31.34
28.28
34.34
31.32 a

76.57 a
51.40 b
54.75 b
60.91
207.78 a
168.64 b
217.34 a
197.23
10.79 n.s.
10.92 n.s.
10.71 n.s.
10.81
25.68 a
25.75 a
23.19 b
24.88
38.87 b
37.72 b
42.82 a
39.81
27.87 b
28.05 b
28.95 a
28.29

Treatment
3.89
Genotype
18.84
Treatment
17.81
Genotype
67.97
Treatment
0.63
Genotype
2.55
Treatment
1.30
Genotype
6.43
Treatment
1.84
Genotype
2.36
Treatment
0.38
Genotype
3.97
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The f N concentration in plant shoots decreased from
the initial to the anthesis phase of both experimental years,
due to the increased FM and DM values from the initial
phase to anthesis. The differences between the genotypes
were insignificant only during initial phase of 2006. It
should be emphasized that the plants grown under irrigation had slightly higher values of the N concentration during anthesis, in comparison to the polymer and rain-fed
practices.
3.4. The grain yield, N content and water use efficiency

The grain yield was lower in 2007 than in 2006, by
33 % on average (Table 3), irrespective of the longer
period from anthesis to harvesting (110 days in 2007 and
77 days in 2006), owing to the unfavorable conditions
present during grain filling (second half of July and August, Figure 1). It is important to emphasize that the differences in grain yield between the cropping years was

highest in the rain-fed practice (44.7 %), but lowest was
for the polymer cropping (22.7 %). 2007, as an unfavorable year, highlights the significance of irrigation and particularly polymer application, by rising average yield up
to 0.86 and 1.73 t ha-1, respectively, compared to the rainfed conditions.
N content in grain was slightly lower in 2007 (on average, 2 mg g–1). The applied cropping induced significant
increases in the N content in the grain with polymer treatment in both years and it was significantly higher, compared to rain-fed and irrigation (on average 51 and 20 mg
g–1, respectively).
The average WUE values of all genotypes were higher
in the polymer and irrigation cropping in 2006, while the
WUE was the highest under the polymer in 2007 (on average 209.0 t ha-1 cm-1, Table 3). In addition, the WUE of the
hybrids was higher in the polymer cropping in both years.

Polymer application
Rain-fed conditions
Irrigation
Mean
LSD 0.05
Polymer application
Rain-fed conditions
Irrigation
Mean
LSD 0.05
Polymer application
Rain-fed conditions
Irrigation
Mean

Polymer application
Rain-fed conditions
Irrigation
Mean
LSD 0.05
Polymer application
Rain-fed conditions
Irrigation
Mean
LSD 0.05

H1
12.2
11.34
10.80
11.47 a
196
169
207
191 b
350.0
325.3
327.9
334.4
H1
10.82
8.53
10.61
9.99 a
206
146
195
182 c

2006
H2
L1
12.17
3.53
11.88
3.20
9.51
4.90
11.18 a
3.88 b
Genotype: 5.74
191
208
169
185
178
181
179 c
191 b
Genotype: 8
349.1
340.8
286.8
325.5

101.2
91.7
147.9
113.6
2007
H2
L1
9.42
2.47
7.49
0.79
7.15
1.78
8.02 a
1.68 b
Genotype: 4.43
189
210
163
188
184
184
179 c
194 b
Genotype: 6

WUE
(t ha-1 cm-1)

N content
(mg g-1)

Yield
(t ha-1)

WUE
(t ha-1 cm-1)

N (mg g-1)

Yield (t ha-1)

TABLE 3 - The grain yield, nitrogen content in grain and water
using efficiency in maize hybrids (H1, H2) and inbreds (L1-L4) in 2006 and 2007.

Polymer application
461.2
401.9
105.1
Rain-fed conditions
363.9
319.6
33.5
Irrigation
394.7
265.9
66.1
Mean
406.6
329.1
68.3
The values followed by same letters are not significantly different at the 0.05 level

4. DISCUSSION
Disregarding the fact that the N content of the soil
was higher at the beginning of the vegetative period in

L2
3.72
3.88
4.84
4.15 b

L3
3.18
2.92
2.79
2.96 b

202
177
177
185 bc

230
185
186
200 a

106.8
111.4
146.0
121.4

91.1
83.8
84.1
86.4

L2
2.30
0.32
2.10
1.57 b

L3
2.79
0.92
1.10
1.60 b

197
178
178
184 c

230
193
180
201 a

97.9
13.8
78.2
63.3

119.1
39.0
41.0
66.4

L4
Mean
3.27
6.34 a
1.16
5.73 b
3.30
6.04 ab
2.58 b
6.04
Treatment: 0.32
221
208 a
106
165 c
145
179 b
157 d
184
Treatment: 6
93.8
33.4
99.4
75.5

182.0
164.4
182.0
176.1

L4
Mean
1.61
4.90 a
0.98
3.17 c
1.46
4.03 b
1.35 b
4.03
Treatment: 0.29
224
206 a
111
146 c
145
195 b
160 d
182
Treatment: 7
68.7
42.0
54.5
55.1

209.0
135.3
150.1
164.8

2006, compared to 2007 (on average 142.33 kg, Table 1),
the earlier sowing, as well as higher precipitation had
reduced the N content by almost 2 folds at anthesis in 2006,
while in 2007, the average N drop was only 8 %. The soil
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moisture was the highest across the soil profile under the
polymer cropping, which was fully expressed during anthesis and was in agreement with claims of Jhurry [16] and AlHumaid and Moftah [17] concerning the better water bearing of soils which contain hydrogel polymers.
The favorable conditions present in 2006 (Figure 1)
induced a better FM and DM accumulation up to the anthesis period (Table 2), which was reflected by higher grain
yields of all genotypes (Table 3). The late precipitations in
2007 prolonged vegetation and consequently, owing to dry
period present during July and August, a higher quantity
of N remained in soil (by lesser utilization and leaching),
which was particularly marked in the polymer cropping
(Table 1). Results are in agreement with Mikkelsen [18],
who emphasized that starch polymer addition can reduce
N leaching from well-drained soils. The highest FM and
DM values were observed during anthesis in 2006, in the
polymer and irrigation treatments (Table 2), indicating a
better biomass synthesis [19]. In 2007, as a relative extreme
year during the first part of the vegetative period, with high
average daily temperatures (May, June and July) and extremely low precipitation levels (June, July and August,
Figure 1), the highest FM values were observed in the
maize shoots (sprouting and anthesis) of most genotypes in
the polymer cropping (Table 2), due to a better water and
biomass management, as well as activation of drought tolerance mechanisms [20]. Woodhouse and Johnson [21] established that hydrogel polymer usage could prolong the period without wilting and increase the dry weight of plants
sensitive to droughts, such as lettuce. This was particularly manifested with L4, as the genotype with the worst
start growth and lowest grain yield (Table 3). What is
more important, at the end of the season of 2007, on average 103.10 and 91.87 kg ha-1 more N remained in the soil
profile (Table 1) under polymer, compared to the rain-fed
and irrigation practices. This observation signified N retention in the soil profile in the polymer cropping [9, 16]. This
is an important factor considering that leaching losses of
residual soil N may be dependent on irrigation [3, 4].
Generally, grain yields (Table 3) were lower in 2007,
on average by 33 %, with a negligibly lower N content in
the grain. Moreover, the cropping practice emphasized
polymer treatment as the practice with the highest grain
yield values in both years; they were on average 21 %
higher compared to rain-fed cropping and 10 % higher
compared to irrigation cropping. Concerning the modified
WUE parameter, 2006 was characterized as a year without remarkable differences between the applied cropping
practices (Table 3), other than for L1 and L2, where irrigation induced an increase in WUE, contrary to the results
of Al-Kaisi and Yin [14]. The observed data highlighted
the importance of an adequate moisture supply [22] for
grain filling and N consumption by irrigation. However,
in 2007, the relatively lower average WUE values of all
examined genotypes (particularly of the lines) were connected with drought [23]. Meanwhile, higher WUE values
were depicted in the polymer cropping for all the exam-

ined genotypes (Table 3), which is in accordance with the
results of Al-Humaid and Moftah [17] obtained on buttonwood with 0.6 % of hydrogel polymer, which prolonged
water loss from the soil by about 66 % compared to soil
without polymer application. Jhurry [16] also stated that
the use of hydrogels leads to increased WUE values, since
water that would have otherwise leached beyond the root
zone is captured. It is possible that H1 and H2, as the genotypes with highest WUE and yield utilize soil moisture and
N more efficiently in polymer cropping (lowest nitrogen
use by these genotypes was at anthesis, compared to soil
under inbreds, Table 1), as a consequence of connection
between grain and biomass yield with soil water and N
content pointed out by Hatfield et al. [13].
5. CONCLUSIONS
The aim of this study was to ascertain the influence of
three different cropping practices, i.e., water management,
on maize plant growth, considering the plant water and N
status. Results show that the polymer tested in this study
had positive effects on plant growth (FM and DM content) and grain yield, with maintenance of soil moisture
(as its main function) during the vegetative period, as well
as available N, which was especially accentuated during the
relatively dry season in 2007. Better N utilization, together
with longer N retention in soil is giving advantage to polymer, relative to other cropping practices, like irrigation,
they also reduce N leaching from soil. It is necessary to
take into consideration the application of starch-based
polymers, as supplements in the rain-fed cropping in different agro-ecological conditions, soil types, as well as the
prolonged effect of the polymer on subsequent rotational
crops in future research.
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ABSTRACT

1. INTRODUCTION

A pilot test was performed using settling column for
initial runoff from the Lingqiao section of Nanjing Airport Expressway (China) to determine amount and size
distribution of particles, as well as to evaluate its variation
characteristics during highway runoff settling. Changes of
particle size distribution were examined during runoff
settling from small, medium and heavy rainfall events. The
impact of the initial particle size distribution and initial
suspended solids (SS) concentration on particle variation
was explored. The runoff samples were analyzed to find
out the relationship of removal of particles in different size
with temperature and pH values. Results indicated that
particle volume with sizes of 76-150 µm was reduced significantly in the initial 30 min, during runoff settling from
small rainfall events, Similarly, particle volume with size
>20 µm evidently descended in the initial time, subsequently, reduced gradually during runoff settling from
medium rainfall events. In terms of heavy rainfall events,
particle volume with size >10 µm was reduced >50% in
the initial 30 min. Larger particles (>75 µm) which were
less influenced by the initial SS concentration, had more
obvious effect on the variation of particle size distribution
during runoff settling. On the other hand, the effect of
smaller particles (<21 µm) on the variation of particle size
distribution was significantly influenced by the initial SS
concentration. The correlation between the removal of particles with sizes of 0.45-20 µm and temperature was more
obvious than that for particles with sizes between 21150 µm. The correlation coefficient between the removal
of particles with size >300 µm and temperature was largest (0.469), and also that (0.635; p = 0.049) between removal of particles with sizes 76-150 µm and pH values,
significantly correlated at 0.01 level.
KEYWORDS: Highway runoff, settling, particle size distribution,
variation.

* Corresponding author

With the speedy development of a highway, many of
its accompanying environmental pollution issues are increasingly becoming serious concerns. In particular, pollutants from highway runoff are gradually becoming detrimental to surrounding water-bodies. Compositions of these
pollutants are very complex. SS is not only one of the main
resulting pollutants, but also a good carrier of other runoff
pollutants [1, 2]. A storm-water sedimentation tank is an important means of pre-processing and controlling road runoff
pollution [3-7], and it could effectively remove suspended
particles [8] as well as parts of other pollutants [9]. The
removal of these suspended particles depends not only on
their concentration, but also on their particle size distribution. As one of the important parameters of particle characteristics, particle size plays a decisive role on the characteristics and distribution of other pollutants, including
chemical oxygen demand (COD), total phosphorus (TP)
and heavy metals, etc. Li et al. [10] discussed the methods
of analyzing particle size distribution. Zhu et al. [11] studied
particle size distribution and associated pollutants of urban
runoff in Zhenjiang City of China. Tuccillo [12] investigated the size fractionation of metals in runoff from residential and highway storm sewers in Monmouth County,
New Jersey and found that 20-µm particles were most
likely to be removed by settling. Similarly, Petterson [13]
determined that particle with sizes <10 µm were predominantly responsible for the specific surface area of detention pond effluents. Sansalone and Ying [14] studied partitioning and granulometric distribution of metal leachate
from urban traffic dry deposition particulate matter subject to acidic rainfall and runoff retention. Grout et al. [15]
analyzed the colloidal phases in urban storm-water runoff
and concluded that a change in colloidal composition was
accompanied by the changes in colloidal morphologies.
Bechet et al. [16] studied colloidal speciation of heavy
metals in runoff and interstitial waters of a retention/ infiltration pond. Herngren et al. [17] studied the relationships
of heavy metals and SS in urban storm-water using simulated rainfall and separating the samples into the following 5 classes according to size: >300 µm (corresponds well
to sands), 151-300 µm (fine sands), 76-150 µm (very fine
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sands and silt), 0.45-75 µm (silt and clay), <0.45µm (dissolved fraction). However, very little attention has been
paid to particle size distribution variation during highway
runoff settling. This paper is based on a settling test of
road runoff from the Lingqiao section of Nanjing Airport
Expressway. The changes in particle size distribution were
examined during runoff settling from the small, medium
and heavy rainfall events. The impact of both initial particle size distribution and SS concentration on particle variation was explored. The relationship of removal rates between different particles with temperature and pH values
in runoff samples was analyzed. This study aims to improve
the design of treatment structures, such as storage tanks and
sedimentation ponds, and to provide an important reference
for the selection of a follow-up treatment process.

each other and then, the mixed samples were poured into
the settlement column from its top. At the same time, the
first sample was collected from the sampling port (Fig. 1)
as the initial test sample (outlet), and water column altitude
was simultaneously recorded. According to this method,
other test samples (outlet) were collected from the sampling
ports at 30, 60, 90, and 120 min.

2. MATERIALS AND METHODS
2.1 Sampling method

Road runoff samples were collected successively from
March to May 2009 at the Lingqiao section of Nanjing
(China) Airport Expressway. Based on our previous study
of the water quality in instantaneous samples of the entire
rainfall [18, 19], the initial 2-h rainfall runoff samples were
collected and mixed as the initial sample (inlet) of the pilot
test using settling column. After the formation of runoff, polyethylene bottles were used for collection of samples at
intervals of 3-5 min during 0-30 min, every 10-15 min during 30-60 min, at the interval of 20 min during 60-120 min.
The specific sampling time intervals were set according to
the rainfall duration and runoff rate, and each sample
volume was set at 1 L.
2.2 Pilot test device

A static polythene column was introduced as settling
device (Fig. 1). Length of column is about 150 cm, and its
diameter about 15 cm. This column has a marked scale
from bottom to top. Sampling port is at the bottom of the
cone-shaped column, and sampling point of settlement is
situated at 10 cm from column bottom, and overflow port
lies at the top of the column.
The settling column pilot test was immediately performed after sampling. Runoff samples were mixed with

FIGURE 1 - Settling experimental column
2.3 Sample analysis

After the settling test, particle volume of these test
samples was immediately measured through the Malvern
Mastersizer 2000 laser diffraction instrument (UK). The
SS values in the settling samples were obtained in accordance with the "Water and Wastewater Monitoring Analysis
Method" [20]. Temperature and pH values in the mixed
sample were measured by a PB-10 type pH-meter (glass
electrode method; Sartorius, Germany). The temperature
and pH value rarely fluctuated during runoff samples settling.
3. RESULTS
3.1 Rainfall characteristics and environmental conditions

Rainfall characteristics, temperature, pH values of
mixed samples, and the SS event mean concentration (EMC)
from the initial 2-h runoff were summed up. The results
are shown in Table 1.

TABLE 1 - The monitoring results of typical rainfall events.
Rainfall date
2009.03.05
2009.03.12
2009.03.20
2009.03.27
2009.04.04
2009.04.13
2009.04.19
2009.04.23
2009.05.02
2009.05.15

Rainfall time
(min)
162
350
94
268
181
180
228
142
196
185

Rainfall
(mm)
1.4
1.8
8.4
1.2
2.3
5.6
4.0
2.6
5.2
2.9

Rainfall intensity (mm·min-1)
0.0086
0.0051
0.0894
0.0048
0.0127
0.0311
0.0175
0.0183
0.0265
0.0157

Dry weather
times (h)
47.7
162.8
178.5
52.3
157.8
197.0
140.0
91.0
100.5
120.0

1022

SS EMC (mg·L-1)
144
98
318
94
102
190
182
217
245
170

Temperature
(°C)
6.6
10.4
15.1
11.4
13.2
16.9
18.7
17.7
19.5
21.3

pH
6.19
6.30
7.52
6.91
6.83
6.55
7.15
7.03
7.45
7.42
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TABLE 2 - Size distribution (%) of particles at the different rainfall events.
0.45-10 µm
50.92
44.30
47.30
13.34
5.30
1.88
3.60
11.19
6.78
9.67
19.43

11-20 µm
53.38
37.18
69.54
17.34
1.71
9.27
20.59
21.30
30.26
33.09
29.37

21-75 µm
55.89
65.12
81.85
46.57
30.43
34.27
38.95
34.08
67.67
64.01
51.88

According to the rainfall range of 10 monitored rainfall events (Table 1), the dates of small rainfalls (<2 mm)
were 2009-03-05, 2009-03-12 and 2009-03-27, respectively.
The heavy rainfall (>8 mm) occurred on 2009-03-20. The
rainfall range of the remaining 6 rainfall events was
from 2.0-8.0 mm. The average rainfall intensity range was
0.0048-0.0894 mm·min-1. The EMC range of SS was 94318 mg·L-1. Temperature and pH values varied in the range
of 6.6-21.3 ºC and 6.19-8.16, respectively. Therefore, the
10 monitored rainfall events sorted by small, medium and
heavy intensity of rainfall were typical ones and reliable
to study results.

2.0

151-300 µm
55.23
40.70
88.96
27.24
51.96
30.43
58.62
39.06
56.22
68.61
51.70

0h

0.5h

>300 µm
46.42
44.17
83.93
45.26
53.72
65.40
62.79
53.14
79.37
84.23
61.84

1h

1.5h

2h

1.8

3.2 The status of particle settlement

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

0

200

400

600

800

1000

1200

1400

1600

1800

2000

Particle sizes/μm
>300μm
11-20μm

2.0

151-300μm
0.45-10μm

76-150μm
<0.45μm

21-75μm

1.8

Particle volume(L/10000)

The proportions of particle settlement volume by the
2-h settling to the initial total volume of all particles in
different sizes are shown, respectively, in Table 2.
The percentage of settling volumes of particles with
size >0.45 µm was different from each other (Table 2).
The proportion of particle settlement volume with size 76150 µm and particles with size >300 µm to their initial
total volume were both larger, and the average values
reached 57.74 and 61.84%, respectively. That of particles
with sizes 21-75 and 151-300 µm followed, with the average value close to 51%, whereas that of particles with sizes
0.45-10 and 11-20 µm was the smallest, with averages calculated as 19.43 and 29.37%, respectively. These results
indicated that 76-150 and >300 µm particles existed mainly
as the settleable ones. Half of particles with sizes from 21
to 75 and 151 to 300 µm were the non-settleable ones, and
particles with 0.45-20 µm size were mostly non-settleable.

76-150 µm
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3.3 Particle size distribution during runoff settling
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According to the characteristics of rainfall events monitored in this study (Table 1), the settling test data of road
runoff from three different rainfall events on 2009-03-20,
2009-05-02, and 2009-03-27 were selected in order to explore variation of particle size distribution during runoff
sample settling test.
3.3.1 Small rainfall event

The particle size distribution and the cumulative volume of particles during runoff settling from the small rainfall event on 2009-03-27 are given in Fig. 2.

FIGURE 2 - Particle size distribution and particle volume during
runoff settling on 2009-03-27.

Particle size distribution changed at different degrees
during settling (Fig. 2). The total volume of particles varied
greatly during the first 0.5 h of settling, and the reduction in
particle volumes of runoff samples reached 0.042 cm3·L-1,
where the reduction of particles >20 µm was at different
degrees, and that of 76-150 µm particles was most obvious. Subsequently, the total volume of particles somewhat
changed, with values less than 0.006 cm3·L-1. This was
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observed by the hardly varying volume of particles with
size >150 µm, and the slightly decreasing volume of particles with size from 21-150 µm. Meanwhile, particle
volumes with size <21 µm were almost unchanged during
the whole settling.
3.3.2 Medium rain events

with size <11 µm was almost unchanged during the whole
settling test.
3.3.3 Heavy rainfall event

The particle size distribution and the cumulative volume of particles during runoff settling from the heavy rainfall event on 2009-03-20 are shown in Fig. 4.

The particle size distribution and the cumulative volume of particles during runoff settling from the medium
rainfall event on 2009-05-02 are shown in Fig. 3.
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FIGURE 4 - Particle size distribution and particle volume during
runoff settling on 2009-03-20.

2.0

FIGURE 3 - Particle size distribution and particle volume during
runoff settling on 2009-05-02.

Figure 3 shows that the total volume of particles also
greatly varied during the first 0.5 h of settling test, compared with the rainfall event on 2009-03-27. The reduction
in particle volume of runoff samples reached 0.082 cm3·L-1.
This could be reflected through the reduction of particles
with size >10 µm being at different degrees, whereas reduction of particles with size >20 µm was more obvious.
Subsequently, the total volume of particles slightly changed,
with values close to 0.030 cm3·L-1, which resulted from
the gradual reduction in the quantity of particles with size
>20 µm and from the slight change in the quantity of particles with size <21 µm. At the same time, particle volume

Compared with the rainfall events on 2009-03-27 and
on 2009-05-02, the variation in total volume of particles was
maximal during the first 0.5 h of settling test on 2009-03-20
(Fig. 4), reaching 0.603 cm3·L-1 during this time, demonstrated by evident volume reduction of particles >0.45 µm,
and that of particles with size >10 µm by >50%. The variation of particle size distribution during the second 0.5 h of
settling test was similar to that during road runoff settling
test on 2009-05-02, and the reduction in volume of particles was close to 0.030 cm3·L-1. From 1 to 1.5 h of settling test, the volumes of particles with sizes 11-20 µm
and 151-300 µm somewhat decreased, while those of
76-150 µm particles slightly increased. Hence, particle
size distribution did not change significantly. The volume
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of particles with size from 76 to 150 µm slightly decreased during 1.5-2 h of settling test, but that of other
particles hardly varied.
4. DISCUSSION
4.1 The impact of the initial particle size distribution on settling

The contents of particles with different sizes in road
runoff samples were closely related with the rainfall characteristics. The initial size distribution of particulate matter in runoff was determined at a larger degree by the
action of rainwater to wash road sediment, and the capacity of rainfall runoff to carry and transport larger particles.
The initial size distribution of particulate matter in runoff
samples highly affected variation of particle size distribution during the runoff settling.
In terms of the small rainfall event on 2009-03-27, volume of larger particles (>75 µm) in runoff was lower, while
the volume of non-settleable particles with size >75 µm
was higher. The volume of smaller particles (<21 µm)
was relatively higher, and these smaller particles mainly
existed in non-settleable forms (Table 2). Therefore, the
total volume of particles had a certain change during the
initial settling test, and then exhibited a slower change in
trend. The quantity of particles with size >75 µm was
greater, with respect to the medium rainfall event on 200905-02 and these particles were mostly composed of settleable ones. Simultaneously, the settlement proportion of
particles with 20-75 µm size was higher. Hence, the total
volume of particles had a significant change during the
initial settling, and then, this change still showed a certain
decreasing trend. The volume of particles with size >20 µm
was significantly higher during road runoff settling test on
2009-03-20. These particles existed mainly in settleable
forms. Hence, the total volume of particles had initially a
significant change. Subsequently, volume change still showed a considerable decrease in trend.
These facts indicated that the changes in particle size
distribution were highly influenced by the group of particles with size >75 µm during settling of runoff from the
small, medium and heavy rainfall events.
4.2 The impact of initial SS concentration on particle variation

Settling action can be classified according to the mass
concentration of SS and the flocculation ability of solid
particles. You [21] studied the effect of SS concentration
on settling velocity of cohesive sediment in quiescent water. He concluded that particle majority showed free set-

tling with SS concentration (C) less than 0.3 g·L-1, and
coagulation settling among 0.3 g·L-1<C<4.3 g·L-1, but
slow settling with concentrations >4.3 g·L-1. According to
the conclusions of the previous study [21], it indicated that
the styles of settling happening in the current study mainly
involved free settling and coagulation settling.
The SS event mean concentration reached 318 mg·L-1
for the initial runoff from the rainfall event on 2009-03-20.
Results indicated that coagulation settling of particles occurred during the runoff sample settling test from this
rainfall event. During this type of settling, the smaller
particles aggregated easily with other particles into larger
ones due to their better ability of bonding with other particles. After the formation of larger particles, depending
on the difference of particle density, particles might either
accelerate or slow down to settle, and sometimes even suspend in the water samples. Therefore, the volume of samesized particles obviously reduced or increased at the different moments of settling test, where the distribution of smaller
particles (<21 µm) apparently changed with settling time.
When SS event mean concentration was lower, particles
in runoff samples mainly demonstrated free settling. For
example, SS event mean concentration was 94 mg·L-1 in
the initial runoff samples from the rainfall event on 200903-27. Because of the little opportunity of colliding with
other particles, the smaller particles could not obviously
assemble into largerones during this settling test. Hence,
particle size distribution of the smaller particles (<21 µm)
hardly changed with settling time.
4.3 The relationship of the particle volume removal with
temperature and pH

Environmental conditions of settling test (e.g., temperature, pH) affect the settling process. For example, temperature influences the settling process by changing dynamic viscosity of water samples. The pH values alter the
adsorption properties of particles by influencing the characteristics of their surface electric charges. These environmental conditions are the important factors affecting road
runoff settling. Randomness and uncertainties of rainfall
events lead to the difference of the environmental conditions of particles during settling of runoff samples from
different rainfall events. The Pearson correlation coefficient
of the volume removal of different particles with temperature and pH values in the mixed runoff samples are shown
in Table 3. These values were calculated using the statistical software, SPSS11.5, in order to evaluate the relationship between the variation of particles in different sizes,
and the environmental conditions during runoff samples`
settling.

TABLE 3 - Pearson correlation coefficients of particle removal with temperature and pH.
Factor
Temperature
pH

0.45-10 µm
0.247
0.491
0.123
0.735

11-20 µm
0.389
0.267
0.588
0.074

21-75 µm
0.138
0.703
0.588
0.074

Note: * In the 0.05 level of significant correlation
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76-150 µm
0.159
0.660
0.635*
0.049

151-300 µm
0.305
0.391
0.499
0.142

>300 µm
0.469
0.171
0.379
0.281
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Results from Table 3 show that there are positive correlations of volume removal in differently sized particles with
temperature and pH in runoff samples, but degrees of correlation are different. The larger size of particles (>20 µm)
is, the larger are correlation coefficients between the volume removal of particles and temperature. Correlation coefficient (0.469) was the maximum between volume removal of >300 µm particles and temperature. The correlation coefficient between volume removal of 0.45-20 µm
particles and temperature was higher than that of 21-150 µm
ones. The higher temperature is, the greater are the chances
for particles to collide with each other. In particular, the
composition of smaller particles was dominated by silt and
clay [17]. Moreover, they have better adsorption and flocculation properties to each other, and easily aggregate into
larger particles. Particles (0.45-20 µm) existed mainly as
non-settleable ones in runoff samples. This resulted in the
increase of larger particles in the non-settleable forms but
decrease of those smaller particles gathering mutually into
larger ones. Therefore, the impact of temperature on the
settlement of 0.45-20 µm particles was more obvious than
that of 21-150 µm particles. The correlation coefficients between pH values and removal of 11-150 µm particles were
all close to 0.6, where the correlation between the volume
removal of 76-150 µm particles and pH values was highly
significant (coefficient of 0.635; p = 0.049).

coefficient between the removal of particles with size
>300 µm and temperature was the highest (0.469), but
also that (0.635; p = 0.049) between removal of particles
with size 76-150 µm and pH values was extremely high
and significantly correlated at 0.01 level.
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5. CONCLUSIONS
The particle size distribution in road runoff from different types of rainfall events varied at different rates with
the increase of settling time. During the settlement of runoff samples from small rainfall events, particle volume with
76-150 µm size was significantly reduced during the initial 30 min of settling test. Similarly, particle volume with
size >20 µm evidently descended in the initial stage of
settling test, and then was gradually reduced during the
settling of runoff samples from medium rainfall events. In
terms of heavy rainfall events, particle volume with size
>10 µm was reduced by more than 50% in the initial 0.5 h
of settling test. Then, the volumes of 11-20 and 151-300 µm
particles decreased slightly during the middle and late stages
of settling test, while volume of particles with size between
76 and 150 µm fluctuated with the settling time.
Larger particles (>75 µm) which were less influenced
by the initial SS mass concentration, had more obvious
effects on the variation of particle size distribution during
the settling of runoff samples from different rainfall events.
On the other hand, the impact of smaller particles (<21 µm)
on the variation of particle size distribution was significantly influenced by initial SS level. When initial SS concentration was >300 mg·L-1, distribution of smaller particles varied more obviously with the settling time.
The correlation between removal of particles (0.4520 µm) and temperature was more obvious than that for
particles with sizes between 21-150 µm. The correlation
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ABSTRACT

1. INTRODUCTION

Lake Baiyangdian, the largest macrophyte-dominated
shallow lake in the north China plain, improves the humid
climate of Beijing. The origin and characteristics of natural organic matter (NOM) in the lake were studied using
UV-visible and fluorescence spectra. The humification
index (HIX), deduced from these spectra, showed that the
humification degree of NOM was higher in the lake outlet
area than at the river estuary and aquaculture areas, indicating that the proportion of aromatic carbon structures
might be greater in the former than in the latter. The
variation of HIX implied that the upper sediment pore
water had a lower humification degree, as well as less
aromatic carbon atoms and unsaturated carbon structures
compared with the substrate of sediment pore water. E2/E3
and F450/F500 demonstrated that aquatic reserve originated
from humic acid in NOM, and the river estuary and aquaculture areas were affected by autochthonous sources,
whereas the other areas were mainly affected by both
autochthonous and allocthonous sources. The protein-like
and fulvic-like vertical distribution of fluorescence peaks
presumably reflected the release of NOM from sediments,
and its production via NOM transformation in the sediment-water interface. S275-295, A4/A1, I375/I330 and AF2/AF1
could differentiate the humification degree of NOM more
indistinctly. This study provided scientific basis for monitoring aqueous NOM in a macrophyte-dominated shallow
lake that interfered strongly with human beings.

KEYWORDS:
Pore water, natural organic matter (NOM); UV-visible spectra;
fluorescence spectra; humification index (HIX); Lake Baiyangdian

* Corresponding author

Lake Baiyangdian, the shining pearl of North China,
is about 120 km away from Beijing and improves the humid
climate for the area. Being such an important lake, the lake
water is strictly monitored by a set of physical, chemical
and biological parameters (e.g. turbidity, chloride concentration, chlorophyll-a concentration and biochemical oxygen demand). With respect to NOM, concentrations of dissolved organic carbon (DOC) and particulated organic carbon (POC) are routinely measured. However, these measurements are not informative in terms of NOM composition or structure.
Aqueous NOM may be produced in situ both photosynthetically by the activity of autotrophic organisms and
from the transformation of present organic matter by heterotrophic organisms, or originated ex situ and transported
to other water–bodies. Characterizing NOM is of great importance in aquatic ecology for better understanding of
NOM cycling [1]. Some NOM components may regulate
light absorption, the depth of photic zones in surface water, and can be involved in pH buffering of the aquatic environments [2-4]. NOM can be relatively recalcitrant, capable of forming water-soluble complexes with organic and
inorganic contaminants, thus assisting in their mobilization
[5], and reacting with water disinfectants yielding unwanted by-products [6]. Due to the complexity and heterogeneity of aquatic NOM, it is complicated to delineate the
behavior of different components in the overall NOM dynamics.
The occurrence of the aromatic moieties offers the
possibility to estimate the proportion of NOM using UVVIS spectra because their absorption of organic solutes is
directly proportional to their content of aromatic compounds [7, 8]. DOC absorbs light in a broad wavelength
range, in contrast with inorganic compounds, which are
more common in natural water, that practically do not absorb light above 230 nm. Thus, wavelength of light absorption in natural waters is a semi-quantitative indicator of the
NOM concentration in water.
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Fluorescence spectroscopy yields important information on the chemical nature of NOM, as its characteristic is a function of structure and functional groups of
molecules [9]. Therefore, fluorescence is considered in
multiple studies as a sensitive tool to characterize NOM
and to follow its dynamics in different aqueous environments [10-12]. HIX has been proposed to estimate the
degree of NOM humification based upon the general
observation that the emission spectra of fluorescent organic matter tend to shift at a longer wavelength with the
condensation of the molecules [13, 14]. Due to the recalcitrant nature of NOM, the apparent physical structures,
chemical compositions and reactivities generally reflect
their sources and biogeochemical pathways.
Herein, UV-VIS and fluorescence spectra have been
firstly utilized to characterize aqueous NOM composition
in Lake Baiyangdian and its catchment basin. The objectives of this research are 1) to investigate structure, composition and humification degree of NOM, 2) to learn
about differences between various sources of NOM using
F450/F500 and E2/E3, and 3) to distinguish between possible
processes contributing to NOM dynamics by studying
vertical NOM distribution in water and pore water sources.
2. MATERIALS AND METHODS
2.1. Study area and sample collection

116°07′N, 115°38′-39°02′E). The climate in this region is
a temperate continental monsoon one, with an annual
average rainfall of 510 mm and evaporation of 1690 mm.
Lake Baiyangdian contains 143 ponds, with a surface area
of 366 km2 and an average water depth of 1.6 m. Main
macrophytes of the large reed amounts around the lake are
Chara sp., Ceratophyllum demersum, Potamogeton pectinatus and Potamogeton malaianus. The major water source
of this lake comes from the upstream Daqinghe watershed. Over the last few decades, human activities have
significantly deteriorated water quality in this area. Due to
construction of dams and reservoirs upstream, large
amounts of freshwater are pumped for consumption in Beijing. Most rivers are dry, except Fuhe River keeping a little
water imput to Lake Baiyangdian.
Water and sediment sampling were carried out in
April, 2010. From sampling locations B1-B7 (B1 close to
the aquatic reserve; B2, B3 and B4 at the lake outlet area;
B5 in the middle; B6 nearby Fuhe river estuary; B7 around
the aquaculture area) samples were collected from surface
and overlying water. Seven sediment cores were collected
by a coring sampler, sediment samples were collected at
sediment depths of 1 cm from the surface sediment to -5 cm,
and at 2 cm from -6 cm to the end. Pore waters were obtained by centrifugation, all samples were filtered through
pre-combusted (450 °C for 5 h) 0.45 µm Whatman GF/F
glass fiber filters and stored frozen (-20 °C) in amber
glass vials until analyzed.

Lake Baiyangdian is one of the largest lakes in North
China, and located in the middle of Hebei province (38°43′-

FIGURE 1 - Map of the Lake Baiyangdian showing the rivers and 7 sampling sites.
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TABLE 1 - Water quality data of samples collected from Lake Baiyangdian.
Site
B1
B2
B3
B4
B5
B6
B7

GPS
。

pH
。

38 56.043N, 115 59.964E
。
。
38 55.080N, 116 00.913E
。
。
38 54.141N, 116 04.796E
。
。
38 54.351N, 116 03.962E
。
。
38 54.483N, 115 59.639E
。
。
38 54.592N, 115 59.219E
。
。
38 54.260N, 115 58.471E

7.9
8.6
8.05
8.08
8.45
8.42
8.3

H
m
1.38
1.56
1.74
1.44
1.60
1.23
1.54

DO

TN

TP

TOC

0.061
0.110
0.150
0.026
0.110
0.310
0.670

41.67
31.81
29.5
32.17
34.52
41.82
39.37

mg/L
3.5
5.7
7.4
6.9
5.6
4.6
4.1

1.890
1.528
0.541
0.668
2.568
3.282
11.830

Chla
ug/L
19.50
23.00
6.20
15.00
12.10
22.00
32.00

2.2 Water and pore waters chemical analyses

Dissolved oxygen (DO) and pH were measured in situ
by using an YSI electrode. TOC and TN concentrations
were measured with a TOC analyzer (multi N/C 2100,
Analytik Jena, Germany). TP was analyzed by the ammonium molybdate spectrophotometer method after digestion.
Chlorophyll-a (Chla) was determined colorimetrically after
extraction with 90% acetone. The basic parameters of surface water quality are listed in Table 1.
2.3 UV-VIS and fluorescence spectroscopy

UV-VIS absorption spectra of NOM samples were
measured at 200-700 nm and 20 °C in 1-cm quartz cuvettes, using a Shimadzu double beam spectrophotometer
(UV-1700).
For fluorescence spectra measurement, a fluorescence
spectrofluorometer (F-7000, Hitachi, Japan), equipped with
a 150-W Xenon arc lamp as light source, was used. The
emission fluorescence spectra were acquired with excitation at 240 nm (emission wavelengths 250-500 nm) with a
scan speed of 240 nm s-1. Synchronous fluorescence spectra were recorded in the excitation wavelength range 260550 nm with a scan speed of 240 nm s-1 and rλ = 30 nm
[13]. Excitation-emission-matrices (EEM) spectra were obtained by setting the emission (Em) wavelength range from
280 to 500 nm in 5 nm steps, while the excitation (Ex)
wavelength was increased from 200 to 400 nm in 5 nm
steps, and the scan speed was set at 2400 nm s-1. EEM
contour maps were obtained in which each different fluorophore was characterized by an Ex/Em wavelength pair.
All spectra were subtracted from their respective procedural blanks.
3. RESULTS AND DISCUSSION
3.1 UV-VIS absorption spectra of NOM

All the NOM samples exhibited a similar increase in
absorbance with decreasing wavelength (Fig. 2). A specific UV absorbance (SUVA) had been widely used as a
surrogate measurement for the abundance of aromatic carbon in aqueous NOM [15]. Nishijima et al. [16] suggested
that SUVA254 could be detected with the existence of unsaturated carbon bonds including aromatic compounds,
which were generally recalcitrant for biodegradation.

FIGURE 2 - UV-VIS absorption spectra of seven samples upper -3
cm sediment pore waters (a) and the site B5 water and pore waters
with depth (b). O, overlaying waters; S, surface waters.

UV absorption spectra of different samplings had a
clear absorption plateau between 250-280 nm (Fig. 2). Here,
we chose the upper 3 cm of sediment pore water from
different samples for studying and found SUVA254 values
ranging from 3.96 to 16.38 (Table 2). The SUVA254 value
of NOM from site B3 was the largest, followed by B2,
while sites B7 and B6 were lowest. The B7 sample was influenced by the aquaculture area; the lowest SUVA254 value
demonstrated the least aromatic structure and humic substances. The second-lowest SUVA254 samples were collected from site B6, where the pollution source was mostly
from industrial wastewater and domestic sewage of Fuhe
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TABLE 2 - The values of HIX for the upper -3 cm sediment pore waters of seven sample sites.
Site
B1
B2
B3
B4
B5
B6
B7

A4/A1
1.681
2.025
2.351
1.879
2.385
1.391
1.405

F450/F500
1.725
1.608
1.575
1.620
1.625
1.770
1.809

I430/I330
0.152
0.263
0.262
0.162
0.310
0.116
0.129

I375/I330
0.251
0.809
0.682
0.446
0.564
0.370
0.420

AF3/AF1
0.078
0.138
0.129
0.083
0.170
0.063
0.073

AF2/AF1
0.323
0.683
0.630
0.461
0.538
0.381
0.336

SUVA254
7.270
14.723
16.384
9.854
7.08
5.829
3.960

E2/E3
3.031
9.244
5.786
4.367
5.898
7.963
5.439

S275-295
0.029
0.012
0.007
0.012
0.009
0.024
0.034

S350-400
0.004
0.001
0.001
0.002
0.002
0.006
0.005

TABLE 3 - The values of HIX for the site B5 with depth (O, overlaying water; S, surface water).
H (cm)
S
O
-1
-2
-3
-4
-5
-7
-11
-15
-21
-25

A4/A1
3.003
2.625
1.911
2.385
2.823
3.714
4.288
9.559
6.537
3.284
3.646
3.586

F450/F500
1.623
1.625
1.764
1.625
1.707
1.671
1.695
1.627
1.587
1.583
1.679
1.656

I430/I330
0.146
0.155
0.170
0.270
0.208
0.203
0.206
0.247
0.274
0.218
0.211
0.209

I375/I330
0.581
0.612
0.342
0.521
0.506
0.667
0.757
0.855
0.899
0.786
0.739
0.755

AF3/AF1
0.085
0.093
0.078
0.110
0.102
0.099
0.094
0.113
0.124
0.101
0.097
0.100

River. B2, B3 and B4 were in the lake outlet area, where
macrophytes might act as a natural filtern and the impacts
of contaminations on the water samples were relatively
less than at the other sites. Consequently, the B2, the B3
and the B4 highlighted much more aromatic carbon structures of NOM than the others too. Site B5 was far distant
from Fuhe River estuary and had a low SUVA254.
At each sampling site, the SUVA254 varied appreciably within each profile. For example, in B5 waters and pore
waters NOM, the SUVA254 values of the upper 3 cm of
sediment were lower than that seen in the overlying waters,
and pore water SUVA 254 values increased with depth to
~11 cm but then decreased to the end (Table 3). Therefore,
the results suggested that the depth between -5 and -11 cm
sediments contained more aromatic carbon atoms and some
unsaturated carbon structures.
UV-VIS ratio was important to elucidate the NOM
origin. Absorbance ratios at 250 and 365 nm (E2/E3) were
known to be correlated with the degree of condensation and
molecular weight of NOM. Minero et al. [17] suggested
that the ratio (E2/E3) was less than 3.5 which represented
the origin of humic acids, whereas >3.5 stood for the origin
of fulvic acids. The E2/E3 ratios in our study were >3.5,
except for B1 indicating fulvic acids in NOM, and B1 as
origin of humic acids.
While the E2/E3 absorbance ratio relied on 2 fixed
wavelengths only, the absorption spectral slope, a measure
of the rate could reflect expanded spectroscopic information over a broad wavelength range. The slopes at
275–295 nm (S275–295) and 350–400nm (S350–400) had been
suggested to estimate the molecular weight, the composition, the source, and the diagenesis of organic matters [18,

AF2/AF1
0.478
0.504
0.398
0.508
0.548
0.613
0.658
0.720
0.752
0.656
0.627
0.635

SUVA254
6.125
6.691
5.063
5.358
6.951
7.283
6.090
7.418
11.929
4.174
5.080
5.893

E2/E3
4.924
4.042
5.213
5.898
5.061
5.716
8.699
6.279
4.103
6.543
7.603
5.775

S275-295
0.003
0.003
0.036
0.024
0.018
0.010
0.007
0.005
0.006
0.006
0.005
0.004

S350-400
0.001
0.001
0.001
0.002
0.002
0.001
0.001
0.001
0.002
0.001
0.001
0.001

19]. Increasing spectral slopes indicated a lower degree of
condensation and humification. The relationship between
S275-295 and S350–400 (r=0.828, p <0.01) illustrated that both
could be used as HIX to assess humification degree of
NOM (Table 5). Sites B1, B6 and B7 contained the higher
S275–295 and S350–400, and the lower from sites B2, B3 and
B5 (Table 2). This indicated that humification degree of
NOM from sites B2, B3 and B5 were higher. In site B5,
S275–295 decreased with depth profiles (Table 3). This indicated that the humification degree of NOM increased
with depth. The result was consistent with the analysis of SUVA254, but S350–400 did not vary remarkably with
depth.
3.2. Emission fluorescence spectra of NOM

A typical NOM peak was observed at around 360 nm,
and a Rayleigh scattering peak was at around 490 nm in
emission fluorescence spectroscopy with UV excitation of
240 nm (Fig. 3). As fluorescing molecules of organic matter became the higher level of aromaticity, their emission
spectra would tend to shift toward longer wavelengths [20].
A HIX had been developed based on the location of the
emission spectra [21]. The area of the last quarter (A 4:
424-472 nm) was divided by the area of the first quarter
(A1: 280-328 nm) in the emission spectrum (A4/A1) [22].
A4/A1 was also validated through its correlations with
S275-295 (r = -0.373, p <0.01) and S350–400 (r = -0.299, p <
0.05), illustrating that A4/A1 could increase with the humification degree.
The largest value of A4/A1 occurred at B5, followed
by B3, B2 and B4; the lower values were at B7 and B6,
respectively (Table 2). At B5, the A4/A1 increased with
depth of 0 cm over the upper -7 cm of sediment, and then
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decreased with depth to -25 cm (Table 3). This demonstrated that B5, B3 and B2 had a higher humification degree, and the humification degree could increase with depth
but then drop to the end. The A4/A1 values of water and
overlaying water were also higher than the upper -3 cm
sediment pore water, presumably reflecting its photodegradation in the water and getting a higher humification
degree.

3.3 Synchronous fluorescence spectra

FIGURE 3 - Emission fluorescence spectra of seven samples within
the upper -3 cm sediment pore waters (a) and the site B5 waters and
pore waters with depth (b). O, overlaying water; S, surface water.

FIGURE 4 - Synchronous fluorescence spectra of seven samples
within the upper -3 cm sediment pore waters (a) and the site B5
water and pore waters with depth (b). O, overlaying water; S, surface water.

McKnight et al. [10] observed that the ratio of the
fluorescence emission intensity at 450 nm to that at 500 nm
(with excitation at 370 nm) (F450/F500) served as an index
that distinguished between autochthonous fulvic acids versus those that were allocthonous in origin. With this approach, fluorescence index (F450/F500) values of ~1.9 were
indicative of autochthonous sources, while values of 1.4–
1.5 were indicative of allocthonous ones. In this study, B6
and B7 (F450/F500=~1.8) values were higher than that at
the other sites (F450/F500=~1.6), implying that B6 and B7
were affected by autochthonous sources but the other sites
mainly by both autochthonous sources and allocthonous
sources.

Synchronous fluorescence spectra of NOM from waters and pore waters are shown in Fig. 4. We could identify
4 peaks (Fig. 4). The first peak was observed at ~280 nm,
associated with the presence of protein and/or amino acidbound HA [23]. The second, third and fourth peaks appeared at ~330, ~ 375 and ~430 nm, respectively, usually
assigned to fulvic acid-like peaks.

Compared with emission fluorescence spectroscopy,
synchronous fluorescence spectroscopy could provide more
distinctive spectra, and more information of the structure
and functional groups [24]. Kalbitz et al. [13] proposed that
the shift in maximum fluorescence intensity from shorter to
longer wavelengths was attributed to the presence of condensed aromatic systems. Therefore, HIX were proposed
based on the quotient of fluorescence intensity at 430 and
330 nm (I430/I330), or at 375 and 330 nm (I375/I330). Increasing quotients of fluorescence intensity indicated a higher
degree of condensation and humification. There were close
relationships between I430/I330 and S350–400 (r =-0.336, p
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<0.01), I375/I330 and S350–400 (r =-0.422, p <0.01) (Table 5).
Among the different sites, B2, B3 and B5 had the larger
values of I430/I330 and I375/I330, and the least of B6 and B7
(Table 2). These values demonstrated that the proportion
of aromatic carbon structures might be more at B2, B3
and B5 than at B6 and B7. The variation of HIX within
depth profiles was relatively distinctive, and increased
with depth.
Fulvic regions (F1), (F2) and (F3) corresponded to 310360, 360-410 and 410-550 nm, respectively. Therefore,
there might be more aromatic carbon structure at F3 and
F2 than at F1. Two HIX were proposed based on the quotient between the area of AF2 and that of AF1 (AF2/AF1),
as well as the area of AF3 and that of AF1 (AF3/AF1).
AF2/AF1 showed good positive correlation with I375/I330 (r
= 0.933, p < 0.01), and AF3/AF1 with I430/I330 (r = 0.989, p
< 0.01) (Table 5), which verified the possibility of using
AF2/AF1 and AF3/AF1 as the tools for assessing the humification process of NOM in waters and pore waters. The
larger values of AF2/AF1 and AF3/AF1 also existed at B2,
B3 and B5 (Table 2). At site B5, for example, the AF2/AF1
and AF3/AF1 values increased with depth to ~11 cm but
then decreased to the end (Table 3).

Obtained fluorescence spectra contained a number of
distinct peaks that were generally ascribed to either fulviclike or protein-like fluorescence. The excitation and emission
wavelengths of the major fluorescence peaks observed in
this study are listed in Table 4.
TABLE 4 - Fluorescence peaks observed in the waters and sediment
pore waters of this study.
Peak
Fulvic-like fluorescence
Shoulder A
Shoulder C
Protein-like fluorescence
Peak B
Peak D

Exmax（nm）

Emmax（nm）

245±13(225-274)
307±9(290-333)

422±14(396-453)
410±13(375-444)

226±3(217-244)
275±4(245-280)

332±15(305-332)
325±11(307-348)

Past studies had reported on protein-like and fulvic-like
fluorescence peaks: Peak B (Exmax=200-250 nm, Emmax=
280-350 nm) due to simple aromatic proteins such as tyrosine [25]; Peak D (Exmax=250–280 nm, Emmax=300–380 nm)
due to microbial byproduct-like material [26]; Peak A
(Exmax<250 nm, Emmax>350 nm) due to fulvic acid-like (FAlike) material [10]; Peak C (Exmax=280–440 nm, Emmax=380-

3. 4 Excitation–emission fluorescence matrix
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FIGURE 5 - Water and pore water depth profiles of the intensity of protein-like fluorescence peaks (a, b) and fulvic-like fluorescence shoulders (c, d) at the site B5. O, overlaying water; S, surface water.

510 nm) due to humic acid-like (HA-like) organics [27].
In our study, identifying protein-like fluorescence peaks
in our spectra, we attempted to differentiate protein-like
fluorescence peaks at high and low Exmax values (e.g.,
peak B at 226±3 nm and peak D at 275±4 nm). Therefore,
we had chosen to simply quantify protein-like fluorescence in terms of high and low energy excitation ‘peaks’
without any specific indication of the potential amino acid
source of the fluorescence (Table 4).

biological activity at upper sediment pore water, did not
correlate with that of the fulvic-like components.

In some cases, the overlap of neighboring peaks led
to one peak appearing as a shoulder on the tail of a larger
adjacent peak. This often occurred because of the overlap
of a broad fulvic-like peak with a narrower protein-like
peak. Two fulvic -like fluorescence shoulders were found
in our spectra, in assigning names to peaks in our spectra,
we used an excitation wavelength cut-off of 280 nm to
differentiate between these two shoulders (e.g., shoulder
A at 245±13 nm and shoulder C at 307±9 nm).

For distinct comparison of the methods used, the 7
HIX were normalized according to the method of Kalbitz
et al. [13]. The formula of normalization was defined as:

3.5 HIX Correlation and comparison of the methods used

Pearson rank order correlations between different HIX
of NOM are shown in Table 5. There were close correlations between the 7 HIX, showing that HIX not only could
characterize the aromaticity of NOM, but also might indicate the humification degree.

The results of the various methods used are shown in
Fig. 6. UV-VIS and fluorescence spectra were useful to
distinguish among all the NOM from the different sites.
However, there was a larger dispersion of values within
S275-295, A4/A1, I375/I330 and AF2/AF1 than of those within
I430/I330, AF3/AF1 and S350-400, indicating that the former
could more indistinctly differentiate humification degree
than the latter. These methods were rapid, not expensive
and accessible for a lot of laboratories. Therefore, the
HIX could assess the humification degree and characteristics of NOM effectively.

The examination of the Exmax and Emmax values in
Table 4 indicated that there was appreciable variation in
different sites. This also showed that areas influenced by
different pollution sources had slightly affected the composition of NOM, and at a given site (i.e. B5), also did not
appear to be consistent with depth trends in Exmax and
Emmax values.
Given the constancy of the Exmax and Emmax values
for fulvic-like and protein-like fluorescence peaks in these
waters and pore waters, we had chosen to simply plot
depth distributions of fulvic-like fluorescence shoulders
(A,C) and protein-like fluorescence peaks (B,D) for site
B5 (Fig. 5). At site B5, water and pore water protein-like
fluorescence peaks (B, D) decreased with depth. These
upper pore waters were extremely fluorescent, with pore
water fluorescence values over 3~6 times higher than that
seen in the overlaying waters. Compared with protein-like
peaks, pore waters fulvic-like fluorescence shoulder A
increased appreciably with depth (Fig. 5 c), and shoulder C
did not show significant differences with depth (Fig. 5 d).
Fulvic-like fluorescence was generally higher in pore
waters than in overlaying waters, and vertical distribution
in the lake was affected by distance from water surface, presumably reflecting the release of NOM from sediments, its
production via NOM transformation in the sediment-water
interface, and its photodegradation in the upper layers. Vertical distribution of the proteinous component, indicating

FIGURE 6 - S275-295, S350-400, A4/A1, I430/I330, I375/I330, AF3/AF1 and
AF2/AF1 values over a relative scale (respective maximum value
adjusted to 100).

TABLE 5 - Pearson rank order correlations between all the HIX for NOM from the waters and pore waters.
S2
HIX
S275-

75-295

28**

S3501

400

A4 /
A1

0.8
1

295

S350
-400

0.373**
0.299*

A4 /
A1

I430/I
330

1

0.18
1
0.336**
0.175
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I375/I
330

0.583**
0.422**
0.49
4**

AF3/
AF1

AF2/
AF1

0.16
3
0.329**
0.174

0.438**
0.290*
0.49
5**
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I430/

0.13

I330

1

2

0.98
9**

I375/

0.19
7

0.15

I330

1

8

0.93
3**

AF3

0.23

/AF1

1

3

AF2
/AF1
1
**. Correlation is significant at the 0.01 level (2-tailed); *. Correlation is significant at the 0.05 level (2-tailed).
Listwise N = 61
chloramination of dissolved natural organic matter fractions
4. CONCLUSION
isolated from a ﬁltered river water. J. of Hazard. Mater., 162,
140–145.

This study aims to demonstrate the use of UV-VIS and
fluorescence spectra to monitor the structure and origin of
NOM. The HIX, deduced from UV-VIS and fluorescence
spectra of NOM, indicates that the upper pore waters have
commonly lower humification degree. E2/E3 and F450/F500
are used to explain NOM origin in a complex environmental
system. The protein-like and fulvic-like fluorescence peaks
vertical distribution presumably reflect the release of NOM
from sediments, and its production via NOM transformation in the sediment-water interface. The correlation
between HIX explains the NOM of different origin and
how they affect humification degree. The study provides
the scientific basis for monitoring aquatic NOM in a macrophyte-dominated shallow lake interfering strongly with
human beings.
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ABSTRACT
In this study, the adsorption of benzene, toluene and
xylenes (BTX) as appropriate representatives of volatile organic compounds (VOCs) on seven types of different carbon
nanostructures were investigated. In this research, multiwalled carbon nanotubes (MWNT1 and MWNT2), singlewalled carbon nanotubes (SWCNT), double-walled carbon
nanotubes (DWCNT), carbon nanofibers (CNF), nanoporous
carbon and MWNT-COOH, as well as activated carbon as
a conventional sorbent for organic contaminant were studied. Nanostructures morphologies were studied by both
Scanning Electron Microscope (SEM) and Transmission
Electron Microscope (TEM). The structure and surface properties of carbon nanostructures including surface area and
pore volume were characterized by nitrogen adsorption isotherm at 77K using an ASAP 2010 analyzer accelerated
surface area and BET method. Adsorption studies were conducted by passing air samples through the adsorbents in the
glass column at an adjustable flow rate and finally trapping any adsorbed species which are not retained by the
adsorbents in the column to a charcoal sorbent tube and
analyzed by a GC system. The carbon nanofiber (CNF) demonstrated the highest capacity for adsorbing all BTX
compared to the SWCNT, MWNT, nanoporous carbon,
and MWNT-COOH, respectively. Different effective factors on the adsorption of organic compounds on the carbon
nanostructures including pore characteristics, surface area,
surface defects, and functional groups have been discussed.
It was observed that, carbon nanostructures except MWNTCOOH had higher values of adsorption for BTX, compared
to the activated carbon in spite of lower surface area.

* Corresponding author

KEYWORDS: Carbon nanotube (CNT); carbon nanofiber (CNF);
nanoporous carbon; Volatile Organic Compound (VOCs); adsorption capacity.

1. INTRODUCTION
Carbon nanostructures are a relatively new class of
synthesized carbonaceous material. They are considered
to be promising candidates for many areas of applications
including environmental applications such as membrane
structures for water treatment, sensing, energy storage,
targeted delivery of remediation agents, as well as special
adsorbents for removal of hazardous contaminants [1,2]. The
huge potential for production and industrial applications of
carbon nanostructures have raised serious concerns over
the potential environmental and health impact of these materials [3,4]. However, study and characterization of the adsorption properties of contaminants adsorbed on the carbon nanostructures may help on both potential environmental applications and understanding of the environmental
impact of these new materials [2,5,6].
VOCs are a class of chemical pollutants in the environment that could cause severe health problems. Some of
these pollutants like benzene, toluene, and xylene (BTX) are
even known or suspected carcinogens and therefore, development of effective control strategies is needed [7-9].
Adsorption of contaminants on the different sorbents
is the most important method for controlling VOCs emissions [10-12]. Activated carbon is used as a conventional
sorbent which has received a great deal of attention in the
field of environmental control. Such a sorbent has high removal efficiency with low cost as well as the ability to be
regenerated. However, activated carbon is unable for selective adsorption of aromatic compounds [13]. It has amorphous structure and has complex physicochemical properties too [14]. Also, the adsorptive capacity of activated car-
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bon is adversely affected by the density of surface active
sites, the activation energy of adsorptive bonds, the slow
kinetics and non-equilibrium of sorption in heterogeneous
systems, and the mass transfer rate to the sorbent surface
as well as its large dimensions [1].
To overcome above restrictions, new carbon materials
have been proposed as appropriate candidates for controlling VOCs emissions.
Several studies have been conducted to evaluate the adsorption of organic contaminants by carbon nanostructures
[2, 6, 13-35]. For example, Sone et al. [13] showed that,
CNTs can be used as efficient adsorbents for selective
eliminating aromatic VOCs. Liu et al. [17] found that,
SWCNTs have a large surface area and high adsorption
and desorption efficiencies for collecting VOCs with low
boiling points and strong volatility.
Different studies have provided experimental evidences
that, CNTs have high surface area to volume ratio, controlled pore size distribution, peculiar morphology, and
the ability to manipulate the surface chemistry, which overcomes many of the above mentioned intrinsic limitations
[31, 33, 36, 37]. Carbon nano-adsorbents have more adsorption capacity than activated carbon [15, 16]. Sorption
of VOCs on CNTs can provide a better understanding of
the relationships between sorption potential and carbon
structures, because of its well-defined structures [14].
Nevertheless, most of these studies have been performed on the removal of organic pollutants from water
[23-35]. A few of them have concentrated on the removal
of contaminants from air [3, 14, 18-22]. Moreover, in most
studies, carbon nanotubes (CNTs) have been used as
adsorbents and other carbon nanostructures like carbon nanofiber as well as carbon nanoporous have been studied very
limited [19-21]. On the other hand, as carbon nano-structures can vary significantly in shape, size, morphology, and
impurity (e.g., metal, amorphous carbon and O-containing
groups), which can influence their adsorptive properties,
more studies are still required for a better understanding of
the molecular interactions of carbon nanotubes and organic
contaminants with different properties.
This study has been concentrated on testing the adsorption of BTX as a representative of VOCs to six types of
different carbon nanomaterial with the ultimate goal of their
applicability in a respirator cartridge for volatile organic
vapours. Through this study, a comparison of different kinds
of carbon nanomaterials including MWNTs, SWCNTs,
CNFs, and carbon nanoporous have been compared to activated carbon as a conventional sorbents for organic contaminants.
.

For generation of model air samples, 84 microliter of the
BTX mixture injected into a 5-L tedlar-bag using a 100 ML
syringe previously filled with hydrocarbon free air under
ambient pressure. Then, the bag injection valve was immediately closed and heated at 80 °C in an oven for 1h.
2.2. Carbon nanostructures preparation

Throughout this study, different types of the carbon
nanostructures including; multi-walled carbon nanotube
(MWNT1 and MWNT2), DWCNT, SWCNT, CNF, Nanoporous carbon, and MWNT-COOH were used as adsorbents. Adsorption of BTX on the carbon active (CA) was
also measured to show a comparison between different
ad-sorbents with carbon nano-structures and without it.
Carbon nanostructures used in this study were manufactured by the Research Institute of Petroleum Industry
(RIPI). Pure CNTs were prepared through the chemical
catalytic vapour deposition (CCVD) method as described
elsewhere [38].
Purity of nanotubes is an important factor that influences their overall adsorptivity. These impurities could also
be highly adsorbent materials and ignoring their presence
could greatly misrepresent the adsorption properties of nanotubes [19]. So, two-steps purification was used for removal of the catalytic particles and the carbonaceous impurities such as amorphous carbon, carbon nanoparticles,
graphitic carbons, and the other forms of carbon that are
unavoidable by-products of the synthesis processes.
The purity of the CNTs was about 95%, with diameters and lengths ranging between 30–50 nm and 5–15 nm,
respectively. The difference between two kinds of
MWNT1 and MWNT2 was in their diameter which were
10-20 and 5-10 nm, respectively.
Carbon nanofiber was produced by methane decomposition over monometallic Ni and bimetallic Ni-(Cu, Mo)
catalysts based on the nanoporous MgO support at 570˚C
flowing a gas mixture of CH4/N2 over the catalyst samples
[40].
Carbon nanoporous was produced by “host and guest”
technique. For this work, sucrose was carbonized inside the
pores of the MCM-41 template at 900 °C and then MCM41 template was completely removed by HF solution [39].
2.3. Characterization of carbon nanostructures

The structure and surface properties of carbon nanostructures including surface area, dimensions (diameter and
length), pore volume, and surface carbon properties were
characterized by the following instruments and techniques:

2.1. Preparation of the air samples containing BTX as a substrate for adsorbed species

Scanning Electron Microscope (SEM, Cambridge S360 operated at 16 kV and 2.5 A) and high resolution
transmission electron microscope (HRTEM, LEO-912-AB
operated at 120kV) were used for studying the morphologies and microstructures of resulted nanostructures.

The procedure for preparation of model air samples was
similar to the procedure in the study of Sone et al. [13].

Pore size distribution and specific surface area were
determined by nitrogen adsorption isotherm at 77K using

2. MATERIALS AND METHODS
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a Micromeritics ASAP 2010 analyzer accelerated surface
area and BET method.
Situation of disordered carbon and defects on carbon
nanomaterials were evaluated by determining the intensity
ratios of D- to G-bands through Raman spectroscopy.
2.4. Adsorption experiments

Figure 1 shows the schematic of the experimental set
up for adsorption experiments. Adsorption study was
conducted using a set up similar to that of Sone et al [13].
Before doing the adsorption study, two-step purification
was used for removal of the catalytic particles and the
carbonaceous impurities such as amorphous carbon, carbon nanoparticles, graphitic carbons, and the other forms
of carbon that are unavoidable by-products of the synthesis processes.

sorbents-column was connected to the sample bag. The
other end was connected to the charcoal sorbent tubes for
air sampling (Sorbent Tube, Anasorb CSC, SKC) to trap
any un-retained adsorbents.
The outlet end of the sorbent tube was connected to a
SKC low flow pump and the air samples were passed
through the adsorbents in column at an adjustable flow rate.
To measure the amounts of BTX adsorbed on the
charcoal, the tube was extracted by CS2. Analyses of BTX
were performed by a Shimadzu GC system. The BTXs adsorbed on the adsorbents were estimated by subtraction of
the BTX retained on the charcoal from the initial quantities injected into the sample bag. Adsorption experiments
were conducted in quadruplicate for each sample.
3. RESULTS AND DISCUSSION

Sample
air bag

Glass wool and
propylene filter

3.1. Characteristics of carbon nanostructures

Table 1 shows the physical characteristics of carbon
nanostructures used in this study including their dimensions
(diameter and length), ID/IG (ratio of amorphous carbon to
crystalline carbon), pore volume and morphology information. Figure 2 and 3 show typical SEM and TEM images of the carbon nanostructures used in this study, respectively.

Nano
adsorbents

3.2. Adsorption of BTX on different carbon nanostructures
Sorbent Tube
Charcoal

Low flow
sampling pump

FIGURE 1 - Schematic of the experimental set up for adsorption
experiments

Then, the adsorbents were placed into a 9 cm length
glass column (internal diameter 10 mm) with homogeneous packing. For holding adsorbents in place, silane-treated
glass wool and propylene filter were used at the two ends
of the column. The final mass of adsorbents in each column was approximately 60 mg. The inlet end of the ad-

Average values for adsorption (g BTX/g adsorbents)
are shown in Figure 3. The carbon nanofiber (CNF)
demonstrated the highest capacity for adsorbing all BTX
including benzene, toluene, o-xylene, m-xylene and pxylene. The adsorption capacity of the CNFs for adsorbing
benzene, toluene, o-xylene, m-xylene and p-xylene were
0.04143, 0.05288, 0.05826, 0.05825, and 0.05825 g/g,
respectively. Thus, the CNF showed an affinity order of m,
p-xylene>o-xylene > toluene > benzene and for other carbon nanostructures their affinity order were o-xylene>mxylene>p-xylene> toluene > benzene and this order was the
same as in the study of Sone [13].
For benzene, the adsorption capacity order was as:
CNF > SWCNT > CA >nanoporous carbon> MWNT1
> MWNT2 > MWNT-COOH and for toluene and xylenes,
the capacity order was as: CNF > SWCNT > MWNT1 >
MWNT2 > CA> nonporous carbon> MWNT-COOH.

TABLE 1 - Specific surface area and pore volume of studied carbon nanostructures

Carbon nanostructures
SWCNT
MWNT1
MWNT2
CNF
N.C
MWNT-COOH

Diameter
nm

Length
µm

ID/IG

10
16
5
25
27
8

10
10
10
12
10
10

0.1
0.46
0.3
1.17
0.2
0.44
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Specific Surface
area
m²/g
303
133
128
188.9
741.47
110.23

Pore volume
cm³/g

Pore Diameter (A)

0.76
0.76
0.76
0.44
0.65
0.68

100.29
110.70
111.25
93.30
56.39
98.11
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FIGURE 2 - Typical SEM (Left) and TEM (Right) image of carbon nanostructures.
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adsorption	
  c apacity	
  (g	
  BTX/g	
  adsorbent)

0.07
0.06
0.05
benzene

0.04

Toluene

0.03

o-‐xylene
m-‐xylene

0.02

p-‐xylene

0.01
0
Activated
carbon

Carbon	
  Nano
Fiber

SWCNT

MWCNT1

	
  Nanoporous
Carbon

MWCNT-‐COOH

MWCNT2

FIGURE 3 - Values for adsorption of BTX on different carbon nanostructures

Adsorption of a particular compound by a particular
adsorbent depends on a number of factors including pore
characteristics, molecular size, vapour pressure, or volatility of the compound being adsorbed, surface area of adsorbent, surface defects, and surface treatment (functional
group on the adsorbent surface).
3.3. Pore characteristics and molecular size

Pore characteristics and molecular size play a key role
in the efficient adsorption. If the molecule is too big to fit
into the micropore, the adsorption capacity is reduced. Since
the molecular sizes of all adsorbed species were smaller
than 1 nm, probably micro porosity seems to be one of the
most important parameters affecting the performance of
adsorbents to the adsorption of BTX.
As it can be seen form Figure 4, on contrary to the activated carbon with a wide pore size distribution, in all
studied nanostructures, the pores have been controlled in
the range of mesopore (2–50 nm). So, in carbon nanofiber,
SWCNT, and MWNT with micropore volume of 0.0049,
0.00343 and 0.000505 cm³/g respectively, there is an effective surface area and pore volume for selective adsorption
of BTX with molecular size smaller that 1 nm.
Some studies showed that, SWNT has a microporous
nature unlike to the mesoporous nature of MWNT [37,
41, 42]. Meanwhile, in this study both MWNTs and
SWNCTs were more mesoporous than microporous. Finally, in the most studies, CNTs porosity could not be applied
to explain its high adsorption [5].
3.4. Specific surface area

Surface areas of carbon nanostructure including CNFs
(188.9), SWCNT (303 m2/g), MWNTs (133 m2/g), and
carbon nanoporous (704 m2/g) are generally lower than
that of ACs (1150), but, the adsorption capacity of all carbon nanostructures, except for functionalized MWNT with
COOH are higher than activated carbon (with micropore

volume of 0.04450 cm3/g). Thus, surface area may not be
a direct parameter to predict organic chemical-CNT interactions [5]. Therefore, the effect of surface area may be
negligible.
3.5. Surface defect

Raman spectroscopy is a very valuable tool for the
characterization of carbon-based nanostructures. All carbon forms contribute to the Raman spectra consists of two
characteristic bands, namely, the G-band at 1583 cm-1 and
the D-band at 1345 cm-1. The D-band is usually attributed
to the presence of amorphous or disordered carbon due to
finite or nano-sized graphitic planes and other forms of
carbon, such as rings along with defects on the nanotube
walls. The G-band originates from in-plane tangential
stretching of the carbon–carbon double bonds in the graphene sheets [43, 44]. The intensity ratio (R) of the Dband to G-band is used to evaluate the defects of CNTs.
Also, relatively lower values of intensity ratio means less
defects and higher quality CNTs [45].
As it can be seen from Figure 5, the intensity ratios of
D- to G-bands are 0.1, 0.46, and 1.17 for SWCNT, MWNT
and CNFs, respectively. Therefore, the higher adsorption
of CNFs can attribute to the higher ratio of ID/IG, revealing large amount of disordered carbon and defect on
CNFs.
Some studies have shown that, defect sites are of great
importance to the adsorption process [14,46,47]. In this
study, higher adsorption of CNFs can attribute to the higher
ratio of ID/IG, revealing large amount of disordered carbon
and defect on CNFs. On the other hand, in another study
[14] mentioned that selectivity/affinity for adsorbing the
aromatic VOCs decreased and finally disappeared as the
ratio of the crystalline to amorphous carbon is decreased.
However, the balance between these two opposite effects deserves further study. The higher R (ID/IG) ratio of

1041

© by PSP Volume 20 – No 4a. 2011

Fresenius Environmental Bulletin

FIGURE 4 - Pore size distribution for MWNTs, SWCNTs, CNFs and Activated carbon
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FIGURE 5 - Raman spectra of (a) SWCNT (b) RBM of SWCNT (c) MWNT (d)Oxidized MWNT (e) CNF
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multiwall carbon nanotubes compared to the single walled
carbon nanotubes indicates more structurally disordered
walls and defects on the MWNTs. In spite of this, adsorption of SWCNT was higher than MWNTs, probably because the slightly higher surface area and supermicropores
volume is dominant to the structural defect on MWNTs
wall. Meanwhile, smaller adsorption capacity of MWNT
could be due to the fewer ratio of the crystalline (G-band)
to amorphous carbon (D-band), contrary to the SWCNT.
3.6. Surface treatment

Díaz et al [48] showed that mineral impurities play a
positive key role in the adsorption of alkenes, chlorinated
compounds, and benzene on activated carbon. As mentioned earlier, all adsorbents were pre-treated through two
step purification and all impurities such as amorphous carbon, carbon nanoparticles, soot as well as the other forms of
by-products were removed from the surface of nano adsorbents. So, it seems that, lower adsorption capacity of
adsorbents obtained in this study, in comparison with
another study [14], is probably due to existence of such
impurities.
Functionalization of CNTs was aimed for surface treatment and easy processing; however at the same time, their
adsorption properties with organic chemicals can be altered
greatly [5].
In this study, functional group of -COOH was intentionally added via oxidation through the method described
elsewhere [43]. As it can be seen, from Figure 3, adsorption capacity of functionalized MWNT with -COOH has
been decreased in comparison with pristine MWNT and
MWNT-COOH. Among the studied adsorbents, functionalized CNTs have the lowest adsorption capacity.
The reason behind this reduction in adsorption capacity is that, adding functional group to CNTs will lead to
the increased oxygen content, decreased surface area, increased diffusion resistance, reduction of the accessibility,
affinity of CNT surfaces for organic chemicals, and finally reduced adsorption of nonpolar hydrocarbons due to
reduced hydrophobicity [5].

This is in agreement with some other studies showing that, CNTs especially SWCNTs have the higher adsorption capacity [15, 16, 26]. In spite of having a lower
surface area, they are more efficient adsorbents than activated carbon. Meanwhile, if in some studies there are some
opposite findings in which activated carbon has higher
adsorption capacity than CNFs or CNTs; it is probably due
to the mesoporous structure of that specific type of activated carbon.
Higher BET surface area of SWCNTs (303 m2/g in
comparison with 133 m2/g for MWNT) and its slightly
higher micropore volume as well as higher crystallization
ratio of SWCNT can be contributed to its higher absorption capacity.
It seems that, both CNT surface area and porosity, not
just diameter alone, could be used to explain CNT adsorption characteristics completely. The balance among different mechanisms (sometimes opposite effects) for adsorption of organic compounds on the carbon nanostructures needs further study.
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3.7. Effect of diameter

Comparison of adsorption capacity of MWNTs showed
that, MWNT1 (16 nm) had slightly higher capacity than
MWNT2 (5 nm), showing that adsorption increases with
the increased diameter. For molecules with planar structures like benzene, this can be attributed to the better
contact of CNTs and chemicals [49, 50].
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ABSTRACT
To investigate the response of Microcystis aeruginosa
to short-term changes in metabolic carbon flux, M. aeruginosa was cultured in medium with different concentrations of glyoxylate over five days. Results showed that a
small amount of glyoxylate (0.25 and 0.5 mM) added
into M. aeruginosa suspension can mildly delay growth,
whereas 1.25 mM glyoxylate severely inhibits growth. All
the cultures of M. aeruginosa to which glyoxylate was
added pro-duced more total polysaccharide than the control culture. There was a significant tendency for total
polysaccharide contents to increase with increasing glyoxylate concentration. The influence of glyoxylate on the
production of total polysaccharide followed a rectangular
hyperbolic response. The data over all five days and all
glyoxylate concentrations indicated significant interaction
between time and glyoxylate concentration on the production of total polysaccharide. Morphological variation was
observed in M. aeruginosa in the three glyoxylate treatments. As a consequence, the mean numbers of cells per
particle of M. aeruginosa in the glyoxylate treatments were
significantly higher than those in the control. The increased glyoxylate-stimulated polysaccharide levels were
directly correlated with particle size of M. aeruginosa.
KEYWORDS: Glyoxylate, Growth, Morphology, Polysaccharide,
Microcystis aeruginosa

1. INTRODUCTION
The water-blooms of cyanobacteria (blue-green algae)
are becoming an increasing problem in fresh, brackish and
marine waters. Microcystis aeruginosa is one of the dominant species of cyanobacteria that form surface water blooms
in eutrophic lakes and has received much attention because
of water management problems associated with its blooms
[1, 2]. It has different phenotypic types: large colonies under
* Corresponding author

natural conditions and single cells or a few paired cells in
laboratory cultures [3-6]. Colonial M. aeruginosa isolates
easily lose their typical colonial appearance after some generations in the laboratory. Many factors may influence the
formation of unicellular or colonial morphology in M.
aeruginosa, including abiotic and biotic factors [7-9];
however, how to replicate colony formation under laboratory conditions, to the extent observed in nature, is still
poorly understood.
It is known that aggregate formation in algae is linked
to polysaccharide production [6, 10, 11], which may be
stimulated by different factors. Glyoxylate, a stimulator of
carbon metabolism, was reported as a substance with the
capability of inhibiting photorespiration and increasing photosynthesis in higher plants [12] and some cyanobacteria [13,
14], i.e. changing metabolic carbon flux in algae [15]. An
excess of carbon flux in algae, such as Anabaena cylindrica [16] and Cyanospira capsulate [15] occur in response
to the addition of glyoxylate, which results in an intracellular accumulation of polysaccharide and a release of soluble
extracellular polysaccharide.
Glyoxylate can induce an increase of polysaccharide in
some cyanobacteria [15, 16], and polysaccharides affect the
stickiness of the cell surface and contribute to cell aggregation in some algal species [6, 10, 11]. Based on this
knowledge we hypothesize that: (1) growth of M. aeruginosa cul-tures may change after addition of glyoxylate; (2)
addition of glyoxylate may induce polysaccharide production; (3) morphological variation may occur as a consequence of an increase in the amount of polysaccharide.
To test these hypotheses, we assessed the short-term
effects of glyoxylate on polysaccharide production and
morphological variation of M. aeruginosa.
2. MATERIALS AND METHODS
Microcystis aeruginosa was obtained from the Freshwater Algae Culture Collection, Institute of Hydrobiology,
Chinese Academy of Sciences. To maintain cultures and for
experiments, it was cultured axenically in liquid BG-11 me-
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At the beginning and end of the experiment, the cultures in the suspension were sampled (10 mL) to quantify
the total polysaccharide. The methods used to measure polysaccharide followed the procedure outlined by Yang et al.
[18]. Assuming that increasing glyoxylate concentration
will increase polysaccharide production up to a maximum,
above which there will be no further production, and that
there will be some polysaccharide produced even in the
absence of glyoxolate, a semi-mechanistic model, analogous to Michaelis–Menten enzyme kinetics was fit to the
data: the rectangular hyperbolic function, Pt=a*Cg/ (b+Cg)+
P0, was applied to the data, where Pt is content of total
polysaccharide (pg cell-1), Cg is glyoxylate concentration
(mM), P0 is predicted normal total polysaccharide without
adding glyoxylate (pg cell-1), a is the maximum increase
of total polysaccharide with adding glyoxylate (pg cell-1),
a+ P0 the maximum total polysaccharide produced, if the
response becomes asymptotic (pg cell-1) , and b is a constant.
The number of cells per particle was determined from
>600 particles that were comprised of single cells, twocelled forms, > two cells. To illustrate changes in morphology, the mean proportions of different cells in each class
were calculated. To assess the potential impact of polysaccharide level on cell aggregation, the mean cells per particle (Cp) was regressed against total polysaccharide level,
scaled per cell (Pt); as the minimum number of cells per
particle would be one, the form of this function was: Cp =
1+ a(Pt-b), where a and b are constants.
All data, presented as mean ± 1 SE, were analyzed by
repeated measures ANOVA (α = 0.05). Statistical analyses were conducted with SigmaPlot 11.0.
3. RESULTS AND DISCUSSION
Generally, there were significant increases in cell abundance with time (F4, 28=102.896, P<0.001) in the lower
glyoxylate concentrations (0, 0.25, 0.5 mM), whereas cell
abundance of M. aeruginosa in 1.25 mM glyoxylate con-

-1

Samples were collected every day and fixed in Lugol’s
solution (2%), and cell abundance was determined using a
haemocytometer under a microscope.

centrations did not increase at all (Fig. 1). At the end of the
experiments, cell abundances were significantly different
among different glyoxylate concentrations (F3, 7= 25.545,
P<0.001); i.e. cell abundances in 1.25 mM glyoxylate concentrations were significantly lower than those in lower
glyoxylate concentrations (0, 0.25, 0.5 mM). The data over
all five days and all glyoxylate concentrations indicated significant interaction between time and glyoxylate concentration on cell abundance (F12, 28=10.576, P<0.001). From
the cell abundance change in different treatments, it was
apparent that a small amount of glyoxylate (0.25 and
0.5 mM) added into the algal suspension can mildly delay the growth of M. aeruginosa, whereas 1.25 mM glyoxylate severely inhibited the growth of M. aeruginosa.
This indicates that high concentration of glyoxylate will
inhibit the growth of M. aeruginosa due to severely inhibiting photorespiration, although glyoxylate is a substance
with the capability of increasing photosynthesis in higher
plants [12] and some cyanobacteria [13].

6

dium [17], at 25 ºC under a 12:12 h light:dark cycle, at
40 µmol photons m-2 s-1, and a pH 6.5-7.0. Based on our
preliminary experiments and following the method of Bergman [13], four glyoxylate (Sigma Fluka; St. Louis, MO,
USA) treatments (0, 0.25, 0.5, 1.25 mM), were examined
over five days; these were used to assess the influence of
glyoxylate concentration on short-term effects on growth
and polysaccharides production of M. aeruginosa. For each
treatment, exponential-phase cells were inoculated (1.355×
106 cells mL-1) into 500-mL Erlenmeyer flasks containing
200 mL of liquid medium, with three replicates per treatment. To reduce effects caused by minor differences in
photon irradiance, the flasks were shaken three times each
day and rearranged randomly.

Cell abundance (×10 cells mL )
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FIGURE 1 - Changes in cell abundance of M. aeruginosa in different
glyoxylate treatments. Vertical lines represent one SE.

The total polysaccharide content was 0.56 pg cell-1 at
the beginning of the experiment. The data over all five days
and all glyoxylate concentrations indicated significant interaction between time and glyoxylate concentration on the
production of total polysaccharide (F3, 8=5.766, P=0.021).
Generally, these data revealed a significant tendency for
total polysaccharide contents to increase with increasing
glyoxylate concentration (F3, 8=5.043, P=0.030). All the
cultures of M. aeruginosa to which glyoxylate was added
produced more total polysaccharide than the control culture. The influence of glyoxylate on the production of total
polysaccharide followed a rectangular hyperbolic response
(Fig. 2). The maximum increase of total polysaccharide
was 0.63 pg cell-1, the predicted normal total polysaccharide was about 0.57 pg cell-1, whereas the asymptotic
maximum total polysaccharide produced was about 1.2 pg
cell-1. All cultures of M. aeruginosa to which glyoxylate
was added produced higher totals of polysaccharide than
the control culture. The result is very similar to the case of
Cyanospira capsulate [15] and Chlorella pyrenoidosa [18].
These studies further demonstrate that when carbon flux
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of algae is modified by the addition of glyoxylate, the excess carbon is preferentially channeled by algal cells into
the synthesis of an overflow product such as polysaccharide [13-16]. We used a rectangular hyperbolic model to fit
the relationship between total polysaccharide and glyoxylate concentration, and the model fitted the data well.
The parameters in this model have biological meaning:
the maximum increase of total polysaccharide indicated
that the increase that was stimulated by glyoxylate is
limited, whereas the predicted normal total polysaccharide indicated a baseline estimate in M. aeruginosa
cells under normal conditions [18].

Total polysaccharide (pg cell-1)

1.2
Pt=0.566+0.632Cg/(0.609+Cg)
R=0.844, P=0.0037

1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.0

0.2
0.4
0.6
0.8
1.0
Glyoxylate concentration (mM)

1.2

1.4

FIGURE. 2 - Relationship between total polysaccharide and glyoxylate concentration fitted by the rectangular hyperbolic function.

1.0

In all glyoxylate treatments, a rapid formation of paired
cells was observed. The proportion of paired cells increased
to about 40%, whereas the control populations were dominated by unicells (Fig. 3). In 1.25 mM glyoxylate treatment,
only a few small aggregates occurred by the end of the
experiment. The morphological responses of M. aeruginosa in the treatments are also reflected in the mean
number of cells per particle (Fig. 4). There was a significant interaction between time and glyoxylate concentration on mean number of cells per particle (F12, 32=12.33,
P<0.001); when the glyoxylate concentration data were
independently analyzed there tended to be significant
differences in cells per particle among different glyoxylate concentrations (F4, 32=46.38, P<0.001). Relationship
between total polysaccharide and cells per particle is
shown in Fig. 5. There was a strong indication that as
glyoxylate induced polysaccharide levels increased the
mean number of cells per particle increased. This demonstrates that glyoxylate can induce M. aeruginosa to form
paired cells and a few small colonies, which may be the
consequence of the in-creased polysaccharide of M. aeruginosa cells. It is well recognized that polysaccharides
affect the stickiness of the cell surface and contribute to
cell aggregation in some algal species [6, 10, 11]. In the
present study, there was a strong indication that as glyoxylate-induced polysaccharide levels increased the cells per
particle increased, which suggests that the increased
amount of polysaccharide under glyoxylate conditions
play an important role in adhering algal cells together.
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FIGURE 3 - Changes of proportion of cells in different particle classes in different glyoxylate treatments.
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ABSTRACT
Fe3+-assisted photocatalytic oxidation of Sulfamethazine
(SMT) in TiO2 suspended solution was investigated in this
work. Results indicated that the degradation of SMT catalyzed by bothTiO2 and Fe3+ (the “TiO2/Fe3+ system”) was
faster than that by the single TiO2 (or the single Fe3+)
photocatalysis. The degradation of SMT catalyzed by the
TiO2/Fe3+ system was greatly affected by the TiO2 concentration, the initial Fe3+ concentration, the initial SMT concentration and the gas medium. The degradation kinetics of SMT followed the Langmuir-Hinshelwood model
well in the range of 20–80 mg/l, and the rate constant was
1.37 mg/(l·min). Furthermore, the mineralization rate of
SMT was also enhanced by Fe3+-assisted photocatalysis in
TiO2 suspended solution, the mineralization rate of SMT
approached to 29% after 90 min irradiation. Mechanism of
rapid degradation of SMT is mainly from Fe3+ ion loading
on surface of TiO2 particle as the electron acceptor to
enhance the yield of hydroxyl radical, which enhance the
degradation rate of SMT. This work demonstrated that the
TiO2/Fe3+ system could be used as a novel photocatalytic
system to degrade organic pollutants.

KEYWORDS:
3+
TiO2, photocatalysis, sulfadiazine, Fe -assisted, enhancement.

1. INTRODUCTION
Pharmaceuticals and personal care products (PPCPs)
have received increasing attention because of their presence in aqueous environment in recent years [1-3]. Detection of antibiotics is of particular concern due to the possibility of bacterial resistance [4,5]. Sulfonamides (SAs)
as an important class of antibiotics are commonly used in
both human therapy and veterinary husbandry [6, 7]. Field
survey demonstrates that the significant quantities of SAs
are released into aquatic environment as the results of the
discarded drugs, the animal manure and the manure waste
lagoons [8]. SAs may exert inverse effects in aqueous
* Corresponding author

environment [9], the urgent task is how to remove SAs in
water. Although the previous study reveals that SAs are
biodegraded in sewage sludge [10], the process is not fast
enough in conventional wastewater treatment conditions.
Semiconductor photocatalysis is a promising treatment technology for elimination micropollutant in aqueous solution [11,12]. Hydroxyl radical generated on the
surface of semiconductor upon ultra-band-gap irradiation
is sufficient to degrade contaminants by the oxidation
reaction [13]. TiO2 is considered as a suitable semiconductor for environmental photocatalytic application due to its
properties of photoactive, inexpensive and non-toxic. However, the rapid recombination of charge-hole pair in TiO2
particle results in relatively low efficiency [14]. Therefore, the key pathway is TiO 2 modification which can
restrict the recombination of charge-hole. Some excellent
methods are adopted to improve the performance of TiO2
[15,16]. However these methods usually need the further
treatment for TiO2. Fe3+ loading technique has attracted
interests in recent years [17]. However the papers published
focus on the phenomenon of degradation [18,19], and to
the best of our knowledge, there are few studies on the
characteristic of photocatalytic system, kinetics and the
participation mechanism of Fe3+. So far there is no report
about the rapid mineralization of antibiotics.
In this work, a systematic research was performed for
the participation mechanism of Fe3+ ion using SMT as a
model compound in solution. The mineralization process of
SMT, the degradation kinetics and the effect of key factors
were investigated in detail as well. More importantly, this is
the first time to study the active mechanism of Fe-assisted
photocatalysis and to investigate the effect of key factors on
the degradation of organic pollutants with the TiO2/Fe3+
system. The factors and the mechanism are critical to the
operation of photocatalytic water treatment process for organic pollutants.
2. MATERIALS AND METHODS
2.1. Materials

Sulfamethazine (SMT, 99.9Wt%, C11H14O2N4S) was
purchased from Yuancheng Group (China). TiO2 P-25 was
from Degussa Inc. (Germany). Other chemicals were
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analytic reagent grade and were purchased from Country
Medicine Reagent Co. (China). N 2 gas (gas purify,
99.9999%) was from Wenda Co. (China).
2.2. Experiments

Experiments were carried out in a cylindrical reactor
(1000 ml capacity, the length and the diameter were 31 cm
and 9 cm respectively) with a 15 W medium pressure mercury at the wavelength of 365 nm (λmax). Photo flux was
1.32×10-4 Einstein/(l·min) [20]. Temperature was kept at
25 ºC by water circulation. SMT solutions containing appropriate dosage of TiO2 powder (and/or Fe3+) were prepared in the dark. The pH values of solutions were adjusted by HCl and NaOH. Solutions were purged with air (or
N2) at a fixed flow rate (0.3 l/min) in experiments. In
order to reach the adsorption equilibration, solutions were
stirred for 30 min in the dark. At different time point, the
samples were taken and centrifuged at 4000 rpm for 30 min.
The supernatant was harvested and then the SMT concentration was determined by HPLC. All solutions were prepared in the deionized water.
2.3. Analysis

hydroxyl radical, and TiO2 particle has a better stability
than Fe3+ ion in solution, thus the degradation rate of
SMT by TiO2 photocatalysis is higher than that by Fe3+
ion photocatalysis.
1.0
0.8

SMT C/C0

© by PSP Volume 20 – No 4a. 2011
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FIGURE 1 - SMT concentration change vs. time in the degradation
experiments where [SMT]0 = 50 mg/l, [Fe3+]0 = 1.0×10-4 mol/l, [TiO2]
= 0.5 g/l, pH = 3.5.

The concentration of SMT solutions were detected by
HPLC (L6, Pgrandsil STC C18 column, Pgenernal Co.,
China) with a flow rate of 1.0 ml/min and UV detector
(UV6) at 285 nm. The mobile phase was a mixture of acetonitrile/ 0.02 mol/l phosphoric acid (25/75, v/v). Ions were
detected by using DIONEX−DX 100 ANIONS−CATIONS
Analyzer (Dionex, USA) equipped with cation and anion
micromembrane suppressors and a DIONEX electrical
conductivity detector. Total organic carbon (TOC) was
determined by Total Carbon Analyzer (Shimadzu 5000A,
Japan).

1.0

SMT C/C0

0.8
0.6
0.4
TiO2
0.2

3. RESULTS AND DISCUSSION

0.0

3.1 Photocatalytic oxidation of SMT

The concentration of SMT did not change in absence
of catalysts (TiO2 and/or Fe3+) and the result of dark reaction showed that there was no change in the concentration
of SMT after 90 min irradiation (Fig. 1). Moreover, the
concentration of SMT varied only when the solutions contained either TiO2 or Fe3+ during reaction process, and the
degradation rate of SMT by TiO2 photocatalysis was
higher than that by Fe3+ photocatalysis. The difference
between TiO2 and Fe3+ could arise from the different pathway of hydroxyl radical generation. Fe3+ aqua-complex can
absorb the light to generate the hydroxyl radical (mostly
Fe(OH)2+) [21]. However this process produces H+ ion
which leads to the decrease of pH value [22], further the
percentage of Fe(OH)2+ in solution gradually decreases.
Thus the degradation rate of SMT is greatly influenced by
nonstable photocatalytic process. As for TiO2, the positive
hole (hVB+) in valence band and the electron (eCBˉ) in
conduction band are generated respectively [23,24]. These
positive holes can oxidize hydroxide ion (or water molecules) adsorbed on the surface of TiO2 particle to produce

dark reaction
photolysis
3+
Fe
TiO2

0.4

3+

Fe
3+
TiO2+Fe
0
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Reaction time (min)
FIGURE 2 - Effect of N2 gas on photocatalytic oxidation of SMT
where [SMT] = 50 mg/l, [TiO2] = 0.5 g/l, [Fe3+] = 1.0×10-4 mol/l, pH =
3.5.

The result (Fig. 1) also showed that degradation of
SMT catalyzed by the TiO2/Fe3+ system was much faster
than that by TiO2 photocatalysis, indicating that the photocatalytic degradation of SMT could be strengthened by
Fe3+ ion in TiO2 suspended solution. The rapid degradation of SMT by the TiO2/Fe3+ system photocatalysis could
arise from the combination effect of two photocatalysts
(TiO2 and Fe3+) [25], and Fe3+ ion may act as the electron
acceptor on the surface of TiO2 particle. In order to prove
whether Fe3+ ion is the electron acceptor during the photocatalytic degradation process, the degradation experiments
of SMT were carried out with N2 as gas medium under UV
irradiation. As shown in Fig. 2, it is well known that the
degradation of SMT was greatly influenced with N2 as
gas medium in either the single TiO2 photocatalysis or the
TiO2/Fe3+ system during degradation process, however
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the degradation of SMT by the single Fe3+ photocatalysis
was not influenced. This is because that N2 can not act as
the electron acceptor on the surface of TiO2 particle[26],
and the electron-hole can recombine very easily in the
absence of oxygen, thus hydroxyl radical is not generated.
Furthermore, Fe3+ can act as the electron acceptor in conduction band of TiO2 particle in the system purged N2 in
TiO2 suspended solution, thus hydroxyl radical is generated under this condition.
From the above analysis, the TiO2 concentration and
the initial Fe3+ concentration were observed as two important parameters which influenced the degradation of
SMT, thus the effect of two factors on the degradation of
SMT were investigated in detail. As shown in Fig. 3, the
degradation rate of SMT did not increase when the TiO2
concentration was more than 0.5 g/l, and the degradation
rate of SMT reached its maximum value at the TiO2 concentration of 0.5 g/l (the degradation rate of SMT was
92% after 90 min irradiation). Yang et al. [27] indicate
that increasing TiO2 concentration can enhance the number of active sites (the enhancement of hydroxyl radical
yield), but the intensity of UV light is attenuated due to
the overdose of TiO2 in suspended solution [28], thus the
overall performance is reduced.
1.0

0.1 g/l
0.5 g/l
1.0 g/l
2.0 g/l

0.6

3.2 Kinetics of SMT degradation

It is very important to study the substrate concentration from the mechanistic and the application view. The
degradation rate of SMT gradually increased with the decrease of SMT initial concentration, especially the degradation rate of SMT approached to 100% at the SMT initial concentration of 20 mg/l after 60 min irradiation (the
experimental data). Furthermore, in order to obtain the
essential characteristic of degradation of SMT, the degradation kinetics of SMT was also studied by analyzing the
concentration profile back to the initial condition. According to some papers [23,26,28,29], photocatalytic degradation of the organic compound in TiO2 suspended solution
can be described by the pseudo-first kinetics, which can
be rationalized in terms of Langmuir-Hinshelwood model
(L-H model, Eq. 1). This equation can be used when the
experimental data demonstrates the linear form (Eq. 2).
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FIGURE 5 - Plot of r0 vs. C0 at different SMT initial concentration
for the TiO2 concentration at 0.5 g/l, the initial Fe3+ concentration at
1.0×10-4 mol/l and the pH at 3.5. Inset: linear transform of 1/r0 vs.
1/C0 according to Eq. (1).
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As shown in Fig. 4, the degradation rate of SMT
gradually increased with the increase of Fe3+ initial concentration, indicating that the initial Fe3+ concentration had
a positive effect on the degradation of SMT (The degradation rate of SMT was 100% at the Fe3+ initial concentration of 1.0×10-3 mol/l after 90 min irradiation). This phenomenon could arise from both the increase of Fe(OH)2+
concentration in reaction solution [22] and the enhancement of electron acceptor number on the surface of TiO2
particle, which can enhance the yield of hydroxyl radical.

100

FIGURE 4 - Effect of the initial Fe3+ concentration on photocatalytic
oxidation of SMT where [SMT] = 50 mg/l, [TiO2] = 0.5 g/l, pH = 3.5.

In order to minimize the competitive effect of the intermediates, the experimental data obtained during the first
20 min reaction were used to calculate the initial reaction
rates [28]. The degradation of SMT by the TiO2/Fe3+ system photocatalysis is found to fit the pseudo-first order
kinetics well (see Fig. 5), and there is a good linear relationship between plot 1/R0 versus 1/C0 (see the inset of
Fig. 5). Through the linear fit of the curve in the inset in
Fig. 5, the following equation can be obtained (Eq. 3).
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kKCEq
dC
=
dt 1 + KCEq

(1)

1
1 1 1
=
⋅
+
r0 kK CEq k

(2)

Where r0 is the initial rate of SMT degradation, CEq is
the equilibrium bulk-solute concentration; k and K are rate
constant and the adsorption coefficient respectively.

1
1
= 12.37 ×
+ 0.73
r0
CEq

(R = 0.9982)

(3)

So the value of rate constant k and the adsorption coefficient K were calculated to be 1.37 mg/(l·min) and
0.059 l/mg respectively. Thus the kinetic equation of the
degradation of SMT by the TiO2/Fe3+ system photocatalysis can be expressed as follow (Eq. 4):

r0 =

0.081CEq

(4)

1+0.059CEq

Additionally, degradation dynamics of SMT is described very well by the L-H model, indicating that the
hydroxyl radical generated by TiO2 is the main part to
attack the SMT molecule in reaction solution, and Fe3+
ion generates the hydroxyl radical which may be lower in
solution under UV irradiation.

surface of TiO2 particles is scavenged by both the molecule oxygen and the Fe3+ ion to produce the Fe2+ ion and
the reactive oxygen radical respectively, and then the valence hole is trapped as a result of hydroxyl radical generated by oxidation of either hydroxide ion or H2O molecule
on the surface of TiO2 particle. Therefore, the separation
of electron-hole is a crucial factor in affecting the photocatalytic degradation efficiency of TiO2. Meanwhile, Fe3+
ion can produce the hydroxyl radical which can accelerate
the degradation of SMT molecule in solution.
3.4 Mineralization study of SMT

In order to explore the effect of photocatalytic degradation SMT in an overall way, the mineralization rates of
SMT by three systems (Fe3+, TiO2 and the TiO2/Fe3+ system) photocatalysis were investigated. As show in Fig. 7,
it is well known that the mineralization rate of SMT by
the TiO2/Fe3+ system was higher than the single TiO2 (or
the single Fe3+) photocatalysis, indicating that the combined system was effective way to mineralize the SMT
(About 29% of SMT was mineralized from the suspension by the TiO2/Fe3+ system photocatalysis after 90 min
irradiation). The phenomenon of rapid mineralization of
SMT by TiO2/Fe3+ system photocatalysis could arise from
not only the combination effect of two photocatalysts
(TiO2 and Fe3+), but also Fe3+ ion as the electron acceptor
on the surface of TiO2 particle.

3.3 Mechanism for photocatalysis
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FIGURE 6 - Mechanism of photocatalytic degradation of SMT.
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The above studies indicate that the degradation of SMT
can be enhanced by Fe3+ ion in TiO2 suspended solution,
the degradation rate of SMT is greatly influenced by N2
medium and the degradation kinetics of SMT fits the
Langmuir-Hinshelwood model well, thus the mechanism
of Fe3+-assisted photocatalytic degradation of SMT in
TiO2 suspended solution is from both oxygen and Fe3+ ion
as the electron acceptors to trap the electron in the conduction band of TiO2 particle in suspended solution under
UV light irradiation (Fig. 6), the two electron trappers can
improve the separation of electron-hole, and then the yield
of hydroxyl radical is enhanced in the valence band of TiO2
particle. Part of SMT molecular in solution is oxidized by
those hydroxyl radical generated by photolysis of Fe(OH)2+
at the same time. The valence electron of TiO2 is excited to
the conduction band by UV irradiation, the electron on the
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FIGURE 7 - Mineralization of SMT where [SMT]0 = 50 mg/l, [Fe3+]0
= 1.0×10-4 mol/l, [TiO2] = 0.5 g/l, pH = 3.5.

Moreover, the mineralization process of SMT was studied from another view which was the concentration of three
inorganic ions (SO42-, NO3- and NH4+) in solution. The
concentrations of three inorganic ions increased with the
increase of reaction time the by TiO2/Fe3+ system photocatalysis (Fig. 8), indicating that the organic sulfur and the
organic nitrogen were gradually transformed into the inorganic sulfur (SO42-) and inorganic nitrogen (NH4- and NO3-)
respectively. The concentration of SO42-, NH4- and NO3were 1.2 mg/l, 0.26 mg/l and 0.92 mg/l respectively when
the TiO2/Fe3+ system photocatalysis was used after 90 min
irradiation. However, the concentration of SO42-, NH4and NO3- were 0.28 mg/l, 0.06 mg/l and 0.11 mg/l when

1055

© by PSP Volume 20 – No 4a. 2011

Fresenius Environmental Bulletin

-1

Ion concentration (mg l )

the single Fe3+ ion was used after 90 min irradiation (the
experimental data), and the concentration of SO42-, NH4and NO3- were 0.55 mg/l, 0.18 mg/l and 0.31 mg/l when
the single TiO2 was used after 90 min irradiation (the experimental data). This phenomenon shows that the TiO2/Fe3+
system have a better mineralization effect of antibiotics.
1.8

NO3

1.5

NH4

1.2

SO4
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4. CONCLUSIONS
Under a UV light lamp (λmax = 365 nm, Photo flux
1.32×10-4 Einstein/(l·min)) irradiation, the degradation of
SMT in aqueous solution catalyzed by the TiO2/ Fe3+ system photocatalysis takes place via oxidation by hydroxyl
radical generated mainly from TiO2 particle. The degradation rate of SMT increased with the increase of TiO2
concentration in the range of 0–0.5 g/l, and then decreased at the higher TiO2 concentration (from 1 g/l to 2
g/l). The degradation of SMT catalyzed by the TiO2/Fe3+
system photocatalysis was Fe3+ concentration-dependent.
The degradation rate of SMT increased with the increase
of initial Fe3+ concentration. The degradation kinetics of
SMT followed the Langmuir-Hinshelwood model well,
and the reaction rate constant was 1.37 mg/(l·min). Furthermore, the mineralization of SMT by the TiO2/Fe3+
system photocatalysis was faster than the single TiO2 photocatalysis (or the single Fe3+ photocatalysis), and SMT had
a better mineralization effect by the TiO2/Fe3+ system
photocatalysis from concentration change of three ions
(SO42-, NO3- and NH4+). Furthermore, the mechanism of
enhancement is mainly from the Fe3+ ion loading on
surface of TiO2 as electron acceptor to enhance the yield
of hydroxyl radical of TiO2, meanwhile the part of hydroxyl radical produced by Fe3+ ion strengthens the degradation of SMT in solution. All these results demonstrate
that the TiO2/Fe3+ system can be considered as an efficient
photocatalytic system or an alternative way for removal of
trace level of organic pollutant in wastewater.
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ABSTRACT
Algogenic organic matter (AOM), the contributor to
natural organic matter (NOM) in high algae-laden raw
water, is currently the subject of many studies. In this study,
the effectiveness of Magnetic ion-exchange (MIEX®) resin
pre-treatment for the removal of AOM (EOM and IOM),
microcystins, geosmin and MIB from Tai-hu water sources
was evaluated. The results show that the main species of
algae in raw water is M. aeruginosa, which accounts for
90% of total algae. AOM is predominantly hydrophilic
(50% or more) with a low SUVA (1.7Lm-1mg-1). Coagulation alone cannot remove AOM effectively (less than
20%), however, when combined with MIEX® pre-treatment, it can remove more than 50% of AOM. Removal
rate of EOM by MIEX® is 15% higher than that of IOM
which is attributed to differences in molecular structure.
The reason lies in the difference of MW and fractionation
distribution between the IOM and EOM. Low removal rate
of microcystins (MC-LR, MC-RR), geosmin and 2-Methylisoborneol (2-MIB) by MIEX® treatment is observed,
whose removal rates are 27%, 21%, 4% and 3% respectively. This is attributed to the neutral charge of these contaminants.
KEYWORDS:
Algogenic organic matter, Tai-hu water sources, magnetic ionexchange resin, microcystins, geosmin, 2-methyliso-borneol.

1. INTRODUCTION
Algae are ubiquitous in lakes and reservoirs supplying
water for drinking water treatment facilities. When population increases, treatment processes will be adversely affected. For example, coagulant demand will be increased,
floc formation will be poor and membrane fouling will
increase [1,2]. This is the result of not only increased
cell concentration but also associated algogenic organic
* Corresponding author

matter (AOM), which can form a substantial component
of the algae system. AOM arises extracellularly via metabolic excretion, forming extracellular organic matter (EOM)
or intracellularly due to autolysis of cells, forming intracellular organic matter (IOM), and is known to comprise
proteins, neutral and charged polysaccharides, nucleic acids,
lipids and small molecules, of which polysaccharides can
comprise up to 80-90% of the total release [3]. The IOM
proportion increases with increasing age of the algae system. AOM makes a significant contribution to the heterogeneous mixture of compounds that contribute to dissolve
organic matter (DOM) in algal system. In addition, some
metabolites like microcystins and odor-causing substances
worsen the water quality and influence the normal use,
which attracts more and more attention.
Magnetic ion-exchange (MIEX®) resin emerged as an
effective technology for removing organic matters from
raw water. Using MIEX® as a pre-treatment before coagulation has consistently shown a higher removal rate of organics from drinking water. Depending on specific water
characteristics, MIEX® pre-treatment can remove from
30% to over 70% of the dissolved organic carbon (DOC)
from the water [4-9]. The treated water therefore has a
much lower coagulant demand allowing much lower doses
to be applied when compared with conventional coagulation of the same raw water [10-12]. However, the potential
of MIEX® pre-treatment for controlling AOM and other
algae metabolites have not been explored. Importantly, comparing the different treatment stages indicates that the varying character of AOM from the different algae means that
each species will cause a unique set of challenges restricting the ability to generalize the treatment of algae.
In this study, the effectiveness of MIEX® pre-treatment for AOM removal was evaluated. Removal rate of
EOM and IOM as well as changes in UV scan before and
after MIEX® pre-treatment were investigated to elucidate
mechanisms of AOM removal. In addition, removal of microcystins and odor-causing substances were investigated
to establish the full potential of MIEX® treatment in
ensuring drinking water safety.
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2. MATERIALS AND METHODS
2.1 Materials

Raw water was collected from Tai-hu Lake, in middle
China in August 2009, in which algae content reached
higher than 5000×104 cells/L. AOM in raw water was characterized using techniques including DOC, specific UV
adsorption (SUVA), hydrophobicity and molecular weight
(WC). All analytical instruments were calibrated using the
associated calibration procedure for the instrument prior
to use.
EOM was extracted by centrifuging the cell suspension at 10,000g for 15min and subsequently filtering the
supernatant (0.45µm Xinya GF/F glass micro-fibre). The
separated cells from the centrifugation were washed three
times and re-suspended in de-ionised, then were disrupted
by the Ultrasonic cell disrupter (JY96-Ⅱ, Scientz Biotechnology Co., Ltd. Ning-bo, China). After that the suspension
was filtered by 0.45µm glass micro-fibre and diluted to its
UV254 similar to that of EOM, and this water was looked
on as the sample of IOM.
2.2 Analyses
2.2.1 Ultraviolet absorbance, DOC and turbidity

Samples of raw water were analysed for turbidity and
were filtered using a glass fibre paper (0.45µm pore size,
Xin-ya, China) for DOC, UV254. UV254 and UV scan were
measured by using T6 spectrophotometer (Pu-xi Instruments Inc., Beijing, China). DOC was measured using a
Shimadzu TOC-5000A analyser as the difference between
total carbon and inorganic carbon. Each sample was analyzed in triplicate with errors less than 2%. SUVA was
calculated as UV254/DOC. Turbidity was measured using
a Hach 2100N Turbidimeter (Hach Co., Loveland, CO).
2.2.2 XAD resin fractionation

Further characterisation work was carried out by fractionating raw waters using published methods [13]. During this process, 2 L of raw water was filtered through
0.45 mm glass fibre papers and acidified to pH 2. The
water was then passed through three fractionation columns,
the first containing 60mL of XAD-8 resin, the second containing 60mL of XAD-4 resin and the third containing
60mL of IRA-958 resin. Effluent passing through all of
the columns was the hydrophilic neutral fraction (HIN).
Both the ion-exchange columns were back-eluted with
250mL of 0.1M NaOH. The eluate from the XAD-8 column
was the hydrophobic fraction (HPO). The eluate from the
XAD-4 resin was the weak hydrophobic fraction (WHPO).
The eluate from the IRA958 resin was the hydrophilic
charged fraction (HIC). The fractions were filtered and
analysed for DOC.
2.2.3 Molecular weight fractionation

Nitrogen gas at a constant pressure of 1 bar was used to
drive the AOM solution through ultrafiltration membranes
(Millipore, Billerica, MA, USA) by using the Amicon

Stirred Cell (Model 8200) in series so that AOM was fractionated into fractions of ＞30 kDa, 30-10 kDa, 3-10 kDa,
1-3 kDa and ＜1 kDa. Each MW fractionation was repeated in triplicate.
2.2.4 Microcystins

The concentrations of MCs were determined by HPLC,
if necessary, performing solid phase extraction before HPLC
analysis. HPLC analyses were performed with a Shimadzu liquid chromatograph (Shimadzu Scientific Instruments)
equipped with Shimadzu pumps (model LC-10 AT) and a
Shimadzu UV–vis detector (model SPD-10A). The reversephase column used was a C18 Bondapak (4.6mm i.d.×
250 mm, Waters). The mobile phase was a mixture of 10mM
ammonium acetate and acetonitrile (65%:35%) isocratically
delivered by a pump at the flow rate of 1 mL/min. The
wavelength of the UV absorbance detector was 238 nm.
Under these conditions, the detection limit for microcystins was 0.1µg/L.
2.2.5 Geosmin and MIB

Samples for 2-Methylisoborneol (2-MIB) and geosmin
analysis were pre-concentrated on a solid phase microextraction syringe fiber (Supelco, Australia) and concentrations were determined on a gas chromatography-mass
spectrometry system (Shimadzu, Japan) against quantified
labelled internal standards according to the method by Graham and Hayes [14]. Detection limit was 4ng/L for MIB
and 2ng/L for geosmin.
2.3 Experimental

Orica Watercare of Melbourne, Australia provided the
MIEX® resin in slurry form. Preliminary experiments with
MIEX® were performed on each water sample to evaluate
the impact of MIEX® treatment on turbidity, DOC and
UV 254. MIEX® doses in the range of 1-10 mL/L were
tested. In the preliminary experiments, one liter of the
water to be tested was added to 1L square jars, mixed for
30min at 100 rpm, and then allowed to settle down for
30 min. The MIEX® procedures were based on the previous research by Singer and Bilyk [15].
3. RESULTS AND DISCUSSION
3.1 Raw water characterization and removal effect of organic
matters by MIEX® pre-treatment

The raw water investigated at different times show the
similar physical-chemical properties as those of high-algae
raw water (Table 1). Seen from Table 1, the physical and
chemical characteristics of the raw water remain relatively constant over the course of the study. The raw water has a higher turbidity of about 120.0NTU as a result of
containing high concentrations of algae and inorganic particles (caused by the wind above the lake). Microscopic
examination identifies that the dominant species in this
water are cyanobacterial (M. aeruginosa), which accounts
for 90% of the total algae cells.
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TABLE 1 - Raw water characteristics.
1/8/2009 10/8/2009

20/8/2009

30/8/2009

4.3

4.1

4.5

4.7

0.080

0.076

0.074

0.073

1.86

1.85

1.64

1.55

8.05

7.89

8.05

8.03

47.5

120.6

42.8

40.6

0.3

87

78

94

101

0.0

3985

4891

4784

4672

sample 1
sample 3

sample 2
sample 4

DOC(mg/L)

4.0
3.0
2.0
1.0
0.0
>30k

10～30k

3～10k

1～3k

<1k

DOC

FIGURE 1 - MW distribution of OM in raw water.

DOC(mg/L)

sample 2
sample 4

1.2
0.9
0.6

HPO

WHPO

HIC

HIN

FIGURE 2 - Fractionation of OM in raw water

The MW distribution of AOM is dependent on the
species of algae in raw water. The MW distribution of
AOM in raw water is shown in Fig. 1. As seen from Fig. 1,
AOM is mainly smaller MW with 21% greater than 30 kDa,
40% between 1 kDa and 30 kDa, and 39% less than 1 kDa,
respectively. These observations may be due to the composition of the AOM. It is well known that AOM arises
mainly via metabolic excretion and autolysis of cells and
comprise with glycolic acids, carbohydrates, polysaccharides, amino acids, peptides, organic phosphorous, enzymes,
vitamins, hormonal substances, inhibitors and toxins [16].
Compounds such as polysaccharides and proteins have a
higher MW than humic and fulvic acids, however, compounds such as uronic acid are typical of the charged and
small MW. Water hydrophobicity is measured in two ways.
Firstly, the SUVA provides a quick indication of the nature
of the organics present in the raw water. The high SUVA
(＞4.0 Lm-1mg-1)	
  is the indicative of hydrophobic water
while the low SUVA value (＜4.0 Lm-1mg-1) is the indicative of containing mostly hydrophilic organics. The values
of SUVA for the raw water are about 1.7Lm-1mg-1, which
indicates the organic matter in the raw water was mainly
hydrophilic. More detailed hydrophobic characteristic was
determined using XAD and IRA958 resin fractionation
(Fig. 2). However, while the SUVA of the raw water suggests that there is a low hydrophobic content, and 50% of
the organics are determined to be hydrophobic after fractionation, indicating that this water contains a large proportion of non-UV254-absorbing hydrophobic compounds that the SUVA measurement is not able to identify.
5.0

sample 1
sample 3

1.5

80
70

Removal effect(%)

Parameter
DOC
(mg L-1)
UV254
(cm-1)
SUVA
(Lm-1mg-1)
pH
Turbidity
(NTU)
Alkalinity
(mgL-1as CaCO3)
Algae cell count
(×104 cell L-1)

1.8

60
50
40
30
20
10
0

DOC

Coag.

CODMn

500BV+coag.

800BV+coag.

UV254

1200BV+coag.

FIGURE 3 - Removal of OM by coagulation
and MIEX (dosage of coagulant -PAC was 15mg/L)
3.2 Removal effect of organic matters in raw water by MIEX®
pre-treatment

As seen from Fig. 3, only 20% of DOC are removed
by coagulation alone, similar to the results of previous
studies [17]. This is attributed to its low charge density of
hydrophilic water resulting in a low coagulant demand
and relatively low DOC removal by coagulation. In comparison, DOC removals of 61%, 56.5%, 51% are observed
upon MIEX® pre-treatment at different treatment rates.
Similar removal rates of UV254 and CODMn are observed. The
removal rate of DOC (about 55%) here is higher than former research on high-algae raw water (about 33%) [5].
This may relate to the inherent variability in AOM composition in raw waters and the MIEX® applying conditions.
According to Boyer’s research, the consistently low NOM
removals seen for high-algae water may be explained by
the combination of size exclusion and low charge, and the
water contains high concentrations of soluble AOM [11].
Many of these compounds tend to be uncharged and are
therefore unlikely to have a strong affinity for exchange
onto the resin [10]. However, it has been shown that algalderived extra-cellular organic matter (EOM) is dependent
on species. Algae such as M. aeruginosa have EOM with
a charge density of 0.2meqg-1 DOC [18]. As M. aeruginosa
is one of the dominant algae in the water sampled here,
AOM has bimodal distributions with 55% and 62% greater
than 30 kDa and 38% and 30% less than 1 kDa, respectively [10]. Large polysaccharides and proteins exuded by
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microbes and algae have a higher MW, therefore, indicating that size exclusion may play a significant part in the
poor removals using magnetic resins. However, the organic matters in the raw water may comprise AOM and
other NOM species, which can be seen from the distribution of molecular weight and fractionate. In addition, enhancing the dose of MIEX® and making full use of the
mechanism of adsorption can effectively remove large polysaccharides and proteins, and improve the removal ratio of
AOM.
3.2 Removal effect of IOM and EOM

For the organics in the raw water were the mixture of
AOM and other organics, to further confirm the removal
rates of AOM, EOM and IOM. Samples extracted from
Tai-hu water sources were used to determine the removal
rate of MIEX® for AOM. The results are shown in Fig.4.
70

a

50

It can also be seen from Fig. 5, MIEX® treatment decreases the UV absorption between 190nm and 400nm,
especially for the absorption peak around 195nm. According to former study [12], coagulation and PAC adsorption
cannot decrease the UV adsorption between 190nm and
230nm. In addition, the decrease degree of IOM is significantly smaller than that of EOM at all wavelengths.

40
2.000

30
EOM,5mL/L MIEX
EOM,10mL/L MIEX
IOM,5mL/L MIEX
IOM,10mL/L MIEX

20
10
0
0

10

20
30
40
Reaction time (min)

50

60

Removal effect(%)

1.000

0.500

50

b

40

EOM
IOM
EOM: 5mL/L MIEX
IOM: 5mL/L MIEX

1.500

Absorbance

Removal effect(%)

60

SUVA values of EOM and IOM are 1.89 and 1.01, respectively, which indicates that IOM exhibits a much lower
aromaticity compared with EOM and accordingly, poor removal by MIEX®. UV absorption spectra are shown in
Fig. 5 for EOM, IOM and after the MIEX® treatment. The
spectra are quite different between EOM and IOM, and IOM
shows additional absorption peaks around 330nm, which indicates IOM contains mycosporine-like amino acids. URI
value (UVA210/UVA254) is another parameter to token the
peculiarity of organic molecular. The value of EOM and
IOM are 1.78 and 3.51 respectively, which indicate IOM
has a higher content of amino-structure. In conclusion,
IOM has a higher concentration of larger MW organics
which have more functional amino groups, therefore,
MIEX® can remove little IOM.

0.000
190

30

200

210
220
Wavelength(nm)

230

240

0.300

20

EOM,5mL/L MIEX
EOM,10mL/L MIEX
IOM,5mL/L MIEX
IOM,10mL/L MIEX

10

0.225

0.150

0
0

10

20

30

40

50

60

0.075

Reaction time (min)

FIGURE 4 - Removal of EOM and IOM by MIEX treatment (a.
UV254, b. DOC). Results are average of three repeated experiments
performed at the similar conditions. (Initial value of UV254 and DOC
are 0.185, 9.8 for EOM and 0.189, 18.8 for IOM, respectively)

It can be seen from Fig. 4, the removal rates of EOM
and IOM have great difference. MIEX® can remove EOM
more readily than IOM, whose removal rates are 55%, 39%
(UV254) and 38%, 28% (DOC) at the dosage of 5mL/L and
30 min reaction time, respectively. Similar results are observed at the dosage of 10mL/L. The difference on the removal effects may lie in the diversity of composition for
EOM and IOM. Comparing UV254 and DOC in fig. 4, EOM
and IOM have similar UV254, but quite dissimilar DOC. The

0.000
240

260

280

300

320

340

Wavelenghth (nm)

360

380

400

FIGURE 5 - UV absorbance for EOM, IOM and after MIEX treatment (UV254 of EOM and IOM were 0.185, 0.189 respectively.)

MW distributions of IOM and EOM are quite different (Fig.6. a). IOM is mainly comprised with high MW
organics (more than 60% higher than 10K), while EOM is
mainly middle and small MW organics (more than 65%
smaller than 10K). The difference on the MW distribution
between IOM and EOM can explain the diversity of removal effect. For larger molecular can not enter the pore
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of the resin and can not remove by MIEX® accordingly,
which can be also seen from the change of the proportion
at different range of molecular weight.
70

a

Percentage(%)

60

IOM

IOM+MIEX(10mg/L)

EOM

EOM+MIEX(10mg/L)

50
40
30

pal mechanism for removal of the compounds via ion
exchange or surface adsorption (a non-charge-related mechanism, important for lower MW compounds). It is likely
that molecular polarity can encourage exchange and/or adsorption of these compounds. At the ambient pH, the molecular of geosmin, MIB and microcystins are either neutral
or have no positive charge, preventing removal by anionic ion exchange. It is further believed that removal of
MIB and geosmin via an absorption mechanism is not observed due to the unfavourable interaction of MIB and geosmin MW, molecular polarity the surface and pore structure of the MIEX® resin.

20

100

Percent remaining(%)

10
0
>100k

90
80

b

10～100k

3～10k

1～3k

IOM

IOM+MIEX(10mg/L)

EOM

IOM+MIEX(10mg/L)

<1k

Percentage(%)

70

90

80

70

60
0

60

10

20

30

40

50

Geosmin

MIB

60

Reaction time(min)

50

MC-RR

40

MC-LR

FIGURE 7 - Removal effect of microcystins, geosmin and MIB by
MIEX treatment. Results are average of three repeated experiments
performed at the similar conditions. (Initial value of MC-LR, MCRR, geosmin and MIB were 1.8µg/L, 2.1µg/L, 148ng/L and 207,
respectively)

30
20
10
0
HOA

WHOA

HIC

HIN

FIGURE 6 - Fractionation and MW for EOM, IOM
and after MIEX® treatment (a MW; b. fractionation)

The proportion of HIN in the IOM and EOM is quite
different, which are 70% and 44% respectively. According to the removal mechanism of MIEX®, HIN is the most
difficult removal part in the organics. The proportion of
HIN decides the difference on the removal rate of IOM
and EOM.
3.3 Removal effect of microcystins, geosmin and MIB

Microcystins and odour-causing substances (geosmin
and MIB) are two kinds of main metabolites that influence the quality of effluent of the water plant, therefore,
the removal rates of microcytins, geosmin and MIB are
investigated. The results obtained from the treatment with
MIEX® are shown in Fig. 7.
Seen from Fig. 7, microcystins, geosmin and MIB are
found to be poorly removed by MIEX®. Only about 5% of
geosmin and MIB are removed by MIEX®. For the two
main categories of microcystins (MC-LR and MC-RR),
less than 30% of microcystins are removed, which is a
little higher than that of odor-causing matters. The reason
may lie in the removal mechanism of MIEX® for organics in water. According to former studies [11], the princi-

MIEX® pretreatment alone could not effectively remove geosmin, MIB and microcystins, but it could achieve
a considerable DOC removal rate. Therefore, it is anticipated
that lower DOC resulting from MIEX® treatment will improve the effectiveness of powdered activated carbon (PAC)
adsorption, which needs further study.
4. CONCLUSIONS
1. The main species of algae in raw water studied are
M. aeruginosa, which accounted for 90% of total algae species. AOM is predominantly hydrophilic (50% or more)
with a low SUVA (1.7Lm-1mg-1);
2. Coagulation alone could not remove AOM effectively (less than 20%), however, when combined with
MIEX® pre-treatment, it is observed to remove more than
50% of AOM;
3. Removal rate of EOM by MIEX® is 15% higher
than that of IOM. Maybe it is due to differences in molecular structure; MIEX® treatment could significantly decrease
the UV adsorption peak between 190nm to 400nm, and decrease degree of IOM is smaller than that of EOM;
4. Poor removal of microcystins (MC-LR, MC-RR),
geosmin and 2-MIB by MIEX® treatment is observed,
whose removal rates are 27%, 21%, 4% and 3% respectively.
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ABSTRACT
The synthesis of platinum doped TiO2 nanoparticles
(Pt/TiO2) using the microemulsion method and investigation of their photocatalytic activity in the degradation of
Acid Red 27 (AR27) in distilled water under UV-irradiation
is reported. The prepared Pt/TiO2 nanoparticles were characterized using TEM, SEM, XRD, and EDX techniques.
The size of Pt nanoparticles are determined to be around
5–15 nm, with almost uniform distribution on the TiO2
particles. The efficiency of the photocatalytic process was
evaluated at different experimental conditions to optimize
the parameters such as pt loading, amount of catalyst and
calcination temperature. The optimum conditions were
found to be 0.4%wt loading on TiO 2, catalyst dosage of
600 mgL-1 and calcination temperature of 300 °C. A complete decolorization of 20 mgL-1 AR27 dye solution under
UV irradiation at optimum conditions on Pt/TiO2 was observed at 20 minutes.

KEYWORDS: Acid Red 27, Heterogeneous photocatalysis, Microemulsion, Pt loaded TiO2, UV/TiO2.

1. INTRODUCTION
Azo dyes belong to the largest class of dyes used in
textile and paper industries. About 1–20% of the total synthetic dyes in the world is lost during the dyeing process
and is released in the textile effluents [1]. The decolorization of azo dyes has been reported by several methods, such
as; biological [2] and advanced oxidation processes (AOPs),
like ozonation [3], fenton's reagent [4,5] and photocatalytic
degradation [6,7]. Recently among AOPs, TiO2 mediated
semiconductor photocatalysis is gaining more importance
due to its high production of hydroxyl radicals, non* Corresponding author

toxicity and long-term photostability [8]. The deposition
of noble metals such as Au, Pt and Ag on semiconductor
nanoparticles such as TiO2 is an essential factor for maximizing the efficiency of photocatalytic reactions [9]. Many
controversial results are reported in the literature regarding the fact that the catalysts properties are strongly dependant on the method of doping [10].
Microemulsions are thermodynamically stable mixtures and offer an excellent ability for the controlled synthesis of narrowly distributed nanoparticles due to their almost monodispers droplet size distribution at the nanoscale
[11, 12]. Nevertheless, there are some studies concerning the photocatalytic degradation of pollutants on Pt
loaded TiO2 prepared by different methods [13-15], rare
reports can be found in the literature about the preparation
of noble metal-doped TiO2 by microemulsion technique
[16]. To the best of our knowledge, no systematic study has
been reported on the photocatalytic degradation of dyes
with the Pt loaded TiO2 obtained via microemulsions. In
this study, platinum doped TiO2 nanoparticles were synthesized using the microemulsion technique and used for
photocatalytic degradation of Acid Red 27 (AR27). Then
the effects of platinum loading, catalyst concentration and
calcination temprature on the degradation efficiency of
AR27, a representative mono azo dye, under the illumination of UV light were investigated.
2. MATERIAL AND METHODS
2.1. Materials

Hexachloroplatinic acid (98%) and sodium borohydride
(98%) were purchased from Merck. TiO2-P25 (80% anatase,
20% rutile) BET surface area 50 m2 g−1, mean particle size
21 nm was supplied by Degussa. n-heptane (HPLC grade,
Scharlau) were used without any further purification. Sodium bis(2-ethylhexyl)sulphosuccinate (AOT, 96%) and
AR27 as a model pollutant from textile industry were
obtained from ACROS organics. The AR27 is a mono azo
anionic dye with C.I. number 16185 and λmax 520 nm.
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2.2. Preparation of Pt/TiO2 photocatalyst

The Pt/TiO2 catalysts were prepared by two microemulsion technique, namely, reducing agent and metal
precursor
containing
microemulsions
(nheptane/AOT/water/ NaBH4 or H2PtCl6). The metal precursor and reducing agent containing microemulsions were
prepared by mixing the desired amounts of the proper
chemicals to obtain micro-emulsions with 15wt% of surfactant (AOT) and following molar ratios of [H2O]/[AOT]
= 8, and aqueous phase con-centrations of
[NaBH4]/[Pt]=7.5, [Pt] = 0.8 M. For preparation of
Pt/TiO2 nanoparticles, proper amount of TiO2-P25 was
mixed with vigorously stirred metal precursor containing
microemulsion to obtain the Pt loadings of 0.1, 0.2, 0.4,
and 0.6wt%. Afterwards, a proper volume of reducing
agent containing microemulsion was added dropwise during 60 seconds to the reaction mixture to get desired ratio
between Pt and NaBH4, and the mixture was kept stirring
vigorously by magnetic stirrer for 30 minutes. All reactions
were done at room temperature without removal of air.
Acetone was used to break the microemulsion and
precipitate out the nanoparticles. Finally, the precipitate
was washed sequentially with n-heptane, acetone, and hot
distilled water to remove all remaining chemicals. The nanoparticles were obtained by centrifuging the washed precipitate at 5000 rpm for 15 min drying at 110 ºC for 12 h.
The resulting powders was finally calcined at desired temperature (300, 450, 600 or 900 ºC) for 3 h.
2.3. Characterization and measurements

Morphology of Pt/TiO2 nanoparticles was characterized by Transmission electron microscopy (TEM) (LEO
906-100 kV). The crystalline phase of nanoparticles were
analyzed by X-ray diffraction measurements using Siemens
XRD-D5000 (λ = 0.154 nm) diffractometer. Scanning
electron microscopy (SEM) analysis was performed on
Au coated samples using a Philips apparatus model XL30,
equipped with a probe for the energy dispersive X-ray
micro analysis (EDX). The extent of Pt loading on prepared
Pt/TiO2 catalysts were measured by atomic absorption spectroscopy (AAS) using a VARIAN atomic absorption spectrophotometer (model AA240). For this purpose, the remaining Pt concentration in the microemulsion after separation of catalyst was measured by AAS. An ultrasonic
bath from Elma (model T 460/H, Germany) was used for

sonication of the samples. A UV lamp (15 W, UV-C, λmax
= 245 nm, manufactured by Philips, Holland) was employed as the excitation source. A UV-Vis spectrophotometer (Ultrospec 2000, England) was used for measurement of
the concentration of AR27. The concentration of total dissolved organic carbon (TOC) in the solution was measured
using a total organic carbon analyzer (Shimadzu, TOCVCSH).
For the photocatalytic degradation studies, a desired
amount of photocatalyst (pure or Pt doped TiO2 nanoparticles) was added to the doubly distillated water and sonicated for 15 minutes to obtain a uniform suspension. Then
proper amount of the AR27 stock solution was added to
the photocatalyst suspension to achieve desired concentration of dye, and agitated for 30 min in the darkness to ensure the establishment of adsorption/desorption equilibrium
of the dye on the surface of photocatalyst. The experimental setup used for the photocatalytic oxidations is
depicted in Fig. 1. A 100 mL of the above suspension was
transferred into a borosilicate Petri dish with diameter of 12
cm and height of 2.5 cm as photoreactor. While vigorously stirring, the reaction mixture was illuminated by UV
light from top of the solution. The distance of lamp from
the solution was adjusted in such a way that to obtain
light intensity of 35 W/m2 on the surface of solution,
which was measured by a Lux-UV-IR meter from Leybold
Company. To follow the dye degradation process, at certain
reaction intervals, 5 ml of sample was withdrawn, centrifuged for 15 min at 5000 rpm to separate the photocatalyst from the reaction media. The concentration of AR27
was determined by means of a UV-Vis spectrophotometer
at 520 nm using a calibration curve. All of the photodegradation experiments were carried out at room temperature on 20 mgL-1 solutions of AR27 with pH of about 5.5,
which is the natural pH of the reaction medium.
3. RESULTS AND DISCUSSION
3.1. Characterization of Pt-loaded TiO2 nanoparticles

The characterizaton of the prepared Pt/TiO2 nanoparticles were carried out employing TEM, SEM, XRD, and
EDX techniques. TEM micrographs (Fig.2) show that the
Pt nanoparticles are almost uniformly distributed on the
TiO2 particles with size of around 5–15 nm. Comparison

UV lamp
Wooden box
Dye solution
Magnetic
Stirrer
FIGURE 1 - The schematic representation of experimental setup used for the photocatalytic oxidations.
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of the SEM micrographs of pure TiO2 (Fig. 3a) and
Pt/TiO2 nanoparticles (Fig. 3b) proved that, loading of Pt
nanoparticles prepared using microemulsion method didn't affect the spherical shape of TiO2 particles. The presence of loaded Pt on the TiO2 nanoparticles also was
confirmed by EDX analysis (Fig. 4).

Element

Ti K
Pt L
Total

wt%

at%

99.12
0.88
100.00

99.78
0.22
100.00

FIGURE 4 - EDX diagrams of 0.6wt% Pt/TiO2 nanoparticles.

FIGURE 2 - TEM micrograph of 0.6wt% Pt/TiO2 nanoparticles

The actual metal content of the catalysts were measured by AA spectroscopy, which is given in Table 1. The
results indicated that, almost all of the Pt salt, added into
the reaction medium was doped on the TiO2. The actual
Pt content of the prepared catalysts, measured by AAS,
was only 0.5-1.2% less than values planned to be obtained
by microemulsion. This is implying that only 0.5-1.2% of
the Pt was not doped on the TiO2 nanoparticles.
TABLE 1 - Planned and measured Pt content of Pt/TiO2 catalysts.
Pt content of catalyst
planned by ME
(wt%)
0.1
0.2
0.4
0.6

a

b

FIGURE 3 - SEM micrographs of
a) pure TiO2, and b) 0.6wt% Pt/TiO2 nanoparticles.

Pt content measured
by AAS (wt%)

Difference
(%)

0.0995
0.1986
0.396
0.593

0.5
0.7
1
1.2

The XRD patterns of the catalysts are shown in Fig.5.
Both catalysts exhibit the dominant anatase phase peaks at
2θ =25.2°, 38°, 48.2°, 55° and 62.5° and the small fraction of rutile phase with peaks at 2θ =27.5°, 36°, 54° and
69°. The addition of 0.6wt% of metallic platinum did not
alter the composition of the TiO2 particles to any noticeable extent, as shown in Fig. 3. It is worth noting that for
Pt/TiO2 no peaks of platinum at 2θ =40° were observed,
implying that Pt is well dispersed on TiO2 [14].

FIGURE 5 - XRD patterns of a) undoped TiO2, and b) 0.6wt%
Pt/TiO2
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3.2. The effect of Pt content on activity of catalyst

For investigation of the effect of Pt loading on the photocatalytic degradation efficiency of catalysts, the variations in concentration of the AR27 with reaction time were
measured using the absorption peak intensity at wavelength
of 520 nm. The degradation efficiency (D(%)) could be
calculated by using of the following equation:

D(%) =

Co − Ct
×100
Co

(1)

where D(%) is degradation efficiency in percent, Co is
initial and Ct is the instantaneous concentration of AR27
at any time after the start of irradiation with UV light.
Interestingly, the degradation was substantially enhanced in the presence of Pt/TiO2 as compared to the blank
since the Pt catalyst provides the adsorption sites for AR27,
leading to increasing the degradation of AR27. In addition,
Pt is believed to act as electron sink for better separation
of the e−/h+ pairs generated by the band gap excitation of
TiO2 under the UV illumination and also help reduce the
activation energy of photocatalytic reaction [16].
Results in Fig. 6 show that to obtain the highest degradation efficiency in decolorization of AR27, there is an
optimum value for the platinum loading on TiO2 surface,
which is 0.4wt%.
According to the results, the photocatalytic activity of
Pt doped TiO2 increases with increasing the Pt-loading up
to 0.4wt%, and then decreases. The detrimental effect of
increasing platinum loading on TiO2 to higher than 0.4wt%
on the photoactivity of the catalyst has been explained. The
increase in the Pt–TiO2 contact area can enhance the probability for the recombination of charge carriers and reduce
the overall photocatalytic activity. A higher concentration
of metals can also work as shield and prevent the incident
photons from reaching the surface of the catalyst thereby
decreasing the photocatalytic performance [17].
100

D% )

80
60

u

TiO2

n

0.1 wt % Pt / TiO 2

degradation efficiency versus time for AR27 solutions with
concentrations fixed at 20 mgL-1 and catalyst dosages varying from 200 to 800 mgL-1. According to the results, photodegradation efficiencies of AR27 changes with the variations in dosage of Pt/TiO2 catalyst. Increase of the catalyst
dosage results in increasing the generation of active species to react with organic molecules, consequently increasing the degradation efficiency. However, a large increase in
either substrate concentration
or catalyst
dosage can cause
(
(1)
the limitation of the light penetration into the solution that,
have inverse effect on the photocatalytic reaction [18].
100
80

D% )
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FIGURE 6 - Degradation efficiency (%) of AR27 using Pt/TiO2 catalysts with different Pt loading as a function of irradiation time to UV
light (initial AR 27 concentration = 20 mgL-1; [Catalyst] = 400 mgL-1).
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3.3. The effect of catalyst dosage

To investigate the effect of catalyst dosage, some experiments were carried out using different dosages of catalyst with optimum Pt loading (0.4wt%), meanwhile the other
reaction conditions were kept the same. Fig. 7 depicts the

50

For investigation of the effect of calcination temperature on the photocatalytic activity of the TiO2 and Pt-loaded
TiO 2 photocatalysts, the samples were calcined at four
different temperatures, namely, 300, 450, 600 or 900 °C.
As it can be seen in Fig. 8, the results of the photocatalytic degradation experiments using these samples on the
solutions with 20 mgL-1 of AR27 showed that with increasing the calination temperature, the photocalatytic activity of the catalysts were decreased significantly and the
highest degradation efficiency was obtained using catalyst
calcined at 300 °C. This is due to the fact that, by increasing the calcination temperature, more anatase phase was
transferred to rutile phase, which has higher stability and
less photocatalytic activity [19].

)
5

45

3.3. The effect of Calcination Temprature

D%

0

40

FIGURE 7 - Degradation efficiency (%) of 20 mgL-1 solutions of
AR27 using different dosages of 0.4wt% Pt/TiO2 catalyst and/or
without any catalyst versus UV irradiation time.
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FIGURE 8 - Degradation efficiency (%) of AR27 solutions using of
0.4wt% Pt/TiO2 catalyst and/or pure TiO2 calcined at different
temperatures versus UV irradiation time ([AR27] = 20 mgL-1, [catalyst] = 600 mgL-1, initial solution pH ≈ 5.5; temperature ≈ 25 ◦C).
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Also the effect of recalcination on the photocatalytic
activity of commercial bare TiO2 nanoparticles was investigated. The photodegradation efficiencies obtained by experiments using TiO2–P25 recalcined at 300 °C was slightly
lower than that of not calcined TiO2 (Fig. 8). This observation may be attributed to the aggregation of the TiO2
nanoparticles, which can reduce the surface area, and consequently, the photocatalytic activity of the TiO2 nanoparticles decreases. As all of the prepared photocatalysts were
used after calcination at mentioned temperatures, so the
aggregation can take place in all cases. Hence, to consider
this issue, the photocatalytic performance of the Pt doped
TiO2 photocatalysts were compared with the activity of
TiO2–P25 recalcined at 300 °C.
3.4. Photocatlaytic mineralization of AR27 in aqueous suspension

The degree of mineralization generally has been measured by determination of CO2 and inorganic ions formed
during the reaction [20].
The mineralization of AR27 on Pt/TiO2 was studied
at the optimum conditions (600 mgL-1 of 0.4wt% Pt/TiO2
as catalyst calcined at 300 °C; initial solution pH ≈ 5.5;
temperature ≈ 25 °C) using AR27 solutions with initial
TOC values of around 8 mgL−1. It was found that after 60
and 120 minutes of reaction time, respectively a 65 and
94% reduction in the TOC values were observed. As a
reference experiment a dye solution was illuminated by UV
light and using TiO2-P25 as photocatalyst at the same reaction conditions. The results of the TOC measurements on
the reaction mixture showed that TOC values were decreased by only a 41 and 62%, respectively after 60 and
120 minutes of reaction time. These observations indicate
that doping of Pt on TiO2 has a prominent effect on the
photocatalytic activity of the TiO2 in mineralization of
AR27.

The good linearity of the –ln(C/C0) versus irradiation
time plot, with R 2 values of 0.9978, suggests that the
photocatalytic reaction approximately followed the pseudoﬁrst order kinetic. The rate constant calculated for the reaction carried out at the optimum condition was 0.2076 min-1.
Similar values of correlation coefficients (R2 > 0.996) for
the –ln(C/C0) versus irradiation time plots have been calculated for the experiments carried out at the conditions
other than optimum condition.
4. CONCLUSIONS
The characterization of Pt-doped TiO2 photocatalysts
using XRD and TEM techniques revealed an almost uniform dispersion of platinum metal on the surface of TiO2.
SEM micrographs proved that Pt loading on TiO2 nanoparticles using microemulsion method has not changed the
spherical shape of the TiO2 substrate. The experimental results show that, by increasing of Pt-loading above 0.4wt%,
the photocatalytic activity of the catalysts was decreased significantly. Hence, it was concluded that the 0.4wt% was
optimum Pt loading to achieve the highest efficiency of
the AR27 photodegradation by prepared Pt/TiO2 nanoparticles. It was demonstrated that using 600 mgL-1 of catalyst calcined at 300 °C, the highest degradation efficiency
was obtained. At the optimum condition, degradation efficiencies calculated using UV-Vis measurements after
60 minutes of reaction time has been almost 100%, while
only 65% reduction was measured in TOC values in this
period. Meanwhile, by increasing of the reaction time to
120 minutes, about 94% reduction in TOC values was
observed. This is implying that complete mineralization
of the dye takes place in a longer times than its degradation, which is calculated by UV-Vis measurements.

3.5. Kinetic analysis

To study the kinetic of photocatalytic degradation of
AR27 experiments was conducted in the optimum operating
conditions using 600 mgL-1 of 0.6wt% Pt/TiO2 as catalyst
calcined at 300 °C, with initial AR27 concentration of
20 mgL-1 (initial solution pH ≈ 5.5; temperature ≈ 25 °C).
Fig. 9 depicts –ln(C/C0) versus irradiation time.
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ABSTRACT
Speciation of arsenic has increasingly been a crucial
work for research, management, assessment and treatment
of arsenic in different environmental media. Simple and
efficient methods are urgently needed for the speciation of
the two most important arsenic species, inorganic As(V)
and As(III), which are both more toxic and ubiquitous in
water and soil than other forms. In this paper, we report a
difference method for the speciation of inorganic As(V)
and As(III) at submicrogram per liter levels in water by
hydride generation-atomic fluorescence spectrometry (HGAFS). Controlling different concentrations of HCl and
NaBH4 in the reduction and hydride generation of As(V) and
As(III), no additional reductant was needed. As(III) could
be determined by HG-AFS with 2% HCl − 1.5% KBH4,
while 8% HCl − 6.0% KBH4 was an efficient combination for detecting total As and As(V). This method was
coupled to microwave-assisted extraction, using H3PO4
and L-ascorbic acid (VC) as co-extractants, for the determination of inorganic As(V)/As(III) in soils. Neither ions
in the seawater matrix nor soil humics created any interference in the speciation of As(V)/As(III). Applications of
this method were demonstrated in lake water, river water
and soils with satisfactory results.

As(V)/As(III) and/or inorganic/organic forms. Methods
reported previously have primarily used HG-AFS [15], HG-AAS [6, 7], and ICP-MS [8] coupled to chromatographic separation. HPLC-HG-AFS has been the most popular method for arsenic speciation in water [1], soil [2, 3],
biological samples [4] and food [5].

Speciation of arsenics is an important problem in environmental chemistry, toxicology, health risk assessment
and pollution control. In the last decade, various instrumental analysis methods have been applied to distinguish

Research indicates that inorganic arsenic compounds
are the major species in water and soil environmental media [9-11], and that As(V)/As(III) compounds are of particular importance. Therefore, it is valuable to develop
a simple and efficient method for their determination. HGAFS is a high-sensitivity, easy-to-operate and low-cost
method for arsenic analysis. Because As(V) can be reduced
to As(III) or further during hydride generation with KBH4 at
acidic pH, it has a significant atomic fluorescence that interferes with the signals of As(III) at higher concentrations
of KBH4 and HCl. Deng et al. [12] used HG-AFS to determine trace arsenic species in the Chinese herb, Ligusticum chuanxiong Hort. They found the masking agent, 8hydroxyquinoline, to be an efficient way to eliminate interference from transition metals and remove the atomic
fluorescence from As(V) in a mixed As(V)/As(III) solution in a 10% HCl matrix. Another method [13] has been
described for the determination of As(V)/As(III) by HGAFS where KI and thiourea were added to reduce As(V)
to As(III) before analysis. Shi et al. [14] detected As(III)
in soil extracts with a 0.1 mol L−1 citric acid solution
medium, and total arsenic with on-line reduction of As(V)
by L-cysteine. Sounderajan et al. [15] reported the speciation of As(V)/As(III) by extraction with GFAAS using Pd
as a modifier. As(III) was oxidized to As(V) by digesting
samples with concentrated nitric acid before extraction.
Concentration of As (III) was calculated by taking the
difference between total arsenic and As(V) concentration.
Regardless of whether reduction, oxidation or digestion is
used to transform As(V) and As(III), their speciation may
still be complicated by the addition of other reagents.

* Corresponding authors

To determine As(III) and As(V) in soil, an extraction
method must be used before HG-AFS. Microwave extrac-

KEYWORDS: Arsenite, arsenate, HG-AFS, speciation, soil,
microwave-assisted extraction.

1. INTRODUCTION
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tion [3] and sequential extraction [12] have been used with
solutions of phosphoric acid and/or its salts at different pH
values as extractants. The primary objective of this study
was to develop a simple method that can be used to extract
the two most commonly found arsenic species, As(III) and
As(V), from soil, while, at the same time, minimizing
transformation between As(III) and As(V) during extraction and HG-AFS.
We also determined inorganic As(V)/As(III) speciation
in water by adjusting hydride generation conditions (i.e.,
pH and KBH4 concentration). Influencing factors, such as
salinity, organic matter and coexisting ions, were also investigated. Additionally, microwave-assisted extraction of
inorganic As(V)/As(III) from soil was optimized in terms
of extractant dosage, microwave power and extraction time.
The method established in this work makes it easy and
efficient to determine species distribution and transformation of arsenicals both in water and soil.
2. MATERIALS AND METHODS
2.1. Instrumentation

HG-AFS analysis was conducted with a model PF6
Atomic Fluorescence Spectrometer (Purkinje General Instrument Co. Ltd., Beijing, China), and the optimized working conditions are listed in Table 1. A WR-3A microwaveassisted digester (Beijing Michem Scientific Instruments
Co. Ltd., Beijing, China) was used for extraction of arsenic
from soil samples.
TABLE 1 - Operating conditions for
atomic fluorescence spectrometry.
Argon carrier gas flow-rate (ml min-1)
Atomization temperature (oC)
Observation height (mm)
Negative high voltage of PMT (V)
Lamp current (mA)

600
170
7
280
30

and purified water with 18 MΩ cm resistivity was used
throughout this work.
Two water samples from the East Lake and Yangtze
River in Wuhan city were collected and acidified to pH 2,
respectively. The water of East Lake is mainly for fishery
and entertainment, while that of Yangtze River is source
of tap water. The samples were filtered through a 0.45-µm
filter and stored at 4 °C before analysis without dilution.
Certified reference materials for one water sample (GSBZ
50004-88) and two soil samples (ESS-2 and ESS-3) were
purchased from National Research Center for Certified
Reference Materials of China (NRCCRM).
2.3. Extraction and analysis of arsenic
2.3.1. Microwave-assisted extraction of soil samples

0.2 g of each soil sample was placed into a digestion
vessel, and 10 ml of extraction reagent were added to submerge the sample. Power and time were set to begin extraction. Upon completion, the sample was transferred to a centrifuge tube and centrifuged at 2500 rpm for 20 min to
remove solids. The supernatant was filtered through a
0.22-µm filter and diluted 25 times for HG-AFS analysis.
2.3.2. Determination of As(III) and As (V) in water and soil
extracts

As(III) and total arsenic were detected in water samples by HG-AFS at different optimized concentrations of
HCl and KBH4. As(V) was determined by taking the difference between total arsenic and As(III). To optimize the
concentrations of HCl and KBH4 for speciation of As(III)/
As(V), solutions containing 8 µg L-1 As(III), 8 µg L-1
As(V) and 8 µg L-1 As(III) + 8 µg L-1 As(V) were analyzed
at different concentrations of HCl (1-10%) and KBH4 (18%). As(V) and As(III) in soil extracts were determined
with the same optimized conditions as the water samples.
3. RESULTS AND DISCUSSION

2.2. Reagents and samples

Standard solutions were prepared just before use by
diluting an arsenic stock solution. The As(III) stock solution (100 mg L-1) was prepared by dissolving 0.1320 g of
As2O3 (Jinchun Reagent, Shanghai) in 10.0 ml of 2.5 mol
L-1 NaOH solution, neutralizing with 1:9 (v/v) H2SO4 and
diluting to 1000 ml with deionized water. The As(V) stock
solution (100 mg L-1) was prepared by dissolving 0.4164 g
of Na2HAsO4·7H2O (98%, Alfa Aesar) in 1000 ml of deionized water. The KBH4 solution was prepared by dissolving KBH4 in 0.5% (m/v) KOH. Also used in this work
were the following solutions: 2% HCl (v/v), 8% HCl (v/v),
1.5% KBH4 + 0.05% KOH (m/v) and 6% KBH4 + 0.2%
KOH (m/v). H3PO4 and VC (L-ascorbic acid, C6H8O6) were
used for the extraction of arsenic from soil samples.
Argon (99.99%) was used as the carrier gas and
Shielding gas. All other regents in the present work were of
analytical grade. Water was purified with a water purification system (Liyuan Electric Instrument Co., Beijing, PRC)

3.1. Optimization of HCl and KBH4 concentrations for As(V)/
As(III) speciation

Table 2 shows that when KBH4 was 1.5% at 1% HCl,
As(V) had a reduction ratio of only 5.0%, while the recovery of As(III) was 88.1%. When the concentration of HCl
was increased to 3%, 100% As(III) was recovered, but
15.2% As(V) was reduced. Increasing the concentration of
HCl to 4%, increased the reduction ratio of As(V) to 19.5%.
Overall, 2% HCl was best at distinguishing As(III) from
As(V) because 95.3% As(III) was recovered with 8.9%
reduction of As(V). Therefore, 2% HCl was selected for the
detection of As(III).
For determination of total As (i.e., As(III) + As(V)),
6.0% KBH4 and 4% HCl yielded a 35.2% As(V) reduction. The reduction ratios of As(V) with 6, 8 and 10% HCl
were 87.5, 90.8 and 91.9%, respectively. Because highly
acidic conditions will corrode equipment, 8% HCl was selected for the determination of total As.
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TABLE 2 - Average recovery of As(V)/As(III) in solutions with different HCl and KBH4 concentrations in HG-AFS procedure.
Average recovery (%)
HCl Concentration
(%, v/v)
1
2
3
4
4
6
8
10
2
2
2
8
8
8

KBH4 Concentration
(%, w/v)
1.5
1.5
1.5
1.5
6.0
6.0
6.0
6.0
1.0
1.5
2.0
4.0
6.0
8.0

As(III)

As(V)

Total As

88.1
95.2
100.5
98.4
106.2
106.3
103.8
106.5
93.8
95.0
100.5
98.7
103.5
102.3

5.0
8.9
15.2
19.5
35.2
87.5
90.8
91.9
8.6
7.9
12.7
69.5
91.5
96.3

46.5
53.8
59.6
64.4
73. 8
99.0
101.5
102.5
55.0
55. 9
56.7
87.6
101.4
104.5

Holding HCl concentration at 2% for As(III) analysis,
KBH4 was increased from 1.0 to 2.0%. Table 2 shows that
12.7% As(V) was reduced at 2% KBH4, which is not suitable for detecting As(III) in the presence of As(V). In the
mixed-species solutions, 8.80 µg L-1 total As was detected
with 1% KBH4. We detected more As(III) and total by increasing the KBH4 concentration. Therefore, to get a higher
recovery of As(III) and lower reduction ratio of As(V),
1.5% KBH4 was selected for speciation analysis of As(III).
For detecting As(V), higher HCl and KBH4 concentrations are necessary to completely reduce As(V) in the presence of As(III). Table 2 shows that when HCl was maintained at 8%, a 6.0% KBH4 solution was optimal for the
detection of As(V). Although higher KBH4 concentrations
could achieve a higher recovery of As(V), the corresponding fluorescence signal was quite unstable, producing higher
error.

tion limit was 0.0646 µg L-1, defined as DL = 3s/k (blanks,
n = 6). The RSDs (n = 6) were as follows: 2.23% at 10 µg
L-1 As(III) and 3.32% at 2 µg L-1 As(III).
3.3. Determination of As(III) and As(V) in certificated reference materials and environmental samples

For speciation of As(V)/As(III) in water samples from
a certified reference material (GSBZ 50004-88), the East
Lake and the Yangtze River were analyzed by the difference
method established in this work under optimized conditions.
The results are listed in Table 3. For the certified water
sample, total arsenic was found to be 4.88 ± 0.10 µg L-1 (n =
6), which was in good agreement with the certified value of
5.03 ± 0.34 µg L-1. Although the RSDs for the background
water sample As(V) determinations were higher than 5%,
the RSDs for the standard addition samples were decreased
significantly, with recoveries of 90.2 − 114.6%.
3.4. Optimization of extraction procedures

3.2. Analytical figures of merit

For 0-16 µg L-1 As(III), the standard curve equation
was F = 258.9C + 88.1, with r = 0.998 (n = 6). The detection limit was 0.0262 µg L-1, defined as DL = 3s/k (blanks,
n = 6). The RSDs (n = 6) were as follows: 1.36% at 10 µg
L-1 As(III) and 1.42% at 2 µg L-1 As(III).
For 0-20 µg L-1 total As, the standard curve equation
was F = 136.9C + 76.6, with r = 0.999 (n = 6). The detec-

3.4.1. Concentration effect of H3PO4 and extraction-assisting
components

A standard soil sample, ESS-3, was used to optimize
and examine the concentration effects of H3PO4 and other
assisting components in the extraction solution. Total As
in the ESS-3 sample was determined to be 15.9 ± 1.3 µg g-1,
assuming all total As in the 0.2 g of soil was extracted by
10 ml of extraction solution. The extraction solution was

TABLE 3 - As speciation of water samples.
Sample
Certificated water
sample
East lake water
Yangtze river
water

As species
As(III)
As(V)
Total As
As(III)
As(V)
Total As
As(III)
As(V)
Total As

Background
µg L-1
4.47±0.06
0.41±0.05
4.88±0.10
0.84±0.01
1.79±0.09
2.64±0.10
1.09±0.05
2.06±0.16
3.10±0.13

RSD (%)
(n = 6)
1.43%
12.1%
2.07%
1.30%
5.16%
3.64%
4.82%
7.70%
4.13%
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Added
µg L-1
4.00
1.00
5.00
1.00
2.00
3.00
1.00
3.00
4.00

Detected
µg L-1
8.11±0.09
1.31±0.06
9.41±0.15
1.76±0.02
4.08±0.16
5.84±0.19
2.07±0.04
5.27±0.07
7.34±0.05

RSD (%)
(n = 6)
1.15%
4.80%
1.60%
1.25%
4.01%
3.18%
1.93%
1.37%
0.65%

Recovery
(%)
90.8%
90.2%
90.7%
91.6%
114.6%
106.9%
103.0%
107.1%
106.1%
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True value 12.7

12

-1

10

and As(V) occurred in the presence of H3PO4 alone. Howver, VC greatly enhanced the recovery of As(III), and made
the recovery of As(III) and As(V) acceptable. This indicates that VC may prevent oxidation of As(III) to As(V)
during microwave extraction of soil samples. Therefore,
1.0 M H3PO4 with 0.1 M VC was used as the optimized
extraction mixture for soil samples.

8
6

True value 12.7

12
Concentration of As (µg L )

Concentration of As (µg L )

then diluted 25 times before HG-AFS, and the concentration of total As in the extracted solution was found to be
12.7 ± 1.0 µg L-1.

-1

Total As
As(III)

4
2
0
0.2

0.4

0.6

0.8

1.0
-1

Concentration of H3PO4 (mol L )
FIGURE 1 - Effect of H3PO4 concentration on the recovery of As in
the soil sample ESS-3.

Figure 1 shows how the concentrations of both total As
and As(III) increased with increasing H3PO4 concentration. However, even when the concentration of H3PO4 was
increased to 1.0 M, only 60% of the total As could be detected, necessitating the addition of extraction-assisting compounds.
Figure 2 shows that detection of both total As and
As(III) increased with the addition of VC. Recovery of
total As increased to 89.8% with 0.1 M VC in the presence
of 1.0 M H3PO4. A comparison of arsenic recoveries from
ESS-3 with and without VC is listed in Table 4. Without
VC, recovery of As(III) was low, while total As recovery
was high, indicating that transformation between As(III)

10
8

Total As
As(III)

6
4
2
0.00

0.02

0.04

0.06

0.08

0.10
-1

Concentration of VC (mol L )
FIGURE 2 - Concentration effect for the extraction-assisting compound, VC, on the recovery of As in the soil sample ESS-3.
3.4.2. Effect of power level and time length on microwave
extraction efficiency

As seen in Fig. 3, increasing extraction time between
5–15 min and power intensity between 20–60 W detected
more total As. Total As recoveries were 87.4 and 88.7%
at a time of 10 min and a power of 60 W, respectively,
which is acceptable for the extraction of As from soil
samples.

TABLE 4 - Recovery of standard addition of As species with H3PO4 and H3PO4+VC, respectively.
Extractor
1 M H3PO4

As species
As(III)
As(V)
As(III)
As(V)

1 M H3PO4+VC

As (µg L-1)
added
5.00
5.00
5.00
5.00

background
1.51
6.16
2.01
9.41

detected
3.62
12.34
6.62
14.62

Recovery (%)
42.2%
123.6%
92.2%
104.2%

VC = ascorbic acid

-1

Concentration of As (µg L )

12

40

50

-1

30

60

18

10

16

8

14

Total As (time)
As(III) (time)
Total As (Power)
As(III) (Power)

6
4

As(III)
As(V)
Total As

12
10

2
0

20

µ g( L )
Concentration of As

Power (W)
20

8

4

6

8

10
12
Time (min)

14

0

16

FIGURE 3 - Change in the detected amounts of As species during
microwave extraction with H3PO4 + VC, with different lengths of
time and power levels.

10
20
30
40
Dilution coefficient

50

FIGURE 4 - Change in the detected amounts of As species after
microwave extraction with H3PO4 + VC at different dilution coefficients.
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TABLE 5 - As speciation of soil samples.
Background
RSD (%)
Added
µg g-1
(n = 6)
µg g-1
As(III)
1.56±0.07
4.29%
6.25
ESS-2[a]
As(V)
7.14±0.05
0.69%
6.25
Total As
8.70±0.07
0.85%
12.5
As(III)
2.51±0.05
1.99%
6.25
[b]
ESS-3
As(V)
11.76±0.28
2.35%
6.25
Total As
14.27±0.30
2.11%
12.5
[a]
True value of total As was 10.0±1.0 µg g-1, extraction efficiency was 87.0%; [b] True value
was 89.8%.
Sample

As species

3.5. Interferences

To determine whether the extractor itself has an effect
on the As speciation in water, a 1 M H3PO4 + 0.1 M VC
solution was diluted 0-50-fold and added to water samples
before HG-AFS analysis. The results in Fig. 4 show that
the extractor does produce interferences, but when the solution was diluted 25-fold, almost no interferences were detected in the analysis of both total As and As(III). The results also indicated that neither salts nor co-existing ions
in seawater produce interferences with As(III) and total As
analysis (data not presented). Finally, soil humic substances
with concentrations ranging from 10 to 30 mg L-1 had no
effect on As speciation analysis.

Detected
RSD (%)
Recovery
µg g-1
(n = 6)
(%)
6.89±0.09
1.31%
85.3%
13.61±0.41
3.03%
103.5%
20.47±0.40
1.93%
94.1%
8.27±0.19
2.32%
92.1%
18.28±0.48
2.61%
104.4%
26.55±0.36
1.36%
98.3%
of total As was 15.9±1.3 µg g-1, extraction efficiency
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and the National Key Technology R&D Program in the
11th Five Year Plan of China (Grant No.2006BAJ08B07,
2008ZX07526-004 and 2009ZX07528-003-02). Authors
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results are satisfactory for soil sample extraction and analysis.
4. CONCLUSIONS
By controlling the concentrations of HCl and NaBH4
during hydride generation, As(III) and total As can be efficiently detected by atomic fluorescence spectrometry. Based
on optimized conditions for HG-AFS, a difference method
for the speciation of inorganic As(V) and As(III) in water
samples was established. This method can be successfully
applied to environmental water samples as well. Finally,
coupled with microwave-assisted extraction using H3PO4
and VC as co-extractants, this difference method can also
be used to determine inorganic As(V)/As(III) in soils.

ACKNOWLEDGEMENTS
This work was supported by the Natural Science
Foundation of China (No. 21077080), the Natural Science
Foundation of Hubei Province (No. 2008CDB379), the

1074

© by PSP Volume 20 – No 4a. 2011

Fresenius Environmental Bulletin

[10] Papadaki, E. and Voutsa, D. (2007) Arsenic cycling in lakes
Volvi and Koronia, northern Greece. Assessment of arsenic
mobility in sediments. Fresenius Environmental Bulletin, 16,
421-427.
[11] Sahin, I., Nakiboglu, N. and Tunay, Z. (2006) Determination
of arsenic by cathodic stripping voltammetry: Sensitivity improvement using high concentration of hydrochloric acid and
high temperature. Fresenius Environmental Bulletin, 15, 542547.
[12] Deng, T., Liao, M. and Jia, M. (2005) Arsenic speciation in
Chinese herb ligusticum chuanxiong hort by hydride generation atomic fluorescence spectrometry. Spectros. Lett. 38,
109-119.
[13] Yang, L.L., Gao, L.R. and Zhang, D.Q. (2003) Speciation
analysis of arsenic in traditional Chinese medicines by hydride generation-atomic fluorescence spectrometry. Anal.
Sci. 19, 897-902.
[14] Shi, J.B., Tang, Z.Y., Jin, Z.X., Chi, Q., He, B. and Jiang,
G.B. (2003) Determination of As(III) and As(V) in soils using sequential extraction combined with flow injection hydride generation atomic fluorescence detection. Anal. Chim.
Acta, 477, 139-147.
[15] Sounderajan, S., Udas, A.C. and Venkataramani, B. (2007)
Characterization of arsenic (V) and arsenic (III) in water
samples using ammonium molybdate and estimation by
graphite furnace atomic absorption spectroscopy. J. Hazard.
Mater. 149, 238-242.

Received: November 02, 2010
Accepted: January 20, 2011

CORRESPONDING AUTHORS
Hong Peng
School of Water Resources and Hydropower
State Key Laboratory of Water Resources and
Hydropower Engineering Science
Wuhan University
Wuhan, 430072
P. R. CHINA
E-mail: hongpeng@whu.edu.cn
Feng Wu
Department of Environmental Science
School of Resources and Environmental Science
Wuhan University
Wuhan, 430079
P. R. CHINA
E-mail: fengwu@whu.edu.cn
FEB/ Vol 20/ No 4a/ 2011 – pages 1069 - 1074

1075

© by PSP Volume 20 – No 4a. 2011

Fresenius Environmental Bulletin

DETERMINATION OF ESTROGENIC HORMONES IN
WATER SAMPLES USING HIGH PERFORMANCE LIQUID CHROMATOGRAPHY COMBINED WITH DISPERSIVE LIQUID-LIQUID
MICRO-EXTRACTION METHOD BASED ON SOLIDIFICATION OF
FLOATING ORGANIC DROP AND PRE-COLUMN DERIVATIZATION
Jianlin Liu 1, Xianyuan Du 1, Chen Zhang 1, Yang Lei 2, Qian Gao 1 and Yu Li 1,*
1

Research Academy of Energy and Environmental Studies, North China Electric Power University, Beijing 102206, China
2
School of Environment & Natural Resources, People’s University of China, Beijing 100872, China

ABSTRACT

1. INTRODUCTION

A method was developed for determination of estriol
(E3), bisphenol A (BPA), 17α-ethinyl estradiol (EE2) and
estradiol (E2) in the water using dispersive liquid-liquid
microextraction (DLLME) based on solidification of floating organic drop followed by pre-column derivatization and
high performance liquid chromatography / fluorescence
detection. Both of DLLME and pre-column derivatization
processes were investigated and optimized by central composite design, and the optimized conditions were obtained
as follow: extractant volume 93.6 µL, dispersant volume
0.4 mL, and the salt content 6.4% and the concentrated
estrogens were derivatizated by 6.0 mg p-nitrobenzoyl chloride at 35 °C for 20 min. Linearity of the established
method was in the range of 0.002-0.125 mg L-1 for E3,
0.0025-0.25 mg L-1 for BPA, 0.002-0.125 mg L-1 for EE2
and E2, respectively. The correlation coefficients (r2) were
between 0.9921 and 0.9999, and the limits of detection
(S/N=3) were ranged from 0.005 µg L-1 to 0.50 µg L-1.
The enrichment factors of DLLME procedure were 30,
55, 57 and 58 for E3, BPA, EE2 and E2, respectively. The
recoveries of estrogenic hormones under various spiked
levels in real water samples were in the range of 91.6126.7% for E3, 83.1-119.7% for BPA, 72.8-125.9% for
EE2, and 89.1-129.4% for E2, respectively. The relative
standard deviation was ranged 1.29-6.58% for E3, 2.409.85% for BPA, 1.31-14.05% for EE2 and 1.36-13.73%
for E2, respectively. Finally, comparison with some other
methods, the present method had many advantages such
as simplicity of operation, less organic solvent and sample
volume used, and time-saving.
KEYWORDS: Dispersive liquid-liquid microextraction, central
composite design, estrogenic hormones, pre-column derivatization, high performance liquid chromatography.

* Corresponding author

Many man-made and natural chemical substances can
mimic the physiological activity of hormones, which are
termed as endocrine disrupting compounds (EDCs). More
and more experimental findings and emergency issues
evidence that EDCs can be able to interfere reproductive
process in a variety of ways, particularly by interaction
directly with some steroid hormone receptors [1-3]. The
well-known happenings have attracted particular attentions
from both the public and scientific. US Environmental
Protection Agency (EPA) has listed many chemicals for
further evaluation of their role in endocrine disruption
(USA Environmental Protection Agency, Muti-Year Plan
(FY2000-2012) for endocrine disruptors, Office of Research
and Development), and the European Union (EU) also has
initiated the program of screening and evaluation of doubtful substances in their endocrine activities (Communication
from the Commission to the Council and the European
Parliament, Implementation of the community strategy for
endocrine disruptors: A range of substances suspected of
interfering with the hormone systems of human and wildlife).
EDCs are either synthetic such as 17α-ethynylestradiol
(EE2) and bisphenol A (BPA) which can leach into the environment through human excrement and industrial processes, respectively, or naturally produced, such as estriol
(E3), and estradiol (E2) which usually enter the surface water
from the excreta of livestock [4, 5]. E3 is the metabolite
of E2 and exert a lower biological activity than E2. EE2 is
a synthetic estrogen used as a major ingredient in many
oral contraceptives. BPA has a less estrogenic capacity but
is often detected at a much higher concentration (µg L-1)
than steroid estrogens (ng L-1) in the environment [6]. Female reproductive functions would be impaired arising
from the direct exposure to the estrogenic compounds for a
long time. For example, the feminization effects have been
occurred on some fish species [7], and low hatch rates and
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decreased viability of offspring were found in birds’ fertility [8]. Therefore, in order to have a more real assessment of the environmental impact caused by the EDCs
released into aqueous body, the environmental concentrations of BPA, E3, E2 and EE2 should be also taken into
consideration [9].
Most analytical methods have been developed in recent years to determine organic chemicals in different water samples. Initially, the methods of solid phase extraction
(SPE) and liquid-liquid extraction (LLE) were widely used
as a sample pretreatment step [10-12], but both of them
require large volume of poisonous organic solvent, and the
operation is tedious and time-consuming. Recently, solventless and solvent minimized polymer sorption techniques such as liquid-phase microextraction (LPME) [13],
solid-phase microextraction (SPME) [14] and stir bar sorptive extraction (SBSE) [15] have been successfully applied
for extraction of different organics from water samples.
However, these technologies suffer from disadvantages of
sample carry-over, relatively high cost and fiber fragility in
SPME, the instability of liquid drop in single-drop LPME,
air bubbles formation in hollow fiber – liquid-phase microextraction (HF-LPME), and long analysis time in SBSE. In
2008, a novel microextraction technique, named dispersive
liquid–liquid microextraction based on solidiﬁcation of a
ﬂoating organic drop (DLLME/SFO) as a powerful extraction and perconcentration technique was introduced [16],
this method is of advantages of DLLME [17, 18] such as
rapidity, low consumption of organic solvent, simplicity of
operation. In addition, the solidiﬁed phase is easily collected from aqueous phase and it is not limited to only use
the conical bottom glass tubes.
The technology of ﬂuorescence derivatization can be
able to allow a much more sensitive determination of substances than the existing methods [19]. Some reagents were
used as ﬂuorescent label to determine BPA, NP (nonyl phenol), E1 (estrogen), E2 and E3 in different types of samples
such as sewage sludge and plasma sample, but it is need
to add some other reagents to accomplish the ﬂuorescence
reaction, and concomitantly many unwanted products would
be occurred. Mao et al [20] successfully employed p-nitrobenzoyl chloride as a ﬂuorescent derivatization reagent to
introduce ﬂuorophore into the target estrogens molecules,
which avoid the problems abovementioned and improve
the limits of ﬂuorescence detection.
Therefore, in the present study a combination of
DLLME/SFO and pre-derivatization technique was applied
to determine BP A, EE2, E2, and E3 in water sample. To
the best of our knowledge, this may be the first report on
the combination of the DLLME/SFO and pre-column derivatization (PD) technique for determination of these estrogenic hormones. Additionally, the effects of parameters
have been studied using central composite rotatable design
(CCRD), and the applicability of the established method for
analysis of real water samples has also been investigated.

2. MATERIALS AND METHODS
2.1 Chemical and reagents

Methanol and acetonitrile (Burdick & Jackson, HPLC
grade) were purchased from Honeywell (USA), respectively. Standard of BPA, EE2, E2 and E3 (purity: >97%)
were obtained from Sigma-Aldrich (Germany). MgCl2
(analytical reagent, AR) was purchased from Beijing
Chemical Works (China). Both of dodecanol (green reagent, GR) and p-nitrobenzoyl chloride (purity: >98%) were
brought from Beijing Hengye Zhongyuan Chemical CO.
LTD (China).
The stock solution was diluted with deionized water to
prepare the mixed standard solutions. The real water samples were collected from laboratory, a sewage treatment
plant in Beijing, and a barrel-drain near Beijing University of Agriculture and conserved at 4 °C.
2.2 Apparatus

Determination of estrogenic hormones was performed
with Agilent 1200 high performance liquid chromatography (Agilent, USA) equipped with a binary pump
(G1312A), a rheodyne six-port valve (7725i), a 20 µL
sample loop, a column oven (G1316A) and a
ﬂuorescence detector (G1321A). The system was
controlled and data were acquired and processed using
Agilent ChemStation software.
2.3 DLLME/SFO procedure

Aliquot of 5 mL prepared water sample was taken into a 10 mL screwcap glass tube, the mixture of 0.4 mL
acetonitrile (dispersive solvent) and 93.6 µL dodecanol
(extraction solvent) was injected into the sample solution
rapidly with a glass syringe, then a cloudy solution was
formed in the tube. After centrifuged for 8 min at 3800 rpm,
the tube was placed in a beaker containing ice for 8 min, and
the water on the surface of solidified extraction solvent
was completely removed using absorbent paper before
transferred to a vial. 10 µL of the melted extraction solvent was used to be derivatized.
2.4 Pre-column derivatization procedure

Based on the Ref. [21] and preliminary experiments,
10 µL of the melted extraction solvent was derivatized by
6.0 mg p-nitrobenzoyl chloride at 35 °C for 20 min in a 2mL vial, and then 100 µL acetonitrile was transferred to
the vial to dissolve the extra derivating agent. 10 µL of
the solution was injected into the high performance liquid
chromatography (HPLC) for analysis.
2.5 CCRD and data analysis

CCRD was used to optimize the extraction of estrogenic hormones from water sample. Three independent
variables including extractant volume (X1), dispersant
volume (X2) and the salt content (X3) were selected, and the
levels of the variables were coded to lie at ±1 for the factorial points, 0 for the centre points, and ±1.682 for the axial
points. The coded and actual levels of the variables were
given in Table 1.
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The amount of trials required for CCRD includes the
standard 2k factorial with its origin at the center, 2k extra
star points fixed axially at a distance and some replicate
trials at the center; where k is the number of variables.
The axial points are selected in order to ensure that they
allow rotatability. Replicates of the test at the center are very
important to calculate the experimental error. For three
variables, the number of trials at the center is six based on
the result designed with SAS software. Thereby, the total
number of trials required for three independent variables
is 23+ (2×3) +6=20.
TABLE 1 - Coded and actual levels of the three variables.
Variables
Extractant volume/µL (X1)
Dispersant volume/mL (X2)
The salt content/% w:v (X3)

-1.682
26.4
0.06
3.0

-1
40
0.2
9.4

0
60
0.4
18.7

+1
80
0.6
28.0

+1.682
93.6
0.74
34.5

When the response data were calculated from the analytical results, a regression analysis is carried out to determine the coefficients of the response model equations
(β1, β2, … βn). Thus for the three variables, the response
model equation is:
Y = β0 + β1X1 + β2X2 + β3X3 + β11X1X1 +β22X2X2 +
β33X3X3 + β12X1X2 + β13X1X3 + β23X2X3
where Y is the response variable, β0, βi and βij are the
regression coefficients variables (i, j=1, 2, 3), for intercept, linear, quadratic and interaction terms, respectively,
and X1, X2 and X3 are independent variables.
2.6 Chromatographic conditions

Zorbax SB-C18 column (250 mm × 4.6 mm, 5 µm,
Agilent) was used to separate the target compounds. The
mobile phase A was deionized water and mobile phase B
was methanol. The system was run in an isocratic elution:
A-30%, B-70%. The flow rate was 1.0 mL/min. The temperature of the column oven was set at 30 °C and the
ﬂuorescence detector was set at an excitation wavelength
of 230 nm and an emission wavelength of 316 nm.

3. RESULTS AND DISCUSSION
The first step of this work was to investigate effect of
extractant and dispersant volume, and the salt content was
optimized using CCRD method in order to obtain maximum peak areas.
3.1. Optimization of DLLME/SFO

Besides central composite rotatable design (CCRD)
could give as much information as the corresponding full
factorial design, it requires much fewer trials and is sufficient to describe the majority of steady-state process response [22]. Hence, it was decided to employ CCRD to
design the experiments.
Considering that small volume of sample and the minimum amount of residues for a method, 5mL sample volume
was used. The previous experimental results showed the pH
had little effect on the extraction recovery, and the pH of
sample was adjusted to 3.0-4.0 in order to avoid damaging
the chromatographic column. In addition, dodecanol and
acetonitrile were chosen as extactant and dispersant respectively based on the preliminary experiment and following
derivatization process. Hence, the remaining three independent variables including extractant volume (X1), dispersant volume (X2) and the salt content (X3) were selected. According to preliminary experimental results, less
than 100 µL of extractant volume was used considering the
cost and environmentally-friendly. Additionally, In order to
avoid losing the extractant into the sample solution, 6.4%
of the salt content was employed as the minimum level for
the following experiments. Hence, the levels of variables
were set and a CCRD with six central points was used.
This design included 20 experiments performed in random order. The design matrix of the experiments used and
their results were given in Table 2.
In order to gain a better understanding of the experimental results, 3-D response surfaces for two variables as
a function of extraction recovery (Y1) were plotted based

TABLE 2 - The conditions of the central composite rotatable design experiments and the responses
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

X1（µL）
40
40
40
40
80
80
80
80
26.4
93.6
60
60
60
60
60
60
60
60
60
60

Parameter
X2（mL）
0.2
0.2
0.6
0.6
0.2
0.2
0.6
0.6
0.4
0.4
0.06
0.74
0.4
0.4
0.4
0.4
0.4
0.4
0.4
0.4

X3（%）
9.4
28
9.4
28
9.4
28
9.4
28
18.7
18.7
18.7
18.7
3.0
34.5
18.7
18.7
18.7
18.7
18.7
18.7

E3
35.08
31.58
22.04
24.74
44.18
46.06
38.69
38.15
26.54
65.89
32.39
24.97
36.91
35.83
28.34
31.04
28.34
29.29
25.51
27.40
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Extraction recovery (%)
BPA
EE2
71.75
88.69
61.01
76.38
51.82
69.97
59.40
77.73
74.25
91.66
78.16
93.82
75.81
90.99
70.42
84.85
66.09
90.65
79.16
93.83
51.57
95.45
55.35
76.69
72.92
89.08
64.76
79.92
57.01
76.84
58.67
83.51
56.75
77.04
57.27
81.90
59.19
79.67
55.82
75.62

E2
85.72
73.01
66.59
74.39
89.76
90.71
89.14
82.94
86.37
95.46
70.95
68.96
84.68
74.33
65.92
71.67
69.98
68.12
67.02
68.20
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on the Table 2 and the response surface plots were shown
as Fig. 1, which described the effects of the variables on
the performance of the extraction. It permitted the definition of the enough conditions to maximize the extraction
recovery of the target organics. As can be seen from Fig.
1, the influence of extractant volume (X1) on E3, BPA,
EE2 and E2 extraction recovery was more significant than
that caused by dispersant volume (X2) and the salt content
(X3). However, the effect of X2 on the yield was more
significant than X3. In addition, the extraction recoveries
of all the target organics increased with increase in X1,
but decreased with increase in X2, and the change of X3
did not influence the extraction recoveries obviously.
A regression analysis was performed to assess the coefficients of the significant effects of each response (Y1).
For each of Y1, the effects of variable that showed <95%

significance were discarded. However, for the EE2, the
significance >80% was employed to establish a regression
model depending not only on the X1. The relationship
between response and investigated parameters were obtained (in uncoded values) as follows:
For E3: Y1=60.25-1.25X1-16.75X2+0.014X1X1
+0.0031X3X3
r2=0.925

(1)

For BPA: Y=93.23-1.38X1+0.014X1X1-0.000066X3X3
r2=0.849
(2)
For EE2: Y1 = 110.26 - 0.88X1 - 21.44X2+ 0.01X1X1
r2=0.837
(3)
For E2: Y1 = 150.42 - 2.15X1 - 10.80X2-0.90X3
+ 0.02X1X1+ 0.0099X3X3
r2=0.772 (4)

FIGURE 1 - Response surface plots for at X3=-1.682 (left), X2=0 (middle) and X1=1.682 (right)
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The statistical significance of each regression model
was evaluated by the analysis of variance (ANOVA). The
values of determinant coefficients (r2) abovementioned provided the proportion of the variability in the response
variable accounted for by the established prediction equations. The values of coefficient of the variation (C.V.) (5.8411.24%) clearly indicated the degree of precision and a
good deal of reliability of the experimental results. The
regression models were tested using the ratio of the mean
sum of squares for regression and residual, and the obtained the F-values of the models (F(4, 15)=42.78 for E3,
F(3, 16)=18.62 for BPA, F(3, 16)=8.13 for EE2 and F(4, 15)=
17.83 for E2) were higher than the F-critical value (F(3,
16)=3.63 and F(4, 15)=3.29), which meant that the models
were highly statistically significant (p-Value <0.0016).
Extraction recovery of each estrogenic hormone could
be calculated using regression model equations. Additionally, the volume of extraction solvent ranged from 93.6 µL to
130 µL was tested, and the results indicated that all of the
extraction recovery of target analytes had little variation.
Hence, the ideal DLLME conditions (93.6 µL of extractant
volume, 0.4 mL of dispersant and 6.4% of the salt content) were chosen based on this point that extraction of the
four estrogenic hormones from water sample at a time.
3.2 Optimization of derivatization procedure

The pre-column derivatization (PD) of estrogenic hormones was generally depended on the temperature (X4),
time (X5) and the amount of derivating agent (X6). The
effects of the each factor abovementioned were investigated using central composite design (Table 3) with peak
areas as response, and the factors were optimized using 3D response surfaces which were illustrated as Fig. 2. The
results displayed in Fig. 2 showed the peak areas as a function of every two variables. The peak areas of E3 and BPA
increased with increase in the amount of derivating agent

when both the temperature and time were at an intermediate level. However, EE2 and E2 had possible the highest
peak areas when all of the variables were at an intermediate level.
To optimize the derivatization procedure for estrogenic hormones, the regression model equations for peak
areas as a function of chosen important variables (significance >80%) were developed. The “+” and “-” in model
equations indicated the corresponding variable played a
positive and negative effect on the response. The model
equations were listed below (in uncoded values):
For E3: Y1 = -955.88 + 46.63X4 + 75.65X6 - 0.69X4X4
-0.0032X5X5 - 5.07X6X6
r2=0.861 (5)
For BPA: Y1 = -90.17 - 6.44X5+ 138.10X6 - 0.22X4X5
- 24.55X5X5 + 1.88X5X6 - 10.97X6X6
r2=0.779 (6)
For EE2: Y1 = -70.64 + 34.00X6- 0.0037X4X4
- 0.0046X5X5 - 2.73X6X6
r2=0.971

(7)

For E2: Y1 = 64.02 - 7.07X6- 0.11X4X4 + 1.22X4X6
- 0.0063X5X5 - 2.77X6X6
r2=0.933

(8)

The models were tested for adequacy by the ANOVA.
The values of determinant coefficients (r2) abovementioned
provided the proportion of the variability in the response
variable accounted for by the established prediction equations. The values of coefficient of the variation (C.V.)
(17.7-25.0%) clearly indicated the degree of precision and
a good deal of reliability of the experimental results. The
regression models were tested using the ratio of the mean
sum of squares for regression and residual, and the obtained the F-values of the models (F(5, 14)=17.30 for E3,
F(5, 14)=9.85 for BPA, F(4, 15)=127.54 for EE2 and F(5, 14)=
39.22 for E2) were higher than the F-critical value (F(5,
14)=3.11 and F(4, 15)=3.29), which showed that the models
were statistically significant (p-value <0.0003).

TABLE 3 - The conditions of the central composite rotatable design experiments and the responses
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

X4 (°C)
30
30
30
30
40
40
40
40
26.6
43.4
35
35
35
35
35
35
35
35
35
35

Parameter
X5 (min）
10
10
30
30
10
10
30
30
20
20
3.2
36.8
20
20
20
20
20
20
20
20

Peak areas
X6 (mg)
4
8
4
8
4
8
4
8
6
6
6
6
2.6
9.4
6
6
6
6
6
6

E3
40.4
108.3
33.4
92.0
21.9
91.5
27.5
95.8
78.0
39.6
56.8
84.4
8.4
91.7
148.6
142.4
114.9
98.3
96.9
93.7

1080

BPA
209.4
340.8
133.3
374.9
272.3
416.5
13.4
347.9
330.4
218.6
200.0
196.3
33.3
241.0
309.4
283.0
342.8
314.1
301.4
288.6

EE2
8.9
10.0
8.0
15.8
3.1
16.3
9.9
12.1
10.9
7.9
10.0
12.3
4.4
10.1
50.1
48.9
43.2
48.3
44.8
41.8

E2
30.9
23.4
19.9
16.4
14.3
47.2
15.9
35.4
21.9
9.6
32.7
40.1
14.0
25.7
59.6
58.7
54.4
53.9
58.7
61.4
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FIGURE 2 - Response surface plots for at the centre level of X4=0 (left), X5=0 (middle) and X6=0 (right)

In order to obtain the maximum peak areas, the levels
of variables were obtained by solving the model equations. Based on the consideration of simultaneously derivatization of the four estrogenic hormones and the acceptable derivatization, the most ideal derivatization conditions should be that 6.0 mg of p-nitrobenzoyl chloride
was weighted to react with estrogenic hormones under 35
°C for 20 min.
3.3 Quantitative analysis

Under the optimum DLLME/SFO-PD conditions, the
analytical characteristics of the established method, including the linear range, the limit of detection (LOD), reproducibility and enrichment factor (EF) were evaluated
under the optimum conditions. The linearity of the method
was observed in the range of 0.0015-0.25 µg L-1 for E3,
0.0025-0.25 µg L-1 for BPA and 0.002-0.125 µg L-1 for

both of EE2 and E2, respectively. The correlation coefficients (r2) were 0.9999, 0.9997, 0.9921 and 0.9956. The
limits of detection (LODs), based on signal-to-noise ratio
(S/N) of 3, ranged from 5 to 500 ng L-1. The relative
standard deviations (RSD, n=5) calculated were 4.60%
for E3, 5.05% for BPA, 2.49% for EE2 and 4.05% for E2
with the levels of 0.075µg L-1, 0.125µg L-1, 0.02µg L-1
and 0.02µg L-1, respectively. The EF was calculated as the
ratio of analytes concentration in ﬂoated droplet after extraction to the concentration in the aqueous solution, and
the values are 30, 55, 57 and 58 for E3, BPA, EE2 and
E2, respectively.
3.4 Analysis of real samples

To evaluate the accuracy and applicability of the established method, the determination of E3, BPA, EE2 and E2
in different water samples, including wastewater, barrel-
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drain and tap water, were conducted. The water samples
were spiked with different concentrations for each of estrogenic hormones, and three replicate experiments with the
whole analysis process were made for each concentration
level. The results are given in Table 4. The relative recoveries of the method (expressed as the mean percentage)
for the estrogenic hormones in real waters were in the
range of 91.6-126.7% for E3, 83.1-119.7% for BPA, 72.8125.9% for EE2, and 89.1-129.4% for E2, respectively.
The relative standard deviation was ranged 1.29-6.58% for
E3, 2.40-9.85% for BPA, 1.31-14.05% for EE2 and 1.3613.73% for E2, respectively. Besides, Fig. 3 exhibited the
chromatograms obtained for wastewater and tap water
samples before and after spiking with 0.20 µg L-1 for E3,
0.05 µg L-1 for BPA, EE2 and E2, respectively.

target organics, the separation of the target organics with
the coexistence compounds has been examined. Under the
already fixed chromatographic conditions, both of the
interferents did not disturb the signal of the target organics completely, and the retention time of estrone and 4-nnonylphenol found to be 9.3 min and 35.2 min. When the
chromatographic conditions: flow rate of 1.0 mL/min, mobile phases were methanol: deionized water (V/V=7:3) from
0-10min, the gradient increased linearly up to 100% of
methanol in 10-11min, and maintained for 9 min, were
used, the retention time of estrone and 4-n- nonylphenol
found to be 9.3 min and 15.6 min. So the possible interferents could not affect the signal of the target estrogenic
hormones.
3.6 Compared with some other methods

3.5 Interfere test

To identify possible interferents (including estrone
and 4-n- nonylphenol) which may affect the signal of the

The results of comparison in the limit of detection, extractant volume, time-consuming and sample volume
were displayed in Table 5.

TABLE 4 - Concentrations of estrogenic hormones in barrel-drain, waste and tap waters, and relative recovery of estrogenic hormones
spiked in water sample a
barrel-drain water (n=3)
Waste water (n=3)
Tap water (n=3)
Spiked
Found
RR b
RSD c
Spiked
Found
RR b
RSD c
Spiked
Found
RR b
RSD c
(µg/L)
(µg/L)
(%)
(%)
(µg/L)
(µg/L)
(%)
(%)
(µg/L)
(µg/L)
(%)
(%)
E3
0
2.24
6.58
0
58.94
6.34
0
nd d
5.28
8.52
118.9
5.21
12.0
69.94
91.6
1.85
6.0
6.39
106.5
4.01
12.0
14.97
106.1
1.29
43.2
104.75
106.0
5.97
200.0
253.38
126.7
3.93
BPA
0
<2.50
9.85
0
15.24
5.21
0
nd
13.6
13.10
83.1
4.11
40.0
63.10
119.7
2.40
6.0
6.60
109.9
9.55
40.0
36.36
89.3
3.29
144.0
171.1
108.2
2.66
50.0
56.97
113.9
4.60
EE2
0
nd
0
nd
0
nd
6.8
8.56
125.9
4.83
20.0
24.10
120.3
14.05
6.0
6.98
116.3
6.24
20.0
14.56
72.8
1.31
72.0
75.53
104.9
5.96
50.0
4.68
93.7
2.53
E2
0
3.68
4.89
0
nd
0
nd
4.08
7.50
95.5
1.67
12.0
14.39
119.9
13.73
6.0
7.39
123.1
3.33
12.0
14.37
89.1
1.36
43.2
55.90
129.4
9.93
50.0
49.74
99.5
4.45
a
extraction condition: water sample, 5 mL; extractant (dodecanol) volume, 93.6 µL; dispersant (acetonitrile) volume, 0.4 mL; the salt content (MgCl2), 6.4%; solidified
phase volume, 93.0±0.4 µL; solidified temperature, -20 °C; solidified time, 8 min. Pre-column derivatization condition: extractant (after extraction procedure) volume, 10
µL; derivating agent, 6.0 mg; derivatization time, 20 min; derivatization temperature, 35 °C.
b
RR, relative recovery (%).
c
RSD, relative standard deviation (n=3).
d
nd, not detected.
Organics

FIGURE 3 - The chromatograms of (a) sample blank, (b) the spiked concentrations of E3 at 0.20 mg L-1, BPA, EE2 and E2 at 0.05 mg L-1 and
(c) the derivatization of spiked concentrations in (A) wastewater and (B) tap water (The retention time of targets before derivatization:
E3:3.86 min, BPA: 5.74 min, EE2: 8.37 min and E2: 8.84 min; The retention time of targets after derivatization: E3: 4.26 min, BPA: 6.00
min, EE2: 8.53 min and E2: 9.08 min)
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TABLE 5 - Comparison between the established method and other methods
LOD a (µg/L)

Methods
DLLME-HPLC/UV
CPE-HPLC/UV
LLE-GC/MS
DLLME/SFO-UPLC/DAD
SBSE-LD-HPLC/DAD
DLLME/SFO-PD-HPLC/FLD

BPA:0.07
E3:0.23; E2:0.32
BPA:0.001; EE2:0.005; E2:0.0005
E3:9; EE2:4; E2:3
EE2: 100; E2: 50
E3:0.50;
BPA:0.005;
EE2:0.10;
E2:0.11
Note: — means data was not obtained.
a
LOD, Limit of detection, (S/N=3, µg/L).
b
EV, extractant volume (mL).
c
TC, Time-consuming (min).
d
PD, pre-column derivatization.

EV
(mL)
0.142
16.3
400
0.01
0.126
0.0936

b

As known from the Table 5, less than one milliliter
organic solvent was used, time and sample volume were
also the minimum in the many different methods. Due to
the automatic sampling and without derivatization, the
method of DLLME/SFO-HPLC [23] used less organic solvent and time than the present method. Though the present
method was not better than the GC/MS, the derivatization
made the LOD of the present method lower than the
DLLME/SFO-HPLC method without derivatization. In
addition, the extraction method of DLLME does not require special apparatus and it is very simple, rapid and
easy to use [17].

TC
(min)
<11
>80
>60
<20
>120
<40
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EFFECT OF THE INSECTICIDE CYANOPHOS
ON LIVER FUNCTION IN ADULT MALE RATS
Abd El-Moneim M. R. Afify and Hossam S. El-Beltagi*
Department of Biochemistry, Faculty of Agriculture, Cairo University, P. Box 12613, Gamma st., Giza, Cairo, Egypt

ABSTRACT
Oral and dermal exposure of rats to cyanophos was
characterized by studying acetylcholine esterase (AChE),
aspartate transaminase (AST), alanine transaminase (ALT)
and alkaline phosphatase (ALP) enzyme activities, glucose,
protein and cholesterol. Within protein profile (separation
by SDS-electrophoresis), a new band with molecular weight
of 74 KDa could be characterized after both oral and dermal
treatments of rats with cyanophos, as a possible result of
protein-binding to the major serum albumins (prealbumin,
albumin and transferrin). The AChE activity showed more
inhibition in case of oral than dermal exposure after 3 days,
and could not be recovered after 15 days of treatments.
AST and ALT activities in serum blood as well as blood
sugar and total protein were increased while cholesterol
showed no changes either after oral or dermal treatments.
The change in protein profiles (band with 74 K Da) and the
activities of AChE and glucose could be used as biomarkers for cyanophos pesticide pollution.

molecular weight protein producing new protein fractions
[8-10]. In our previous investigation about protein-binding
to environmental pollutants, the results showed that in vivo
and in vitro exposures to several pesticides and environmental pollutants alter protein profiles by binding to albumin and transferrin as well as inducer group of protein in
rats liver belonging to cytochrome P-450 [11-14]. On the
other hand, pesticides directly accelerate the formation rate
of α-synuclein fibrils belonging to the class of proteins
known as natively unfolded, i.e. the purified protein at
neutral pH is substantially disordered [15, 16].
The present investigation was conducted to evaluate
the changes in blood serum protein profiles, enzyme activities (AST, ALT, AChE and ALP), cholesterol and glucose
contents, as a results of oral and dermal treatment of rats
with cyanophos insecticide (pure and formulated form).
2. MATERIALS AND METHODS
2.1. Chemicals

KEYWORDS:
Cyanophos, biomarker, AST, ALT, protein profiles

1. INTRODUCTION
The extensive use of pesticides for crops, fruits and
vegetables causes serious problems on non target organisms
leading to a number of pathological and disordered biochemical processes, immunodeficiency associated with dysregulation, tumorigenesis, allergies, and autoimmunity and
dysfunction at neuromuscular synapses [1-5].
Studies suggested that insecticides may have more
affinity to bind to serum protein than other constituents [6].
Breast milk protein and rat serum proteins as well as fish
protein were used as examples of pollution materials which
bind with xenobiotics for targeting [7]. The binding of these
insecticides to protein may cause some changes in the
property of such proteins, or may be destructive in the high* Corresponding author

Cyanophos (purity >95%, KOW logP 2.65 according to
British crop protection council 2002) was obtained from Dr.
Ehrenstorfer GmbH (Augsburg, Germany), and formulated
one from the local market. Its IUPAC name is O,O-dimethyl O-(4-cyanophenyl) phosphorothioate. A formulated
sample (trade name Cyanox 50% EC) was supplied by the
Ministry of Agriculture, Egypt. Concentrations were calculated as LD50 of the insecticide related to body weight
of rats.
2.2. Experiments

Adult male Albino rats (200-250 g body weight) were
obtained from National Organization for Drug Control and
Research (NODCAR), Cairo/Dokki, and kept under observation for one week before insecticidal treatments. The
animals were raised in the animal house of the Faculty of
Agriculture, University of Cairo and kept under normal
laboratory conditions (temperature 25±2 oC) for 48 h before initiation of experiments. The dose of the cyanophos
was calculated in a manner so as to avoid high mortality
rates of animals regarding the LD50 of the insecticide. The
pure or formulated form was dissolved in corn oil and administered (single dose) to two groups of rats (10 rats
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each) in volumes of 0.1 ml, either orally (0.1 of LD 50,
61 mg/kg body weight) or dermally on skin surface (0.1
of LD50, 80 mg/kg body weight). Control animals (third
and fourth group) received the same volume, only for oral
or dermal treatments in all vehicles. The rats were sacrificed
after 3 and 15 days, and blood sera were collected for biochemical analysis.

and significant differences among means were tested by
one-way ANOVA using the COSTAT computer package
(Cohort Software, CA, USA). The results with P ≤0.05
were regarded to be statistically significant.

2.3. Biochemical analysis

3.1. Electrophoretic separation of protein

2.3. 1. Protein separation by electrophoresis

SDS-electrophoretic separations of the rat serum proteins treated with pure and formulated form of cyanophos
(oral and dermal) and control are shown in Table 1. Protein bands were quantitatively measured by laser scanning
densitometry. Comparison between protein patterns of control serum and those treated with pure form of cyanophos
(3 samples each) and collected after 3 and 15 days, showed
variation in the intensity of each protein band, especially
the major one (transferrin, prealbumin and albumin). It is
very important to note that the protein band with MW of
about 74 K Da was found between transferrin and albumin, and its intensity increased, especially in case of oral
dose of pure form after 15 days (10.43±1.35) compared to
serum collected after 3 days (traces) or control (traces).

Electrophoretic separation (SDS-PAGE) was carried
out using 5 and 15% polyacrylamide (PAA) in Tris-glycine
buffer (pH 8.3) with 0.1 % SDS according to Laemmli [17].
Serum sample was treated with 4 % SDS and 2 % mercaptoethanol, and heated for 3 min [18]. Gels were stained
with Coomassie Brilliant Blue R-250, (0.025 %) in TCA/
MeOH/acetic acid/water (60/200/70/800) solution [19]. The
stained gels were destained with water/ methanol/ acetic
acid, 60/30/10) and scanned using a LKP Ultrascan XL
Laser Scanner. Data integration was done using Gel Scan
XL computer software Ver. 2.1.
2.3.2. Enzyme activities

The enzymatic activities of AST and ALT were assayed
according to the method of Reitman and Frankel [20].
(AChE activity was determined in serum according to
Ellman et al. [21], and ALP was measured according to
Belfield and Goldberg [22].
2.3.3. Glucose

Glucose was determined in serum by the calorimetric
method of Mendel et al. [23].
2.3.4. Cholesterol

Cholesterol in serum blood was determined according
to the method of Pandey et al. [24].
2.4. Statistical analysis

All tests were conducted in triplicate. Data are reported
as means ± standard deviation (SD). Analysis of variance

3. RESULTS AND DISCUSSION

On the other hand, dermal treatment of the pure form
has the same effect on the same protein band (Table 1) but
its intensity was less representing 4.07±0.18 and 4.57±0.27
after 3 and 15 days, respectively, with regard to the oral
treatment.
In case of rat treatments with formulated cyanophos
(oral and dermal), a similar result to the pure form was obtained, and the band of 74 KDa represents 4.95 ±0.33 and
10.33±0.44 at oral doses, after 3 and 15 days, respectively
but 4.77±0.30 at dermal dose after 15-days treatment (Table 1). The prealbumin in serum albumin with MW 55 KDa
increased in intensity after 3 and 15 days of oral or dermal
treatment, and reached its maximum after 15 days in pure
or formulated form (24.03±0.24). From the results above,
it is clear that the formulated form of the insecticide has
more effect than the pure one, especially on the appearance

TABLE 1 - Effects of oral and dermal application of both pure and formulated cyanophos on percentage of serum protein profiles in rats.
MW
(KDa)
190
170
150
76
transferrin
74
new band
67 albumin
55
prealbumin
45
36
24

Oral
Days after treatment
Control

Dermal
Days after treatment

3
Formulated
4.90±0.50a
2.00±0.08e
0.80±0.07g

Pure
2.70±0.23e
1.40±0.11f
1.47±0.12f

15
Formulated
4.13±0.23b
2.87±0.04c
2.30±0.06d

14.10±1.24a 9.60±0.33c 11.85±0.65b

8.00±0.15e

9.97±0.41c

3.10±0.22d
2.46±0.15d
1.50±0.05f

traces

Pure
3.30±0.30d
3.20±0.29b
1.70±0.12e

4.95±0.33b

traces

10.43±0.35a 10.33±0.44a
33.50±1.34 29.63±1.26
1.60±0.15e
2.60±0.15d
8.90±0.23e

d

8.80±0.25d

8.97±0.35d

4.07±0.18c

4.57±0.27b

4.77±0.30b

d

29.6±1.80d

traces
a

46.43±2.53 30.2±1.40

d

traces

24.2±2.6a

2.30 ±0.25d 2.20 ± 0.35d 3.10±0.20c
1.00 ±0.17e 1.20± 0.16e 3.45±0.15b
10.20±0.24c 10.70±0.64c 8.25±0.05f

c

13.25±1.17a 10.2±0.61c 9.40±0.20c

17.50±1.17c 19.50±1.50b 22.15±1.05a 19.40±0.58b 20.30±0.49b 16.04±0.84c 24.2±2.50a 19.9±0.45b

6.35±2.05

c

3
15
Formulated
Pure
Formulated
4.70±0.40a 3.93±0.11b 3.73±0.09c
4.20±0.26a 3.30±0.16b 3.00±0.08b
2.40±0.17d 3.40±0.13a 3.07±0.08b

31.5±1.05

48.70±2.81

a

3.04±0.18d
2.13±0.19d
1.42±0.04f

Pure
3.33±0.21d
2.80±0.07c
2.80±0.13c

b

48.70±2.90

a

Control

41.6±2.50

24.03±0.24a

4.20±0.38b 2.23±0.22d 4.30±0.21b 4.90±0.45a 3.30±0.32c 3.20±0.44c
3.10±0.12c 1.09 ±0.19e 2.70±0.13d 2.45±0.25d 2.80±0.13d 3.93±0.33a
9.7±0.36d 10.11±0.19c 15.0±0.56a 10.50±0.2c 14.02±0.35b 15.80±1.03a

Values are expressed as means ± SD of 3 independent assays. Values with different letters in the same column were significantly different (P≤0.05).
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of the new protein band, which possibly is due to the formulation components which initiate and increase the ability
of pesticides for binding as well as degradation. The new
74 KDa band may be due to the affinity of the cyanophos
pesticide to either high-molecular weight lipoprotein, or
binding to transferrin or albumin [8, 10, 25]. The major
serum protein transferrin and albumin need further investigation to show their possible affinities to cyanophos insecticides, as reported for degradation of 3 pesticides (trichlorphenol, fenvalerate, α-endosulphan) [26]. Total protein in serum showed significant increase after either dermal or oral (pure or formulated form) administration, and
reached maxima of 7.75±0.64 and 7.75±0.43 after 3 and
15 days for pure insecticide (dermal) as well as 7.0 ± 0.33
for oral formulated one (Table 2). The increase in total
protein content in serum may be due to the damage of some
tissues and organs [27, 28]. The binding of the insecticide
to the protein is considered to be very important, since it
is correlated to binding with nucleic acids and may induce
genetic risks [29, 30]. Therefore, analysis of protein profiles of biological samples in humans or rats through serum
and breast milk is considered one of the powerful tools
used in the field today [11, 26].
3.2. Biochemical Analysis

The activities of AST, ALT, ALP and, especially, AChE
were measured in rat serum after oral and dermal exposure
as biomarkers of exposure to anticholinergic pesticides, especially organophosphate (OP) cyanophos (Tab1e 2). The
results showed that enzyme activities were inhibited, and
simultaneously, there is an increase in the activities of other
enzymes. Serum AChE activity in dermal-exposed rats was
inhibited after 3 days representing 60 (pure) and 58 % (formulated) inhibition compared to that of oral dose (77 %,
pure form and 52 %, formulated). On the other hand, after
15 days, the AChE activity was little reactivated either in
dermal or oral doses. The data of AChE in the serum
suggest that the recovery of enzyme activity was very
slow (Table 2). The primary biochemical effect associated

with toxicity caused by OP pesticide cyanophos is inhibition of AChE [31-34]. The normal function of AChE is to
terminate neurotransmission due to ACh that has been
liberated at cholinergic nerve endings in response to nervous stimuli. In particular, in most mammals, dimethylphosphorylated AChE undergoes substantial spontaneous reactivation within one day, facilitating recovery
from in-toxication. Reactivation of inhibited AChE may be
induced by some special oxime (atropine-oxime) reagents
by either oral or intra-venous route resulting in significant
reactivation of diaphragm AChE levels compared to control, and this fact provides opportunities for therapy [35].
Delayed neuropathy is initiated by attack on a nervous
tissue esterase distinct from AChE. The target has esterase activity and is called neuropathy target esterase (formerly neurotoxic esterase (NTE).
These data suggest that cyanophos under investigation was stored in some deposits within the body, such as
extracellular lipids, and gradually appearing in blood stream
at concentrations sufficient to inhibit serum AChE [36]. The
results are in agreement with Bayoumi et al. [37] who studied the effects of tested pesticides (chlorpyrifos-methyl and
methomyl), as representative insecticides of the organophosphorus and carbamate chemical class, respectively, on
certain biomarkers, i.e. acetylcholinesterase, total glutathione content, glutathione S-transferase and ATP-ase in
various organs of the pregnant rats and their corresponding
fetuses. Their results indicated that both compounds produced a significant decrease in AChE activity of brain and
serum of pregnant dams and their corresponding fetus brain,
and AChE activity was time and dose-dependent. Therefore, the study of AChE activity in serum necessarily indicates recent exposure to esterase-inhibiting agents.
The AST, ALT and ALP activities were increased in
blood serum following oral or dermal treatments either after
3 and 15 days which may indicate liver injury (Table 2) as
has been indicated in salmon, carp and catfish [27, 38, 39].
The increase in AST and ALT activities in blood serum

TABLE 2 - Effect of oral and dermal application of both pure and formulated cyanophos insecticides on serum constituents in rats.
Biochemical
parameters
ALT (U)/L
AST (U)/L
ALP (U) /100
ml
AChE (U)
/100 ml
Total protein
g/dl

Oral
Days after treatment
Control
17.0 ±0.57f
38.0 ±0.81f

Dermal
Days after treatment

3
15
Control
3
15
Pure
Formulated
Pure
Formulated
Pure
Formulated
Pure
Formulated
30.0±0.25e 31.33±0.51e 37.36±0.46b 34.53±3.33d 16.4 ±0.44f 39.93±0.66a 30.66±0.47e 36.66±0.22c 38.0±0.60b
64.0±0.58d 64.0±0.71d 67.33±0.66c 75.0±2.88b 36.3 ±0.67f 64.0±1.15d 83.0±2.81a 60.0±0.77e 83.3±2.33a

11.5±0.28i 16.26±0.40h 21.66±0.46f 17.33±0.33g 23.33±0.56e 11.1±0.23i 35.66±2.33a 25.66±0.45d 29.33±0.66b 27.0±0.51c
148.1±2.38a 115.3±1.80c 87.03±1.98 125.1±2.83b 86.47±0.61e 146.1±2.38a 90.27±1.52d 86.24±0.77e 90.47±1.63d 90.2±1.21d
5.75±0.32d

6.16±0.07c

7.00±0.33b

6.23±0.29c

6.10±0.42

5.45±0.29d

7.75±0.64a

Glucose mg/dl 92.75±3.30g 128.4±1.13f 133.7±1.78e 1267±1.65f 142.1±1.21d 90.12±2.91g 158.1±0.65a

7.40±0.23a
146.1
±1.49c

7.75±0.43a

7.40±0.30a

151.6±2.13b 147.9±0.74c

Cholesterol
67.60±4.78d 70.66±0.89c 71.25±1.26c 66.5±1.33d 74.3±1.21b 65.21±3.14d 67.26±1.19d 70.33±0.93c 78.17±2.08a 78.10±1.95a
mg/d
ALT (U)/L 17.0 ±0.57f 30.0±0.25e 31.33±0.51e 37.36±0.46b 34.53±3.33d 16.4 ±0.36f 39.93±0.66a 30.66±0.47e 36.66±0.22c 38.0±0.60b
Values are expressed as means ± SD of 3 independent assays. Values with different letters in the same column were significantly different (P≤0.05).
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after 3 days reflects the evacuation of the pesticide and
the extensive damage of protein synthesizing and cell organelles [37]. An increase in plasma and serum AST and
γ−glutamyl transferase levels were found in all animals
treated with demeton-S-methyl (DSM), chlorpyriphos,
chlorfenviphos, triazophos, pirimicarb, methiocarb and
permethrin [40]. Cholesterol in blood of rats treated dermally or orally did not show any significant difference
while glucose was significantly increased, in pure and
formulated form of cyanophos treatments (Table 2). Following the oral and dermal treatments, the blood sugar
level increased after 3 days and was not at the normal
level after 15 days (Table 2). Experiments with rats revealed that the organism is in need of nicotinamide adenine dinucleotide phosphate (NADPH) for the in vivo
decomposition of pesticides, meaning that pesticide enhances the glycogenolysis to produce more glucose for
NADPH production in the course of desoxidation [41].
This may explain why glucose increased in the blood after
3 days of treatments.
4. CONCLUSION
Finally, the new protein band with molecular weight of
74 K Da and the measurements of AChE activity and glucose concentration could be used as biomarker for cyanophos as well as organophosphorus pesticide pollution in
biological systems.
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ABSTRACT
Accumulation of chromium (VI) in hepatopancreas,
gill and muscle tissues of Callinectes sapidus was studied
after exposing the animals to 1.0, 2.0 and 4.0 ppm chromium (IV) over 96 hours. Tissue levels of the metal were
determined using Atomic Absorbtion Spectrophotometric
(AAS) methods. No mortality was observed in any concentration of chromium after 96 hours of exposure.
Accumulation of chromium in hepatopancreas and gill
tissues increased with increasing concentrations of the
metal, whereas muscle accumulation was below detection
limits of AAS at the concentrations tested. The following
relationship was found among the tissues in accumulating
chromium; Gill > Hepatopancreas > Muscle

KEYWORDS: Chromium, Accumulation, Gill, Hepatopancreas,
Muscle, Callinectes sapidus

1. INTRODUCTION
Environmental pollution is one of the greatest global
concerns in today’s world. In addition to those coming
from natural resources, human activities such as urbanization, industrialization and application of vast amounts of
chemicals in agriculture increased the levels of inorganic
and organic pollutants in water ecosystems [1].
Metals entering aquatic environments accumulate in
various tissues of organisms which are then transferred to
higher trophic levels through the food chain, resulting in
important environmental and health problems.
Chromium is needed in trace amounts by organisms
and although it has different chemical forms only its +3
and +6 valences are biologically active and is generally
present at +3 valence in nature. Chromium (III) is a basic
element in mammals functioning in carbohydrate, lipid
and protein metabolisms [2-4]. The main source of chromium is the earth crust and has a natural recycling among
lithosphere, hydrosphere and atmosphere. It is widely used
* Corresponding author

in metallurgy and chemistry industries such as metal and
electrode plating, leather tanning, textile, phosphate fertilizer, stainless steel, ferrochromium and pigment production [5].
High levels of chromium entering aquatic environments results in mortality, habitat changes, feeding disturbances, accumulation in tissues, inhibition of enzymatic
activities, histopathologic changes and reduction in resistance against pathological organism in aquatic organisms [6-14].
Gills form the main bulk of visceral organs in C. sapidus and are the main intake route of heavy metals due to
their large surface area interacting directly with the external media. Hepatopancreas is a metabolically active tissue
which plays role in transformation of nutrients and in
detoxification and storage of toxic substances such as
heavy metals. Although the not metabolically active muscle tissue forms the main edible part for the organisms at
higher trophic levels. Studies carried out with various
aquatic invertebrates have shown that heavy metal accumulation is much higher in metabolically active tissues
such as gills and hepatopancreas compared with muscle
tissue [15-17].
Benthic animals are exposed to heavy metals more
than the pelagic ones since metals tend to sink to bottom
sediments due to their high density. Hence benthic species
are widely used as bio-indicators in environmental pollution monitoring programs [18].
C. sapidus is a protein rich edible species which is
common in Mediterranean coasts of Mersin. Since determination of heavy metal levels in aquatic animals reflects
the pollution status of the environment, present study was
undertaken to determine the accumulation of chromium in
gill, hepatopancreas and muscle tissues of C. sapidus after
exposing the animals to 1.0, 2.0 and 4.0 ppm concentrations of the metal over 96 hours.
2. MATERIALS AND METHODS
C. sapidus was obtained from the drainage channels of
the Göksu delta, an environmental protection area around
Silifke, Mersin. The weight and carapace length of C.
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sapidus used in the experiments were 87.35 ± 5.40 g and
10.00 ± 0.85 cm respectively. Experiments were carried out
in the culture laboratory of the Aquaculture Faculty, Mersin
University which had a constant temperature of 24 ±1 ºC.
Twelve hours light/dark illumination regime was applied
during the experiments. Animals were adopted to laboratory conditions in eight glass tanks, sized 40X 100X40
cm, over one month.
Experiments were run in four glass aquaria of the same
size mentioned above. The first three aquaria were filled
with 120 L of 1.0, 2.0 and 4.0 ppm chromium solutions
and the fourth aquarium was filled with the same amount
of chromium free tap water and used as control. Six
specimens were placed in each aquaria and the levels of
tissue chromium was measured after 96 hours.
Experimental aquaria were aerated with central aeration system and some physical and chemical properties of
water are given in Table 1.
TABLE 1 - Some physical and chemical properties of experimental
water.
Temperature (ºC)
Total Hardness (ppm CaCO3)
Total Alkalinity (ppm CaCO3)

22 ±1
246,4 ± 3,28
409 ± 0,63

pH
Dissolved Oxygen (mg/L)

8,02 ± 0,06
7,42 ± 0,47

Experimental solutions were changed daily by serial
dilution of newly prepared stock solution (K2Cr2O7, Merck)
against possible alterations due to adsorption, evaporation
and precipitation.
All experimental and control animals were removed
from aquaria at the end of 96 hours and their gill, hepatopancreas and muscle tissues were dissected separately for
chromium analysis. Dissected tissues were dried to a constant weight at 105°C for 72 hours, their dry weights were
determined and then they were transferred to the experimental tubes. There they were digested in nitric acid / perchloric acid mixture (2/1; v/v) at 120°C for four hours. Digested tissues were transferred to polyethylene tubes and
their volumes were made up to 10 ml with distilled water.
Chromium analyses of the tissue samples were made
using a Perkin-Elmer 2380 Atomic Absorption Spectrophotometer (AAS). Student Newman Keul’s procedure
was applied in statistical evaluation of data [19].
3. RESULTS AND DISCUSSION
No mortality was observed in C. sapidus exposed to
the tested concentrations of chromium over 96 hours. The
levels of chromium in muscle tissue were below detection
limits of the AAS at all the concentrations tested. The
means of chromium accumulation in gill and hepatopancreas tissues of the species after exposure to the metal are
given in Table 2.

TABLE 2 - Accumulation of chromium (µg Cr / g d.w.) in gill and
hepatopancreas tissues of C. sapidus
Cr (VI)
Hepatopancreas
Gill
Concentration
X ± Sx *
X ± Sx *
(ppm)
0.0
0,95 ± 0,25 ax
1,07 ± 0,11 ax
1.0
5,94 ± 0,72 bx
18,93 ± 0,98 by
2.0
13,89 ± 1,08 cx
33,01 ± 1,17 cy
4.0
36,56 ± 1,57 dx
67,50 ± 3,61 dy
*SNK; Data shown with different letters indicate significant difference
at P<0.05 level. Letters x and y are used to show differences between
tissues and a, b, c, d among concentrations.
X ± Sx = Mean ± Standard error

Metal accumulation was the highest in gill tissue followed by hepatopancreas at all chromium concentration
tested (P<0.05) while muscle levels were below the detection limits of AAS [Table 2]. Tissue accumulation of
chromium in gill and hepatopancreas increased with the
concentration of metal in the medium.
Effects of heavy metals on mortality in aquatic organisms depend on the species. However mortality rate rapidly increases above a given concentration of the metal in
all species [20]. In the study of Ma et al. [21] it was
shown that mortality rates of Sinopotamon henanense
exposed to 5.8, 11.6 and 23.2 ppm Cd were 0%, 6% and
16% under laboratory conditions [21]. In present study no
mortality was observed in C. sapidus exposed to 1.0, 2.0
and 4.0 ppm chromium which were possibly were sublethal for this species over 96 hours.
Accumulation and toxic effects of chromium are dependent not only upon the chemical form, concentration
and exposure period but also upon the biotic factors such
as species, developmental period and sex and upon abiotic
factors such as water pH, dissolved oxygen, temperature,
hardness, salinity and dissolved materials [22].
Metal accumulation was higher in gill tissue followed
by hepatopancreas and muscle tissues exposed to sublethal
concentrations of chromium in Cancer irroratus and Cancer magister [23, 24] and in S. henanense exposed to sublethal concentrations of cadmium [21].
Highest accumulation of Cd and Zn was found to be
in hepatopancreas in Mytilus galloprovincialis [15] whereas highest accumulation was in gill tissue in Vesicomya
gigas [16]. Accumulation of Cd and Cu was higher in hepatopancreas tissue while Pb accumulation was higher in
gill tissue of Ruditapes philippinarum exposed to sublethal
concentrations of Cd, Pb and Cu [25].
Brachidontes pharaonis exposed to 1.0 ppm copper
[26] and to 0.1, 0.2 and 0.4 ppm lead over 96 hours [27]
accumulated the metals in their gill, hepatopancreas and
muscle tissues in decreasing order.
C. sapidus exposed to 1.0, 2.0 and 4.0 ppm concentrations of Cr (VI) over 96 hours accumulated highest
levels of metal in its gill tissue followed by hepatopancreas, whereas accumulation in muscle tissue was undetectable.
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Heavy metal accumulation in aquatic organisms does
not only depend on differences among the tissues but also
on anatomical and morphological differences between the
species and on the metal uptake routes [28]. Studies carried
out with decapods species both in field [29, 30] and under
laboratory conditions [21, 26, 27, 31] have shown that
muscle is not an active tissue in accumulating metals which
might be due to the carapace coverage of the tissue and its
interaction with the metals is only via hemolymph. It has
also shown that metabolically active tissues such as gills
and hepatopancreas accumulate metals to rather high
levels. Since gills have large surface area and is in direct
contact with the external media and the hepatopancreas is
the main site in synthesizing metal binding proteins and is
the detoxification center of the organism.
C. sapidus also accumulated high levels of Cr (VI) in
its gill and hepatopancreas tissues after being exposed to
1.0, 2.0 and 4.0 ppm chromium over 96 hours which revealed the metabolic activeness of these tissues.
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ABSTRACT

1. INTRODUCTION

Anthelmintic compounds are widely used in the world
against endo- and ecto-parasites in medicine and veterinary
medicine. Several groups of antiparasites are used comprising avermectins and benzimidazoles. Avermectins due to
their high potency and wide spectrum of activity are some
of the most potent compounds and they are also used as
insecticides.
The goal of the present study was the evaluation of the
sensitivity of culture-free microbiotests to selected anthelmintic pharmaceuticals. Four tests were applied with aquatic
test biota: bacteria, protozoa, rotifera and crustacea. Moreover, a direct contact test for freshwater sediments (Ostracodtoxkit F™) was utilized. In this assay a freshwater benthic ostracod crustacean Heterocypris incongruens freshly
hatched from cysts is used as a test biota. Seven pharmaceuticals were tested: avermectins (abamectin, ivermectin,
doramectin), benzimidazoles (albendazole, mebendazole,
thiabendazole) and morantel.
Avermectins were not toxic to luminescent bacteria
Vibrio fisheri and protozoan Spirostomum ambiguum, but
they were toxic to rotifer Brachionus calyciflorus, with
24h-LC50 values from 1.57 to 2.38 mg l-1. The highest toxicity was observed for crustaceans, both planktonic Thamnocephalus platyurus and benthic Heterocypris incongruens. LC50 values ranged from 5.7 to 25.2 µg l-1. Morantel
did not cause adverse effects in any microbiotests at concentrations up to 10 mg l-1.

KEYWORDS: Microtox®; Ostrocodtoxkit F™, avermectins, benzimidazoles, pharmaceuticals in the environment.

* Corresponding author

The large-scale use of human and veterinary pharmaceuticals has become an emerging research area in ecotoxicology. The pharmaceuticals and the products of their degradation were observed in effluents of municipal
wastewater treatment plants [1]. However, the environmental effects associated with most of pharmaceuticals in
aquatic ecosystems remain still unknown. Three groups of
compounds were identified as highest priority, namely, the
antibiotics [2], antiparasitic agents and the coccidiostats [3].
Avermectins are the highest sold antiparasitics in America,
Europe and Africa [4]. Ivermectin was registered for
human use in 1987 and is regarded as one of the greatest
health interventions of the past 50 years [5]. The primary
target of avermectins is the nervous system of parasites,
both arthropods and nematodes [6], and they may affect
non-target organisms in the environment. They are excreted through faces either unchanged or as active metabolites. They were also applied directly to water in the
salmon farms. Due to their strong affinity to organic matter
they can persist several months in sediments. Abundant
literature exists regarding the environmental risk of ivermectin, but only few studies have been conducted with the
benzimidazoles. Even less information is available for the
pyrimidine morantel, which is poorly absorbed orally and,
thus, is excreted in significant amounts with feces [7].
The aim of the study was to evaluate the sensitivity of
new microbiotests utilizing organisms from different taxonomic groups to anthelmintic pharmaceuticals.
2. MATERIALS AND METHODS
2.1. Toxicants

Standards of 7 tested pharmaceuticals, namely, abamectin, doramectin, ivermectin, albendazole, mebendazole,
thiabendazole and morantel citrate were purchased from
Sigma-Aldrich (Poznań). The stock solutions were prepared
in methanol and stored at 4°C. The working solutions
were prepared directly before the toxicity tests by dilution
of the stock solutions with dilution medium.
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2.2. Test with rotifer B. calyciflorus

2.7. Test with luminescent bacteria V. fischeri

The Rotoxkit F™ microbiotest is a 24-h acute lethal
toxicity test with freshwater rotifer Brachionus calyciflorus. Organisms were hatched from dormant cysts after
16–18 h incubation at 25 C in synthetic freshwater (moderately hard US EPA medium) under continuous illumination (3000–4000 lux). The assays were performed according to the standard operational procedure of this microbiotest (Rotoxkit F™, MicroBioTests, Belgium) with modification. Polistyrene 48-wells plates were used as test containers. Two compounds can be tested in one plate, five
concentrations of each plus negative control.

The 15 min acute test with the bacteria Vibrio fischeri
was carried out according to the Microtox® procedure in
M500 analyzer (SDI, USA). The lyophilized bacteria purchased from SDI were stored at -20 C and rehydrated just
before the test. As a diluent 2% NaCl was used. 15minEC50 values were calculated with the Microtox Omni software.
3. RESULTS AND DISCUSSION
3.1. Acute toxicity tests

2.3. Test with crustacean T. platyurus

The Thamnotoxkit F™ microbiotest is a 24-h acute
lethal toxicity test with anostracan crustacean Thamnocephalus platyurus. Organisms were hatched from dormant
cysts after 24 h incubation at 25 C in synthetic freshwater
(moderately hard US EPA medium) under continuous illumination (3000–4000 lux). The assays were carried out in
24-wells multiplate according to the standard operational
procedure of this microbiotest (Thamnotoxkit F™, MicroBioTests, Belgium).
2.4. Test with protozoan S. ambiguum

The Spirotox microbiotest is a 24-h acute lethal toxicity test with ciliated protozoan Spirostomum ambiguum. The protozoa were cultured in laboratory and they are
rinsed with diluents just before the test. The assays were
carried out in 24-wells multiplate according to the standard operational procedure of this microbiotest [8].
2.5. Scoring of the results of acute lethality tests

In each microplate five concentrations of sample plus
negative control were tested. Samples were prepared in a
2-folds dilution series in three replicates and ten organisms were added to each well containing tested dilution.
After 24 h incubation at 25 C in the dark the dead organisms were counted with the aid of dissection microscope.
On the base of percent mortality the 24h-LC50 was calculated with graphical interpolation method.

The solubility of tested anthelmintic pharmaceuticals
are low, thus the stock solutions were prepared in organic
medium. Only morantel citrate is well soluble in water.
The concentrations of the compounds in the stock solutions were 100-folds higher than in the working solutions.
Prior to the toxicity tests the stock solutions were diluted
with the diluents appropriate to the test. The organic solvent was not toxic at 1% -the maximum concentration
applied in the tests.
Protozoan S. ambiguum was not affected by any
compounds tested up to the highest tested concentration
10 mg l-1. The luminescent bacteria V. fischeri was sensitive only to albendazole and thiabendazole with 15minEC50 values around 1 mg l-1. However, these solutions of
benzimidazoles (1 mg l-1) were unstable in water and after
1-h storage the toxicity was not detectable probably due
to precipitation of the tested compounds. Contrary to our
results Tišler and Eržen [6] reported 30min-EC50 for abamectin of 0.69 mg l-1, however, they used very high concentration of ethanol –organic solvent of the toxicant.

2.6. Tests with ostracod H. incongruens

The rotifer B. calyciflorus did not respond to benzimidazoles and morantel. It was slightly sensitive to avermectins with 24h-LC50 values from 1.57 to 2.38 mg l-1 for
ivermectin and abamectin, respectively (Table 1). The results clearly show that the rotifera are not affected by
anthelmintic compounds. Avermectins interact with the
glutamate-gated chloride channels and GABA-gated chloride channels [5] and probably rotifer’s nervous system is
not sensitive to these compounds. There are no reported
data concerning the toxicity of anthelmintics to rotifera.

Freshwater ostracods Heterocypris incongruens were
hatched from dormant cysts after 48 h incubation at 25 C in
synthetic freshwater (moderately hard US EPA medium)
under continuous illumination (3000–4000 lux). Two tests
were performed. The six-days mortality and growth inhibition test was carried out according to the standard operational procedure of the Ostracodtoxkit F™ (MicroBioTests, Belgium). The organisms were incubated in EPA
medium with or without sandy sediment. They were fed
with the suspension of green alga. The 24-h acute lethal
assay was carried out in 24-wells multiplate according to
the standard operational procedure of Thamnotoxkit F™.
During this test the ostracods were not fed.

Both crustaceans used in the investigation were very
sensitive to tested drugs, especially to avermectins, with
the acute toxicity values 24h-LC 50 ranged from 5.7 to
25.2 µg l-1 (Table 1). The ostracod was 3- and 4-folds less
sensitive than T. platyurus to doramectin and ivermectin,
respectively, and similarly sensitive to abamectin. In case
of benzimidazoles the difference of sensitivity between
crustaceans was more pronounced up to 25-folds for
mebendazole. Very high toxicity of avermectins to crustaceans were reported previously. Tišler and Eržen [6] found
24h-EC50 =0.33 µg l-1 for abamectin for Daphnia magna.
Ten-folds higher toxicity of ivermectin for D. magna reported Sanderson et al. [4]. Garric et al. [9] found that
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ivermectin with 48h-EC50=1.2 ng l-1 was the most acutely
toxic compound to D. magna. Thamnotoxkit F™ has been
introduced as a culture-free alternative to daphnia assay.
It was very sensitive to insecticides [10] and also pharmaceuticals [11].
3.2. Ostradodtoxkit F™

Ostracodtoxkit F™ is the direct contact assay, and the
ostracods were placed in the wells containing the sediment and water (1:4 ratio, v/v). In order to find if the presence of sediment may affect the toxicity of studied compounds, the Ostracodtoxkit F™ assay was performed con-

currently with and without the sandy sediment. The results for avermectins are shown in Figure 1. No statistical
differences were found between the variants of the tests.
The anthelmintic pharmaceuticals are highly sorbed to soils
and the soil organic carbon content seems to be mainly responsible for the adsorption [12]. There was a preliminary
study and the other kinds of sediments will be tested in
the next part of the project to evaluate the relationships
between the toxicity and the type of sediment. The direct
contact test with H. incongruens seems to be a valuable
tool for this purpose.

TABLE 1 - Toxicity of anthelmintic pharmaceuticals to rotifer (B. calyciflorus) and crustaceans (T. platyurus and H. incongruens) in acute
lethality tests
compound
Abamectin
Doramectin
Ivermectin
Morantel
Albendazole
Mebendazole
Thiabendazole

B. calyciflorus
24h-LC50 [mg l-1]
2.38 ± 0.81
2.03 ± 1.04
1.57 ± 0.08
> 10.0
> 10.0
> 10.0
> 10.0

T. platyurus
24h-LC50 [mg l-1]
0.0132 ± 0.0015
0.0089 ± 0.0014
0.0057 ± 0.0012
> 10.0
0.125 ± 0.036
0.087 ± 0.014
0.680 ± 0.112

H. incongruens
24h-LC50 [mg l-1]
0.0153 ± 0.0051
0.0252 ± 0.0052
0.0217 ± 0.0045
> 10.0
1.54 ± 0.21
2.12 ± 0.19
1.08 ± 0.14

FIGURE 1 - The toxicity of avermectins to ostracod H. incongruens. “sand+” -standard Ostracodtoxkit F test with sand “sand-” Ostracodtoxkit F test without addition of sand. ABA –abamectin, IVE –ivermectin, DOR - doramectin
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