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ABSTRACT
This article illustrates the methods and findings of assessing the health risks of exposure to indoor particulate
matter in the frame of the European INDEX-PM project
[12]. The evaluation was performed by taking into account all sources and types of indoor particulate matter,
and distinguishing it to particulate matter (PM) from
outdoor origin, from indoor combustion, environmental
tobacco smoke, indoor air particles of biological origin,
indoor resuspended mineral dust particles, semi-volatile
organic compounds, as well as secondary particles generated by indoor air chemistry. It comprises an outline of a
state-of-the-art review of existing exposure and doseresponse data of indoor PM and focuses at deriving general
and by-source risk characterisation and risk management
options for reducing potential health effects associated
with exposure to indoor PM.

KEYWORDS:
Particulate matter, guidelines, IAQ, risk assessment

particles in outdoor air contribute substantially both to personal exposure and its temporal variation. Given that most
Europeans spend circa 90% of their time indoors, the combination of the usually similar indoor to outdoor air concentrations and the overwhelming fraction of time spent indoors results in the overall domination of indoor air in air
pollution exposures and their respective health consequences; the epidemiological risk assessment of urban ambient air PM2.5 reflects, in fact, more indoor than outdoor
exposure.
Epidemiological and toxicological investigations have
revealed the health effects of environmental tobacco smoke
(ETS), on both children and adults [4], of indoor wood
smoke [5, 6], of particles of biological origin [7], of semivolatile compounds [8], and of metals (e.g. lead) present
in dust [9, 10].
PM is a heterogeneous air pollutant category. It consists of all air-suspended material, which at indoor and outdoor temperatures and pressure is found in liquid and solid
phases, from inorganic minerals to semi-volatile organic
compounds and biocontaminants, in particle sizes ranging
from a few nm to above 100 µm.
Indoor air PM includes:
(i)

INTRODUCTION
The concern about indoor particulate matter (PM) arises
mainly from epidemiological evidence of health effects of
exposure to ambient PM [1-3]. Exposure studies show that

2458

PM which originates from outdoor sources and has
been carried indoors by ventilated or infiltrated air,

(ii) PM which originates from outdoor sources and has
been carried indoors as settled dust and subsequently resuspended into indoor air,
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(iii) PM originating from indoor combustion sources,
such as smoke from tobacco, cooking, candles or
wood fire,
(iv) particles of biological origin, and finally
(v) PM generated by indoor air chemistry, e.g. oxidation
of cleaning products' constituents (e.g. terpenes) by
ozone.
Indoor air PM consists mainly of salts (ammonium sulphate, ammonium nitrate, sodium and potassium chloride),
soot (elemental carbon, EC), minerals (oxides of silicon,
aluminium, calcium, iron, manganese, titanium, zinc, etc.),
organics (particulate organic matter, also called organic
carbon, OC) and materials of biological origin (bacteria
and fungi, dander, pollen, plant and insect fragments). All
of these components follow different particle size distributions. Removal of the particles from indoor air takes place
by mechanisms which depend strongly on the particle size.
Sedimentation is the most important removal mechanism
for the coarse particles (> 10 µm), diffusion and agglomeration/coagulation for the ultra-fine particles (UFP < 0.1 µm).
The so-called accumulation mode particles (0.1 – 1.0 µm)
are the most stable in the air.
The typical intake fraction (fraction of the total PM
emitted from a source which will be inhaled by the whole
population) for a residential indoor PM source is 10-2 to
10-3, compared to 10-5 to10-6 for outdoor PM sources: in
average 1 g of PM emitted indoors results in the same exposure as one kg emitted into outdoor air [11]. Consequently,
although the indoor sources are less important in terms of
total emission loads than the outdoor sources, each of
these sources may, when present, dominate both the total
personal exposure and risks of the inhaled PM for the
affected individuals and population groups.
This article compiles the methods applied in and conclusions driven from reviewing and assessing the health
risks of exposure to indoor PM in the frame of the European INDEX-PM project (Critical appraisal of the setting
and implementation of indoor exposure limits in the EU health risks from indoor particulate matter, [12]). The INDEX-PM is the follow-up of the INDEX project [13, 14]
applying similar methods to extend the health risk assessment (HRA) of priority compounds to include a HRA for
PM. It comprises exposure to indoor PM originated from
all sources and types (i.e., PM of outdoor origin, from indoor combustion, including specifically tobacco, of biological origin, indoor generated mineral dust particles, semivolatile organic compounds, and secondary PM generated
by indoor air chemistry), and gives recommendations and
management options for reducing health effects related to
indoor exposure to PM.
METHODS OF RISK ASSESSMENT
In order to implement strategies aiming at preventing
health effects related to indoor air pollution, a key element

is to carry out a systematic risk analysis based on prevailing levels of indoor air pollutants and on their health effects. Population exposures to indoor PM were assessed by
collecting results mainly from major European population-based studies. These data represent mostly indoor exposure levels in urban environments. Similarly, health effects of the indoor and ambient PM were collected from the
worldwide scientific literature.
The scientific literature was reviewed by using several search engines in the Internet, and by searching from
the peer-reviewed papers in relevant journals. In addition
to electronic search, numerous study reports concerning
indoor PM were reviewed. The main focus of the review
was on recent population-based studies to be able to evaluate current population exposures in Europe. Simultaneously, health effects information was collected from the
scientific world literature for indoor and ambient PM.
According to the EC Directive 93/67/ EEC, risk assessment is divided into four steps, which are defined as
“Hazard identification”, “Dose (concentration) -response
(effect) assessment”, “Exposure assessment” and “Risk
characterization”. Although the framework for risk and exposure assessment of the former INDEX project was based
on these four steps, the framework of the current study
had to be modified for two reasons:
-

PM of different origin has different composition, thus
PM should be treated as a category and not as a single
pollutant;

-

There is fundamental lack of conclusive research on
indoor PM and health effects. No dose-response relationship can be used for quantitative risk assessment.

In view of the above, PM was categorized in this study
according to its origin to the five categories stated above.
Exposure to indoor air PM was evaluated. The collected
reviews were mainly focused on indoor air and exposure
concentrations measured recently in European populationbased studies, such as EXPOLIS, the EC Audit study (EC
Audit study, PM10), the French IAQ Observatory (OQAI),
the THADE project.
The steps of the risk assessment were applied for each
category and the final outcome of the assessment, the risk
characterisation, is described in this article.
EXPOSURE TO PM
IN INDOOR ENVIRONMENTS
Several studies have produced data on indoor air PM
exposures, the PM composition, and contributions of the
different sources – indoors and outdoors – to the indoor
air PM levels. The studies differ so much in their objectives, designs, data analyses and reporting that it is more
efficient to present the results study by study rather than
by the measured parameters.
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© by PSP Volume 19 – No 11. 2010

Fresenius Environmental Bulletin

In the EC Audit study, indoor air PM10 in six selected office buildings in each of the 9 participating countries
was monitored [15]. The average PM10 levels were very
high (150 µg m-3 and higher) in Greece and the Czech
Republic, high (50-90 µg m-3) in Finland, Germany, the
Netherlands, France and Denmark, and low (20 µg m-3) in
the UK and Norway. The results apparently reflect both
outdoor levels and indoor sources, the surrounding environments of the buildings, and the presence or absence of
smoking.
The PM2.5 results of the EXPOLIS study from seven
European cities are more comprehensive than from other
studies. The presence of smoking was found to be a dominating source, which, in average, doubles the total indoor
PM2.5 exposure of a non-smoker and triples it for a smoker
[16]. Therefore, and because the proportions of smoke-free
homes vary between the cities, the ETS free indoor PM2.5
data are the most comparable (ranging from 9 µg m-3 in
Helsinki to 25 µg m-3 in Prague). Particulate phase sulphur –mostly in the form of ammonium sulphate– which
has very few indoor sources is the most used indicator for
the infiltration of outdoor air PM into indoor air. Its
average level was lowest, 1.6 µg m -3, in Helsinki and
highest, 5.3 µg m -3, in Athens.
In the French IAQ Observatory [17] survey in dwellings (2003-2005), the median PM level in a representative
sample of French residences was 19.1 µg m-3for PM2.5 and
31.3 µg m-3 for PM10. In 5% of the dwellings, the PM2.5
concentrations were higher than 133 µg m-3, and the PM10
concentrations higher than 182 µg m-3 (95th percentiles).
In the context of the THADE project [18], a compilation
of environmental data, including indoor air PM (PM2.5)
from dwellings in European cities and the Po River delta
area was also performed. The results may be categorised
into three levels: high, > 40 µg m-3in Po Delta, Pisa and
Milan; intermediate, 40-20 µg m-3, in Athens, Prague, Amsterdam, France cities (Paris, Nice, Clermont-Ferrand, Grenoble and Toulouse), Manchester and Basel; and low,
< 20 µg m-3, in Helsinki. The leading indoor sources were
identified as ETS and gas appliances.
The proportions and sources of elemental carbon (as EC
or black carbon, black smoke or soot) and organic carbon
(as OC or OM) in indoor air were assessed in two studies in
Hong Kong [19, 20], and in the RIOPA study in three
American cities [21]. The general findings of these analyses are that the OC levels are 2.5 (offices) to 6 (residenc1
3
es) times higher than the EC levels, while /2 to /4 of the
OC in residences originates from indoor sources. In both
5
residences and office buildings /6 or more of the EC originates from outdoor sources.
HEALTH EFFECTS OF PM
IN INDOOR ENVIRONMENTS

fact that the strategies and methods for quantifying exposure and effects have been very diverse, ranging from in
vitro test to epidemiological studies.
Epidemiological studies

Most of the epidemiological studies that were traced
in the literature were addressing the health effects of indoor
PM on susceptible sub-population groups, namely asthmatic
children, elderly people or adults with pre-existing diseases,
such as chronic obstructive pulmonary disease (COPD) or
cardiovascular disease (CVD). The only study addressing
the health effects of exposure to indoor PM in the general
population was conducted in Northern Italy [22, 23]. This
study concluded that indoor PM2.5 was associated with
the presence of acute respiratory symptoms and mild lung
function impairment, especially among non-smokers.
All studies on asthmatic children revealed an association between indoor PM concentrations and decreased pulmonary function (measured mostly as Forced Expiratory
Volume in the first second, FEV1 and also, but less, by
Maximum Mid-Expiratory Flow, MMEF, and Peak Expiratory Flow, PEF) [24, 25], inflammation (eNO) [26] or exacerbation of respiratory symptoms (such as wheezing, cough,
etc) and medication use [27]. In general, the effects observed
from personal or indoor PM exposure on children are higher,
from those reported from ambient exposure [24, 25].
Regarding the health effects of exposure to indoor
PM in the adult population, the results are more contradicting due to the even smaller number of relevant studies.
These reports point towards adverse cardiopulmonary effects in susceptible adult population sub-groups. In particular, in the presence of pre-existing disease, such as COPD
or asthma, there is some evidence [28] that especially black
carbon (a primary combustion constituent of PM) in indoor
environments (as well as outdoor) is associated with increased inflammation (as indicated by increments in exhaled nitric oxide).
The ULTRA Study [29] did not find an association between exposure to indoor and personal PM2.5 and heart
rate variability, while increased outdoor PM2.5 was associated with a decrease in the standard deviation of the normal-to-normal (SDNN) beats intervals on an electrocardiogram and high frequency (HF) at lags of 2 and 3 days only
among persons not using beta-blocker medication in subjects with coronary heart disease.
In the elderly, indoor exposure to particulate matter
was found to be associated with cardiovascular effects such
as reduced heart rate variability [30]. Bräuner et al. [31]
concluded that the reduction of particle exposure by filtration of re-circulated indoor air for only 48 hours improved
microvascular function in healthy elderly citizens, suggesting that this may be a feasible way of reducing the
risk of cardiovascular disease.
Experimental studies

There is fundamental lack of conclusive research on
indoor PM and health effects and this is partly due to the

The results from the study by Monn and Becher [32],
that compared the ability of inhalable fine particles (PM2.5),
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and coarse particles (PM10–2.5), to cause cell injury and
cytokine production in human monocytes, suggested that
PM components (e.g. transitional metals and endotoxins,
varying by source) play an important role on particles toxicity played by its components. In the study by Long et al.
[33], the authors concluded that indoor-generated particles
may be more bioactive than ambient particles, suggesting
the presence of proinflammatory components, other than
endotoxin, of fine particles, particularly for indoor-generated
particles.
In animal studies by Ormstad et al. [34], the authors
concluded that the presence of organic pollutants together
with allergens or endotoxin may exert proinflammatory
effects, leading to the exacerbation of allergic diseases such
as asthma.
Several experimental human studies on effects of resuspended house dust on inflammation and allergic response
have been conducted in Denmark in the past ten years, as
recently reviewed by Mølhave [35], and the lowest observed effect level was indicated to be 75 µg m-3, although
some of the studies found a higher No Observed Effect
Level (NOEL). However it should be considered that dust
from different buildings may have different toxicity.
Mechanisms of action of PM toxicity

Proposed hypotheses on the mechanisms through which
particles in indoor air contribute to asthma and other respiratory effects suggest that particles, depending on composition [36-38], have an adjuvant effect on the immune
response and increase the Immunoglobulin E (IgE) production [34, 39], or cause a non-specific irritation in the
airways, contributing to bronchial hyper-responsiveness
[40-45]. Moreover, indoor PM may carry toxic pollutants
and reaction products into the airway, generating oxidative stress [39], and inflammation [33]. Exposure to indoor
particles have also been linked to cardiovascular effects
[29], that could be due to the generated oxidative stress
and inflammation [33, 39] in the airways and to vascular
dysfunction [31].
INDOOR AIR PM OF OUTDOOR ORIGIN
Health effects

The adverse health effects of ambient PM, which have
been demonstrated in a large number of studies, mostly reflect the health effects of indoor exposure to PM of outdoor
origin. Adverse health effects of ambient particulate matter on health have been documented during the last 20 years
in multi-city studies. Cohort and time series studies have
shown that environmental exposure to particulate matter
is associated with increases in cardiovascular and respiratory hospitalization and mortality [1, 46-56]. The increasing range of adverse health effects that has been linked to
particulate matter, even at low pollutant concentrations, as
indicated from studies using refined methods and subtle
but sensitive indicators of effects, led the WHO to a revision of air quality guidelines in 2005 [57].

In an attempt to further distinguish PM effects by outdoor/ indoor origin, Long et al. [33] assessed the in vitro
toxicity of 14 paired indoor and outdoor PM2.5 samples
collected in 9 Boston-area non-smoking homes. The results suggest that indoor-generated particles may be more
bioactive than ambient particles. Endotoxin was demonstrated to mediate proinflammatory responses for both indoor and outdoor PM2.5, but study findings suggest the
presence of other proinflammatory components of fine
particles, particularly for indoor-generated particles.
In the same direction, Ebelt et al. [58] developed an
approach to evaluate the relative impacts of ambient and
non-ambient exposures in panel monitoring studies. They
developed separate estimates of exposures to ambient and
non-ambient particles of different size ranges (PM2.5,
PM10-2.5 and PM10) based on time-activity data and the
use of particle sulfate measurements as a tracer for indoor
infiltration of ambient particles. The results support previous epidemiologic findings using ambient concentrations
by demonstrating an association between health outcomes
and ambient (outdoor origin) particle exposures but not with
non-ambient (indoor origin) particle exposures. Koenig et
al. [59] combined an adaptive recursive model and a predictive model for estimating infiltration efficiency to separate
personal exposure to PM2.5 into its indoor generated and
ambient generated components for 19 children with asthma
in Seattle, Washington. The investigators concluded that
the ambient-generated component of PM2.5 exposure is
consistently associated with increases in eNO, and the indoor-generated component is less strongly associated with
eNO.
Risk characterisation

The concentration of the ambient component of the
indoor air in European urban residences to the respective
concentrations in ambient air ranges from 20 to 45% for
PM10, 40 to 70% for PM2.5 and 60 to 90% for the secondary and primary combustion PM [28, 60-63].
Considering the time that European populations spend
indoors in average [64] and that the indoor air PM2.5 is in
average 40 to 70% of the outdoor air level, a great majority, 78 to 93% (corresponding to a lower limit of 90% of
time spent indoors and 40% PM2.5 indoor to outdoor ratio
and an upper limit of 95% of time spent indoors and 70%
PM2.5 indoor to outdoor ratio), of the observed health
effects of outdoor air PM2.5 could be attributed to indoor
exposures.
INDOOR GENERATED COMBUSTION PM
Health effects

Results from experimental toxicity studies and epidemiological studies demonstrate the negative effects of
indoor PM generated by combustion processes on health.
The majority of observed health effects related to indoor
PM are effects on the respiratory tract (COPD, asthma,
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wheezing, cough: evidence for wood combustion, and increased risk of squamous cell carcinoma of the respiratory
tract).
For indoor PM generated by combustion of wood,
this is supported by a wealth of animals and in vitro toxicology, human exposure data, and epidemiologic studies
[65-72].
The evidence for indoor PM from incense burning is
limited to in vitro toxicology [73] and one prospective
cohort study in China [74] while for cooking processes
and candle burning the evidence is limited to in vitro toxicology only [75, 76].
Risk characterisation

Balanced comparison of health effects between the
above indoor combustion sources and other combustion
sources (diesel) is not possible. A toxicity study [75] showed the highest toxic cytotoxicity response for PM generated
by gas burning for cooking, followed by wood PM, diesel
PM, and then by candle PM.

INDOOR GENERATED
1
MINERAL DUST PARTICLES
Health effects

No epidemiological data dealing with health effects
linked to mineral fraction of indoor PM is available to date.
Nevertheless, specific components, such as soil minerals,
boron, and metals have been classified as carcinogens or as
toxic to reproduction [77, 78], Regulation (EC) No 1272/
2008).
Risk characterisation

Re-suspension of tracked-in soil and re-suspension of
dust from indoor soil-like sources are major determinants
of indoor and personal PM10 but a minor source of indoor and personal PM2.5 [79-81]. In schools and kindergartens, where there are less indoor combustion sources
than in dwellings, the inorganic fraction in airborne particles may be higher [82]. Moreover, the intensive activities
(the number of persons occupying the room is larger than
in houses and in office buildings) increase re-suspension
and contribute to PM10 indoor levels [83, 84].
Although specific components of mineral particles are
toxic to reproduction or carcinogenic as mentioned above,
at the prevailing indoor concentrations, there is low if any
risk to building occupants [85]. For other health effects,
there is no or insufficient evidence to determine whether inhalation exposure to indoor mineral PM could be a contributing factor [82, 86]. Concerning metals, the potential
health effects of lead adsorbed to airborne particles should
be considered [87]; on the basis of existing knowledge and
1

Asbestos is a health relevant indoor air PM issue, mostly unrelated to
other indoor air PM risk issues, left out from this study as it is already
extensively covered in existing regulation and its use in buildings has
been long forbidden.

data, the indoor levels of lead on PM10 or PM2.5 are
around few ng m-3. On the other hand, according to WHO
[88], the annual average lead level in air protecting 98% of
an exposed population, including preschool children, should
not exceed 500 ng m-3. To conclude, current indoor levels
of lead adsorbed on PM appear not to be of concern.
INDOOR BIOLOGICAL PM
FROM INDOOR AND OUTDOOR SOURCES
Health effects

As shown in a number of population studies in different parts of the world, dampness, moisture and associated
microbial growth (“mold”) is strongly associated with
respiratory symptoms and other adverse health effects. This
may be the most important health issue linked with indoor
biological exposures, although the allergies connected with
allergen exposures also pose a threat to health. However, it
is not fully understood why building dampness and mold
are so harmful to health. Bioaerosols are mixtures of many
biologically active compounds which affect different body
functions and organs. The variety of respiratory symptoms
and diseases observed in indoor environments including damp and mould suggests that the airways are the primary route of entry for exposure agents. However, the causal
links between biological agents of indoor air and the health
effects and their mechanisms are still poorly known.
Fungal and bacterial exposures as well as isolated mycotoxins have been shown to induce inflammatory responses, asthma-sensitization, asthma exacerbation, COPD,
respiratory symptoms, respiratory infections, cough, wheeze,
dyspnoea, bronchitis, allergic rhinitis, and they may have
immune-stimulatory properties [89, 90].
Microbiological contamination of the indoor environment is common and can evoke infectious diseases, especially in susceptible people. The infection diseases include
well-known infections like Legionnaire's disease, tuberculosis, flu and new threats like Severe Acute Respiratory
Syndrome (SARS). Inhalation fever (IF), also known
as toxic pneumonitis, and organic dust toxic syndrome,
or humidifiers fever is documented to result from microbial exposures [89, 90].
Risk characterisation

The microbial exposure and exposures to bio-aerosols
in buildings always consist of relatively low and constantly changing concentrations of several different microbial
species, their spores, metabolites and components together with other compounds in indoor air, including chemical
emissions from building materials.
WHO guidelines [7] do not give any health-based numerical guidelines but are based on considering dampness
as the key indicator of biological contaminants of indoor
air associated with adverse health effects, and also as the
main target for exposure control measures. While quantitative guidelines could not be provided for the concentrations of biological agents, dampness has been suggested
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to be a strong, consistent indicator of risk for asthma and
respiratory symptoms.
SEMI-VOLATILE CHEMICALS
IN INDOOR ENVIRONMENT

The concern about exposure to SVOC indoors is also
linked to their occurrence in home dust, which could lead
to non-negligible exposure through ingestion, in particular
for infants [91]. The contribution of settled dust to human
exposure could represent a large part of the total exposure
for some phthalates [109, 110], PBDEs [101-112], PFCs
[113], and pesticides [92].

Health effects

Few data is available on health effects associated to
indoor levels of semi-volatile organic compounds. Independently from the indoor context, health concern is raising for some of them, especially for those which are suspected to be endocrine disruptors [91, 92]. Mechanism of
action, adverse effects, and dose-response relationships of
semi-volatile organic compounds are poorly understood,
or are even missing; still, a particular attention should be
paid regarding the possible health effects, such as asthma,
retarded male reproductive development, neurodevelopment
and behavioral problems, etc [93, 94], (28th and 29th adaptation to the technical progress of Directive 67/548/EEC).
Very limited information is available on the health effects of phthalates in humans or animals following inhalation [95]. Epidemiological studies in children show associations between indicators of phthalate exposure in the
home (e.g. concentrations in home dust, especially DEHP)
and risk of asthma and allergies [96, 97]. Recent inhalation
studies in mice have shown that non-occupational human
exposures to DEHP are unlikely to cause an adjuvant effect
or allergic inflammation in the lung [98, 99]. Pyrethrins and
pyrethroids pose relatively little hazard [100] to mammals
(including humans) by natural routes of exposure at levels
likely to be encountered in the environment, or resulting
from the normal use of pyrethrin- or pyrethroid-containing
mixtures. There is no evidence to indicate that long-term,
low-level exposure of humans to pyrethroids might result in
neurological effects, nor reproductive or developmental
effects [100].
Risk characterisation

Exposure studies regarding semi-volatile organic compounds remain very scarce at present, due to recent emergence of the issue and due to sampling difficulties. It should
be mentioned that for some compounds, such as polybrominated diphenyl ethers (PBDEs), there are different usepatterns in Europe and North-America, leading to different exposure pathways [101].
The few studies available to date give us a first picture
of SVOC levels in particulate phase in indoor air:
phthalates are the compounds for which the indoor concentrations are the highest (around 100-300 ng m-3 for the
maximum concentrations, [102]); pesticides are measured
around a few ng m-3 [103, 104]; PBDE mean concentrations are around 100 pg m-3 [105, 106]; Tetrabromobisphenol-A is between 10 and 15 pg m-3 [105]; finally,
depending on the congener, the polyfluorinated compounds (PFC) mean con-centrations are between a few pg
m-3 to more than 100 pg m-3 [107, 108].

PM GENERATED BY INDOOR AIR CHEMISTRY
Health effects

There is increased concern about the potential health
impact of indoor air chemistry, in particular of products
resulting from ozonolysis of terpenes that include UFP and
fine particles. However, it is clear that more research is required before definite conclusions can be reached [114, 115].
Findings of both animal and human exposure studies
indicate that gaseous limonene/ozone and pinene/ozone reaction products may cause trigeminal stimulation of the eyes
and upper airways at ozone and terpene concentrations that
are close to high-end values measured in indoor settings.
These findings could be partially due to the formation of
UFP, although the impact of ultrafine particles on shortterm symptoms like eye and upper airway irritation is still
unknown, and their possible role in the development of
effects in the lower airways is debatable [116, 117].
A few epidemiological studies have indicated that reactive chemistry may have been responsible for reported
sensory irritation symptoms. Specifically, a number of
studies related to cleaning activities, both professional and
domestic, including the use of cleaning sprays [120], indicate an increased prevalence of asthmatic symptoms among
the personnel (e.g. [118, 119]).
Based on bioassay studies [117, 121-124], human exposure studies [125-127] and epidemiological studies [118120, 128], the respiratory tract seems to be the principal
target site for both acute and chronic effects of terpene/
ozone reaction products, including UFP.
Risk characterisation

Whether UFPs or the gaseous oxidation products of
terpenes/ozone reactions are responsible for the biological
observed response remains controversial [117, 125-127].
Further research is needed to substantiate the results and
to better define the role of UFP generated by ozone and
terpene (d-limonene and α-pinene) reactions in the observed effects.
No specific literature is available on potential longterm health effects. However, the relationship observed in
epidemiological studies between ozone exposure and health
effects could be partially attributed to the action of products
of ozone-initiated indoor chemistry, particles included,
given the importance of population exposure indoors [116].
In experimental conditions, the generated UFP can reach
quite high levels, but more data from field studies are still
needed to demonstrate their contribution to real life indoor
air PM in the presence of many competing phenomena.
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in air pollution exposures and their respective health consequences.

ENVIRONMENTAL TOBACCO SMOKE (ETS)
Health effects

Several well-conducted studies have shown higher risk
of coronary artery diseases, lung cancer, respiratory diseases and stroke associated with exposure to passive smoke.
The body of evidence has been systematically reviewed
over many years by a number of different expert groups
[129-132], all of which have come to the same conclusions as those of the most recent report of the Surgeon General [133]. Second hand smoke was classified as a human
carcinogen by different organizations [133, 136].
Risk characterisation

It can be concluded from numerous investigations in
test chambers and in real indoor spaces that environmental
tobacco smoke (ETS) is a very important source of particles with mass concentration up to some hundred µg m-³
[134-138].
ETS indicates the mixture of sidestream smoke and
exhaled mainstream smoke that contaminates indoor air
when smoking is taking place. Tobacco smoking in indoor environments increases levels of respirable particles,
nicotine, polycyclic aromatic hydrocarbons, carbon monoxide, acroleine, and many other substances. Measurements
of components of tobacco smoke in public and commercial buildings, various workplaces, and residences have
shown widespread contamination by ETS. Studies using
biomarkers of exposure including nicotine and its metabolite, cotinine, have further shown that ETS components
are inhaled and absorbed by nonsmokers.
Numerous studies have demonstrated that smoke-free
policies are effective in decreasing ETS exposure to diverse toxic compounds and ETS-related substances with
subsequent improvements in cardiovascular and respiratory health and reduction in myocardial infarctions [139 144]. One of the most decisive studies was the intervention follow up of the January 2005 smoking ban in all indoor public places in Italy, which demonstrated an 8-11 %
reduction of acute cardiac events [145].
CONCLUDING REMARKS
ON RISK CHARACTERISATION
The average indoor PM in Europe ranges between 10
and 65 µg m-³ for PM2.5, and between 20 and 150 µg m-³
for PM10. Moreover, in a significant percentage of dwellings (>5%), concentrations higher than 100 µg m-³for
PM2.5 and 150 µg m-³ for PM10 have been observed.
Indoor air PM reflects both outdoor levels, in particular
the immediate environments of the buildings, and indoor
sources [15-18].
Given that most of Europeans spend more than 90% of
their time indoors, the combination of the generally higher
indoor concentrations and the overwhelming fraction of time
spent indoors results in the overall domination of indoor air

There is consistent evidence that exposure to PM experienced in indoor environments is associated with adverse
health effects, in particular in susceptible sub-population
groups, namely asthmatic children, elderly people or adults
with pre-existing diseases, such as COPD or cardiovascular disease.
The range of effects is broad, dominated by cardiovascular effects (such as reduced heart rate variability and
microvascular dysfunction), but also including acute eye
irritation, allergic effects, respiratory effects (from irritation to mild lung function impairment).
The observed effects could be due to adjuvant effect on
the immune response, increase in the IgE production, nonspecific irritation in the airways, local airways, and subsequently systemic, oxidative stress and inflammation, vascular dysfunction. There are some indications that indoorgenerated particles may be more bioactive than ambient
particles, often related to the presence of endotoxins and
other proinflammatory components in particles of indoor
origin.
Accordingly to the WHO review [57], current scientific evidence indicates that guidelines cannot be proposed
that will lead to complete protection against adverse health
effects of PM, as no thresholds have been observed. Rather,
the standard-setting process needs to achieve the lowest
concentrations possible in the context of local constraints,
capabilities and public health priorities. Based on known
health effects, both short-term 24-hour average guideline
(25 µg m-³ for PM2.5 and 50 µg m-³ for PM10) and longterm annual average guidelines (10 µg m-³ for PM2.5 and
20 µg m-³ for PM10) have been proposed by the WHO –
but even these levels are not assumed to provide full protection from adverse effects on health.
On the basis of available literature and given the complex composition of PM, further research on indoor PM
from indoor sources is needed. Further data on emerging
organic compounds (SVOC) adsorbed to airborne particles
is also required. Advanced exposure assessment and modelling should be performed, with a focus on indoor PM from
indoor sources, to improve and confirm the observed exposure levels in the general population. Since each person is
exposed to a combination of indoor-generated particles and
ambient particles infiltrated indoors, it remains a challenge
to evaluate the differential toxicity and health effects of
particles generated outdoors from those generated indoors.
Concerning PM generated by indoor air chemistry, it
appears evident that further research is need for a risk
characterization to be performed:
- to verify through targeted and field experimental work
the impact of terpenes on the aerosol formation indoors;
- to investigate the effects of secondary organic aerosols
(SOA) from ozone/terpenes at concentrations observed
in real life.
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RECOMMENDATIONS
AND MANAGEMENT OPTIONS
Clearly, parallel policies should be pursued; outdoor
air PM reduction measures and measures for new and
renovated buildings would provide targeted protection to
identified vulnerable groups. The risk reduction benefits
of these two policies are additive.
The following general recommendations and management options which are similar to those given in the INDEX report [14] apply to most or many indoor air contaminants including indoor air PM from outdoor and indoor
sources:
• Ban tobacco smoking in all indoor spaces under public
jurisdiction, and working places. Raise public awareness on the hazards of tobacco smoke, and discourage
smoking in the homes, particularly in the presence of
children.
• Mandate all combustion based indoor and water heating
equipment to be flued outdoors via a chimney, gas stoves
to be equipped with local exhaust fans, and all residential indoor spaces with combustion devices to be
equipped with fire (i.e. combustion particle) and carbon monoxide alarms.
• Select hard, moisture resistant and easily cleanable
flooring materials, and provide cleaning instructions to
minimise the accumulation and resuspension of floor
dust. In schools and day-care centres, the indoor air
floor/ house/mineral dust concentrations are a particular concern, and should be regularly monitored during
normal daily activities to ensure that both cleaning
protocols and ventilation practices are sufficient.
• The design of new and improvement of existing ventilation systems should ensure the dilution of the predictable indoor (non-ambient) PM concentrations below the guideline levels recommended, and provide
adequate ambient PM filtration considering the ambient
air quality at the location of the building. Proper design
should be complemented with maintenance and use instructions to ensure that the design objectives are met
over time.
• Integration of all IAQ related policies and their interfaces in order to tackle the IAQ issue in a comprehensive and holistic way. In this context, the periodic inspection, verification and cleaning of Heating Ventilation and Air Conditioning (HVAC) systems, as well as
the proper location of air intake, are recommended because both aspects play a crucial role for the dispersion
and accumulation of PM in indoor environments.
• The only acceptable sources of moisture in a building
are human metabolism and human activities, e.g. cooking, washing and bathing. Any accumulation of moisture
from the former should be controlled with good building
practices and maintenance as well as general ventilation.
For the latter, local exhausts should ensure that indoor
air moisture does not condense on and is not adsorbed
into the building surfaces. Observations of excess mois-

ture, e.g. high indoor air humidity, which cannot be explained by temporary human activities and outdoor air
humidity, should lead into a thorough investigation to
identify and remedy its source.
• Raise public awareness about the various acute and longterm risks of exposure to indoor air PM pollution from
indoor sources by campaigns focused on specific and
concrete issues and on relevant target populations.
Specifically for PM the following facts should be noted:
- Indoor air level of ambient PM2.5 is typically 40-70%
of the respective ambient air levels, and in the absence
of any particular indoor sources (tobacco or other combustion), the indoor PM2.5 levels including the nonambient component still remain below the ambient air
PM2.5 levels.
- In the construction of new buildings or major renovations of the existing buildings, effective means of controlling the penetration of ambient PM to indoor spaces
are currently available.
- By appropriate selection, maintenance, and local exhaust ventilation of the heating and cooking equipment,
and by banning of indoor tobacco smoking, the most frequent, prominent and harmful indoor sources of PM2.5
are diminished.
- The health risk associated with the exposure to PM10
and PM2.5 appears to grow linearly already at the lowest concentrations for which epidemiological evidence
is available and consequently, no relevant threshold concentration can be estimated [57].
On the basis of the above-mentioned facts, future indoor air quality guideline for PM could include three components, for each of which recommendations should be met
independently of the others:
- Indoor air PM10 and PM2.5 concentrations should be
kept as low as reasonably achievable (ALARA) considering the economic and social conditions.
- Neither short (8 to 24 h) nor long term (30 d to 1 y)
indoor air PM concentration should exceed the respective outdoor air PM concentration.
- In new non-residential buildings (or renovated buildings), the indoor air PM10 and PM2.5 concentrations
averaged over any 24-h period should not exceed 50
and 25 µg m-3, respectively, regardless of the ambient
air PM concentrations.
The recommendations and management options proposed would - according to present knowledge - protect the
general population and most individuals most of the time,
but they will not prevent all health effects to all individuals
in all conditions, such as highly reactive asthmatics and
individuals with other respiratory or cardiovascular disease.
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ABSTRACT
Currently, various techniques and methods are used to
enhance the collecting efficiency of electrostatic precipitators. In this paper, experiments of simulating flue gas purification are carried out using a laboratory-scale transverseplate electrostatic precipitator (TPESP) system, and the dust
collecting mechanism of TPESP is also discussed. The influence factors of dust collecting efficiency are examined,
such as initial dust density, working voltage, effective dust
collecting area and gas velocity. From the experimental
results, the dust collecting efficiency of a single electric field
in TPESP is 3 times more than in a traditional ESP, and TP
system decreases traditional ESP volume effectively. Miniaturization of TPESP is realized, and its one-off investment
is greatly reduced.

KEYWORDS: electrostatic precipitator (ESP); transverse-plate
ESP; (TPESP), high gas velocity; dust collecting efficiency.

INTRODUCTION
Along with the rapid economic development in the
world, more energy will be consumed, resulting in the increase of mist and dust pollutants. Excessive dust discharges seriously harm public health, destroy the survival
of human environment, and affect the economic sustainable development. Therefore, any modern industry kiln stove
must be equipped with effective dust-collecting devices to
purify the flue gas [1, 2]. Because the electrostatic precipitator (ESP) can remove the dust with high temperature
(350 °C) and high humidity (40%, v/v), has an enormous
smoke-treating capacity with less pressure losses (100300 Pa) and collects tiny dust with lower operating costs,
it is universally accepted as a highly effective equipment
[3-6]. At present, the ESP’s market share in China is 75%,
and China has become one of the largest users with respect to ESP production and application in the world [7].
However, the traditional ESP still has drawbacks because

its gas flow direction is parallel to the dust-collection plates,
merely depending upon the static electricity to collect the
charged particles, and the gas velocity has a negative influence in dust-collecting process. In order to obtain higher
dust collecting efficiency, the velocity in ESP must be
lowered to the range of 0.6 to 1.2 m/s, and the dust usually
has to stay in the ESP for 4 to 5 s [1]. Therefore, the traditional ESP often has a huge volume wasting a lot of steel,
and initial investment is high.
Researchers all over the world have never given up to
improve efficiency of traditional ESPs. In 1963 and 1971,
scholars in former Western Germany and the Soviet Union started to study on the ESP, when gas flow direction is
vertical to the dust-collection plates [8], but dust collecting
efficiency was only slightly enhanced, the gas velocity still
maintained at 0.8-1.2 m/s, and the area of effective dust
collecting plates and the electric field length for ESP were
not reduced obviously. In the 90s, Bai Xiyao et al. [9] did
a feasibility study on the ESP with dust-collection plates
vertical to the gas flow direction.
In our previous study, the dust collecting efficiency
of a laboratory-scale transverse-plate electrostatic precipitator system can increase to above 95%, when the volumetric flow of flue gas is 3860 m3/h, the gas velocity is
1.75 m/s, initial dust density is 5 g/m3, working voltage is
47 kV, the distance from wire to plate is about 0.18 m, the
length of effective electric field is 2.8 m, and the area of
effective dust collecting plates is 14.5 m2; the dust collecting efficiency can be increased to 99.54 %, when the
volumetric flow of flue gas is 1787 m3/h, the gas velocity
is 0.81 m/s, and the other conditions remain stable. These
results of TPESP system are compared with the results obtained from traditional ESP, by experimental measurements.
The paper closes with a conclusion including a discussion
on the practical application of TPESP system.
MATERIALS AND METHODS
Experimental principles
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The traditional board-style ESP was fixed with the
dust-collection plates which are parallel to the gas flow
direction (Fig.1). As can be seen, the dust particles’ velocity µ p is the vector sum of the gas velocity µ and the drift
velocity ω. In time increment Δt p, δ = ωΔt p, all the dust
in boundary layer δ would be collected in the dust-collection
plates. However, the particles in the flue gas with high
velocity cannot be collected effectively due to the length
of the dust-collection plates.
Gas flow direction

K
µ
δ

µp

ω
A

FIGURE 1 - The dust collection plate is
parallel to the wind direction in the traditional ESP.

The double C type dust-collection plates can collect
the dust particles on the plate surface by the electric field
force, and make the dust particles, not collected by electrostatic force but flowing along the surface of dustcollection plates, being captured by the cyclone principle.
The gas distribution plate makes the gas flow distribution
at the inlet, but dust-collection plates behind can also play
the same role, to reduce the demand for the gas distribution plate. The double C type dust-collection plates can restrain the dust particles from vibration in the double C
troughs, in addition to the inhibitory effect in the electric
field, and dust particles are not easy to produce re-entrainment phenomena. Because of the turbulent gas flow along
the surface of the dust-collection plates, the great improvement of movement path of dust particles and the advancing function of the gas flow to the dust particles, they
can be driven to the dust-collection plates in a short time
by the higher velocity. Therefore, the section area, length
and volume of the ESP are reduced by several times compared to the traditional ESP, and miniaturization of ESP is
realized.

K

µ
δ

ω

µn

A

Gas flow direction

The dust collecting efficiency could be improved by
decreasing the gas velocity, lengthening the dust-collection
plates and increasing the drift velocity ω, etc. But the best
choice under economical aspects is to enhance the drift
velocity ω. However, Coulomb's force in the electric field
is nearly marginal, and drift velocity can only be able to
improve in a very small scope for the limit of the electric
field disruptive strength.

The star wire
discharge electrodes

The double C type
dust-collection plates

Inlet

Outlet

FIGURE 3 - Section view of a transverse-plate electrostatic precipitator (TPESP).

FIGURE 2 - The dust collection plate is
vertical to the wind direction in the new type ESP.

Experimental process flow and equipment
I. Particle size range test for coal-fired boiler fly ash

Figure 2 shows the gas flow direction vertical to dustcollection plates. The particles velocity µn is the algebraic
sum of the velocity u and the drift velocity ω in the
boundary layer, and thus the velocity depositing dust
particles to the collection plates is greatly enhanced. The
boundary-layer broadens, and the time of the particles to
be collected is highly reduced. The gas velocity is transformed to an advantageous factor of collecting the dust
particles, and then, dust-collecting efficiency can be greatly
enhanced [9].

Test results using an Ankersmid CIS-50V type particle size and shape analyzer (Ankersmid Ltd., Netherlands)
for the particle size analysis of coal-fired boiler are shown in
Table 1. The dust particle size in ESP inlet ranges between 0140 µm, and the average dust particle size is 72.63 µm.
When using a high voltage dust resistivity testing system
(China), dust resistivity (DR) of coal-fired boiler fly ash is
about 8.5×107Ω•cm.

According to hydromechanics, the new TPESP in this
project adopts the double C type dust-collection plates,
and the surface of formal structure is comparative to half
of the cyclone separator. The section view of TPESP is
shown in Fig. 3.

The experimental process flow chart of the TPESP
system is shown in Fig. 4. The volumetric flow of flue gas
can be adjusted to 2670-6870 m3/h by the air-blower. A
certain amount of dust produced by the air compressor
and the dust feeding device as well as the gas produced by
the air-blower generate a certain amount of the simulated

II. The effect of dust initial concentration on dust collecting
efficiency
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flue gas. The dust particles are collected after the collecting part of the TPESP, shipped out by the ash-cleared
system, and then purified flue gas is let out to the air.

Two TH-880IV type microcomputer parallel sampling
instruments of mist and dust are adopted in the experiment
to examine the dust density and the concerned parameters

TABLE 1 - The particle volumes in inlet region.
Dust particle size interval
(µm)
0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100
100-110
110-120
120-130
130-140

Local (%)

Undersize (%)

Oversize (%)

0.85
3.10
7.47
9.55
10.83
12.15
7.23
5.53
7.84
5.85
7.46
10.44
7.84
3.86

0.85
3.95
11.42
20.97
31.80
43.94
51.17
56.70
64.55
70.39
77.86
88.30
96.14
100.00

99.15
96.05
88.58
79.03
68.20
56.06
48.83
43.30
35.45
29.61
22.14
11.70
3.86
0.00

High voltage power supply
Outlet

Inlet
TRANSVERSE-PLATE ESP

Air blower

Dust-cleared system

Dust-inspect system
FIGURE 4 - The process flow chart of the HWSCESP.

in inlet and outlet of the TPESP system, respectively. The
GGA102-12 type high voltage DC power supply is used
to supply DC high voltage for TPESP, whose maximum
output voltage and electric current are 72 kV/50 mA. A
Q4-type high voltage electrostatic meter is used to examine DC voltage values.
RESULTS AND DISCUSSION
The effect of the dust initial concentration on the dust collecting efficiency

Different methods should be adopted for the flue gas
with different dust densities. Under ordinary conditions,
the initial dust density in the entrance of ESP should not
be >40-50 g/m3. When the ESP works normally, the corona current basically results from the gaseous ion movement. Moreover, the electric charge activity greatly reduces and the so-called corona seal occurs in ESP, leading
to the decrease of electric current and efficiency, when the

dust concentration is excessive, the majority of spatial ion
electric charge occurs on the dust particles, and the moving velocity of dust particles is far lower than the velocity
of ions.
Effecting experiments of dust initial concentration on
dust collecting efficiency are done, and the experimental
results are shown in Fig. 5 (the electric field work voltage
is 47 kV, the area of effective dust collecting plates is
14.5 m2, the distance from wire to plate is about 0.16 m,
the length of effective electric field is 2.8 m, the gas velocity is 1.73-1.75 m/s, the atmospheric pressure is 101.3 kPa,
the Pitot flow coefficient is 0.841, the average smoke temperature is 9 °C, the inlet average pressure is -0.21 kPa,
and the outlet average pressure is 0.94 kPa).
As shown in Fig. 5, the effect of the dust initial concentration on the dust collecting efficiency is not distinct.
When the dust initial concentration is smaller than 5 g/m3,
the dust collecting efficiency is relatively low (lower than
95%); while the dust initial concentration ranges from 5 to
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45 g/m3, the dust collecting efficiency is relatively stable
(95-98%); when it surpasses 45 g/m3, the dust collecting
efficiency drops slightly. However, the drop tendency of
the dust collecting efficiency is relatively mild, and this is
different from the traditional ESP where the dust collecting
efficiency drops sharply under the same conditions. The
reason is that the transverse-plate ESP system is equal to
the synthesis of the cyclone separator and the ESP. The
special dust-collection plates are arranged gradually as scale
shape, when the high concentration dust passes through the
front-row plates, cyclone dust collecting mechanism plays
an important role, and the corona seal appears from the
ESP mechanism, and, therefore, dust collecting efficiency
drops. When the dust passes the back-row plates, the concentration of the dust drops before the two type mechanisms play a role at the same time, and so the dust collecting efficiency just drops slightly.

enhancement when the rest conditions are certain. While
the working voltage increases from 20 to 40 kV, the increasing trend of the dust collecting efficiency is prominent; when the working voltage increases from 40 to 47 kV,
and the increasing trend of the dust collecting efficiency is
mild.
Moreover, as a result of the collecting process, the device design and the installation, the working voltage only
can be adjusted to 47 kV, when it is beyond the value, the
spark discharge appears in the system and the working voltage drops sharply, then the experimental effect is affected.
In the future, we can enhance the precision of the device
installation to increase the working voltage value, and then
improve the dust collecting effect.

100

Efficiency (%)

90
80
70
60

0

10
20
30
40
50
3
The dust initial concentration (g/m )

60

FIGURE 5 - Effect of the dust initial concentration on the dust
collecting efficiency.
The effect of the working voltage on the dust collecting efficiency

When the ESP is working, the high-voltage corona
electric field occurs nearby the corona electrode, which
causes the corona discharge and charged dust particles. The
particle directional movement appears under the electric
field, and then the dust collecting effect takes place. Under
certain conditions, the dust collecting effect is improved
with the increase of the working voltage. But when the
working voltage is too high, the spark discharge will occur,
and then the dust collecting efficiency will drop.
In the experiments, the dust initial density is 5 g/m3,
the effective dust collecting surface is 14.5 m2, the wind
speed is 1.75 m/s, the atmospheric pressure is 101.3 kPa,
the Pitot coefficient is 0.841, the average smoke temperature is 9 °C, the entrance average pressure is -0.24 kPa, and
the outlet average pressure is 0.93 kPa. The experimental
results of the effect of working voltage on the dust collecting efficiency are shown in Fig. 6.
The experimental results indicate that the dust collecting efficiency is enhanced along with the working voltage

FIGURE 6 - Effect of the working voltage on the dust collecting
efficiency.
The effect of effective dust collecting area on the dust collecting efficiency

When other conditions are invariable, the effective
dust collecting area increased with increasing number of
the dust collecting plates.
In the experiments, the dust initial density is 5 g/m3,
the effective dust collecting surface is 0-14.5 m2, the
wind speed is 1.73-1.76 m/s, the atmospheric pressure
is 101.5 kPa, the Pitot coefficient is 0.841, the average
smoke temperature is 20 °C, the entrance average pressure is
-0.25 kPa, and the outlet average pressure is 0.96 kPa. The
experimental results of the effect of the effective dust
collecting area on the dust collecting efficiency are shown
in Fig. 7. The x-coordinate data represents the effective
dust collecting area when 0-9 rows of the dust collecting
plates are charged, respectively.
100
Efficiency (%)
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FIGURE 7 - Effect of dust effective collecting area on the dust
collecting efficiency.

The experimental results indicate that the effect of effective dust collecting area on the dust collecting efficiency
is obvious, the dust collecting efficiency rises along with
the enhancement of the effective dust collecting area when
other factors are stable. Among them, the escalation trend
of the dust collecting efficiency is prominent from 0 to 6
rows of the plates, but the trend is mild from 6 to 9 rows
of the plates.
When high voltage is not applied, only the cyclone
mechanism takes effect, and the dust collecting efficiency
can reach >70%; even if 9 rows of the plates are completely applied with high voltage, the area of dust collection plates is only 14.5 m2, and meanwhile, the area is still
far smaller than the traditional ESP. And it can be seen
from the experimental results, the dust collecting efficiency
is not lower than with traditional ESP when the other conditions are the same. This means that the miniaturization of
the transverse-plate ESP system can be realized.
The effect of the gas velocity on the dust collecting efficiency

For a certain model of ESP, the dust collecting efficiency is correlated with the volumetric flow of flue gas in
the certain scope. If the volumetric flow of flue gas exceeds
the designed flow, the dust collecting efficiency is still not
able to meet the design requirement. The reason for a reduced dust collecting efficiency is mainly due to the increase of gas flow velocity, the decrease of dust particles
and ions collision, the enlargement of the quantity of the
dust particles which are carried off by the high-speed gas
flow, and another raise of the quantity of dust particles
which have already gathered. Meanwhile the re-entrainment
phenomena are enlarged. In general, it is suitable for the gas
velocity to be 0.6`-1.3 m/s, and that is the reason why the
initial investment of ESP is so high.
The gas velocity is taken as a variable parameter to
examine the function factor of the dust collecting effi-

ciency, and experimental results are shown in Fig. 8 (the
dust initial density approximately is 5 g/m3, the working
voltage is 47 kV, the effective dust collecting area is 14.5 m2,
the atmospheric pressure is 101.6 kPa, the Pitot coefficient
is 0.841, the average flue gas temperature is 10 °C, the
entrance average entire pressure is -0.22 kPa, and the
outlet average entire pressure is -0.96 kPa).

100
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FIGURE 8 - Effect of flue gas velocity on the dust collecting efficiency. 60
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The experimental
results
illustrate that the effect of
the gas velocity has an apparent influence on the collecting efficiency. When the other experimental conditions are
identical, the dust collecting efficiency is reduced (99.54 to
95.10 %) along with the enhancement of the gas velocity
(from 0.81 to 1.76 m/s). When the gas velocity is higher
than 1.8 m/s, the reduced tendency is relatively obvious.
The test of the dust collecting classification efficiency

In order to reveal the rules of collecting dust particles
within a certain size range in transverse-plate ESP, fly ash
samples from the entrance and outlet of the duct were taken,
respectively (applied voltage or without voltage), and fly
ash particle sizes of the coal-fired boiler were analyzed
with the CIS-50V type Size and Shape Analyzer (results
in Tables 1, 2 and 3). The other experimental parameters
are as follows: effective dust collecting area 14.5 m2, gas
velocity 1.73-1.75 m/s, atmospheric pressure 101.3 kPa,
Pitot coefficient 0.841, average temperature of smoke 20 °C,
as well as inlet or outlet average pressure -0.25 or 0.96 kPa.

TABLE 2 - The particle volume ranges table in the outlet (applying voltage).
Dust particle size interval (µm)

Local (%)
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0.0-10.0
10.0-20.0
20.0-30.0
30.0-40.0
40.0-50.0
50.0-60.0
60.0-70.0
70.0-80.0
80.0-90.0
90.0-100.0
100.0-110.0
110.0-120.0

3.28
6.29
10.72
9.22
11.89
14.58
8.10
10.53
12.44
9.56
2.04
1.35

3.28
9.57
20.29
29.51
41.40
55.98
64.08
74.61
87.05
96.61
98.65
100.00

96.72
90.43
79.71
70.49
58.60
44.02
35.92
25.39
12.95
3.39
1.35
0.00

TABLE 3 - The particle volume ranges table in the outlet (without voltage).
Dust particle size interval (µm)
0.0-10.0
10.0-20.0
20.0-30.0
30.0-40.0
40.0-50.0
50.0-60.0
60.0-70.0
70.0-80.0
80.0-90.0
90.0-100.0

Local (%)
2.93
9.76
10.75
14.80
16.68
12.09
11.09
9.26
7.47
5.17

When an electric field is applied, high DC voltage is
47 kV, and dust collecting efficiency is 95.10%; but without high DC voltage in the system, it is 71.52%.

When high DC voltage is applied to the transverseplate ESP system, the dust collecting classification efficiency is as follows:

g
η i = 1 − (1 − η ) 2i
g1i

80
60
40

applying voltage
without voltage

20

(1)
0

When high DC voltage is not applied to the transverse-plate ESP system, the dust collecting classification
efficiency is as follows:

g
η i = 1 − (1 − η ) 3i
g1i

Oversize (%)
97.07
87.31
76.56
61.76
45.08
32.99
21.90
12.64
5.17
0.00

100

Efficiency(%)

The dust collecting classification efficiency is commonly calculated by Eqs. (1) and (2) [24].

Undersize (%)
2.93
12.69
23.44
38.24
54.92
67.01
78.10
87.36
94.83
100.00

0

20

40

60

80

100

120

140

The particle volume ranges(um)
FIGURE 9 - Effect of the particle size on the dust collecting efficiency.

(2)

In Eqs. (1) and (2), η is the dust collecting classification efficiency; g1i is quality frequency in the entrance of
transverse-plate ESP; g2i is the quality frequency in the
outlet with applying voltage, and g3i is that in the outlet
without applying voltage.
The calculating results of the dust collecting classification efficiency are shown in Tables 1, 2, and 3, according to the analysis data in Table 4 and Fig. 9.

The cyclone separator plays the only role when the
TPESP system is not applied with high DC voltage, and
the efficiency increases with the dust particle size. When
dust particle size range is between 0-10 µm, the efficiency
is only 1.83%, when it is between 10-20 µm, the efficiency is about 10%, when the dust particle size range is 2080 µm, it remains at 50%-60%, but when the dust particle
size is from 80-100 µm, it increases by more than 70%,
and, finally, when it is greater than 100 µm, it is up to
100%.

TABLE 4 - The calculation table of the dust collecting classification efficiency.
Dust particle size
interval /µm

Quality frequency/%
Entrance g1i

Outlet g2i (applying voltage)

Classification efficiency
Outlet g3i (without voltage)
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Applying voltage

ηi /%

Without voltage
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0-10
10-20
20-30
30-40
40-50
50-60
60-70
70-80
80-90
90-100
100-110
110-120
120-130
130-140

serial number
1
2
3
4
5
6
7
8
9
10
11
12
13

0.85
3.1
7.47
9.55
10.83
12.15
7.23
5.53
7.84
5.85
7.46
10.44
7.84
3.86
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3.28
2.93
81.09
6.29
9.76
90.06
10.72
10.75
92.97
9.22
14.80
95.27
11.89
16.68
94.62
14.58
12.09
94.12
8.10
11.09
94.51
10.53
9.26
90.67
12.44
7.47
92.23
9.56
5.17
91.99
2.04
0.00
98.66
1.35
0.00
99.37
0.00
0.00
100.00
0.00
0.00
100.00
TABLE 5 - The comparison with traditional ESP and transverse-plate ESP
traditional
ESP
0.97
2320
220
3
Double C
30
Burry wire
25.7
4360.0
45.1
0.7
5.1
99.54

item
-1

Gas velocity/m•s
Gas volume/ m3•h-1
Homopolar distance/mm
Amount of electric field
Type of dust-collection plate
Area of dust-collection plate
Type of discharge electrodes
Drift velocity/ cm•s-1
Concentration of dust/mg•m-3
Length of discharge electrodes/m
Effective area of section/m2
Effective length of electric field/m
Dust collecting efficiency %

The combination of ESP and cyclone separator results in better dust collecting efficiency when 47 kV DC
is applied. When the dust particle size range is between 010 µm, the efficiency is about 81%, when it is between
10-100 µm, it remains at 90-95%, but when it is 100-120
µm, it increases to more than 98%, and up to 100% with
dust particle size >120 µm.

TRANSVERSE-PLATE
ESP
1.75
3780
235
1
Ω-Double C
14.5
Star wire
119.8
5025.1
13.2
0.31
2.8
99.85

margin

ratio

+0.78
+1460
+15
-2
-15.5
+94.1
+665.1
-31.9
-0.39
-2.3
+0.31

+1.80
+1.63
+1.07
-3
-2.07
+4.66
+1.15
-3.42
-2.26
-1.82
+1.003

100

Efficiency(%)

90

As a result, transverse-plate ESP has conspicuous advantages compared with the traditional ESP, especially in
the dust collection of fine particles.

80
70

ESP
TPESP

60

The comparison of transverse-plate ESP with traditional ESP

This comparison is shown in Table 5. The length and
dust collecting area of transverse-plate ESP is reduced by
50% with regard to traditional ESP, but its transverseplate ESP volume is also greatly reduced. Meanwhile, the
gas velocity in TPESP system can reach 1.75 m/s, and the
drift velocity of particles which is greatly enhanced is
nearly 5 times more than that in traditional ESPs. The
dust collecting efficiency of single electric field in TPESP
is also 3 times more than in traditional ESPs. Therefore,
the TPESP needs less steel than traditional ESP, and realizes ESP miniaturization.

1.83
10.33
59.14
55.86
56.14
71.66
56.31
52.31
72.86
74.83
100.00
100.00
100.00
100.00

50
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10
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30
40
Particle diameter(µm)

50

60

FIGURE 10 - The fractional efficiency of the TPESP and traditional
ESP.

In order to clearly point out the potentials for an improved dust collection performance through optimized arrangement of the discharge electrodes, fractional efficiency
measurements were carried out. Figure 10 illustrates the obtained fractional efficiency curves for a constant operation
(voltage is 47 kV, gas velocity is 1.7 m/s, and the area of
dust collection plates is 14.5 m2). The curve clearly shows
that the collection efficiency of the TPESP nearly reaches
87% when the dust particle size range is between 5-10 µm.
Therefore, the laboratory-scale high velocity ESP has conspicuous advantages compared with the traditional ESP,
especially in the removal of fine particles.
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trostatic Precipitator, IEEE Transactions on Industry Applications 38 (3), 852-857.

CONCLUSIONS
(1) The dust-collection plates are vertical to the gas
flow direction in transverse-plate ESP. The velocity of the
dust particles µ n is the algebraic sum of the gas velocity µ
and the drift velocity ω in the boundary layer; thus, the
velocity bringing the dust particles close to the dustcollection plates is greatly enhanced. The boundary-layer
broadens and the time for the dust particles to be collected
reduces greatly, so the dust collecting effect can be highly
improved.
(2) The influence factors of the dust collecting efficiency, such as initial dust density, working voltage, the
area of effective dust collection and velocity of flue gas,
are studied in the experiments, and certain reference data
are obtained from application of this technology.
(3) As the volumetric flow of flue gas is 3860 m3/h, the
gas velocity is 1.75 m/s, the initial dust density is 5 g/m3,
the working voltage is 47 kV, and the effective dust collecting area is 14.5 m2, the dust collecting efficiency can
be up to 96%.
(4) Because the double C type dust-collection plates
are adopted and arranged vertically to the gas flow direction, the dust particles can be driven to the plate and collected with a relatively high gas velocity in a short time.
Therefore, the section area, length and volume of ESP are
reduced by several times compared with the traditional
ESP, and its miniaturization can be realized.
(5) Compared with the traditional ESP, the transverseplate ESP has more advantages, especially in the dust collection of fine particles.
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ABSTRACT
Ozone-sensitive (Bel W3) and ozone-resistant (Bel B)
tobacco cultivars were employed in this study to evaluate
the effect of tropospheric ozone on plants in Poznań city
and surrounding area. These common ozone bioindicators
were exposed at five exposure sites, three in the city and
two in a rural area. Four exposure series, each of two weeks’
duration, were performed during the 2007 growing season,
and each time new plants were used for the exposure. Differences in ozone-caused visible leaf injury of the sensitive
cultivar were observed between exposure sites and series.
We confirmed the usefulness of tobacco plants as ozone bioindicators in the Wielkopolska region, even at low tropospheric ozone levels. Moreover, ozone’s influence on growth
of plants and leaves, especially in the sensitive cultivar,
was observed. We also noted a relationship between ozone
uptake and the plants’ cell membrane stability, which may
be a good indicator of ozone stress to plants. Exposure of
Bel W3 tobacco plants to ambient ozone leads to the biosynthesis of salicylic acid, which correlated with visible injuries of leaves caused by ozone. Higher phenolic compounds concentrations were also observed in the Bel W3
cultivar, while Bel B plants exposed to ambient air exhibited levels comparable to those of control plants.

KEYWORDS: ozone, tobacco, plant growth, chlorophyll, cell
membrane injury, salicylic acid

INTRODUCTION
In the early 1950s the harmful effect of tropospheric
ozone on plants was discovered. Detailed scientific investigations confirmed its phytotoxic effect [1]. Ozone enters
the plant via stomata, and there reacts with water and cell
wall surfaces leading to the creation of reactive oxygen
species (ROS) in the mesophyll apoplast and understomatal

intercellular spaces. The oxidative stress caused by ozone
is preceded by the peroxidation of lipids and proteins of cell
membrane due to high accumulation of ROS. This leads to
further disturbances in functioning of cell membranes by
changes of their structure and ion transfer, ultimately causing
the loss of its selectivity, in permeability, changes in ion
balance and the lack of ion balance of cells [2, 3, 41].
Changes in permeability of the cell membrane can affect
either direct collapse or the generation/activation of intracellular response to oxidative stress, similar to a plant’s hypersensitive response (HR) to pathogens, with programmed cell
death as its main feature [2].
The plant’s response to oxidative stress is the generation of several compounds that play a crucial role in scavenging of ROS, as well as the regulation of plants’ intercellular response to stress. One of these compounds is salicylic acid, which plays regulatory roles in plant resistance
to pathogens and, probably, to other factors causing oxidative stress (ozone, xenobiotics, heavy metals, etc.) [16, 30].
SA alters hydrogen peroxide metabolism in infected plants
by intensifying SOD activity and inactivating CAT and APx,
thus leading to the accumulation of hydrogen peroxide which
oxidizes cell constituents, reduces the efficiency of photosynthesis and destroys cell membranes leading to the cell
death [12, 33].
Plants synthesize a wide range of phenolic compounds,
which function as signal substances, attractants for pollinators, and protective agents against UV radiation, excessive
light and air pollutants. They regulate senescence, regeneration and degradation processes due to cell damage. Changes
in content of phenolics induced by pollutant-stress are
probably connected with higher energy demand and a consequent increase in respiration of stressed plants, with oxidation of these substances to quinones, lignin production
and separation of damaged (necrotic) leaf tissues [3, 15].
Ozone-caused increase of phenolics concentration has been
reported especially for phenolic acids, tannins and terpenoids in several tree species [24, 35], providing protection/
defense against oxidative damage [14, 24, 28].
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Ozone causes yield losses of common crop plants,
decreases tree growth, and negatively affects the biodiversity of ecosystems. A negative effect on photosynthesis, including decreases of carbon assimilation, and plant growth
and biomass, were found [25, 40]. Visible leaf injuries of
many plant species were also noted, which subsequently
might cause economic losses, especially in the case of plants
whose value is connected with visible quality of leaves [4].
Visible ozone symptoms occur in many plant species.
They appear as white, brown, or black spots on the upper
side of the leaf, where most tree species and some herbs
may also exhibit red spots between veins. These spots may
develop into necrosis. For some plant species ozone effects
appear as bifacial leaf necrosis, and for others as chlorosis
and whole leaf bronzing. Ozone might also cause premature senescence and, further, early leaf dropping [5, 34, 39].
The sensitivity of plants varies between species. It might be
connected with varying amounts of antioxidants in more
tolerant species or with leaf morphology, i.e., numbers of
stomata. Even plants of the same species might differ in
their response to ozone [7, 37, 40].
Tobacco plants were found several years ago to be
the best tropospheric ozone bioindicators. Response of the
supersensitive cultivar (Bel W3) to ozone occurs as bifacial necrosis. Visible response might be also seen in the
resistant Bel B tobacco cultivar, but only in the presence
of very high ozone concentrations, and it develops on the
upper side of the leaf [22, 23]. The lack of visible response
of both tobacco cultivars means low ozone concentration in
ambient air. Injuries observed only in the sensitive cultivar
indicate medium ozone concentration [26]. So, by exposing
both cultivars at one place it is possible to evaluate the
ozone level in ambient air.
The impact of ozone on plants in ambient air conditions is connected with many factors, which could influence
ozone creation and plant response, as well. So, the aim of the
presented study was to investigate the differences in response of sensitive and resistant tobacco cultivars to ozone
under ambient air conditions, as well as correlation of some
growth and biochemical parameters with other ambient air
conditions.
MATERIALS AND METHODS
Experimental design

Two tobacco cultivars with different sensitivity to ozone
were employed in this experiment. Plants were cultivated
for eight weeks in a greenhouse, and afterwards exposed to
ambient air for two weeks at five sites. Three sites were
located in the Poznań city area where continuous air monitoring was conducted, including tropospheric ozone measurements, by the Provincial Environmental Inspectorate of
Wielkopolska. The other two exposure sites were in a rural
area. All sites differed in location and meteorological characteristics (Table 1). Three plants of sensitive Bel W3 and
three of resistant Bel B tobacco cultivar were exposed at

each site. Four exposure series (30.07-12.08, 13.08-26.08,
27.08-09.09, 10.09-23.09) were performed during 2007,
and each time new plants were used for the exposure. During each series similar sets of plants were cultivated under
controlled conditions without ozone, where similar cultivation conditions were performed as at exposure sites. Plants
were cultivated in 1.5 L pots, filled with standard soil mixture – peat and quartz sand in 8:1 proportion. The soil was
supplied with slowly released fertilizer sufficient for whole
cultivation and exposure period. Plants were cultivated for
eight weeks and for further experiment (exposure and control) the similar size of plants without mechanical injuries
were selected. Pots with plants were located in foam racks,
which protected plants against high outside temperature.
The continuous water supply was conducted by glass fiber
wicks placed in pots and tray filled with water, which
was located under the foam racks with pots. Each exposure site looked the same – set of plants in pots put in the
foam rack together with tray was placed on an aluminum
structure at height 90 cm and covered by shading fabric,
which protected against unfavorable meteorological conditions (such as strong winds and storms).
TABLE 1 - Exposure sites characteristics.
Name of site
Botanical
Garden

Number Location
of site
1
North-Western part
of Poznań city

Kaponiera
Round
Polanka

2

Tarnowo

4

Owińska

5

3

Description
Shrubs and trees in the
surroundings

City centre

Road site, surrounded by
high buildings
East-Southern part of Low buildings and flats
the city
in the nearest area
15 km West to
Agricultural area
Poznań
15 km North to
Surrounded by high
Poznań
trees

Plants’ investigations

The percentage (0-100%) of ozone-caused visible leaf
injury was evaluated after each two-week exposure series,
and presented on a 0-1 scale according to the German Engineers Association method VDI 3957 [21]. Moreover, the
plant growth, as well as leaf growth with respect to length
and width, were also evaluated for the 4th, 5th and 6th leaves
counted from the plant base. The differences between beginning values and after two weeks of exposure were calculated, and presented at this paper.
Cell membrane injuries were measured with a conductivity meter, according to the methodology proposed by
Bandurska and Gniazdowska-Skoczek [2].
Total salicylic acid (TSA) was determined at fourth
and fifth leaf counted from the bottom according to the
methodology recommended by Yalpani et al. [43]. Plant
material was ground in liquid nitrogen to a fine powder
and approximately 0.5 g was taken for analyses. Salicylic
acid was extracted twice with 3 ml of methanol and, after
centrifugation, the solvent was evaporated to dryness under
a stream of nitrogen. Forty units of β-glucosidase (SIGMA)
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in 0.5 ml of NaAc/HAc buffer (0.1 M, pH 5.2) were added
to the dry extract and incubated for 90 minutes at 37°C.
The reaction was terminated by the addition 2 ml of 5%
trichloroacetic acid and then salicylic acid was extracted
three times with 2.5 ml of ethyl acetate:cyclopentane:isopropanol (100:99:1, v/v/v). After solvent evaporation, the
dry residue was dissolved in 1 ml of mobile phase (0.2 M
KAc/HAc buffer, pH 5.0; with the addition of 0.5 mM
EDTA) and analyzed by HPLC coupled with fluorometric
detection with a WATERS Company chromatograph with
Millenium software (Milford, Ma, USA) composed of 2699
Separation Module Alliance and 2475 Multi-λ Fluorescence
Detector. Chromatographic separation was on a Spherisorb
ODS2 WATERS Company column (3 µm, 4.6 x 10 mm)
with a flow rate of 1.5 ml min.-1. Detection parameters were
as follows: λEx = 295 nm and λEm = 405 nm. Retention time
of salicylic acid was 6.0 min with a total analysis time of
12 minutes and detection limit 10 ng g-1 FW. The recovery of the salicylic acid standard added to samples was 86%
(measured in triplicates by extracting salicylic acid from
blank samples spiked with 10–1000 ng g−1 FW). The
relative standard deviation was below 7%.
During our experiment preliminary studies of phenolic
compound content were conducted. We measured these
compounds in the 6th leaf from the base of sensitive and
resistant tobacco plants after the 1st, 3rd and 4th exposure
series. The concentrations of phenolic compounds in the
extract were estimated by the Folin–Ciocqalteu colorimetric method [10]. The samples were extracted with 90%
methanol and after centrifugation the solvent was evaporated to dryness under a stream of nitrogen. The hydrolysis
was carried out for 24 h at room temperature using 3.5 units
of β-glucosidase (SIGMA) in 2 ml of 0.1 M acetate buffer
(pH=5) and then phenolics were extracted with ethyl acetate. The sample (1 ml) was mixed with 0.1 ml of Folin and
Ciocalteu phenol reagent. After 3 minutes 1 ml of 10%
Na2CO3 was added to the mixture. The reaction was kept
for 30 minutes, after which absorbance was measured at λ =

765 nm. A calibration curve was prepared with gallic acid
as a standard. The conjugated (differences between total and
free phenolics) and free phenolic compounds were calculated
and are presented in this paper.
Statistical analysis

The data were analyzed with the aid of the statistical
software STATISTICA 8.1. Results were analyzed with a
factorial ANOVA with cultivar, exposure site and series
fixed factors. The Tukey’s test was employed to analyze the
detailed differences between measured parameters, which
are graphically presented in this paper. The correlation
coefficients and significance level were also calculated for
selected pairs of parameters.
RESULTS AND DISCUSSION
Tropospheric ozone concentration was measured at
two of the exposure sites – Kaponiera Round and Botanical Garden. The mean ozone concentration during daylight hours (08:00 to 20:00) at these sites for the whole
experimental period was 23.7 ppb and 21.8 ppb, respectively (in AOT 40: 658 ppb h and 1047 ppb h, respectively). AOT 40 is the summarized value of concentrations
above 40 ppb, which was recognized as the limiting value
for plants and ecosystems, above which harmful effects on
plants can occur. Lower ozone concentrations were observed
at the site located in the city centre. The highest ozone
hourly maximum values were noticed at site 1, although
hourly mean values were higher at site No 2 (city centre).
Simultaneously with ozone concentration other parameters
were measured that might influence ozone creation, and
plant response as well, such as air temperature, relative humidity, nitrogen oxides and carbon monoxide concentrations. Higher air temperatures were observed at site No 2,
located in the city centre. Nitrogen oxides and carbon monoxide were measured at two city sites (No 1 and 3), but
higher values were observed at site No 1 (Table 2).

TABLE 2 - Ozone concentration (mean, maximum and AOT 40 values), temperature,
relative humidity, nitrogen oxides (NOx) and carbon monoxide (CO) values for selected sites.
Exposure series

Ozone hourly
mean values (ppb)

30.07-12.08
12.08-26.08
27.08-09.09
10.09-23.09

26.1
24.2
20.0
16.9

30.07-12.08
12.08-26.08
27.08-09.09
10.09-23.09

26.8
27.6
21.2
19.4

30.07-12.08
12.08-26.08
27.08-09.09
10.09-23.09
nm* - not measured

nm
nm
nm
nm

Ozone hourly
AOT 40
Temperature
maximum values (ppb)
(ppb h)
(°C)
Site No 1 - Botanical garden
63.2
665.3
18.0
55.3
356.2
18.8
36.2
0.0
12.5
43.9
24.7
11.9
Site No 2 - Kaponiera Round
53.0
292.2
23.6
57.0
364.2
25.0
34.3
0.0
18.2
40.7
1.7
17.4
Site No 3 - Polanka
nm
nm
18.3
nm
nm
19.1
nm
nm
12.7
nm
nm
11.9

2483

Relative
humidity (%)

NOX
(µg m-3)

CO
(mg m-3)

76.7
78.9
78.9
79.7

27.9
32.6
24.0
48.7

0.23
0.35
0.23
0.33

nm*
nm
nm
nm

nm
nm
nm
nm

nm
nm
nm
nm

78.5
80.2
80.8
82.0

23.0
28.8
21.6
36.5

0.24
0.29
0.20
0.28
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Leaf injury caused by ozone appeared only in the case
of ozone-sensitive tobacco cultivar Bel W3 during the
whole experimental period of 2007, which indicated low or
medium tropospheric ozone levels in ambient air. Visible
leaf symptoms ranged between 0.01 and 1.00. Factorial
ANOVA revealed that the measured parameter was dependent on the exposure series (p <0.001), exposure site (p =
0.05) and tobacco cultivar (p <0.001). So, differences between visible leaf injury at exposure sites and series were
observed. The highest ozone injuries were noticed at the
rural site located in Tarnowo Podgórne, while the lowest
were at the second rural site – Owińska (Fig. 1a). The higher
leaf injuries were previously observed at sites located in a
rural area [13, 16, 19, 20], which corresponds to our results,
where high injury occurred in ozone-sensitive tobacco
plants exposed in Tarnowo Podgórne. Nevertheless, very
low numbers of injuries were noticed at the second rural
site, possibly owing to specific local conditions, such as
occurrence of trees, which may absorb ozone. Tarnowo
Podgórne is a rather typical rural open space area, while
Owińska is the location surrounded by trees. The other factor
that might affect ozone creation and injuries is occurrence of
ozone precursors and favorable meteorological conditions
for ozone formation at a certain exposure site. Although
exposure site was the factor differentiating the leaf injury,
there were no statistical differences significant at α=0.05
between them, excluding sites Tarnowo and Owińska. The
statistically significant differences we observed between exposure series, and especially the 2nd and 3rd series differed
from the remaining two (Fig. 1b).

The positive and significant correlation of visible ozone
injuries of the Bel W3 cultivar and tropospheric ozone concentration was previously noted [6, 21]. Hence, the level of
visible injuries could be treated as an indicator of cumulative ozone uptake by plants at places where continuous
monitoring is not possible. So, we use this parameter to
correlate other factors measured in our investigations.
The whole plant growth varied between cultivars, exposure series and sites (p=0.001). The highest growth of
both cultivars was observed during the first exposure series.
The biggest differences between cultivars were observed
for the 2nd and 3rd exposure series, when high ozone injuries of the sensitive cultivar were observed (Fig. 2a). More
intense plant growth of the resistant cultivar was also observed at each exposure site, including the control. The
slowest plant growth was noted at exposure site No 4, where
the highest ozone-caused injury was recorded (Fig. 2b). The
sensitive/resistant plants’ growth ratio was calculated and
negative correlation between sensitive cultivar injury and
this ratio was noted, but not statistically significant (Tab. 3).
Saitanis and Karandinos [37] found a relationship between
ozone concentration and plant growth. The higher growth
of the resistant cultivar has previously been noted [8, 9].
30
Growth of plant height [cm]
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(a)

0.8
0.6

15
10
5
0

30.07-12.08
27.08-09.09
13.08-26.08
10.09-23.09

0.2

Exposure series

0.0

25
Garden
Polanka
Owińska
Kaponiera Round
Tarnowo

Exposure sites
1.0

Bel W3 visible leaf injury

20

0.4

Growth of plant height [cm]

Bel W3 visible leaf injury

1.0

(a)

25

(b)

0.8
0.6
0.4

(b)
20
15
10
5
0

0.2
0.0

Kaponiera Round Tarnowo
Garden
Polanka
Owińska

Exposure sites

30.07-12.08
27.08-09.09
13.08-26.08
10.09-23.09

ozone-sensitive tobacco cultivar Bel W3
ozone-resistant tobacco cultivar Bel B

Exposure series
FIGURE 1 - Ozone-caused injury for tobacco sensitive
cultivar (Bel W3) in exposure sites (a) and exposure series (b).

control

FIGURE 2 - Plant growth in exposure series (a) and exposure sites (b)
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TABLE 3 - Correlation coefficients and significance levels between
visible leaf injuries of ozone-sensitive cultivar and sensitive/resistant
cultivar growth ratios.

Growth of leaf width [cm]

1.8

Height sensitive/ Leaf length sensi- Leaf width sensiresistant ratio
tive/ resistant ratio tive/ resistant ratio
Bel W3
visible leaf
injury

r = -0. 374
P = 0.072

r = -0. 352
P = 0.166

r = -0. 292
P = 0.255

The factorial ANOVA revealed that growth of leaf
width and length was dependent on exposure series and
cultivar, while exposure site did not influence these parameters. The highest values of leaf growth were observed
for the 1st exposure series, and the lowest for the 3rd one. It
was valid for both mentioned leaf growth parameters (Figs.
3a and 4a). As for whole plant growth, higher values were
noted for the resistant cultivar at all exposure sites (Figs.
3b and 4b). The sensitive-resistant cultivar leaves growth
ratios were calculated and no significant negative correlation with ozone was observed (Tab. 3.).

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Growth of leaf width [cm]

1.2

0.8
0.6
0.4
0.2
0.0

Kaponiera Round Tarnowo
Garden
Polanka
Owińska

Exposure site

(a)

2.5

FIGURE 4 - Increase of leaf width at exposure series (a) and sites (b)

2.0

50

1.5

Cell membrane injury [%]

Growth of leaf length [cm]

control

ozone-sensitive tobacco cultivar Bel W3
ozone-resistat tobacco cultivar Bel B

1.0
0.5
30.07-12.08
27.08-.09.09
12.08-26.08
10.09-23.09

Exposure series
2.5
Growth of leaf length [cm]

(b)

1.0

3.0

(b)

45
40
35
30
25
20

2.0

Ozone-sensitive Bel W3
Ozone-resistant Bel B

Tobacco cultivar

1.5

FIGURE 5 - Cell membrane injury in ozone-sensitive and resistant
tobacco leaves.

1.0
0.5
0.0

30.07-12.08
27.08-09.09
13.08-26.08
10.09-23.09

Exposure series

Although numerous processes change during abiotic
stress, various studies suggest that membrane permeability
is among the first affected, and membrane changes may constitute the initial response of a plant to stressful conditions
[18, 27]. The cellular membrane dysfunction due to the
stress is expressed in increased membrane permeability and

0.0

(a)

1,6

control

Kaponiera Round Tarnowo
Garden
Polanka
Owińska

Exposure sites
ozone-sensitive tobacco cultivar Bel W3
ozone-resistat tobacco cultivar Bel B
FIGURE 3 - Increase of leaf length at exposure series (a) and sites (b)

leakage of ions. Hence, estimation of membrane stability
under stress by measuring cellular electrolyte leakage from
affected plant tissues into an aqueous medium has been
widely used as a screening tool for stress acclimation and
tolerance [29, 30, 36, 42]. Tropospheric ozone was also
recognized as a stress factor influencing the cell membrane
permeability [21]. Our investigations, by performing an easy
test for leaf cell membrane injury, confirmed this thesis.
Significantly higher (p<0.001) cell membrane injuries were
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TABLE 4 - Correlation coefficients and significance levels between visible leaf injuries of
ozone-sensitive cultivar and salicylic acid, cell membrane injuries of both tobacco cultivars.
Bel W3
visible leaf injury

Cell membrane stability of Bel W3
r = 0.926
P < 0.001

Cell membrane stability of Bel B
r = 0.424
P = 0.115

TSA content in Bel W3
r = 0.606
P < 0.001

TSA content in Bel B
r = -0.158
P = 0.357

TABLE 5 - Correlation coefficients and significance levels between selected
meteorological parameters, air pollutants and plant’s response parameters.

AOT 40
Temperature
Radiation
CO
NOx

Cell memCell memConjugated
TSA content TSA content
Free phenolic
Free phenolic
brane stability brane stability
phenolic comin Bel W3
in Bel B
compounds Bel W3 compounds Bel B
of Bel W3
of Bel B
pounds Bel W3
r = 0.372
r = -0.581
r = 0.335
r = -0.494
r = 0.396
r = 0.039
r = -0.159
P = 0.468
P = 0.303
P = 0.287
P = 0.103
P = 0.437
P = 0.941
P = 0.764
r = 0.506
r = 0.118
r = -0.294
r = -0.124
r = - 0.070
r = -0.095
r = -0.127
P = 0.306
P = 0.824
P = 0.353
P = 0.700
P = 0.895
P = 0.858
P = 0.810
r = 0.331
r = -0.566
r = 0.149
r = -0.569
r = 0.125
r = 0.041
r = -0.264
P = 0.521
P = 0.241
P = 0.644
P = 0.053
P = 0.813
P = 0.938
P = 0.613
r = 0,448
r = 0.721
r = -0.093
r = 0.437
r = -0.457
r = 0.597
r = 0.796
P = 0.303
P = 0.106
P = 0.773
P = 0.155
P = 0.362
P = 0.211
P = 0.058
r = -0.408
r = 0.444
r = -0.029
r = 0.406
r = -0.161
r = - 0.011
r = 0.319
P = 0.422
P = 0,378
P = 0.929
P = 0.190
P = 0.761
P = 0.984
P = 0.537

observed in the sensitive tobacco cultivar compared to the
resistant one (Fig. 5). Moreover, positive correlations of cell
membrane injury of both cultivars and visible leaf symptoms of the Bel W3 cultivar were recorded – highly significant for the sensitive cultivar (Tab. 4). Previous investigations revealed similar results – ozone affects cell membrane permeability, targeting the leakage of ions [44]. It also
seems to be a good ozone-caused stress biomarker, because
negative effects occurred in the case of both tobacco cultivars.

Total salicylic acid [ng g f.w.-1]

3000

(a)
2500
2000
1500
1000
500
0

4

5

Leaf
4000

Total salicylic acid [ng g f.w. -1]

The highest contents of salicylic acid were observed
for the sensitive cultivar. It was valid for both investigated
leaves (Fig. 6a). Simultaneously, the higher mean values
of TSA content were observed for almost every exposure
site, excluding the 5th one, where the lowest ozone injury
of the sensitive cultivar was noted. The increase of TSA
content in the tobacco sensitive cultivar at sites Garden,
Polanka and Tarnowo compared with the control site was
apparent (Fig. 6b). The higher ozone-caused visible leaf
injuries were seen at these sites. Hence, a positive and highly
significant correlation (p<0.001) was observed between
visible leaf injury and TSA content for the sensitive tobacco
cultivar, but there was no correlation between sensitive
tobacco visible injuries and TSA content for the resistant
cultivar (Tab. 5). This observation confirms results of experiments conducted by other authors with model plants
treated with ozone under controlled conditions. Exogenous
SA altered hydrogen peroxide metabolism in plants during
the oxidative stress by intensifying superoxide dismutase
and inactivating catalase and peroxidase activity, thus leading to the accumulation of H2O2 which oxidized cell constituents, reduced the efficiency of photosynthesis and destroyed cell membranes leading to cell death [12, 32]. Our
investigations were the first step to confirming the possibilities of SA as a biomarker of ozone stress in ambient air
conditions.

Conjugated
phenolic compounds Bel B
r = 0.677
P = 0.140
r = 0.034
P = 0.949
r = 0.588
P = 0.220
r = -0.874
P < 0.05
r = -0.467
P = 0.350

(b)

3500
3000
2500
2000
1500
1000
500
0

control

Kapniera Round
T arnowo
Garden
Polanka
Owinska

Exposure site
sensitive tobacco cultivar Bel W3
resistant tobacco cultivar Bel B
FIGURE 6 - Salicylic acid in
individual leaves (a) and exposure sites (b)

A higher level of phenolics was observed in the Bel
W3 tobacco cultivar than in cultivar Bel B at all exposure
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1st exposure series
3rd exposure series
4th exposure series
FIGURE 7 - Free phenolic compounds at exposure sites in leaves of Bel W3 tobacco cultivar (a) and Bel B cultivar (b).
Conjugated phenolic compounds exposure sites in leaves of Bel W3 tobacco cultivar (c) and Bel B cultivar (d)
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sites and series. Their level in the ozone-resistant tobacco
cultivar remained at a more or less similar level at all exposure sites and control sites.
The highest content of free phenolics was noted at the
Polanka exposure site in the 3rd and 4th series for the ozonesensitive tobacco cultivar (Bel W3). However, at all sites
and series (except for Owinska in the 4th series) the level of
the measured parameter was higher than for control plants.
The conjugated phenolic compounds content in Bel
W3 was several times higher in comparison to the control
plants, except for the Owinska location, where it was very
low for all exposure series. The highest levels of conjugated
phenolic compounds in all series were observed for Tarnowo, Garden and Kaponiera, while for Polanka in the 4th
series a very low content was reported (Fig. 7).
The several-fold changes in phenolic contents for the
sensitive cultivar Bel W3 might be related to variation of
ozone concentration in different exposure sites and series. It
was earlier confirmed that changes in phenolics content was
an adaptation to the biotic and abiotic environment [11, 38],
and our investigation added ozone as another factor, which
could influence phenolic compounds content.

also observed in the Bel W3 cultivar, while Bel B plants exposed to ambient air exhibited in most cases levels comparable to those of control plants. Exposure of Bel W3 tobacco
plants to ambient ozone leads to the biosynthesis of salicylic
acid, which accompanies the development of characteristic
injuries on leaf-blades pointing to the involvement of this
compound in the development of injuries. Moreover, this
compound can be used in ozone biomonitoring as a biochemical marker of ozone stress and ozone-induced cell
death.
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Plants grew in ambient air conditions, so not only ozone
influenced their response. The correlation between selected
meteorological parameters and air pollutants, which influence ozone creation and plant’s response, and plant’s
response parameters were presented in this paper. These
correlations were made for sites where continuous monitoring was conducted. Hence, presented results might be quite
restricted and mostly not statistically significant. Nevertheless, we could observe some tendencies. So, the positive
correlation between most of the plant’s response parameters
and AOT 40 was noted, as well as for CO, radiation and
temperature. Nitrogen oxides are mostly consumed during
the ozone creation, so we could observe the negative correlation. This was valid mainly for the sensitive cultivar (Tab.
5). Plants’ response to ozone is a combination of many factors, which influence plants and ozone creation simultaneously. So, based on our investigations it seems valid to relate
plants’ response with visible ozone-caused injury of sensitive cultivar, which represents the cumulative ozone uptake
– equal to ozone effect to plants.
CONCLUSIONS
Visible ozone-caused leaf injuries varied between selected exposure sites, and are connected with the site’s
characteristics as well with possibilities of ozone creation.
Moreover, ozone negatively influenced plant and leaf
growth, especially in the sensitive cultivar. Ozone influenced cell membrane permeability, causing electrolyte leakage. As correlation of cell membrane stability (injury) and
ozone uptake by plants was found, this parameter might be a
quite good and easy evaluated indicator of ozone stress to
plants. The higher phenolic compounds concentrations were
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DECOMPOSITION OF ISOBUTYL ACETATE WASTE GAS
WITH COMBINED PLASMA PHOTOLYSIS TECHNOLOGY
Zhaolian Ye*, Shengli Luo, Jieyu Xiong and Fei Ma
Jiangsu Teacher’s University of Technology, Changzhou 213001, P.R China

ABSTRACT
Combined plasma photolysis (CPP) technology that
simultaneously produced plasma and KrBr*/Br2* excimer
UV radiation was designed and constructed. Simulated isobutyl acetate (IA) waste gas was treated with CPP at atmospheric pressure. In contrast to conventional dielectric
barrier discharge (DBD) plasma technology, IA conversion efficiency increased by 18.4% in CPP (Kr of 35.9 kPa
and Br2 of 1.2 kPa) when applied voltage, gas flow rate,
and initial concentration of IA were set at 9 kV, 2.8 m3/h
and 2500 mg/m3, respectively. Moreover, we studied the
effects of mixtures of Kr/Br2 filled in CPP on removal
efficiency of IA, which demonstrated that the Kr-Br2 ratio
of 30-50, the increase of total gas pressure Kr/Br2 as well
as the additive buffer gas of argon were all in favor of the
removal of IA in CPP. Emission spectra from mixtures of
Kr/Br2 were reported, and the results showed that UV irradiation at λ = 207, 222, 228 and 289 nm from Kr/Br2 mixture excited by discharge was intensified. 207 nm UV played
an important role in IA gas decomposition and its irradiation
intensity increased with the increase of applied voltage
and total gas pressure of Kr/Br2 mixture.

KEYWORDS: Combined plasma photolysis (CPP), isobutyl ace*
tate, KrBr*/Br2 excimer, 207 nm

INTRODUCTION
Decomposition of volatile organic compounds (VOCs)
with dielectric barrier discharge (DBD) plasma technology
still encountered many difficulties, such as lower energy
efficiency, lower conversion efficiency and the formation
of various unwanted byproducts, which inhibit DBD largescale application in practical industrial waste gas [1, 2]. In a
way, these problems could be overcome by some combined
DBD techniques, such as DBD-catalysis, DBD-O3, and
DBD-UV, but some new problems followed, including
equipment incompatibility and complexity, due to the interference of additional substances and equipment. Therefore,

we developed a novel waste gas remediation technologycombined plasma photolysis (CPP), in which plasma and
excimer UV radiation from a high-pressure power supply
can be produced and exert on pollutants simultaneously [3].
Our former research [4] showed that removal efficiency of
benzene gas can be enhanced by 15.9% with CPP technology, compared with DBD plasma technology.
DBD has been proven [5, 6] to be an efficient method
for stimulating many kinds of rare-gas/halogen-gas mixtures to emit UV radiation. The characteristics of the emission spectra and UV intensity formed were different, when
sorts and ratios of rare-gas/halogen-gas mixtures varied, resulting in the difference of decomposition mechanism with
CPP technology. In order to optimize CPP technology and
understand utterly reaction mechanism, it is very important
to study emission characteristics and intensity of UV from
rare-gas/halogen-gas mixtures filled in CPP at different
total pressure and ratio.
In recent years [7-11], because odor emission of VOCs
without appropriate treatment is causing frequent complaints
from neighboring communities, odor control from living
environment and workshop becomes the increasing concern.
Stricter environmental standards for VOCs were established
in China and abroad for the sake of improving air quality.
Isobutyl acetate (IA), like other esters, was extensively used
as a typical volatile organic solvent in printing ink industry,
as a dilution agent in painting processing and an extractant
in pharmaceutical factories [12], because of its high solvent
ability for a number of organic compounds. Gaseous IA exhibits a strongly irritative and explosive character. Its release can have significant health impacts on the workers as
well as the surrounding dwellers. Up to now, there are few
reports on effective treatment of IA waste gas.
In this work, the removal efficiency of isobutyl acetate (REIA) gas with CPP technology was studied for the
first time. Influence factors of IA gas destruction including ratios and total pressure of Kr/Br2 mixtures, as well as
the addition of Ar buffer gas, were investigated. Moreover, we measured the emission spectra from mixtures of
Kr/Br2 at different total pressures and applied voltages using
a vacuum-UV spectrometer, on the basis of which, the
likely reaction mechanism for the removal of IA by CPP
technology was suggested.
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MATERIALS AND METHODS
Reagents

N2 (purity 99.999%), H2 (purity 99.2%) and compressed air were obtained from Shanghai Pujiang Specific
Gas Corporation, China. IA (purity 99.0%) was purchased
from Shanghai Chemical Reagent Inc. All the reagents
were not further purified before use.
Experimental setup and degradation procedures

CPP and DBD reactors are shown in Fig. 1 (a, b). The
cylindrical CPP reactor has coaxial electrodes, to which a
high-voltage AC power source was applied in the radial
direction. The outer electrode, made of a stainless steel
band with a width of 4 mm, was tightly wrapped around
the outside of a double–layer quartz tube with 4 mm spac-

ing. The double–layer quartz tube was made of two coaxial quartz tubes (inner quartz tube had a 30 mm outer diameter and the outer quartz tube had a 34 mm inner diameter,
resulting in a gap distance of 2.0 mm) sealed together at the
ends. A mixture of Kr and Br2 at a certain ratio was filled
into the gap beforehand. The inner alnico electrode was
inserted in the inner quartz tube (outer diameter: 10 mm,
inner diameter: 7 mm) which was placed in the double-layer
quartz tube, resulting in a 10-mm gap, where gas streams
flow through. The total length of the reactor was 200 mm,
while the effective length was 140 mm. The configuration
of DBD reactor was similar to CPP reactor, except for
replacing the outer double-layer quartz tube in CPP by a
quartz tube with 30 mm outer diameter and 26 mm inner
diameter.

Gas outlet

Gas outlet

Inner
dielectric

Inner
dielectric

Double-layer
dielectric

B A

Outer
dielectric

UV

Outer
electrode

Outer
electrode

Kr/Br2

Inner electrode

Inner electrode
Gas inlet

Gas inlet

(a) CPP

(b) DBD

FIGURE 1 - Configuration of CPP reactor (a) and DBD reactor (b).

High voltage
power supply

Volumer
flowmeters
Compressed
air cylinder

Air
blower

DBD/CPP
reactor

GC
analysis

Mixing
chamber

Tank filled
isobutyl acetate

detection system. The gas from compressed air cylinder
flows through six bottles filled with liquid IA, carrying
gaseous IA on liquid surface, and then mixed and diluted
with surrounding air in a mixing chamber to form gaseous
IA with certain initial concentration, which was fed axially
into the CPP/DBD reactor under a tunable air blower
(pressure loss of 1000 Pa). By means of an exhaust fan
(2X-3, China) connected with a six-way-valve autosampler, IA (before and after decomposition) samples
could be taken from the CPP/DBD reactor exit and analyzed by an on-line gas chromatograph (GC-930, China).
The details have been described in our previous work
[13].

FIGURE 2 - Schematics of CPP/DBD system for IA gas degradation.
Analysis methods

Figure 2 shows the CPP/DBD system for waste gas
treatment, which consists of a continuous-flow gas generation system, a CPP/DBD reactor, and a gas sampling and

IA concentrations were determined by GC with a PEG
capillary column (30 m×0.32 mm ×0.25 µm) and a hydrogen flame ionization detector (FID). The GC/FID was oper-
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ated at an injector temperature of 180 °C, detector temperature of 200 °C, and oven temperature of 160 °C. Removal
efficiency of isobutyl acetate (REIA = (Cin - Cout) / Cin, Cin
and Cout are the inlet and the outlet concentrations of IA,
mg/m3) was calculated from the GC peak areas before and
after decomposition. Byproducts were analyzed by GC-MS
(HP 5973-6890, America) and ion chromatography (IC, Dionex 500, America) equipped with conductivity detector.
Emission spectra of mixtures of Kr/Br2 in CPP were recorded by a vacuum-UV spectrometer (VM-505, America).

RESULTS AND DISCUSSION
Comparison of IA degradation with DBD and CPP technology

Initial IA concentration (Cin) was set at 2500 mg/m3
and the gas flow-rate (Q) was controlled at 2.8 m3/h. Unless specific explanation, Cin and Q were fixed at above
value in the next experiments. CPP was filled with mixtures of 35.9 kPa Kr and 1.2 kPa Br2. Experiment was
carried out at applied voltage over the range of 3-9 kV in
CPP and DBD. Figure 3 shows the applied voltage dependence of IA degradation with DBD and CPP technology. As can be seen, REIA increased with applied voltage,
but a more ob-vious increasing trend was exhibited in
CPP. For example, REIA was higher in DBD than in CPP
below 4.0 kV, whereas CPP had a higher REIA when
applied voltage exceeded 4.0 kV. Why a lower REIA was
achieved with CPP compared with DBD at lower applied
voltage? In our experiment, we observed that KrBr* excimer UV radiation was firstly ignited, and then followed
by the excitation of the reactive plasmas when power
supply was connected to CPP, thus, we inferred that the
majority of electrical energy was consumed for exciting
KrBr* excimer UV radiation at lower voltage, leading to
the decrease of density of high energy electrons in CPP.
In other word, there existed reasonless energy distribution
between KrBr* UV radiation and plasma in CPP at lower
voltage. However, high density of photons and high energy
electrons, as well as rational energy distribution between
KrBr* UV radiation and plasma were achieved in CPP at
higher applied voltage, resulting in higher REIA. Therefore,
operating at higher applied voltage could ensure better
removal efficiency of IA in CPP. In

FIGURE 3 - Applied voltage dependence of IA degradation with DBD
and CPP technology. Reaction conditions: T = 24 °C and RH = 70%.

conclusion, at 9 kV, REIA ascended by 18.4% with CPP
technology. In this experiment, surrounding temperature
(T) was 24 °C and relative humidity (RH) 70%.
To assess a plasma technology for pollutant treatment,
energy yield (Ey, g-removed per kW.h input) was widely
used. We compared the Ey (Ey = Q x Cin x REIA/P,
g/(kW.h), P is input power, w) of IA destruction with CPP
and DBD (Table 1). Remarkably, the power in Table 1 represents that dissipated by the whole system and not only
by CPP/DBD reactor. Larger Ey indicates higher energy
efficiency and lower energy consumption in pollutants decomposition according to its definition.
TABLE 1 - Comparison of REIA and Ey in CPP and DBD.
Applied
voltage
(kV)
3
4.5
6
7.5
9

15.4
30.7
48.7
60.4
66.8

24.0
28.7
32.5
25.9
23.5

9.8
33.8
58.0
75.2
85.2

15.2
31.5
38.7
32.3
30.0

Influence of gas characteristics filled in CPP on REIA

The influence of Kr-Br2 ratio on REIA was determined
by changing Br2 pressure filled at a fixed Kr/Br2 mixture
total pressure of 33.3 kPa. Figure 4 shows REIA at 4 KrBr2 ratios: 35:1, 45:1, 100:1 and 150:1. As presented in
Fig. 4, REIA achieved a relatively high value when KrBr2 ratio was 35:1 or 45:1. REIA went down sharply at a
ratio of 150:1, demonstrating that too high Kr-Br2 ratio
values were unfavorable for IA decomposition with CPP
technology. Kr-Br2 ratio over the range of 30-50 was in
favor of IA degradation with CPP. This phenomenon can
be supported by Erofeev’s report [14] on radiation spectrum of the two-barrier KrBr-excilamp at various ratios of
Kr/Br2=35/1

80

Kr/Br2=45/1

70
REIA (%)

70
60
50

CPP

REIA (%) Ey (g/(kW.h)) REIA (%) Ey (g/(kWh))

As shown in Table 1, when applied voltage exceeds
3 kV, CPP has a greater Ey value, which also implied
that CPP has higher energy utilization to IA gas destruction at higher applied voltage.

CPP

80

REIA(%)

45
75
105
163
199

90

90

DBD

40

Kr/Br2=100/1

60

Kr/Br2=150/1

50
40
30

30

20

20

10

10
0

DBD
P (w)

0

3

4

5

6

7

8

2

9

Applied voltage (kV)

3

4

5

6

Applied voltage (kV)
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FIGURE 4 - The effect of Kr-Br2 ratio on IA degradation with CPP
(Reaction conditions: T of 25 ℃ and RH of 60%).

Kr/Br2. In his viewpoint, Kr-Br2 ratio of 50 can provide
the highest radiation intensity of KrBr*/Br2* from Kr/Br2
mixtures in DBD (T = 25 °C and RH = 60%).
As presented above, IA degradation can achieve good
efficiency, when Kr-Br2 ratio was set at 30-50. Therefore,
authors studied the relationship between REIA and total
pressure of Kr/Br2 mixtures at Kr-Br2 ratios of 30-50 (Fig.
5). It was found that REIA increased with total pressure
from 1.2 kPa to 35.9 kPa, but then decreased with total
pressure. At 4 total pressures in this study, REIA followed
the order: 6.65 kPa<13.3 kPa<57.2 kPa<35.9 kPa. We can
infer that the increase of total pressure to some extent can
improve IA degradation.
100

80

c

50
a

30
20
10
3

4

5

6

7

50
40
30

without Ar

20
10
0
3

4

5

6

7

8

9

10

FIGURE 6 - The effect of buffer gas Ar on IA degradation in CPP.
Byproducts analysis of IA destruction in CPP

b

40

60

Applied voltage (kV)

70
60

with Ar

70

2

80
REIA (%)

90

d

90

0

excimer formation because Ar has less molecule mass in
contrast to Kr. In other words, it is more easy to form
KrBr*/Br2* excimer due to more frequent collision in the
presence of Ar in CPP (T was 25 °C and RH 60%, in this
experiment).

REIA (%)
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8

9

10

Applied voltage (kV)
FIGURE 5 - REIA dependence on total pressure of Kr/Br2 mixture.
(a) 6.65 kPa; (b)13.30 kPa; (c) 57.20 kPa; (d) 35.90 kPa (Reaction
conditions: T = 24 °C and RH = 75%).

Buffer gases, such as Ar, Ne or He, have great impact
on excimer emission spectra of halogen-gas/rare-gas in
DBD [15-17]. Figure 6 shows REIA in CPP with and
without Ar buffer gas at a total pressure of 33.3 kPa. As
seen, REIA was higher with the Ar buffer gas present.
Taking 9 kV as an example, REIA reached 80.1% with Ar
buffer gas, leading to an increase by 20.1%. This effect
most likely can be explained by the theory that Ar plays
an energy-transferring role in the processes of KrBr*/Br2*

We found a small peak appearing on the on-line GC
spectrum, which implied there is a byproduct from unreacted IA. Via ion chromatography (IC), the byproduct was
identified to be formyl and acetate, which could be easily
removed by water scrubbing. GC-MS analysis (Fig. 7) for
effluent gas collected via solid phase microextraction
(SPME) showed that main byproducts were some organic
acids and esters, including CH 2O 2 (1.26 min), C3H 6O
(1.44 min), C 2H 4O 2 (1.84 min), C 6H 12O 2 (3.43 min),
C 6H 10O 2 (3.65 min), C5H 8O 3 (4.79 min), C5H 10O 3 (4.96
min), C6H12O3 (5.21min), C7H14O2 (5.83 min) and C5H10O2
(6.52 min).
Excimer emission spectra of Kr/Br2 mixtures in CPP

According to above experiments, we obtained different removal efficiency of IA gas by changing total pressure of Kr/Br2 mixture, applied voltage and other parameters in CPP. It is reasonable to believe that above parameters can also influence excimer emission spectra by altering discharge specialties in CPP, which can be confirmed
by a series of spectra as follows.
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FIGURE 7 - GC–MS spectrum of effluent gas (substances above-mentioned).

The previous reports [14] have demonstrated that DBD
can promote Kr/Br2 mixtures to emit excimer UV at 4 wavelengths: 207, 222, 228 and 289 nm. The peak of the emission
from the KrBr* is observed around 207 nm (B1/2→X1/2).
The full width of the 207 nm transition is approximately
2 nm. There is also relatively weak radiation at 222 nm
(C 3/2→A 3/2) and 228 nm (B 1/2→A 1/2). The emission of
289 nm correlates the formation of the Br2* excimer.
At first, characteristics of emission spectra of Kr/Br2
mixtures in CPP would be discussed with 3 different total
pressures of 12.0, 26.6 and 40.0 kPa. The experimental
conditions were as follows: applied voltage of 9 kV, KrBr2 ratio of 30-50. The detailed emission spectra of
Kr/Br2 mixtures are represented in Fig. 8 showing 3 peaks
at 207, 228 and 289 nm appearing at different total pressures of Kr/Br2 mixtures in CPP, but with different relative intensity at the above 3 wavelengths. The intensity of
207 nm continued ascending with total pressure, but that
at 228 nm remained relatively steady. A similar observa-

tion for the case of KrBr*, KrCl* and XeCl*excimers at
different gas total pressure has been reported in [15, 18,
19]. Along with Kr/Br2 mixtures filled into CPP, thimbleful N2 in air was also filled into CPP due to slight leakiness of vacuum system. Therefore, 333 nm UV was attributable to excited N2* transition. The C3/2-A3/2 and B1/2A1/2 transitions with emissions at 222 and 228 nm are very
weak and overlap at high pressure due to collisional mixing, leading to the disappearance of 222 nm UV at high
total pressure (see Fig. 8).
Secondly, emission intensity at different peak wavelengths as a function of applied voltage was surveyed.
Figure 9 shows emission spectra of Kr/Br2 mixture in CPP
at applied voltages of 6 kV and 9 kV, respectively. Both
spectra have similar shape and peaks at 207, 228 and 289
nm. However, emission intensity of all the 3 peaks at 9
kV was higher than that at 6 kV, indicating that increasing
applied voltage led to the strength of emission intensity of
excimer UV.
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FIGURE 9 - Emission spectra of Kr/Br2 mixture in CPP at applied voltages of 6 kV and 9 kV.
Mechanism analysis of IA abatement with CPP technology

KrBr*/Br2*

CPP can simultaneously produce plasma and
excimer UV radiation, apparently, the abatement of IA gas
originated from both plasma and UV. On the basis of experimental results, degradation mechanism of IA gas with
CPP technology was inferred.
(1) Similar as with DBD, abundant high-energy electrons (e*) were generated from high-pressure discharge,
rapid movement of e* in the region of discharge resulting
in frequent collision between e* and other background gas
molecules (such as O2, H2O, N2), followed by the formation of a great deal of excited species including O, OH
and HO2, which can attack IA gas molecules, contributing
to IA abatement.

(2) CPP can stimulate Kr/Br2 mixtures to emit KrBr*
excimer UV at 4 representative wavelengths: 207, 222, 228
and 289 nm Br2* excimer UV. Photon energy of 289 nm
(3.8 eV) was not sufficient for dissociating C-H bonds
(~4.5 eV) in IA molecules. The intensity of 222 and 228 nm
was lower than that at 207 nm. Thus, we concluded that
207 nm KrBr* UV exerted a crucial role in IA degradation
with CPP on the basis of (1). IA molecules can greatly absorb 207 nm UV according to UV-VIS spectrum in Fig. 10.
REIA increased with increasing applied voltage and total
gas pressure filled, which was in a good agreement with the
relationship between 207 nm UV intensity with applied
voltage and total gas pressure. That is to say, REIA has
high consistency with 207 nm UV intensity in CPP.

trast to DBD plasma technology, REIA ascended by 18.4%
in CPP (filled with a mixture of Kr/Br2). In addition, the
authors further extend this research by focusing on the influence of mixtures of Kr/Br2. A set of experiments indicated that IA gas had relatively high removal efficiency at
Kr-Br2 ratios of 30-50 and high total gas pressure of Kr/Br2
mixtures. The additive gas Ar encouraged the collision process between Kr and Br2, which promoted KrBr* excimer
formation.
To help the readers’ knowledge, emission spectra of
Kr/Br2 mixtures were recorded with corresponding applied
voltage and total gas pressure. Four visible peaks at 207,
222, 228 and 289 nm were produced from discharge. Notably, 207 nm KrBr* UV played key roles in IA decomposition. Its intensity increased along with increasing applied
voltage and total gas pressure of Kr/Br2. According to the
relevancy between REIA and emission spectra of Kr/Br2,
decomposition mechanism of IA gas with CPP technology
was inferred by the following effects: the attacks of highenergy electrons and radicals, 207 nm KrBr* UV direct
dissociation to IA, and breakdown voltage decline to some
extent because of KrBr*/Br2* excimer UV as ionization reagent.
It is noteworthy that CPP technology has not been totally optimized. It takes time and effort for the application
of this technique, in spite of the present study having been
performed.
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(3) According to the related theory on gas discharge,
UV, X-ray, radioactive radial and heating with a blaze, all
could ionize the gas molecules, and, as a result, breakdown
voltage fell down. Therefore, it is reasonable to make a
conclusion that KrBr*/Br2* UV from Kr/Br2 mixture in
CPP can lower breakdown voltage of gas ionization, resulting in REIA increase, compared with conventional
DBD technology.
CONCLUSIONS
A novel approach to decompose IA that had not been
previously exploited was addressed in this article. In con-
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ABSTRACT
The concentrations of extractable organic fraction of atmospheric particulate matter (PM10) were measured in northern Algeria during summer and autumn 2007. Three monitoring campaigns were done in July, September and October in two urban and one rural areas. The chemical analysis
shows that the detected organic groups are n-alkanes, polycyclic aromatic hydrocarbons (PAHs), nitrated polycyclic
aromatic hydrocarbons (NPAHs) and highly-polar chemicals including caffeine, nicotine and oxygenated-PAHs. In
addition to that, the potential sources of pollution were investigated by analyzing the n-alkane carbon preference index (CPI). Also, the selected diagnostic ratios of PAH and
NPAH concentrations were studied. The aerial concentrations of the total n-alkanes did not vary widely over the
entire period (144 to 170 ng m-3), while total PAHs ranged
from 12 to 24 ng m-3. Despite their recognized semi-volatile
properties caffeine and nicotine, chosen respectively as tracers of recreational drink consumption and tobacco smoke,
reached surprisingly high concentration in the air both in
summer and autumn. Indeed, they accounted together for
~12% of the total identified PM components in the Rouiba
urban area during summer, and from 37 to 65 % in autumn
at all the three sites studied.

KEYWORDS: atmospheric pollutants, PM10, particulate organic
matter, molecular markers, Rouiba, Lake of Reghaia, Ouled Moussa,
Algeria.

INTRODUCTION
The atmospheric particulate matter (APM) has gained
recent interest from both the scientific and political community. It is mainly due to the observable effects on human
health [1-5] and the globe (global warming) [6]. APM is a

complex mixture of elemental and organic carbon, ammonium, nitrates, sulphates, mineral dust, trace elements, and
water. The detailed investigations of the APM chemical
characteristics are very important for elucidating the particle toxicity and determining its role in climate changes.
According to the recent literature [7, 8], it has become clear that the organic compounds, such as aliphatic
and aromatic hydrocarbons, constitute a very important part
of the ambient fine aerosols. Ambient particulate n-alkanes
come from fossil fuel utilization, derived from incomplete
combustion and lubricant oils [9-11]. Moreover, biogenic
sources of airborne n-alkanes include particles from the epicuticular waxes of vascular plants, the direct suspension of
pollen, micro-organisms and insects [12, 13]. The percentage distributions of n-alkanes are specific sources that provide useful information about their origins [14-16].
PAHs are almost entirely anthropogenic and are among
the main products of incomplete combustion of organic
matters. The mutagenicity and carcinogenicity of PAHs
associated with combustion and ambient aerosols have been
conclusively demonstrated through bacterial assays, human
cell mutagenicity assays, animal assays and epidemiological studies [17]. Nitrated polycyclic aromatic hydrocarbons
(NPAHs) occur in the atmosphere as a consequence of direct
emission such as diesel and gasoline exhaust in one hand.
On the other hand, they are produced by reaction of PAHs
with nitrogen oxides. Although this reaction develops
overall in gas phase, many NPAHs accumulate preferably
in the particles [18]. NPAHs have been found 100,000
times more mutagenic and 10 times more carcinogenic than
the unsubstituted-PAHs [19, 20].
Northern Algeria is in a period of rapid development
of urbanization. It therefore represents an interesting subject for studies dealing with atmospheric pollution. Indeed,
problems associated with industrial and vehicle emissions
as well as with civil refuses have increased. More than that,
they are affecting the quality of life of population. In that

2499

© by PSP Volume 19 – No 11. 2010

Fresenius Environmental Bulletin

perspective, this study aimed to characterize the organic
PM. It was conducted at three sites in the provinces of
Algiers and Boumerdes in summer and autumn. The sampling sites included two urban (Rouiba and Ouled Moussa)
and one rural (Lake of Reghaia) areas (see Fig. 1). In particular, the concentrations and distribution profiles of particulate n-alkanes, PAHs, NPAHs and polar compounds
were determined and used to reconcile the atmospheric
pollution with its potential sources, and it also distinguished
between the different polluted areas: urban and rural ones.
MATERIALS AND METHODS
Sampling locations and periods

The first sampling site, Rouiba (RB, 36°44’10’’N,
3°17’02’’E), 30 km east of Algiers, looks like an urban
area. There, the vehicle congestion is very high and frequent. The second sampling site, namely Ouled Moussa
(OM, 36°41’03”N, 3°21’56”E), which is located along
the border between Algiers and Boumerdes, is affected by
moderate/scarce vehicle traffic. Thus, it is classified as an
urban area. Finally, the third sampling site is situated in the
Lake of Reghaia (RE, 36°46’05”N, 3°20’22”E), 40 km
east of Algiers. According to environmental features, it is
considered as a rural area and suitable to detect the influence of miscellaneous sources comprising biogenic ones.
Three intensive monitoring campaigns were conducted
in Rouiba during July, September and October 2007. In
Ouled Moussa and in the Lake of Reghaia the measurements were restricted to September and October 2007.
More than 100 air samples were collected in total.

Collection materials and sampling protocols

Airborne particulates were collected daily, starting at
8:00 h in the morning and lasting 24 hours. The collection
was restricted to PM10 fraction, by using the inertial impactors applied to aspirating air-sampling systems. These
latter operated at medium-volume conditions (flow rate =
39 L min-1) and were equipped with electronic volume
counters. So, particles were retained from air onto 47 mm
diameter quartz filter membranes. The loaded particle filters were directly kept in dichloromethane solution in sealed
containers in order to prevent any analyte degradation and
stored at low temperature (4°C) until chemical characterization.
Sample extraction, clean-up and analysis

Chemical determination of organic aerosols was performed by applying a procedure described extensively in a
previous study [21]. Before processing, the samples were
fortified with a solution of deuterated species adopted as internal compound references. The list comprised five n-alkanes (C14D30, C16D34, C20D42, C24D50 and C30D62), four
PAHs (phenanthrene-D10, pyrene-D10, chrysene-D12 and
perylene-D12), two Nitro-PAHs (1-nitronaphtalene-D7 and
1-nitropyrene-D9) and two polar compounds (nicotine-D4
and carbazole-D8). Organic components were extracted from
particulates by refluxing in soxhlet with dichloromethane
and acetone (4:1) for 16h, then the extract was led to close
to dryness under nitrogen at room temperature and the
residue was fractionated through column chromatography
on neutral alumina (2 g, partly deactivated with 2.5% w:w
of water). First of all, non-polar aliphatic compounds were
eluted by using isooctane (6 mL). Secondly, the medium-

Scale: 1:50000
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Lake of Reghaia
Rouiba
Ouled Moussa

FIGURE 1 - Detailed position of the sampling at urban (Rouiba and Ouled Moussa) and rural (Lake of Reghaia) sites.
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polar organics including PAHs and NPAHs were recovered with dichloromethane-isooctane (3:2 in volume, 6 mL).
Finally, highly-polar species were eluted with acetone
(6 mL). All fractions were reconstituted in toluene and
stored in the dark at low temperature (4°C) until the analysis.
PAHs, Nitro-PAHs and highly-polar chemicals were
identified and quantified by using a system comprising a
Trace gas chromatograph and a Trace Q mass spectrometer.
These two latter were managed by the dedicated Excalibur software (all from Thermo Fisher, Rodano MI, Italy).
The quadrupole detector was operated in electron impact,
SIM mode. The analytes were separated by the use of a 25 m
long, RT5MS-type column (i.d. = 250 µm, film thickness =
0.33 µm, provided by Superchrom, Milan, Italy). The temperature program was followed as: Starting temperature =
90 °C (2 min); first gradient at +20 °C per min rate up to
170 °C (2 min); second ramp at +5 °C per min rate, up to
290 °C (final isotherm 10 min).
For the gas chromatography analysis of n-alkanes a
similar column was used and elution was run according to
the same temperature program. However a flame ionization
detector was chosen, managed by the dedicated Chromcard
software.
The identification of analytes was carried out by comparing the peak relative retention times, mass spectra and
ion trace ratios with those of authentic standards. For quantitative purposes each compound was referred to its
perdeuterated homologue or to the closest internal reference in the chromatogram (isotopic dilution method).
Quantitative data were kept as reliable when the resulting
concentrations lied within the detector operative ranges, i.e.
3.3 up to ~1000 times the respective detection limits.
These latter were fixed equal to 3 times the noise and,
considering ~55 m3 of air were sampled per day and final
solutions were 100 or 200 µL in volume, ranged from
0.02 to 0.1 ng m-3 for n-alkanes, 0.01 to 0.025 ng m-3 for
PAHs, and 0.02~0.03 ng m -3 for polar compounds.
NPAHs showed low responses to EI-MS detection, thus the
samples were pooled on monthly basis for analysis; in
that way, quantification limits ranging from 1 to 6 pg m-3
could be obtained. Filter blanks were observed at small
extents for n-alkanes with carbon number ≤18; for phenanthrene and pyrene, they were accounted for in the
quantitative determinations. The overall uncertainty did
not exceed 16% for all analytes.
RESULTS AND DISCUSSION
n-Alkanes

The non-polar fraction of organic aerosols at all the
sites was dominated by n-alkanes ranging from C14 to C36.
Table 1 reports the average n-alkane concentrations recorded
in Rouiba (RB) during July, September and October 2007,
as well as the records at Ouled Moussa (OM) and Lake of
Reghaia (RE) during autumn. Total n-alkanes ranged in

autumn from 144 to 170 ng m-3 at the three localities. Only
slight differences were observed between Ouled Moussa
and Lake of Reghaia, hence this latter was not confirmed
properly as an “unpolluted” location. On the other hand, the
highest values were recorded in Rouiba (urban location).
There, total n-alkanes were lower than those previously
measured in Algiers at the Oued Smar landfill (~ 241 ng m-3)
[21] and at a fatty manufacture (~ 844 ng m-3) [22], but similar to those detected at Bab-Ezzouar University (~ 134 ng
m-3) [23]. In Rouiba the autumn concentrations were, on the
average, twice as high as those of summer. This behaviour
was partly related to high ambient temperature that promoted volatilization of organics in summer. The n-alkanes
belonging to the high-molecular-weight fraction (HMWNA
or C 25~C 36) exceeded the low-molecular-weight homologues (LMWNA or C14~C24) in July when temperature
often exceeded 35 °C, whilst the two amounts were similar
in autumn (see Fig. 2 and 3). The LMWNA and HMWNA
groups were also similar at OM (see Fig. 4) but not in RE
(see Fig. 5), where LMWNA were lower again. Moreover, in the summertime the common enjoyment of
holydays and reduced industrial activities lower vehicle
emission and refuse release. Concerning the meteorological regime, frequent temperature inversions occur over
the ground in autumn, hindering the dispersion of air contaminants and their accumulation at the earth surface.
To identify the nature of n-alkane source, the approach
based on the Carbon Preference Index (CPI) calculation
TABLE 1 - Average n-alkane concentrations (ng m-3) recorded in
Rouiba, Ouled Moussa and Lake of Reghaia during this study (JulyOctober 2007).
Compounds
n-C14
n-C15
n-C16
n-C17
n-C18
n-C19
n-C20
n-C21
n-C22
n-C23
n-C24
n-C25
n-C26
n-C27
n-C28
n-C29
n-C30
n-C31
n-C32
n-C33
n-C34
n-C35
n-C36
Total n-alkanes
Pristane
Phytane
CPI
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Summer
RB
1.35
0.45
1.79
1.96
5.1
4.8
3.9
1.7
4.8
4.7
5.1
4.6
4.6
6.2
5.6
6.3
3.2
6.9
2.9
3.0
1.57
0.72
0.45
82
2.59
0.41
1.03

RB
0.59
0.71
3.2
5.1
16.1
23.6
6.0
6.3
7.2
7.1
9.0
11.4
10.2
17.1
6.9
9.1
5.3
10.3
4.6
4.8
2.0
2.17
1.26
170
5.05
2.79
1.35

Autumn
OM
0.43
0.47
3.4
2.07
6.5
9.2
8.0
8.7
11.0
11. 7
12.1
9.3
8.8
13.1
4. 6
8.1
4.8
10.1
4.2
4.3
1.95
0.88
0.63
144
3.41
0.81
1.17

RE
0.68
0.83
4.3
2.5
5.8
11.8
7.2
8.5
9.2
8.3
9.0
10.2
10.5
15.5
6.7
8.7
5.4
9.5
4.5
4.5
2.09
1.59
1.36
149
3.51
1.62
1.23
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FIGURE 2 - Distribution profiles of n-alkanes concentrations recorded in summer in Rouiba.

FIGURE 3 - Distribution profiles of n-alkanes concentrations recorded in autumn in Rouiba.

FIGURE 4 - Distribution profiles of n-alkanes concentrations recorded in autumn in Ouled Mousa.
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FIGURE 5 - Distribution profiles of n-alkanes concentrations recorded in autumn in the Lake of Reghaia.

was attempted. The CPI formulas vary according to the
carbon number range considered. The most common CPI
formula looks as follows:
CPI25 = 0.5 * [(C25 + C27 + C29 + C31+ C33 + C35) /
(C24 + C26 + C28 + C30+ C32 + C34) + (C25 + C27 + C29 +
C31+ C33 + C35) / (C26 + C28 + C30 + C32+ C34 + C36)],
and highlights the predominance of odd-numbered nalkanes vs. the even-numbered homologues. This formula
does not cover the whole n-alkane range. However it drastically reduces possible misinterpretation consequent from
the different volatilities of compounds.
The CPI allows to differentiate biogenic from petrogenic or anthropogenic n-alkanes, since its value is close to
1.0 in the case of petrol-derived soot, whilst it reaches and
also exceeds 4 for natural emissions [24-26]. Thus, CPI
values ranging from 0.9 to ~1.6 are usual in urban or
industrial areas, and values 3~10 are typical of rural/forest
zones. In our study, the CPI values reached 1.2 ±0.2 in all
periods and locations, indicating that anthropogenic sources
heavily exceeded natural emission.
This finding was confirmed by the study of the ratio
between the complex of n-alkanes identified and the unresolved complex mixture of hydrocarbons (UCM) detected
in all chromatograms corresponding to non-polar hydrocarbon fraction. The UCM, which comprised a number of
branched and cyclic hydrocarbons [27], is abundant whenever contamination from crude oil occurs. Two humps
appear in the chromatogram of the non-polar fraction; they
belonged to two different volatility (or molecular weight)
intervals: the former (semi-volatile) is representative of unburned material (oil/gasoline spilling, incomplete combustion of fuels: UCM-A), and the latter of lubricant oil components like triterpanes, steranes and hopanes (UCM-B)
[28]. UCM, which has been associated to atmospheric aerosols of both marine and urban locations [29-31], was observed in all chromatograms, although displaying different

importance and shape at the three sites studied (see Figure
6A/C). The petrogenic origin of aerosol components was
definitively confirmed by detection of both pristane (3.6 ±
1.0 ng m-3) and phytane (1.4 ± 1.1 ng m-3), which are not
primary constituents of terrestrial biota [32]. It was also
evident that the Lake of Reghaia, usually regarded as a
rural area, was affected by road traffic pollution.
PAHs

Table 2 depicts the average concentrations of PAHs
recorded in RB, OM and RE. Concerning the possible
sources of PAHs, some information could be inferred by
analyzing the values raised by selected concentration ratios
between congeners, chosen among the list offered by technical literature. They were the ratios IPY/(IPY+BPE), FA/
FA+PY) and CPAH/TPAH. The CPAH/TPAH ratio is the
sum of the eleven major nonalkylated compounds (namely
fluoranthene, pyrene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(j)fluoranthene, benzo(k)fluoranthene, benzo(e)pyrene, benzo(a)pyrene, indeno[1,2,3-cd]
pyrene and benzo(ghi)perylene, vs. total PAHs including
methylated congeners. This ratio looks suitable for discriminating petrogenic sources from the other ones [33]. Indeed, values lesser than 0.7 are typical of petroleum derivatives, while burned coal soot presents rates close to 0.9.
Similarly, the comparison of both concentration ratios [IPY/
(IPY+BPE)], and [FA/(FA+PY)] allows to discriminate
among vehicle exhaust, crude oil and coal-related sources.
Compared with those reported in the literature [9, 34,
35], the diagnostic ratio (DR) values of RB, OM and RE
were indicative of mixed combustion sources, especially
vehicles (see Table 3), at the three locations. Besides, the
concentration ratio [BaPY/(BePY+BaPY)] was analyzed to
draw insights about the ageing of aerosols, i.e. decomposition of organic material caused by the presence of oxidants or light.
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A

B

C

FIGURE 6 - GC-FID chromatogram of the non-polar fraction of APM at Rouiba (A), Ouled Moussa (B) and Lake of Reghaia (C).

2504

© by PSP Volume 19 – No 11. 2010

Fresenius Environmental Bulletin

TABLE 2 - Average PAH concentrations (ng m-3) recorded in Rouiba,
Ouled Moussa and Lake of Reghaia during this study (July-October 2007).
Compounds

Summer
Autumn
RB
RB
OM
RE
ACY
0.01
0.06
2.68
0.54
ACE
0.09
0.39
2.49
0.95
FL
0.14
0.34
0.42
0.69
PHE
0.62
3.04
3.13
1.17
AN
0.04
0.13
1.94
0.21
Me-(PHE/AN)
1.04
1.58
2.65
1.03
FA
0.17
0.27
0.22
0.30
PY
0.22
0.23
0.23
0.23
Me-(FA/PY)
0.10
0.34
0.98
0.37
B(ghi)FA
0.06
0.16
0.56
0.40
B(c)PHE
0.01
0.50
0.26
0.17
CPP
0.03
0.02
0.16
0.05
BaA
0.08
0.11
0.35
0.25
CHR
0.27
0.14
0.30
0.22
Me-(CHR/BaA)
0.17
0.65
1.05
0.63
B(b+j)FA
0.67
0.63
1.08
0.90
B(k) FA
0.15
0 .48
0.98
0.34
BePY
0.36
0.41
1.17
0.42
BaPY
0.15
0.16
0.50
0.19
PE
0.03
0.07
0.51
0.30
IPY
0.53
0.60
1.25
0.62
DB(a,h)AN
0.27
0.92
0.96
0.54
B(ghi)PE
0.82
0.81
1.35
0.64
DB(a,l)PY
0.03
0.18
1.27
0.51
CO
0.70
0.43
2.03
1.03
DB(a,e)PY
0.04
0.15
0.71
0.42
DB(a,i)PY
n.d.
n.d.
n.d.
n.d.
DB(a,h)PY
0.02
n.d.
n.d.
n.d.
Total
6.8
12.3
24.1
11.6
[BaPE]
0.41
0.84
1.34
0.67
ACY: Acenaphthene, ACE: Acenaphthyne, FL: Fluorene, PHE: Phenanthrene, AN: Anthracene,
Me-(PHE/AN): Methyl-(phenanthrene/anthracene), FA: Fluoranthene, PY: Pyrene, Me-(FA/PY):
Methyl-(fluoranthene/pyrene), B(ghi)FA: Benzo(ghi)fluoranthene, B(c)PHE: Benzo(c)phenanthrene,
CPP: Ciclopentapyrene, BaA: Benzo(a)anthracene, CHR: Chrysene, Me-(CHR/BaA): Methyl(chrysene/benzo(a)anthracene), B(b+j)FA: Benzo(b+j)fluoranthene, B(k)FA: Benzo(k)fluoranthene,
BePY: Benzo(e)pyrene, BaPY: Benzo(a)pyrene, PE: Perylene, IPY: Indeno[1,2,3-cd]pyrene,
DB(a,h)AN: Dibenzo (a,h)anthracene, B(ghi)PE: Benzo(ghi)perylene, DB(a,l)PY : Dibenzo(a,l)pyrene, CO : Coronene, DB(a,e)PY : Dibenzo(a,e)pyrene, DB(a,i)PY : Dibenzo(a,i) pyrene,
DB(a,h)PY : Dibenzo(a,h)pyrene.
[BaPE]: Benzo[a]pyrene equivalent carcinogenic power (ng m-3).
n.d. = Not detected.

TABLE 3 - Average PAH diagnostic ratio values recorded at the three
sites, and typical values calculated for different anthropogenic emissions.

IPY/IPY+BPE

Typical ratios
0.18-0.40 (vehicular emissions)
0.56 (coal soot)
0.62 (wood burning)

RBS

RBA

OM

RE

0.39

0.42

0.48

0.49

Interpretation
Indicates vehicular emission sources

Reflects pyrolitic emissions; characteristic of a faster decay of BaP, indicating
an origin from distant source
Approaches the ratios reported for
FA/FA+PY
≥ 0.4
0.44
0.54
0.49
0.57
vehicular emissions
Indicates PAH with urban origin,
0.41≤CPAH/
≤ 0.49
0.50
0.31
0.31
0.35
especially emitted from catalytic autoTPAH
mobiles
CPAHs : sum of concentrations of 9 major nonalkylated compounds (Fluoranthene, Pyrene, Benzo[a]anthracene, Chrysene, Benzofluoranthenes,
Benzo[a]pyrene, Benzo[e]pyrene, Indeno[1,2,3-cd]pyrene and Benzo[ghi]perylene).
RBS: Rouiba (summer).
RBA: Rouiba (autumn).
BePY/BePY+ BaPY

≥ 0.47

0.71

0.73
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TABLE 4 - Range comparison of average total PAHs concentrations in PM10 (ng m-3) quantified worldwide
Site of study
Naples, Italy 1996–1997
Mumbai, India, urban at Saki Naka
at Indian Institute of Technology
Kuala Lumpur, Malaysia, urban, November 1998-January 1999
Rome 1999
Beaulieu, Algiers, Algeria, March 2000
Santiago, July 2000
Santiago, September-October 2000
Gandhipuram, India, March 2001
Kuniamuthur India, March 2001
Guangzhou (Liwan Site June 2002-June 2003
Seoul 2002
Hong Kong 2003
Pančevo 2006-2007
Rouiba (Algeria) Summer 2007
Rouiba (Algeria) Autumn 2007
Ouled Moussa (Algeria) Autumn 2007
Lake of Reghaia (Algeria) Autumn 2007

Total PAHs
Concentration (ng.m-3)
27.81
24.5
38.8
6.28±4.35
6.88
44.36
5.45-61.93
1.79-10.91
172.28
20.5
39,43
26.14
23.86
3.6-116
6.8
12.3
24.1
11.6

The average seasonal concentrations of Total PAHs
in Rouiba were 6.8 and 12.3 ng m-3 on summer and autumn, respectively and 11.6 ng m-3 in the Lake of Reghaia.
As shown in Table 4, the total PAHs in Rouiba (summer
and autumn seasons) and in the Lake of Reghaia were
significantly lower than those in Naples (27.81 ng m-3),
Mumbai (from 24.5 to 38.8 ng m-3), Beaulieu (Algiers)
(44.36 ng.m-3), Guangzhou (39,43 ng m-3), Seoul (26.14
ng m-3), Hong Kong (23.86 ng m-3), Santiago in summer
(from 5.45 to 61.93 ng m-3) and Pančevo (3.6-116 ng m-3),
and quite higher than those in Rome (6.88 ng m-3) and
Santiago in autumn (from 1.79 to 10.91 ng m-3) but similar
to those recorded in Kuala Lumpur (6.28 ± 4.35 ng m-3).
In the same season (autumn), the total PAHs recorded in
Ouled Moussa (24.1 ng m-3), were twice more higher than
those recorded in Rouiba and in the Lake of Reghaia. The
total PAHs in Ouled Moussa, were similar to those in
Naples, Seoul and Hong Kong, and quite similar to those
measured in Kuniamuthur, but lower than those recorded in
Mumbai, Beaulieu (Algiers), Gandhipuram, Guangzhou,
Santiago and Pančevo.
NPAHs

Six nitrated polynuclear aromatics (NPAHs) were detected at the three locations (see Table 5). The total average
NPAHs concentrations vary from 0.07 to 0.248 ng m-3,
with 9-nitroanthracene and 6-nitrochrysene acting alternatively like first or second major component. In this study,
total NPAHs resulting in July were quantitatively similar
to those observed in downtown Algiers [21], but with a
different percentage distribution. Moreover, NPAHs concentrations were much lower than those measured in Bab
Ezzouar and Ouargla locations (Algeria) [22, 23, 47]. By
contrast, in autumn the NPAHs levels at the three sites were
comparable to those measured in downtown Algiers [21].
Concentrations of NPAHs were quite 100 times lower
than their parent PAH compounds at all sites sampling.

Particles
Diameter
PM10
PM10
PM10
PM10
PM10
PM10
PM10
PM10
PM10
PM10
PM10
PM10
PM10
PM10
PM10
PM10
PM10
PM10

Sampling
Time (h)
24
72
72
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24

References
[36]
[37]
[37]
[38]
[39]
[40]
[41]
[41]
[42]
[42]
[43]
[44]
[45]
[46]
This study
This study
This study
This study

Concentrations of total nitro-PAH compounds measured
in Rouiba in autumn are more than twice higher than those
measured in Rouiba in summer and in the Lake of Reghaia
in autumn. However the highest concentration of total
nitro-PAHs was recorded at Ouled Moussa. It is higher
than those recorded in Baltimore in summer, Fort Meade
both in summer and winter, Riso, Columbus, Athens, Madrid and Montelibretti. It is similar to that reported in Baltimore in autumn, but lower than those recorded in Birmingham, Copenhagen, Houston, Claremont, and Rome. 2nitrofluoranthene and 1-nitropyrene are the most abundant
of NPAHs in all locations presented in Table 6, while 9Nitroanthracene is the most abundant in the three locations of this study. It represents 38 to 75% of the total
NPAHs.
TABLE 5 - Average NPAHs concentrations (pg m-3) recorded in
Rouiba, Ouled Moussa and Lake of Reghaia during this study (JulyOctober 2007).
Compounds
9-nitroantracene
2-nitrofluoranthene
3-nitrofluoranthene
1-nitropyrene
2-nitropyrene
6-nitrochrysene
n.d.= Not detected

Summer
RB
27
3
n.d.
3
6
31

RB
105
12
n.d.
25
11
28

Autumn
OM
188
12
3
12
8.71
24

RE
45
7
n.d.
11
5.93
18

Concerning the source, most of NPAHs appeared from
direct emission, whilst only a minor contribution could be
associated with atmospheric reactivity. In fact, the principal components of the group were 6-NCH and 9-NAN,
typically associated to vehicle exhausts, while the congeners
coming out from the degradation of parent PAH (namely 2NFA, 2-NPY and 4-NPY) were lower [48, 49]. The secondary NPAHs resulted quite low also in July (see Table
5). In this case, even though the ambient conditions
were favorable, the corresponding parent PAHs seemed
too low to promote the 2-NFA/2-NPY generation.
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TABLE 6 - Comparison of ambient air concentrations of selected nitro-PAHs (pg m-3)
measured in this study and those reported in other locations around the world a
Location
1-NNa
9-NAn
2-NFl
3-NFl
1-NPy
2-NPy
7-NB[a]A
6-NCh
∑NPAHs
Baltimore, MDb
	
  
	
  
	
  
	
  
Winter
59
64	
  
60	
  
6.5	
  
240
0.5	
  
27	
  
23	
  
0.4	
  
Summer
NA
53	
  
99	
  
2.7	
  
167
0.3	
  
8.1	
  
3.4	
  
0.1	
  
Fort Meade, MDb
Winter
23
46	
  
49	
  
4.0	
  
156
0.3	
  
21	
  
12	
  
0.4	
  
Summer
NA
15
28	
  
0.8	
  
47
0.3	
  
1.4	
  
0.7	
  
0.3	
  
Birmingham, UKc
89
187	
  
221	
  
NA	
  
620
NA	
  
90	
  
33	
  
NA	
  
Copenhagen, Denmarkd
NA
63
91	
  
20	
  
340
39	
  
127	
  
NA	
  
NA	
  
Riso, Denmarkd
NA
30	
  
60	
  
8
160
32	
  
30
NA
NA	
  
Houston, TXe
354
29	
  
39	
  
NA	
  
434
NA	
  
9.3	
  
NA	
  
2.3	
  
Columbus, OHf
NA
50	
  
60	
  
NA	
  
130
NA	
  
20	
  
NA	
  
NA	
  
Claremont, CAg
NA
NA	
  
400	
  
3	
  
419
0.1	
  
16	
  
NA	
  
NA	
  
h
Athens, Greece
NA
NA	
  
90	
  
40
190
NA	
  
60	
  
NA	
  
NA	
  
Rome, Italyi
NA
NA	
  
470	
  
70
610
NA	
  
70	
  
NA	
  
NA	
  
Madrid, Spaini
NA
NA	
  
70	
  
20
100
NA	
  
10	
  
NA	
  
NA	
  
i
Montelibretti, Italy
NA
NA	
  
91	
  
16
120
NA
13
NA	
  
NA	
  
Urban 1, Algeriaj
Summer
NA
27	
  
3	
  
6
70
NA	
  
3	
  
NA	
  
31	
  
Autumn
NA
105	
  
12
11
181
NA
25
NA
28
Urban 2, Algeriak
NA
188	
  
12
8.71
248
3
12
NA
24
Rural, Algerial
NA
45	
  
7	
  
5.93	
  
87
NA	
  
11	
  
NA	
  
18	
  
a
Compound abbreviations are: 1-NNa. (1-nitronaphtalene), 9-NAn. (9-nitroanthracene), 2-NFl. (2-nitrofluoranthene), 3-NFl. (3-nitrofluoranthene), 1NPy (1-nitropyrene), 2-NPy (2-nitropyrene), 7-NB[a]A. (7-nitrobenzo(a)anthracene), 6-NCh (6-nitrochrysene). NA. Not available or not measured.
b
January and July 2001 [50].
c
November 1995-February 1996 [51].
d
Copenhagen in winter-spring 1996; Riso between February 1998 and 1999 [52].
e
Between August 1990-1991 [53].
f
During winter 1986/1987[54].
g
Claremont is 30 km northeast of central Los Angeles; September 1995 [55].
h
Between January and December 1996 [56].
i
Rome September 1991; Madrid October 1990; Montelibretti Febr. 1988 Dec. 1994 [57].
j
Rouiba downtown, Algeria in July 2007; September-October 2007 (this study).
k
Ouled Moussa downtown, Algeria in September-October 2007 (this study).
l
Lake of Reghaia, Algeria in September-October 2007 (this study).

Highly-polar fraction of organic aerosols

The highly-polar fraction of APM comprised heterocyclic compounds (nicotine, cotinine, acridine, carbazole
and caffeine) and Oxy-PAHs (fluorenone, anthrone, 9,10anthraquinone, and benzanthrone). The average concentrations of these contaminants are displayed in Table 7. Nicotine and overall caffeine displayed high concentrations in
the three locations, reaching levels never observed before,
that urged us the accurate control of absence of interferences or sample contamination causing false positive identification. Indeed, the two compounds were predominant in
the polar fraction of Algiers-Boumerdes area, and caffeine
exceeded 220 ng m-3 in Rouiba during autumn. This result
was even still surprising, by considering that, under warm
conditions, both drugs exist in air (gas phase).
The concentrations reached by cotinine, which is related to occurrence of nicotine, were also interesting. The
concentrations of caffeine and nicotine recorded at Rouiba
in autumn (220 and 126 ng m-3) are higher than those
recorded at Rouiba in summer (6.7 and 6.3 ng m-3) and in
both Ouled Moussa and Lake of Reghaia (6.8 and 49 ng m-3
respectively for caffeine, 103 and 44 ng m-3 for nicotine).
However the concentrations of caffeine and nicotine measured in this study are much higher than those recorded in

downtown of Rome (between 210 ± 190 and 1,230 ± 250
pg m-3 for caffeine and 1.2 ± 0.10 and 26.2 ± 15.0 ng m -3
for nicotine) and in downtown of Algiers (2,310 ±
1,770 pg m-3 for caffeine and 3.6 ± 1.34 ng m-3 for nicotine)
[58]. The ubiquity of coffee roasting plants in Rouiba,
Reghaia and Ouled Moussa cities may explain the abundance of caffeine in the area studied.
TABLE 7 - Average concentrations of highly-polar compounds including drugs (ng m-3) recorded in Rouiba, Ouled Moussa and Lake
of Reghaia during this study (July-October 2007).
Compounds
Nicotine
Cotinine
Fluorenone
Acridine
Carbazole
Caffeine
Anthrone
9,10-Anthraquinone
Benzanthrone
n.d. = Not detected.

Summer
RB
6.3
1.2
0.13
0.04
4.3
6.7
0.09
0.01
0.09

RB
126
4.4
0.18
0.02
0.24
220
0.07
n.d.
n.d.

Autumn
OM
103
0.4
0.04
0.01
0.06
6.8
0.05
0.01
0.09

RE
44
0.2
0.06
0.02
0.12
49
0.06
0.01
0.02

This finding was an indicator for the huge consumption of recreational drugs in the Northern Algeria. In this
regard, it is worth noting that Algerian people are big cof-
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fee consumers, and regulations limiting the tobacco smoking in public areas must to be led in practice.
By contrast, the other highly-polar compounds occurred at low or very low contents, so that sometimes they
could not be evaluated. In general, the contents of fluorenone, anthrone, 9,10-anthraquinone, and benzanthrone
rarely exceeded 1 ng m-3, resulting similar to those usually detected elsewhere in the region [21].
Airborne particulate toxicity

It is well known that airborne particulates induce
negative effects onto humans due to the physical properties of particles (size and shape, total number). Nevertheless, chemical composition enhances these effects, also
promoting specific injuries like tumors. In particular, the
importance of PAHs does not rely in their burden (they
account only for a few percents or per thousands of organic particulates), but in their recognized mutagenicity and
carcinogenicity, which assign to this group a key role in the
assessment of ambient toxicity. Benzo(a)pyrene, namely
the congener for long time known as the most potent, or
the sum of the “toxic” PAHs are used for this purpose.
Starting from the late 90ies, similarly to TCDD-like compounds, various lists of PAHs, each with its own “relative
potency” normalized to benzo(a)pyrene, have been released;
sometimes these lists comprised also alkylated, nitrated,
oxygenated or heterocyclic compounds. Hence, total particulate toxicity is calculated by combining the compound
concentrations with the corresponding potency factors, to
obtain a cumulative index (“benzo[a]pyrene equivalent carcinogenic power” [BaPE]), although in many cases the
[BaPE] is regularly proportional to BaPY concentration.
This approach seems suitable as far as sources do not emit
BaPY, or this compound is decomposed much more extensively than other PAHs. In our study, [BaPE] was calculated by using the formula drawn from the National Toxicological Committee for Italy in 1991 [59]:

pounds) were identified and quantified in airborne particulates collected at three locations belonging to AlgiersBoumerdes region. Airborne particulates were particularly
rich in nicotine and caffeine, which together accounted for
12 % of mass identified in the solvent extractable fraction
in Rouiba (urban) in summer, and between 37 and 65 % in
autumn at the three studied sites.
Combining the information drawn by the molecular fingerprints (namely, the n-alkane CPI, the UCM occurrence
and shape, three PAH diagnostic ratios and the NPAH composition), motor vehicles and industrial sources were identified as the main pollution sources at the three sites. In contrast, the natural contribution to organic particulates appeared small independently of the site and time of the year.
Very high concentrations of nicotine and caffeine in
the air were indicative of the marked use of these recreational drugs in Northern Algeria. Anyway, further dedicated investigations seem necessary to confirm the diffusion of these drugs over the region, and also to understand
if any sanitary or environmental consequences must be expected.

[BaPE] = [BaPY] + 0.06 * [BaAN] + 0.07 * [BFA] +
0.08 * [IPY] + 0.6 * [DBahA],
where BaPY is benzo(a)pyrene, BaAN is benzo(a)anthracene, BFA is the sum of benzo(b)-, benzo(j)- and
benzo(k) fluoranthenes, IPY is indeno[1,2,3-cd]pyrene, and
DBahA is dibenzo(a,h)anthracene.
The [BaPE] values calculated for the three sites are
shown in Table 2. The highest [BaPE] values and benzo(a)pyrene concentrations, 1.34 and 0.50 ng m-3 respectively,
were obtained at OM in autumn, as a consequence of the
larger use of fossil fuels for domestic purposes and the reduced photolytic and thermal decomposition at the beginning
of the cold season.
CONCLUSION
A total of 67 organic compounds (23 n-alkanes, 2
branched alkanes, 27 PAHs, 6 NPAHs and 9 polar com-
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ABSTRACT
The Göksu Delta is an important wetland where the
Göksu River reaches the sea in the eastern part of the town
of Tasucu-Ice1. The delta is classified as a Wetland of
International Importance according to the Ramsar Convention on Wetlands of International Importance. In the Göksu
Delta plain, the land is highly productive and used mainly
for agricultural purposes. The amount of fertilizers used
in 2006 was 7200 tons. Most of the irrigation return flow
leaches to the groundwater and transports pollutants, such
as nitrogen compounds, together to water systems. These
mineral fertilizers affect the surface and groundwater quality negatively. The content of nitrite, nitrate and phosphate
are determined for four different seasons between 2006 and
2008, and with these data a Geographic Information System (GIS) is constructed by using Map Info. The range of
nitrate concentration was found to vary between 0.0 to
31.8 mg/L for 2006-2008, and exceeds the Turkish limits
of 22 mg/L in many wells. The thematic maps of spatial
distributions of nitrate concentrations for four seasons between 2006 and 2008 show that groundwater beneath the
areas of both intensive agriculture and animal feedlots on
the Göksu Delta is affected by nitrate contamination. The
sources of excess concentrations are agricultural activity
and fertilizers.

KEYWORDS:
Göksu Delta, Nitrate pollution, Phosphate pollution, GIS

INTRODUCTION
The development of groundwater resources for water
supply is a widespread practice in the Mediterranean coastal
region of Turkey, favored by the existence of basins with
thick Quaternary deposits that form aquifers with good
quality water. The Mersin-Göksu Delta is particularly productive (Fig. 1). The delta is formed by the Goksu River

near the Southern part of the town of Silifke in the Mediterranean region of Turkey. The Göksu Delta is an important wetland where the Göksu River reaches the sea in
the eastern town of Tasucu-Mersin [1]. The Mediterranean coastline, stretching from Silifke to the Susanoğlu
region, is heavily populated due to urban developments in
the last 15 years, though most of these structures are occupied only in the summer months for vacation purposes.
Because of an increased population influx from the surrounding cities, especially during the peak season (May to
September), the population of this region has increased
several times. The Göksu Delta is not only an urban area,
but also surrounded by densely cultivated orchards (mostly
citrus) and traditional vegetable farms and greenhouse
cultivations, where farming activities continue all year
long due to a favorable climate. The north side of the lakes
and the eastern part of the delta consist of farmland where
rice, cotton and peanuts are grown all year.
In the Göksu Delta area, urban and agricultural expansions have caused an ever-growing need for fresh water. In
this region, water supplies for most municipalities, domestic water use for urban developments, and irrigation water
for agricultural activities are almost exclusively provided
through hand dug or drilled wells. Therefore, water resources
in the delta area are subjected to intensive demands, stresses
and pollution risks [2], just as similar problems have been
reported in other Mediterranean countries [3].
Population dynamics and agricultural activities in this
region have important implications from the groundwater
chemistry standpoint, especially in the near-shore area. Despite its importance, little is known about the natural phenomena that govern the chemical composition of groundwater in this region, or the anthropogenic factors that presently affect them. This study tries to answer mainly these
questions.
In the previous studies, data showed that about 94 tons
of pesticides and 520 kg/ha of mineral fertilizers were used
within a year in the Göksu Delta [4]. The amount of fertilizers used in 2006 was 7200 tons. These pollutants affect
the surface and groundwater quality negatively.
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FIGURE 1 -Map showing the water sampling locations and geology of the study area.

Previous studies have shown that rural land uses, especially
agricultural practices, can contribute nitrate to groundwater [5]. Non-agricultural sources of nitrogen, such as
septic systems and leaking municipal sewers, are generally less significant regionally, but may affect groundwater locally [6, 7]. Agricultural groundwater pollution from
nitrate is a worldwide problem that has impacts on the economy, ecosystems, and human health [8-11]. A correlation
between agriculture and nitrate groundwater pollution is
well established [12, 13].
According to the Turkish Standards Institute (TSE266) and the World Health Organization (WHO), the maximum contaminant level (MCL) of nitrate is given to be
50 mg/L whereas the US Environmental Protection Agency
(EPA) allows for only 44.27 mg/L in drinking water [2022]. In Europe, groundwater of 22 % of cultivated land
has nitrate concentrations above this limit [14]. Similar
high concentrations have been found in the USA and China
[15]. Groundwater contamination by nitrates is a worldwide
problem, mainly related to the excessive use of fertilizers in
intensive agriculture [16, 17]. Because of its solubility and
its anionic form, nitrate is very mobile in groundwater [18].
It tends not to adsorb or precipitate on aquifer solids [19].
Sandy irrigated agricultural areas in humid regions,
such as the Göksu Delta, are particularly susceptible to
groundwater nitrate pollution. The unconfined Göksu aquifer with a shallow water table (generally 2 m below the surface) overlain by permeable soils is especially vulnerable to
agricultural contamination. The total agricultural area is
13,000 ha and 95% of this is an irrigated area.
The Göksu Delta is classified as a Wetland of International Importance according to the Ramsar Convention
on Wetlands of International Importance. The Göksu Delta
also has a special significance for being one of the few re-

maining areas in the world where sea turtles (Caretta caretta,
Chelonia mydas) and blue crabs (Callinectes sapidus) lay
their eggs [1, 23].
The purpose of this study is to understand the nitrate
pollution of groundwater using photometric measurements
in the basin, and pictorially represent it using the geographic
information system (GIS), and to determine the spatial
distribution of nitrate concentration through measurements
during 4 periods between 2006 and 2008. GIS is an effective tool for storing large volumes of data that can be correlated spatially, and retrieved for the spatial analysis and
integration to produce the desirable output. GIS has been
used by scientists of various disciplines for spatial queries,
analysis and integration for the last three decades [24-27].
MATERIALS AND METHODS
Site description

The Göksu Delta is situated in the Mediterranean Sea
region of the southeastern part of Turkey and extends
from 36o15 –36o25 latitude north to 33o55-34o05 longitude west (Fig. 1). The Göksu Delta area is bound by the
Taurus Mountains on the northern side and by the Mediterranean Sea on the southern side. The southern portion
of the Göksu Delta area is a delta plain made up of sediments from the Göksu River. The Göksu River flow regime is also strongly dependent on the seasonal rains and
temperature. The average flow of the river is 130 m3/s,
reaching its peak in May. In the Göksu Delta area, the
climate is characterized by hot and dry periods in summer
and by warm and wet periods in winter, which is typical for
the coastal zones around the Mediterranean Sea. The mean
annual temperature in this area is 19 o C. Showers start in
October, and continue until mid April, and the maximum
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rainfall occurs in December. The Göksu Delta area receives
slightly higher than 607 mm of precipitation annually, and
extended periods (3–4 months) without precipitation are
common.
The study area is located in the southern part of Miocene carbonate rocks of the Tauride belt. The oldest rock
unit of the Göksu Delta is the Akdere Formation from the
Paleozoic Age, which consists of marble, schist and quartzite. The Akdere Formation (middle-upper Devonian) is generally found in the northern part of the study area (Fig. 1). It
contains various rocks with differing compositions including sandstone, siltstone, dolomite and limestone. The
Kusyuvası Formation (Middle trias) consists of limestone.
The Tokmar Formation (upper jura-lower cretaseous) is
found in the western part of the delta and contains dolomite and limestone.
Tertiary units are composed of oligo-miocene Gildirli
formation, lower-middle Miocene Karaisali formation and
middle-upper Miocene Kuzgun formation. (Fig. 1). Tertiary
rocks consist of a succession of marine, lacustrine, and
fluvial deposits, which display transitional characteristics
both vertical and areally in the study area.
The Quaternary basin fill deposits are a heterogeneous
mixture of metamorphic and sedimentary rock detritus
ranging from clay to boulder size. The mixture includes
stream alluvium, stream terrace deposits, fan deposits, delta
deposits, and shore deposits. The basin fill deposits vary
greatly in lithology and grain-size, both vertically and areally. Accordingly, the hydraulic properties of these deposits can differ greatly over short distances, both laterally and
vertically.
The alluvial aquifer consists of a heterogeneous mixture of gravel, sand, silt, clay and sandy-clay. Conceptually, the aquifer system in the delta is an unconfined aquifer. Recharge occurs by means of precipitation and infiltration at the top of the delta. The recharge rate is determined as 35.23 mm by using Visual HELP model [28].
Groundwater flows to the sea and the maximum flow
velocity is determined to be 3.4 10-5 m/s by Visual MODFLOW model [28].

FIGURE 2 - Land-use map of the Göksu Delta.

The land is used mainly agriculturally (Fig. 2). The
intensively used fertilizers and pesticides contain not only
N and P compounds, but also some heavy metals. The
contents of all pollutants are determined for four different
seasons and, with these data, a Geographic Information
System (GIS) is constructed by using MapInfo. The thematic maps show the polluted wells and aquifer places.
For chemical analysis, a total of 24 water samples from
the Göksu Delta were obtained from 2006 to 2008 with
four separate sampling campaigns at the sampling points
shown in Fig. 1. Appendix 1 summarizes the chemical
analysis results for water samples collected from the
Göksu Delta.
Water samples were obtained from the wells which
have various depths. Average well depth is 5 m for hand
dug wells (shown with DSI) and 30-35 m for drilled wells
(shown with ME). Electrical conductivity (EC), temperature (T) and pH were monitored during pumping, and samples were collected only when values were stabilized or
after at least three well volumes had been purged. Measurements of EC and pH were made in the field using a pH/
Cond 340i WTW meter. For the pH measurements, the
electrode was calibrated against pH buffers at each location.
Pollutants in groundwater were measured with a Hanna
C200 multi-parameter photometer. Followed by water quality analysis, a vector-based GIS software package, MapInfo, was used to map, query, and analyze the data in this
study. The measured pollutants are compared with the
Turkish Water Pollution Control Regulation (2001) and
with the international standards like WHO (1996) and EPA
(1995).
RESULTS AND DISCUSSION
The groundwater samples collected from the Göksu
Delta are colorless, odorless and free from turbidity. The
temperature of the groundwater in the Göksu aquifer changes
between 8.8 and 30.9 °C, and it depends very strongly on the
atmospheric conditions.
Surface water from the Göksu River and groundwater
obtained from the coastal alluvium aquifer is utilized for
irrigation. Most of the irrigation return flow in the drainage canals discharges back into the Göksu River or leaches
to the groundwater transporting some pollutants to these
water systems. Beside these pollution sources, manure and
urban areas with their cesspools are other pollution sources
for surface and ground waters in the Göksu Delta.
Agricultural activities are the main source for nitrate
pollution in groundwater [29-35] and nitrate is very mobile
in groundwater [32, 36, 37]. A high concentration of nitrate
is generally attributed to anthropogenic sources. Since the
Göksu Delta is surrounded by an area rich in citrus orchards, traditional farms and greenhouses, an agricultural
source for NO3 and PO4 is possible. A possible mechanism
for these ions in reaching the underlying aquifer can be their
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mobilization with the irrigation return water. High permeability units (coarse sand and gravel) within the study area
possibly provide the fast pathways for the irrigation return
water reaching the underlying aquifer within a relatively
short time.
For the determination of the variation of the content of
N-compounds with depth, two hydrogeological cross sections are constructed (Fig. 3). In Figure 3, NO2 is not determined in any wells on this cross section because of the
low vertical permeability in this section. The groundwater
from the Well ME 18 shows the highest nitrate concentration and the groundwater from the well ME12 has all the
N-contaminants. It has not been possible to construct a
systematic schema for the nitrogen cycle from these cross
sections due to the existence of many nitrogen sources like

fertilizers, septic systems and leaking municipal sewers,
refuse dumps, animal feedlots and private sewage disposal
systems.
The range of nitrite concentration is found to vary between 0.0-3.5 mg/L from 2006 to 2008, and the ammonium in groundwater is determined to be between 0 and
1.15 mg/L. This indicates a very recent pollution of groundwater in this region, and in many locations, these pollutants exceed the EPA and Turkish limits.
The range of nitrate concentration is found to vary between 0.0 to 31.8 mg/L from 2006-2008 exceeding the
Turkish Water Pollution Control Regulation limits of
22 mg/L in many wells. The phosphate concentrations vary
between 0 and 5.2 mg/L in the study area.

FIGURE 3 - Hydrogeological cross section showing the nitrogen concentrations in various depths.

FIGURE 4 - Thematic map for nitrate (July 2006).
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FIGURE 5 - Thematic map for nitrate (July 2007).

FIGURE 6 - Thematic map for nitrate (January 2008).

FIGURE 7 - Thematic map for nitrate (April 2008).

The thematic maps of spatial distributions of nitrate
concentrations for four seasons between 2006 and 2008
show that groundwater beneath the areas of both intensive

agriculture and animal feedlots on the Göksu Delta is affected by nitrate contamination. The spatial distribution of
high nitrate concentration appears to be related to agricul-
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tural land-use patterns in the northern part of the town of
Kurtulus region, and sewage from septic systems in all
urban areas (Figs. 4, 5, 6 and 7).
The spatial distribution map of phosphate shows that
the agricultural pollution comes from fertilizers (Figs. 8,

9, 10 and 11). These maps give almost the same picture
with the nitrate maps and help to identify the areas where
ground water has been affected by agricultural activities.
It is often difficult to pinpoint the sources of nitrate because there are so many possibilities. Sources of nitrogen
and nitrate may include runoff or seepage from fertilized

FIGURE 8 - Thematic map for phosphate (July 2006).

FIGURE 9 - Thematic map for phosphate (July 2007).

FIGURE 10 Thematic map for phosphate (January 2008).
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FIGURE 11 - Thematic map for phosphate (April 2008)

agricultural lands, municipal and refuse dumps, animal
feedlots, septic tanks and private sewage disposal systems, or urban drainage and decaying plant debris. All of
these sources exist in the Göksu Delta, but by overlaying
the nitrate and phosphate thematic maps with land-use
maps, it can be clearly identified that the source of these
pollutants is agricultural activity.
CONCLUSIONS
Nitrate concentrations in all wells were below the
maximum permissible limit for drinking water (50 mg/L).
But limit of nitrate concentration of Turkish Water Pollution Control Regulation (22 mg/L) is exceeded in most of
the wells [38]. The final output has given the pictorial
representation of groundwater quality which is stressed by
agricultural activities in the basin. The groundwater within
the Göksu aquifer also contains high levels of phosphate in
some locations. The positive correlation between nitrate
and phosphate is an indication of the same contamination

sources. From the photometric analysis, it is inferred that
the excess concentration of nitrite and ammonium, at some
locations, is the cause of undesirable drinking water quality. The source of excess concentration of these pollutants
can be attributed to agricultural activities and fertilizers.
It was determined that, in all periods between 2006
and 2008, the nitrate and phosphate contained in the fertilizers was transported easily to groundwater with irrigation return flow in the vicinity of the towns of Kapızlı,
Altınkum and Kurtuluş. The nitrate pollution has been ongoing, and any precautions to prevent it have not been
taken yet.
The Göksu Delta area is particularly vulnerable to agricultural pollution sources because rapid flow-rates (due
to coarse sediments) produce limited opportunity for natural processes that attenuate anthropogenic pollution.
The thematic maps for nitrate and phosphate may be
used for evaluating the relative risk of overall nitrate concentrations to the ecological health of the region.

APPENDIX
TABLE 1 - Heavy metal concentrations (mg/L) of the water samples from four separate sampling campaigns between 2006 and 2008.
Sampling
DSI-2

DSI-20

DSI-35

DSI-38

DSI-4

Date
07/2006
06/2007
07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008

pH
6.85
6.80
7.34
7.83
7.93
8.60
7.47
7.18
8.02
8.00
7.40
7.96
7.90
8.30
7.32
7.10
7.90
8.20

T(oC)
28.4
27.9
28.2
26.9
12.7
20.5
24.7
24.0
16.1
17.8
21.1
21.8
19.1
19.5
25.9
27.8
14.3
19.8

EC µS/cm
598
641
437
459
448
667
657
762
1295
1308
920
856
864
930
531
481
620
987

NO2
0
0
0.23
0
0
0
0
0
0
0
0
0
0
0
1.25
0
0
0.03

NO3
7.08
1.60
4.87
5.70
3.10
7.53
7.53
1.30
0
11.4
31.89
3.40
0
10.60
10.63
4.70
0.88
6.20

2517

NH3
0
0.12
0
0.05
0
0.07
0.27
0.19
0.17
0
0
0
0.03
0
0
0.08
0
0.24

PO4
0.48
0.29
0.84
0.15
0.29
0.8
0.17
0.29
0.26
1.97
0.18
0.18
1.38
1.02
0.7
0.09
0
0.02

F
0.51
0.12
0.01
0.54
0.6
0.65
0.35
0.97
1
1.13
0.03
1.36
1.2
1.15
0.33
0.66
0.8
0.81

Mn
0.4
0
28.6
0.1
0
0.2
0
0.1
0.3
0.3
0
0
0
0
0
0
2
1.9

Fe
3.33
1.88
0.11
1.88
4.19
0
3.55
1.9
1.57
0.04
4.05
0.82
0.01
0.01
8.46
2.04
3.49
0.02

Cu
2.31
0.53
5.5
0.37
0
0
0.97
0.89
0
0
1.09
0.35
0
0.01
1.05
0.61
1.16
0.92

Mo
0
0
2.3
0.1
0
0.3
1.3
0.1
0.1
0.5
0.8
0
0
0
0
0
0
0

Cr
0
0.016
0
0.020
0
0
0
0
0
0
0.007
0
0
0
0
1
0.009
0.001
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ME-10

ME-11

ME-13

ME-2

ME-25

ME-27

ME-4

ME-5

ME-9

ME-8-A

ME-1

ME-12

ME-20

ME-23
ME-24

ME-26

ME-28

ME-3

ME-18

07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008
07/2006
07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008
07/2006
06/2007
01/2008
04/2008

7.40
7.93
7.70
8.80
7.80
7.85
8.20
8.40
7.06
6.90
7.30
7.48
8.10
7.90
8.31
8.70
7.94
8.13
8.50
8.38
7.20
6.87
7.80
7.48
7.72
7.30
7.85
8.13
7.54
7.43
7.73
8.04
8.48
7.93
8.70
9.03
8.10
8.45
8.19
8.50
7.39
7.55
7.67
7.80
7.56
7.62
7.90
8.50
7.76
7.73
7.92
8.27
8.12
8.16
8.80
8.30
8.40
7.84
7.57
8.50
8.13
7.45
7.07
8.90
7.73
7.42
7.20
7.60
7.65
7.17
6.95
7.90
8.03

Fresenius Environmental Bulletin

20.2
27.0
15.0
20.8
23.2
22.1
12.3
21.8
25.5
25.0
14.8
20.6
23.7
26.6
8.8
27.1
20.7
21.7
19.4
20.5
21.4
22.1
18.6
21.4
21.4
22.6
20.0
21.1
22.8
26.6
18.8
21.5
20.8
23.3
16.0
20.3
21.5
21.0
18.5
21.2
23.4
23.9
20.1
22.6
21.3
22.9
18.7
20.1
21.5
23.1
19.1
20.5
22.0
22.9
19.2
22.0
21.6
26.0
28.0
14.5
21.4
21.5
21.7
18.5
21.1
23.2
24.3
15.2
26.8
21.5
30.9
11.7
20.3

802
453
465
684
1416
1425
1576
1825
850
904
866
1024
1085
1058
1132
1247
434
435
699
527
788
914
1212
843
1510
970
2030
2080
2260
1430
2930
1575
716
837
814
1075
1476
1490
1546
1755
1220
1146
1412
1710
1988
1894
1404
1470
925
751
925
728
2810
2830
3460
3420
1031
711
780
1004
3420
598
601
3050
2830
756
739
712
1091
719
753
932
1003

0
0
0
0
1.25
3.5
0
0.32
0
0
0
0
0
0.23
0
0
0
0
0
0
0.03
0
0.06
0.03
0.3
2.73
0
0.23
1.25
0.36
1.25
1.316
0
0
0
0
0
1.02
0
0
0.1
0
0
0
0
0
0.06
0
0
0
0
0
0.26
2. 04
0
0.6
0
0
0
0
0
0
0
0.06
0
0.26
0
0
0
0
0
0
0

11.07
1.60
3.10
11.50
4.87
2.20
7.50
2.70
18.60
7.10
8.80
12.40
4.87
0.80
8.40
3.10
17.30
1.60
7.50
7.08
11.40
15.10
18.10
24.80
11.80
3.40
0
3.10
11.80
4.00
27.40
7.50
6.60
3.40
6.64
5.30
12.80
11.80
4.43
3.50
150
2.30
6.20
2.70
1.80
2.30
1.32
4.00
15.90
7.20
6.64
0
10.60
7.30
5.30
1.80
5.30
9.30
4.60
7.50
3.90
11.90
5.70
8.86
10.18
9.70
2.80
2.21
7.50
14.20
4.70
23.00
13.20

0.06
0
0
0
0.04
0.12
0.49
0.52
0
0
0
0.12
0.63
0.11
0
0.12
0.01
0.01
0
0
0.23
0
0
0
0
0.11
0.65
1.09
0.06
0.12
0.19
1.15
0
0
0
0
0
0.13
0.1
0.28
0.13
0.05
0.99
0.89
0
0
0.02
0
0.07
0.01
0.25
0
0
0.02
0.77
0.7
0.43
0
0
0
0
0
0
0.3
0.21
0
0.4
0.23
0.68
0.02
0
0.03
0

0.08
2.8
0.02
5.2
0.21
0.1
0.12
1.43
0.84
0.06
0.03
1.6
1.38
0.42
0.18
3.6
0.3
0.02
0.11
0.19
0.29
2.68
0.12
0.14
2.75
0.12
1.29
3.2
0.3
0.35
0.17
1.72
0.18
1.28
0.33
0.9
0.31
0.15
0.22
0.34
1.35
0.48
0.33
1.49
0.21
0.1
0.02
0.38
0.23
0.13
0
0.11
0.45
0.29
0.28
0.22
0.24
0.13
0.03
4.1
0.41
0.42
0.26
0.2
0.22
0.61
0.14
0.13
0.54
1.86
0
0.08
0.1

0.57
0.45
1
0.96
1.59
0.44
0.6
0.72
0.47
0.25
0.1
0.12
1.17
0.98
1.1
1
0.09
0.28
0.1
0.23
0.39
0.45
0.07
0.83
1.09
0.13
0.11
0.15
0.47
0.96
0.7
0.9
0.51
1.05
0.92
1.1
0.96
1.24
1.1
1.3
0.93
1
0.9
0.9
0.46
0.62
0.9
0.8
0
0.76
0.5
0.6
1.97
1.21
2.2
1.9
1.16
0.21
0.38
0
0.31
0.3
0
0.19
0.21
0.22
0.21
0.2
0.23
0.08
0.64
0.15
0.5

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.9
0
0.4
0
0
0
0.1
0.1
0
0
0
0.1
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.2
0.5
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0.4
0.78
0.28
0
0.8
0.79
0.3
0.02
0.07
0.87
0.45
0
0.2
0.656
0.34
0.2
5.5
4.95
0.1
0.03
1.27
0
0.09
0
5.5
5.74
5.5
0.01
3.28
7.92
1.38
0.02
1.54
1.95
0.1
0.09
0.09
0.734
0.23
0
7.5
8.12
1.44
0.12
0.2
8.52
5.2
0.01
3.41
7.16
0
0.01
5.5
3.48
0.01
0.02
5.5
5.5
0
0.01
0
4.16
7.46
0
0
0.8
7.72
2.34
0.13
2.07
0.804
0.01
0

0.19
0.23
0
0
0.24
0.19
0
0
0.06
1.04
0
0
0.68
0.35
0
0
0.21
0.11
0
0.01
0.15
0.19
0
0
1.88
0.13
0
0
0.54
0.38
0
0
0.27
0.94
0
0
0.23
0.12
0
0
0.27
0.05
0
0
0.37
0.08
0.79
0.5
0.41
0.48
0
0
0.14
0.19
0
0
0.35
0.26
0.09
0
0
0.17
0.27
0
0
0.29
0.1
0
0
0.24
0.05
0
0

0
0
0
0
0
0
0
0
1.5
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
5.6
0
0
0
1
0.1
0.2
0.3
0
0
0
0.1
0
0
0
0
0.3
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.1
0
0
0
0
0
0
0
0
0
0
0

7
0
0
0
0.020
0
0
0
0.021
0
0
0
0.052
0
0.002
0
0
0
0
0
0
1
0
0
0.026
0
0
0
0.051
0
0
0
0.023
0
0.027
0
0.025
0
0
0
0.047
0
0.002
0.002
0.026
0
0
0
0
0
0
0
0
0
0
0
0
0
0.029
0
0
0
0.036
0
0
0.008
0
0
0
0
0
0
0
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PLANT ASH ALSO CONTRIBUTES DISSOLVED
ORGANIC MATTER TO THE ENVIRONMENTS:
A CASE STUDY OF SANJIANG PLAIN WETLANDS
Hongmei Zhao1, 2, Kunshan Bao1, 2, Xiaofei Yu1, 2, Jian Wang1, Xianguo Lu1, and Guoping Wang1 *
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Key Laboratory of Wetland Ecology and Environment, Northeast Institute of Geography and
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ABSTRACT
There is sufficient evidence to support the idea that
organic matter (OM) in plants converts to inorganic matter
during a fire. However, it is still unclear whether plant
burning can also produce enough dissolved organic matter
(DOM) to affect the regional environment. In order to investigate this issue, we analyzed the contents of dissolved
organic carbon (DOC), dissolved inorganic carbon (DIC)
and dissolved organic nitrogen (DON) in plant ash derived
from simulated burning. The results showed that the ash of
wetland plants contained a certain amount of DOM. The
DOC contents in plant ash ranged from 48.6 ± 13.1 mg·kg1
to 232.3 ± 62.6 mg·kg-1, and DON contents in plant ash
ranged from 18.7 ± 3.6 mg·kg-1 to 232.3 ± 6.7 mg·kg-1. In
addition, the contents of DOC, DIC and DON in ash varied with the vegetation species in wetland ecosystem.
There were greater DIC and DON in the shrub plant ash
than in the herbage plant ash, while the ratio of DOC and
TC was lower than in the shrub plant ash. There was a
reason to believe that plant ash derived from fire did play
an important role in nutrient cycling in wetland ecosystems,
and DOM in plant ash did contribute to the regional and
global environmental changes.

KEYWORDS: Plant ash; dissolved organic carbon (DOC); dissolved organic nitrogen (DON); dissolved inorganic carbon (DIC);
wetland plants

plant species produce different types of DOM [3]. The
presence of plants significantly increased the pools of DOC
of soil in comparison to unplanted soil [4]. Recently, there
have been several studies conducted on the response of
carbon cycling to fire because fire is of great importance
in plants, but they mainly focus on the total amount of the
carbon [5, 6], DOC and DIC [7, 8] without taking account
of DOM in plant ash. However, plant ash is critical to the
understanding of fire impacts on the plant, and even the
ecosystems. Badía and Martí [9] found that the addition of
ash increased soil OM content, carbon and nitrogen ratio,
pH, and nutrient availability. Qian et al. [5] observed significant differences in ash nutrient compositions among plant
species, and it has been shown that DOM plays an important role in nutrient cycling and heavy metals’ complexation [1], but relative research is limited.
The Sanjiang Plain, one of the largest freshwater wetlands in China, has experienced intensive cultivation over
the past 50 years, and fire, which is the most important land
reclamation technique, has been used widely. At present,
crop residue, which is not in such high demand as a fuel,
is increasingly being burned in the field in October. This
could affect the wetlands in Sanjiang Plain. However, there
were few reports of fire in Sanjiang Plain wetland [10].
Therefore, we attempted to examine the compositions of
DOM in plant ash of Sanjiang Plain wetland in northeast
China, and discuss the contribution of plant ash after fire
to the regional and global environmental changes.
MATERIALS AND METHODS

INTRODUCTION
DOM is defined as the OM fraction in solution that
passes a 0.45-µm filter, and represents one of the most
mobile and reactive OM fractions, thereby controlling a
number of physical, chemical and biological processes in
the environments [1]. The reactivity and fate of DOM are
affected significantly by plant species [2], and different

The study site is located in Sanjiang Plain in the
Northeast of China (47°35′ N, 133°38′ E). Sanjiang Plain
is an alluvial plain deposited by the three major rivers of
Heiron, Songhua, and Wusuli. Low slope gradients and
suitable climate conditions make it one of the largest marsh
wetlands in China. The main wetland types are depressional and riparian wetlands [11]. Major wetland plant
species are Carex lasiocarpa, Carex pseudo-curaica,
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Phragmites australis, Carex meyeriana, Carex appendiculata, Calamagrostis angustifolia, Salix rosmarinifolia
var brachypoda, and Spiraea salicfolia [12].

RESULTS AND DISCUSSIONS
Clay et al. [13] found a transient peak of DOC in the
year following burning, likely due to changes in the quality and quantity of water after the fire. However, a certain
amount of DOC found in plant ash in our study may also
contribute to the transient peak of DOC found in their
study.
The DOC concentration was the highest in Spiraea
salicfolia ash, and was the lowest in Salix rosmarinifolia
var brachypoda ash (Fig. 2). The DON contents were highest in Spiraea salicfolia ash, followed by Salix rosmarinifolia var brachypoda ash, while the lowest were in
Calamagrostis angustifolia ash (Fig. 3). Spiraea
salicfolia and

300

-1

DOC concentrations (mg.kg )

In this study, six typical dominant wetland vegetation
species: Calamagrostis angustifolia, Carex lasiocarpa,
Carex meyeriana, Phragmites australis, Salix rosmarinifolia var brachypoda and Spiraea salicfolia were
collected from Sanjiang Plain in October 2008 for ash
analysis experiment. Samples were collected in October,
as this is when the plant became withered and most of the
fires occur. At the laboratory, the plant material was ovendried at 75 °C for 48 h, and a simulated burning was conducted in a barrel-type device, which consists of a metallic cylinder 90 cm high and 63 cm in diameter, with a 30
cm× 30 cm placket at the bottom for operation (Fig. 1). In
order to simulate the field fire, 100 g (equivalent to the
biomass in the field was 320 g·m2) triplicates of each
sample (the moisture contents of the vegetation were
about 11.1%) were weighed before burning. Then, asbestos and silver paper were put in the device, and the plants
were put on the silver. Burning was carried out in air.
After burning was completely, the residual ash portions
on the silver paper were collected and weighed.

determined by Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES). Statistical analyses were
conducted by analysis of variance (ANOVA) using SPSS
11.5.
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FIGURE 2 - Dissolved organic carbon (DOC) concentrations in plant
ash after simulated fire (values represent means ± SE, n = 3; species
are abbreviated as follows: Calamagrostis angustifolia (Ca), Carex
lasiocarpa (Cl), Carex meyeriana (Cm), Phragmites australis (Pa), Salix
rosmarinifolia var brachypoda (Sv) and Spiraea salicfolia (Ss)).

Two grams of ash from each burnt batch and 50 ml of
distilled water (1:25 w/v soil-to-solution ratio) were added
into a 150-ml polypropylene bottle on a shaker and shaken
for 30 min. Ash-water suspensions were centrifuged and
the supernatants filtered through a 0.45-µm filter into separate vials for analysis. The DOC and DIC were determined
with a TOC-VCPH (Shimazu, Japan). Concentrations of total
nitrogen (TN), NH4+-N and NO3--N were determined using
a SAN++ Continuous Flow Analyzer (SKALAR, Netherlands), DON was calculated as TN minus the sum of NH4+N and NO3--N. The basic cations and heavy metals were

DON concentrations (mg.kg-1)

FIGURE 1 - The photo of the experimental equipment (A: a barreltype device consists of a metallic cylinder 90 cm high and 63 cm in
diameter, with a 30 cm × 30 cm placket at the bottom for operation.
Before burning, the asbestos and silver paper were put in the device,
and the plants were put on the silver. Burning was carried out in
air. After complete burning, the residual ash on the silver paper was
collected and weighed; B: simulated burning process).
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FIGURE 3 - Dissolved organic nitrogen (DON) concentrations in
plant ash after simulated fire (values represent means ± SE, n = 3;
species are abbreviated as follows: Calamagrostis angustifolia (Ca),
Carex lasiocarpa (Cl), Carex meyeriana (Cm), Phragmites australis

2522

© by PSP Volume 19 – No 11. 2010

Fresenius Environmental Bulletin

(Pa), Salix rosmarinifolia var brachypoda (Sv) and Spiraea salicfolia
(Ss)).

FIGURE 5 - The relationship between dissolved inorganic carbon
(DIC) and dissolved organic nitrogen (DON) concentrations.

DIC concentrations (mg.kg-1)

Compared to other plants, the DIC contents in Salix
rosmarinifolia var brachypoda and Spiraea salicfolia ash
were higher (Fig. 4), which showed a similar trend to DON
contents. A significant linear correlation between DIC and
DON can be noted as y = 67.32 + 17.37 x (R 2 = 0.972
(Fig. 5). In addition to the correlation between DIC and
DON, the DIC and total carbon (TC) also showed a significant relationship in plant ash (y = 83.69 + 1.03 x; R 2 =
0.998) (Fig. 6). The ratios of DOC and TC in heterogeneous plant residual ash were significantly different (p <
0.05).
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FIGURE 4 - Dissolved inorganic carbon (DIC) concentrations in plant
ash after simulated fire (values represent means ± SE, n = 3; species
are abbreviated as follows: Calamagrostis angustifolia (Ca), Carex
lasiocarpa (Cl), Carex meyeriana (Cm), Phragmites australis (Pa), Salix
rosmarinifolia var brachypoda (Sv) and Spiraea salicfolia (Ss)).
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Salix rosmarinifolia var brachypoda are shrub plants, whilst
the others are herbage plants. Responses of plant elements
to fire varied among species, resulting in different elements`
retention and availability in ash. This can be attributed to
the differences in the structural and metabolic compounds
among plants [14]. Osborne [3] also found that different
species of wetland vegetation produced different compositions of DOM due to some characteristics of the parent
plant material, such as fiber fractions and nutrient ratios.
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y = 83.69 + 1.03 x
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R = 0.998
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800 1600 2400 3200 4000 4800
TC concentrations (mg.kg-1)

FIGURE 6 - The relationship between dissolved inorganic carbon
(DIC) and total carbon (TC) concentrations.

The ratios of DOC and TC in herbage plant ash were
higher than shrub plants, namely, 27.3% for Calamagrostis
angustifolia, 19.5% for Carex lasiocarpa, 12.4% for Carex
meyeriana, 15.1% for Phragmites australis, respectively.
The ratios of DOC and TC in the ash of the two shrub
plants were only about 2.4% and 5.5%, respectively. These
differences of the ratio of DOC and TC were attributed to
the plant species.
In addition, fire intensity was also able to influence
the ratio of DOC and TC. At temperatures between 400
and 500 °C, organic compounds were degraded and oxidized completely, and most carbon, hydrogen, oxygen, and
nitrogen were in the gas phase due to their relatively low
vaporization temperatures [14]. Qian et al. [5] noted that
almost all samples lost around 99% of TN and TC via
volatilization at 450 and 550 oC, and all material was converted to white ash. They noted black ash after burning at
350 oC, and the OM combustion was about half at this
temperature whilst heating to 250 oC yielded a reddishblack ash. Hatten and Zabowski [15] found that fire transforms soil organic matter (SOM) to inorganic forms of C,
and the degree to which SOM is altered is dependent on
fire severity. In this study, fire temperatures were not controlled as we aimed to simulate a field fire, but the resultant
ash was black which would indicate the fire temperature
could be lower than 400 °C. However, the relationship between DOM composition in residual ash and plant species
as well as fire temperature should be considered in any
further studies.
The concentrations of basic cations (e.g. K, Mg and
Ca) and heavy metals (e.g. Cu, Zn, Fe and Mn) in plant
ash were measured and presented in Table 1. The results
showed that the total Mg was less than Ca and K but
greater than Fe, which is consistent with the results of
Qian et al. [5]. Compared with the contents of basic cations
in wetland plant and soil [16], basic cations showed an
accumulation in the plant ash, and the contents of elements
in plant ashes were greater than in wetland soil. The results
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indicated that basic cations would accumulate after fire.

Dikici and Yilmaz [17] also noted that basic cations (e.g.

TABLE 1 - The concentrations of basic cations and heavy metals in plant ash (mg.g-1)

Plant species
Calamagrostis angustifolia
Carex lasiocarpa
Carex meyeriana
Phragmites australis
Salix rosmarinifolia var brachypoda
Spiraea salicfolia

Mg
4.21
12.65
10.21
4.13
14.23
22.13

K
8.90
14.90
29.13
23.39
59.78
64.33

K, Mg and Ca) can accumulate in ash, and ash application
often results in the elevation of surface soil pH. Chirenjie
et al. [18] found in ash-only columns, that Cu leaching
was the form of soluble complexes with Cl. When plant
ash was mixed with soil, Cu leached as soluble complex
with DOM at high pH. Although the solubility of many
heavy metals increases under acid conditions, an increase
in pH was likely to increasing the mobility of heavy metals associated with DOM. Fire can result in those elements
contained in vegetation or surface soil, transferred to the
adjacent area as ash deposition, or to atmosphere via volatilization [5]. This transportation of ash elements may have
a significant impact on the atmosphere. Tzanis et al. [19]
found increasing NO2 in the lower troposphere resulting
in a decreased UV radiation on the ground for a few days
after fires, and Wichmann et al. [20] found the combustion induced transport of heavy metals in the gas phase.
However, effects of fire on the regional environment were
considerable complicated, and the role of DOM in plant ash
played in environments should not be ignored.

Ca
20.09
65.04
39.44
7.27
285.82
160.68

Mn
7.05
14.94
6.00
0.93
3.66
5.06

Fe
5.50
4.89
23.40
0.89
3.17
8.47

Cu
0.03
0.01
0.05
0.04
0.11
0.10

Zn
0.47
0.47
0.27
0.09
1.84
1.75

Natural Science Foundation of China (No. 40871089;
40830535) for financial support.
REFERENCES
[1]

Bolan, N.S., Adriano, D.C., and de-la-Luz M. Dynamics and
environmental significance of dissolved organic matter in
soil. Proceeding of Super Soil 2004: 3rd Australian New Zealand Conference: 5 - 9 December 2004, University of Sydney, Australia.

[2]

Lu, X.Q., Maie, N., Hanna, J.V., Childers, D.L. and Jaffé, R.
(2003) Molecular characterization of dissolved organic matter in freshwater wetlands of the Florida Everglades. Water
Research 37, 2599-2606.

[3]

Osborne, T.Z. (2005) Characterization, mobility, and fate of
dissolved organic carbon in wetland ecosystem. Doctoral
Dissertation, University of Florida.

[4]

Khalid, M., Soleman, N. and Jones, D.L. (2007) Grassland
plants affect dissolved organic carbon and nitrogen dynamics
in soil. Soil Biology & Biochemistry 39, 378-381.

[5]

Qian, Y., Miao, S.L., Gu, B. and Li, Y.C. (2009) Effects of
burn temperature on ash nutrient forms and availability from
Cattail (Typha domingensis) and Sawgrass (Cladium jamaicense) in the Florida Everglades. Journal of Environmental
Quality 38, 451-464.

[6]

Marcos, E., Villalón, C., Calvo, L. and Luis-Calabuig, E.
(2009) Short-term effects of experimental burning on soil nutrients in the Cantabrian heathlands. Ecological Engineering
35, 820-828.

[7]

Allen, E.W., Prepas, E.E., Gabos, S., Strachan, W. and Chen,
W. (2003) Surface water chemistry of burned and undisturbed watersheds on the Boreal Plain: an ecoregion approach. Journal of Environment Engineering and Science 2,
S73–S86.

[8]

Gu, B.H., Miao, S.L., Edelstein, C. and Dreschel, T. (2008)
Effects of a prescribed fire on dissolved inorganic carbon dynamics in a nutrient-enriched Everglades wetland. Fundamental and Applied Limnology 171, 263-272.

[9]

Badía, D. and Martí, C. (2003) Plant ash and heat intensity
effects on chemical and physical properties of two contrasting soils. Arid Land Research and Management 17, 23–
41.

CONCLUSIONS
In our study, the greater levels of DOM found in wetland plant ash suggested that plant ash also contributed
DOM to the environments. DOM content and ratio of DOC
and TC in residual ash varied with the vegetation species.
In the shrub plant ash, the DIC and DON contents were
higher than in herbage plant ash by 81.8 and 83.0%, respectively. The ratios of DOC and TC in shrub plant ash were
lower than the herbage plant ash, by 78.8%. It suggests
that the source and dynamics of DOM after fire should be
considered with the plant type in the field. Fire can affect
the source and dynamics of DOM, and more attention is
required in order to understand the sources and dynamics
of DOM after fire.

ACKNOWLEDGEMENTS
We gratefully acknowledge Zhang Yu-xia, Zhao Haiyang, and Lou Bo-kun for sample analyses, and Wang
Yang for simulated fire treatment, and thank the
Knowledge Innovation Program of Chinese Academy of
Sciences (No. KZCX2-YW-309) as well as the National

2524

[10] Shang, L.N. (2004) Fire effects on properties of wetland soil
in Sanjiang Plain. Master Dissertation, Northeast Normal
University. (in Chinese, with English abstract).
[11] Wang, G.P., Liu, J.S., Wang, J.D. and Yu, J.B. (2006) Soil
phosphorus forms and their variations in depressional and riparian freshwater wetlands (Sanjiang Plain, Northeast China). Geoderma 132, 59-74
[12] Zhao, K.Y. (1999) Mire Record of China. Science Press, Beijing, 120 pp. (in Chinese, with English abstract).

© by PSP Volume 19 – No 11. 2010

Fresenius Environmental Bulletin

[13] Clay, G.D., Worrall, F. and Fraser, E.D.G. (2009) Effects of
managed burning upon dissolved organic carbon (DOC) in
soil water and runoff water following a managed burn of a
UK blanket bog. Journal of Hydrology 367, 41-51.
[14] Gray, D.M., and Dighton J. (2006) Mineralization of forest
litter nutrients by heat and combustion. Soil Biology & Biochemistry 38, 1469-1477.
[15] Hatten, J.A., and Zabowski, D.. (2009) Changes in soil organic matter pools and carbon mineralization as influenced
by fire severity. Soil Science Society of America Journal 73,
262-273.
[16] Jin, T.. (1987) The chemical characteristics of ecological environment of mires in Sanjiang Plain. Acta Ecological Sinica
7, 289-296. (in Chinese, with English abstract).
[17] Dikici, H., and Yilmaz, C.H.. (2006) Peat fire effects on some
properties of an artificially drained peatland. Journal of Environmental Quality 35, 866-870.
[18] Chirenje, T., Rivero, C., and Ma, L.Q.. (2002) Leachability of
Cu and Ni in wood ash-amended soil as impacted by humic
and fulvic acid. Geoderma 108, 31-47.
[19] Tzanis, C., Tsivola, E., Efstathiou, M., and Varotsos,
C. (2009) Forest fires pollution impact on the solar UV irradiance at the ground. Fresenius Environmental Bulletin
18(11A), 2151-2158.
[20] Wichmann, H., Sprenger, R., Wobst, M., and Bahadir, M..
(2000) Combustion induced transport of heavy metals in the
gas phase - A review. Fresenius Environmental Bulletin 9(12), 72-125.

Received: January 25, 2010
Revised: March 18, 2010
Accepted: April 26, 2010

CORRESPONDING AUTHOR
Guo-Ping Wang
Key Laboratory of Wetland
Ecology and Environment,
Northeast Institute of Geography and
Agricultural Ecology
Chinese Academy of Sciences
Wei-shan Road 3195
Changchun, 130012
P.R .CHINA

2525

Phone: +86 431 85542339
Fax: +86 431 85542298
E-mail: wangguoping@neigae.ac.cn
FEB/ Vol 19/ No 11/ 2010 – pages 2518 - 2522

© by PSP Volume 19 – No 11. 2010

Fresenius Environmental Bulletin

AFLATOXINS, NITRATES AND NITRITES
ANALYSIS IN COMMERCIAL CAT AND DOG FOODS
Ulku Kamile Becer1 and Ayhan Filazi2*

2

1
Veterinarian, Uğur Mumcunun Street, No:30/2, GOP/Ankara, Turkey
Department of Pharmacology and Toxicology, Faculty of Veterinary Medicine, Ankara University, Diskapi-Ankara, Turkey

ABSTRACT
The aim of this study was to investigate the aflatoxin,
nitrate and nitrite levels in commercial cat and dog foods.
For this purpose, 50 different cat (25 imported, 25 local)
and 50 different dog food (25 imported, 25 local) were
screened (aflatoxin analysis performed by TLC and nitratenitrite by spectrophotometric methods). According to the
results, none of the cat foods had aflatoxin contamination
whereas in two local and one imported dog food sample
5.33, 8 and 8 ppb of AFB1 were found, respectively. Nitrate-nitrite amounts in 100 samples were found to be lower
than safety levels. Nitrate content of local dog food was
found to be 0.009 ± 0.001 (0.001-0.042) ppm, in cat food
0.017 ± 0.002 (0.003-0.043) ppm, imported dog food
0.007 ± 0.001 (0.002-0.047) ppm, and in cat food 0.007 ±
0.001 (0.001-0.038) ppm. Nitrite content of local dog
food was found to be 0.008 ± 0.001 (0.001-0.035) ppm, in
cat food 0.015 ± 0.002 (0.001-0.044) ppm, in imported
dog food 0.011 ± 0.002 (0.002-0.053) ppm, and in cat food
0.009 ± 0.001(0.001-0.036) ppm.
The statistical analysis showed that there were no significant differences between the local and imported dog food
concerning the nitrate-nitrite amounts (P>0.05), whereas in
cat foods this difference was found more significant (P<
0.01). These results showed that the amounts of aflatoxin
and nitrate-nitrite in local and imported cat and dog food
in Turkey were found below the safety levels.

KEYWORDS:
Aflatoxins, Cat, Dog, Food, Nitrate, Nitrite

INTRODUCTION
Cat and dog dry foods are usually produced from
chicken, turkey and lamb meat. During the preparation of
these main ingredients; milled corn gluten flour, dried beet
pulp, milled rice, milled dough, fish oil, dried egg, flax

seed, carrot, green pea, tomato pomade, vitamins and minerals are added. In a dry food, one kind of the mentioned
meat types or a mixture of chicken and turkey meat can be
available. The amounts of these substances vary according
to the type and the age of the animal as well as some other
special conditions like diet foods [1].
By the development of technology in food production,
special foods are produced for cats and dogs. Ready food,
that became adequate and appropriate nowadays together
with the industrial developments, have became a sector and
ensured differentiations in respect of variety, quality and
content. The necessity of determination of quality in this
variety is in subject. Thus, the production, transport, storage and feeding of all kinds of feed stuff within scientific
measures and rules are necessary [2].
Aflatoxins are a group of mycotoxins which are produced by some kinds of Aspergillus spp. fungi such as Aspergillus parasiticus and A. flavus. They can be present in
the food, raw materials of the food and processed or unprocessed food materials (e.g. corn, peanuts, cottonseed,
tree nuts, cheeses, wheat and rice) [3-5]. When the dogs are
exposed to 0.5-1 mg/kg dose of Aflatoxin B1 (AFB1), acute
reactions, such as vomiting, depression, polydipsia, polyurea
and hepatitis, and even death can be seen within a couple of
days. It is also known that the dogs which were fed by the
food containing 0.05-0.3 mg/kg AFB1 for 6-8 weeks show
anorexia, lethargy, hepatitis, disseminated intravascular
coagulation, and even death could be expected [6].
Nitrates and nitrites naturally exist in fresh water, vegetables, fruits, feed crops, meat and decaying organic substances. They are also used as preservative substance in
meat industry on the production of sausage, hot dog, salami
and brined meat products [7]. While nitrate is reduced to
ammonia by bacterial activity in the digestion system after
being received by animals, nitrite is formed as an intermediate metabolism product. In case of excess intake of nitrate, the formation speed of nitrite is being more than the
demolition of nitrite and, consequently, nitrite concentration increases in the digestion tract [8].
Despite all improvements, aflatoxicosis still continues
to be an important health concern, where many cases of
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toxicosis were reported each year. In the state of Texas,
55 dogs were found dead because of aflatoxicosis, eating
the commercial dog foods for 90-120 days in 1998. 17 different branded commercial dog foods were investigated
for this case, and it was found that they contained 150300 ppb of AFB1. It was reported that with the uninformed cases the number of death could have been higher, and addressed that the corn ingredient in the dog food
were contaminated with aflatoxin [9]. Bastianello et al. [6]
have reported 1 acute, 7 sub-acute and 2 chronic aflatoxicosis cases which are developed naturally in dogs of the
Republic of South Africa. Greene et al. [10] reported that
one dog died from chronically hepatic failure by AFB1con-taminated dog food. Hagiwara et al. [11] reported that 2
dogs have died in Sao Paulo because of disseminated intravascular coagulation after eating an aflatoxincontaminated dog food. Krishnamachari et al. [12] reported that hepatitis related mortality due to the consumption of 2-6 mg of aflatoxin by corns contaminated intensely with A. flavus in the west sides of India. Stenske et al.
[13] reported that two dogs were dead by acute hepatic
inefficiency after eating aflatoxin-contaminated dog food.
In 1997, three cats were reported dead which consumed the commercial cat foods containing high amounts
(2850 mg/kg total nitrite) of the preservative sodium nitrite.
Interestingly, two dogs died and two were treated successfully which consumed the same brand [14].
Therefore, in order to avoid the toxicity, the levels of
aflatoxins, nitrate, nitrite and similar toxic compounds in
foodstuffs have to be monitored closely, and to be kept
under control continuously. Otherwise, related health effects like acute and chronic intoxications, and even deaths,
will still be an issue. Increasing production as well as importation of cat and dog foods in terms of trademark variety
and consumption of commercial dry food instead of homemade food, and lack of researches on this subject in Turkey, played primary roles to propose this study. Thus, this
research was focused to determine aflatoxin, nitrate and
nitrite levels in cat and dog foods in markets of Turkey.
MATERIALS AND METHODS
Materials

As the investigation material, a total of 100 food samples (50 cat and 50 dog, 25 import and 25 local production
each) from private companies in Turkey were collected
from the markets between December 2007-April 2008.
Approximately 500 g of sample was taken from the foods
which were sold in an open way and from the different
closed packages (2, 3, and 15 kg) which were stored in a
ventilated and dry environment until the day of analysis
within a week.
Aflatoxin determination

Each sample was analyzed for AFB1, B2, G1, and G2
contents by thin layer chromatography (TLC) which is a

semi-quantitative method described by Patterson and Roberts [15] and Şanlı et al. [16]. Aflatoxins were extracted from
the samples by acetonitrile-4.0% potassium chloride (9:1).
The extract was then purified by using column chromatography; finally, the extract was evaporated to a known volume, and subjected to a two-dimensional TLC. Aflatoxin
levels in foods were expressed as µg per kg (ppb). The
lowest detection limits of the method used were 3 µg/kg
(ppb) and the recovery value was found to be 76.7 %. The
amount of aflatoxins was estimated visually by comparing
the fluorescence intensity of aflatoxins from the sample
with that of one or more amounts of aflatoxin standards.
The identity of aflatoxins were confirmed by reaction with
25% sulphuric acid on the TLC plate, and by the formation
on the plate of a derivative using trifluoroacetic acid, and
comparison of the TLC properties of the derivatives of the
sample spot and the standard.
Nitrate and nitrite determination

For the nitrate and nitrite analysis in dry food of cats
and dogs, colorimetric method informed by Sen and Donaldson [17], modified by Yavuz [18] and Oruc et al. [19],
was used. Nitrite was combined with sulfanilic acid and N(1-naphthyl) ethylene diamine dihydrochloride (NED) and
measured colorimetrically. Nitrate was measured in the same
manner after being conveyed through a cadmium column
and reduced to nitrite. Nitrate concentration was calculated
from calibration curves as nitrate nitrogen, and nitrite concentration was calculated from calibration curves as nitrite
nitrogen. On the analysis phase, a part of the extracted filtrate
was directly used for nitrite measurement and nitrite density
was calculated directly from the nitrite calibration curve.
Statistical analyzes were carried out by SPSS 13 statistics
program pack. In this scope, the arithmetic average,
standard error, lowest and highest values were determined.
The determination of differences among the groups was performed by the one-way variance analysis and Duncan’s test.
RESULTS AND DISCUSSION
No aflatoxin presence was found in the 50 cat foods,
but 2 local production and 1 imported dog food sample
contained AFB1, respectively (5.33, 8 and 8 ppb). Considering the total of 50 dog food samples, the results indicate that 6% were contaminated by AFB1 (8% in local
and 4% in imported products; Table 1).
TABLE 1 - Level and incidence of aflatoxins in pet food.
Type of pet food
Dog
(local food)
Dog
(imported food)
Cat
(local food)
Cat
(imported food)
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Total number
of samples

Positive
samples

Level
(ppb)

Incidence
rate (%)

25

2

5.3 and 8

8

25

1

8

4

25

0

0

0

25

0

0

0
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In Turkey, limited data are available on aflatoxin contamination in cat and dog dry foods. Gunsen and Yaroglu
[20] have specified AFB1 and found <1.75-20 µg/kg in
18 dry dog foods collected from different companies in
Turkey between June 2000 – June 2001. It was noted that
three (16.7%) of the dog foods contained AFB1 >10 ppb.
In another study by Basalan et al. [21], it was reported
that in 21 dry dog foods collected from the western parts
of Turkey there were 6.69±1.65 µg/kg of AFB1, and none
of these would compose any risk as being below the legal
tolerance limits. Aflatoxin screening researches on catdog foods in Turkey are unfortunately limited within that
mentioned above. Our results were similar with Basalan
et al. [21] study but lower than the amounts of Gunsen
and Yaroglu [20] study.
In Brazil, 100 food samples (45 dog foods, 25 cat
foods and 30 bird foods) were collected from pet departments in the city of Alfenas and screened for their aflatoxin content by TLC in 2007. Among those samples, 12
foods containing peanut butter were found to be positive
[22].
According to Ligget et al. [23], when food was composed with corn and a total amount of 511 µg/kg of AFB1
and AFB2 contamination was given to dogs, diseases such
as hepatitis, trichinosis and prostration can happen. Newman et al. [24] reported that feeding 9 dogs with aflatoxincontaminated (AFB1: 223-579 ppb) dry foods, 4 dogs died
within 6-10 weeks and 5 encountered liver failure in which
euthanasia was administered.

In our research, the two samples containing aflatoxin
contamination, were of local production and sold unpacked.
Thus, it can be suggested that despite unpacked food is
more economic, it might have more potential in terms of
health risks. It should also be considered that the storing
conditions after opening large packs of food are very important, since our results pointed out the contamination in
the large pack (15 kg). It is concluded that the contamination on dry food sold unpacked should be screened more
frequently.
All samples (100 cat and dog food) contained little concentrations of nitrate-nitrite; with the nitrate density changing between 0.001-0.047 ppm, and that of nitrite between
0.001-0.053 ppm.
While the difference of nitrate and nitrite levels determined in dog food was not found to be significant (P>0.05),
it was observed that nitrate and nitrite levels in local production cat food were higher (P<0.01) than in imported ones
(Table 2).
As the number of samples were a lot but showed a
narrow distribution of value limits, the results of the nitratenitrite analysis were mentioned as general intervals (Tables
3 and 4) by combining specific groups instead of mentioning each separately. It was observed that the imported cat
food contained the lowest intervals of nitrate-nitrite concentrations with more frequency than local produced ones,
which are also close to the results of both local and imported dog foods.

TABLE 2 - Nitrate and nitrite levels in the cat and dog food, the lowest, highest and arithmetic mean (mean± SEM) values.
Food

Nitrate (ppm)
Nitrite (ppm)
Local (n=25)
Imported (n=25)
Local (n=25)
x
Dog
0.009 ± 0.001
0.007 ± 0.001
0.008 ± 0.001x
(0.001-0.042)
(0.002-0.047)
(0.001-0.035)
Cat
0.017 ± 0.002acy
0.007 ± 0.001bd
0.015 ± 0.002cy
(0.003-0.043)
(0.001-0.038)
(0.001-0.044)
abcd: Means with different letters in each line are significantly different (p< 0.01).
xy: Means with different letters in each row are significantly different (p<0.01).

Imported (n=25)
0.011 ± 0.002
(0.002-0.053)
0.009 ± 0.001d
(0.001-0.036)

TABLE 3 - Frequency of nitrate and nitrite levels in the cat foods.
Limits
ppm
0.001–0.010
0.011–0.020
0.021–0.030
0.031–0.040
0.041–0.050

Nitrate
Local
7
11
4
2
1

Imported
21
2
0
2
0

Nitrite
Local
9
10
2
3
1

Imported
20
2
1
2
0

TABLE 4 - Frequency of nitrate and nitrite levels in the dog foods.
Limits
ppm
0.001–0.010
0.011–0.020
0.021–0.030
0.031–0.040
0.041–0.050
0.051–0.060

Nitrate
Local
21
2
1
0
1
0

Imported
21
3
0
0
1
0
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Nitrite
Local
17
7
0
1
0
0

Imported
16
5
2
1
0
1
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It was observed that the nitrate and nitrite levels in
both cat and dog food are in safety level and could be
consumed. Since there were no previous similar studies,
the present data cannot be compared with other studies in
Turkey. There are many papers regarding the carcinogen
and acute/chronic effects of meat products with nitrate/
nitrite addition, by presenting nitrosamine derivatives contributing to their composition [25]. In a study performed by
Oruc et al. [19] in Bursa, regarding the nitrite and nitrate
levels of bird feed, 0.0–3.1 µg/kg nitrate and 0.0–1.3 µg/
kg nitrite contamination with the determination rate of nitrate as 72.72% and nitrite as 9%. They concluded that the
nitrate and nitrite levels in the feed samples would not
compose a risk for the health of the birds, in parallel with
the results of our study.
In a study of Worth et al. [14] regarding the death of
three cats living in home environment, it was found out that
sodium nitrite, a preservative in cat and dog food, caused
the death. On the autopsy of the cats, they have specified
that the darkening of the blood color was a result of methemoglobinemia caused by digesting about 2850 mg/kg of
nitrite by food. Four days after the death of the cats, the
officers were informed that two dogs among four fed by
the same brand dog food showed weakening and ataxia
indications depending on nitrite levels. The safety level
of nitrate for dogs by food is 2% [26]. The cats, however, are more sensitive, which was addressed in a study
where 30 mg/kg nitrate was given orally to cats and only
65% of haemoglobin (Hb) was converted to methaemoglobin (MHb) within 1 h [14].
Our results indicate that imported and local dry cat
and dog food sold in Turkey have acceptable levels of
AFB1, nitrate and nitrite.
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ABSTRACT
This work evaluated the effects of selected metals on
embryos using Frog Embryo Teratogenesis Assay- Xenopus
(FETAX). Besides FETAX parameters, changes in several biomarkers were studied as early signs of intoxication
on Xenopus laevis tadpoles. The acute effects of metals
were investigated by using the activity of the enzymes glutathione S-transferase (GST), glutathione reductase, acetylcholinesterase (AChE), carboxylesterase, lactate dehydrogenase, aspartate aminotranferase, and alanine aminotranferase. In the FETAX test, 96-h LC50s were determined as 1.6 mg/L, 96.1 mg/L, and 1.37 mg/L for Cd, Pb,
and Cu, respectively. Also, teratogenic index (TI) of each
metal was estimated as 1.1, 1.22, and 0.52 for Cd, Pb, and
Cu, respectively. The TI showed that tested metals were
not teratogenic in X. laevis embryos according to ASTM
values. The comparison of selected metals on selected enzyme activities was expected to give useful indications for
the proper use of biochemical responses as biomarkers.

KEYWORDS:
FETAX; Xenopus laevis; malformations; metals; biomarkers

INTRODUCTION
Metal contamination in aquatic systems is one of the
most critical environmental issues [1]. Mining, industry,
and agricultural activities can cause elevated metal concentrations in waterways that may result in deleterious
effects on aquatic biota, even at sublethal concentrations [2].
The toxicity of different kinds of metals to aquatic organisms and its impact on physiological and biochemical
mechanisms has been studied in several species [3]. However, the toxic effects of metals on biochemical markers in
amphibians have been evaluated in limited studies compared with other vertebrates up to date [4].
Xenopus laevis (African clawed frog) embryos have
been used extensively in recent years, and X. laevis is the
species of choice for the popular Frog Embryo Teratogenesis Assay—Xenopus (FETAX) bioassay, a toxicological

test that is used for assessing ecological and human health
hazards of different kinds of xenobiotics [5, 6]. Similar
to some invertebrate models [7], X. laevis embryo is an
important model used to assess the toxicity of compounds
or environmental factors in embryonic development [8].
However, there is limited information for metal toxicity in
the literature for FETAX test.
Biochemical markers might be used to investigate
sublethal toxic effects, and they can give a good indication
of potential sublethal toxicity and inform about possible
mechanisms of action [9]. For these reasons, assessment
of changes in biomarker enzymes and determination of
their sensitivity to metal exposures to the embryos during
the first days of development could be relevant. The goals
of this study were to evaluate the acute and sublethal embryotoxicity of cadmium, lead, and copper in the Xenopus
laevis. We also investigated the effects of sublethal metal
concentrations on selected biochemical markers of the
tadpoles. In order to find concentrations to be used in the
enzymatic experiments, the 50% lethal concentration (LC50)
at 96 h for each metal was previously determined. From the
variety of available biochemical biomarkers, a set comprising enzymes was used in this study. Glutathione S-transferase (GST), glutathione reductase (GR) and acetylcholinesterase (AChE) activities were assayed [8, 10, 11].
More recently, several studies indicate that these biomarkers are sensitive xenobiotic toxicity, including some
metals [12, 13]. We also assayed carboxylesterases (CaEs),
lactate de-hydrogenase (LDH), alanine and aspartate aminotransferase (ALT, AST) activities as useful biomarkers
in predicting the effects of chemical exposure upon ecosystem health [14, 15]. On the other hand metal related
teratogenic effects were evaluated.
MATERIALS AND METHODS
Chemicals and reagents for the bioassay

Test chemicals: Cadmium nitrate (Cd(NO3)2), lead nitrate (PbNO3), and copper sulphate (CuSO 4) were purchased from Fluka (USA), Carlo Erba (Spain), and Merck
(Germany), respectively. The reagents for enzymatic reactions, 1-chloro-2,4-dinitrobenzene (CDNB), 5,5′-dithio-bis-
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(2-nitrobenzoic acid) (DTNB), p-nitrophenyl acetate
(PNPA), acetylthiocholine iodide (ACTI), reduced glutathione (GSH), and Bradford Reagent, were obtained from
Sigma (MO, USA). Oxidized glutathione (GSSG) and
NADPH+ were provided by MP Biomedicals (USA). AST,
ALT, and LDH diagnostic kits were purchased from Biolabo (France). Human chorionic gonadotropin (hCG; Pregnyl, 5000 IU) was provided by Organon (Istanbul, Turkey).
Test organism and toxicity tests

A colony of X. laevis was maintained in the Laboratory of Environmental Toxicology at Inonu University,
Biology Department, Turkey. The breeding of Xenopus
adults and embryo collection were performed as described
in ASTM-E1439-98 [16]. Fertilized eggs were obtained from
adult pairs of X. laevis injected with hCG in the dorsal lymph
sac (females: 600 IU; Males 500 IU) according to Birhanli
and Ozmen [17]. Fertilized eggs were selected under a
dissecting microscope. Normal developing embryos were
selected up to the late blastula stage (stage 8–11) and used
for the FETAX assays. Embryos and tadpoles were maintained in standard FETAX solution. The FETAX solution
composition was 10.7 mM NaCl, 1.1 mM NaHCO3, 0.4 mM
KCl, 0.1 mM CaCl2, 0.4 mM CaSO4·2H2O, and 0.6 mM
MgSO4.
Daily prepared solutions of salts of metals [Cd(NO3)2,
Pb(NO 3)2, or CuSO 4] were used as test substances. For
FETAX, groups containing 20 embryos were randomly
placed in covered 100-mm glass petri dishes in 25 ml of
different concentrations of Cd (0.1–4.63 mg/L), Pb (8.6–
220.5 mg/L), or Cu (0.1–16.18 mg/L) solution, in which
concentrations increased by a factor of 1.6, 1.5, and 2,
respectively. All groups were tested with 4 petri dishes,
using a total of 80 embryos. Control groups of embryos
were maintained in standard FETAX solution. All dilutions were prepared daily in FETAX solution. An assessment of embryonic viability was determined based on normal cleaving blastula stage embryos by monitoring their
development; data were recorded at 24-h intervals throughout evaluation of embryonic viability and developmental
toxicity. Embryos were exposed to metal solutions at 23°C
(± 1°C) in static test conditions, and test solutions were
changed every 24 h during the 4-day test periods. The dead
embryos were removed, and the incidences were recorded.
At the end of the experiment (96 h), the surviving embryos
were euthanized by ethylene glycol monophenylether
(0.05%) and fixed in 3% formalin. Each embryo was evaluated for malformations by using a dissecting microscope
according to the methods described by ASTM [16].
Biochemical assay tests

The metal concentrations were selected based on the
LC50 of FETAX results for enzymatical responses. Studies were carried out utilizing the LC50 dose and one higher
and several lower concentrations than the LC50s. For the
enzymatic assays, 4-day-old tadpoles (at stage 46) were
used and all tadpoles were obtained from different parents
of laboratory colony for each tested metal. Groups con-

taining 50 tadpoles were randomly placed into covered
polycarbonate dishes with 50 ml of different concentrations
of Cd (0.1-4.38 mg/L), Pb (25.5-137 mg/L), Cu (0.1-3 mg/L)
solution, with concentrations increasing by a factor of 2,
2.6, and 1.4, respectively. Each concentration was tested
with 5 dishes that contained 50 tadpoles using a total of
250 tadpoles. Control groups of embryos were maintained
in standard FETAX solution. All dilutions were prepared
in FETAX solution. Tadpoles were exposed to metal solutions at 23±0.5°C under static conditions for a 24-h test
period. Live tadpoles of each dish was collected and placed
into a centrifuge vial after the exposure period. Each vial
was chilled in an ice box, and tadpoles were stored in a
–80°C freezer until the enzymatic assays.
Preparation of enzymatic samples

X. laevis tadpoles were thawed in an ice box, weighed,
and homogenized at 1500 rpm for 30 seconds with a teflon-glass homogenizer with 10 strokes (model RZR- 2021,
Heidolph, Germany) with ice-cold homogenization buffer.
Four volumes of homogenization buffer (0.1 M K-phosphate
buffer (pH 7.4) with 0.15 M KCl, 1 mM EDTA, 1 mM
DTT) were used per gram of tadpoles. The homogenate
was centrifuged at 16,000 g for 20 min at 4°C, and supernatant was transferred to a clean microfuge tube. After
centrifugation, enzyme activities were determined from the
collected supernatants as soon as possible in the same day
without refreezing of samples.
Cytosolic GST, GR, AChE, CaE, LDH, AST, and
ALT activities were determined. All enzyme activities were
conducted spectrophotometrically at appropriate wavelengths using a microplate reader system (VersaMax, Molecular Devices Corp., USA) at 25°C. Samples were assayed in triplicate. All enzyme activities were expressed
as specific activities.
GST activity was measured in the cytosolic fraction of
homogenates according to Habig et al. [18]. The reaction
mixture contained 0.1 M K-phosphate buffer (pH 6.5),
1 mM GSH, 1 mM CDNB, and 10 µl sample. Change in absorbance was monitored at 344 nm, and the activity calculated using the extinction coefficient for CDNB (ε=
9600 M−1 cm−1). Activity of GR was measured by the
method described by Stephensen et al. [19] with some
modifications. The reaction solution contained 0.075 mM
DTNB, 1.2 mM NADPH, and 20 µl of sample in a total
volume of 190 µl. The reaction was initiated by the addition of 20 µl of 3.25 mM GSSG. All reagents were dissolved in 0.1 M K-phosphate buffer (pH 7.5) containing
1 mM EDTA. GSH was generated from the excess of
GSSG-reduced DTNB. The reduction of DTNB was monitored at 405 nm, and the enzyme activity was calculated
using the extinction coefficient for DTNB (ε=14151 M−1
cm−1). The CaE activity was assayed using PNPA as substrate. The modified procedure of Santhoshkumar and
Shivanandappa [20] for a microplate reader was used. A
reaction solution that contained 5 µl of sample and 0.1 mM,
250 µl Trizma buffer (pH 7.4) was incubated for 3
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minutes at 25°C. The reaction was initiated by the addition of 5 µl of the substrate (final concentration, 0.5 mM)
into the reaction solution. The liberated p-nitrophenol was
followed at 405 nm for 2 min in the microplate reader. The
enzyme activities were calculated from the extinction coefficient of p-nitrophenol (ε=1830 M−1 cm−1). The AChE activity was measured following the Ellman method [21], modified for microplate readers, described by Ozmen et al. [22].
Ten microliters of supernatant was added to flat-bottom
microplate wells. The final concentrations of ACTI and
DTNB, prepared in Trizma buffer (0.1 M, pH 8.0), were
0.7 mM and 0.14 mM, respectively. Enzyme kinetics were
monitored at λ=412 nm for 3 min.
The LDH, AST, and ALT assays were conducted
with a microplate reader at the appropriate wavelengths
using the respective commercial test kits provided by the
manufacturer. For LDH, 5 µl (diluted 1:10 with phosphate
buffer, pH 7.4), and for AST and ALT, 20 µl of supernatant were transferred into each well. Also, 200 µl of test
reaction was dispensed into wells according to methods
described in the manufacturers’ test manuals.
The total protein concentration in the supernatant was
measured using the Bradford method [23] with bovine
serum albumin (BSA) as a standard. All protein measurements were carried out using a microplate reader. To each
microplate well, the following solutions were added: 5 µl
of diluted supernatant (1:10) and 250 µl Bradford reagent.
Absorbance was read at λ=595 nm, and the protein concentration was calculated from the calibration curve constructed from measurements of the following BSA standard
solutions (0-1.4 mg BSA ml−1). Calculated protein values
were used to calculate specific activity values of each tested
enzyme.
Statistical analyses

The 96-h median lethal (LC50) and teratogenic (TC50)
concentrations were obtained following the elaboration of
the lethality and malformation data by the Trimmed Spearman-Karber method [24] using the EPA Trimmed Spearman–Karber method version 1.5. Teratogenic index (TI)
was calculated by taking the ratio of the 96-h LC50 value
to the 96-h TC50 value as a means of assessing the teratogenic potential of the metals. The teratogenic risk potential of the metals was analyzed both according to ASTM
standards and by minimum concentration to inhibit growth
(MCIG)/LC50 values [16, 25]. No observed adverse effect concentration (NOAEC) and lowest observed adverse

effect concentration (LOAEC) values were determined by
Dunnett’s multiple comparison procedure, using statistical
software (SPSS Inc., Chicago, IL, USA) [26]. Malformation ratios for surviving embryos in metal-exposed
groups were compared with controls using Microstat
statistical software (Ecosoft Inc., USA). Statistical analyses of biochemical markers were performed using statistical software (SPSS Inc., USA). Multiple variant analysis
(ANOVA) was used to compare changes in enzyme activity.
The significance level was set to p<0.05. Mann Whitney-U
test was performed if there was any significance detected
within groups.
RESULTS AND DISCUSSION
Mortality and malformations

A worldwide decline in amphibian populations in the
past few decades has been reported by researchers and it
may be related to their high susceptibility to environmental
pollutants, particularly in certain early stages of their development [27]. The FETAX assay is essentially an organogenesis test, and organogenesis is highly conserved across
amphibians and mammals. The first 96 hours of embryonic
development in Xenopus parallels many of the major processes of human organogenesis [16]. Thus, FETAX has a
high probability of usefulness in identifying potential developmental toxicants and teratogens, such as metals.
A few studies have been conducted on metal toxicity
and teratogenicity relationship on amphibian tadpoles but
they have not demonstrated clear relationship between
ambient conditions and metal concentrations. In the current study, estimated 96-hour LC50s were determined as
1.6 mg/L, 96.1 mg/L, and 1.37 mg/L for Cd, Pb, and Cu,
respectively (Table 1). Estimated TC50 and MCIG values
for X. laevis that was exposed to metals also ranged between 1.45 to 79 and 0.1 to 20.3 mg/L, respectively; these
values are not similar to some previous reports for different amphibian species. In the previous studies, 96-h LC50s
of Cu were determined as 0.32 mg/L for Bufo melanostictus and 0.085 mg/L for Bufo arenarum tadpoles [28,
29]. Also, Lombardi et al. [30] reported that the acute
96-h LC50 value was calculated as 2.83 mg/L for copper
oxychloride toxicity in Rana catesbeiana tadpoles. However, our results showed that X. laevis embryos are relatively more sensitive than R. catesbeiana but less sensitive than B. melanostictus and B. arenarum to copper
toxicity.

TABLE 1- Results of definitive tests of metals using FETAX assay
metals
Cd
Pb
Cu

LC50a
1.60
96.1
1.37

TC50a
1.45
79.0
2.63

LOAELa
0.26
20.31
0.20

NOAECa
0.16
12.90
0.1

a

MCIGa
0.1
20.31
0.2

MCIG/LC50
0.063c
0.211c
0.146c

TIb
1.10d
1.22d
0.52d

Median lethal concentration (LC50), median effective concentration (EC50), lowest observed adverse effect concentration (LOAEC), no observed adverse effect concentration (NOAEC) and minimum concentration to inhibit growth (MCIG) were expressed as mg/L.
b
Teratogenic index (TI) determined by LC50/EC50.
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Substances are classified as teratogenic by NICEATM (2000) according to MCIG/LC50.
Substances are classified as non-teratogenic by ASTM (2003) according to LC50/EC50.

d

An earlier study with X. laevis reported an embryonic
LC50 for Cd-chloride of 8.5 mg/L [31]. In other studies,
the 96-h LC50s of Cd were determined as 3.16 and 15.81
mg/L for Rana temporaria and Rana luteiventris tadpoles,
respectively [32, 33]. These results for 96-h LC50 showed
that X. laevis tadpoles are more sensitive than R. temporaria tadpoles to Cd toxicity. Our results also supported
previous results for this metal.
There is limited information about Pb toxicity on amphibian tadpoles in the literature. The 48-h LC50 values
were reported as 4.7-9.0 mg/L for lead nitrate in B. arenarum tadpoles [34]. However, Xenopus tadpoles showed
more resistance to lead than B. arenarum. Our results
showed that the 96-h LC50 value was estimated as 96.1
mg/L. It may suggest that accumulation of dissolved lead
from water is substantial.
In general, TI values of <1.5 indicate low teratogenic
potential because little or no separation exists between the
concentrations that induce malformation without embryo
lethality and those concentrations causing lethal effects
[16]. The mortality ratios, as well as the ratios of malformed larvae of metal-treated embryos, are shown in Tables 2-4. Our results showed that all tested metals did not

represent a teratogenic effect on Xenopus embryos according to ASTM values. However, according to the index
values of NICEATM [25] which TI values are calculated
by the ratio of MCIG/LC50, all tested metals were classified as teratogenic (Table 1). Therefore, previous re-ports
claimed that Cd and Cu have teratogenic potential on
Xenopus embryos. Sunderman et al. [35] determined the
teratogenic index as 8.6 for CdCl2 and showed that CdCl2
is teratogenic for Xenopus laevis. Also, in the FETAX test
conducted by Fort et al. [36], 96-h LC50, EC50, and TI
values were found as 0.3 mg/L, 0.2 mg/L, and 1.5 for Cu,
respectively. However our results did not support these
findings.
The malformations that were identified in this study
included yolk edema, head edema, tail flexure, microphthalmia, microcephalia, and medially located eyes. The
malformation frequencies are listed in Tables 2-4. Yolk
edema, head edema and tail flexure were the malformations most often observed after metal treatments. Percentages of malformation showed a similarity between the
tested metals. However, medially located eyes did not determine in Pb-exposed embryos differently from the other
two tested metals.

TABLE 2 - Mortality ratios and the pattern of malformations in X. laevis larvae exposed to cadmium
Control
0.1
80
67
16.3
2 (3)
3

Cd (mg/L)
0.16
0.26
0.42
0.67
1.07
1.71
2.74
3.56
80
80
80
80
80
80
80
80
68
62
64
56
59
58
17
8
15
22.5
20
30
26.3
27.5
78.8
90
13 (19.1) 12 (19.4) 10 (15.6) 12 (21.4) 13 (22) 14 (24) 11 (64.7) 8 (100)
15
13
15
20
19
20
16
8

Utilized embryos (n)
80
Survived embryos (n)
80
Mortality (%)
0
Malformed embryos n (%)
0
a
Malformations (n)
0
Malformation types
Yolk edema n (%)
0
0
2 (13)
2 (15)
4 (27)
6 (30)
6 (32) 6 (30)
Head edema n (%)
0
1 (33) 2 (13)
2 (15)
5 (33)
3 (15)
6 (32) 6 (30)
Tail flexure n (%)
0
2 (67) 3 (20)
2 (15)
3 (20)
4 (20)
5 (26) 2 (10)
Microphthalmia n (%)
0
0
4 (27)
3 (23)
1 (7)
1 (5)
2 (11)
1 (5)
Microcephalia n (%)
0
0
2 (13)
2 (15)
1 (7)
1 (5)
0
5 (25)
Medially located eyes n (%)
0
0
2 (13)
2 (15)
1 (7)
5 (25)
0
0
n: number of tested embryos, malformed embryos or number of malformations.
a: Malformations in surviving embryos. Some individuals may have more than one type of malformation.
number in parentheses show ratio of malformation.

6 (38)
6 (38)
4 (25)
0
0
0

3 (38)
4 (50)
1 (13)
0
0
0

4.63
80
0
100
-

TABLE 3- Mortality ratios and the pattern of malformations in X. laevis larvae exposed to lead.
Control
8.6
12.9
80
80
78
79
2.5
1.3
3 (3.8) 6 (7.6)
4
8

20.31
80
71
11.3
5 (7)
6

26.4
80
71
11.3
6 (8.5)
8

Pb (mg/L)
34.32 43.55
65.33
80
80
80
66
64
61
17.5
20
23.8
16 (24.2) 14 (21.9) 11 (18)
22
16
12

Utilized embryos (n)
80
Survived embryos (n)
80
Mortality (%)
0
Malformed embryos n (%)
0
a
Malformations (n)
0
Malformation types
Yolk edema n (%)
0
1 (25) 4 (50) 1 (17) 2 (25)
6 (27)
Head edema n (%)
0
2 (50) 2 (25) 2 (33) 2 (25)
6 (27)
Tail flexure n (%)
0
1 (25) 2 (25) 2 (33) 2 (25)
10 (45)
Microphthalmia n (%)
0
0
0
1 (17) 2 (25)
0
Microcephalia n (%)
0
0
0
0
0
0
Medially located eyes n (%)
0
0
0
0
0
0
n: number of tested embryos, malformed embryos or number of malformations.
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3 (19)
3 (19)
5 (31)
2 (17)
3 (19)
0

2 (17)
2 (17)
6 (50)
2 (17)
0
0

98
80
67
16.3
30 (44.8)
39

147
80
16
80
16 (100)
16

220.5
80
0
100
-

9 (23)
9 (23)
9 (23)
6 (15)
6 (15)
0

5 (31)
5 (31)
2 (13)
2(13)
2 (13)
0

-
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a: Malformations in surviving embryos. Some individuals may have more than one type of malformation.
number in parentheses show ratio of malformation.
TABLE 4 - Mortality ratios and the pattern of malformations in X. laevis larvae exposed to copper.
Control
0.1
80
71
11.3
5 (7)
8

0.2
80
67
16.3
10 (14.9)
14

0.39
80
65
18.8
9 (13.8)
19

0.77
80
48
40
14 (29.2)
16

Cu (mg/L)
1.54
3
80
80
36
27
55
66.3
8 (22.2)
11 (40.7)
10
12

Utilized embryos (n)
80
Survived embryos (n)
78
Mortality (%)
2.5
Malformed embryos n (%)
1 (1.3)
a
Malformations (n)
1
Malformation types
Yolk edema n (%)
0
1 (13)
4 (29)
4 (21)
3 (19)
2 (20)
5 (42)
Head edema n (%)
0
3 (38)
5 (36)
3 (16)
4 (25)
2 (20)
0
Tail flexure n (%)
1 (100)
0
1 (7)
2 (11)
3 (19)
4 (40)
4 (33)
Microphthalmia n (%)
0
1 (13)
3 (21)
1 (5)
4 (25)
2(20)
0
Microcephalia n (%)
0
2 (25)
1 (7)
6 (32)
0
0
3(25)
Medially located eyes n (%)
0
1 (13)
0
3 (16)
2 (13)
0
0
n: number of tested embryos, malformed embryos or number of malformations.
a: Malformations in surviving embryos. Some individuals may have more than one type of malformation.
number in parentheses show ratio of malformation.

Alterations of enzyme biomarkers

Biochemical and physiological processes in organisms
are known to be affected by exposure to pollutants, such
as metals [37]. Changes in enzyme activity in tadpoles had
different patterns. Acute exposure to sublethal Cd concentrations did not affect AChE activity at important levels
(P>0.05) in the present study. Previous studies also suggested that brain AChE showed minor changes after acute
Cd exposure and that AChE is not a marker associated with
Cd exposure in some Cyprinids [38]. However, a distinct inhibition of AChE was determined on tadpoles exposed to Pb
at all concentrations. The inhibition of AChE activity in Pbexposed tadpoles was approximately 35-60% (Table 5). The
nervous system is the primary target for Pb and it mainly
affects the cholinergic system by reducing acetylcholine
(ACh) release, uptake, and turnover rates [39]. It can also
inhibit AChE activities [40]. The decrease in the specific
activity of AChE observed in this study indicates that Pb
is a neurotoxic metal in X. laevis tadpoles.

5.9
80
15
81.3
12 (80)
12

11.56
80
1
98.8
1 (100)
1

16.18
80
0
100
-

5 (42)
0
2 (17)
0
5 (42)
0

1 (100)
0
0
0
0
0

-

GST induction can be considered an adaptation, allowing the biological systems to partially or totally overcome stress resulting from exposure to an unsafe environment [41]. At the highest concentration level, GST activity
increased about 220% compared with control tadpoles on
Cd exposure. There was also a strong positive correlation
between GST activities and Pb concentrations. The highest GST activity was determined as 655±41 nmol/min/mg
protein at the highest Pb concentration (137 mg/L).The
approximately 2-4-fold increases in GST activity of Pbexposed tadpoles may support Pb toxicity on tadpole. Also,
GST activity significantly induced (P<0.01) at all metal
concentrations, except the lowest exposure of Cd concentration. This effect of metals may be related to their capacity for catalyzing oxidative reactions, leading to the production of reactive oxygen species (ROS). The detoxification
role of GST could be exerted by catalyzing the conjugation of GSH to metals, since GSH is known to bind to
metals [42].

TABLE 5- Effect of selected metals on enzyme activities in X. laevis tadpoles
Concentration
(mg/L)
Control
Cd
0.10
0.26
0.67
1.71
4.38
Pb
25.5
35.7
50
70
98
137
Cu
0.1
0.2
0.39
0.77
1.54
3

n

LDH

10
5
5
5
5
5
4
4
5
5
6
4
5
5
5
5
5
5

183.3± 7.91
200.6± 12.02
213.3± 7.19 *
214.1± 10.37
226.9± 14.38 **
211.8± 7.15 *
202.0± 6.77
228.6± 8.35 *
219.1± 9.78 *
221.1± 9.46 **
218.2± 11.53
246.1± 18.17 **
230.4± 3.25 *
256.3± 7.91 **
220.1± 6.59 *
239.7± 10.14 **
240.5± 13.43 **
234.7± 15.49

AST
100.9± 6.55
113.5± 7.50
127.3± 3.21 *
123.5± 5.35 *
131.9± 5.64 *
139.4± 1.90 **
38.2± 3.08 **
51.0± 1.99 **
126.1± 4.80 *
126.8± 5.58 *
123.4± 4.84
50.3± 4.29 **
161.9± 3.11 **
161.3± 3.78 **
153.0± 4.92 **
171.5± 6.25 **
173.0± 5.89 **
141.6± 17.4 *

ALT
20.34± 3.02
29.55± 1.48 *
30.94± 1.06 *
32.29± 1.64 *
33.93± 1.42 *
32.25± 0.93 *
9.83± 0.41 *
11.19± 0.52
36.35± 1.15 **
36.92± 1.34 **
35.80± 1.40 **
10.91± 0.44
23.67± 0.68
22.81± 0.41
22.21± 0.87
24.30± 0.98
23.84± 1.39
17.34± 3.06

GST
173.3±
199.7±
201.6±
269.6±
363.1±
378.7±
369.9±
387.9±
388.8±
417.5±
432.9±
654.6±
255.2±
267.8±
243.7±
273.1±
276.7±
241.0±
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4.11
13.12
3.65 **
11.15 **
17.50 **
9.06 **
27.19 **
16.36 **
15.99 **
29.78 **
11.67 **
40.88 **
9.30 **
13.24 **
7.83 **
9.10 **
7.49 **
15.54 **

GR
6.53±
12.31±
16.19±
15.92±
14.82±
16.12±
24.58±
26.36±
17.28±
15.37±
14.14±
33.45±
6.87±
6.98±
6.42±
7.25±
6.59±
6.08±

0.85
1.70 *
1.70 **
1.72 **
1.60 **
0.63 **
1.17 **
1.01 **
1.00 **
0.37 **
0.70 **
1.59 **
0.51
0.39
0.18
0.22
0.22
0.44

CAE
150.6±
153.8±
165.9±
184.9±
184.7±
191.2±
103.7±
99.5±
166.6±
154.4±
148.2±
107.0±
186.5±
189.6±
173.7±
188.9±
190.9±
162.2±

5.442
5.47
2.44
9.33 *
8.58 **
2.68 **
4.90 **
2.74 **
10.56
3.82
12.29
5.05 **
11.12 *
5.60 **
5.75 *
6.81 **
45.10
20.35

ACHE
84.7± 1.53
90.0± 7.11
93.9± 9.49
96.5± 8.47
87.3± 8.31
91.0± 3.71
56.0± 1.83 **
53.4± 10.20 **
48.1± 3.41 **
41.7± 2.88 **
31.8± 2.02 **
45.5± 11.47 **
98.0± 4.85 **
96.8± 0.50 **
91.8± 3.30 *
95.7± 1.57 **
98.7± 2.66 **
98.4± 1.83 **
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All enzyme activities were described as nmol/min/mg protein ± standard error. *: p<0.05 and **: p<0.01 were showed statistical importance compared with control. n: number of replicates.

Differently from Pb and Cu, CaE activity significantly
increased with increases in Cd concentration. CaE activity
increased upto 191±3 nmol/mg protein; this was the highest value for CaE within all tested metals in the study.
CaE plays a role in the detoxification of many agrochemicals, including pyrethroids, organophosphates, and carbamates [14]. Therefore, CaE was tested as a possible additional biomarker of exposure to tested metals. We can conclude that CaE may be a useful biomarker for metal toxicity in amphibian tadpoles after additional studies.
There were significant increases in LDH, AST, and
ALT activity with Cd exposure (P<0.05 or P<0.01), (Table 5). Aminotrasferases are the most important enzymes
involved in amino acid metabolism, and the responses to
changes in environmental conditions may also evaluate by
these enzymes [43]. These increases in AST and ALT activity are particularly relevant during fluctuating energy demands of tadpoles in adaptive situations due to the adverse
effects of Cd [44]. The inhibition of ALT, AST, and CaE
activities by Pb in tadpoles may show the potential of
these enzymes for use as biomarkers of sublethal stress by
metals. Therefore, the direct metal-enzyme interaction
should not be discounted. But, it is more probable that the
inhibition of these activities is the result of metabolic readjustments [45], because inhibition in these enzymes was
not paralleled by increases of Pb concentration. Inhibition
of ALT, AST, and CaE activities at 147 mg/L Pb exposure may be due to the mortality period.

In conclusion, our investigation provides further data
indicating that sublethal metal intoxication of X. laevis
causes serious modification of detoxification pathways
and metabolic processes. Therefore, X. laevis can be considered a good bioindicator for metal exposure. Determination of GST and AChE activities after exposure to metals would be interesting in establishing these enzymes as
markers of freshwater pollution. Also, the results provide
evidence that CaE, AST, and LDH can be used as sensitive indicators of aquatic pollution.
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The copper intoxication caused a significant increase
in the activities of selected enzyme activities in X. laevis,
except ALT and GR (p<0.05 or p<0.01). Increases in LDH,
AST, GST, and CaE activities were recorded at the higher
Cu concentrations (P<0.05 or P<0.01). In toxicological studies of acute exposure, changes in concentrations and activities of some enzymes may reflect cell damage in specific
organs [46]. In X. laevis, larval development at between 8-46
stages includes the major stages of organogenesis [36].
However, organogenesis is not completed in tadpoles. Therefore, toxicity may affect whole body systems. On the other
hand, Cu exposure may affect metabolic pathways that
cause the generation of ROS; this is thought to be a major
contributor to LDH leakage from cells [47]. Transaminases
and LDH are generally associated with the cellular metabolic activities. LDH is a source of the oxidized coenzyme
during the period of transient anaerobiosis or a reduced form
of such a coenzyme during aerobiosis. Therefore, LDH may
also be indicative of hypoxic conditions in the organism
[48]. The increase in the activity levels of AST and ALT
may indicate that tadpoles adaptively increase the activity
levels of AST and ALT to meet the energy demand under
metal stress, possibly by promoting gluconeogenesis. Thus,
metals may adversely affect various metabolic processes in
developing embryos, resulting in developmental retardation, morphological and functional anomalies, or death of
the most sensitive individuals [49].
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ABSTRACT
Beta-cyclodextrin (β-CD) reacted with glycine in the
presence of KOH and epichlorohydrin, and glycine-β-cyclodextrin (G-β-CD) with high water solubility was obtained
and characterized with infrared spectra. The enhanced solubilization behavior of atrazine by G-β-CD was studied,
and the desorption behavior of atrazine from contaminated
soil was also studied, and the influence factors on desorption of atrazine were investigated and described in details,
such as pH, initial concentration of G-β-CD, temperature
and CD type. The results showed that the solubilization
capacity of G-β-CD for atrazine is higher than that of βCD for atrazine, the G-β-CD has obvious solubilization for
atrazine, and the solubility of atrazine in 30g/L of G-β-CD
was enhanced about 4.2-fold. The removal efficiency of the
G-β-CD for atrazine in soil decreased with increasing pH.
It was beneficial to the removal of atrazine in soil by raising temperature and initial concentration of G-β-CD, and the
removal efficiency of the G-β-CD for atrazine in soil is
higher than that of α- and β-cyclodextrin for atrazine in
soil. Desorption process of G-β-CD for atrazine in soil
followed the pseudo-second-order rate equation. The use of
G-β-CD as an extractant to enhance the removal of organiccontaminated soils appears as a promising remediation
method.
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INTRODUCTION
Atrazine [2-chloro-4-ethylamine-6-isopropylamino-1,
3,5-triazine] is widely used as herbicide both on agricultural crops and in urban settings. Several studies in laboratory rodents have observed reproductive, developmental, and immunological toxicological effects caused
by atrazine exposure [1]. Atrazine is highly persistent in
soil, the half life of atrazine in loamy soils ranges from 60
to 150 days, and it can persist for longer than 1 year under

dry or cold conditions [2]. Due to its low adsorption to soil
particles, atrazine has a high potential for groundwater
contamination, despite its moderate solubility in water [3,
4]. Thus, the remediation of atrazine-contaminated soil is an
important environmental issue. At present, in situ treatment
technologies for organic-contaminated soil have been widely
used because of addressing deep contamination and generally less costing, for example, chemical oxidation, soil
flushing, electrokinetic separation, phytoremediation, etc.
The in situ technologies presented involve applying chemical, biological, or physical processes on the subsurface to
degrade, remove contaminants without removing the bulk
soil [5-8]. However, improvement of desorption efficiency
from organic-contaminated soils is essential to the remediation of contaminated soils. Various extracting agents have
been used to enhance the desorption efficiency of organic
pollutants [9, 10].
Recently, cyclodextrins (CDs) have received increasing attention because of their forming inclusion complexes
with various guest molecules, with suitable polarity and
dimensions. So they have been proposed as an alternative
agent in order to enhance water solubility of hydrophobic
compounds [11, 12], and CDs present several advantages
over solvents and non-ionic surfactants, such as their lower
toxicity and their higher biodegradability [13]. In addition,
based on published data, it would appear that CDs are becoming comparable in cost with surfactants [14]. Further,
the cost of CDs has continuously decreased in recent years
[15]. CDs are cyclic oligosaccharides made up of 6 to 8 aD-glucopyranose monomers connected at 1 and 4 carbon
atoms. CDs with 6-8 a-D-glucopyranose units are denoted
α-, ß-, and γ-CDs, respectively. However, β-CD is the most
accessible, the lowest-priced and, generally, the most useful, but solubility of β-CD in pure water is only 18.5 g/L,
therefore, its application was limited because of low solubility. Some modified β-CDs with high solubility have been
used to enhance the solubility of organic pollutants [16-19].
In this work, in order to improve the water solubility
of β-CD, a highly water-soluble G-β-CD was synthesized
by the reaction of β-CD with glycine in the presence of KOH
and epichlorohydrin. G-β-CD enhancing solubilization and
desorption behavior of atrazine in soil was studied, and the
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influencing factors on desorption of atrazine were also
investigated and described in details, such as pH, initial
concentration of G-β-CD, temperature and CD type. This
research will provide some fundamental information for
the remediation of organic-contaminated soils.
MATERIALS AND METHODS

quantity of atrazine in hexane and a known weight of soil
was added slowly, with continuous mixing. This slurry was
mixed thoroughly and the solvent was allowed to evaporate slowly, the dry contaminated soil was transferred into
a bottle and tumbled for about a week before the experiments.
Preparation of glycine-β-cyclodextrin

Materials

β-CD was obtained from Seebio Biotechnology Inc.
(Shanghai, PRC), and used without further purification.
Atrazine was obtained from Zhejiang Changxing No.1
Chemical Co., Ltd., with a purity of 99%. Its chemical structure is given in Fig. 1. Glycine was analytical pure, purchased from Jingchun Chemical Reagent Co. (Shanghai,
PRC). Epichlorohydrin was obtained from Fuchen Chemical Reagent Co. (Tianjing, PRC). HCl and NaOH were
used to adjust the pH values of solutions. All other reagents
and solvents used were of analytical reagent grade unless
otherwise stated. The water used throughout the work was
deionized by a Milli-Q water purification system.

8g of β-CD was dissolved in 70 ml of 96% KOH, and
the solution was agitated and heated in a 50 °C waterbath
for 1 h, and then 7.5 g of glycine was added, and simultaneously, 10 g of chloroepoxy propane was added dropwise into the above solution and reacted for 1 h at 60 °C,
and then cooled to room temperature. pH was adjusted to
about 5.5 with sulphuric acid and 150 ml of absolute ethylalcohol was added, and then filtered, evaporated and concentrated in waterbath for removal of residual ethylalcohol,
and then 300 ml of methanol was added and kept overnight, and then filtered and dried to give white, solid glycine-β-cyclodextrin (G-β-CD). The reaction scheme for
the synthesis s shown in Fig. 2. G-β-CD was confirmed
using a Nicolet FT-IR 5700 infrared spectrophotometer
(Thermo, Madison, USA).
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FIGURE 1 - Chemical structure of atrazine
Soil preparation

An uncontaminated natural soil was collected from
Fuzhou City, China. The soil was air-dried and sieved to
obtain particles less than 1 mm in all experiments. The soil
has a pH of 6.0 and organic carbon content of 1.82%. The
contaminated soil was prepared by dissolving an appropriate
OH

For the solubility measurements, 10 ml of solution containing varying concentrations of CD (0-15 g/L for β-CD and
0-30 g/L for G-β-CD) were poured into 50-ml conical
flasks with caps and the solid atrazine (10 mg) was added
in quantities in excess of the solubility limit. The conical
flasks were equilibrated on a reciprocating shaker for 24 h
at 25 °C, and then the mixture solution was centrifuged at
4000 rpm for 30 min. The solubility of atrazine was determined by measuring the solution absorbance at 225 nm
after being diluted with 50:50 methanol-water. The role of
methanol is to decompose the CD inclusion complexes,
hereby keeping the UV spectrum unchanged [11].
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FIGURE 2 - Reaction scheme for the synthesis of G- β-CD
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Equilibrium adsorption experiments

Analysis

The UV absorbance spectra of atrazine solutions were
recorded with a spectrophotometer UV-1601 (Shimadzu,
Japan). The characteristic absorbance peak was at 225 nm.
Atrazine in aqueous solution was detected by HPLC [Shimadzu LC-10ATVP pump, Shim-pack VP-DDS-C18 column (4.6×150 mm, 5 µm)] with a flow-rate of 1.0 ml min-1
and UV detector (Shimadzu UV-VIS detector) at 225 nm.
The mobile phase was methanol /water mixture (70/30, v/v).
The injection volume was 20 µl. The retention time of
atrazine was about 5.0 min. The calibration curve equation
for atrazine detection was peak area =-2746.9+89671.5C
(R=0.9966), where C was the concentration of atrazine in
the range of 0 ~ 1.0 mg L-1. Measurements were made in
triplicate in each experiment with errors less than 5%.
RESULTS AND DISCUSSION
Characterization of G-β-CD

The FT-IR spectra of glycine, β-CD and G-β-CD are
shown together in Fig 3. Compared with the FT-IR spectra of β-CD, IR spectra of G-β-CD is similar. Some characteristic absorption peaks of β-CD at 857, 946, 1028 and
1159 cm-1 have been also found in the IR spectra of G-βCD, which indicates that cavity structure of β-CD was
kept in G-β-CD. In addition, absorption peaks obviously
shifted toward shortwave and ranged widely between
3500-3100 cm-1, it is because addition reaction happened
between ring opening epoxy groups and amino groups,
and a kind of new NH bond was obtained, and exhibited
overlapping absorption peaks with hydroxyl groups, and
the characteristic absorption peak of carboxyl group at
1408 cm-1 was also found in the IR spectra of G-β-CD,
which indicates that amino group and carboxyl group
from glycine were grafted to molecular scaffold of β-CD.
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Batch desorption experiments

Desorption of atrazine from contaminated soils with different solutions was measured in batch experiments. Contaminated soil samples (1 g) were weighed into 50-ml conical flasks, to which 25 ml of G-β-CD solutions with different concentrations were added. The conical flasks were
equilibrated on a reciprocating shaker for 24 h at 25 °C,
and then the mixture solution was centrifuged at 4000 rpm
for 30 min. The atrazine concentration in the solution was
determined by HPLC.

β-CD

857

Equilibrium adsorption experiments were conducted
in 50-ml conical flasks with caps, the uncontaminated soil
samples were mixed with variable atrazine concentrations
and shaken for 24 h in the dark, at 25 °C, HgCl2 was added
at a concentration of 400 mg L -1 to minimize bacterial
growth and biodegradation during batch experiments. The
mixture solution was centrifuged at 4000 rpm for 30 min at
room temperature. The atrazine concentration in the solution was determined by HPLC.
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FIGURE 3 - IR spectra of G- β-CD
Solubilization of atrazine in G-β-CD solution

The solubilization effects of β-CD and G-β-CD on
atrazine are plotted in Fig. 3. The results show the apparent
aqueous solubilities of atrazine are linearly increased with
increasing β-CD and G-β-CD concentration. Straight lines
in the diagrams, with slopes less than 1, may be ascribed
to the formation of 1:1 inclusion complexes in solution.
The linear relationship can be expressed as follows [20]:

Kf
St
= 1+
C0
S0
1 + K f S0

(1)

where St is aqueous-phase concentration of atrazine in
the presence of β-CD and G-β-CD, S0 is concentration of
atrazine in the absence of β-CD and G-β-CD, C0 represents
the initial concentration of β-CD and G-β-CD, and Kf is the
stability constant of inclusion complexes for atrazine with
β-CD or G-β-CD, and it was used to evaluate solubilization-capacity of CD for atrazine. As shown in Fig. 4., the
stability constant of inclusion complex for atrazine with
G-β-CD and β-CD is 901 and 458 M-1, respectively, a
higher binding constant was found for atrazine with G-βCD than with β-CD, which indicates that solubilizationcapacity of G-β-CD for atrazine is higher than that of βCD for atrazine. The G-β-CD has obvious solubilization for
atrazine, the solubility of atrazine in 30 g/L of G-β-CD was
enhanced about 4.2-fold.
Adsorption of atrazine

In order to provide some information for preparation
of atrazine-contaminated soil, adsorption experiments of
atrazine onto soil were conducted. Under the conditions
of 1.0 g uncontaminated natural soil, pH 6.0, 25 °C and
1.0 mg L-1 atrazine, the adsorption experiments were carried out for contact times ranging from 0.5-48 h. The results are shown in Fig. 5. It is clear that the adsorption
capacity of atrazine increases with increasing contact time
and reaches an adsorption equilibrium within 24 h. After
24 h, the change of adsorption capacities for atrazine did
not show notable effects. Therefore, the adsorption equilibrium time considered for the further work has been taken
as 24 h. The adsorption isotherm is the most important in-
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formation, which indicates how the adsorbent molecules
dis-tribute between the liquid and the solid phase when the
adsorption process reaches an equilibrium state. Fig. 6
shows the adsorption isotherm of atrazine onto the uncontaminated natural soil.

St / S0=1.00667+0.05994c
(R=0.99588)

1.8

St / S0

1.6

The Langmuir and Freundlich equations were used to
describe equilibrium adsorption isotherms. The Langmuir
isotherm considers the adsorbent surface as homogeneous
with identical sites in terms of energy. Eq. (2) represents
the Langmuir isotherm:
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where Qe is the amount of atrazine adsorbed per unit
weight of uncontaminated natural soil (mg g-1) at equilibrium time, and Ce is the equilibrium concentration of
atrazine in solution (mg L-1). The constant Q0 represents
the saturated monolayer adsorption capacity (mg g-1), and
b is a constant of adsorption equilibrium (L mg-1). A linearized plot of Ce/Qe against Ce gives a Q0 and b.

St / S0

4.0 St/S0=0.84502+0.11137C
(R=0.99553)
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The Freundlich empirical equation based on adsorption on a heterogeneous surface is given as follows:

1.0
0.5

0

ln Qe = ln K F + 1 / n ln Ce

5
10
15
20
25
30
Concentration of G-β-CD (g/L)

Adsorption capacity (µg/g)

1.0
0.8
0.6
0.4
0.2
0

10

20
30
Time (h)

40

50

FIGURE 5 - Adsorption equilibrium of atrazine ([atrazine]=1.0 mg
L-1, soil = 1.0 g, pH = 6.0 and T = 25 °C).
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(3)

(3)

where KF and n are Freundlich constants, which represent
adsorption capacity and adsorption intensity, respectively.
KF and n can be determined from a linear plot of ln Qe
against ln Ce. The calculated results of the Langmuir and
Freundlich isotherm constants are given in Table 1. It is
found that the adsorption of atrazine onto the soil correlated well with the Freundlich equation as compared the
Langmuir equation under the concentration ranges studied, Freundlich model is suitable for adsorption equilibrium of atrazine onto the soil. According to the calculated
result of Freundlich equation, the adsorption capacity of
soil for atrazine is 1.097 µg g-1, it may provide the basis
for preparation of atrazine-contaminated soil used in the
desorption experiments.

FIGURE 4 - Solubilization curves of atrazine in β-CD and G- β-CD
(pH 6.0 and T 25 °C).

0.0

(2)

(2)

1.2
1.0
0.8

TABLE 1 - Langmuir an, Freundlich isotherm
model constants and correlation coefficients.
Isotherm model
Langmuir model
Q0 (µg g-1)
b (L mg-1)
R
Freundlich model
Kf (µg g-1)
n
R

Value
3.247
0.5332
0.96035
1.097
1.384
0.99572

0.6

Desorption kinetics of atrazine

0.4

The desorption kinetics of atrazine from contaminated
soil were conducted by putting atrazine-contaminated soil
into G-β-CD solution. The concentration of atrazine in solution phase was measured by HPLC as previously described.
The desorption amounts of atrazine with G-β-CD at different desorption times are shown in Fig. 7. It is clear that

0.2
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
Ce (mg/L)
FIGURE 6 - Adsorption isotherm of atrazine (soil = 1.0 g, pH = 6.0
and T = 25 °C).
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the desorption amount of atrazine increases with increasing
contact time and reaches desorption equilibrium within 42 h.
In order to investigate the desorption kinetics mechanism,
which controls the desorption process, the pseudo-firstorder and pseudo-second-order models were used to test
the experimental data [20, 21].

tion coefficient of the pseudo-second-order desorption
equation is higher than that of the pseudo-first-order desorption equation. Therefore, it could be suggested that desorption of atrazine in soil follows pseudo-second-order
better than pseudo-first-order model, the pseudo-secondorder equation is suitable for desorption process of atrazine
in soil.

0.65
Effect of pH on removal of atrazine in soil

Qe (µg/g)
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FIGURE 7 - Desorption kinetics of G-β-CD for atrazine in soil ([Gβ-CD]=10 g L-1, pH = 6.0 and T = 25 °C).

The pseudo-first-order kinetic model is given as:

ln(Qe − Qt ) = ln Qe − k1 t

(4)

(4)

where Qe is equilibrium desorption amount (mg g-1),
Qt is desorption amount at time t (mg g-1), and k1 is the
pseudo-first-order rate constant (min-1). A straight-line
plot with correlation coefficient of 0.9556 suggests the
applicability of pseudo-first-order kinetics model to fit the
experimental data. The results are shown in Table 2. The
calculated value of desorption amount, qe,cal (0.193 µg g-1)
is lower than that of experimental desorption amount,
qe,exp ( 0.612 µg g-1).
TABLE 2 - Desorption kinetic parameters of atrazine in soil.
Kinetics model
Pseudo-first-order
kl (min-1)
qe,cal (µg g-1)
R
Pseudo-second-order
k2 (g mg-1 min-1)
qe,cal (µg g-1)
R2
qe,exp (µg g-1)

Value
0.0135
0.193
0.9556
71.49
0.583
0.9993
0.612

The effect of pH on the removal of atrazine in soil
was investigated using 10 g L-1 of G-β-CD for a pH range
of 2.0-10.0 at 25 °C. The results are shown in Fig. 8(a).
The removal efficiency of atrazine in soil was strongly dependent on variations of the solution pH, the removal efficiency of G-β-CD for atrazine in soil is higher under acid
conditions, and the removal efficiency decreased with increasing pH. On the one hand, in strong acidic solutions,
more protons will be available to protonate amine groups
from G-β-CD to form groups –NH3+, simultaneously, the
surface protonation of soil occurred under acidic conditions, which results in increasing the electrostatic repulsions between positively charged inclusion complex cations
and positively charged adsorption-sites, thus causing an
increase in atrazine desorption. On the other hand, electrostatic repulsions decreased with increasing pH, which results in the decline of desorption efficiency for atrazine.
Therefore, it is beneficial to remove atrazine under acidic
conditions.
Effect of initial concentration of G-β-CD on removal of atrazine
in soil

The effect of the initial G-β-CD concentration on the
desorption removal efficiency was studied by contacting a
fixed mass of 1.0g of atrazine-contaminated soil at a fixed
temperature (25 °C) and initial pH (6.0). The results are
shown in Fig. 8(b). It is clear that the desorption removal
efficiency of G-β-CD for atrazine in soil increased with
increasing the initial G-β-CD concentration. This is because solubilization capacity of G-β-CD for atrazine increased with the concentration of G-β-CD, which results
in gradual transfer of atrazine adsorbed onto soil surface
into the aqueous phase through the partition interaction
between aqueous and solid phase. Therefore, desorption
removal efficiency of G-β-CD for atrazine in soil can be
improved by the increase of G-β-CD concentration.
Effect of temperature on desorption removal of atrazine in soil

The pseudo-second-order kinetic model is given as:
t
1
t
(5)
=
+
(5)
Qt k 2 Qe2 Qe
where k2 is the rate constant of pseudo-second-order
desorption (g mg-1 min-1). The pseudo-second-order plot is
also linear with correlation coefficient of 0.9993 (Table 2),
however, the calculated value of desorption amount, qe,cal
(0.583 µg g-1) is close to the value of experimental desorption capacity, qe,exp (0.612 µg g-1). In addition, the correla-

The amount of atrazine desorbed from soil depends on
the temperature. Fig.8(c) shows the desorption removal
efficiency of atrazine at different temperatures in the presence of G-β-CD. It is clear that the desorption removal
efficiencies of atrazine in soil increased with increasing
temperature, which indicates that raising temperature is
beneficial to the desorption of atrazine in soil. This is because movement abilities of atrazine and its inclusion complex increased with increasing temperature, and, therefore,
atrazine easily leaves soil surface under the condition of
high temperature.
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moval efficiency of α-CD, β-CD and G-β-CD for atrazine
is 49, 56 and 61%, respectively. The desorption ability of
G-β-CD for atrazine in soil is obviously higher than that of
α-CD and β-CD for atrazine in soil. On the one hand, the
stability constant of inclusion complex for atrazine with
G-β-CD and β-CD is 901 and 458 M-1, respectively, which
indicates that the matching performance of G-β-CD for
atrazine is better than that of β-CD for atrazine. On the
other hand, the cavity of α-CD is smaller than that of β-CD,
atrazine can easily enter into the cavity of β-CD. Thus, an
inclusion complex between G-β-CD and atrazine is the
most stable, which results in the higher solubilization capacity of G-β-CD for atrazine. G-β-CD could be more suitable for remediation of atrazine-contaminated soils.
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in 30g/L of G-β-CD was enhanced about 4.2-fold. Compared with β-CD, G-β-CD could be more suitable for
desorption of atrazine in soil, and desorption removal of
atrazine in soil depends on pH, initial concentration of Gβ-CD, temperature and CD type. The desorption removal
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that of α- and β-CD for atrazine in soil. Desorption process
of G-β-CD for atrazine in soil followed the pseudo -secondorder rate equation. G-β-CD could be suitable for remediation of organic-contaminated soils.
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ENHANCED BISPHENOL A BIODEGRADATION
BY Pseudomonas sp. IN THE SURFICIAL
SEDIMENTS EXTRACTED WITH (NH4)2C2O4
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2. Shenyang Research Institute of Chemical Industry, Shenyang, 110021, China

ABSTRACT
Biodegradation experiment of bisphenol A (BPA) by
Pseudomonas sp. in the surficial sediments (SSs) before and
after treatment with (NH4)2C2O4 was carried out. Degradation kinetics and reaction rate constants for BPA were
calculated and discussed, and BPA-degrading characteristics of Pseudomonas sp. under different BPA levels, different amounts of SSs and inoculum size were also investigated in detail. The results indicated that BPA-degrading
activity and cell growth were inhibited by the increased
initial BPA concentration, while the degradation rate of
BPA was significantly elevated with the rise of concentrations of SSs, as well as inoculum size. Under the conditions
of 10 mg/L of BPA, 40 ml/g of the SSs and 8.0% of inoculum size, ca. 54.6% of BPA were biodegraded in the
systems of SSs-water. In addition, the effects of main components of SSs on BPA biodegradation were compared.
The comparative results showed that only the SSs treated
by (NH4)2C2O4 reagent, which notably removed Fe oxides
and Mn oxides, had positive effects on the degradation
rate of BPA during the BPA biodegradation process, and
the amount of BPA biodegradation was 65.1%. Therefore,
Fe/Mn oxides were likely to have adverse effects on Pseudomonas sp. activity in the biodegradation of BPA.

KEYWORDS:
bisphenol A; biodegradation; surficial sediments; Fe/Mn oxides

ing a social issue, and attracting increasing public concern.
Among all of the processes affecting the environmental fate
and aquatic ecological impact of BPA, degradation is of
distinct importance [9, 10]. It is proven that BPA could be
degraded by bacteria isolated from river water under aerobic conditions [11, 12], and lignin-degrading enzymes, such
as manganese peroxidase and laccase, which are produced
by white rot Basidiomycetes fungi, can also degrade BPA
and reduce its estrogenic activity [13]. BPA can be photodegraded with the help of algae in aquatic environment [14].
As is known, surficial sediments (SSs) exist in river
bottom, and some contaminants could be adsorbed and
accumulated onto the SSs [15]. Hence, SSs tend to influence water quality, and act as carriers and potential sources
of organic compounds and metal ions in aquatic environment [16]. The main components of the SSs could adsorb,
transport and react with contaminants, such as BPA, and
the SSs maybe the major contributor to the transformation
and degradation of BPA in rivers. Thus, the aim of the
present study is to measure and compare the influence of
the main components, i.e. Fe oxides, Mn oxides and organic materials (OMs), on BPA degradation in the SSs
sampled from Songhua River in China, after being extracted by selective extraction techniques [17]. Therefore,
it is expected to provide some useful information for the
environmental behaviour, including transport, transform
and fate, of BPA in waters, and for the assessment, their
potential impacts on aquatic ecological environment.
MATERIALS AND METHODS

INTRODUCTION

Reagents and materials

Bisphenol A [BPA, 2,2-(4,4-dihydroxydiphenyl) propane] is one of the important organic chemicals as intermediate in the manufacture of polycarbonate plastic, epoxy
resin, flame retardants, and other special products [1-3].
BPA, known as one of the endocrine disruptors [4], has
estrogenic activity and acute toxicity toward aquatic organisms and human cultured cells at trace level [5-7]. What
is worse, BPA can be detected, not just in wastewater,
even in Lake Donghu, China [8]. It is, therefore, becom-

Bisphenol A (99+%, CAS 80-05-7) was purchased
from Aldrich (USA), UV-visible spectrophotometer (SP752) was brought from Shanghai Spectrum (Shanghai,
China), and water used in this study was distilled and purified with a Milli-Q water purification system (Millipore,
USA). The HPLC-grade methanol was obtained from
Fisher (USA). Pseudomonas sp. used to degrade BPA was
supplied by the China General Microbiological Culture
Collection Center (CGMCC).
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Sample collection and pretreatment

Chromatographic conditions

The SS samples near the shore with the depth of 0-5 cm
were collected in the Songhua River in July 2006, Jilin,
China, stored in plastic containers containing minimal
mineral salts (MMS) solutions [18], and transported to
laboratory as soon as possible. The SSs were air-dried, and
extracted with NH2OH·HCl, H2O2 (30%) and (NH4)2C2O4
to remove Mn oxides, OMs, and Fe/Mn oxides, respectively [17]. The total extractable amounts of Fe and Mn in
the SSs were determined using the modified sequential
extraction procedure (MSEP) [18, 19]. OMs in SSs, before
and after selective extractions, expressed as the total organic
carbon (TOC), were analyzed with a TOC-VCPH instrument
(Shimadzu, Japan); Pseudo-total amounts of heavy metals
were digested by HNO3/HClO4, and the metals in supernatants were determined by a flame atomic absorption
spectrometer (F-AAS) (WYX-9004, Shenyang, China).
Acclimation was performed by adding BPA (1 mg/g) to
50 g of un-extracted and extracted SS samples under static
incubation at 25 °C in the dark for 10 days. In this paper,
the SSs are referred to as BPA-acclimated samples.

BPA was determined using a Waters 600E system (Milford, MA, USA) equipped with UV detector (Waters 2487
Dual λ Absorbance Detector, USA) and a solvent delivery
system (Waters TM 600 pump). The wavelength of UV
detector was set at 220 nm, the RP18 5 µm analytical column (4.6×150 mm, 5 µm, Agilent, USA) was used for
separation, and a 25-µl sample loop was employed for introducing identical quantities of sample. The mobile phase
was methanol-water (70:30, v/v) with a flow-rate of 1.0 ml/
min under isocratic conditions. The temperature of the
column was 30 °C.

The bacteria rejuvenation

where C is the substrate concentration, mg/L; C0 is
the initial substrate concentration, mg/L; k represents the
degradation rate constant, and t equals time period, h. The
calculated constants of BPA degradation at different initial concentrations are listed in Table 1. The results showed
that the degradation procedure of BPA with initial concentrations of 10, 50 and 100 mg/L could not be described by
first-order kinetic model, but be well described by the
pseudo-first-order kinetic model, which agreed with the
previous study [21]. Bacterial counts, one of the primary
factors influencing BPA-degradation rate, fluctuated during
the whole cultivation process (Fig. 1). At the selected con-

LB medium containing (L distilled water) peptone
10 g, yeast 5 g, and NaCl 10 g was used for enriching
Pseudomonas sp. The ingredients of the basal mineral medium (BMM) [9] were as follows (L-1 distilled water):
K2HPO4 4.35 g, KH2PO4 1.7 g, NH4Cl 2.1 g, MgSO4 0.2 g,
MnSO4 0.05 g, FeSO4·7H2O 0.01 g, CaCl2·2H2O 0.03 g.
The pHs of the media were between 6.8-7.2. The media
were sterilized by autoclaving at 121 °C for 30 min prior to
use.
To promote the rejuvenation of Pseudomonas sp., a
100-ml Erlenmeyer flask containing 50 ml of the LB
medium was placed in a dark shaking incubator (150 rpm)
at 37 °C for 24 h, and the culture was replaced with fresh
medium two times. Subsequently, 12 ml of the rejuvenated Pseudomonas sp. was incubated into a 500 ml Erlenmeyer flask containing 150 ml BMM, and different concentrations of BPA were added as sole carbon source for
bacteria. After cultivation, the bacterial growth was monitored by measuring the absorbance at 600 nm with UV/VIS
spectrophotometer.
BPA degradation assay

The BPA-polluted SSs and 150 ml solvents of BMM
containing Pseudomonas sp. were transferred to a 500-ml
flask simultaneously and cultivated in a dark shaking incubator (150 rpm, 37 °C). Medium without inoculation was
used as control test. Shaking was to ensure enough dissolved oxygen for bacteria to grow [20]. The sample was
collected at the established time and purified. The level of
BPA in sample was analyzed using HPLC, and the fraction of BPA degradation was obtained subtracting the
amount of BPA in collected sample and BPA adsorbed on
SSs from the initial total BPA added.

Degradation kinetics for BPA

First-order and pseudo-first-order kinetic models of
degradation are described as follows:
ln(C0/C) = kt
(1)
ln(C0/C) = kt + b
(2)

TABLE 1 - Estimated kinetic parameters of BPA biodegradation.
Initial concentrations (mg/L)
10
50
100

Kinetic equations
ln(C0/C) = 0.0067t + 0.3172
ln(C0/C) = 0.0029t + 0.2664
ln(C0/C) = 0.0028t + 0.2156

r
0.9165
0.7382
0.9406

1.0
0.8

OD600

-1

RESULTS AND DISCUSSION
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FIGURE 1 - Cell growth of Pseudomonas sp. at different BPA concentrations (■10 mg/L; ●50 mg/L; ▲100 mg/L).
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centrations, the cell growth reached the maximum level
after 36 h, 24 h, and 12 h, respectively, but then decreased
remarkably. Sasaki et al. [9] also found that the BPAdegrading activity of the crude extract from stain AO1
was very unstable [22]. Another possibility was that the
accumulated metabolic intermediates have adverse effects
on bacterial activity.
Effect of initial BPA concentration on BPA biodegradation

Cell suspension cultures (12 ml) were inoculated into
BPA solution (pH 7.0) and cultivated in a dark shaking
incubator (37 °C, 150 rpm). Three different initial BPA
concentrations (10, 50 and 100 mg/L) were prepared. As
presented in Fig. 2, BPA degradation was achieved to be
72.9%, 63.7%, and 62.0% after 72 h, at the different initial concentrations, respectively. Both degradation rates at
50 and 100 mg/L levels were lower than that at 10 mg/L,
the reason was that the cell growth or the BPA-degrading
activity was inhibited by increasing BPA concentration
[9]. In addition, the exponential phase during bacterial
growth was very likely to occur during the 0-10 h time
period, and stationary phase lasted from 10 to 72 h obviously, which may be contributing to the higher degradation rate in the initial phase (0-12 h), with respect to the
following phase (12-72 h).
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FIGURE 3 - Effect of the concentrations of SSs on BPA biodegradation (■ 10 ml/g, inoculated; ● 20 ml/g, inoculated; ▲ 40 ml/g, inoculated; □10 ml/g, sterilized; ○ 20 ml/g, sterilized; ∆ 40 ml/g, sterilized).

80

Degraded BPA (%)

water system. Compared with the sterilized ones, the noticeable effect of inoculated Pseudomonas sp. on BPA
degradation was found from Fig. 3, suggesting that BPA
degradation was mainly caused by inoculated micro-organisms. Additionally, more BPA was degraded in SSs-water
with higher concentrations of SSs employed. It was revealed that SSs had beneficial effects on BPA biodegradation, and played an important role in the water’s selfpurification.
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tion (■10 mg/L; ●50 mg/L; ▲100 mg/L).

Cell suspension (7.5 ml) was inoculated into the BPApolluted SSs in a flask and pH of the mixture was adjusted
to 7.0, and then the flask was placed in a dark shaking
incubator (37 °C, 150 rpm). Three different concentrations of SSs (10, 20 and 40 ml/g) were adopted to study
the effect of the SSs. In Fig. 3, it can be seen that various
concentrations of SSs had a great effect on BPA degradation, and the higher the concentration of SSs, the more BPA
was degraded. The experiments of sterilized SSs implied
that the amount of BPA adsorbed on SSs during the biodegradation process, and the amount of BPA adsorbed,
accounted for less than 7.5% of BPA-biodegraded in SSs-
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FIGURE 2 - Effect of substrate concentrations on BPA biodegrada-

Effects of SSs on BPA biodegradation
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FIGURE 4 - Effect of inoculum size on BPA biodegradation in the
SSs (■ 2.4×104 cfu/ml; ● 4.0×104 cfu/ml; ▲ 6.4×104 cfu/ml)
Effects of inoculation size on BPA biodegradation

Cell suspension was inoculated into the SSs in a flask,
and pH adjusted to 7.0, and the flask transferred to a dark
shaking incubator (37 °C, 150 rpm). 48.8% of the BPA
was observed to be degraded within 72 h when inoculum
size was 2.4×104 cfu/ml (Fig. 4). With inoculum size increasing to 6.4×104 cfu/ml, the degradation percentage of
BPA in the SSs increased by 5.8%. Kang and Kondo [10]
reported that the more the bacterial counts increased, the
more BPA was degraded in rivers. However, BPA degra-
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dation did not correlate with bacterial counts in the mixture of water and soil [23]. The seemingly contradiction
between the previous researches may be due to the different sizes of bacterial populations that will favor BPA
degradation or mineralization.

ble after 14 days. However, the study results [30] demonstrated that BPA could be removed within 60 h by introducing BPA-degrading bacteria into an AC treatment
system, which was similar to the present experimental results.

Effect of SSs extracted by (NH4)2C2O4 on BPA biodegradation

70

SSs

60
Degraded BPA (%)

Selective extraction techniques were employed to estimate the influence of the components (i.e. Fe oxides, Mn
oxides and OMs) of the SSs on BPA degradation behaviour. The trend of BPA degradation in the non-extracted
and extracted SSs is illustrated in Fig. 5. As can be seen,
the influence of different selective extraction techniques
on the processes of BPA degradation was similar to each
other. The degradation trend of BPA in non-extracted SSs
was in accordance with those of extracted for both of rapid
(0-12 h) and slow (12-72 h) degradation phases. Remarkably, the highest degradation efficiency was the component
of SSs extracted by (NH4)2C2O4, reaching 65.1%. More than
19.2% of BPA degraded in the SSs-water system extracted
by (NH4)2C2O4 was higher than those degradation rates in
the SSs extracted by other chemical reagents. In a word,
the removal of Fe/Mn oxides from SSs contributed major
beneficial effects to the BPA degradation. It was because
the major component left in the SSs extracted by (NH4)2C2O4
was OMs, present more freely than that without extraction. Hence, the bacteria not only can consume BPA as
carbon source, but also can utilize OMs easily as carbon
source. The residual (NH4)2C2O4 provided a sole nitrogen
source for Pseudomonas sp. during the degradation process [24], and (NH4)2C2O4 could also remarkably restrain
the multiplication of the bacteriophage [25]. Therefore, it
was possible that (NH4)2C2O4 was beneficial for growth
of bacteria and improved the BPA degradation by Pseudomonas sp. On the contrary, the removal of OMs resulted
in the decrease of the carbon source in the SSs so that the
activity of bacteria was not promoted, and degradation rate
of BPA declined. As to SSs extracted with NH2OH·HCl,
the degradation efficiency in the SSs was similar to that in
SSs treated by H2O2 which was probably because of the
positive effect of OMs was counteracted by adverse effect
of Mn oxides during the BPA degradation process. Comparisons in BPA-degradation efficiency were made among
the systems of SSs, before and after selective extraction
treatments, showing that the Mn oxides had adverse effects
on BPA-biodegradation. Iron oxides has been found to
stimulate the surface activity of Pseudomonas sp. and enhance anthracene biodegradation by increasing the activity
of the enzymes [26]. Meanwhile, the inhibiting effect of
Mn oxides on biodegradation in sediments was evidenced
by literature [27]. In addition, some studies also reported
that the overall organic biodegradation rate in the soilwater system was controlled by its sorption capacity [28],
which was not obviously observed in this present laboratorybased experiment. The experimental results [29] showed the
ability of the microbial community to readily catabolize the
endocrine disrupting compounds including BPA, but the
BPA were resistant to biodegradation, and remain detecta-
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FIGURE 5 - BPA degradation in the SSs before and after extraction
with chemical reagents (■ without any treatments; ● H2O2 extraction; ▲ NH2OH·HCl extraction; ▼ (NH4)2C2O4 extraction).

CONCLUSIONS
Biodegradation of BPA by Pseudomonas sp. in SSs
collected in Songhua River was studied systematically.
Under the optimal conditions, 54.6% of BPA were biodegraded in the SSs-water, and total amount of BPA biodegradation reached 65.1% for SSs extracted with (NH4)2C2O4,
with an increase in biodegradation efficiency of above 10%,
indicating that enhanced BPA-biodegradation efficiency
can be realized with the presence of (NH4)2C2O4. However,
the reasons why the SSs extracted by H2O2 and NH2OH·HCl
had little positive effect on the biodegradation of BPA are
still not clearly identified. Hence, the formation of unidentified intermediate metabolites during the BPA degradation experiments is worthy to be further researched.
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ABSTRACT
In order to improve understanding of the mechanisms
of phosphate removal by sponge iron, equilibrium and
kinetic experiments were carried out in batch-scale. Five
isotherm models, namely, Langmuir, Freundlich, Langmuir-Freundlich, Temkin and Dubinin–Radushkevich, are
applied to fit the equilibrium data at 298 K. The results
show both Freundlich and Langmuir-Freundlich can well
describe the adsorption equilibrium. The kinetic data obtained in various conditions, such as varying particle size,
initial pH of solution, initial phosphate concentration and
temperature, are analyzed using the pseudo first-order,
pseudo second-order, Elovich and Bangham’s models. The
results represent the pseudo second-order model can give a
good simulation for the process of phosphate adsorption on
sponge iron. The thermodynamic parameters are evaluated.
The results reflect the adsorption process of phosphate on
sponge has different characteristics in different temperature
ranges. The adsorption process is exothermic at low temperature conditions (288-298 K) whereas it is endothermic
at high temperature stage (303-318 K). Besides, the negative ΔG0, in the whole temperature range investigated, confirms the adsorption process is spontaneous. Therefore, the
adsorption mechanisms of phosphate on sponge iron may
be proposed that the physical sorption mainly takes place
at low temperature but chemisorption may be dominant at
high temperature.

KEYWORDS:
Phosphate; sponge iron; Isotherm; kinetics; thermodynamics

INTRODUCTION
With the rapid development of industry and agriculture, and the increasing improvement of people’s living

standards, nutrients such as nitrogen and phosphorus in
municipal, industrial and agricultural wastewater are discharged into rivers and lakes excessively, resulting in the
more and more serious eutrophication of surface water bodies. Many studies show that phosphorus is the most essential
factor causing the eutrophication [1-12]. Therefore, the studies on the techniques of phosphorus removal in wastewater
are important to protect water resources and water environment.
Phosphorus in water-body usually exists in the forms
of orthophosphate, metaphosphate, polyphosphate and organic phosphate whereas the principal phosphorus compounds in wastewater are orthophosphates [6, 13]. Generally, treatment techniques to remove phosphorus are based
on concentrating it as a solid by chemical or biological
methods [14, 15]. The treatment technologies presently
available for phosphorus removal fall into two main categories: physical-chemical or biological treatment [7, 8, 16].
The biological phosphorus removal is still limited because
it can only be operated under strict operation conditions, as
the process is sensitive for the solution pH, temperature and
concentration of organic matter in wastewater [1, 2, 17,
18]. Chemical treatment is widely used for phosphate removal because it is simple, controllable and can achieve
high phosphorus removal to meet the effluent standard [6,
7]. However, chemical treatment also incurs a high cost for
treatment chemicals and a large volume of chemical sludge,
which also has to be disposed [9, 19]. Compared with the
chemical precipitation and biological treatment, phosphorus removal by adsorption is one of the technologies which
will be useful and economical, and produces only a limited amount of sludge [7]. The key for phosphorus adsorption is to choose a suitable adsorbent. Therefore, many
studies are concentrated on the different types of adsorbents
for phosphorus removal [6].
Sponge iron, also called as direct reduced iron (DRI),
is named due to the porous sponge-like surface. It can be
made from iron scale (also called iron oxide skin) by the
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carbon reduction below the melting temperature. Sponge
iron is more and more concentrated due to the excellent
characteristics of electrochemical concentration, chemical
reduction and physical or chemical adsorption. Sponge iron
was initially used for oxygen removal in boiler water, but
has presently become a multi-functional water treatment
material used to remove oil, phosphorus, dyes, organics and
nitrate in water and wastewater [20-27]. The previous studies [19, 28, 29] show that the phosphate removal by sponge
iron is effective, and the phosphorus in sewage can be reduced from 0.71 mg/L to 0.04 mg/L with 2 g sponge iron.
But the isotherm curve for equilibrium removal is not represented well when only the Langmuir model is used. The
kinetics and thermodynamics studies are not reported presently.

Equilibrium experiments

The purpose of this study is: 1) to find a suitable equilibrium isotherm and kinetic model for the adsorption of
phosphate on sponge iron; 2) to provide the necessary
data for further understanding the mechanisms of phosphate
removal by sponge iron; 3) to provide the necessary theory
for phosphate removal in wastewater with sponge iron
widely.

where qe (mgP/g) is phosphate amount adsorbed by
sponge iron when equilibrium is achieved. C0 and Ce (mg
P/L) are the initial and final concentration of phosphate in
aqueous solution, respectively. V (L) is the volume of the
solution and m (g) represents the weight of the sponge iron.
In this case, the solution pH is kept originally without any
pH adjustment. All the experiments were carried out in triplicate and the average values are reported herein.

MATERIALS AND METHODS

Batch equilibrium tests are carried out for adsorption
of phosphate on sponge iron at 298 K. The sponge iron
(10.00 g, 1.0-1.45 mm particle size) is added into a series
of conical flasks with 100 ml of phosphate solution in various initial concentrations (10, 20, 30, 40, 50, 70, 90 mg
P/L). The sealed conical flasks are then put into a waterbath thermostat oscillator and shaken at a constant speed
of 120 rpm for 120 min. The suspensions are filtered by a
membrane filter of 0.45 µm. The phosphate concentrations
of filtrates are analyzed. The equilibrium adsorption capacity is calculated by equation (1):

qe =

(C0 − Ce )V
m

(1)

Kinetic experiments

Adsorbent

Sponge iron, used as adsorbent in this study, is purchased from Gongyi City Jiajie Filter Co., Ltd., Gong Yi,
China. Zero-valent iron is the major component of sponge
iron, accounting for more than 90% by weight. Its chemical
composition and physical parameters are shown in Table 1.
Before use, the sponge iron was ground and sieved to give
different particle size fractions. The following size fractions were collected: 0.5~1.0 mm, 1.0~1.45 mm, 1.45~
2.0 mm, >2.0 mm.
Adsorbate

Since orthophosphate is the primary form of phosphorus responsible for eutrophication [30,31], potassium dihydrogen phosphate (KH2PO4, AR-grade) is used as the source
of orthophosphate without further purification. A standard
stock orthophosphate solution of 100 mg P/L is prepared
by dissolving accurately weighed sample of potassium dihydrogen phosphate in double-distilled water. Various concentrations of orthophosphate are obtained by diluting the
standard stock solution with double-distilled water when
necessary.

The procedure of kinetic adsorption experiments is
identical to that of equilibrium experiments. However, the
aqueous samples are taken out at preset time intervals.
Effects of various conditions on adsorption kinetics are investigated by varying particle size, initial solution pH,
phosphate concentration or temperature.
The phosphate uptake at any time, qt (mg P/g), was
calculated by equation (2):

qt =

(C0 − Ct )V
m

(2)

where Ct is the liquid-phase concentration of phosphate
at any time (mg P/L). All the experiments are carried out in
triplicate and the average values are reported.
Determination of phosphorus concentration

Concentration of phosphate is determined spectrophotometrically using a UV-visible spectrophotometer (UV2450PC, Shimadzu, Japan) at 700 nm according to standard method [32]. All reagents used in this study are of
analytic grade, and all solutions are prepared using doubledistilled water.

TABLE 1 - Chemical composition and physical parameters of sponge iron.

Total Fe
96.00~97.00
Specific surface aera
80.32 m2.g-1

Mental Fe
90.00

Mn
0.280

Density
2.30~2.70 g.cm-3

Chemical composition (wB/%)
Cr
Ni
MgO
CaO
0.010
0.038
0.051
<0.010
Physical parameters
Bulk density
Diameter of grain
1.70~1.88 g.cm-3
0.50~3.00 mm
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Carbon and other impurities
3.000~4.000
Appearance
Gray black and porous like sponge
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Assessment of the validity of adsorption isotherm and kinetics models

adsorption phenomena, calculate theoretical adsorption capacity and adsorption heat [34], compare with different adsorbents quantitatively and predict adsorption parameters
which usually provide some insight in sorption mechanism, surface properties and affinity of adsorbent [35].

Correlation coefficient (R2) and standard deviation
(S.D.) are important parameters measuring the fitting degree of linear regression models, and can be used to compare different structural models describing the same data.
The model represents the measured data well when it has a
high correlation coefficient and a low standard deviation. A
high correlation coefficient indicates a strong correlation between calculated and measured values, while a low standard
deviation indicates a small difference between calculated
and measured values. A standard deviation can be calculated as follows [33]:

S .D. =

∑[(q

exp

− qcal ) / qexp ]2

The adsorption isotherm of phosphorus on sponge iron
at 298 K is shown in Fig. 1. Its maximum adsorption capacity is 0.726 mg-P/g, for 10-90 mg-P/L. Five well-known
isotherm equations (Langmuir [33], Freundlich [36], Langmuir-Freundlich [37], Temkin [38], Dubinin–Radushkevich
[39]) are applied to fit the equilibrium data of adsorption of
phosphate on sponge at 298 K, in this study.
1. Isotherm models
a) Langmuir isotherm

(3)

n −1

The Langmuir isotherm is based on the assumptions:
homogenous adsorbent surface, monomolecular layer adsorption, and no interaction between the adsorbed molecules or ions. The linear equation of Langmuir adsorption
model [6] is represented by equation (4):

where n is the number of data points, and qexp and qcal
are the experimental and calculated value of isotherm and
kinetics models, respectively. The fitting results are determined by the R2 and S.D. comprehensively.

Ce / qe = Ce / qmax + 1/(qmaxb)
RESULTS AND DISCUSSION

(4)

where qmax (mg/g), is the theoretical maximum amount
of adsorbed phosphate per unit weight of sponge iron, and
b (L/mg) is a Langmuir isotherm constant related to the
affinity of the binding. The product of qmax and b is referred to as maximum buffering capacity (MBC), which
reflects the adsorption intensity and adsorption capacity
factors comprehensively. qmax and b can be obtained from
the slope and intercept of the plot of Ce/qe against Ce.

Equilibrium adsorption isotherms

Adsorption isotherm is a basic requirement for designing any adsorption system. It can denote adsorption prosperities, such as adsorption capacity, adsorption strength
and adsorption state. It is also important to describe adsorption equilibrium accurately, for it may be used to interpret
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FIGURE 1 - Equlibrium isotherm of phosphate on sponge iron (conditions: 0.5-1.0 mm particle size, 10 g adsorbent, 298 K temperature).
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RL, a dimensionless constant called separation factor,
also called equilibrium parameter, can be used to determine whether adsorption is favorable or unfavorable in
Langmuir adsorption process [9] by equation (5):

RL =

1
1 + bC0

(5)

where C0 (mg/L) is the initial phosphorus concentration.
b) Freundlich isotherm

The Freundlich isotherm model is an empirical equation describing the adsorption on heterogeneous surfaces
or surfaces supporting sites of various affinities, and assuming having unequally available sites with different energies of adsorption [7, 38]. The logarithmic form of the
Freundlich model is as follows:

log qe = (log Ce ) / n + log k f

(6)

where kf ((mg/g)(L/mg)1/n) and n (dimensionless) are
the Freundlich empirical constants and can be derived
from the slope and intercept of logCe against logqe.

values of B and A can be determined from the slope and
intercept of a plot in form of qe against lnCe.
e) Dubinin-Radushkevich (DR) isotherm

Dubinin-Radushkevich isotherm can be used to explain
whether adsorption process is physical or chemical according to the mean free energy of adsorption. The DR isotherm [38] can be expressed by equation (9):

qe = qmax exp(− BDRε 2 )

The logarithmic form of equation (10) is given as follows:

ln qe = − BDRε 2 + ln qmax

ln[(qmax qe ) − 1] = −β ln Ce + ln K

(7)

where β is the cooperative binding constant and K
(mg/L) is the saturation constant. The values of β and K
can be determined from the slope and intercept of a plot
in form of ln[(qmax/qe)-1] versus lnCe.
d) Temkin isotherm

The Temkin isotherm model assumes that the adsorption heat of all the molecules in the layer decreases linearly with the increase of coverage degree because of decreasing adsorbate-adsorbent interactions [38]. Therefore,
Temkin isotherm model is usually used to describe the
adsorption system of a heterogeneous surface, taking into
account the adsorbent-adsorbate interactions [33].
The linear form of Temkin equation is as follows:

qe = B ln Ce + B ln A

(8)

where B (dimensionless) is the constant related to the
adsorption heat. A (L/mg) is the equilibrium binding constant corresponding to the maximum binding energy. The

(10)

where qmax (mg/g) is the theoretical adsorption capacity. BDR (mol2/J2) is a constant reflecting the mean energy
E (J/mol) required for the transfer of 1 mol of adsorbate
from solution to the surface of adsorbent. BDR and qmax can
be obtained from the slope and intercept of lnqe versus ε2,
and then E can be also calculated by equation (11). And ε
is the Polanyi potential and can be computed by using
equation (12) [38].

c) Langmuir-Freundlich isotherm

Some researchers have also attempted to integrateboth
together to form new isotherm models to describe the adsorption equilibrium besides using conventional Langmuir
and Freundlich isotherm models to express the adsorption
equilibrium, such as Langmuir-Freundlich (LF) model
[6], Hybrid-Langmuir Freundlich (HLF) model [34] and
Redlich-Peterson (RP) model [38]. Langmuir-Freundlich
isotherm model is used to fit the adsorption equilibrium
data in this study, and its linear form is as follows:

(9)

E = 1/ 2BDR

(11)

ε = RT ln(1 + 1/ Ce )

(12)

where R (8.314J/mol K) is the gas constant and T (K)
is the absolute solution temperature.
The constants of all isotherm models investigated in
this study with the correlation coefficients (R2) and standard deviations (S.D.) are listed in Table 2. Figure 1 shows
the experimentally determined phosphate removal, and the
removal predicted by the five isotherm models.
2. Analysis and comparison of fitted results

It is observed from Table 2 that the correlation coefficient (R2) and standard deviation (S.D.) of the Langmuir
isotherm model are 0.92 and 6%, respectively. Compared
with other isotherm models, although the correlation coefficient of Langmuir model is not the best, its standard deviation with a value of approximating those of Freundlich
and Langmuir- Freundlich models, is relatively much smaller
than that of Temkin and Dubinin-Radushkevich models.
Therefore, Langmuir isotherm model can be used to describe roughly the adsorption behavior of phosphorus on
sponge iron, but not the best.
The RL value interprets the nature of the interaction
between adsorbent and adsorbate and the shape of adsorption isotherm, i.e., the adsorption is considered to be favorable when 0<R L<1, unfavorable when RL>1, linear
when RL = 1, and irreversible when RL = 0 [40]. The RL
values calculated by equation (5) according to the various
initial phosphorus concentrations are presented in Fig. 2.
It is observed that all the RL values are in the range 0-1,
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TABLE 2 - Langmuir, Freundlich, Langmuir-Freundlich, Temkin and
Dubinin-Radushkevich isotherm model contants, correlation coefficients and S.D.
Isotherms

Fitting equation

Constants

Langmuir

Ce/qe=0.6146Ce+14.265

Freundlich

logqe=0.788logCe-1.1107

LF

qe=1.63Ce0.977/(22.45+Ce0.977)

Temkin

qe=0.234ln(0.898Ce)

DR

qe=8.68exp(-8 × 10-9

qmax
(mg/g)
1.63
kf
0.0775
β
0.977
A(L/g)
0.898

ε2)

b
(L/mg)

MBC
(L/g)

0.04

0.07
1/n
0.788
K(mg/L)
22.45
B
0.234

qm (mg/g)

E (J/mol)

BDR

8.68

7905

8 × 10-9

R2

S.D.
(%)

0.919

6.00

0.9959

4.50

0.9939

5.58

0.9183

37.74

0.9959

20.11

0.80
0.70
0.60
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0.40
0.30
0.20
0.10
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FIGURE 2 - Plot of separation factor versus initial phosphorus concentration.

showing that the adsorption of phosphorus on the sponge
iron is favorable at the conditions studied. RL values decrease as the initial phosphorus concentration increases from
10 to 90 mg/L, indicating the adsorption of phosphorus on
the sponge iron is more favorable at higher initial P concentration. In addition, the RL values can also give a qualitative
assessment of the sponge iron-phosphorus interactions according to the view that the degree of favorability is generally related to the irreversibility of the system [33], i.e., the
lower the RL value, the more favorable the adsorption of P
on the sponge iron, and the more stronger the interaction
of sponge iron-phosphorus.
For Freundlich isotherm, n represents adsorption intensity or surface heterogeneity of adsorbent, indicating how
favorable the adsorption process is. The adsorption process
is called as “preferential adsorption” when the 1/n ranges
between 0 and 1. From Table 2, 1/n value of the fitted
Freundlich isotherm equation is 0.788 and between 0 and 1,
revealing that the adsorption behavior of phosphate on the

sponge iron is favorable. Table 2 also clearly shows that the
adsorption data fit best with Freundlich isotherm model in
the conditions investigated, since the correlation coefficient
(R2) and standard deviation (S.D.) are 0.9959 and 4.50%,
respectively, and both are the best values among the employed isotherm models. Considering the above comprehensively, the adsorption process of phosphate on the
sponge iron over the phosphate concentration investigated
can be well described using the Freundlich isotherm model,
which is different from the research reported by P. Wang et
al. [41]. They thought the adsorption of phosphate on the
sponge iron at 290 K is well described by Langmuir isotherm model, but we think it is not sufficient because a
comparative analysis is not carried out with other isotherm models.
For Langmuir-Freundlich isotherm, as can be seen from
Table 2, a higher correlation coefficient (R2) was achieved
(0.9939) but a smaller standard deviation (S.D.) (5.58%).
And both values are almost the same as that of the Freund-
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lich model, representing that the adsorption of phosphate
on the sponge iron under the conditions studied can be
also well described by the Langmuir–Freundlich model.
For Temkin isotherm, the results of fitting the experimental data clearly exhibits that the value of correlation
coefficient is 0.9183 (the smallest in all the isotherm
models studied). This represents the Temkin isotherm
model is not suitable to describe the adsorption process of
phosphate on sponge iron. In addition, the value of standard deviation of Temkin model is 37.74% and is also the
poorest, indicating a clear difference between the experimental data and the calculated values from the theoretical
equation, and a lowest validity of Temkin model. This is
further proven that the Temkin model may not be used to
express the adsorption of phosphate on sponge iron.
For Dubinin-Radushkevich isotherm, it is observed that
DR model gives the highest correlation coefficient (R2)
with the value of 0.9959, and is the same R2 value as with
the Freundlich model. In term of R2 only, both DR and
Freundlich models are the best simulation to the adsorption of phosphate on sponge iron. But the standard deviation (S.D.) of DR model is 20.11%, indicating the poorer
validity compared with Langmuir, Freundlich and LF isotherm models. Therefore, it is not sufficient to describe the
adsorption process by DR isotherm model. The calculated
mean free energy is below 8000 J/mol, indicating that the
adsorption process of phosphate on the sponge iron can be
explained by physical adsorption [42]. This contradicts P.
Wang’s description [41], where chemical adsorption is
proposed as phosphate removal mechanism.
Fig. 1 also shows that both Freundlich and LangmuirFreundlich have a better fit to the adsorption data of phosphorus on sponge iron, compared to other isotherm models
investigated in this study.
The fact that Freundlich and LF models can well describe the adsorption of phosphate on sponge iron is probably due to the porous, heterogeneous surface of sponge
iron, which is consistent with the assumptions of Freundlich and Langmuir-Freundlich models. And the poor fitting result of Langmuir model which assumes the surface
of adsorbent is homogenous also further documents that
the porous surface of sponge iron plays a significant role
in the adsorption process of phosphate on sponge iron.
Adsorption kinetics of phosphate on the sponge iron

Adsorption kinetics is mainly to study adsorption reaction rate, as well as the factors affecting the adsorption
reaction rate. It is essential to know the reaction rates in
addition to (equilibrium) adsorption capacity, as this determines the contact time required for phosphate adsorption, and as such, the dimensions of a full-scale reactor
[43]. In addition, adsorption kinetics study can provide
valuable information on the reaction pathway [34], which
may be used to interpret the adsorption mechanism. Many
factors, such as adsorbent particle size, pH, temperature
and initial concentration of solution, have significant influ-

ence on adsorption kinetics. In order to establish the adsorption kinetics equation of phosphate on the sponge iron,
some kinetics models such as pseudo-first-order kinetic
model, pseudo-second-order kinetic model, Elovich model,
and Bangham’s model, are used to simulate the experimental data of phosphate on sponge iron, under various
conditions in this study.
1. Kinetic models

The Lagergren’s pseudo first-order model used to investigate liquid-solid phase adsorption system is the earliest
known one describing the adsorption rate based on the adsorption capacity [44]. The equation is given as follows [3]:

ln(qe − qt ) = ln qe − k1t

(13)

where qe and qt (mg/g) are the amounts of adsorbate
adsorbed at equilibrium and at any time t (min), respectively, and k1 (1/min) is the rate constant of pseudo firstorder adsorption. k1 and qe can be derived from the slope
and intercept of the plot of ln(qe-qt) versus t.
The pseudo second-order equation representing the
chemisorption is expressed as follows [45]:

t
1
1
=
+ t
qt k2 qe2 qe

(14)

where k2 (g/(mg.min)) is the rate constant of pseudo
second-order adsorption. qe and k2 can be calculated from
the slope and intercept of the plot of t/qt against t.
The Elovich’s equation was established by the adsorption of gases onto solid system in 1934, and has also
been used to describe the adsorption of pollutants from
aqueous solutions in recent years [44]. The equation is as
follows [43]:

qt =

1

β

ln(αβ ) +

1

β

ln t

(15)

where α (mg/(g.min)) is the initial adsorption rate and
β (g/mg) is related to the extent of surface coverage and
activation energy for chemisorption. α and β can be calculated from the slope and intercept of the linear plot of qt
versus ln t. Although the Elovich equation used to describe
the kinetics of adsorption onto energetically hetegeneous
surfaces does not propose any definite mechanism for adsorbate-adsorbent, it has been widely accepted that the
chemisorption process can be indicated by this semi-empirical equation [6].
The Bangham’s model is usually suggested to describe
the later stages of adsorption and check whether pore
diffusion is the only rate-limiting step or not, as the initially rapid reaction slows down in the adsorption system
[46]. The Bangham’s equation [6] can be generally given
as follows:
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where C0 (mg/L) is the initial concentration of phosphate in solution, V (ml)is the volume of solution, m (g/L)
is the weight of sponge iron per L of solution, and α(<1)
and k0 are constants.
2. Effect of adsorbent particle size on kinetics

Fig. 3 gives the effect of the various particle sizes of
sponge iron on phosphate removal kinetics. The results
clearly show that the adsorption capacities increase with
the increase of adsorption time for all the particle sizes investigated. The time required to reach equilibrium and the
adsorption capacity in the various particle sizes (<0.50,
0.50-1.00, 1.00-1.45, 1.45-2.00 and >2.00 mm) are 30 min
and 0.232 mg/g, 40 min and 0.171 mg/g, 60 min and 0.148
mg/g, 90 min and 0.136 mg/g, 110 min and 0.129 mg/g,
respectively. This indicates that the effects of phosphate
removal and the time required to reach equilibrium are different in the various particle size conditions. The smaller
the particle size of sponge iron, the greater the adsorption
capacity and the shorter the time required to reach equilibrium. This may be attributed to the fact that for smaller
grains, this surface area is more directly accessible [47]. It
is also observed that the adsorption rate of phosphate on the
sponge iron is fast before 30 min and the adsorption rate
decreases clearly with the time prolonged after 30 min. The
time required to reach equilibrium in various adsorbent
particle size conditions is slightly different, but 2 h is sufficient for the adsorption system of different adsorbent sizes.
Therefore, the adsorption of phosphate on the sponge iron
can be considered as a characteristic of fast adsorption and
slow equilibrium, which is similar to other adsorbents for
phosphate removal [4, 6]. Although adsorption rate and capacity are greater for smaller adsorbent particles (powder), sponge iron particles of 0.50-1.00 mm are used if not
stated otherwise in follow-up experiments.

The adsorption data are fitted by the four kinetics models given above, and the results are presented in Table 3.
The correlation coefficients of the pseudo-first-order model
used to simulate the phosphate adsorption behavior on
sponge iron in various particle size conditions range between 0.7304-0.9604, indicating that the correlation is poor
and the adsorption process cannot be described by the
pseudo first-order model. On the other hand, the standard
deviations range (77.85-89.23%)`is demonstrating that
standard deviation is extremely high. Further, this means that
the pseudo first-order model cannot describe the adsorption process. In addition, it is also observed from Table 3
that the experimental values of equilibrium adsorption
capacity (0.129-0.232 mg/g) do not agree with the values calculated from the fitted results apparently. This also
confirms that the adsorption of phosphate on sponge iron
do not agree with the pseudo first-order model.
For the pseudo second-order model at various particle
sizes, the correlation coefficients and standard deviations
range from 0.9957 to 0.9999 and 1.37 to 5.70%, respectively. Compared with other kinetics models investigated
in this study, the correlation coefficients are highest, implying that the correlation is best, and the standard deviations are also least in all the kinetic models investigated.
Besides, Table 3 also shows that the experimental values of
equilibrium adsorption capacity agree very well with the
values calculated (0.129-0.232 and 0.141-0.24, respectively). These findings clearly underline that phosphate adsorption on sponge iron of various particle sizes can be
described by the pseudo second-order kinetic model successfully. The pseudo second-order model generally considers chemisorptions as the rate-limiting step [39]. Therefore, the phosphate adsorption on sponge iron may be chemisorption.
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FIGURE 3 - Adsorption kinetics of phosphate on sponge iron at different particle sizes
(conditions: 10 mg/L phosphate concentration, 2 g adsorbent, 298 K temperature).
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TABLE 3 - Comparison of preudo-first –order, preudo-second-order, Elovich and Bangham’s model of phosphate on sponge iron.
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1.001.45
1.452.00
>2.00
pH
2.00
4.00
6.00
8.00
10.00
12.00
C0
(mg/L)
10
60
100
T (K)
288
293
298
303
308
313
318

Preudo-first-order model
qe,cal

k1

R

2

(mg/g) (mg/g) (1/min)

Preudo-second-order model
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0.232

0.041

0.0332 0.9604 89.23

0.240

0.9936

0.9998 2.15

0.1213 0.0244 0.8492 4.24

1.5607

0.3347 0.9120 3.57

0.171

0.049

0.0401 0.9661 78.75

0.176

1.6786

0.9999 1.37

0.1003 0.0157 0.8655 3.25

1.5205

0.1725 0.8626 1.31

0.148

0.039

0.0299 0.7414 85.93

0.154

1.234

0.9988 3.90

0.0561 0.0203 0.8529 5.62

1.1936

0.2401 0.8357 5.8

0.136

0.039

0.0282 0.7304 85.26

0.142

1.2133

0.9982 4.55

0.0454 0.0199 0.8368 6.15

1.1064

0.2485 0.8213 6.43

0.129

0.072

0.0308 0.865

77.88

0.141

0.5838

0.9957 5.70

0.0174 0.0238 0.9502 3.85

0.9326

0.3090 0.9530 3.76

0.054
0.217
0.214
0.199
0.19
0.153

0.024
0.022
0.034
0.048
0.052
0.042

0.03
0.0379
0.0352
0.038
0.04
0.028

65.37
95.62
90.74
83.06
79.72
81.65

0.057
0.220
0.219
0.205
0.197
0.159

2.0779
2.9769
1.7255
1.4174
1.2458
1.0821

0.9980
0.9999
0.9996
0.9996
0.9991
0.9984

0.0153
0.1583
0.1275
0.109
0.0893
0.0534

0.1133
1.2056
0.8594
0.7178
0.5770
0.3583

0.2105
0.1677
0.2323
0.2268
0.2534
0.2643

0.171
0.581
0.891

0.049
0.055
0.262

0.0401 0.9661 78.75
0.0317 0.513 96.44
0.0479 0.82
76.21

0.176
0.603
0.948

1.6786
0.4257
0.1725

0.9999 1.37
0.9972 11.00
0.996 11.01

0.1003 0.0157 0.8655 3.25
0.2308 0.0803 0.6531 10.69
0.2204 0.1531 0.7497 11.34

0.6621
0.2405
0.1694

0.1725 0.8626 3.25
0.2194 0.6328 10.67
0.2703 0.7129 11.53

0.188
0.182
0.171
0.186
0.198
0.211
0.221

0.341
0.102
0.045
0.032
0.041
0.012
0.014

0.0552
0.0496
0.0401
0.0299
0.0338
0.0202
0.0309

0.239
0.202
0.176
0.190
0.202
0.213
0.224

0.1490
0.4537
1.6786
1.7438
1.6950
2.9753
2.8655

0.9928
0.9940
0.9999
0.9997
0.9998
0.9996
0.9996

-0.0643
0.0044
0.1003
0.11
0.126
0.1454
0.1521

0.0841
0.2046
0.6621
0.7360
0.8674
1.0651
1.1210

0.6638
0.4683
0.1725
0.1855
0.1788
0.1741
0.1994

0.794
0.856
0.8752
0.9035
0.9078
0.8803

0.9551
0.8794
0.9661
0.8204
0.8953
0.4241
0.6253

108.83
47.94
81.04
90.31
86.16
100.3
99.30

In term of using the Elovich model, the correlation coefficients and the standard deviations in various particle
size studies are 0.85-0.95 and 3.25-6.15%, respectively. Although there are no apparent differences between the Elovich model and pseudo second-order model in the standard deviations, the correlation coefficients are lower than
those of pseudo second-order model. This situation indicates that the Elovich model might not be appropriate to
describe the adsorption kinetics of phosphate on sponge
iron.
Table 3 gives the parameters calculated from the Bangham’s model. It is observed that the correlation coefficients
and standard deviations are 0.8213-0.953 and 1.31-6.43%,
respectively. The poor correlation coefficients show that
Bangham’s model does not give a good simulation. The
finding might be due to the fact that the Bangham’s equation is generally used to describe the pore diffusion in the
later stage of adsorption, not the whole adsorption process. Thus, it is not sufficient to describe the phosphate
adsorption on sponge iron using the Bangham’s model.
Effect of solution initial pH on kinetics

The initial pH of solution is considered to be an important parameter for the adsorption system of water-adsorbent interfaces [5]. It affects the chemistry of adsorbate
and adsorbent to some extent [33]. Figure 4 depicts the
effect of solution pH on phosphate removal kinetics with
sponge iron. Figure 4 shows that the adsorption capacities
are stable at pH 4-8. However, at pH values lower than 4,
the adsorption capacity decreases sharply. This finding

2.68
2.98
4.70
3.99
6.35
7.48

3.84
8.28
1.37
2.02
1.14
4.43
4.76

0.0081
0.0133
0.0195
0.0201
0.0226
0.0219

0.055
0.04
0.0157
0.0168
0.0158
0.0147
0.0158

0.9344
0.6964
0.7009
0.7575
0.7146
0.7495

0.9759
0.8684
0.8655
0.8465
0.8611
0.6379
0.63

4.25
3.47
5.56
5.47
7.72
9.46

3.92
9.41
3.25
3.29
2.75
4.59
4.8

0.9008
0.7246
0.7306
0.7714
0.7181
0.7238

0.9753
0.8564
0.8626
0.8494
0.8706
0.6506
0.6501

4.91
3.33
5.35
5.32
7.57
9.41

4.13
9.25
3.25
3.22
2.64
4.48
4.65

might be interpreted by the fact that the phosphate in solution at pH<4 mainly exists in the form of H3PO4 [48], and
is not easy to adsorb on sponge iron. In addition, the adsorption capacity also decreases slightly when initial pH
of solution is above 8. This may be due to the adsorption
function of produced hydroxide in solution on phosphate
[9] when pH>8. The further mechanism of phosphate removal on sponge iron will facilitate better interpretations of
the phosphate removal at various pH conditions. It is also
observed from Fig. 4 that the time achieving the adsorption equilibrium is all around 30-40 min with various initial
pHs of solution, indicating that the kinetics of phosphate on
sponge iron are independent on the initial pH of solution.
This might be attributed to the fact that the adsorption of
phosphate on sponge iron is a fast reaction, and adsorption
does not take place when all the adsorption sites of surface
are occupied. As discussed above, the appropriate solution
pH is in the range 4-8. This is convenient, as most waters
or wastewaters have a pH value within this range [5].
The adsorption data with various initial pH values are
simulated using various kinetics models and the parameters with the correlation coefficients and standard deviations are also compiled in Table 3. The pseudo first-order
model for the removal of phosphate on sponge iron shows
that the rate constants remain 0.028-0.04, indicating that
the adsorption rate keeps stable basically with the increase
of solution initial pH from 2 to 12. The correlation coefficients and standard deviations are 0.79-0.91 and 65.3795.62%, respectively, demonstrating that the pseudo firstorder model is not appropriate to describe the adsorption
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FIGURE 4 - Adsorption kinetics of phosphate on sponge iron at different pH values
(conditions: 10 mg/L phosphate concentration, 2 g adsorbent, 298 K temperature, 0.5-1.0 mm particle size).

kinetics of phosphate on sponge iron. Furthermore, the equilibrium adsorption capacity as calculated with the pseudo
first-order model does not agree with the experimental value.
For pseudo second-order model, the results fitted show
that the rate constant, k2, increases with the increase of solution initial pH from 2 and reaches the maximum at pH 4.
At pH>4, k2 decreases as pH increases. The pseudo secondorder model describes the experimentally determined phosphate removal accurately, with a correlation coefficient of
>0.99 and a standard deviation of 2.68-7.48%.

values of 3.33-9.41%, the experimental data do not give a
good simulation with the lower correlation coefficients
(0.7181-0.9008). Therefore, the pore diffusion alone is insufficient to explain adsorption kinetics.
4. Effect of initial phosphate concentration on kinetics

For the Elovich equation, the term (1/β)ln(αβ) represents the adsorbed amount of phosphorous at t = 1 min (ln
t = 0). This can be considered as the adsorption rate of the
first step [38]. The results fitted by the Elovich model at
various initial pHs show that the value of (1/β)ln(αβ) increases with the increase of initial pH, reaches the maximum at pH 4, and decreases at pH increase for pH>4. The
value of 1/β indicates a bond between the adsorbent and
adsorbate [44], i.e., the greater the 1/β, the greater the bond
of the adsorbent and adsorbate. Table 3 shows that the
value of 1/β has an increasing tendency from 0.0081 to
0.0226 as the initial pH increases from 2 to 10. This may
indicate that the bond between phosphate and sponge iron
is weaker in acidic environment than in alkaline environment. Possibly, regeneration of saturated sponge iron can
be done in acidic environment. Although the standard deviations (3.47-9.46%) for the Elovich model are excellent,
the correlation coefficients (0.7009-0.9344) are relatively
low in the range of pH 2-12, indicating that the adsorption
of phosphate on sponge iron cannot be described by the
Elovich model.

The effect of various initial phosphate concentrations
on phosphate removal kinetics is shown in Fig. 5. It is
clear that the shape of all the plots in various initial phosphate concentrations from 10 to 100 is similar. The initial
adsorption rate is fast and the rate decreases gradually.
This may be due to the fact that initially, the easily accessible adsorption sites are vacant, but as adsorption continues, they are not available and (slower) phosphate diffusion
into the pores becomes a rate-limiting mechanism [38]. The
maximum capacity is reached at approximately the same
time, indicating that phosphate adsorption kinetics is independent of initial phosphate concentration. The equilibrium adsorption capacity, however, increases sharply with
the varying initial phosphate concentration from 10100 mg/L. This situation may be attributed to two reasons:
(1) Chances of interaction between the sponge iron surface
and phosphate are higher for higher phosphate levels; (2)
the greater concentration gradient in a high phosphate concentration solution [33] makes the phosphate adsorbed on
surfaces of adsorbent into the pores, which may give
some available sites to adsorb other phosphate again. It can
be also observed from Fig. 5 that the first adsorption rate
(before 30 min) is increased with higher phosphate concentrations. This might be due to the fact that the high phosphate concentration accelerates the phosphate diffusion from
solution to the surfaces of adsorbent [38].

Table 3 gives the kinetics parameters obtained from
the Bangham’s model at various initial pHs. It can be seen
that although the standard deviations may be satisfied with

The experimental data are matched by various kinetic
models and the results are listed in Table 3. Of the kinetic
models studied in this paper, the pseudo second-order is
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the most accurate to describe the adsorption process at
different initial phosphate concentrations.
5. Effect of solution temperature on kinetics

The effect of temperature on the adsorption kinetics
of phosphate on sponge iron is displayed in Fig. 6. As can
be seen from the plot, the equilibrium phosphate amount
adsorbed decreases from 0.188 mg/g to 0.171 mg/g as the
temperature increases from 288 K to 298 K. Conversely,
the equilibrium phosphate amount adsorbed increases from
0.186 mg/g to 0.221 mg/g when temperature ranges in
303-318 K. The finding suggests the characteristics of
phosphate on sponge iron may be different when temperature changes in various ranges. The different adsorption

characteristics may be interpreted that the phosphate adsorption on sponge iron may be a physical one in the range
of 288-298 K whereas the chemisorption may be dominant
in the range 303-318 K. The mean free energy, E, obtained
earlier from the DR isotherm at 298 K, in this study is
below 8kJ/mol, further indicating that the physical sorption is dominant at low temperature (<298 K).
The time required to achieve adsorption equilibrium
decreases from 80 to 40 min when the temperature increases from 288 to 298 K. This indicates that temperature has a significant effect on the adsorption rate in the
low temperature conditions. This can be related to slower
phosphate diffusion at lower temperatures, because of higher
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FIGURE 5 - Adsorption kinetics of phosphate on sponge iron at different initial
phosphate concentrations (conditions: 2 g adsorbent, 298 K temperature, 0.5-1.0 mm particle size).
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FIGURE 6 - Adsorption kinetics of phosphate on sponge iron at different temperatures
(conditions: 2 g adsorbent, 10 mg/L phosphate concentration , 0.5-1.0 mm particle size).
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water viscosity [38]. However, at temperatures 303-318 K,
the influence of temperature on the adsorption rate is
limited. This phenomenon may be because the chemical
reaction takes place between phosphate and sponge iron
on the surfaces of adsorbent under high temperature conditions, completing the adsorption process quickly. The increasing phosphate amount adsorbed with the increase of
temperature at high temperatures may be due to the enlargement of pore size of adsorbent particles and the given fresh
adsorption sites [36].

ΔG 0 = ΔH 0 − TΔS 0

where KD (ml/g) is the distribution coefficient (ratio
of adsorbate amount adsorbed by adsorbent to that of adsorbate amount in solution at equilibrium); ΔH0 (kJ/mol)
and ΔS0 (kJ/mol K) are the standard enthalpy and entropy,
respectively; ΔG0 (kJ/mol) is standard Gibbs free energy;
R (8.314 J/mol K) is universal gas constant.
The experimental data in various temperature conditions are fitted by the equation (17). The ΔH0 and ΔS0 can
be calculated from the slope and intercept of the Van’t
Hoff plot of lnKD versus 1/T, and the results are shown in
Table 4, Fig. 7 and Fig. 8.

Again, the pseudo second-order model was the most
accurate to describe the effect of temperature on phosphor
adsorption kinetics.
Adsorption thermodynamics

TABLE 4 - Thermodynamic parameters
for phosphate adsorption by sponge iron.

The release and uptake of energy take place in adsorption process. However, based on thermodynamic theory, the energy cannot be gained or lost in an isolated system
[38]. The thermodynamic study may provide some mechanisms of adsorption process to some degree by the
changes in Gibbs free energy, enthalpy and entropy. The
parameters of thermodynamics can be calculated by the
following equations [49]:

lnKD

ΔS 0 ΔH 0
−
R
RT

T (K)

KD

288
293
298
303
308
313
318

75.81
66.91
55.13
72.66
95.19
135.26
190.52

ΔG0
(kJ/mol)
-10.39
-10.18
-9.97
-10.73
-11.76
-12.80
-13.83

(17)

4.40
4.35
4.30
4.25
4.20
4.15
4.10
4.05
4.00
3.95

y = 2.7301x - 5.139
2

R = 0.9821

3.34

3.36

3.38

3.40

3.42

3.44

3.46

3.48

3

10 /T
FIGURE 7 - Van’t Hoff plot of phosphate on sponge iron at low temperature (288-298 K).

5.40

lnK D

ln K D =

(18)

5.20

y = -6.2446x + 24.868

5.00

R = 0.9951

2

4.80
4.60
4.40
4.20
4.00
3.14

3.16

3.18

3.20

3.22 3.24
3

3.26

3.28

3.30

3.32

10 /T
FIGURE 8 - Van’t Hoff plot of phosphate on sponge iron at high temperature (303-318K).
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ΔH0
(kJ/mol)

ΔS0
(J/mol.K)

-22.70

-42.73

51.92

206.75
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The results show that phosphate removal is not described well by the thermodynamic model when the whole
temperature range of the experiments is considered. However, it can give a good regression when temperature ranges
in 288-298 K or 303-318 K, with the correlation coefficient
values (R2 = 0.9821 shown in Fig. 7 and R2 = 0.9951 shown
in Fig. 8, respectively). This also further verifies the two
different adsorption mechanisms found earlier at various
temperature ranges. Within the temperature 288-298 K, the
negative ΔH0 (-22.70 kJ/mol; Table 4) value shows that the
adsorption process of phosphate on sponge iron is of exothermic nature. Based on the Ren’s view [49] that ΔH0 of
physical sorption is smaller than 40 kJ/mol, the phosphate
adsorption process is also physical when temperature ranges
in 288-298 K. The negative ΔG0 represents the phosphate
adsorption on sponge iron is spontaneous. In addition, the
negative ΔS 0 (-42.73 J/mol.K) at low temperature (288298 K) indicates that the randomness at the solid/solution
interface [7] decreases after the phosphate is adsorbed on
the surface of sponge iron. However, at high temperature
(303-318 K), the positive ΔH0 (51.92 kJ/mol) shows the
phosphate adsorption is endothermic, and the positive ΔS0
(206.75 J/mol.K) and negative ΔG0 suggest that the adsorption can take place spontaneously. Further, at high temperature, the Gibbs free energy increases with increasing temperature, indicating that high temperatures are favorable
for adsorption of phosphate on sponge iron.
CONCLUSIONS
The adsorption characteristics of phosphate on sponge
iron are evaluated in this study. Both Freundlich and Langmuir-Freundlich models within all the isotherm models investigated can be well used to describe equilibrium adsorption isotherms at 288 K. Adsorption kinetics are improved
when smaller particle sizes are applied. Although the adsorption rate is independent on pH, the lower pHs (<4) decrease the adsorption capacity of sponge iron. The initial
phosphate concentration has significant effect on the initial
adsorption rate, but only limited effect after 30 min contact
time. At different temperature conditions, different adsorption mechanisms are responsible for phosphate removal: at
low temperature (288-298 K), the process is physical adsorption and exothermic in nature, and the adsorption rate
is low. At high temperature (303-318 K), the process is
chemisorption and endothermic, and fast, generally independent on temperature. The negative ΔG0 in whole temperature range investigated indicates that the adsorption
process is spontaneous. The adsorption process under the
various factors influencing the kinetics are all well described by the pseudo second-order model.
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ABSTRACT
Insecticides with growth regulating properties (IGR)
may adversely affect insects by regulating or inhibiting
specific biochemical pathways, or processes essential for
insect growth and development. The 5 IGRs (Lufenuron
(Lufenox, Sygenta, 100 ml/100 L); Diflubenozuron (Dimilin, Cansa, 20 g/100 L); Pyriproxyfen (Admiral, Sumitomo, 50 ml/100 L), Neem Azal T/S (Trifolio-M GmbH,
Lahnau, Germany, 4 L/100 L)) and Cyromazine (Trigard
75 WP, Syngenta, 20 g /100 L) were tested against pupae
and larvae of Liriomyza sativae Blanchard on infested
tomato, Lycopersicon esculentum var. Jaledo, in the laboratory, in 2006. The IGRs were applied according to the
manufacturer’s recommendations. Each treatment in trials
was conducted twice with 5 replicates. The numbers of
adult leafminers emerging from samples of pupae in each
treatment were compared. According to the laboratory test
results, pyriproxyfen, cyromazine, neem and lufenuron
showed higher effects on the number of the emerging adults
from pupae. In larvae trials, all IGRs significantly reduced
leafminers as compared to non-treated control. As a result
of the study, lufenuron, neem and pyriproxyfen would
likely be a valuable insecticide for control of L. sativae.

KEYWORDS:
Liriomyza sativae, insect growth regulators (IGR), tomato

INTRODUCTION
The leafminer Liriomyza sativae Blanchard is a major
pest of numerous floricultural and vegetable crops and
causes serious problems. Several biological attributes such
as polyphagus habit, relatively short developmental period, high dispersal capability, high reproductivity rate,
immature stages that are concealed from conventional pesticide sprays and the ability to develop resistance to insecticides has contributed to the elevated status of this insect

pest. [1, 2]. Adult leafminer feeding causes significant reductions in phytosynthetic rates and stomatal and mesophyll conductance in greenhouse tomatoes, and provides
entry sites for infection by plant pathogens [3; 4]. Typically, leafminer control has historically been obtained by
the repeated foliar applications of chemical insecticide
sprays. Over a 40-year period of insecticide pressure, L.
sativae populations have developed resistance to a broad
range of insecticides [5]. There are currently no effective
insecticides to use against adults, but growers continue
applying available insecticides, such as chlorfenapyr,
chlorfluazuron, chlorpyriphos-ethyl, deltamethrin, diazinon,
endo-sulfan, malathion and a few effective larvicides. However, many growers will ignore recommendations and
apply a wide range of conventional insecticides against
both larval and adult stages. Most synthetic insecticides
are toxic to animals including human beings [6]. Although
many insecticides can be used safely, a few are persistent in
the environment, and a small number have multigenic, carcinogenic and teratogenic effects on human beings and domestic animals. A limited number of insecticides are effective against the larvae: abamectin, cyromazine, spinosad.
Therefore, alternative means of pest control have received
attention in recent years, particularly botanical pesticides
[7, 8]. Of the botanical insecticides tested to date, neembased insecticides, Urginia maritima and Euphorbia myrsinites extracts, are effective on L. huidobrensis, L. sativae and L. trifolii larvae [9-12] A new approach to insect
pest control is the use of substances that adversely affect
insect growth and development. These substances are classified as insect hor-mone mimics or insect growth regulators (IGRs) owing to their effects on certain physiological
regulatory processes essential to the normal development
of insects or their progeny. They are quite selective in
their mode of action, and potentially act only on target
species. The action of IGRs, however, should not be confused with other synthetic insecticides, such as organophosphates and carba-mates which interfere with other
physiological processes but do not regulate the development of normal insects. An IGR, therefore, does not necessarily have to be toxic to its target, but may lead instead
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to various abnormalities that impair insect survival [13]
IGRs generally control insects either through regulation
of metamorphosis or interference with reproduction [14].
Compounds developed to disrupt metamorphosis ensure
that no reproductive adults are formed. Those that specifically interfere with reproduction may include the development of adults with certain morphogenetic abnormalities that reduce their reproductive potential [15].
The aim of this study was to show the effects of 5 IGRs
(diflubenzuron, lufenuron, neem-azal, pyriproxyfen and
cyromazine) on L. sativae pupae and larvae on tomato
plants. All of these are known as non-toxic to mammals,
and relatively specific to the target pest.
MATERIALS AND METHODS

positive chemical control, and only water was sprayed in
control pots.
Each week, five leaves were removed from the treated
and non-treated plants and the number of alive larvae was
recorded. After five weeks, the trials were terminated, because the plants reached the top of the cages and the leaves
turned to yellow.
In pupa trials, when the larvae appeared fully grown,
the leaves were cut and placed allowing larvae to drop into
the sand and pupate. Pupae were collected and placed onto
filter paper in 100-mm Petri dishes and exposed to IGRs by
a hand sprayer. 100 L. sativae pupae were used for each
treatment. After 3, 7, 14, 21 and 30 days, emerging adults
were counted and aspirated [12]
Data analysis

All trials were carried out in Entomology Laboratory
at the University of Mugla at 24±2 °C, 70±5% RH and
photoperiod of 14:10 (L:D) h.

Data were analyzed by SPSS 11.0 Software program.
Comparisons among the different IGR treatments were made
by Analysis of Variance (ANOVA). Means were separated
by Tukey’s test.

Plant sources

Tomato variety, Lycopersicon esculentum var. Jaledo,
seeded in 10-cm-diam. pots; the soil and pots (20 x 20 cm)
had been sterilized using 10% formaldehyde (formaldehyde
breaks down to carbon dioxide and water, leaving no residue). Soil was composed in one part of each potting soil as
follows: sand : dried goat/sheep manure. Plants were grown
until six true leaves were fully expanded.
IGRs

Five IGRs (see SUMMARY) were applied according
to the manufacturer’s recommendations and for comparison, cyromazine (Trigard 75 WP, Syngenta, 20 g/100 L)
was used as a positive chemical control. In control groups,
only water was applied into beakers without pesticide application.
Laboratory bioassays

A colony of L .sativae has been maintained in the laboratory since 2006 on tomato plants. For the trials, 100
adult flies were released into cages of potted tomatoes at a
ratio of 50 males/50 females, and new flies were added
weekly. Untreated tomato plants were placed in a cage
(75 x 65 x 50 cm, glass sided) with 100 L. sativae for one
week before initial treatment. One set of 5 plants served
as an untreated control for each trial [11]. All trials were
conducted twice with 5 replicates.
In larva trials, five plants were treated for each concentration of IGR. Excess amount of IGRs was allowed to
drain, and then the tomato plants in ports were placed into
insect cages. This treatment was repeated once a week for
5 weeks. Five plants in each replication were treated with
IGRs by foliar application.
Trigard 75 WP (cyromazine 75%, Syngenta, applied at
the recommended rate of 20 g/100 L water) was treated as a

RESULTS AND DISCUSSION
Pupae Trials

Results of the number of L. sativae adults emerging
from pupae after treatment with IGRs and non-treated control are shown in Table 1.
There were no statistical differences in the number of
adults emerging from pupae between the IGRs and nontreated control group, 3 days after application in the first
trial (P>0.05). Ten days after the application, neem, cyromazine and pyriproxyfen were the most effective IGRs when
compared to diflubenzuron and control. Neem, cyromazine and pyriproxyfen on 10th day; lufenuron and neem on
14th day; pyriproxyfen, lufenuron, neem and cyromazine
on 23rd day after the application were more effective than
the others (P<0.05). Adult emergences were higher in diflubenzuron application. As a result, pyriproxyfen, cyromazine, neem and lufenuron were found to be more effective
than diflubenzuron and control.
Similar results were obtained in the second trial. The
number of adults emerging from pupae was not statistically
different in all replications on 3rd and 14th day after application. All IGRs showed higher effect than control on 7th and
10th day, but the differences among IGRs were not statistically different. On the other hand, pyriproxyfen, cyromazine and lufenuron were more effective than the others,
23 and 30 days after application. Thus, the effects in second trial have shown similarities to the first trial.
As a general result of the pupa trials, pyriproxyfen,
cyromazine, neem and lufenuron showed higher effects
on the number of the emerging adults from pupae. A wellknown and registrated IGR on leafminer, cyromazine, was
used as a positive chemical control for comparison in this
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study. Moreover, neem, lufenuron and pyriproxyfen would
be recommended additionally for the control of L. sativae.
Larvae Trials

Results of the number of alive larvae from IGRstreated and non-treated control tomato leaves are shown
in Table 2.
The numbers of alive larvae in all replications treated
by all chemicals in first trials were similar, except the results obtained on 3rd and 7th day after application. Lufenuron
and cyromazine were found to be the most effective on 3rd
day, followed by diflubenzuron and neem. Only cyromazine was found to be most effective on 7th day. Similar
numbers of live larvae were counted at the end of each
IGR application.
In second trials, the effects of IGRs were similar in
all replications by the end of trials. Both insecticides reduced the population of alive larvae nearly in a ratio of
80%, seven days after the application.

As a general result of the larvae trials, all IGRs significantly reduced leafminers as compared to non-treated
control; however, cyromazine and lufenuron have reduced
the number of alive larvae populations more rapidly than
the other ones.
In Turkey, L. sativae has been a serious pest of tomatoes. Although populations are greatest during the spring,
they can be found from autumn to spring. There are currently no effective insecticides to use against adults. How
ever, growers continue to use insecticides, such as
chlorfenapyr, chlorfluazuron, chlorpyriphos-ethyl, deltamethrin, diazinon, endosulfan, malathion and a few effective lar- vicides. However, many growers do not treat
according to recommendations and apply a wide range of
conventional insecticides against both larval and adult
stages. Two main translaminar larvicides, abamectin and
cyromazine, are used to control the leafminers on tomatoes
in Turkey [16].

TABLE 1 - Effect of diflubenzuron (D), lufenuron (L), neem (N), cyromazine (C), pyriproxyfen (P) and non-treated (Control) on the adult
emergence of Liriomyza sativae pupae. Data are recorded as average of 100 pupae (+ S.E.).
Days post treatment
Treatment
0
3
7
10
14
23
30
First trial
Mean(+ S.E.) adult emergence
D
20a
0.60±0.24a
1.40±0.25ab
1.00±0.32ab
1.00±0ab
5.80±0.73b
0.60±0.24b
L
20a
1.40±0.51a
0.20±0.20a
1.40±0.24ab
0.60±0.40a
0.60±0.24a
0.20±0.20ab
N
20a
0a
0.60±0.25a
0.40±0.40a
0.60±0.24a
1.40±0.40a
0a
C
20a
0.40±0.24a
1.40±0.40ab
0.80±0.20a
1.40±0.24ab
1.60±0.40a
0a
P
20a
0.40±0.40a
0.80±0.20a
0.60±0.24a
2.20±0.37b
0a
0a
Control
20a
0.60±0.24a
0.40±0.25a
1.00±0ab
1.40±0.24ab
5.00±1.00b
0a
Second trial
D
20a
0.20±0.45a
0a
0.80±0.20a
0.20±0.20a
0.60±0.24a
5.00±0.71c
L
20a
0a
0a
0.80±0.37a
0.20±0.20a
0.40±0.24a
0.40±0.24a
N
20a
0a
0a
0.20±0.20a
0.20±0.20a
2.00±0b
3.00±0.55b
C
20a
0a
0a
0.40±0.24a
0.20±0.20a
0.20±0.20a
0a
P
20a
0a
0a
0a
0.20±0.20a
0.20±0.20a
0.20±0.20a
Control
20a
0.20±0.45a
0.60±0.55b
1.20±0.58ab
0.40±0.24a
3.20±0.49c
6.80±0.66c
*Means followed by different lower case letters are significantly different (P<0.05) within a column for the first or second application.

TABLE 2 - Effect of diflubenzuron (D), lufenuron (L), neem (N), cyromazine (C),
pyriproxyfen (P) and non-treated (Control) on alive Liriomyza sativae larvae in tomato leaves.

Treatment
First trial
D
L
N
C
P
Control
Second trial
D
L
N
C
P
Control

10

14

6.33±0.33a
3.00±0.58a
5.33±1.33a
4.00±0a
6.00±0.58a
5.66±0.88a

Days post treatment
3
7
Mean(+ S.E.) alive larvae
4.33±0.33b
2.00±0ab
1.33±0.33a
1.00±0.58ab
4.00±0b
3.00±0b
1.33±0.33a
0.33±0.33a
5.00±0.58c
2.00±0ab
5.66±0.88c
5.66±0.88c

1.33±0.33a
0.33±0.33a
1.33±0.33a
0a
1.00±0a
5.66±0.88b

0.66±0.33ab
0.33±0.33a
0.33±0.33a
0a
0a
5.66±0.88b

5.33±0.33b
2.33±0.33a
3.00±0.58a
3.66±0.33b
3.00±0a
3.33±0.66b

4.00±0bc
1.66±0.33b
2.66±0.33bc
0.33±0.33a
2.33±0.33bc
3.33±0.66c

2.00±0ab
1.00±0.58a
2.00±0ab
0.33±0.33a
1.00±0a
3.33±0.66b

1.33±0.33ab
0.66±0.33a
0.33±0.33a
0.33±0.33a
0.66±0.33a
3.33±0.66b

0

1

6.33±0.33a
5.33±0.88a
5.33±1.33a
6.00±0a
6.00±0.58a
5.60±0.88a
5.66±0.66a
4.33±0.88a
3.00±0.58a
4.33±0.33a
3.00±0a
3.33±0.66a
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3.00±0bc
1.66±0.33b
2.33±0.33bc
0.33±0.33a
2.33±0.33bc
3.33±0.66c
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*Means followed by different lower case letters are significantly different (P<0.05) within a column for the first or second application.

Most synthetic insecticides are toxic to animals including human beings. Although many insecticides can be
used safely, a few are persistent in the environment and a
small number have multigenic, carcinogenic and teratogenic
effects on human beings and domestic animals. Furthermore, their accumulation in the food are of major concern
for agricultural and health scientists, producers and consumers. Based on the previous discussion, IGRs represent
a novel approach to operational and commercial insect
control. Their species or stage-specificities that were higher
than those of conventional insecticides offer a good alternative for a selective insect pest control that is in harmony
with existing IPM programmes. IGRs generally have a good
margin of safety for most non-target organisms including
invertebrates, fish, birds and other wild life. They are relatively safe for human beings and domestic animals.
Pyriproxyfen is most effective in late larval stage, or
nymphs and early pupal stages, when juvenile hormone is
normally low [17, 18] It is active primarily against sucking insects, such as scales, pear psylla and whiteflies [19].
The same effect was observed in this study against L. sativae. Pyriproxyfen was very effective against L. sativae
pupae and larvae, also.
The toxicity of the insect growth regulator, lufenuron,
against larval stages of Liriomyza spp. in this study generally agreed with those reported by Akeo [20]. It was harmful to some natural enemies, especially Neochrysocharis
formosa (Westwood) (Hymenoptera: Eulophidae) [21] and
Chrysoperla externa (Hagen) (Neuroptera: Chrysopidae)
[22]. In this study, lufenuron was very effective against L.
sativae pupae and larvae like pyriproxyfen.

termined that neem insecticide was more effective against
L. sativae pupae than larvae.
Cyromazine was used as a positive control because it
is effective and widely used for control (Liriomyza spp.)
as a registered IGR [27]. It was shown that it is less harmful to parasitoids [28-30]. It was also observed in our results that cyromazine had an important effect against L.
sativae larvae and pupae.
As a result of the study, it was observed that applied
IGRs had significant effects in different ratios against L.
sativae larvae and pupae compared to non-treated control.
Examining the effects against larvae and pupae, it was concluded that cyromazine, lufenuron and pyropxyfen could
be used successfully to control pests.
CONCLUSION
IGRs appear promising for control of this leafminer
for several reasons. These materials have unique modes of
action and are often selective and do not persist in the
environment. This study clearly shows that some IGR are
effective in controlling of L. sativae. Looking at the practical implementation of our findings, we recommend lufenuron, pyriproxyfen, neem and cyromazine as valuable
insectisides for control of L. sativae. Lufenuron and
pyriproxyfen IGRs could be utilized also, in addition, for
the control of L. sativae.

Diflubenzuron has been used to control a variety of
insects including rice water weevils (Lissorhoptrus oryzophilus Kuschel), beetles, various Lepidoptera, grasshoppers, Mormon crickets (Anabrus simplex) and katydids.
Simith [23] reported that diflubenzuron reduced oviposition punctures of Liriomyza, but did not cause larval mortality. However, it was found in this study that diflubenzuron was not as effective as other IGRs.
Neem insecticides have physiological (insect growth
regulating) and antifeedant effects on phytophagous insects [24, 25]. Neem Azal T/S is made from neem seeds
and contains 1% of the active ingredient, azadirachtin.
Against L. huidobrensis, the two neem preparations were
effective for about 10 days, at which time there were again
3-4 larvae per leaf and re-application would be required
[10]. Information on the effects of neem on the pea
leafminer, L. huidobrensis, is scarce. However, a laboratory study [9, 26] showed that neem had a systemic effect
on larvae when applied to the roots of bean plants and
translaminar effect when applied to leaves. These trials
have shown that neem azal formulation is effective and
comparable to cyromazine, on the number of the developing adults from pupae. However, in this study, it was de-
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ABSTRACT
This paper introduced a simple method for evaluating
and predicting the degree of clogging in simulated Vertical Flow Constructed Wetland (VFCW) based on hydraulic conductivity (k) measurement. This method was developed for better understanding of the deposition by the
changes of k and the captured particles capacity in substrate void relation with both time and depth in the simulated VFCW filter bed. Additionally, in order to gain an insight into the clogging, the study put forward a VFCW
hydraulic conductivity formula and then calculated the
accumulated particles in filter bed according to two calculated approaches. The results showed that the most clogged
location was the top layer (0-10 cm), the development of
head loss in the VFCW was strongly correlated with the
surface area of the captured particles from influent, the
maximum change of the porosity occurred in the initial
operation period, and the clogging process was progressed
step by step. The paper reported the results of captured
particles in filter bed void and presented an equation to
calculate the predicting clogging time in VFCW.

reduced, the oxygen transport was constrained and the
performance of VFCW system decreased distinctly [6, 7,
9-14].
So far, the exact mechanism of the constructed wetland’s clogging was still unclear. To some extent, the actual
design and operation of VFCW were largely empirical because the fundamental processes of the particles accumulation in VFCW pore space need to be illuminated further. It
was reported that the main causes of clogging in VFCW
were the accumulation of suspended solids and vegetal
debris, the growth of the bio-film onto the medium, rhizomes, and roots, and the deposition of chemicals. Langergraber et al. indicated that the SS loading played a key role
on clogging beyond others [6, 7, 10, 12, 15]. When particles accumulate, clean-media conditions disappeared and
fluid flow in filter bed was altered. In order to improve the
predictability for the filter performance of VFCW, it was
necessary to understand the filtration process in VFCW.
Recently, many studies have focused on the hydrodynamic
aspects of particles clogging in VFCW and its solution [9,
14-20].
This study develops a simple experimental procedure
to measure the effective hydraulic conductivity and the
change of head loss in simulation VFCW, document and
evaluate the clogging relating to the filter bed depth and
filtration time. This report presents the correction equation
about k, and puts forward an equation to calculate the predicting operation time in VFCW.

KEYWORDS:
VFCW; substrate clogging; hydraulic conductivity; river sands

INTRODUCTION
VFCW with intermittent feeding has been widely used
in the remediation of wastewater treatment in China [1-3].
Due to its low cost, low maintenance requirement, favorable environmental appearance and high performance,
VFCW was considered as a satisfied method for
wastewater treatment, especially when conventional systems could not be applied [4-8]. However, the clogging in
VFCW was still one of the main factors which restricted its
application. When clogging occurred, the permeability

MATERIALS AND METHODS
Experimental equipment set-up

The experiments were conducted in the simulating
VFCW which comprised two Perspex columns with the
inner diameter of 16 cm as well as the height of 130 cm
and 30 cm for column A and B, respectively (Fig. 1).
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The column A was the filter bed. At the side of A, 11
sampling tubes with the interval of 10 cm were set to divide

the filter bed into ten layers which were used for measure-

FIGURE 1 - Schematic diagram of simulated VFCW system in the experiment.

Ing the pressures and the head loss of filter bed. In the
buffer storage B was installed a PVC pipe and a switch 10
cm over its bottom which was connected to A. At the top
of A and B, 3 air holes were distributed uniformly around
the column to keep a constant water head. In order to load
experimental wastewater, the tank C with a valve (V4) was
installed above B (Fig. 1).

FIGURE 2 - Grain size distribution curve of the river sands as
subsrate in the experiment.

As indicated in Fig. 2, D60=0.48, D30=0.31, D10=0.21,
we could get Cu= D60/ D10=2.29<5, 1<Cc= D30* D30/( D60*
D10)=1.02<3. The results indicated that the river sand was
fit for the experiment filter medium.
Preparation of experimental wastewater

Characterization of the experimental VFCW medium

The simulated VFCW medium was river sand purchased from Wuhan city, Hubei province. The grain size
distribution of the river sands is shown in Fig. 2.
100
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50
40
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In order to form the clogging of the simulating VFCW,
the suspension mixture of the tap water and homogenized
cinder was used as experimental wastewater and the homogenized cinders were screened by a sieve with the pore
size of 200 mesh (74 µm) in advance.

Accumulative percentage

The direction of experimental flow and measurement of head
loss

For observation of normal filtration with clean-media,
the tap water was loaded from B to A by the inlet valve
(V1) and flow-meter with flow-rate of 16-160 L/h, the
effluent was collected by the gauging basin. However, during the clogging experiment, the artificial wastewater contained cinder which was loaded by V4 from the tank C,
the effluent was discharged from V3 to the gauging basin.
10

1
0.1
River sands grain size(mm)

0.01
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Pressures and head loss in filter bed A were measured
via 11 glass tubes fixed on the pressure measurement board
which were linked to different sampling tubes of the filter
bed A by hosepipes. The relative pressure was expressed
by cm of water column height (Fig. 1).
Clogging experiment

With the purpose of eliminating the experimental error, during the clogging experiment, the V3 was opened
and maintained at a flow-rate at 20 L/h, as in the process
of normal filtration with clean media. Then, the V1 was
turned off, the tank C was filled with experimental
wastewater and water head kept constant. During the clogging experiment, the concentration of suspension was very
high at first stage, and then decreased gradually with
extension of experimental time. The experiment time was
recorded and the outflows were measured with the gauging basin. The pressures which were denoting the relative
pressure, namely, cm of water column, were read at
different ex-perimental times (0, 10, 20, 40, 60, 80, 120,
160, 200, 260, 320, 380 min) (Fig. 1). Finally, the experiment was stopped, when the filter bed A was full clogging
and influent overflowed.
RESULTS AND DISCUSSION

Re =

The one-dimension version (Eq.1) of Darcy’s law was
widely applied in filtration system, and it was only restricted to the laminar flow regime as follows [9, 21, 22]:

Q = − kA

dH
dx

From Eq. 3 and Fig. 2, Re could be got in the experiment.

Re =

With different kinds and various sizes of granular
media using in the CWs filter bed, a turbulent term was
added [9, 22]:

−

dH 1
= u + ωu 2
dx k

where

ω

(2)

= turbulent factor, s2/cm2.

The turbulent contribution ωu 2 was negligible when
the medium Reynolds number was less than 1.0 [9]. The
Reynolds number was defined as follows:

Dρ wu
= 0.203
(1 − ε ) µ

where D was the average of D50 = 0.04cm from Fig.2
and u = 0.3164 mm/s was the flow-rate (20 L/h), and ε =
0.377, and ρ w = 1 g cm-3.
Hence, the Re = 0.203 was less than 1.0, and the turbulent term could be neglected in the experiment.
In order to take into account the effects of their sizes
and porosity in the form of CWs hydraulic conductivity
equations, the Ergun equation was widely accepted for
random packing of uniform spheres:

−

dH 150(1 − ε )2 µ
=
u
dx
ρ wgε 2 D2

(4)

where g was the acceleration of gravity, cm/s2.
Also, the effects of a non-spherical shape were indeed
significant. Idelchik [23] gave correlation for crushed,
angular materials which predicted conductivities.

k=

(1)

where H was the elevation of the water surface, cm; k
was the hydraulic conductivity, cm/s; x was the filter bed
depth, cm; Q was the flow-rate, cm3/s; A was the area of the
cross-section, cm2.

(3)

where D was the average medium diameter, cm; ρw
was the density of water, g cm-3; µ was the viscosity of
water, g/cm ⋅ s; ε was the porosity.

Data analysis about k in VFCW and identification of C

The hydraulic conductivity and turbulence factor in
the CWs filter bed depended on the characteristics of the
media, for example, mean diameter, variance of the size
distribution, shape, porosity of the filter bed, arrangement
of the media [9].

Dρ wu
(1 − ε ) µ

ρ gε 3.7 D2
127.5(1 − ε ) µ
w

(5)

At the beginning of this work, thinking of the previous works and above uncertainties, the paper put forward
the constant C which was changed depending on the sizes
of media and the depth of the VFCW filter bed as follows:

k =C

ρ gε 3.7 D 2
127.5(1 − ε )µ
w

(6)

where in the experiment dH was the head loss of interlayer, cm; dx was the length of inter-layer, 10 cm; C was
the initial size distribution factor, dimensionless, change
with depth; the others were described above.
With the combined set of Eq. 1 and Eq. 6 describing
the porous flow in VFCW above, the calculation of k as a
function of the C could be completed. The parameters in
Table 1 which related to the temperature must be normalized from the experimental temperature to 20 °C. The
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initial value of k in Table 1 was computed by Eq. 1 at the
flow-rate of 20 L/h at 20 °C. The value of C in Table 1,

computed by Eq. 6, would be the constant in each layer
throughout the clogging experiment.

TABLE 1 - Value of C (20 °C).
Layer of
media
1
2
3
4
5
6
7
8
9
10

k (cm/sec)

(D50)2 (cm2)

γ w (N/cm )

µ( N ⋅ S / cm2 )

C

ε

0.135
0.192
0.162
0.155
0.213
0.192
0.213
0.168
0.253
0.213

0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016

0.00979
0.00979
0.00979
0.00979
0.00979
0.00979
0.00979
0.00979
0.00979
0.00979

0.0000001
0.0000001
0.0000001
0.0000001
0.0000001
0.0000001
0.0000001
0.0000001
0.0000001
0.0000001

0.252
0.360
0.303
0.291
0.398
0.360
0.398
0.315
0.473
0.398

37.7
37.7
37.7
37.7
37.7
37.7
37.7
37.7
37.7
37.7

3
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FIGURE 3 - Changes of k in different layers of the filter bed.
Changes of k with filter depth and operation time
also consistent with the

Fig. 3 shows the change of k which was computed by
Eq. 6 in the clogging experiment. As shown in Fig. 3, all
of the measured k indicated that the substrate permeability
decreased with increasing experimental time. The minimum
value of k appeared at 380 min, at which was the most
serious clogged point in the experiment. In addition, Figs. 4
and 5 show the measured and calculated cumulate flowrate from the effluent and average outflow velocity during
the clean-media filtration and clogging operation in accordance with the experimental time. The results were

trend that the most serious
clogged point appeared at 380 min.
From Fig. 3, it could also be found that the minimum
k appeared in the first layer Fig. 3 (1), and it indicated that
the most serious clogged section of the simulated VFCW
was found in the layer of 0-10 cm, which was in accordance with the results reported by Langergraber (2003) and
Zhan et al. (2003) using various physical and chemical
indexes [6, 7, 12]. The fact also suggested that the subsequent layer did not deliver the maximal function of filtration during the clogging experiment.
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FIGURE 4 - Changes of the outflows related to the experimental
time.

For better understanding of the clogging process in
VFCW, the change of the porosity and volume of particulate matters in filter bed void need to be calculated with
Eq. 1 and 6, respectively. By this way, the clogging time
could be predicted and the operation conditions could be
improved in the practical VFCW. The following sections
would present the results about the change of the porosity
and captured particles in the simulated VFCW void by
two approaches.
140

clogging operation

120

2.0
Flow velocity (mm/s)

Particles volume captured

normal filtration

1.6
1.2
0.8
normal filtration

0.0
1 3 5 10 20 40 60 80 120160 200260320380
Duration time(min)

100
Flow rate(L)

clogging operation

0.4

FIGURE 5 - Changes of average flow velocity at different experimental time.

80
60

Assessment of captured particles by the average k

40
20
0
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1

3

5

10 20 40 60 80 120 160 200 260 320 380
Duration time(min)

The changes of the porosity and captured particles in
each layer of the filter bed at different experimental time
are presented in Figs. 6 and 7, respectively.

3.5
1st layer

Adjacent increment

2-4th layer
5-7th layer

3.0

8-10th layer
1-10th layer
2.5

2.0

1.5
0-10

10-20

20-40

40-60

60-80

80-120 120-160 160-200 200-260 260-320 320-380

Time(min)

FIGURE 6 - Increment of the porosity in different layers of the filter bed during the clogging experiment (1st layer = the amounts of captured
particles in the 1st layer; 2-4th layer = the average amounts of captured particles per layer from the 2nd to 4th layer; 5-7th layer = the average
amounts of captured particles per layer from the 5th to 7th layer; 8-10th layer = the average amounts of captured particles per layer from the
8th to 10th layer; 1-10th layer = the average amounts of captured particles per layer from the 1st to 10th layer; It is the same as below).
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Captured particles(g)
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FIGURE 7 - Captured particles in different layer porous media during the clogging experiment (for further details see Fig. 6).

As shown in Fig. 6, during the clogging experiment,
the porosity decreased at the first 60 min and increased
abruptly from 60 to 200 min, After 200 min, it was reduced again. The decrease of the porosity during the first
60 min indicated that the cinder particles were trapped
into the void of the substrate. However, the abnormal enhancement of the porosity in the simulated VFCW appeared from 60 to 200 min, which might be caused by the
decrease of suspension concentration. With the experiment
continued, the porosity in the filter bed was presenting the
same changes of the first 60 min, and the minimum porosity appeared at 380 min.

where mcp was the weight of captured particles in filter bed void, g; ρ s was the density of the dried suspension,
g/cm3; vd was the volume of the filter bed per layer, cm3;
ε 0 was the porosity of media at 0 min; ε i was the porosity of media per layer with time.

Figure 7 shows the changes of captured particles in filter bed void with time and depth. The capacity of captured
particles was calculated as follows:

The second method to calculate the changes of the
porosity and captured particles in different layers according to the instantaneous k are presented in Figs. 8 and 9,
respectively. The results showed that the parameters were
the same as in above section, except the instantaneous k.

mcp = ρ svd (ε 0 − ε i)

(7)

The result presented in Fig. 7 was an alternative analysis of the porosity in filter bed during the clogging experiment. The result of the captured particles in filter bed void
had the similar trend of the change of porosity in Fig. 6.
Assessment of captured particles by the instantaneous k
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Adjacent increment

3.5

5-7th Layer
8-10th Layer
1-10th layer

3.0

2.5

2.0

1.5

1.0
0-10

10-20

20-40

40-60

60-80

80-120 120-160 160-200 200-260 260-320 320-380

Time(min)
FIGURE 8 - Increment of the porosity in different layers of the filter bed during the clogging experiment.
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FIGURE 9 - Captured particles in different layer porous media during the clogging experiment.
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FIGURE 10 - Comparison of captured particles with instantaneous and average k in filter bed void with operation time.

The data in Figs. 8 and 9 had the similar trend during
the clogging experiment. At first, from Figs. 8 and 9 could
be seen that in terms of absolute particles removal, the
greatest particle volume was captured in the first layer (010 cm) of the VFCW filter bed and less amounts of captured particles were in individual subsequent layer; secondly, during the clogging experiment the quantities of
the captured particles in filter bed at first increased, then
decreased and at last increased. A possible explanation for
the abnormality is that the filtration in VFCW is not a
single process but there were three stages- removal, ripening and clogging [16-18, 24].The changes of captured particles in filter bed void resulted in only a small discrepancy
between the two calculated methods, as shown in Fig. 10.
The tendency further indicated that the simulation VFCW
clogging was accumulated step by step. Also, from Fig.
10, the capacity of the captured particles could be calculated in void per square in the experiment.
In addition, from the changes of captured particles in
Fig.10, the three stage in VFCW filter bed, that is, the
stage of the removal (the first 80 minutes), the ripening
(from 80 to 200 minutes) and the clogging (from 200 to
380 minutes) could also be observed in the experiment.

Development of head loss with depth and time

In order to estimate the layer capturing the most particles from influent, the experimental data were divided into
five groups (1st layer, 2-4th layers, 5-7th layers, 8-10th layers and 1-10th layers). The results of relationship between
the head loss and hydraulic gradient with the experimental
time are presented in Fig. 11.
The hydraulic gradient in Fig. 11 was the head loss
per unit length of the layer in simulated VFCW filter bed.
From Fig. 11, it could be seen that the maximum change
of the hydraulic gradient has taken place in the surface
layer, a small change occurred in each subsequent layer.
The hydraulic gradient across the entire bed (layers 110) fails to distinguish the wide differences in head loss
developed in the top and bottom layers of the filter bed.
As indicated by the results in Fig. 11, the relationship
between hydraulic gradient and time in different layers of
the bed was almost identical, and this consistency suggested that the development of head loss was caused by
the surface area of the captured particles.
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FIGURE 11 - Development of head loss in the filter bed with depth and operation time.

Predicting clogging time

Although the processes of CWs bed clogging were
still being quantified, there were two sets of mechanisms
proposed, namely, the short-term and long-term effects. The
both mechanisms were based on reducing hydraulic conductivity by the decrease of the filter bed porosity which was
caused by the void in the CWs bed which trapped the TSS
from influent. In consideration of these factors, researchers proposed relations between time to complete clogging
and the solids loading to the CWs [7, 11, 12, 25].
Since, the calculation of the theoretical clogging time,
the TSS, was assumed only for contribution to the CWs
clogging [12]. So it was proposed that, although this study
proved the data from the physical aspects, the clogging
time could also be predicted by calculating the volume of
captured particles in the void of VFCW filter bed with
hydraulic conductivity as follows:

tc log = aε0V / Q(C 0 − Ci)

(8)

where a was empirical coefficient, g/cm3 from the result of this study, a=0.172; ε0 was the original porosity of
the VFCW; V was the actual volume of VFCW; Q was the
actual quantity of treatment wastewater per day/month/year;
C0 was the average inlet concentration, g/cm3 per day/month/
year; Ci was the average outlet concentration, g/cm3 per
day/month/year.
Therefore, in practical VFCW engineering, if the TSS
concentration per day, month or year was known, the time
of the clogging formation could be predicted with the Eq.
8. But the empirical coefficient a in Eq. 8 is needed to be
confirmed. For a better guide in the engineering design of
VFCW, a further study with the real wastewater and different substrates is necessary.
CONCLUSION
In this study, a method was introduced for evaluating
and predicting the degree of clogging in the simulated

VFCW. The study from physical aspects investigated the
hydraulic conductivity from the change of head loss. The
results indicated that the most serious clogging layer was
on the top (0-10 cm) according to the changes of the head
loss, hydraulic conductivity and outflows. The trapped
particles in void of media controlled the development of
head loss and hydraulic conductivity in simulated VFCW
filter bed. Clogging in VFCW filter bed, for the most part,
was found to be strongly correlated with the volume of
captured particles from influent but was extremely affected
by captured particles in the first layer. In addition, the
change of porosity in VFCW filter bed, at each stage from
the beginning, ripeness to clogging was observed from the
results of the porosity distribution with both depth and
time in the experiment.
This research firstly put forward the parameter of C in
the equation of the VFCW hydraulic conductivity based on
the Darcy laws and its other equations as well. Through the
instantaneous and average k calculation methods in the
simulated VFCW filter bed, the capacity of the captured
particles in void per square could be calculated at the most
serious clogging time.
The equation was presented from the physical aspects
for predicting clogging time in simulation VFCW.
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ABSTRACT
This work was focused on the sewage system network
of Bandeirantes township in Paraná State, Brazil, as a
means to assess the efficacy of a baiting method for rodent
control in sewage systems in small towns. Experimental
sites were distributed randomly in 5 sectors, totaling 97
sites, using Brodifacoum (0.005% w/w) as rodent poison.
Bait Inspections were conducted weekly. After the first
week, bait consumption was reduced by 73% and 67% for
sectors one and two, respectively. For sector four, bait consumption was reduced by 72% after the second week. Although it was not possible to assume a linear relationship
between bait consumption and rodent population, our results indicate the overall quantitative efficacy of this simple, cost-effective, low-maintenance rodent control procedure for sewage systems in small towns.

KEYWORDS: environmental health, rodent control, sewage
system, brodifacoum, rodent poison, bait inspections.

INTRODUCTION
Rodents present a great capacity of adaptation to the
most diverse and adverse environments. Being extremely
prolific, they also can form populations with a high number of individuals [1].
Rodents such as the sewer rat (Rattus novergicus) and
the common rat (Rattus rattus) live in contaminated environments, such as sewage systems, acting as vectors for
disease transmission to humans and other animals [1]. Disease examples include leptospirosis, rat bite fever (caused by
the bacterium Streptobacillus moniliformes), and hantavirosis [2], caused either directly or by means of rodent ectoparasites.
In the beginning of the 20th century, bubonic plague
was widespread in urban port areas, but the problem has
responded to rodent control strategies [3], as the rodent

flea is the primary disease vector. However, bubonic
plague persists in some areas in Brazil, making rodent
control a central priority to curb disease in those areas. The
application of flea poison is no longer utilized, unless there
is a disease outbreak [2].
Rodent controls in sewage and pluvial networks have
particular requirements. It is important to note that, in most
cases, superficial infestations have its source in larger underground rodent colonies in the sewage or pluvial water
networks. This explains the frequent cases of re-infestations
after a seemingly satisfactory surface-targeted treatment. In
fact, according to Nagy, T. [4], sewage systems are mostly
colonized by Rattus novergicus, but the species Rattus
rattus may also be present under some circumstances, as
both species compete between themselves.
The number of individual rodents in any habitat depends on physical and biological conditions. Rodent populations tend to grow up to a limit, which is in turn dependent on environmental limiting factors [5].
This research seeks to adapt the rodent control baiting
method for sewage networks devised by Ferraz and Gozzo
[2] to the particular requirements of smaller townships`
sewage networks, thus validating key procedures to optimize their environmental health services.
MATERIALS AND METHODS
The study area

The experiment was conducted in the sewage network at Bandeirantes township, Paraná State, Brazil, with
a population of 33,305[6]. Its sewage system has a total
extension of approximately 110 Km [7].
Distribution of baiting points was made according to
mapped information allocating the water and sewage distribution system according to five sectors (Fig. 1). Distribution of the baiting points was made randomly in each
sector, considering the size of each sector. In sector one,
22 points (1 to 22) were randomly chosen; for sector two,
26 points (23 to 48) were chosen, although eight points (25,
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FIGURE 1- Sector representation baiting in the sewerage system on Bandeirantes – Paraná – Brazil, 2005. Source: Water and Sewer Service [7].

27, 36, 37, 40, 41, 43 and 44) were excluded from the
experiment in the day the baits were placed because they
were blocked up. In sector three, 20 points were randomly
chosen (49 to 68). Point 62 was cancelled because it was
also blocked up. In sector four, 15 (69 to 83) were chosen,
and in sector five, 14 points (84 to 97); point 84 was also
excluded from the experiment because it was blocked.
Rodent Prevention

In accordance with the Brazilian Operational Norms
for the Zoonoses Control Centers [4], rodent control is
normally associated with a broader process of maintenance
and regular removal of hindrance and debris in sewage
systems, retaining materials that might otherwise obstruct
the network. This service is routinely performed by the
employees of the Water and Sewage Service (SAAE) of
Bandeirantes.
Rodent Control
Rodent Poison Selection

Since the sewage system is a humid place and prone
to flooding, the baits were supplied in 20-g paraffin blocks.
The chosen poison was Brodifacoum 0,005% w/w [4]. This
rodent poison is a single dose, second generation anticoagulant which causes hemorrhages and death within five
to seven days after the ingestion [1]. This method was
chosen because it minimizes the risks of accidental environmental poisoning [4].

Bait Placement

Paraffin blocks (baits) were fixed and hung up under
the lids of the sewage system inspection manholes by wires
of sufficient length to allow rodents to reach the baits.
Inspection

Single-dose anticoagulants allow the application of
pulse baiting, or "minimum schedule method”, which eliminates rodents according to a protocol involving three to four
periodic bait refills, which is usually enough to control the
study area [4]. Thus baits were placed on 11 August 2006,
followed by bait inspection on the 18th, 24th and 31st of
August, the 15th of September, as well as on the 6th and
19th of October 2006.
Bait Consumption

Bait consumption was used as a parameter to assess
the efficacy of the rodent control method adopted, as suggested by Channon et al. [5].
Six inspections were made at the baiting points, and
bait status was determined as follows:
• No bait consumption (untouched)
• Partial Consumption
• Total Consumption
• Spoiled Bait (untouched but showing mold or yeast
growth).
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All spoiled baits were changed upon inspection and if
there had been any consumption, such consumption was
taken into account for the experiment. The substitution is
recommended by the manufacturer to prevent repulsion
on the part of the rodents, as bait spoilage may hamper
rodent attraction. After partial or total bait consumption
were accounted for, baits were appropriately replenished,
followed by an increase in the number of individual baits
at that site. Increased bait numbers were made by adding
a new bait to whatever number of totally consumed original baits at that point. For instance, if there had been two
totally consumed baits at that point, three new baits were
placed, since an increase in consumption was expected,
avoiding a potential lack of baits until the following inspection. In some sectors the number of replaced baits
placed was duplicated already after the second week of inspection.

During the inspections live rodents were rarely observed in the sewage system, and only three dead rodents
were found in the manholes during this study.

Baiting points were suppressed in the absence of consumption over two consecutive inspections.

Figure 2 shows the amount of consumed baits (the
amount of remainder points at each inspection). In sector
two, during the second week of the study, bait consumption decreased in relation to day one, 24 August 2006; in
sectors one, four and five, decreases in bait consumption
were detected at the third week of the study. For sectors
one and two, the baiting points were reduced already from
the first week of inspection, however, in sectors three and
four, there was less reduction of baiting points, and that
reduction occurred at the second week, suggesting higher
infestation levels relative to sectors one and two.

Accounting for dead rodents

All wastewater produced in the town is conveyed to
the municipal Sewage Treatment Station. First, the influent is collected in a reservoir before being pumped into
stabilization ponds. In order to enter the ponds, the influent is forced through a grid system that collects larger particles (including dead rodents) that may otherwise interfere
with the pumping and overall functioning of the treatment
system. For this study, the counting of dead rodents was
made during routine grid cleaning. For experimental negative control purposes, the average quantity of grid-entrapped
rodents in the sewage system was obtained for the two
months preceding the beginning of this study.
Data Analysis

Data were correlated and analyzed in terms of the
counting of grid-entrapped dead rodents and bait consumption at each experimental baiting point within different sectors, and the level of consumption of baiting points
in each sector. An Excel spreadsheet was used to process
the data and to prepare their respective plots.

RESULTS AND DISCUSSION
The total quantities of grid-retained dead rodents before baits were placed in the sewage system was 193, and
after the placing of baits dead rodents decreased to 134,
154, 147 and 133 over the the treatment period. It is important to mention that the mechanics of Brodifacoum
lethality tends to induce poisoned animals to wander away
toward open air, leaving their closed quarters. Furthermore, the lack of strong water currents in typical sewage
systems is not conducive to carrying dead animals to retaining grids, as opposed to high-flow systems that include
the caption of pluvial waters.

Signs indicating rodent presence are uncommon in
sewage networks. When they exist, however, they are detected as a result of night observations, given the increased
nocturnal rodent activity, of in-situ observations in dark
manholes or of increased sewage water flow in rainy days,
which may carry away rodent excrement, hair, food remains, thus eliminating the rodent foot grease printing trail
system.
It was observed that the amount of dead rodents arriving at the grid of the sewage treatment facility during the
research tended to decrease in comparison to the control
number of dead rodents in July 2006 (193), before the
experiment was started.

In sector one, bait consumption reached 73%; while in
sectors two and four, it was 67% and 72%, respectively.
These results may indicate the reduction of rodent population during the study. In contrast to other sectors, progressive reduction of baiting points did not occur for sectors
three and five, where fluctuations in the amount of baits
placed during the inspections could not be correlated to a
consumption pattern, which denotes high infestation levels. In those sectors, inspection continued until a consistent reduction pattern be reached, so as to be comparable to the other sectors. In fact, this goal-oriented inspection protocol is to be recommended in actual rodent control programs in sewage systems.
On the first day of inspection of all sectors, 18 August
2006, it was necessary to increase the number of baiting
points by 86 %, 39%, 63%, 44% and 69% for sectors one,
two, three, four and five, respectively. Total or partial bait
consumption increased from the beginning of the experiment. On the second day of inspection, 24 August 2006,
there was a reduction in the number of baits relative to the
first day for all sectors, except for sector three, for which
the number of baits increased from 19 to 31. Moreover,
this sector presented the lowest rate of inspection points
cancellation on the second day. Sector three consistently
yielded high bait consumption levels during the experiment,
and on the last day of inspection, 19 October 2006; this
sector received the highest number of baits (15), its eight
baiting points being maintained.
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FIGURE 2 - Number of consumed baits and number of inspection points in the sewage system in Bandeirantes township, Paraná State,
Brazil, August/October, 2006.

One possibility for the second peak of activity in sectors 3 and 5 you have perhaps overlooked from Channon
[8]. If the baiting point selected is between hotspots and the
nearest hotspot or colony starts to consume baits, there will
be a delay of some weeks before they are all killed and the
next nearest colony starts to explore their territory. Upon the

second colony’s discovery of this additional food source,
another peak of activity might be expected to occur and be
observed.
One of the challenges faced during this work was to
estimate the actual size of the rodent population in the sewage system as a function of the effectiveness of the rodenti-
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cidal method employed. As such, our first option was to
count grid-retained dead rodents at the entrance of the sewage treatment station. However, as the experiment progressed, the monitoring of bait consumption for each point
and sector turned out to be more effective in estimating
the actual rodent population.

population. Therefore, interplay between competition and
illness within the population needs to be considered. In the
case of sewage treatment facilities, we suggest that the reinfestation is mainly related to the absence of predators,
other population growth regulators, as well as competitors
for the available food sources.

The number of dead rodents caught by the station´s
grid can be influenced by several factors. As this research
was conducted during the dry season (August and September), the resulting lowered sewage water flow in the network may have been one of the reasons for the small
number of grid-retained dead rodents.

Collectively, the prevalent high humidity, sustained
food supply, and shelter in sewage networks, along with
the absence of natural predators, have a net positive effect in
rodent population growth. In fact, the sectors that showed
the highest infestation levels, i.e., sectors three and five, are
located in the lowest points of sewage system, where there
is increased availability of food, shelter and water.

Some comment on local rodent population cycles
might be useful at this point. Weekly or Monthly data from
the grids could indicate whether there is a natural variation
in numbers between wet and dry seasons and any conclusions you drew from your results need to be tied in with
this environmental factor if there is one. Environmental
conditions (water and food availability, temperature, humidity) throughout the experiment do not reach a point
where they might influence the rodent population, ruling out
possible influences of wet or dry seasons on the observed
results.
The reduction in the amount of dead rodents arriving
at the grid could also be attributed to the following additional possibilities:
• rodents may die in existing burrows in the sewage
system;
• even rodents that died in the sewage system may not
have been carried to the grid due to seasonal, lowered
sewage water flow;
• rodents may be carried away through the sewage plumbing system toward households and die there.
Sectors one, two and four showed a similar reduction
regarding the new placing of baits and cancellation of
experimental points; sectors three and five showed constancy in the number of points and the number of active
baits during the research. These results demonstrate that it
is necessary, according to bait consumption characteristics, to extend bait offerings in some sectors. It should be
pointed out that the city´s sewage system was well maintained, so that the observed differences in bait consumption among the sectors should indicate actual rodent population differences. Thus larger rodent infestation levels can
be correlated to a correspondingly higher amount of sewage water flow originating upstream, resulting in increased
food availability to support larger colonies [8].
Still according to Channon et al. [8], the establishment
of rodent colonies in sewage networks depends on six main
factors: food, water, shelter, parasite/illness, predators and
competition. As such, all these factors have the potential to
regulate the size of the rodent population in sewage systems. As water is abundant in sewage treatment facilities,
the previous reference indicates that food, shelter and space
become the key natural limits for regulating the rodent

Although it was not possible to assume a linear relationship between bait consumption levels and rodent population as all sectors were compared, it is feasible to consider that poisoned bait consumption was the key factor to
account for the observed trend of rodent population reduction since the beginning of this study. This relationship is
also proposed by Channon et al. [8], who performed a longterm study on the sewage system in London, England,
using a similar baiting method and the same rodent poison
in the same concentration (0,005% w/w). His results also
indicated a progressive decrease in rodent population, suggesting that the observed data in our work represent a
broader trend that can be applied to entire sewage system.
These results indicate that, according to the method
proposed in this research, the total rodent population can
be reduced by up to 73.57% of its original size. This confirms and reinforces the recommendation for strategic,
sustained bait protocols for maximum reduction of rodent
populations in sewage systems. As part of a sound environmental health control system, the proposed rodent control protocol is applicable to sewage systems of small- and
medium-sized cities due to its simplicity and efficacy.
Further work is essential to complement the evaluation
of the effectiveness of our monitoring protocol. Using a
similar approach, Channon et al. [8] elucidated the influences and the most recalcitrant points (“hotspots”) regarding re-emergence of the rodent population. As stated previously, the difficulty here lies in the fact that rodents have
nocturnal habits, moving toward the sewage system mainly
to eat, returning to their burrows thereafter. Another factor
that hinders the estimation of the actual rodent population
is the fact that individuals may die in their burrows after
ingesting bait poison, or may leave the sewage system
toward the surface in search of alternate sources of food
or shelter.
Sewage treatment safe for the public health and waste
disposal are very important for the ecosystem stability and
environment protection [9].
Integrated research-based training geared toward competent authorities and their staff should be provided continuously to assist them in overcoming organizational inertia
and to facilities the acceptance of scientific innovation
into mainstream regulatory procedures [10].
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ABSTRACT
As a new neonicotinoid insecticide, imidaclothiz has
been recently used in tea-fields in China. In this paper, the
degradation dynamics of imidaclothiz in fresh tea, dried
tea and soil were studied. Imidaclothiz residue was extracted with acetonitrile and cleaned up by a modified
ENVITM-Carb method. HPLC with UV detection was employed to determine concentrations of imidaclothiz residues. The accuracy and precision of this method were validated. Two kinds of dosages of wettable powder concentrate with 10% imidaclothiz were applied in field, the recommended dose (450 g hm-2) and the double of the recommended dose (900 g hm-2). In the recommended dose
group, the degradation dynamics coincided with the following equations: Ct = 2.721e-0.224t, Ct = 0.516e-0.138t, and
Ct = 0.714e-0.096t for fresh tea, dried tea and soil, respectively.
In the double dose group, the dynamics equations were Ct =
5.225e-0.159t, Ct = 0.938e-0.145t, and Ct = 2.662e-0.038t, respectively. The final residue level was lower than the tentative
maximum residue limit (MRL) of imidaclothiz on fresh
tea, with a harvest interval of 45 days.

receptors (nAChR) [2]. However, there is an increasing concern on the residues of neonicotinoids on vegetable and
soils due to their potential risks on human health and ecosystem. Inappropriate application of pesticides affects the whole
ecosystem by entering the residues in food chain and polluting the soil, air, ground and surface water [3]. Due to
reports on permanently exceeding permissible levels of
pesticides in plant products, it is necessary to monitor pesticide residues in plant and soil [4]. Several studies have
focused on the determination of neonicotinoid residues on
fruit, vegetables and soils by solid-phase extraction clean-up
and HPLC [5-7]. However, as newly emerging insecticides,
data on the residue dynamics and environmental fate of
neonicotinoids are rather incomplete [8].
Imidaclothiz is a new neonicotinoid insecticide in China,
and its application is increasing extensively in the control
of tea green leafhopper on tea and aphis on vegetables [9,
10]. The structure of imidaclothiz is presented in Fig. 1.
Studies on the degradation dynamics of pesticide residues
contribute greatly to the evaluation of the impact of pesticides on field ecosystem [11]. However, there is a lack of
data on the degradation dynamics of imidaclothiz in teafield ecosystem.
O
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imidaclothiz, pesticide residue, dynamics, tea, soil
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FIGURE 1 - The chemical structure of imidaclothiz.

The neonicotinoid class of insecticides is the most important chemical class of insecticides and has been hugely
successful in controlling numerous pest insects such as
aphids, whiteflies, beetles, etc. [1]. Neonicotinoid insecticides act selectively on the insect central nervous system
as agonists of the post-synaptic nicotinic acetylcholine

In this paper, a field experiment was performed to
evaluate the dynamics of imidaclothiz residues. First order
kinetics equations were used to simulate the dynamics of
imidaclothiz residue. An ultimate residue experiment was
taken and the safe interval between pesticide application
and tea drinking was revealed.
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MATERIALS AND METHODS

Data analysis

Materials

Wettable powder with 10% imidaclothiz and the standard reference of imidaclothiz were obtained from Nantong
Jiangshan Agrochemical & chemical Co., Ltd, China.
Florisil (60-100 mesh) (Silica Co., U.S.), acetonitrile
and other solvents were of residue analysis grade. ENVITM -Carb (500 mg, 6 ml) was purchased from Supelco.
Anhydrous sodium sulfate was of analytical grade and
purchased locally.
Field experiment

A two-year field experiment was performed at
Longjing tea farm, located in Hangzhou, China. The experimental field was 333 m2 and divided into 9 plots for
imidaclothiz treatment and control group. A complete randomized block design (CRD) was applied for the imidaclothiz treatments with 3 replicates. To evaluate the
degradation dynamics of imidaclothiz in tea and soil, two
doses of wettable powder with 10% imidaclothiz were
applied, 450 g hm-2 (recommended) and 900 g hm-2 (double of the recommended). For the imidaclothiz degradation in fresh tea leaf, dried tea and soil, tea leaf and soil
were collected 2 h, 1 d, 3 d, 5 d, 7 d, 10 d and 14 d after
imidaclothiz application. Fresh tea leaf was prepared for
the determination of imidaclothiz immediately. For dried
tea, tea leaf was processed normally, and then analyzed for
its imidaclothiz residue. In ultimate imidaclothiz residue
assay, the doses of imidaclothiz were the same as they
were in the degradation experiment. The ultimate imidaclothiz residue was de-termined after 45 days of application. In all degradation ex-periments of imidaclothiz in
soil, it was sprayed into soils directly.
Sample preparation and clean up

Tea sample (10 g) or surface soil sample (20 g) was
placed in a cone flask with 150 ml acetonitrile, and shaken
at 100 rpm overnight on a mechanical shaker. The extracts
were filtered with filter paper and concentrated to 10 ml
with a vacuum rotary evaporator (RE-52, Ya Rong Equipment Co., Shanghai) at 45 °C.
A modified ENVITM-Carb method was used to clean
up samples. In each ENVITM-Carb column, 1g Florisil and
1 cm anhydrous sodium sulfate were packed. Columns were
activated with 10 ml acetonitrile. Previous extract (1 ml) was
transferred into this column and eluted with 20 ml acetonitrile. Concentrated by the vacuum rotary evaporator, the
eluate was evaporated into 1 ml for HPLC determination.
HPLC conditions

Extracts were determined by an Agilent 1100 HPLC
system equipped with an Agilent UV-Visible detector at
270 nm (Agilent, U.S.). The chromatography column was
an Agilent TC-C18 column (250 mm×4.6 mm ID, 5 µm,
Agilent, U.S.). Compounds were separated with acetonitrile/water (40/60, v/v) at the flow-rate of 0.8 ml/min. The
volume of injection was 20 µl.

All data in this paper was analyzed with Origin 8.0
and SPSS 13.0.
RESULTS AND DISCUSSION
Linearity and recovery tests

The HPLC chromatograms of imidaclothiz extracted
from tea and soil are shown in Fig. 2. A five-point calibration curve (peak area versus concentration), including
the 0.1 mg L-1 point, the 0.5 mg L-1 point, the 1.0 mg L-1
point , the 2.0 mg L-1 point and the 5.0 mg L-1 point, was
constructed. The regression equation was y = 8.1115x +
0.3245 (y: peak area; x: concentration) with R2=0.9999.
Imidaclothiz was fortified into control samples of tea
and soil at three levels (0.1, 0.5 and 1.0 mg kg-1). Control
samples were extracted and analyzed under the same conditions of fortified samples. Table 1 shows the data of recovery tests, and the precision of this extraction and analysis method. The average recovery rates ranged between
96.6-98.4% and the RSD between 1.2-3.8%. This result
validated the accuracy and precision of the analysis procedure of imidaclothiz in tea and soil.
Imidaclothiz degradation dynamics

A time course of imidaclothiz degradation was employed to study the dynamics of imidaclothiz degradation
in tea and soil. It was found that the dynamics of imidaclothiz degradation in all studied samples obeyed the
first order kinetics [12, 13]. Therefore, the first order
kinetics equation was used to simulate the dynamics of
imidaclothiz degradation. Ct = C0e-kt, where Ct was the
concentration of imidaclothiz residue at a certain time, t
was the time after imidaclothiz application, C0 was the
initial con-centration of imidaclothiz, and k was the first
order rate constant. By calculating the correlation coefficients of various fitting curves, the first order kinetics
fitted the degradation of imidaclothiz well.
Degradation of imidaclothiz in fresh tea

Fig. 3 presents the degradation of imidaclothiz in fresh
tea. After 14 days, 94.4% of imidaclothiz was degraded in
the recommended dose treatment, while in the double of
the recommended dose treatment, 90.4% of imidaclothiz
was disappeared. The dynamics of the recommended dose
treatment could be described by the following equation Ct
= 2.721e-0.224t with R2 = 0.991 and the half-life of imidaclothiz in this treatment was 3.1 days. In the double
dose treatment, the dynamics equation was Ct = 5.225e0.159t
with R2 = 0.864, and its half-life was 4.4 days. With
the increase of imidaclothiz application, the half-life of
imidaclothiz was extended and the first order rate constant
was aggrandized, though the increase rate of its half-life
and first order rate constant were lower than the increase
rate in imidaclothiz application.
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FIGURE. 2 - Typical HPLC chromatograms of imidaclothiz. A: standard reference of imidaclothiz. B: imidaclothiz in tea. C: imidaclothiz in soil.

TABLE 1 Data of recovery (%) and precision value (%) of imidaclothiz in tea and soil.
Sample
Tea

Soil

Spiking Level
(mg kg-1)
1
0.5
0.1

1
97.3
99.8
92.0

2
99.2
99.4
102.2

1
0.1
0.05

92.5
96.0
97.7

97.6
95.0
100.9

Recovery
3
99.1
98.0
97.3
99.4
99.0
96.0

Degradation of imidaclothiz in the dried tea

The trend of imidaclothiz degradation in the dried tea
(Fig. 4) was similar to that in fresh tea. At the end of this
experiment (14 d), 85.5 and 87.9% of imidaclothiz resi-

4
91.7
97.2
96.9

5
96.5
97.6
96.2

96.4
95.5
99.6

97.0
99.5
98.0

Avg. Recovery

RSD

96.8
98.4
96.9

3.2
1.2
3.8

96.6
97.0
98.4

2.6
2.2
1.9

due were degraded in both recommended dose treatments,
respectively. The dynamics of the recommended dose
treatment could be described by the following equation Ct
= 0.516e-0.138t with R2 = 0.865, and the half-life of imida-
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FIGURE 3 - Dynamics of imidaclothiz in fresh tea. ■: the recommended dose; △: double of the recommended dose.

FIGURE 4 - Dynamics of imidaclothiz in the dried tea. ■: the
recommended dose; △: double of the recommended dose.

clothiz in this treatment was 5.0 days. In the double dose
treatment, the dynamics equation was Ct = 0.938e-0.145t
with R2 = 0.832, and its half-life was 4.8 days. Due to the
tea-making process, there was a decline in the initial concentration of imidaclothiz in the dried tea group. And the
first order rate constants in this group were also lower
than they were in the fresh tea group. In both the recommended dose and the double dose treatment, the first
order rate constants and the half-life values were close to
each other, which may be attributed to the low initial
concentration of imidaclothiz.

idaclothiz in dried tea were undetectable in both treatments. There was no published maximum residue level
(MRL) of imidaclothiz, because imidaclothiz was a new
neonicotinoid insecticide. It was proposed that the MRL
of imidaclothiz would be published to be 0.1 mg kg−1 in
China. Therefore, a 45-d interval between application and
drinking was thought to be safe.

80.0% and 62.5% of imidaclothiz were degraded in
soil in the recommended dose and double dose treatments,
respectively (Fig. 5). Though the degradation rates in soil
were lower than those in both fresh tea and dried tea, the
absolute concentrations of imidaclothiz were declined to a
low level. The dynamics of the recommended dose treatment could be described by the following equation Ct =
0.714e-0.096t with R2 = 0.972, and the half-life of imidaclothiz in this treatment was 7.3 days. In the double
dose treatment, the dynamics equation was Ct = 2.662e0.038t
with R2 = 0.923, and its half-life was 18.0 days. The
first order rate constants in soil groups were decreased
and the half-lives of imidaclothiz were prolonged. This
result in-dicated that it might cost more time to degrade
imidaclothiz in soil without any promotion procedure.

3.5
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Degradation of imidaclothiz in soil
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FIGURE 5 - Dynamics of imidaclothiz in soil. ■: the recommended
dose; ○: double of the recommended dose.

CONCLUSIONS

Ultimate imidaclothiz residue

The ultimate imidaclothiz residue in soil was undetectable at the recommended dose after 45 days of application, while 0.08 mg kg-1 of imidaclothiz was detected at
the double dose. For the fresh tea, the ultimate residue of
imidaclothiz was undetectable in the recommended dose
treatment, but 0.02 mg kg-1 of imidaclothiz was found in
the double dose treatment. The ultimate residues of im-

This paper investigated the residues of imidaclothiz
in fresh tea, dried tea and soil. The dynamics of imidaclothiz in different matrices and with different initial concentrations were studied. In the recommended
imidaclothiz dose treatment, the dynamics equations were
Ct = 2.721e-0.224t, Ct = 0.516e-0.138t, and Ct = 0.714e-0.096t for
fresh tea, dried tea and soil, respectively. In the double of
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the recommended dose treatment, the dynamics equations
were Ct = 5.225e-0.159t, Ct = 0.938e-0.145t, and Ct = 2.662e0.038t
, respectively. The final residue of imidaclothiz in all
samples was lower than MRL; therefore, the dosage of 450 g
hm−2 was suggested. A 45-day interval between application and drinking was determined for safe use of imidaclothiz. These results provided data in monitoring the
residue of imidaclothiz in tea and soil and reducing the
potential health risks of imidaclothiz to humans and ecosystems.
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ABSTRACT
The premise of this study is to develop an artificial neural networks (ANNs) based method to model and simulate
the effluent concentrations of NH3, NO3-, BOD5 and other
parameters for a geotextile biofilter developed for
wastewater treatment. The model selects the best backpropagation algorithm and optimizes the structure of selected algorithm for any type of input and output parameters. Using the obtained model, the effluent concentrations
of a specially designed geotextile biofilter are predicted
under different operational conditions and the results are
compared with the measured data. It is concluded that
neural networks based models are appropriate for modeling nonlinear dependence of the treatment performance of
geotextile biofilters. Then, this model is used to simulate
the effects of input variables on the treatment performance of the geotextile biofilter. Finally, the model is
used as a tool to define the optimum range of operational
parameters of the geotextile biofilter.

KEYWORDS: Modeling, backpropagation, treatment, simulation,
optimization, design

INTRODUCTION
The term biofilter refers to that class of bioreactors
where the microorganisms exist in an attached form, either
on the surface of an inert carrier or attached to one another.
Biofilters consist of packed beds containing packing material (e.g. peat, compost, and plastic), which supports the
growth of microorganisms. Biofilm development is encouraged within reactors by providing substrate, surface
area for bacterial attachment, and hydrodynamic conditions.
Bioreactors used for wastewater treatment can be operated
either aerobic or anaerobic. The efficiency of these biofilter
reactors depends both on active biomass concentration and

the influent flow rate. As the reactor reaches steady state,
a dense bed composed of granulated sludge develops at
the bottom.
Geotextiles, the packing material of the geotextile biofilters, are manufactured from polypropylene (PP) or polyester (PET) in many types of woven and nonwoven to
serve filtration, separation, transmission and reinforcement
functions in infrastructure projects [1,2]. Geotextile filters
are commonly used as soil filters to prevent soil particle
migration while allowing unimpeded seepage to drains.
Recently, geotextiles have been commonly used in environmental applications [3-12]. Using geotextiles to improve water quality by supporting biodegradation shows
great promise in application to intermittent, weather-generated non-point pollution. Since the Clean Water Act of
1972, billions of dollars have been invested in facilities to
reduce the impacts of “point discharges”. One study showed
that geotextiles are suitable materials as sediment barriers in
silt fences under varying values of runoff discharges [13].
In another study, improved hydraulic behavior of geotextiles was observed within unsaturated embankments subjected to rainfall infiltration [14].
Biological clogging of landfill leachate collection filters was investigated and it was concluded that stable permeability was found in only certain types, implying that the
biomass growth stabilized with continuous channels through
the filter [15]. Leachate quality was improved by substrate
decomposition. This problem was seen as an opportunity
to treat dilute runoff by using porous geotextiles. Issues included finding types of geotextiles that support biomass,
the types of treatment that occur, available hydraulic capacity, and the useful life. Different studies on biological clogging of nonwoven geotextiles have been reported in the
literature [16-21].
During the past few decades, there have been a number of studies on modeling of UASB (upflow anaerobic
sludge blanket) and AFBR (anaerobic fluidized bed reac-
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tor) reactors. Artificial neural networks (ANNs) based modeling techniques have been successfully used in environmental applications [31-34]. Recent studies showed that
ANNs are one of the most promising modeling tools in the
environmental modeling such as modeling of a filtration
process [22,23], predicting air pollution of cities [24], modeling of microbial inactivation during disinfection, forecasting the variation of the quality of groundwater [25], predicting the amount of leachate formation from a municipal
landfill area [26], and examining the relationship between
stormwater water quality and various types of land use [27].
In this present study, ANNs model is used to simulate
the performance of geotextile biofilter. The model is developed based on the data obtained from a pilot plant
study [28], which investigated the treatment effectiveness
of the geotextile biofilters developed for the treatment of
septic tank effluent. The premise of the abovementioned
pilot plant study was to develop a compact system with a
high sustainable hydraulic capacity that would produce
effluent suitable for groundwater discharge.
The aims of this study can be summarized as follows;
1. to develop an ANNs based model using the collected
data,
2. to predict effluent values of the geotextile biofilter
such as NH3, NO3-, BOD5 and other parameters,
3. to simulate the possible effects of varying input data
on the performance of the geotextile biofilter, and
4. to determine the optimum operational range of the
designed geotextile biofilter.
MATERIALS AND METHODS
Experimental set up

The experimental setup is described in detail in the
pilot plant study (Figure 1). In Column 1 (model training
column), the upper filter was polyester (PET) staple fiber
GT-1 (geotextile-1). Polypropylene (PP) continuous filament GT-2 was used as the lower filters. The reverse
arrangement was used in Column 2 (model test column),
with GT-2 as the top filter as shown in Figure 1. Manufactured permittivity of GT-1, 2.10 s-1, is about 1.5 times
higher than GT-2, 1.47 s-1, such that the composite permeability of both columns would be about the same. Column 1 would appear to be less susceptible to clogging as
its upper filter could pass more total suspended solids (TSS)
to the lower filters, so it was more heavily loaded in terms of
hydraulic loading rate (HLR). The variables were hydraulic
loading rate or flow rate, flow continuity, and saturation.
With one exception, Column 1 was run saturated for the
entire nine round programs, representing a worst-case condition. When the geotextile column is saturated, the air can
not diffuse into the column, thus the aerobic bacteria can
not grow to biodegrade the organic solids. Therefore, the
organic solids would accumulate in the porous structure of
the geotextile filter, thus reducing the permeability.

FIGURE 1 - Experimental set-up of geotextile biofilter
Definition of operational conditions for geotextile biofilters

With the aim of obtaining the best representative results, the tests were carried out under different operational
conditions round by round. The first five rounds were
saturated in both columns to show the effects of operating
conditions on the permeability and treatment efficiency.
The first two rounds established the limit of hydraulic
capacity by deliberately overstressing the columns. Column 1 was loaded at HLR of 4315 l/m2/day, twice the rate
as Column 2, in a continuous 24 hour flow. While permeability steadily decreased with accumulated organic material, Column 1 did not clog completely until the end of
this overload, i.e., at the beginning of Round 3. The next
variation was to use intermittent flow, running the column
continuously for part of the day and rested for the balance, but still saturated. Column 1 clogged again after two
more rounds at 1465 l/m2/day. The upper filter of Column
2, always with a lower HLR, lasted until Round 5.
Despite the biomass accumulation, the two lower filters never clogged.
Permeabilities of the columns were determined by falling head permeability test. Each falling head permeability
test was repeated three times with different initial and final
hydraulic heads, and the average of the three values was
taken as the final value for the column. When a test indicated a very low permeability (clogging), the upper geotextile filter was replaced with a clean one and a new permeability test was performed prior to next round. This retest included the effects of biomass in the lower two filters
and granular layers. Replacement of the upper filter was
necessary only twice in Column 1 and once in Column 2.
The permeability study can be divided into two sections,
Rounds 1 through 5, with high hydraulic loading rates and
low re-oxygenation potential and Rounds 6 through 9, with
more access to oxygen.
Definition of model parameters

For accurate modeling of the treatment performance
of geotextile biofilters, ten input and five output parameters are used in this study (Table 1). The data from first
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Network-I is employed to model the effluent concentrations of daily NH3 and NO3- (27 measurements per column). Network-II is used to model the overall treatment performance of each round based on the data of BOD5 removal, TSS removal and K loss (9 rounds per column).

TABLE 1 - Inputs and outputs parameters used in this study

Input Parameters

#1
#2

BOD5 (mg/l)
TSS (mg/l)

#3
#4
#5

HLR (lt/m2 day)
Operation Method 1 (Hour)
Resting Time 1 (Hour)

#6
#7
#8

Operation Method 2 (Hour)
Resting Time 2 (Hour)
NH3 (mg/l)

Artificial neural networks based model architecture

The backpropagation algorithms use input vectors and
corresponding target vectors to train neural networks.
ANNs with sigmoid layer, and a linear output layer are
capable of approximating any function with a finite number of discontinuities. The standard backpropagation algorithm is a gradient descent algorithm, in which the network
weights are changed along the negative of the gradient of
the performance function [29]. There are number of variations of the basic backpropagation algorithm. They are based
on other optimization techniques, such as conjugate gradient and Newton methods. For properly trained backpropagation networks, a new input leads to an output similar to
the correct output. This NN property enables a network to
train on a representative set of input/target pairs and get
good simulation results.

#9 NO3 (mg/l)
#10 Time (Day)

Output Parameters

#1
#2
#3

NH3 (mg/l)
NO3 (mg/l)
BOD5 removal (%)

#4
#5

TSS removal (%)
K loss (%)

test column is used for training of the network (9 rounds,
27 set of examples) and the data from second column is
used to validate and test the model (9 rounds, 27 set of examples). Other environmental factors such as temperature
and oxygen supply can also affect the performance of a
geotextile biofilter, but in this study, they were kept constant, therefore, they are not included in the input data set.

A two-layer neural network with tan-sigmoid transfer
function at hidden layer and a linear transfer function at
output layer was used in this study (Figure 2). The input
parameters, number of neurons at hidden layer, and the
number of neurons at output layer (number of outputs)
should be determined according to the data gathered from
column 1 (model training column).

The output parameters are modeled using two separate networks. The influent and effluent concentrations of
NH3 and NO3- were measured daily. However, BOD5, TSS
and K (permeability) were measured only at the beginning
and at the end of each round; thus it could be possible to
calculate only one individual value of BOD5 removal, TSS
removal and K loss for each round (3 days).

INPUT

OUTPUT
LAYER

HIDDEN LAYER
1

1. BOD5 (mg/L)

2

2. TSS (mg/l)

.
.
.

NH3 (mg/L)
NETWORK I

3. HLR (lt/m2 day)

NO3 (mg/L)

m-1

4. Operation Method 1 (Hour)

m

5. Resting Time 1 (Hour)
6. Operation Method 2 (Hour)
1

BOD5 removal (%)

7. Resting Time 2 (Hour)
2

8. NH3 (mg/L)

.
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10. Time (Day)
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n
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FIGURE 2 - Neural network structure of the model.
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RESULTS AND DISCUSSIONS
Evaluation of experimental results

The baseline permeability of the three-geotextile biofilter (Column 1) was 1.824 cm/s, which was measured before any percolation of primary treatment effluent. At the
end of Round 1 (HLR of 4315 L/m2/day), the measured
permeability was 0.871 cm/s, indicating a ΔKloss of 0.953
cm/s. The term ΔKloss represents how much permeability
is lost between each round. In Round 2, with the same
HLR and a similar TSS, but slightly higher BOD5, ΔKloss
was half of that in the first round, 0.48 cm/s. In successive
rounds, the incremental loss in permeability decreased as
the HLR did, but the permeability never increased, indicating that while fresh substrate was being degraded, the
older material was not. Except in Round 6, Column 1 was
run saturated, such that the issue is clearly oxygen supply.
After replacing the upper filter at Round 5, the HLR decreased to 735 L/m2/day and then to 365 L/m2/day and the
values of ΔKloss decreased significantly. The lower HLR
means less volume of wastewater application to the geotextile column, which would result in less organic solids
accumulation. Therefore, less permeability loss between
the rounds would occur. This indicated pattern is an asymptotic residual permeability. This was also observed with
leachate filtration [30], interpreted as a balance between the
biomass and its need to pass a sustaining substrate supply.
Column 2 was used to test more variables. However,
the effect of the improved oxygen supply (unsaturated and
then saturated/unsaturated cyclic loading) was evident. The
permeability steadily decreased from the first set, Rounds 1
to 5, but at a lower rate than Column 1 due to the lower
HLR at each round. Therefore, the upper filter lasted until
the end of Round 5. In Round 6, the HLR was reduced to
365 L/m2/day, and in the following rounds, a dose and drain
application with an unsaturated subgrade was employed.
Dose and drain application with an unsaturated subgrade
provides more oxygen into the columns, thus improving
the biodegradation of organic solids. This not only reduced
ΔKloss in each round, but also reversed it in Round 8, where
some of the permeability actually recovered. This implies
digestion of accumulated biomass, and in Round 9, ΔKloss
was negligible. The digestion of accumulated biomass means
that when there is not sufficient substrate (organic matter)
present in wastewater, microorganisms will consume each
other (lysis), which would result in the reduction of biomass material. The digestion process will produce end products such as CO2, H2O and other gases.
Model related results

The data is defined into two matrices; training and test
matrices. Training matrix contains the data from column 1
and test matrix contains the data from column 2. In addition to that, the test data is used as validation data. The
values of each parameter are transformed to the interval [0,
1]. The input parameters were determined using the principal component analysis, which accounts for 95% of the

variation in the data set. There was not any redundancy in
the data set; since the principal component analysis did not
reduce the size of the input vectors, thus remaining ten input parameters.
Several backpropagation algorithms (BP) were compared in order to select the best fitting BP algorithm of the
data gathered (trial and error approach). For all these trials,
a two-layer network with tan-sigmoid transfer function at
hidden layer and a linear transfer function at output layer
were used. The BFGS algorithm (Quasi-Newton algorithm)
gave the best results with minimum training error (0.0225).
In order to find the optimum number of neurons at the
hidden layer, 1 to 100 neurons were used in turn, and
global minimum values of each algorithm were determined.
The optimum number of neurons for the selected algorithm
is found as 11 neurons. Therefore, the optimal neural network structure for the model is a two-layer network with
tan-sigmoid transfer function at hidden layer (11 neurons)
and a linear transfer function at output layer (5 neurons).
For all the outputs, NH3-, NO3-, BOD5 removal, TSS
removal, and K loss, regression analyses were performed
(Figure 3). Considering the nonlinear behavior of the removal efficiency of geotextile biofilters, the obtained performance is satisfactory. All the R-values are higher than
0.94 for NH3-, NO3-, BOD5 removal, TSS removal and
Kloss.
In order to compare the model results with measured
data, a statistical test, t-test, is employed. According to obtained P-values (all the P-values are less than 0.05), it is
found that there is not a statistically significant difference
between the means of the measured and predicted values
of all parameters at the 95% confidence level.
Simulation campaign

Computer simulation technique is used to execute the
neural networks based model and the execution outputs
are analyzed. To understand all of the effects of the different input parameters on the performance of the biofilter, artificial input data sets are created and their roles on
the output performances are tested. The artificial input data
sets (5 data sets for BOD5, TSS, HLR, NH3 and NO3-) are
created according to the aim of this campaign. In every data
set, only one input value is selected as variable, but all of
the other input values are kept constant. For example, to test
the effects of variations of BOD5 on the overall performance of the biofilter, an artificial input data set is created. In this data set, BOD5 is changing from 30 mg/l to 80
mg/l, while other input values are kept constant; TSS = 44
mg/l, HLR =1645 l/m2/day, Operation Method 1 = 6
Hour, Resting Time 1 = 6 Hour, Operation Method 2 = 6
Hour, Resting Time 2 = 6 Hour, NH3 = 15 mg/l, NO3- =
0.5 mg/l, and Time = 7 days. Then, the obtained neural
networks based model is used to simulate the results of
these artificial input values. Simulation results of the obtained model according to the input variables are shown in
Figures 4-8.
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Figure 4 shows the output data for varying BOD5 concentrations. Since the input data are kept constant, Figure 4
exclusively illustrates the effects of the variation of input
BOD5 concentration on the output data. As clearly seen in
the figure, the output parameters were steady up to a point
where BOD5 concentration is 45 mg/l. Up to this critical

Best Linear Fit: y = (0.958) x + (0.361)

18
16

point, the removal percentages of BOD5 and TSS were
over 75 %, and Kloss over 90%. It is desirable in effluent
discharges that the NH3 concentration is less than 5 mg/l
and NO3- less than 10 mg/l. This range is only satisfied between the input BOD5 concentrations of 55 and 70 mg/l.
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FIGURE 3 - Modeling performance of the NN based model: a) NH3 (mg/l),
b) NO3 (mg/l), c) BOD5 removal (%), d) TSS removal (%), e) K loss (%).
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FIGURE 4 - Model simulations of output values. Constant inputs: TSS (44 mg/l), HLR (1645 lt/m2 day), Operation Method 1 (6 Hour), Resting Time 1 (6 Hour), Operation Method 2 (6 Hour), Resting Time 2 (6 Hour), NH3 (15 mg/l), NO3 (0.5 mg/l), Time (7 Day); Variable input:
BOD5 ( [30-80] mg/l)

12

100%

NH3 [mg/l], NO3 [mg/l]

80%
70%

8

60%
6

50%
40%

4

30%
20%

2

BOD5 removal, TSS removal, K loss

90%
10

10%
0

0%
35

45

55

65

75

TSS ( [35-75] mg/L)
NH3

NO3

BOD5 removal

TSS removal

K loss

FIGURE 5 - Model simulations of output values. Constant inputs: BOD5 (60 mg/l), HLR (1645 lt/m2 day), Operation Method 1 (6 Hour),
Resting Time 1 (6 Hour), Operation Method 2 (6 Hour), Resting Time 2 (6 Hour), NH3 (15 mg/l), NO3 (0.5 mg/l), Time (7 Day); Variable
input: TSS ([35-75] mg/l)

Figure 5 shows different output data for varying TSS
input concentrations. The unexpected result of Figure 5 is
that the output NH3 concentration is continuously increasing with TSS up to a point where TSS concentration is
60 mg/l, and then it stays constant at 11 mg/l. It is also
evident in this figure that Kloss increases with increasing input TSS concentration, as expected. Setting the maximum

effluent concentration of NH3 at 5 mg/l, the maximum
allowable TSS concentration should be around 45 mg/l.
Figure 6 is the most critical figure due to its significant effect on the output data. One of the most noticeable
results of Figure 6 is that continuous increase in HLR resulted in prominent increase in Kloss, as expected. The only
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unfavorable result of this figure is that NH3 and NO3- effluent concentrations are outside the recommended discharge
values.
The entire output data are in satisfactory range in Figure 7, except the NH3 concentration. It can be concluded

from Figure 7 that variation in input NH3 concentration
does not have much effect on the output data.
As clearly seen in Figure 8, varying the input NO3concentration has no effect on the output data at all.
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FIGURE 6 - Model simulations of output values. Constant inputs: BOD5 (60 mg/l), TSS (44 mg/l), Operation Method 1 (6 Hour), Resting
Time 1 (6 Hour), Operation Method 2 (6 Hour), Resting Time 2 (6 Hour), NH3 (15 mg/l), NO3 (0.5 mg/l), Time (7 Day); Variable input: HLR
([1760-3750] lt/m2 day)
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FIGURE 7 - Model simulations of output values. Constant inputs: BOD5 (60 mg/l), TSS (44 mg/l), HLR (1645 lt/m2 day), Operation Method 1
(6 Hour), Resting Time 1 (6 Hour), Operation Method 2 (6 Hour), Resting Time 2 (6 Hour), NO3 (0.5 mg/l), Time (7 Day); Variable input:
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Definition of optimum operational input values

Operation of a geotextile biofilter with maximum performance is a very important task. Generally, this experience III.
is gained by personal expertise or trial and error approach.
One of the most important aims of this study is to use the
developed model as a tool, which detects or defines the optimum operational ranges for input values. With the inten- IV.
tion of achieving this task, a simple approach is used. The
approach has following steps:
I.

•
•
•
•
•

The most satisfactory intervals for each output values
are defined. These are the performance criteria to define the best operational intervals. The intervals are:
NH3: < 5 mg/l
NO3-: < 10 mg/l
BOD5 removal: > 75%
TSS removal: > 75%
K loss: < 70 %




•
•
•
•
•

A randomly generalized database for each input values within the given intervals is created (more than
10.000 examples). The intervals are:
BOD5: 30-50 mg/l
TSS : 35-75 mg/l
HLR : 1640-3690 l/m2/day
Operation Method 1 : 6 h
Resting Time 1: 6 h
Operation Method 2: 6 h
Resting Time 2: 6 h
NH3: 10.5-25 mg/l

II.

V.

• NO3-: 0-2 mg/l
• Time : 7 days
This randomly generalized database is used as input
data set in the developed model and the output data
set is obtained.
The performance criteria defined in the first step is
applied to output data set. After the simulation, 108
of the 10.000 examples gave results within the desired range (defined in ith step).
The upper and lower limits of these 108 examples
are found and they, all together, can be called as the
optimum operational input range.

As a result of this approach, the optimum operational
input values are found as:
BOD5 is between 35 and 48 mg/l
TSS is between 43 and 60 mg/l
HLR is between 3075 and 3240 l/m2/day
Operation Method-1 is 6 hour
Resting Time-1 is 6 hour
Operation Method-2 is 6 hour
Resting Time-2 is 6 hour
NH3 is between 14 and 19 mg/l
NO3- is between 0.25 and 0.50 mg/l
Time is 7 days.
These values are illustrated in Figure 9. In this figure,
the possible boundaries of input values and the optimum
range of operation are illustrated as Region I and Region
II, respectively.
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CONCLUSIONS
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ABSTRACT

KEYWORDS: Chlormequat, Mepiquat, method ring test, mushrooms, straw, analytical competence.

The competence in analyzing food products for Chlormequat/ Mepiquat residues was questioned, in particular,
because of repeated Chlormequat findings in samples of
organic mushrooms.
Therefore, a method ringtest challenging the analytical
competence was based on
- an increased up-coming of Chlormequat/ Mepiquat residues in organic mushrooms, and
- the questioned reliability of applied methods - in particular at concentration levels close to the BNN guideline value (10 µg/kg) which is applied for the evaluation of residue findings in organic food products.
Assuming that the source of the analytes is the straw
in the substrate on which the mushrooms are grown, the performed method ringtest also covers the analysis of
Chlormequat / Mepiquat in substrate of straw.
Additionally, one objective was to work out if there are
any differences between the analysis of incurred residues in
mushrooms or spiked pesticides (Chlormequat / Mepiquat)
in mushrooms.
Because of differences in analytical protocols and approaches, some concerns also came up related to the robustness and comparability of the analytical results, independent
of applied techniques or protocols for different commodities.
Therefore, an appropriate method ring test including
also a statistical evaluation of the analytical results was
designed, organized and performed, in order to provide an
integrated approach to assess the validity, comparability and
robustness of the applied different methods.
The statistical evaluation and critical review of the
reported results indicate that the analysis of Chlormequat /
Mepiquat is generally robust but also challenging. Even
though the applied methods share a basic instrumental element (LC-MS/MS module), the reported results show considerable deviations – in particular, related to the determination of Mepiquat.

INTRODUCTION
Repeated findings of Chlormequat and/or Mepiquat
residues in organic mushrooms at low concentration levels
(5–30 ppb) questioned the organic quality of mushrooms
[1, 2].
The investigation of different cultivation chains of organic mushrooms resulted in the assumption that possible
sources of Chlormequat/ Mepiquat can be related to the
straw [3], which is used as raw material for the substrate,
on which the mushrooms grow (contaminated straw à
substrate à mushrooms). This is explained by the mode
of actions of Chlormequat and Mepiquat use: Both pesticides are applied as plant growth regulators in order to
shorten and strengthen the straw stem, and thus to increase
yields in grains like wheat, rye, oats, etc. [4-7]. As the
residue levels usually were measured at concentration levels close to the limit of quantification (LoQ), the reliability
and appropriateness of applied analytical methods were
challenged.
Chlormequat is a quaternary ammonium salt {(2chlorethyl)trimethylammonium chloride}. It is difficult to
analyze because it can neither be distilled nor evaporated
[8]. It melts at 235 °C while degrading [9]. Furthermore, the
Chlormequat residue must be separated from native quaternary compounds in plant material [8, 9]. Therefore, different analytical methods have been established based, for example, on head-space gas chromatography [10] after pyrolysis of Chlormequat to acetylene in alkaline medium, and
HPLC by ion-pair chromatography with conductivity detection [11]. The EU Norm EN 15055:2006 introduced liquid chromatography with tandem-mass spectrometry (LCMS/MS) for the determination of Chlormequat (as
Chlormequat cation) and Mepiquat (as Mepiquat cation)
after extraction with water and methanol [12].
In order to ensure the analytical validity, comparability and robustness across the possible contamination chain
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of organic mushrooms, the participating laboratories had
to analyze mushroom test material (purée) as well as
substrate test material (homogenate), which was made of
straw.

MATERIALS AND METHODS
The following types of samples (all homogenizd purées) were prepared and provided to the participating laboratories:

TABLE 1 – Test material design
Type of material
Substrate blank material
Spiked substrate test material

Provided quantity to participants
50 g
100 g

Blank oyster mushroom test material
Spiked oyster mushroom test material

100 g
100 g

Oyster mushroom test material with incurred residues

100 g

Spiked oyster mushroom test material

Chlormequat and Mepiquat were spiked to a purée of
organically grown oyster mushrooms, and to a purée of straw
substrate, to achieve an approximate final concentration level
of 30 µg/kg for Chlormequat, respectively, and 10 µg/kg
for Mepiquat. These concentration levels were derived from
real-life findings in organic mushrooms [1, 2].
For the preparation of mushroom test and blank material, 7 kg of organic mushrooms were turned into purée, and
4 kg of the entire homogenate were taken for the preparation of blank material samples. This sub-sample was homogenized making use of dry ice for improved homogenization [13].
For the test material, 3 kg of remaining mushroom purée were added with an appropriate quantity of
Chlormequat and Mepiquat. In order to give an approximate final concentration of 30 µg/kg Chlormequat / 10
µg/kg Mepiquat, an appropriate standard solution of these

Spiked residues
No
Chlormequat: 33 µg/kg
Mepiquat:
12 µg/kg
No
Chlormequat: 33 µg/kg
Mepiquat:
12 µg/kg
No

Incurred residues
No
No
No
No
Chlormequat

pesticides - using acetone as solvent - was spiked to the
purée. The test material was homogenized making again use
of dry ice. The spiked mushroom purée was distributed into
labelled plastic bottles with at least 100 g in each.
Spiked substrate test material

This material was prepared analogously to the mushroom test material aiming to achieve the same approximate
final concentration levels of Chlormequat and Mepiquat.
Four kg of substrate were used in total – 1 kg for the preparation of blank material homogenate and 3 kg for the
production of spiked test material samples.
Oyster mushroom test material with incurred residues

Four kg of contaminated organic oyster mushrooms
were turned into purée for homogenization.
All materials were dispensed into labelled plastic bottles to be sent to the participants.

TABLE 2 – Results of homogeneity tests related to Chlormequat.

Sample No.
1
2
3
4
5
6
7
8
9
10
Mean
standard deviation of the mean
Target standard deviation (> 120 ppb)
according to Horwitz [see 17]
n.d. = not detected

Sample A
Oyster Mushroom
incurred residue
Conc. Chlormequat
[µg/kg]
19
21
20
23
21
23
24
24
19
22
21.6
1.9
(8.8 %)
6.2
(28.5 %)

Sample B
Oyster Mushroom
spiked
Conc. Chlormequat
[µg/kg]
32
33
33
29
27
31
30
32
31
31
30.9
1.9
(6.0 %)
8.3
(27.0 %)
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Sample C
Substrate
spiked
Conc. Chlormequat
[µg/kg]
35
33
40
37
32
40
35
35
34
34
35.5
2.7
(7.7 %)
9.4
(26.4 %)

Sample D
Oyster Mushroom
(blank)
Conc. Chlormequat
[µg/kg]
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
-
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TABLE 3 – Results of homogeneity tests related to Mepiquat.

Sample No.
1
2
3
4
5
6
7
8
9
10
Mean
standard deviation of the
mean
Target standard deviation (>
120 ppb) acc. to Horwitz
[see 17]

Sample A
Oyster Mushroom
incurred residue
Conc. Mepiquat
[µg/kg]
4
3
3
2
2
3
3
2
2
2
2.6
0.7
(26.9 %)

Sample B
Oyster Mushroom
spiked
Conc. Mepiquat
[µg/kg]
21
17
17
18
12
16
20
17
18
17
17.3
2.4
(13.9 %)

Sample C
Substrate
spiked
Conc. Mepiquat
[µg/kg]
13
12
12
11
11
13
11
11
11
12
11.7
0.8
(7.0 %)

1.0
(39.2 %)

5.1
(29.5 %)

3.7
(31.2 %)

Sample D
Oyster Mushroom
(blank)
Conc. Mepiquat
[µg/kg]
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
-

n.d. = not detected

Homogeneity testing of spiked test material (mushroom/ substrate)

to indicate clearly the way of reporting the result. The participants were provided with a questionnaire related to analytical details of the applied analytical method.

Ten selected test materials (20 g each) were analyzed
in duplicate for Chlormequat and Mepiquat. The results are
given in Tables 2 and 3, showing sufficient homogeneity.

The statistical procedure applied for this performance
assessment is used in inter-laboratory test series to evaluate
the comparability of analytical results. The method used
follows recommendations given in the IUPAC/ISO/AOAC
International Harmonized Protocol for the Proficiency
Testing of Chemical Analytical Laboratories [15].

Each participant was sent 100 g of oyster mushroom
blank material and 100 g of mushroom test material with
incurred / spiked residues. Substrate blank material (50 g)
as well as spiked substrate test material (100 g) were also
provided to the laboratories for analysis. All participants
(14 in total) reported their results in time, within 4 weeks
after sample reception.

RESULTS AND DISCUSSION

The results, limits of quantification (LoQ) and the related recoveries had to be reported without consideration
of the recovery, unless the recovery rate was much lower
than 70% but constant [14]. In this case, the labs were asked

All participants (14 in total) reported results for Chlormequat and Mepiquat - applying LC/MSMS technique and
related protocols (e.g. § 64 LFGB L 00.00-76).

TABLE 4 – Results and z-scores of Oyster Mushroom with incurred residues of Chlormequat.
Laboratory Code

1
2
3
4
5
6
7
8
9
10
11
12
13
14
** Outlier according to Grubbs

Oyster Mushroom: Incurred residue
Chlormequat (assigned value 24 µg/kg)
result (µg/kg)

recovery (%)

LoQ (µg/kg)

z-score

21
29
20
25.7
29
18
23.3
29
20
22.5
23
23
20.8
44**

99

10
10
10
10
5
10
5
5
10
10
10
20
1
5

-0.5
1.0
-0.7
0.3
1.0
-1.1
-0.1
1.0
-0.7
-0.3
-0.2
-0.2
-0.6
3.8

75
95.8
64
77
75-89
98
90
101
85
70
102
102
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TABLE 5 – Results and z-scores of Oyster Mushroom with spiked residues of Chlormequat.
Oyster Mushroom: Spiked residue
Chlormequat (assigned value 40 µg/kg)
Spiked level: 33 µg/kg
result (µg/kg)
1
35
2
44
3
45
4
33.9
5
41*
6
29
7
38.3
8
44
9
30
10
34.6
11
45
12
52
13
35.5
14
66**
*Corrected by recovery; ** Outlier according to Grubbs

recovery (%)

LoQ (µg/kg)

z-score

99
70-120
75
98.4
60
77
75-89
98
90
101
85
70
102
102

10
10
10
10
5
10
5
5
10
10
10
20
1
5

-0.5
0.5
0.6
-0.7
0.2
-1.2
-0.2
0.5
-1.1
-0.6
0.6
1.4
-0.5
3.0

TABLE 6 – Results and z-scores of Substrate with spiked residues of Chlormequat
Substrate: Spiked residue
Chlormequat (assigned value 40 µg/kg)
Spiked level: 33 µg/kg

Laboratory Code

1
2
3
4
5
6
7
8
9
10
11
12
13
14
** Outlier according to Grubbs

result (µg/kg)

recovery (%)

LoQ (µg/kg)

z-score

37
46
53
37.7
50
37
34.8
44
37
37.8
33
34
34.7
67**

104
70-120
75
102
84
77
92-99
98
97
101
72
80
99
103

10
10
10
10
5
10
2
5
10
10
10
20
1
5

-0.3
0.7
1.5
-0.3
1.1
-0.3
-0.6
0.4
-0.3
-0.3
-0.8
-0.7
-0.6
3.1

TABLE 7 – Results and z-scores of Oyster Mushroom with spiked residues of Mepiquat.
Oyster Mushroom: Spiked residue
Mepiquat (assigned value 14 µg/kg)
Spiked level: 12 µg/kg

Laboratory Code

1
2
3
4
5
6
7
8
9
10
11
12
13
14
** Outlier according to Grubbs

result (µg/kg)

recovery (%)

LoQ (µg/kg)

z-score

13
15
20
8.21
8
11
15.5
16
10
12.5
21.4
45**
11.1
13

97
70-120
75
95.6
96
107
86-94
106
96
106
120
70
103
98

10
10
10
10
5
10
5
5
10
10
50
20
1
5

-0.3
0.4
2.0
-1.8
-1.9
-0.9
0.6
0.7
-1.3
-0.4
2.5
10.3
-0.9
-0.3
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TABLE 8 – Results and z-scores of Substrate with spiked residues of Mepiquat.
Substrate: Spiked residue
Mepiquat (assigned value 13 µg/kg)
Spiked level: 12 µg/kg

Laboratory Code
result (µg/kg)

recovery (%)

LoQ (µg/kg)

z-score

10
16
20
10.4
10
12
10.5
16
12
12
11.4
27**
10.2
14

102
70-120
75
105
83
103
89-98
106
80
106
89
80
101
96

10
10
10
10
5
10
5
5
10
10
50
20
1
5

-1.1
1.0
2.4
-0.9
-1.1
-0.4
-0.9
1.0
-0.4
-0.4
0.5
4.9
-1.0
0.3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
** Outlier according to Grubbs

TABLE 9 – Assigned Values and Target Standard Deviations.
assigned value
analyte

data points. n

Chlormequat Oyster Mushroom incurred residue
Chlormequat Oyster Mushroom spiked
Chlormequat Substrate
spiked
Mepiquat
Oyster Mushroom spiked
Mepiquat Substrate spiked

robust
mean.
µg/kg

target standard deviation

robust
standard
X.
uncertainty. u
deviation. σ

derived from

14

24

4.48

1.2

Horwitz [see 17]

5.3

14

40

7.73

2.1

Horwitz [see 17]

8.73

14

40

6.98

1.9

Horwitz [see 17]

8.8

14

14

4.7

1.26

Horwitz [see 17]

3.0

14

13

3.0

0.84

Horwitz [see 17]

2.8

4,0

3,0

z-score

2,0

1,0

0,0

-1,0

-2,0
6

3

σp. µg/kg

9

13

1

10

11

12

7

4

2

5

8

14

laboratory code

Highlighted in grey: z-score < |2|; Highlighted in black: z-score > |2|
FIGURE 1 – z-scores "Oyster Mushroom with incurred residues of Chlormequat".
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50
45
40

results in µg/kg

35
30

+25%

25

assigned value (24)

20
-25%
15
10
5
0
6

3

9

13

1

10

11

12

7

4

2

5

8

14

laboratory code

Highlighted in grey: Result within 25% FFP RSD; Highlighted in black: Result outside 25% FFP RSD
FIGURE 2 – Results in µg/kg "Oyster Mushroom, incurred residue Chlormequat".

Chlormequat in oyster mushrooms “incurred”

25% of the assigned value. Once again, just the result of
laboratory 14 is outside the upper limit.

The lowest reported concentration is at 18 µg/kg, the
highest at 44 µg/kg (= outlier according to Grubbs [16]).
Using robust statistics to define the subsequent statistical
parameters, the robust standard deviation (4.5 µg/kg) is
lower than the target standard deviation (5.3 µg/kg) calculated using Horwitz equation [17].

Chlormequat in oyster mushrooms “spiked”

The robust standard deviation of 7.7 µg/kg is lower
than the target standard deviation (8.7 µg/kg) - see Table 9
[17]. The application of the z-score model (Fig. 3) presents
a similar picture as compared to Fig. 1.

The application of the z-score model (Fig. 1) demonstrates that only one result (lab 14) is outlying at 3.8.

The FFP RSD approach (Fig. 4) shows the results of
three laboratories (6, 12 and 14) outside the limits. However, it has to be highlighted that lab 6 reported a result
(29 µg/kg) which is close to the spiked level (33 µg/kg).
Thus, this participant deviates from the statistical mean
but is near to the actually spiked level.

Figure 2 shows an additional approach to evaluate the
results. The standard target deviation was calculated using
a fixed FFP RSD (fit-for-purpose Relative Standard Deviation) which is assigned as 25%. As a conclusion, a
result is considered as “satisfying” if it does not exceed ±

3,0

2,5

2,0

z-score

1,5

1,0

0,5

0,0

-0,5

-1,0

-1,5
6

9

4

10

1

13

7

5

2

8

3

11

laboratory code

Highlighted in grey: z-score < |2|; Highlighted in black: z-score > |2|
FIGURE 3 - z-scores "Oyster Mushroom, spiked residue Chlormequat".
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70

60

+25%

results in µg/kg

50

assigned value (40)

40

-25%

30

20

10

0
6

9

4

10

1

13

7

5

2

8

3

11

12

14

laboratory code

Highlighted in grey: Result within 25% FFP RSD; Highlighted in black: Result outside 25% FFP RSD
FIGURE 4 - Results in µg/kg "Oyster Mushroom, spiked residue Chlormequat".

3,5

3,0

2,5

z-score

2,0

1,5

1,0

0,5

0,0

-0,5

-1,0
11

12

13

7

1

6

9

4

10

8

2

5

3

14

laboratory code

Highlighted in grey: z-score < |2|; Highlighted in black: z-score > |2|
FIGURE 5 - z-scores "Substrate, spiked residue Chlormequat".

Chlormequat in substrate “spiked”

The robust standard deviation (6.9 µg/kg) is lower than
the target standard deviation of 8.8 µg/kg (Table 9; [17]),
and z-scores (Fig. 5) are comparable to Figs. 1 and 3.
Just the result of laboratories 3 and 14 are outside the
upper limit of the FFP RSD criteria (Fig. 6).
In general, the reported results of Chlormequat in oyster mushrooms show a tendency of outliers above the chosen limits (z-score ≤ |2|, respectively, FFP RSD +/-25%).
In spiked substrate, there is only a tendency towards upper levels identified.

The assigned value (statistical average of reported results) is relatively high (40 ppb) as compared to the spiked
level (33 ppb). Finally, a significant difference between the
analysis of incurred and spiked Chlormequat residues was
not identified.
Mepiquat in mushrooms “spiked”

The robust standard deviation (4.7 µg/kg) here is still
higher than the target standard deviation of 3.0 µg/kg
(Table 9; [17]).
Two participants (lab 11 and 12) scored higher than |2|
(Fig. 7) related to the z-score.
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It is remarkable that only 8 of 14 results meet the FFP
RSD criteria (Fig. 8), and 3 participants each are below
the lower limit or above the upper limit.

In general, the distribution of Mepiquat results in Oyster Mushrooms show tendencies in both directions - above
and below the chosen limits. In spiked Substrate, there can
only be identified a tendency towards upper levels.

Mepiquat in substrate “spiked”

Furthermore, the Mepiquat results in Oyster Mushrooms and Substrate show (slightly) higher deviations as
compared to the target standard deviation according to
Horwitz equation [17].

The robust standard deviation (3.0 µg/kg) is nearly
equal to the target standard deviation of 2.8 µg/kg (Table
3; [17]). Just two results (lab 3 and 12) are above the level
of +2 (Fig. 9).

There was no test material available with incurred residues of Mepiquat above the LoQ. Therefore, the verification of any differences between the analysis of incurred and
spiked Mepiquat residues could not take place.

The results of laboratories 3 and 12 are outside the
upper limit of the FFP RSD criteria.

80

70

60

results in µg/kg

50

+25%

assigned value (40) µg/kg

40

-25%

30

20

10

0
11

12

13

7

1

6

9

4

10

8

2

5

3

14

laboratory code

Highlighted in grey: Result within 25% FFP RSD; Highlighted in black: Result outside 25% FFP RSD
FIGURE 6 - Results in µg/kg "Substrate, spiked residue Chlormequat".

6,0

5,0

4,0

z-score

3,0

2,0

1,0

0,0

-1,0

-2,0
5

4

9

6

13

10

1

14

2

7

8

3

laboratory code

Highlighted in grey: z-score < |2|; Highlighted in black: z-score > |2|
FIGURE 7 - z-scores "Oyster Mushroom, spiked residue Mepiquat ".
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45

40

results in µg/kg

35

30

25

20
+25%
15

assigned value (14)
-25%

10

5

0
5

4

9

6

13

10

1

14

2

7

8

3

11

12

laboratory code

Highlighted in grey: Result within 25% FFP RSD; Highlighted in black: Result outside 25% FFP RSD
FIGURE 8 - Results in µg/kg "Oyster Mushroom, spiked residue Mepiquat".
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Highlighted in grey: z-score < |2|; Highlighted in black: z-score > |2|
FIGURE 9 - z-scores "Substrate, spiked residue Mepiquat".
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results in µg/kg
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-25%

5

0
1

5
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12

laboratory code

Highlighted in grey: Result within 25% FFP RSD; Highlighted in black: Result outside 25% FFP RSD
FIGURE 10 - Results in µg/kg " Substrate, spiked residue Mepiquat".

CONCLUSION
The statistical evaluation, the application of the fitfor-purpose Relative Standard Deviation of +/-25% and
the critical review of the reported results indicate that the
analysis of Chlormequat / Mepiquat in Oyster Mushrooms
and Substrate is generally robust but also challenging.
Even though the applied methods share a basic instrumental element (LC-MS/MS module), the reported results
show considerable deviations – in particular, related to the
determination of Mepiquat. One reason for this phenomenon may be the low level of spiked Mepiquat (12 ppb)
close to the participations’ Limits of Quantification. Reported results of Chlormequat in Oyster Mushrooms /
Substrate tend to higher rather than to lower levels. The
analysis of Mepiquat in Oyster Mushrooms and Substrate
is, to a certain extent, more demanding as compared to
Chlormequat.
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ABSTRACT
The acute toxicity of some insecticides (Fenpropathrin,
Dichlorvos and Methidathion) was investigated on Artemia
salina (L. 1758) and Daphnia magna (Straus 1820) which
are both living crustaceans in aquatic system. Insecticides
are widely used in Turkey, because of the climatic and
ecological characteristics of the regions which are suitable
for the improvement of pests, diseases and weeds. In the
present study, these aquatic organisms were exposed for
24 h to Fenpropathrin, Dichlorvos and Methidathion concentrations ranging from 1-50 ppm. Death organisms were
counted under a stereo microscope after 24 h. The values
of lethal concentration (LC50) associated with 95-99% confidence limits were calculated. Mortality rate between each
dosage of each insecticide for both organisms (Artemia
salina and Daphnia magna) at 24 h were compared. LC50
values of Fenpropathrin, Dichlorvos and Methidathion for
Artemia salina were determined to be 24.413, 21.634 and
2.075 while those found for Daphnia magna were 22.580,
25.432 and 47.606, respectively. Results indicated a significant toxicity of Methidathion on Artemia salina, while
Daphnia magna proved to be the least sensitive.
KEYWORDS:
Toxicity, Insecticides, Artemia salina, Daphnia magna.

INTRODUCTION
Agricultural development has led to a parallel growth
in the use of pesticides for plague controls. These compounds are released into the environment and due to their
physico-chemical properties, such as water solubility, vapor pressure or partition coefficients between organic matter (in soil or sediment) and water, they can disperse in
various environmental media provoking serious health problems [1]. Methidathion, Dichlorvos and Fenpropathrin are
the insecticides most commonly used in the agricultural
regions of Turkey. Chemical pollution in the environment
with regard to these insecticides has been increasing because
of their extensive use in agriculture. Methidathion is the organophosphate insecticide (OPI) most commonly used
world-wide in the pest control of crops, while Dichlorvos

is an organophosphate used to control households and public health, and it is effective against mushroom flies, aphids,
spider mites, caterpillars, thrips, white flies in vegetable
crops, mosquitoes and fish parasites. OPIs exhibit high
levels of pest control ability combined with relatively low
degrees of environmental toxicity. Hence, they are used
widely used, which has led to a variety of negative effects
in non-target species including humans. In addition, accidental as well as suicidal poisoning cases related to these
pesticides have increased over the years [2, 3]. However,
Fenpropathrin is a synthetic pyrethroid and possesses high
insecticidal activity. It is used to control many species of
mites and insects like whiteflies, cotton field crops, glass
house crops, and vegetables. Appreciable levels of pyrethroid residues can occur in food commodities from crops,
food of animal origin (eg. milk, eggs and meat), soils, sediments, as well as surface, ground and drinking water. Pyrethroids are now employed worldwide as insecticides in
agriculture, forestry, and public health due to their insecticidal activity, biotransformation and, most importantly,
non-persistance in their environment. This is essentially
due to photodegradation which occurs via decarboxylation,
ester bond cleavage and hydration of cyano group to carboxamide. However, high toxicity to fish, aquatic species,
and honeybees was observed for many pyrethroids. Contamination of fresh-water ecosystems occurs either because
of the direct discharge of industrial and agricultural effluents or as a result of effluents from sewage treatment works.
Residues can thus accumulate in the surrounding biosphere
[4]. Due to the above-mentioned features, there is a need
of evaluating the potential hazard of these insecticides for
risk assessment. An evaluation of the potential toxic effects
of pesticides on aquatic ecosystem usually begins with
routine laboratory tests using standard test organisms. One
important aim in aquatic toxicology is to determine the
effects of toxic compounds on organisms which play key
roles in aquatic communities and, since a contaminant is
not equally toxic to all organisms, it is important that taxonomically diverse species are tested [5]. The crustacean
Artemia salina (brine shrimp) and the Cladocera Daphnia
magna (water flea) are two invertebrate models that have
been widely used for studies of ecotoxicology, as well as
of general toxicology of chemicals [6-8] and natural compounds [9,10], including mycotoxins [11,12].
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The goal of the present study was to investigate the
effects at the varying concentrations of three different
insecticides, Fenpropathrin, Dichlorvos and Methidathion,
on both test organisms, highly susceptible to changes in
the environment and important to the ecosystem of Turkey.
MATERIALS AND METHODS
Organism and Cultivation Conditions

Artemia salina (L. 1758) eggs were obtained from a
local pet shop and hatched in Petri dishes containing artificial sea water (3.3% (w/v) marine salts in distilled water) and incubated in the dark at 25 ± 1 °C for 36–48 h.
Subsequently, the newly hatched Artemia salina was separated from the shells and the remaining cysts. The Artemia
cysts were transferred into Petri dishes together with 20 ml
of standard seawater. The hatching Petri dish was exposed to
a light source (1000-4000 lux) for one h and then incubated in darkness for 24 h at 25 ± 1 °C. After 24 h, the larvae
were transferred with a micropipette to a new hatching
Petri dish containing fresh standard seawater. Then, the
new Petri dish was incubated for another 24 h, in darkness,
at 25 ± 1 °C, in order to allow the larvae to molt to the
second or third instar stage.
Daphnids (Daphnia magna (Straus 1820)) were obtained from stocks that have been maintained at Ankara
University for over 5 years. The culture acclimated at 20 °C
under 14/10-h light/dark cycle. Daphnids were fed algae
(Chlorella sp. and Scenedesmus sp.) prior to exposure and
the culture media were replaced three times weekly.
Test Chemicals

Dichlorvos (dimethyl-2,2-dichlorovinyl phosphate)
(CAS No. 62-73-7), Fenpropathrin ((2,2,3,3-tetramethylcyclopropanecarboxylic acid cyano (3-phenoxyphenyl)
methyl ester) (CAS No. 39515-41-8), and Methidathion
(S-(2,3-dihydro-5-methyl-2-oxo-1,3,4-thiadiazol-3-ylmethyl)
O,O-dimethyl phosphoro-dithioate, (CAS No. 950-37-8)
were purchased from Sigma-Aldrich. These insecticides
were used as test chemicals. After many concentration trials,
11 concentrations were chosen for treatment. The test concentrations of these insecticides were arranged between 150 ppm. For each treatment, three replicates were used.
Toxicity of Insecticides on Artemia salina and Daphnia magna

The toxicity test [3, 13] was applied and modified according to the following procedure. Before the start of the
experiment, the organisms were transferred into rinsing

cuvettes, including the appropriate test solution. The toxicity experiment was performed in a multi-well plate and
Artemiae and Daphnids were put in 3 wells, each well containing a toxicant solution (1-50 ppm) and 20 organisms.
For Artemiae, the multi-well plate was put in the incubator at 25±1 °C in darkness for 24 h for the toxicity test.
Daphnids were acclimated at 20 °C under 14/10-h light/
dark cycle during the study. A control group was used for
each treatment. All toxicity tests were done in duplicate.
The tests were considered as valid, only if mortality in the
control wells did not exceed 10 %. After the incubation was
completed, the number of the dead Artemia and Daphnia
individuals for each insecticide concentration was counted
and the percentage mortality evaluated using the Probit
Analysis Statistical Method based on Finney’s Probit
Analysis using a computer program [14].
RESULTS AND DISCUSSION
In recent years, an increasing trend in the number of
toxicity tests measuring the responses could be observed.
These tests have the virtue of being inexpensive, reproducible, easy to carry out, and environmentally relevant [15]. Invertebrates are already used in tests that are required by
some authorities for the environmental risk assessment of
pesticides, chemicals and pollutants [16]. In this study, the
effects of different concentrations of three insecticides
(Dichlorvos, Fenpropathrin, Methidathion) on Artemia salina (L. 1758) and Daphnia magna (Straus 1820) mortality were investigated. LC50s of these insecticides were determined for 24-h exposures. Table 1 shows lethal concentrations that cause 50% mortality to either Artemia salina
or Daphnia magna. Kungolos et al. [13] investigated the
effects of some organotin compounds on Artemia franciscana and Daphnia magna and found 24-h LC50 values
between 0.22-89.4 ppm for Artemia franciscana and
0.00095-19.27 ppm for Daphnia magna. In this study, 24h LC50 of the 3 toxicants for Artemia salina and Daphnia
magna changed between 2.075-24.413 ppm and 22.58047.606 ppm, respectively. Sorgeloos et al. [17] reported
that Artemia strains have different sensitivities to chemicals. Sanhez-Bayo [18] informed that D. magna is more
tolerant than other waterfleas to some pollutants. The effect
of toxic substances on organisms is dependent upon dose
[19] and, in the case of aquatic organisms, the dose is
directly related to the time of exposure/ concentrations in
aqueous media [20]. Our data indicate that both organisms
used in this study demonstrate different sensitivity to these
insecticides at different concentrations. But, generally,

TABLE 1 - LC50 values for the effect of various insecticides on Artemia salina and Daphnia magna.
TEST ORGANISM
Daphnia magna
Artemia salina

FENPROPATHRIN
95 % Confidence
Limits
22.580
19.423-25.371
24.413
21.806-26.771
LC50

DICHLORVOS
95 % Confidence
Limits
25.432
21.714-29.338
21.634
14.005-27.549
LC50
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METHIDATHION
95 % Confidence
Limits
47.606
40.318-59.690
2.075
0.132-5.488
LC50
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sensitivity of Artemia salina was higher and, in some cases
(Dichlorvos and Methidathion), much higher than that of
Daphnia magna. It is clear that insecticides toxicity is
strongly dependent on the type of insecticides used in this
study.
In conclusion, dichlorvos, fenpropathrin and methidathion are among the significantly toxic insecticides widely used in the agricultural regions of Turkey. Aquatic organisms are more sensitive to insecticides than avian and
mammalian species [21]. The data obtained in the present
study provide information about the inhibitory effect of the
insecticides dichlorvos, fenpropathrin and methidathion on
Artemia salina and Daphnia magna exhibiting different
sensitivities to the same insecticides. This fact offers the
possibility of using different individuals, with different
degrees of sensitivity against the same toxicant, in aquatic
ecotoxicological tests. This variability may be important
to characterize the different individuals, and potentially
useful in the study of the mechanism of response to toxicant exposure. On the other hand, the use of different individuals with different sensitivity could be an advantage
in the evaluation of the toxicity of hazardous insecticides
in Turkey. Little comparative information on the potential
toxic effects of dichlorvos, fenpropathrin and methidathion
is available, especially in terms of practical applications, indicating that more detailed researches in this area are required.
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