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ABSTRACT
Ionosphere modeling has been a highly interesting subject within the scientific community due to its effects on the
propagation of electromagnetic waves. Propagation of electromagnetic waves is affected by the electron density in the
ionosphere. This electron density is not permanent and it
can represent regular and irregular variation according to
various factors. Particularly in satellite-based studies (e.g.,
Positioning with GPS) the structure of the ionosphere must
be analyzed well and modeled for removing its effect. Various methods have been proposed for modeling the ionosphere since 1970. In recent years, GPS is used in ionosphere modeling studies extensively. In this paper, the structure of the ionosphere, some developed models and particularly GPS based ionosphere modeling studies are briefly
reviewed.
KEYWORDS: Ionosphere modeling, GPS, IRI, Interpolation
Techniques, PIM, Solar activity

1. INTRODUCTION
The Earth’s atmosphere has significant variations in
pressure and temperature according to the altitude which
define a number of atmospheric layers. Starting from the
lowest the five layers are; troposphere, stratosphere, mesosphere, thermosphere and exosphere. Another layer is ionosphere which includes thermosphere and parts of the mesosphere and exosphere. It is distinguished because it is ionized by solar radiation.
The ionosphere is a part of the upper atmosphere starting at height of between 50 km to 1000 km, where the free
electron density affects the propagation of radio frequency
electromagnetic waves. The main constituents of the ionosphere are uncharged and charged particles. The charged
particles are created by photoionization caused by incoming UV and X radiation from the sun [1]. The rate of this
ionization depends on the density of gas molecules and
the intensity of the radiation. In the ionosphere the particle
density is extremely small and collisions between electrons
and ions are relatively infrequent, so recombination takes
* Corresponding author

place only very slowly. Because all the particles in the
ionosphere are not charged ions and electrons; the degree
of ionization is very low. In the ionosphere only the charged
particles are able to influence the propagation of radio
waves. Mostly the free electrons affect the propagation,
since the free electrons are much lighter than the free ions.
Ionospheric free electron density is highly variable because of the regular and irregular variations [2].
The ionospheric effect and its precise modeling are
important for space-based observation systems as well as
communication systems and space weather studies [3]. As
an example the radio channel selection must consider the
ionospheric condition [4]; single frequency altimetry measurements require ionospheric corrections to extract information from the measurements [5-7]; disruptions of ionosphere caused by massive solar flares can interfere with or
even destroy communication systems, earth satellite and
power grids on the earth [8]; and effective mitigation techniques are necessary for the adverse effects of the ionosphere on synthetic aperture radar(SAR) imaging [9]. Besides them, Global Navigation Satellite Systems are also
severely affected by the ionosphere.
The widespread effect of the ionosphere on various
areas has made ionosphere modeling a popular subject for
about 40 years and thanks to variety of methods which are
mentioned in the next sections ionosphere is modeled.
However, high variation of the electron density in the
ionosphere results in difficulties for its modeling. In recent years, the development of GPS and creation of extensive networks of GPS stations that provide worldwide
data availability through the internet have opened up a
new era in remote sensing of the ionosphere[10].
The purpose of this paper is to provide a brief review
of the ionosphere modeling. In this paper section 2 describes the structure of the ionosphere. Section 3 deals
with the various ionosphere modeling techniques. Section
4 provides information about modeling the ionosphere by
means of GPS. Section 5 contains concluding remarks.
2. STRUCTURE OF THE IONOSPHERE
2.1 Ionospheric regions

There are three major regions of the global ionosphere.
These are equatorial, high latitude and mid-latitude regions.
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The equatorial region can be characterized with the highest values of the peak-electron density. The reason is the
strong solar radiation and intense ionization. In the high
latitude region the peak electron densities are considerably
smaller than the equatorial region. However short time
variation of the electron density is much more than equatorial region [11, 12]. The mid-latitude region is the least
variable and undisturbed when compared with the other
regions. It is the best observed due to the fact that most of
the ionosphere-sensing instruments are located in this region.
2.2 Iyonospheric layers

Height (km)

The ionosphere layers start from 50 km and extend to
1000 km (Fig.1). In fact the upper boundary of the ionosphere is not well defined since it can be interpreted as the
electron densities thinning into the plasmasphere [13].
Because of the different atoms and molecules in the atmosphere and their variant rates of absorbtion, a series of
distinct layers of electron density exist. These are denoted
by D, E, F1 and F2 layers. Detailed explanations of the
ionospheric layers can be found in e.g. [14, 15].

400
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FIGURE 1 - Vertical profile of the ionosphere [16]
2.3 Ionospheric disturbances

The electron density in the ionosphere changes because of various factors. This variation appears as regular
or irregular variations [2].
Diurnal period of the earth, season, solar cycle, are
given as examples causing regular variations, whereas
ionospheric and geomagnetic storms, traveling ionospheric disturbances (TIDs) and ionospheric scintillations,
are given examples of factors causing variations of irregular character.
2. 4 Solar terrestrial indices

Irregular variations of the ionosphere are associated
with geomagnetic effects. Skone and Cannon [11], Nishino
et al. [17] and Ping et al. [18] have modified by their studies that with the increase in the geomagnetic effect, a variation to ionosphere also occurred. Especially solar-based
magnetic effects cause irregular variations in the ionosphere. For this reason, for the ionosphere related studies,
solar and geomagnetic indices such as Kp indice, Dst

indice, Solar radio flux and Sunspot number are necessary
to specify the solar and geomagnetic disturbance level.
3. MODELING THE IONOSPHERE
In recent years, especially after the 1970s, modeling
studies of the ionosphere have gained momentum. Various models such as the Bent Ionospheric Model, the Parameterized Ionospheric Model, the NeQuick Model and
the International Reference Ionosphere Model are well
known global ionosphere models used as reference in
many ionospheric studies. These models describe the
global behavior of the ionosphere at any location and any
time without nearby measurements. But the electron density is quite changeable, they only provide monthly averages of ionosphere behaviour for especially magnetically
quite conditions [19]. In this section these models and
some particular studies about them are given.
The Bent model was developed by Rodney Bent and
Sigrid Llewellyn in 1973 [20] for the satellite tracking
satellite intercommunication and corrections of ionospheric delay. The development of the Bent model involved fitting a theoretical electron density profile to a
database of ionospheric measurements. This model describes the ionospheric electron density as a function of
latitude, longitude, time, season and solar radio flux. With
a given location, time and date the Bent model describes
the electron density. Its resultant profile is composed of
five sections: a bi-parabola, to model the lower ionosphere; a parabola which joins together the top and bottom side ionosphere; and three exponential profile segments which were combined to model the topside ionosphere [21]. Bent model does not include the lower layers
(D,E,F1). It uses ionosonde and satellite data.
The Parametrized Ionospheric Model (PIM; [22]), is a
climatological global ionospheric and plasmaspheric model
based on the parameterized output of several regional theoretical ionospheric models and an empirical plasmaspheric
model [23]. It is made up of four different physical models: a low-latitude F layer model, a mid-latitude F layer
model, a combined low and middle latitude E layer model
and a high latitude E and F layer model. These four models are based on a tilted dipole representation of the geomagnetic field and its corresponding geomagnetic coordinate system [24]. The PIM model produces electron density and ion composition profiles. Detailed information
about PIM model is given in Stankov et al. [25].
The International Reference Ionosphere (IRI) model
is recommended for international use by the Committee
on Space Research (COSPAR) and the International Union of Radio Science (URSI) mainly used for the specification of ionospheric parameters [26]. For a given location, time and date, IRI describes monthly averages of the
electron density, electron temperature, ion temperature, ion
composition and ion drift in the altitude range from 50 km to
1500 km. This model is still being developed and updat-
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ed. The first version of IRI was released in 1978 which
was followed by several steadily improved editions in
1986, 1990, 1995, 2001, 2007 and 2012. Besides, IRI
2012 has recently been published on the website
(http://iri.gsfc.nasa.gov/). Also there is not any study
about IRI 2012 that has been published yet. Detailed
information about the 2007 version of the IRI model and
evaluation of the model for the European region are given
in Bilitza and Reinisch [27] and Maltseva and Poltavsky
[28]. Bilitza et al. [29] describe the 2007 version of the
model and review efforts towards future improvements,
including the development of new global models for the
F2 peak density and height, and a new approach to describe
the electron density in the topside and plasmasphere. Furthermore, performance analysis of the IRI 2007 and comparison with IRI 2001 is given in Scida et al. [30]. One of
the most important data sources for the IRI electron density
is the worldwide network of ionosonde stations. Besides
the ionosonde, incoherent scatter radars, several compilations of rocket measurements, and satellite data (recently
GPS) are used some of the other data sources.
NeQuick is a quasi-experimental model which provides a quick way to estimate electron density. It is developed at the Aeronomy and Radio Propagation Laboratory
(ARPL) of the Abdus Salam International Centre for Theoretical Physics (ICTP), Trieste, Italy and at the Institute for
Geophysics, Astrophysics and Meteorology (IGAM) of the
University of Graz, Austria.For the desired time and place
NeQuick model is able to give the electron concentration
distribution on both the bottomside and topside of the
ionosphere. It is also offered as real time ionospheric correction model for calculating the amount of STEC at
ground to satellite or satellite to satellite path for the European Space Agency’s (ESA) Galileo users [31]. Because of
the Galileo navigation system is still being developed for
the estimations that is made with NeQuick, data of IGS
(International GNSS Service) Stations is used [32]. Detailed information can be acquired in [33].
Bilitza et al. [34] compared the Bent model and the
IRI model and their application for satellite orbit determination. Because of the more detailed representation of the
bottom side density structure IRI showed better results.
The IRI model is however more accurate in predicting the bottom-side ionosphere than the top side ionosphere since it is derived mostly from ionosonde data. To
overcome this situation, Okoh et al. [35] additionally used
NeQuick model as the top side option for the modeling
over Nigeria.
A comparison of the vertical electron content from
Bent, IRI and GPS were performed in Meza et al. [21]. In
this study a number of quiet geomagnetic days has been
chosen because Bent and IRI models were developed to
work in these conditions. Results showed that GPS model
has the best global VTEC representation at any latitude
and longitude when compared to other two models.
For the topside ionosphere NeQuick and PIM model
were compared in Stankov et al. [25]. Results of this com-

parison are analysed and suggestions are put forward to
further improving the models in equation.
Prasad et al. [36] was conducted on the comparison of
the GPS-TEC with the IRI-2007 model derived TEC
considering three different options (IRI-2001, IRI-2001
corrected and Ne-Quick) available in the model for the
topside electron density. Additionally Adewale et al. [37]
grouped the VTEC values into four seasons namely March
Equinox (February, March, April), June Solstice (May,
June, July), September Equinox (August, September, October) and December Solstice (November, December, January). For both study the TEC derived with Ne-Quick and
IRI-01 corrected options show beter agreement with GPSTEC while the TEC from IRI-01 method shows larger
deviations.
Chauhan and Singh [38] reported that during the daytime GPS-TEC is in close agreement with NeQuick and IRI
– corr however corresponding nighttime values are quite
close to IRI 2001. In contrast, Sethi et al. [39] showed that
over an equatorial station, the agreement between the IRI
01-corr and TEC observations is better during daytime;
while outside this time period, NeQuick model reveal better
agreement. However Adewale et al. [37] showed that agreement between observed TEC and NeQuick predictions is
beter during both daytime and nighttime over the equatorial
African sector. Chauhan and Singh [38] used data from a
low-mid-latitude station in the Indian sector and Sethi et
al. [39] used data from only one equatorial station from
the Indian sector; however Adewale et al. [37] have used
data from thirteen equatorial GPS stations.
4. GPS BASED IONOSPHERE MODELING
GPS use has expanded beyond its initial military oriented purpose since 1993 [40]. The development of the
GPS and creation of GPS networks that provide worldwide
data availability through the internet opened up a new era
for GPS based researches. Recently, the new possibility of
estimating the global distribution of free electrons within
the ionosphere by means of GPS has opened new perspectives in the field of ionospheric research [41].
4.1 Extracting ionospheric information from GPS observations

Dual-frequency GPS observations can be used to determine slant total electron content (STEC) which is the
integral of the electron density along the signal path between the satellite and the receiver. A dual frequency GPS
receiver can provide carrier phase and code observations
for L1 and L2 with carrier frequency of f 1 and f 2 respectively. Depending on the total electron content along
the signal path from satellite to the receiver and signal
frequency, ionospheric delay can be expressed as [3, 42],
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I is the ionospheric range delay at frequency
16

f , α = 40.3x10 ms

−2

TECU

−1

(1 TECU= 10

16

2

el./m ) is a constant value used to convert from TECU to
length units. In this equation, only the first order delay
expressed in length unit is given, whereas higher order
and bending effects are neglected. Ionospheric range
delay is negative for carrier phase measurements and
positive for pseudorange measurements.
The geometry free linear combination of GPS signals,
is generated by subtracting simultaneous pseudorange
( P1 − P2 ) or carrier phase observations ( φ1 − φ 2 ). This is
also referred to as L4 combination.With this combination,
the satellite-receiver geometrical range and all frequency
independent biases(e.g., clock error, tropospheric delay,
etc.) are removed [43].
+ 1

φ4 = φ1 − φ2 = −αSTEC ))

2
* f1

In this equation,

φ4

−

1 (
& + λ1 N1 − λ2 N 2 + BR + BS + ε L
f 22 &
'

λ1 and λ 2 are the wavelengths of the L1 and L2 carriers;
N1 and N 2 are integer carrier-phase ambiguity terms
for L1 and L2 respectively; B R and BS are the so
called inter frequency biases on carrier phase measurements and ε L is the effect of noise and multipath.
In the geometry free linear combination for pseudorange observations; which is written in eq. (3), P4 is the
geometry free linear combination of pseudorange observations; bR and bS are inter frequency biases on pseueffects in

εP

With the combination of Eqs.(2) and (3) for an observation following equation is obtained:

P4 + φ4 = λ1 N1 − λ2 N 2 + BR + BS + bR + bS + ε P

(2)

is the carrier phase measurement;

dorange measurements and

posed. An algorithm of smoothing code pseudorange measurements using carrier phase was first investigated in Hatch
[44]. Besides this, Springer [45] proposed a similar method
for smoothing. However in these methods pseudorange observations are smoothed by its corresponding carrier phase
observation individually. But, as STEC is obtained from the
geometry-linear combination of GPS observations, an
algorithm to smooth the pseudorange ionospheric observable eq.(3) should be more appropriate for ionosphere
modeling studies. For this purpose, Ciraolo et al. [43]
presented an algorithm for the smoothing the pseudorange
observables, which known as ‘’carrier to code leveling
process’’. With small modification of the algorithm presented by Nohutcu et al. [42] is explained below.

is the noise and multipath

The noise and multipath term for pseudorange observation, ε p , is around 100 times greater than for carrierphase observations [46]. For this reason, the noise and
multipate term for carrier phase observations, ε L , has
been neglected. In Eq. (4), the ambiguity terms

(3)

STEC can be acquired from carrier phase or pseudorange observations by extracting it from Eq. (2) or Eq. (3)
respectively. The code derived STEC however, is corrupted by a high level of noise factors including multipath
effects and random measurement noise. The phase derived STEC is also corrupted by these factors, but to a
much lesser extent. However, due to the ambiguous integer bias terms, which are the unknown number of whole
cycles of the carrier signal from satellite to the receiver,
the phase derived STEC is a relative value. To deal with
the drawbacks inherent in STEC estimates derived separately from code and phase measurements and also in
order to make use of their superiority, one way is to combine these measurements. The basic idea of this, referred
to as a smoothing technique is to smooth the noisy code
derived STEC with the precise phase derived relative
STEC. For this propose several methods have been pro-

and

are remain constant for every continuous arc which
defined as the group of consecutive carrier-phase observations without discontinuities. Inter frequency terms are
stable for periods of days to months, as well as they can
be treated as constants for a continuous arc [47]. Therefore Eq. (4) should provide stable results and an average

P4 + φ4

value

arc

can be computed for a continuous

arc as follows:
P4 + φ4

%
#
# + bR + bS + ε P
$

N1

N2

P1 and P2 .

( 1
1
P4 = P1 − P2 = αSTEC &
& f2 − f2
2
' 1

(4)

arc

=

1 n
∑ ( P4 + φ4 )i = λ1 N1 − λ2 N 2
n i =1

arc

+ BR + BS + bR + bS + ε P

arc

(5)

where n is the number of measurements in the continuous arc. With the subtraction of Eq (3) from Eq. (5)
ambiguity terms are eliminated.
~

P4 = P4 + φ4

arc

* 1
1 '
− φ4 ≈ αSTEC(( 2 − 2 %% + bR + bS + ε P
f
f
2 &
) 1

arc

−ε L

(6)

~

where P4 is the carrier phase smoothed pseudorange
ionspheric observable. Thus STEC can be acquired in
TECU by
&~
STEC = $ P4 − bR − bS − ε P
%

arc

( f12 f 22 ) #
#&
!
+ ε L !$$
2
2
"% 40.3( f1 − f 2 ) !"

(7)

4.2 GPS-based modeling studies

STEC data obtained from accurate GPS observations
resulted in numerous GPS-based ionosphere modeling
studies.
All proposed GPS-based ionospheric models could be
classified into two models, regional and global models as
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these models are derived from a data set collected in the
corresponding region. Regional TEC models usually have
better mapping accuracy because of dense station coverage in the regional GPS networks. Regional TEC models
can mainly be divided into two different categories: gridbased and function based [48]. The grid-based model,
such as the SBAS (Satellite-Based Augmentation System), first proposed by the MITRE Corporation and the
Air Force Phillips Laboratory [49, 50] while the function
based model is based on mathematical functions; for
example, the polynomial model [24, 51], the low-degree
spherical function model [52] as well as the triangle series
model [53, 54]. These three mathematical function-based
models have been investigated and compared in Liu et al.
[55]. However, the long term TEC predictability is very
important especially for navigation and space applications,
regional models are the lack of long-term TEC predictability. Unlike regional models, Global models such as the
KLOBUCHAR model and the global ionosphere map
(GIM) model support global TEC prediction [56].
Spherical harmonic model is generally used to model
the Global Ionosphere. Based on this model spherical cap
harmonic model for regional ionospheric modeling is
used by many researchers. Liu et al. [56] and Liu et al.
[57] are two of them. Liu et al. [56] investigated the usability of spherical cap harmonic model for mapping and
predicting the regional TEC values. Its approach resembles the one using spherical harmonic functions in the
global case; however, the mathematical fundamentals are
different. Liu et al. [57] applied this model for high latitudes and arctic region and also compared the results with
some regional models. The results demonstrated that the
spherical cap harmonic model has a comparable mapping
accuracy compared to other regional TEC approaches;
Polinomial, Triangular series and Lower degree spherical
function models.
There are many centers and universities where Global
Ionospheric Maps (GIMs) are generated by ionospheric
groups. JPL (Jet Propulsion Laboratory), CODE (Center for
Orbit Determination in Europe), IGS (International GNSS
Service), NOAA (US National Oceanic and Atmospheric
Administration), UNB (University of New Brunswick), ESA (European Space Agency), UPC (Polytechnical University of Catalonia) are some of them. In
the early years different GIMs presented significant total
electron content (TEC) biases which made difficult to
combine them into a common product. Then, with the
realization of independent updates of techniques by different centers it was made possible to combine the different
GIM since due to their increased compatibility level [58].
Detailed information about Ionospheric modeling techniques of JPL, CODE, NOAA and IGS working groups
are given in Liu et al. [59].
No matter whether it is function or grid-based, for two
dimensional (2D) ionosphere model STEC values are usually converted to height independent VTEC values by introducing mapping functions. Different ionospheric map-

ping functions, SLM (Single Layer Model; for different
altitudes), Chapman profile, Broadcast model and Q-factor,
which can be used for this purpose, were analyzed and their
superiority was questioned in Schaer [47] and found that in
practice the SLM mapping function is mostly used. In the
single layer model, all electrons in the ionosphere are assumed to be contained in a shell of infinitesimal thickness.
The height of this idealized layer approximately located at
the altitude of between 350 and 450 km where the electron
density is maximum. In fact, this assumption is only an
approximation to the real physical truth since the ionosphere is located approximately at an altitude of 50 km to
1000 km above Earth’s surface. The ionosphere zone and
single layer model are illustrated in Fig. 2.
Satellite

Ionosphere

H

z’ Ionospheric
Pierce Point

z

Receiver Δz
R
Earth Center

FIGURE 2 - Single layer model for the ionosphere [56]

In Fig. 2, the ionospheric pierce point (IPP) is the intersection of the single layer shell and the path of the GPS
signal; R is the mean earth radius, H is the single layer
height, whereas z and z ' stand for the satellite zenith
angle at the receiver and IPP respectively. Based on the
figure, STEC can be converted height independent VTEC
by means of eq. 8 and 9.
F ( z) =

STEC
1
=
VTEC cos z '

(8)

R
sin z
R+H

(9)

sin z ' =

The main shortcoming of the two dimensional model
(2D) is known to be its inability to express the vertical
profile of the ionosphere. Therefore, in order to improve
the accuracy of the ionosphere estimates and to monitor
the temporal ionosphere variations, the single layer model
should be expanded to multi-layer ones. For this propose
ionospheric tomography modeling has been proposed and
started to receive more attentions.
Austen et al. [60] was the first to apply the tomography technique to ionospheric imaging. Then extensive
studies have been performed on this topic. Some of them
are reviewed by; Austen et al. [61], Raymund [62], Ray-
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mund et al. [63], Raymund et al. [64], Fremouw et al.[65],
Kersley et al.[66], Howe et al. [67], Liu and Gao [68], Liu
and Gao [69], Lee et al. [70].
In a three dimensional (3D) ionosphere model utilizing the tomography technique, STEC measurements are
inverted into electron density distribution, based on latitude, longitude and height. Although the ground based
GPS receivers provide relatively accurate STEC, such
data can not provide adequate vertical resolution for ionospheric tomography as they scan the ionosphere by vertical
or near-vertical paths [71, 72]. In order to provide relative
sensitivity for the vertical structure of the ionosphere, additional data sources, such as ionosondes, satellite altimetry
or GPS receivers on Low-Earth-Orbiting (LEO) satellites
were considered in many ionosphere based studies [72-77].
Tomography is a two-step process. In the first step, integral
measurements are made of the medium of interest, ideally
along many paths at many different viewing angles. In the
second, these integral measurements are inverted to obtain
an estimate of the field [67]. The methodology of 3D
modeling is given by Liu and Gao [69].

Beyond 3D (depending on latitude, longitude and
height) tomography modeling, the consideration of time
4D tomographic modeling approach is used in many studies. Four-dimensional simulations of tomography system
based on data from the Global Positioning System and a
low Earth-orbiting satellite were reported in Howe at al.
[67]. Allain and Mitchell [81] presented a comparison about
4D tomographic mapping with thin shell approximation. A
comprehensive review of ionospheric 2D, 3D and 4D tomographic approaches with its history, current state and future
directions are given by Bust and Mitchell [82].
In order to produce an ionosphere image over Scandinavia in December 2006, Van de Kamp [83] used 4 dimensional tomography using TEC measurements from the
dense Geotrim GPS network in Finland, and inversion
using the software package MIDAS. The results have been
tested by comparing with – Geotrim TEC measurements
calibrated independently; -EISCAT incoherent scatter radar
returns from Tromso; -FORMOSAT3/COSMIC radio occultation measurements. These comparisons show the general
good performance of the procedure.

Gao and Liu [48] compared the 2D grid-based and
3D tomography-based ionosphere modeling results using
regional GPS network data. Data analysis indicated that
modeling accuracy based on the tomography method is
much higher than 2D grid based approach.

In recent years, interpolation techniques are commonly used for regional and global modeling of the ionosphere based on GPS observations. Foster and Evans [84]
investigated the possible interpolation techniques for
reconstructing ionospheric TEC maps.

Liu et al. [78] demonstrated the ionosphere tomographic modeling performance using GPS data during the
geomagnetic storm event. In this study, the short term prediction of TEC was performed for 3 geomagnetic storm
days by using dual frequency GPS receivers. In the case of
less disturbed conditions, about 80% of STEC was recovered by the model prediction. But during extreme ionospheric storm period (Kp=9) this rate is quite low.

Wielgosz et al. [85] showed that kriging and multiquadric interpolation/prediction techniques can be used
regional ionosphere mapping when compared with International GNSS service (IGS) Global Ionosphere Maps (GIMs).
The usability of kriging technique for the improvement of
Global ionospheric maps in the case of Technical University of Catalonia (UPC) indicated by Oru’s et al. [58]. Different from the kriging and multiquadric interpolation techniques, performance of the Thin Plate Spline Interpolation
technique for ionosphere modeling particularly during geomagnetic storm period was investigated by Moon [86].

Liu and Gao [3] investigated the ionospheric total
electron content (TEC) predictions using a multiple layer
tomographic method over a local GPS network. With this
study it is confirmed that the short term TEC predictions
generated from the ionospheric tomography model could
recover about 95% of the total ionospheric TEC and can
be used by single frequency GPS receiver users to eliminate the majority of the ionospheric effects for improved
positioning.
Yin et al. [79] and Pokhotelov et al. [80] used ionospheric tomography to image the ionosphere over the
polar area during a disturbance period in October 2003.
The density of GNSS receivers in the polar area is low
resulting into a small scale identification of ionospheric
structures difficult while the ionospheric structures can
change at high velocities. They solved this by incorporating a-priori knowledge of plasma motion into the inversion procedure.
Brunini et al. [8] presented a methodology for twodimensional and three dimensional global ionospheric modeling and pointed out the advantages of GPS for the modeling.

Nohutcu et al. [42] proposed two approaches (2D and
3D) to model the Vertical Total Electron Content (VTEC)
of the ionosphere with quadratic B-Spline functions. For
the 2D case VTEC is modeled in a sun-fixed reference
frame. In the 3D approach, the 2D model is extended to
represent the temporal variations in an Earth-fixed reference frame. Results indicate that the 3D solutions represent
the temporal change in the ionosphere more successfully
than the 2D solutions.
Durmaz et al. [87] presented a new approach for regional spatio-temporal mapping of VTEC in three dimensions in terms of latitude, longitude and time using Multivariate Adaptive Regression Splines in a sun fixed system.
In addition to these interpolation techniques, Neural
Networks (NN) methods are used in ionospheric studies
involving TEC modeling using GPS data. Detailed information about NN approach by using GPS data is given by
Hernandez et al. [88]. Leandro and Santos [89] performed
a study for testing NN’s performance at low and high
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solar activity periods by using GPS data. Analyses of the
results indicated that NN model is capable of recovering,
on average, 85% of TEC values. Comparison of NN model
and IRI model was investigated in Habarulema et al. [90].
Comparison was performed by using GPS data and it revealed that the IRI provides more accurate predictions than
the NN model during spring equinox. However, on average
the NN model predicts TEC more accurately than the IRI
model. Habarulema et al. [91] investigated whether the
NNs can be used to follow the TEC dynamics during magnetic storms. Results show that NNs are appropriate for
predicting TEC variations during disturbed conditions;
also, the accuracy of both the NN model and IRI-2007 model
is highly comparable in the early morning hours than in the
late evening hours during the storm. Gurun et al. [92] also
investigated the two NN methods, Multilayer Perceptron
(MLP) and Radial Basis Networks (RBN), in terms of their
performance and superiority to each other for regional
ionosphere mapping.
GPS-based models which are mentioned above are not
supported with related software accessible to scientific
community. For this reason, researchers who want to use one
of these models to ground based GPS data should need to
prepare the software codes required. But this is not so easy.
Exceptionally, Bernese GPS software, developed by Astronomical Institute of University of Bern, can be used for this
purpose. However it is only use spherical harmonic expansion to represent VTEC regionally or globally.

In the fourth section, it is mentioned that the role of
the GPS on the modeling of ionosphere is the main purpose of this study. In some studies GPS data are used as a
single data source, for others form an additional data
source. For instance, in GIM or interpolation based modeling applications it is used as a single data source, however in tomography or NN models it is used as an additional one. One of the reasons is the dimension concept
which is crucial for data selecting. For example, though
ground based GPS receivers provide relatively accurate
STEC, these data can not provide adequate vertical resolution for some models (e.g. tomography); hence additional data sources are needed.
Finally, ionospheric models based on GPS data can
be used for different applications, such as space weather
events, emprical model predictions, and user navigation
improvement. The worldwide IGS network offers a
unique opportunity to extract information about the
Earth's ionosphere and provide valuable GNSS data for
monitoring and mapping the ionosphere.

5. SUMMARY AND CONCLUDING REMARKS
The variant effects of ionosphere around the globe
have made ionospheric modeling a necessity. The development of GPS and its ability to provide accurate ionospheric information has increased its popularity in this
field.
The structure of ionosphere carries great importance
for its modeling. In different ionosphere regions and different layers, ionosphere density shows big changes when
the ionospheric disturbance effects are taken into consideration. The causes of these changes and the criteria which
show the changes are given in the second part.
In the third part, some brief information about various
ionosphere models such as Bent Ionospheric Model, the
Parameterized Ionospheric Model, the NeQuick Model
and the International Reference Ionosphere Model is
given. In these models GPS observations can be used as
data sources. Models’ performance comparisons are generally rely on GPS based VTEC representation which is
considered as being reliable. Particularly IRI model has
performed big progress for the last ten years. For the IRI
model, GPS is a promising new resource for improvements of the model as well as an excellent candidate for
data assimilation into the IRI model. However, all models
provide monthly averages of ionosphere behavour for
especially magnetically quite conditions.
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ABSTRACT
In the present paper the results of heavy metals sorption on glauconite were presented in terms of their initial
concentration, contact time, ionic strength and pH of the
solutions. A better match of the results of sorption was
found for adsorption isotherms according to the Langmuir
equation. Glauconite manifested the highest sorption capacity towards lead ions-9.12 mg/g, lower towards Cd(II)3.44 mg/g and the lowest towards Zn(II)-3.07 mg/g and
Cu(II)–2.96 mg/g. After the heavy metal sorption, a regeneration of glauconite and further sorption are possible.
The highest regeneration equaled 80% with the initial concentration of 5 mg/L. With the increase of the concentration it decreased to 56%. In further regeneration cycles,
desorption and sorption decreased proportionally by 2-3%.
The optimum contact time to obtain the equilibrium state
amounted to 180 minutes. The pseudo-second-order equation adjusts very well the experimental data, as it can be
noted by the high correlation coefficients, and close values of sorption capacity calculated on the basis of the
equation of pseudo-second-order to the values obtained
experimentally. In the metal solutions of pH=2, pH=4, pH=
6 and with a variable NaClO4 electrolyte concentration in
the range of 0.00-0.05 M, there was a significant decrease
in sorption compared to the solution without electrolytes.
The heavy metal removal efficiency increased with the
increase in pH of the stock solution. The highest sorption
of Pb(II) ions was reached at pH=6.3, Cu(II) at pH=7.2,
Zn(II) pH=7.6 when it comes to ions of Cd(II) it was
reached at pH equal to 9.

of industrial wastewater containing heavy metals physicochemical methods are used [1-10]. However, these techniques may involve high costs and results in toxic derivatives. In the last few years, sorption methods have been
shown as an alternative method for removing dissolved
metal ions from liquid waste [11].
Sorption of heavy metals on clay surfaces is important for economic reasons because most natural clays
are low-cost and readily available. Glauconite is one of
them. This mineral has been widely used for geochronological analysis [12-14] and for the removal of radionuclides [15-17]. Pioneering works on sorption on glauconite
have appeared about 30 years ago [18, 19]. Further studies
have shown that glauconite effectively removes lead,
zinc and cadmium ions in static conditions [20]. A similar
sorption study was obtained for the Lithuanian glauconite
[21]. The removal of zinc, copper and cadmium ions from
aqueous solutions [22-24] and mine water [25-26], as well
as removal of copper ions from waste water from the PCB
production [27], laundry waste and landfill leachate [28],
have positive results. Moreover, the removal of As(V) depending on the initial concentration, contact time and the pH
of metal solution was examined under static conditions [29].
With the use of activated tertiary glauconite from Lublin, a high degree of heavy metals removal and rapeseed
oil bleaching from ß-carotene were obtained [30].
Glauconite from Lublin is classified as a low-cost
natural material. This claim is substantiated by its availability at the surface deposition in tertiary sediments. Due
to its petrographic form, the concentrates of this mineral
may be easily obtained using simple technological processing methods. The result is an easy and inexpensive
sourcing of regional heavy metal sorbent.

KEYWORDS:
glauconite, heavy metals, sorption isotherms, kinetics

2. MATERIALS AND METHODS
1. INTRODUCTION

2.1 Characterization of glauconite

Heavy metals have a high potential risk for the biological environment and for humans. Wastewater from industries contains some of these toxic metals. For the treatment
* Corresponding author

A clay mineral taken from a borehole in the footwall
of mining working from the construction sand mining
“Nowodwór I” constituted the object of the research.
Glauconite occurs mainly in tertiary sediments of quartz
sand and silts, which are related to the sedimentation of the
Upper Paleogene (Eocene and Oligocene). These deposits
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transgressively underlie on marls and mudstone of the
upper Maastrichtian.
The examined mineral was separated magnetically
from quartz sand with the use of neodymium and samarium magnet. Then, it was sieved into different grain size
fractions: <63 µm, 63-125 µm, 125-250 µm, 250-500 µm,
500-800 µm, >800 µm. The size fraction (125-500 µm)
was used for further testing. Furthermore, grains of quartz
containing magnetic inclusions derived from magnetite
were selected and discarded in a separate faction in binocular magnifying glass images. In this way a
monomineral concentrate of glauconite was obtained.
Physical properties of glauconite were determined on
the basis of appropriate standards [31-33]. Cationexchange capacity of glauconite was identified by the
amount of Ba2+ ions in the saturated sample and desorbed
by 1M MgCl2. This method is recommended by the international organization APIPEA (Association Internationale
pour l'Etude des Argiles), which deals with clay minerals
[34, 35] and is widely described in literature [36-38].
Point of zero charge for glauconite was determined using potentiometric titration method [39, 40]. Experiment was
performed in a continuously-stirred reaction vessel containing distilled water, electrolyte and immersed in a water
jacket to control the temperature. 0.5 g of dried sample was
suspended in 50 ml of solution continuously purged with
pure N2 gas. Acid and base additions were controlled using
a 702 SM Titrino (Metrohm) autotitrator and pH measured. Titrations were conducted at 0.1, 0.01 and 0.001 M
ionic strength using NaClO4 as the background electrolyte
both with and without glauconite sample present.
The morphological characteristic of the main mineral
components as well as the examination of chemical composition in the microsite were conducted with the use of a
scanning electron microscope (SEM)-Quanta FEG 200
equipped with a system of chemical composition analysis
based on the energy dispersive X-Ray-EDS of EDAX
company.
2.2 Sorption experiments

Sorption measurement was made with the use of a
batch technique at room temperature. A stock solution of
each metal was prepared by dissolving an appropriate
amount of Pb(NO3)2, Zn(NO3)2·6H2O, Cd(NO3)2·4H2O
and Cu(NO3)2·3H2O in distilled water, respectively. The
concentrations of metals in solutions, before and after
sorption, were determined with the use of atomic absorption spectroscopy (AAS) performed on the spectrometer
Philips PU-9100X. The pH of stock solution was modified with the use of 0.1 M HCl and 0.1 M NaOH and
measured with Orbeco-Hellige pH meter. In each batch
experiment the samples were shaken at 25ºC at 150 rpm
for 24 h, and centrifuged at 10000 rpm for 10 minutes.
After that, the concentration of metals (Ce) and pH were
marked in the solution.
When it comes to the influence of initial concentration on sorption, metal solution concentration varied from

5 to 220 mg/L, pH=4, and the glauconite amount was 1.0
±0.01 g.
The sorption of heavy metals on glauconite was also
studied in terms of the influence of time when it comes to
the contact between minerals and solutions. Initial concentration (C0) of Cd(II) solution was 51.1 mg/L, Cu(II)50.4 mg/L, Zn(II)-51.3 mg/L, Pb(II)-48.7 mg/L. 450 mL of
the stock solutions of heavy metal ions (pH=4) were shaken
with 4.5 g of glauconite for different intervals of time ranging from 5 to 2880 minutes and then centrifuged.
The influence of pH in the range of 2-12 was studied
while the concentrations of metals solutions were 51 mg/L,
the volume of solutions was 40 mL, the shaking time 24 h
and the amount of glauconite was 0.5 g.
In order to investigate the influence of the ionic
strength, 100 mg of glauconite samples were successively placed in the polypropylene tubes and filled with
5 mL of solution with varied concentration of NaClO4
(0.000-0.001-0.01-0.05 M) and the initial pH (2.0, 4.0,
6.0). Metals solutions concentrations that were used in the
study were 51 mg/L.
Desorption was conducted after the sorption of heavy
metals from solutions with different initial concentrations
of 5-220 mg/L. In the desorption study, after reaction with
metal solutions, glauconite samples were washed twice
with the use of sorbent suspension shaken for 15 minutes,
with 5 mL of distilled water again and centrifuged. After
washing, there were no heavy metals washed in water.
The concentration of metals (Ce) was determined after
drying them to air-dry state. Furthermore, they were filled
with 5 mL of desorbing solution-1 M NH4Cl after 24 h of
shaking and centrifugation.
The value of desorption was defined as a percentage
of the tested, desorbed substance for the absorbed heavy
metals:
D% = (mdes/mads)·100
where:
mdes – stands for the mass of the substance desorbed
in time (mg),
mads – stands for the mass of substance sorbed by
glauconite in equilibrium sorption (mg).
Then, in order to determine the possibility to reuse the
mineral after regeneration cycles, the sorption of heavy
metals by mineral was performed three times (sorption/
desorption). For this purpose, only solutions with a concentration of heavy metals that equaled C0=50 mg/L were used
in the experiment, and the sample weight was 1.0±0.01 g.
2.3 Analyzing sorption data

The term “sorption” usually defines the change in concentrations of chemical constituents in the solid phase as a
result of mass transfer between solution and solid. Therefore, sorption includes various types of removal mechanisms such as an adsorption and ion exchange [41]. In the
present study the word “sorption” used can include both
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adsorption and precipitation. The concentration of heavy
metals in the solid phase qe (mg/g) was determined by
analyzing the corresponding heavy metal concentration
before and after the treatment. The following equation
was used to conduct the analysis:

where:
C0 i Ce stands for the initial and equilibrium heavy
metal concentrations in the solution (mg/L),
V- volume (L),
W- is the weight of the sorbent (g).
The definition of percent removal is as follows:

whether the adsorption is favorable (0<KR<1) or not (KR
>1). Where KR=0 the type of isotherm is irreversible,
KR=1-linear [46].
The Freundlich equation is an empirical relationship
according to which it is assumed that the energy sorption
of a metal binding to a site on a sorbent depends on
whether the adjacent sites are already occupied or not
[43]. This empirical equation has the following form:
where: KF is correlated with the quantity of sorbate associated with the sorbent, and n is the Freundlich isotherm
constant related to the strength of the sorption. The Freundlich exponent, n, should have values within the range of 1 to
10 for classification for favorable sorption [47].
2.4 Kinetics model

In order to perform the mathematical description of
sorption, isotherms were used. They check the consistency of the results with the values predicted by the models
of Langmuir [42] and Freundlich [43].
The Langmuir model describes sorption on homogeneous surface, that is energetically homogeneous, where
the localized sorption takes place. There was a sorption
layer that was formed on the sorbent surface, also called
monolayer. It did not include the change in energy caused
by the covering of the sorbent surface and chemical interactions between the different molecules of sorbate [44].
The Langmuir equation has the following form:

where:
Ce – the equilibrium concentration of metal ions in
solution (mg/L),
qe – the number of the metal ion sorbed by sorbent
mass unit (mg/g),
qm – the maximum amount of ions covering the surface of the sorbent (monolayer capacity) (mg/g),
KL – the Langmuir adsorption constant, characteristics of particular system (L/mg).
The essential characteristics of the Langmuir isotherm can be characterized by a separation factor or equilibrium constant KR [45], which is defined as:

where:
KR – dimensionless separation factor,
C0 – initial concentration of heavy metal in the solution, (mg/L),
KL- Langmuir constant (L/mg).

The rate of sorption capacity saturation described the
equations of kinetics that related the rate of the process
(dqt/dt) as functional relationship with the concentration of
heavy metals in the solid phase (qe – qt). In order to analyze
the rate of heavy metal sorption on glauconite, pseudo-firstorder and pseudo-second-order equations were used. In the
model of pseudo-first-order, the rate of the reaction is directly proportional to the difference in the equilibrium concentration of the sorbate in the solid phase of sorbent and
to the instantaneous concentration of the solid phase [48].
This model is illustrated by the following equation:

where qt - the amount of sorbed ions after time, based
on the unit of the sorbent weight under non-equilibrium
conditions [mg/g], qe - the amount of ions sorbed in equilibrium, k1 - Lagergren constant, also called the rate constant of pseudo-first-order sorption [1/min].
For the presentation of experimental data, the Lagergren linear equation was used:

Pseudo-second-order kinetics model assumes that the
rate of the process is proportional to the square of the
difference of the equilibrium concentration of the sorbate
in the solid phase and the instantaneous concentration in
the solid phase of sorbent [49]:
!
where: k2 – the rate constant of pseudo-second-order
sorption.
The linearized form used to determine the model parameters of pseudo-second-order may be presented with
the use of several equations, one of which the most commonly used is:

Taking into consideration the criteria given below,
the separation factor KR indicates the isotherm shape and
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These relations allow for the estimation of the model
sorbate concentration on the surface of solid sorbent and
fixed rates of sorbent saturation capacity (k1 and k2). If the
curves are arranged in a straight line then the appropriate
process of saturation of the deposit (first or second) is
determined and confirmed. Linear regression for both
models allows for the determination of both the model of
concentration of metal ions on the sorbent surface and the
values of the fixed rates of the process (k1, k2).
3. RESULTS AND DISCUSSION
3.1 Characterization of glauconite

Glauconite is a clay mineral that is common in tertiary sediments of the Lublin Region. The characteristics
of X-ray diffraction of glauconite revealed that it represents well-ordered structure. The type of its packets is ISII.
Moreover, they have high potassium content and swelling
packages in the range of 5-15%, which place the tested
glauconite to the polytype 1M [50].
According to sieve analysis, the grain size fractions
63-125 µm, 125-250 µm and 250-500 µm constituted 22%,
23% and 36%, respectively of the total weighted mass of
the sample. Slightly smaller amount was constituted for
size fraction 500-800 µm that was 18%, while fraction 8001000 µm constituted 3% of the total weighted mass of the
sample. Uniformity coefficient was smaller than 5 (Cu=
3.70), which means that glauconite is a mineral that has
equal size of grains. Glauconite grains with a diameter of
125-500 µm mm were selected to the research because they
constituted about 60% of the total mass of glauconite. The
resulting filtration coefficient corresponds to the approximate values for medium-grained sands. The bulk density of
the mineral equals 1.39 g/cm3, whereas specific density is
2.75 g/cm3. Glauconite physical parameters are shown in
Table 1.
TABLE 1 - Physical parameters of glauconite
Physical properties
Filtration coefficient
Bulk density
Specific density
Ion-exchange capacity

On the basis of the quantitative analysis of chemical
composition of microsite, it was stated that the percentage
content of oxides is the following:
SiO2–57.42%, Fe2O3–23.3%, K2O–7.80%, Al2O3–
6.9%, MgO–4.17%, CaO–0.5%.
!
3.2 Effect of initial metal concentration

The effect of initial concentration on the sorption of
Pb(II), Cu(II), Zn(II), and Cd(II) ions was carried out with
the concentrations of 5, 10, 20, 50, 100 and 220 mg/L.
Results for the sorption of heavy metals on glauconite,
that is the percentage ratio of the amount sorbed to the
initial concentration of metal in the solution, are presented
in Figure 4. Metal removal efficiency decreased with the
increase of initial metal concentration.!
The highest lead sorption efficiency at a level of 100%
was observed at the concentration of the initial solution
equaled 5, 10 and 20 mg/L. A further increase in the initial
concentration of the lead solution led to a decrease in the

FIGURE 1 - Morphological changes of glauconite aggregates, SEM,
500X magnification

Glauconite
[cm/s]
[g/cm3]
[g/cm3]
[mval/g]

2.6⋅10-3!
1.39
2.75
0.17

Glauconite ion-exchange capacity determined with
the use of barium chloride method was 0.17 mval/g of
the mineral.
It represents spherical morphological changes of
grains with the size of about 180 µm (Figure 1). The vast
majority of glauconite grains have smooth, often cracked
surfaces. A detailed analysis of the morphology of glauconite grains performed with the use of scanning electron
microscopy revealed its fine-crystalline nature (Figure 2).
With 15000X magnification, in cracked grains irregularly
arranged frame aggregates of glauconite can be observed
(Figure 3), sometimes turning into enamels.

!
FIGURE 2 - Glauconite aggregate of round shape, SEM, 200X
magnification
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!

!

FIGURE 3 - Scaled grains of glauconite (SEM, 15000X magnification) and its spectrum of the chemical composition in microsite (SEM-EDS)!

FIGURE 4 - Effect of initial metal concentration on percent removal of heavy metals by glauconite

sorption efficiency to 42%. At a concentration of the copper solution of 5 mg/L the sorption capacity was also 100%.
Slightly lower sorption efficiency was observed during the
removal of cadmium ions, where with the initial concentration of 5 mg/L the sorption efficiency was 96%, while in
case of zinc ions removal was 95%. A further increase in
concentrations to a value of 50 mg/L caused a decrease in
the sorption capacity and at a concentration of 220 mg/L
it was 13% for Cu(II), 14%-Zn(II), and 15% for Cd(II). Removal efficiency of heavy metals by glauconite decreased
with the increase of their solution concentration. It was
explained by the limited number of active places on the surface of the sorbent.

The glauconite examined by scientists from Devon in
the United Kingdom was more effective in terms of the
removal of heavy metals from aqueous solutions. In neutral solution, and the initial metals concentration of about
50 mg/L, there was about 99% of Cu(II) ions and 90% of
Zn(II) and Cd(II) removed from aqueous solutions [22, 27].
In the Lublin Region, in the same conditions, there were
44% of Cu(II), 39% Zn(II), 51% of Cd(II) removed with
the use of glauconite.
The results indicated that the initial concentrations in
the range from 5 to 20 mg/L metal selectivity is the following: Pb(II)>Cu(II)>Cd(II)>Zn(II). The percentage
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removal of heavy metal ions seemed to be inversely proportional to the hydrated ionic radii of them: Pb(II)-4.01 Å>
Cu(II)-4.19 Å>Cd(II)-4.26 Å>Zn(II)-4,30 Å [51, 52]. At
the higher concentrations (50-220 mg/L) metal selectivity
has changed. Copper ions were sorbed in the smallest
amounts, and cadmium and zinc ions in bigger amounts.
Sorption was directly proportional to the molecular weight
and ionic radii of metals: Pb(II)-1.19 Å>Cd(II)-0.95 Å>
Zn(II)-0.74 Å>Cu(II)-0.71 Å [52-54].
In the case of equal par ions, hydrodynamic radius is
the most important aspect. With the increase of atomic mass
of heavy metal ions, their hydrodynamic radius decreased. It
means that their interchangeable energy increases the energy input to glauconite. Lead ions have the highest molecular weight, and therefore have a particular connection to
the structure of glauconite.
Glauconite from tertiary sediments of the Lublin Region, similarly to glauconite from Cretaceous age in Jonava
[21] and glauconite from Annie Arundel County, Maryland, USA [20], removed lead in the most effective way. In
quoted works, cadmium and zinc also showed variable
positions in the sequence of selectivity.
The sorption isotherms, including the Langmuir and
Freundlich isotherms, were applied to the equilibrium data
to describe the main interactive mechanisms involved in the
removal process. The values of constant equations of the
Langmuir and Freundlich isotherms were adjusted to the
experimental data. Linearization of the Langmuir and
Freundlich equations allowed to determine the sorption
parameters and the correlation coefficients, shown in
Table 2. On the basis of Figure 5, the relation between the
experimental data and isotherms was designated theoretically with the use of linear regression. On the basis of the
correlation coefficients R2, it was assumed that the experimental data were well adjusted to both isotherms. However, undoubtedly better match of the results of heavy metals
sorption were found for adsorption isotherms according to
the Langmuir equation on the basis of the correlation
coefficient R2 (R2~1).
The isotherm constants showed the calculated Freundlich parameters KF and n, which indicated favorable sorption. The values of Langmuir constant KL for sorption of
heavy metals by glauconite increased from 0.117 to 0.309,
confirming favorable sorption under the experimental
conditions of the study (Table 2).
The maximum sorption capacities qm (mg/g) calculated from Langmuir were in most cases comparable with

experimental values. Glauconite manifests the highest
sorption capacity for lead ions-9.12 mg/g, lower for
Cd(II)-3.44 mg/g and the lowest for Zn(II)-3.07 mg/g and
Cu(II)-2.96 mg/g.
Comparison of the sorption capacity of glauconite
and other sorbents for the heavy metals, such as Pb(II),
Cd(II), Zn(II), Cu(II) is presented in Table 3.
The literature data [21, 47, 55-64] show that in the
similar conditions of sorption process of heavy metals, the
sorption capacity of glauconite is comparable to some of
clay minerals, and sometimes it may be even higher.
3.3 Desorption study

The desorption process was performed to determine
the stability of the relation between heavy metals and clay
mineral. Ion exchange processes have a relatively weak
influence on relation of heavy metals with a mineral surface. They have also an effect on easy recovery and further application of the material. The presented research
indicated that regardless of the initial concentration of
heavy metals in solutions, total desorption was not possible. Therefore, heavy metals are adsorbed from solutions
in an exchangeable and a nonremovable form in the entire
concentration range.
The dependence of desorption value (1 cycle) on the
initial concentration of heavy metals solutions are presented in Figure 6.
On the basis of the research, it was found that at the
lowest concentrations of heavy metals sorbed on glauconite have an easily removable form (Figure 6). After sorption of heavy metals from solutions with the initial concentration of 5 mg/L the most easily desorbed was Cu(II)80%, followed by Zn(II)-79%, Cd(II)-75% and Pb(II)74%. With the increase of stock solution concentration, the
percentage level of metals removal gradually decreased. In
the case of Pb(II) desorption decreased to 48%, of Cu(II)56% and of Zn(II) to 61%. Cd(II) ion desorption reached
74% almost in the whole range of initial concentrations,
and with the concentration of 220 mg/L decreased to 70%.
In the whole range of initial concentrations, lead was the
most strongly bound to the surface of the mineral. When it
comes to cadmium ions, they are desorbed in the greatest
amounts, which lead to a larger share of ion-exchange
processes. The research revealed that the desorption was
between 56-80% in the whole range of initial concentrations.

TABLE 2 - The values of parameters for Langmuir and Freundlich isotherms used in this study

Element
Cd(II)
Cu(II)
Zn(II)
Pb(II)

qm
(mg/g)
3.44
2.96
3.07
9.12

Langmuir
KL
(L/mg)
0.207
0.213
0.117
0.309

2

KR

R

0.022
0.021
0.039
0.015

0.999
0.995
0.989
0.986

830

1/n
0.292
0.172
0.278
0.242

Freundlich
KF
(L/g)
0.870
1.231
0.758
3.103

R2
0.973
0.996
0.989
0.963
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FIGURE 5 - Adsorption isotherms and Langmuir and Freundlich fitting for a) Cd(II), b) Cu(II), c) Zn(II), d) Pb(II) sorption on glauconite

TABLE 3 - Comparison of the sorption capacity of glauconite with other sorbents
Sorbent

Pb(II)

Cd(II)

Zn(II)

Cu(II)

Reference

Glauconite

9.12

3.44

3.07

2.96

This study

Kaolinite

2.35

0.88

-

1.22

[55]

Kaolinite

-

3.04

-

4.47

[56]

Kaolinite

-

3.7

-

1.9

[57]

Kaolinite

-

0.75

1.8

0.76

[47]

Kaolinite

11.5

6.8

-

-

[58]

Turkish siderite

10.32

-

-

-

[59]

Low rank Turkish coals

-

-

1.2

1.62

[60]

Montmorillonite

-

-

-

7.16

[61]

Natural zeolite

-

-

5.38

3.37

[62]

Clinoptilolite

1.6

2.4

0.5

1.64

[63]

Clinoptilolite

6.00

3.7

2.7

3.8

[64]

Glauconite

10.5

4.1

1.37

-

[21]
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FIGURE 6 - Desorption of heavy metals ions by glauconite in accordance with their initial concentration (1 cycle)

TABLE 4 - Sorption-desorption cycles for heavy metal ions
Element
Des. %
Pb(II)
Cu(II)
Zn(II)
Cd(II)

67
69
70
72

I cycle
Ads. (mg/g)
3.27
1.58
1.39
1.89

Des. %
65.70
67.50
68.30
70.50

II cycle
Ads. (mg/g)
3.18
1.52
1.33
1.81

Des. %
61.82
65.54
66.81
67.90

III cycle
Ads. (mg/g)
3.02
1.45
1.29
1.72

Des. %
59.4
63.6
63.9
65.2

IV cycle
Ads. (mg/g)
2.83
1.38
1.22
1.63

FIGURE 7 - Effect of contact time for the sorption of heavy metals by glauconite

The ability to reuse the regenerated glauconite in order to remove heavy metals from aqueous solutions (C0=
50 mg/L) was very effective (Table 4). After the first

desorption cycle of Pb(II), Cu(II), Zn(II) and Cd(II) ions;
which were 67, 69, 70 and 72%, respectively; the subsequent sorption of heavy metals was lower. The value of
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the sorption capacity was reduced to 3.27 mg/g for Pb(II),
1.58 mg/g for Cu(II) 1.39 mg/g-Zn(II) and 1.89 mg/g for
Cd(II).
Desorption of heavy metals in subsequent cycles was
reduced by 2-3%. Thus, the sorption capacity of mineral
was being slightly reduced.

The rate constant k2, determined on the basis of pseudosecond-order model, had the highest value for the sorption
of Cu(II) ions and the lowest for the sorption of Pb(II)
ions.
The data clearly showed that the most appropriate kinetic model describing sorption process for heavy metals
on glauconite was pseudo-second-order model.

3.4 Effect of contact time

Contact time is an important parameter because this
factor determines the sorption kinetics of a sorbate at its
given initial concentration. These results indicated that
with the increase of time the removal of heavy metal ions
increased to a certain point of equilibrium (Figure 7).
At the initial stage the process goes fast because the
change includes those ions in the crystal lattice, which are
at interchangeable positions and are readily accessible for
heavy metal ions. Taking the process of metals immobilization into consideration; Pb(II), followed by Cd(II),
Cu(II), Zn(II) are metals that are the most effectively sorbed
on glauconite. During the first five minutes of the reaction, 41% of the total amount of Pb(II) was immobilized,
28%-Cd(II), 27%-Cu(II), and 23%-Zn(II). The state of ion
equilibrium in the glauconite structure is reached after
180 minutes. At that time, 80% of Pb(II), 50% of Cd(II),
45% of Cu(II) and 39% of Zn(II) were removed by glauconite. Therefore, the analysis of kinetic curves for each
of the metals could arrange them in series, due to the
increasing ion exchange rate of which corresponded to the
increasing atomic mass: zinc, copper, cadmium and lead.
It indicated that glauconite showed stronger preference
for Pb(II) than for Zn(II).
The kinetic parameters of sorption were determined
with the use of models of pseudo-first and pseudosecond-order. Their comparison is presented in Table 5.
On the basis of these relations, it was found that the
equation of pseudo-first-order was not applicable for the
description of the kinetics of the presented sorption process due to the poor quality of adjustments to the experimental data. Therefore, there were large derogations from
the linearity, especially near to the equilibrium. As for the
equation of the pseudo-second-order, it adjusted very well
the experimental data, as it could be noted by the high
correlation coefficients close to 1, and close values of sorption capacity calculated on the basis of the equation of
pseudo-second-order to the values obtained experimentally.

3.5 Effect of ionic strength

The dependence of the sorption of heavy metals by
glauconite with a variable NaClO4 electrolyte concentration
(0.00 M, 0.001 M, 0.01 M, 0.05 M) is presented in Figure 8.
In all experiments of the sorption of heavy metals by
glauconite, the pH of stock solutions was approximately
2, 4 and 6.
In all the systems analyzed, the increase of the amount
of sorbed metals with the increase in pH and a decrease in
the sorption of metals with the increase of concentration of
NaClO4 electrolyte solution were quite common. Significant differences in the amount of adsorbed metals were
generally noticeable during the increase in the concentration to 0.05 M NaClO4, regardless of pH.
At pH 2.0, the change of the amount of adsorbed ions
Cu(II), with increasing electrolyte concentration to 0.05 M,
did not exceed 4%. At pH 4, there was a decrease in sorption
from 32% to 27% observed, together with an increase in
the electrolyte concentration to 0.01 M.
When it comes to the concentration of 0.05 M, there
was a clear decrease in the copper sorption from 31%
(0.00 M) and 22% (0.05 M) observed. A similar relation
appeared at pH=6. With an increase in the electrolyte
concentration from 0.00 M to 0.01 M, a decrease in the
size of the sorption of 3% from the value of 47% to 44%
was observed. What is more, the increase in the ion concentration of 0.05 M NaClO4 was accompanied by a decrease in sorption to 38%.
In the case of cadmium ions removal, proportional
decrease in the sorption volume with the increase in the
electrolyte concentration from 0.00 M to 0.01 M NaClO4
in the entire pH range was noted. Moreover, a significant
decrease in sorption was observed at an ionic strength of
0.05 M NaClO4. At pH=2 the increase in ionic electrolyte
(0.05 M) caused a decrease in the amount of adsorbed
cadmium from 13% to 7%. At pH=4 the increase in the
electrolyte concentration up to 0.01 M caused a decrease

TABLE 5 - Kinetic parameters of the sorption of Zn(II), Cd(II), Cu(II), Pb(II) on natural glauconite with the use of models of pseudo-first
and pseudo-second-order
Measured
Element

qe exp (mg/g)

Pseudo-First-Order Model
qe calculated

k1

Pseudo-Second-Order Model
R

2

qe calculated

R2

k2

Zn(II)
Cd(II)

2,04
2.62

0.37
0.36

0,004
0.003

0,753
0.619

2,03
2.63

0,100
0.061

1,000
1.000

Cu(II)

2.30

0.71

0.012

0.985

2.25

2.251

0.999

Pb(II)

3.92

0.62

0.003

0.626

3.92

0.035

1.000
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FIGURE 8 - Role of ionic strength on a) Cd(II), b) Cu(II), c) Zn(II), d) Pb(II) sorption on glauconite as a function of pH

in the amount of adsorbed ions Cd(II) of 4%, in the range
of 32% to 28%; and at a concentration of 0.05 M the size
of the sorption was 20%. A similar drop in adsorption size
was observed at pH=6 and the electrolyte concentration
was from 0.00 M to 0.01 M. There was a slight decrease
in the electrolyte sorption of 3%, from the 51% to 48%.
The clear decrease in sorption was noted at the electrolyte
concentration of 0.05 M, where the amount of adsorbed
ions Cd(II) was 37%.
Among all the elements analyzed, ionic adsorption
had the greatest influence on the size of the sorption in
case of Zn(II) ions. The influence increased with decreasing pH. At pH=2 there was a decrease by 7% of the
amount of metal adsorbed, 11% of the value in the absence of electrolyte NaClO4 and to 4% at the concentration of 0.05 M. When it comes to pH=4, the situation is
similar as in other cases, there was a decrease in absorbed
amount of ions Zn(II) (30 of the value of to 21%) with
increasing electrolyte concentration up to 0.01 M and a
marked decrease in sorption (to 15%) at a concentration
of 0.05 M. When pH was 6, there was an almost linear

decrease in zinc sorption together with the increase in ion
concentration. In the absence of electrolyte, there was up
to 44% adsorbed of the initial concentration of Zn(II) on
glauconite, and at a concentration of 0.05 M-30%.
The influence of the ionic concentration on the size of
ion sorption of Pb(II) was especially noticeable at pH=2
and pH=4. The amount of adsorbed metal changed only at
a concentration of 0.05 M. At pH=2 the increase in the
concentration of NaClO4 was accompanied by a decrease
in the adsorbed amount of lead by 14% from 22%, in the
absence of electrolyte up to 8% with its concentration of
0.05 M. At pH=4, the growth of the electrolyte concentration
to 0.01 M was accompanied by a decrease in sorption in the
value of 51% to 45%, respectively. At pH=6 no significant
changes in the size of the ion sorption of Pb(II) in a concentration range of 0.00-0.05 M, which was at a level of 90%,
were observed. At electrolyte concentration of 0.05 M there
was 88% of the initial amount of lead adsorbed.
These results showed that exist a competition between
cations of the salt and metal ions for the active adsorption
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sites of glauconite. The electrostatic interactions between
metal ions and surface functional groups of mineral were
impeded in the presence of ionic strength.
The active sorption sites of the glauconite may be
blocked in the presence of electrolyte so metal ions were
hindered to bind the surface of the sorbent [55].

>XOH + Me = XOMe + H
In case of outer-sphere complexes, metal-ligand complexes of the type MeOH+ were adsorbed. Their presence
in the solution was controlled by pH. This mechanism can
be illustrated in the following way:

3.7 Effect of pH

In such case, the interactions between sorbent and
sorbate were weaker than in case of inner-sphere complexes.
The symbol, >X represents the surface oxide base element, in this case, typically Si, Fe, Al and Mg.
The effect of pH can be explained in terms of pHpzc.
The value of pHpzc of studied glauconite was 6.48. Below
pHpzc, glauconite surface is positively charged and above
pHpzc is negatively charged. The origin of the positive
charge is associated with the presence of basic functional
groups and excessive protonation of surface below pHpzc. A
barrier, that was formed, consisting of the positive charge,
hindered the access of the cations of heavy metals to the
surface of glauconite. It resulted in a less efficient sorption
at pH<pHpzc. At higher pH values, the sorbent surface had
a negative charge due to ionization of the acid groups.
This leads to electrostatic attraction between the metal
ions and places with negative charge on the surface of the
mineral, which increased sorption. What is more, with the
increase of pH, the number of hydrogen ions in solution
decreased. Furthermore, the competition for heavy metal
ions decreased too and the sorption was more efficient.
The gradual increase in pH leads to the formation of
complex ions and precipitation of metal ions in the form of
hydroxides. The loss of heavy metal ions in equilibrium
solution was caused by the sorption process of cations to the
surface of glauconite, the formation of complexes MeOH+

The pH of the aqueous solution is an important variable in the sorption process [65, 66]. Thus, to understand
the effect of pH on sorption of heavy metal ions on glauconite, pH range of 2-12 were investigated in the study.
Figure 9 shows the effect of pH on sorption of Zn(II),
Cd(II), Cu(II) and Pb(II) ions onto glauconite. It can be
observed that the sorption percentage of heavy metals
increases with an increase in pH. pH of heavy metals
solutions ranging from 6 to 9 turned out to have the highest removal effectiveness.
Sorption of heavy metals on clay minerals happened
due to the ion exchange and surface complexation, with the
contribution of ion exchange most pronounced at lower pH
values [67, 68]. Furthermore, with increasing pH of a solution, resulting in the hydrolysis reaction, the precipitation
of metal hydroxides takes place [21].
The participation of the above mentioned mechanisms
that happen in the process of immobilization of heavy
metals by glauconite depended on the pH of the solution.
Surface complex modeling is the formation of outersphere and inner-sphere complexes. When it comes to the
inner-sphere complexes, sorbed metal ions are chemically
bonded to the surface of the sorbent. Therefore, this process is also known as chemisorption or specific sorption.
The mechanism of surface complexation of divalent metal
cations can be presented in the following form:

>XOH + Me

2+

FIGURE 9 - Effect of pH on the sorption of heavy metals by glauconite
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and the precipitation of hydroxides Me(OH)2 at higher pH
values [21]:
Me2+ + H2O = MeOH+ + H+
Me2+ + 2H2O = Me(OH)2 + 2H+
Me2+ + 3H2O = Me(OH)3- + 3H+
Theoretical hydroxide precipitation pH from the values of the solubility product Ksp was estimated for each
metal [70].
In the pH range of 2.1 to 6.9, glauconite removed
from 12 to 50% of the initial amount of cadmium from
the aqueous solution. The increase in pH to 7.2 resulted in
a rapid loss of Cd(II) ions from an equilibrium solution
(82% adsorption). It was because of pH>pHpzc and a negatively charged surface of glauconite. The increase in pH to
9.0 resulted in a complete immobilization of cadmium ions
(sorption 100%). At high pH, there might be a hydrolysis
reaction of cadmium ions and then their precipitation in the
form of hydroxides. The theoretical value of the pH precipitation of cadmium hydroxide (pH above 8) may be calculated on the basis of the solubility product Ksp = 7.2 x 10-15.
In the pH range of 2 to 6.8, zinc ions were removed
from the aqueous solution in an amount of 12 up to 53%
of the initial amount in the solution. The increase in pH to
a value of 7.65 resulted in a rapid loss of Zn(II) from the
equilibrium solution (96.5% adsorption). With further increase of pH up to 8.0, zinc sorption increased up to 98.8%,
and with pH above 8.0 to almost 100%. Probably a significant amount of zinc hydroxide precipitated at pH=7.1,
which meant that the zinc ions were removed from the
solution by hydrolysis (Ksp=1.2 x 10-17).
The lead sorption process was significant at pH 2.05.5. In such a scope, the sorption of lead increased from
17.5 to 77.5%, respectively. At pH amounted to 6.28
immobilization of lead ions was 98 % and above pH=6.9
it exceeded 99%. It was connected with the negatively
charged surface of glauconite when pH of the equilibrium
solution was higher than pHpzc. In higher pH a significant
amount of lead hydroxide may begin to precipitate. The
pH of precipitation was also theoretically calculated
(around 6) in accordance with the maximum concentration of lead and the constant solubility product (Ksp=1.43
x 10-20). Further increase in pH did not cause any change
in the concentration of lead in equilibrium solution.
In the case of removing copper ions from solutions
with a pH of 2.0 to 6.3, from 13 to 62 % of the initial ions
was removed. The increase in pH to 7 led to the immobilization of 97% of the copper ions. Probably a significant
amount of copper hydroxide Cu(OH)2 precipitated in pH
about 5.7 which was determined on the basis of the constant solubility product (Ksp=2.2 x 10-20).
4. CONCLUSIONS
The results indicate that glauconite from tertiary sediments in the Lublin Region effectively removes heavy

metal ions such as Pb(II), Zn(II), Cu(II) and Cd(II) from
aqueous solutions. The effectiveness of sorption is influenced by the initial concentration of heavy metals, the contact time, the pH of aqueous solutions and ionic strength.
Within the concentrations (50-220 mg/L) the range of
heavy metal selectivity is the following Pb(II)-1.19 Å>
Cd(II)-0.95 Å> Zn(II)-0.74 Å>Cu(II)-0.71 Å. Sorption is
directly proportional to the molar mass and metal ionic
radii. Sorption isotherms were found to be well correlated
by both the Langmuir and Freundlich model. However,
better data were obtained from the Langmuir model on
the basis of the correlation coefficient R2 (R2 ~1).
The maximum sorption capacities qm (mg/g) calculated from Langmuir were in most cases comparable with
experimental values. Glauconite manifested the highest
sorption capacity for lead ions-9.12 mg/g, lower for
Cd(II)-3.44 mg/g and the lowest for Zn(II)-3.07 mg/g
and Cu(II)–2.96 mg/g.
Sorption equilibrium state was reached after 180
minutes. At this time, glauconite removed 80% of Pb(II),
50% of the Cd(II), 45% of Cu(II) and 39% Zn(II). Due to the
appropriate adjustment of the experimental data, the kinetic of sorption is described by the pseudo-second-order
model.
A significant influence of ionic strength and pH on
the efficiency of sorption was observed in the study. The
sorption percentage of Zn(II), Cd(II), Cu(II) and Pb(II) ions
increased with the increase in pH. At pH>pHpzc sorption
of metal cations was the most efficient in negatively charged
surface of the mineral.
During the interaction between heavy metal ions and
glauconite, inner layer complexes and outer layer complexes as well as ion exchange coexisted with the precipitation of the hydroxides of heavy metals. The contribution
of these processes was dependent on pH of the solution.
The highest sorption of Pb(II) from aqueous solutions was
achieved at pH=6.4, Cu(II) ions at pH=7.2, Zn(II) ions at
pH 8, while Cd(II) ions at pH=9.
The results of the experiment on the impact of ionic
strength on the sorption of heavy metals show that with
an increased concentration of electrolyte solution NaClO4
(0.0-0.5 M), the sorption of heavy metals decreases. Furthermore, it increases when the pH of the solutions is
higher. The active sorption sites of the glauconite may be
blocked in the presence of electrolytes, when its concentrations are higher, as a result metal ions were unable to
bind to the surface of the adsorbent.
The study on desorption indicates that it is possible to
regenerate and reuse minerals for the sorption of heavy metals. Desorption of heavy metals in the spectrum of initial
concentrations ranged from 56 to 80%. Attempts to use the
mineral after regeneration for another sorption of heavy
metals were positive. Subsequent cycles of adsorption and
desorption showed a similar desorption decrease by 2-3%
after each cycle and a proportional decrease in sorption
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capacity. It allows for multiple use of glauconite in the
removal of heavy metals from aqueous solutions.
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ABSTRACT

1. INTRODUCTION

Water is one of the limiting factors that impact the
agricultural production in the black soil region in Northeast China. The seasonal drought caused by the uneven
distribution of precipitation threatens crop yield in this
region. The objective of this study was to examine if different fertilization treatments would affect soil water supply,
then mitigate the impact of seasonal drought on crop yield.
A long-term experiment was conducted at the National
Field Research Station of Agro-ecosystem in the Chinese
Academy of Science in Hailun County in Heilongjiang
province in Northeast China from 2005 to 2008. Three
fertilizer treatments including no fertilizer (CK), chemical
fertilizer (NP) and chemical fertilizer plus pig manure
(NPM) were tested. The results showed that crop received
chemical fertilizer plus pig manure had the largest evapotranspiration (ET) in observed four-years followed by NP
and CK, which resulted in soil water storage (0-170 cm)
showed a decreasing trend of CK > NP > NPM during the
growing seasons. Water stored in the soil profile was one
of the most important sources for crop water consumption. Crops in NPM and NP treatments could utilize more
water stored in soil profile, by 41.52% and 24.94%, respectively, compared with CK. The yield and water use
efficiency of maize and soybean in NPM were higher than
that in NP and CK, suggesting that utilized soil water could
mitigate the effect of seasonal drought on crop yield.
Therefore, NPM was a viable management practice in the
black soil zone in Northeast China for improving soil
water supply and crop yields.

KEYWORDS: Black soil, Soil water storage, Soil water supply,
Seasonal drought, Northeast China

* Corresponding author

Northeast China is a vast, semi-arid and semi-humid
region with an average annual precipitation ranging from
300 to 865 mm and more than 80% of the arable land in
this region is rain-fed agriculture [1]. The region of black
soils in Northeast China with the arable land of 22.04 million ha is the second largest granary of China, it is characterized by broad, flat landscape and fertile soils. The main
crops are soybean (Glycine max (L.) Merril) and maize
(Zea mays L.) [2,3] in this region. Water is one of limiting
factors that impact agricultural production [4, 5]. Precipitation is one main source for soil water, but precipitation
was described as highly seasonal with annual variation,
which resulted in the occurrence of a seasonal soil water
deficit. Zou et al. [6] have documented that the period of
soil water deficit occurred in May and early June, which
limited the agricultural production in black soil region in
Northeast China.
Fertilization and soil water are related because increased fertilizer could stimulate deeper rooting of crop,
increasing the quantity of stored soil water available to the
crop, thereby reducing potential water stress [7, 8], then
increasing crop yield [9, 6]. However, the greater transpiration demands and water loss from the crop canopy happened when increased fertilizer stimulated larger above
ground biomass and transpiration [10]. Therefore, if water
stored in soil profile was not sufficient for crop demand, the
soil water supply could not meet the demand of the crop,
greater water stress may happen for crops that receives
higher fertilizer. This will result in a reduction in yield and
water use efficiency [11, 12]. The work conducted in the
loess Plateau dryland region of China showed that the use
of high fertilization rates has increased soil-water depletion and reduced available soil-water in the soil profile at
planting time [9]. The similar result also was found in the
semiarid regions of the Center Great Plains in the US [13].
Zou et al. [14] have documented that the application of
organic manure plus chemical fertilizer could increase
maize yield and water use efficiency in a given drought
year in Black soil region in Northeast China. However,
this result was based on the observation data from a one
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year field experiment, and only the effect of fertilization
on soil water and maize yield was considered. The information was limited about the effect of fertilization on soil
water supply.
Soil water content spaces can hold and transport water inside them. This capacity can be defined by the sum
of pore space throughout the entire soil profile or storage
capacity of a soil profile which is defined as the depth of
water required to raise a shallow water table to the land
surface [15]. Therefore, one of the most important functions of soil is to regulate rainwater and mitigate flooding/
drought [16]. Soil water capacity could be impacted by
land management [17], tillage practices [18, 19]. However, limited information was documented about the effect
of fertilization on soil water capacity. It has been well
known that black soil has a large capacity for water retention [20], which is very important for crop grown in Northeast China. Therefore, it is very important to better manage
the soil water capacity of the black soil.
The primary objective of this study was to examine
soil water storage and soil water supply for crops in black
soil region in Northeastern China under three fertilizer
treatments including: no fertilizer (CK), chemical fertilizer (NP) and chemical fertilizer plus pig manure (NPM).
2. MATERIALS AND METHODS
2.1 Study site description

This study was conducted at the National Field Research Station of Agro-ecosystems (126°38′W, 47°26′N;
240 m above sea level) at Hailun County, Heilongjiang
province in Northeastern China (Fig.1) from 2005 to 2008.
The climate in Hailun County is described as a temperate
continental monsoon type with an average annual precipi-

tation from 1953 to 2008 of 540 mm; approximately 60%
of rainfall occurs between July and September. The annual mean air temperature is 1.5°C with an annual frost-free
period of about 120 days. The soil is described as
Phaeozems in USDA system at the level of great group,
derived from loam loess, with approximately 40% clay
content [21]. The experimental site selected in this study
was established in 1999.
2.2 Experimental layout

The study site was approximately 24 ha in size. The
main cropping system in the study site was maize (Zea
mays L. cv. Haiyu 6) with planting density of 47600 per
hectare and soybean (Glycine max (Merrill) L. cv. Heinong35) with panting density of 282000 per hectare in
rotation. In the experimental 4 years, one crop was grown
per year, maize was sown in 2005 and 2007, and soybean
was sown in 2006 and 2008.
The experiment included three fertilizer treatments,
each replicated four times with a randomized block design. Each plot had an area of 50.4 m2, and was separated
by water-proof material and steel reinforced cement.
The treatments were: no fertilizer (CK), inorganic nitrogen and phosphorous (NP); and inorganic nitrogen and
phosphorous with pig manure (NPM). For NP, 150 kg ha-1
N, 75 kg ha-1 P2O5 as urea and (NH4)2HPO4 were applied
for maize and 45 kg ha-1 P2O5 were applied for soybean.
For NPM, the same inorganic fertilizers were applied as
NP, but in addition, pig manure at 30,000 kg dry matter ha-1
for maize, and 15,000 kg ha-1 for soybean was applied. The
pig manure contained an average total N, P and K concentration of 22.1, 2.6 and 2.4 g kg-1, respectively, and the
water content was 0.71 kg kg-1 based on dry mass. The pig
manure was added on the soil surface after crops were
harvested in the fall, and was incorporated into soil to the

FIGURE 1 - Location of the study site (Hailun)
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TABLE 1 - The chemical and physical properties in study site in 0-20 cm soil layer

Items
Bulk density (g/cm3)
Total organic carbon (g/kg)
Total porosity (%)
Water holding capacity (%)
Total N (g/kg)
Total P (g/kg)
Total K (g/kg)
Available N (mg/kg)
Organic N (g/kg)
Available P (mg/kg)
Available K (mg/kg)
pH

CK
1.03 a
25.6 c
60.82 b
62.87 c
2.1 bc
0.83 c
23.2 b
164.6 b
2.00 b
22.48 c
139.7 b
6.3 a

depth of 0-15 cm by ploughing. Composite soil samples
were taken from each treatment in 2005 and basic soil
physical and chemical properties are shown in Table 1.

NPM
0.92 b
32.06 a
64.73 a
68.05 a
2.82 a
1.73 a
26.0 a
193.3 a
2.74 a
128.2 a
174 a
6.1 a

Evapotranspiration (ET) for individual plots was determined for season total and between the growing stages
using the soil water balance equation as follows:

ET = P − ΔS

2.3 Soil water content measurement

At the center of each plot, aluminum access tubes
were installed and a neutron probe (CNC503DR, Nanjing,
China) and a Time Domain Reflectrometry (TDR) probe
(Trase system 6050X1, Soil Moisture System, Santa Barbara, USA) were used to measure the soil volumetric water
content during the growing season from 1999 to 2008. The
TDR probe was used to measure the soil water content at
0-10 and 10-20 cm depths. The neutron probe was used to
measure soil water content at intervals of 10 cm for the
20-50 cm layer and 20 cm for the 50-170 cm layer.
2.4 The calculation of soil water storage and potential evapotranspiration

Soil water storage (SWS; mm) was calculated using
the following equation [22]:

SWS = ∑θi Z i

soil layer i.
Potential evapotranspiration ( ET0 ; mm) was calcu-

Positive of D S represents that water was stored in
soil profile, negative of D S represents that stored water
in soil profile was consumed, that is soil water supply.
Water use efficiency (WUE; kg ha-1 mm-1) was calculated according to

WUE =

-2

-1

where Rn is the net radiation (MJ m d ); G is the
soil heat flux density (MJ m-2 d-1) and is ignored here; r is
the psychrometric constant (kPa -1); T and u2 are the
-1

mean daily temperature ( ) and wind speed (m s ) at a 2 m
height; es is saturated vapor pressure (kPa), ea is actual
vapor pressure (kPa), D is the saturated vapor pressure as
a function of temperature curve (k Pa -1). All required
weather data for calculating ET0 were obtained from a
weather station that is 4 km away from the research site.

Y
ET

(4)

where WUE was the water use efficiency for grain
yields, Y (kg ha-1) was the grain yields and ET (mm) is
total evapotranspiration over the growing season.
Precipitation use efficiency (PUE; kg ha-1 mm-1) was
calculated according to

lated by the FAO56 Penman-Monteith equation [23]:
0.408D ( Rn " G ) + r (900 /(T + 273))u 2 (es " ea ) (2)
D + r (1 + 0.34u2 )

(3)

where P (mm), the precipitation that was measured
from the weather station at study site; D S (mm), the
change of soil water storage in 0-170 cm soil profile between the end and the begin of growing season; according
work from Han [5] that no drainage and irrigation occurred during the three experimental plots over observation period, and runoff can be neglected since the ground
is flat and the plots were surrounded as described above.

(1)

Where θi is the volumetric soil water content (mm3
mm-3) in the ith soil layer; and Z i is the depth (mm) of the

ET0 =

Fertilization treatments
NP
0.97 b
27.79 b
62.76 b
65.33 b
2.19 b
1.02 b
24.4 b
161.4 b
2.10 b
53.2 b
110 c
5.8 b

PUE =

Y
P

(5)

where PUE was the precipitation use efficiency for
grain yields, Y (kg ha-1) was the grain yields and P (mm)
is precipitation over the growing season.
2.5 Soybean and maize sampling and measurements

The sampled maize and soybean plants were at least
1 m away from the field edge in order to minimize edge
effects. Maize and soybean of 2 m2 in every plot was
collected to estimate yield per hectare for every treatment
with four replications. The established sampling and measurement procedures were applied in study years, as described below.
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2.6 Maize development stage evaluation

happened in 2005, 2006, 2007 and 2008, which was 7.4%,
7.4% higher and 22.3%, 1.7% lower than long-term mean,
respectively. Approximate 492 mm occurred from April to
September, which was consistent with the growing season
of crops in the study site. The monthly precipitation distribution in 2005, 2006, 2007 and 2008 was close to the
long-term period (1952-2008).

A standardized maize development stage system was
used to identify plant development stages [24], and the
date was recorded at which 50% or more of maize plants in
each plot reached the following vegetative (VS) and reproductive (RS)stages: planting time (PT), emergence stage
(VE), tasseling stage (VT), silking stage (R1) and physiological maturity stage (R6).

There was a quite large variation in terms of monthly
precipitation in the period from 1952-2008, especially in
the growing seasons from May to September (Fig.2). The
variation in precipitation was an important reason for soil
water deficit occurrence in Northeast China.

2.7 Soybean development stage evaluation

A standardized soybean development stage system was
used to indentify soybean development stages [25], and the
date was recorded at which 50% or more of soybean
plants in each plot reached the following vegetative (VS)
and reproductive (RS) stages: planting time (PT), emergency stage (VE), flowering stage (R1), seed filling stage
(R6), and physiological maturity stage (R8).

Monthly reference evapotranspiration (ET0) ranged from
84.22 mm m-1 to 178.35 mm m-1 in 2005, 98.84 mm m-1 to
166.16 mm m-1 in 2006, 81.44 mm m-1 to 178.35 mm m-1
in 2008, 77.56 mm m-1 to 131.59 mm m-1 in 2008 (Fig.3).
Seasonal variation of monthly ET0 was quite large during
the experimental years. The ET0 was generally higher earlier in the growing season (i.e., May and June) than later in
the growing season (from July to September). The little
rainfall and higher wind speeds in May and June contributed to higher ET0. The cumulative ET0 over the whole
growing seasons was 506.66 mm in 2005, 617.72 mm in
2006, 603.18 mm in 2007 and 582.46 mm in 2008. It has
long been known that climate has a major influence on
ET0, and ET0 varies as a function of cloudiness, radiation,
wind speed, temperature and humidity, and so on [23].
The estimation of the ET0 is of great importance for the
management of water resource, agriculture production forecasting, irrigation scheduling and solving problems in the
field of hydrology and meteorology [26, 27]. The ET0 over
growing season varied from 506.66 to 617.72 mm, which
was generally comparable to results from other studies
conducted in the same region. For example, the annual ET0
in Songneng plain China fluctuated from 330 mm to 860 mm
calculated from 1961 to 2003 [28].

2.8 Statistical analysis

Analysis of variance was used to determine if there
are significant difference between the CK, NP, and NPM.
Least significant difference (LSD) was used to determine
the significance among the treatment means (Gomez and
Gomez 1984 [26]). All statistical analyses were conducted
using SPSS (version 16, IBM SPSS Statistics, Somer,
NY).
3. RESULTS AND DISCUSSION
3.1 Precipitation and reference evapotranspiration (ET0) during
the experimental period

Annual precipitation was obtained from the weather station in National Observation Station of Hailun Agroecology
System in Hailun in Northeast China (Fig. 2). These data
showed that the mean annual precipitation in period 19522008 was 540 mm. A total of 580, 580, 442 and 531 mm
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FIGURE 2 - The distribution of precipitation in four experimental years under study
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mean soil water content and Cv. It is also shown in Table 1
that temporal series of soil water storage in 0-170 cm soil
depth in all treatments in 2005, 2006, 2007 and 2008 has
a normal distribution.

200
2008
2007
2006
2005

180

ET0 (mm)

160

3.2.2 Seasonal variation of soil water storage in 0-170 cm soil
depth

140
120
100
80
60
May

Jun.

Jul.

Aug.

Sept.

Months
FIGURE 3 - Monthly reference evapotranspiration (ET0) over all
growing seasons

3.2 Soil water dynamics
3.2.1 The descriptive statistics of soil water storage in 0-170 cm
soil depth

Soil water content in CK, NP and NPM was monitored
during growing seasons from 2005 to 2008 with 11 measurements for each treatment per year. A summary of descriptive statistics of soil water storage in 0-170 cm soil depth in
different treatments from 2005 to 2008 was presented in
Table 2. The average soil water storage in 0-170 cm soil
depth varied over the different treatments in 4 years, and
ranged from 537.99 (in NPM for 2008) to 594.91 mm (in
CK for 2005). Soil water storage in 0-170 cm soil depth
was higher in 2005 and 2006, and lower in 2007 and 2008,
which was related to the amount of rainfall in growing
season and the soil water content at the end of growing
season in the last year. As the mean soil water storage in
the 0-170 cm soil depth increased, there was a corresponding increase trend in standard deviation (SD) and coefficient of variation, but there was not statically significant.
A similar observation was reported by Martínez-Fernández
and Ceballos [29] who found a positive correlation between
the mean soil water and coefficient of variation (Cv). This
observation contrasts with the results reported by Tallon
and Si [30] who found a negative correlation between the

The change of soil water storage in 0-170 cm soil
depth was closely related with the rainfall distribution in
growing seasons (Fig. 4). The peak of soil water storage
in 0-170 cm soil depth was observed after occurrence of
large rainfall regardless of treatments and observed years,
which suggested the significant hysteresis effect of rainfall. The highest soil water storage in 0-170 cm soil depth
was observed in 16 June 2005, 15 August 2006, 30 May
2007 and 20 July 2008. Soil water storage at the end of
growing season was recharged in 2005, 2006 and 2008
compared with at the beginning of observation, however,
declined consistently in 2007.
Soil water storage in 0-170 cm soil depth was in an
increasing order of NPM < NP < CK in most of observation times. The large difference among CK, NP and NPM
was found in 2007 marked as droughty year and some
droughty periods in 2005, 2006 and 2008 due to that rainfall did not meet the demand of crop for water.
Even though the effect of field water management
practices on soil water storage was much less than the
variations in precipitation, small effect on soil water during the crop’s growing season could greatly affect maize
and soybean yield and soil water supply as well as water
use efficiency. Soil water storage corresponds to higher rainfall in given years with more rainfall compared with less
rainfall during growing seasons, which have been shown
in the comparison of soil water storage between 2006 and
2007. High rates of fertilization increased rooting depth [13]
and increased water available for crop use, resulting in less
soil water storage in NPM than NP and CK. it was also related to crops receiving chemical and pig manure obtained
more above ground biomass than no fertilizer application
[9, 31, 32], which resulted in more water loss through
transpiration.

TABLE 2 - The statistic description of soil water storage in 0-170 cm soil depth
Year

Treatment
Mean
Max.
Min.
SD
Cv
Skewness
Kurtosis
Distribution
CK
594.91
635.37
571.64
18.44
0.03
0.90
1.00
Normal
2005
NP
586.41
616.56
564.60
18.39
0.03
0.33
-1.35
Normal
NPM
576.11
606.19
546.46
21.05
0.04
0.15
-1.29
Normal
CK
588.61
680.23
540.85
39.22
0.07
1.26
2.10
Normal
2006
NP
584.47
673.98
535.82
37.64
0.06
1.29
2.56
Normal
NPM
582.48
693.36
517.80
47.09
0.08
1.21
2.45
Normal
CK
571.60
636.03
506.35
51.21
0.09
0.12
-1.77
Normal
2007
NP
563.44
634.97
498.89
53.53
0.10
0.24
-1.69
Normal
NPM
555.35
636.88
486.86
59.78
0.11
0.35
-1.66
Normal
CK
544.19
580.92
525.89
16.11
0.03
1.13
1.57
Normal
2008
NP
542.71
573.22
520.04
15.06
0.03
0.26
0.81
Normal
NPM
537.99
570.01
510.59
17.31
0.03
-0.08
0.35
Normal
* Max – maximum, Min – minimum, SD - standard deviation; Cv - coefficient of variance, Kolmogorov-Smirnov test was used to detect the normal
distribution of data set
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FIGURE 4 - The seasonal variation of soil water storage in 0-170 cm in 2005, 2006, 2007 and 2008

3.3 ET in maize and soybean growing seasons

The seasonal evolution of ET of maize was shown in
Table 3. The ET in the reproductive stages (VT-R6) contributed to the greatest proportion of total ET over the
whole growing seasons, accounting for 46.76%-49.31%
in 2005 and 29.12%-31.38% in 2007; the shooting stage
(VE-VS) accounted for the second highest level of ET
followed by the tasseling stage (VS-VT), and the seedling
stage (PT-VE) for the least. The largest total ET was recorded in treatments receiving chemical fertilizer and pig
manure (NPM), followed by NP and CK. ET of CK, NP
and NPM over the whole growing season was not significantly different in 2005, while significant differences
(p<0.05) among CK (477.36 mm), NP (511.93 mm) and
NPM (524.74 mm) was found in 2007, which was labeled
as drought year with 22.3% lower precipitation than the
mean from 1952 to 2008.

The seasonal evolution of ET of soybean was shown
in Table 4. The ET was largest during R1-R6 stages in
both years, followed by R6-R8 stages in 2006 and VE-R1
stages in 2008, which also contributed to the distribution
of rainfall. The least ET was recorded in PT-VE stages in
2006 and 2008. A large difference in ET was observed in
both years, ET was higher in 2006 than in 2008 (Table 3).
This was linked to the higher precipitation in 2006. Total
ET over the whole growth stages was larger in NPM than
NP and CK, but no significant differences were found
between different treatments in both years.
3.4 Soil water supply

Soil water supply (the variation of soil water storage
during the growing season) represented the integrated contribution of ET (soil water depletion) or precipitation (soil
water recharge) to soil water storage throughout period,

TABLE 3 - The distribution of the evapotranspiration (ET-mm) in maize
different growth stages under CK, NP and NPM treatments in 2005 and 2007
Year

Treatments
PT-VE
VE-VS
VS-VT
VT-R6
Whole period
CK
52.48±2.15 a
117.45±1.95 a
96.26±1.91 b
233.80±4.99 b
500.00±8.46 a
2005
NP
54.82±2.18 a
115.71±2.19 a
87.65±3.52 c
246.92±3.11 a
505.10±4.96 a
NPM
44.21±2.02 b
119.43±1.70 a
105.85±3.10 a
251.5±4.87 a
510.00±5.56 a
CK
79.21±3.70 a
135.57±4.98 b
114.82±2.55 c
147.75±3.39 b
477.36±6.36 c
2007
NP
78.84±5.63 a
146.93±3.02 a
126.06±2.79 b
160.10±3.98 a
511.93±4.94 b
NPM
76.22±5.65 a
150.62±4.29 a
133.25±3.70 a
164.65±6.86 a
524.74±5.44 a
2005
50.50 b
117.53 b
96.59 b
244.07 a
505.03 a
2007
78.09 a
144.37 b
124.71 a
157.50 b
504.67 a
Values are given as means ±standard error of means (n=4). Values followed by different letters within a column are significantly different (p< 0.05)
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TABLE 4 - The distribution of the evapotranspiration (ET-mm) in soybean
different growth stages under CK, NP and NPM treatments in 2006 and 2008
Year

Treatments
PT-VE
VE-R1
R1-R6
R6-R8
Whole period
CK
18.58±2.17 a
95.74±1.65 b
279.06±2.36 a
142.65±2.06 a
536.03±5.73 a
2006
NP
19.73±1.67 a
98.20±1.48 b
278.58±1.16 a
142.46±3.01 a
538.96±4.67 a
NPM
20.97±3.08 a
102.71±2.54 a
272.01±2.26 b
145.70±2.85 a
541.39±5.52 a
CK
35.51±1.68 a
68.27±2.14 b
258.74±2.23 a
37.30±2.47 c
399.82±2.17 a
2008
NP
40.96±1.31 a
71.33±197 ab
243.26±3.19 b
45.10±1.95 b
400.64±2.49 a
NPM
34.62±1.83 a
73.05±2.74 a
227.73±3.72 c
65.91±2.14 a
401.30±3.34 a
2006
19.76 b
73.16 a
276.55 a
143.60 a
538.79 a
2008
37.03 a
70.88 a
243.24 b
49.44 b
400.59 b
Values are given as means ±standard error of means (n=4). Values followed by different letters within a column are significantly different (p< 0.05)

TABLE 5 - Soil water supply in maize different growth stages under CK, NP and NPM treatments in 2005 and 2007
PT-VE
VE-VS
VS-VT
VT-R6
Whole period
36.90
104.70
66.00
270.40
478.00
CK
-15.57±2.92 b
-12.75±2.48 a
-30.26±2.23 a
36.6±3.79 a
-22.00±3.61 a
Soil water supply
NP
-17.92±1.39 b
-11.01±2.80 a
-21.64±7.38 a
23.48±3.40 b
-27.10±2.12 ab
NPM
-7.31±1.41 a
-14.73±2.53 a
-39.85±2.48 b
18.90±3.60 b
-32.00±3.44 b
CK
-29.69%
-10.86 %
-31.44%
-4.40%
Soil water supply/ET
NP
-32.68%
-9.51%
-24.70%
-5.37%
NPM
-16.54%
-12.34%
-37.65%
-6.27%
2007
Rainfall
80.10
75.50
104.90
118.10
378.60
CK
0.89±2.74 a
-60.07±3.25 a
-9.92±2.22 a
-29.65±3.94 a
-98.75±6.89 a
Soil water supply
NP
1.62±2.31 b
-71.43±1.96 b
-21.16±2.49 b
-42.00±4.67 b
-132.97±4.83 a
NPM
3.88±2.31 a
-75.12±1.89 b
-28.35±2.38 c
-46.55±3.97 b
-146.14±5.83 b
CK
-44.31%
-8.64%
-20.07%
-25.38%
Soil water supply/ET
NP
-48.53%
-11.89%
-23.36%
-25.99%
NPM
-49.87%
-21.28%
-28.27%
-27.85%
2005
-13.60 b
-12.83 a
-30.58 a
26.33 a
-27.03 a
Soil water supply
2007
2.13 a
-68.87 b
-19.81 a
-39.40 b
-125.95 b
Values are given as means ±standard error of means (n=4). Values followed by different letters within a column are significantly different (p< 0.05)
2005

Items
Rainfall

Treatments

which was an important indicator of sustainability of farmland water. Maize was planted in 2005 and 2007, soil water
supply of maize growing seasons was shown in Table 5.
Total soil water supply was -22.00 mm and -98.75 mm for
CK, -27.10 mm and -132.97 mm for NP, -32.00 mm and
-146.14 mm for NPM in 2005 and 2007, respectively. Soil
water supply in both years was negative value for all treatments, suggesting that rainfall could not compensate for the
maize ET demand, stored water in soil profile made up
for this deficit. The total soil water supply over the whole
growing stages was significantly larger (p<0.05) in NPM
than CK in 2005. Soil water supply of NPM was larger
than that in NP and CK in 2007, there was no significant
difference in the soil water supply between latter two treatments. There was a large difference of soil water supply between 2005 and 2007, which was related to the amount of
rainfall during the growing seasons.
Soybean was planted in 2006 and 2008, soil water
supply in soybean growing seasons was shown in Table 6.
Soil water supply was negative for CK (-17.23 mm), NP
(-20.16 mm) and NPM (-22.59 mm) in 2006, while soil
water supply was only negative for NPM (-0.45 mm) in
2008, indicating that rainfall basically met water demand of
soybean in 2008, but was not enough in 2006. The difference of soil water supply between 2006 and 2008 could
be explained by the variation in the distribution of rainfall

in both years. There was no significant difference among
the three treatments in the total soil water supply over the
whole growing stages.
The amount of soil water supply in different growth
stages depends on the rainfall occurrence. Taking the difference of soil water supply during PT-VE in 2006 and 2008
as an example, 36.9 mm rainfall could not meet the water
demand of maize, water stored in soil profile was consumed.
Contrastingly, 80.1 mm rainfall exceeded water demand of
maize, rainfall was stored in soil profile, indicating that
black soil had a very large water capacity.
P*/ET in experimental four years was shown in Fig 3.
The P*/ET was larger in 2008 and close to 1.00, indicating that ET nearly came from precipitation. However, the
lowest P*/ET was recorded in 2007, indicating that stored
water in soil profile was consumed during growing season
in order to compensate for the insufficiency in precipitation. Among different fertilization treatments, the ratios
ranked from high to low as CK > NP > NPM.
S/ET was used to evaluate the contribution of soil water
supply to ET. Low S/ET ratios were recorded for all
treatments in the experimental four years due to the study
site being located in a semi-arid and semi-humid region.
The peak value appeared in 2007 and lowest value in 2008
that was ignored in Fig. 5 due to the value was close to
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zero. For example, the S/ET ratio was 0.27 for NPM in
2007 and a sharp decrease appeared in 2008 (0). Among
all treatments, the S/ET ratios ranked from high to low:
NPM > NP > CK. This result suggests that chemical plus
pig manure application increased water stored consumption in the soil profile in order to mitigate water stress for
crop growth resulting from insufficient precipitation.
The water consumed by crops mainly came from precipitation and soil-water stored in soil profile in Northeast
China [33]. Precipitation could meet the water demand of
crops in normal years, but the soil-water stored in the soil
profile was very important when precipitation was in insufficient, and seasonal drought occurred [20]. Black soil has a
large capacity for water retention. The values of soil water
storage within the 0-100 cm depth in black soil are 575 mm
at saturation capacity, 387 mm at field capacity, and 242 mm
at available water capacity, which accounts for 108%, 73%,
and 46% of the region’s yearly precipitation, respectively
[4]. Soil bulk density decreased under NPM with increased
total porosity and water holding capacity (Table 1), Li et al.
[34] have documented that the combination application of

1.2

3.5 Crop yield, water use efficiency (WUE), precipitation use
efficiency (PUE)

Both NP and NPM treatments significantly increased
the maize yield compared to the CK treatment (P<0.05);
the enhancement was, respectively, 13.23% and 23.00%
in 2005, and 13.44% and 14.93% in 2007 (Table 7). The
increased yield in 2007 compared to 2005 can be attributed to more soil water storage at the time of sowing as a

1.2
CK
P/ET
NP
NPM

1.0

1.0

CK
S/ET
NP
NPM

0.8

S/ET

0.8

P*/ET

chemical and pig manure application increased soil organic matter content and improved soil aggregate structure
based on the same three treatments [35]. For example, the
ratio of soil water supply and ET ranged from 25.38%27.85% for the whole maize growing stage in 2007, which
was very pivotal for guarantee maize production [14]. Treatment receiving NPM supplied more soil-water stored in the
soil profile compared with NP and CK. For example, the
ratio of soil water supply and ET was as high as 48.87%54.70% at the beginning of maize development (Table 5),
which also corresponded to the higher ET0 occurrence in
May and June (Fig. 2).

0.6

0.6

0.4

0.4

0.2

0.2
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0.0
2005
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2005

Year
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Year

FIGURE 5 - P*/ET and S/ET over the all growing seasons under CK, NP and NPM in 2005, 2006, 2007 and 2008. P*indicated the precipitation
occurred in growing season in given years

TABLE 6 - Soil water supply in soybean different growth stages under CK, NP and NPM treatments in 2006 and 2008
Items
Rainfall

Treatments

PT-VE
VE-R1
R1-R6
R6-R8
Whole period
9.5
113.6
331.4
64.3
518.8
CK
-9.08±2.17 a
17.86±1.65 a
52.34±2.36 b
-78.35±2.06 a
-17.23±5.73 a
Soil water supply
NP
-10.23±1.69 a
15.40±1.48 a
52.82±1.16 b
-78.16±3.01 a
-20.16±4.67 a
2006
NPM
-11.47±3.08 a
10.89±2.54 b
59.39±2.26 a
-81.40±2.85 a
-22.59±5.52 a
CK
-48.87
-54.92%
-3.21%
Soil water supply/ET
NP
-51.84
-54.86%
-3.74%
NPM
-54.70
-55.87%
-4.17%
Rainfall
21.3
58.6
271.8
49.15
400.85
CK
-14.21±1.68 a
-9.67±2.14 a
13.06±2.23 c
11.85±2.47 a
1.03±2.16 a
Soil water supply
NP
-12.66±1.31 a
-12.73±1.97 ab
28.65±3.19 b
-3.05±1.95 b
0.21±2.49 a
2008
NPM
-13.32±1.82 a
-14.45±2.74 b
44.07±3.72 a
-16.76±2.14 c
-0.45±3.34 a
CK
-40.02%
-14.16%
Soil water supply/ET
NP
-47.99%
-17.84%
-6.76%
NPM
-38.47%
-19.78%
-25.43%
-0.11%
2006
-10.26 a
14.72 a
54.85 a
-79.30 b
-19.99 b
Soil water supply
2008
-13.39 b
-12.28 b
28.59 b
-2.65 a
0.26 a
Values are given as means ±standard error of means (n=4). Values followed by different letters within a column are significantly different (p< 0.05)
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TABLE 7 - Crop yield, water use efficiency (WUE), precipitation use efficiency (PUE) under CK, NP and NPM in 2005, 2006, 2007 and 2008
Year

Crop

2005

Maize

2006

Soybean

2007

Maize

2008

Soybean
Maize
Soybean

Treatment
CK
NP
NPM
CK
NP
NPM
CK
NP
NPM
CK
NP
NPM
2005
2007
2006
2008

Crop yield (kg ha-1)
5860±129 b
6837±238 a
7208±385 a
1026±89 c
1346±72 b
2291±122 a
6606±106 b
7378±261 a
7593±276 a
2106±68 b
2186±50 b
2413±88 a
6635 a
7192 a
1554 a
2235 a

WUE (kg ha-1 mm-1)
11.79±0.26 b
13.63±0.48 a
14.31±0.76 a
2.52±0.22 c
3.33±0.18 b
5.89±0.31 a
12.95±0.21b
14.26±0.51 b
14.44±0.52 a
3.93±0.13 b
3.86±0.16 b
4.46±0.16 a
13.24 a
13.88 a
3.91 a
4.08 a

PUE (kg ha-1 mm-1)
12.16±0.27 b
14.30±0.50 a
15.08±0.80 a
2.56±0.22 c
3.36±0.18 b
5.72±0.31 a
17.33±0.27 b
19.36±0.69 a
19.92±0.72 a
4.06±0.13 b
4.21±0.10 a
4.65±0.17 a
13.85 b
18.87 a
3.88 a
4.31 a

Values are given as means ±standard error of means (n=4). Values followed by different letters within a column are significantly different (p< 0.05)

result of pre-planting rainfall. Jalota et al. [36] have documented that soil water content at sowing and the temporal distribution of post planting rainfall were more
important than total rainfall for maize yield under rainfed
conditions. However, there was no significant difference in crop between NP and NPM. Soybean yield in
NPM was significantly higher than that in NP and CK in
2006 and 2008. There was a significant difference between CK and NP in 2006, not in 2008.
NPM significantly (p<0.05) increased the grain yield
WUE compared to the NP with an increase of 1.21%76.51%, and CK with 13.49%-133.67% in experimental
years (Table 6). Among all treatments, PUE ranked from
high to low as NPM > NP > CK in experimental years for
both crops, which indicated that NPM treatment not only
increased the grain yield, but also improve the WUE. There
was a significant difference in PUE between NPM and NP,
CK. PUE varied according to the grain yield in the given
years.
There has been a continuous effort to understand the
relationships between crop growth, soil-water, and fertilization level in order to develop better dryland soil and
crop management [37, 38, 39]. NPM mitigated seasonal
deficit of precipitation combined with increased soil organic carbon content and nutrient, improved soil porosity
and structure, and increased soil microbial activity (Table 1)
[6, 31, 40], which resulted in the yield in NPM treatment
plot being higher than that in the NP and CK treatment
plots regardless of the precipitation patterns and crop
types in study site. WUE exhibited consistent performance in four-year for maize and soybean. Our result was
consistent with Fan et al. [41], reported that the addition
of organic material and inorganic fertilizers significantly
enhanced grain yields and water use when compared to no
additives or addition of only inorganic nitrogen and phosphorus.

4. CONCLUSIONS
A long-term experiment with three different fertilization treatments was conducted in National Field Research
Station of Agro-ecosystems, Hailun County in order to study
the effect of long-term fertilization on soil water storage, soil
water supply and water use efficiency in Black soil region
in Northeast China. The following conclusions were obtained: (1) The annual precipitation was 540 mm in period
1952-2008 in the Black soil zone in Northeast China with
approximate 470 mm occurred from May to September,
which was good consistent with the growing season of crops,
but a quite large variation of rainfall in growing seasons was
observed. (2) ET of maize and soybean was larger in NPM
treatment than CK and NP treatments. Soil water storage in
0-170 cm soil depth was in an increasing order of NPM <
NP < CK in most of the observed times. The large difference among CK, NP and NPM was found in the droughty
year and droughty periods during the growing seasons. (3)
Soil received inorganic fertilizer and pig manure (NPM)
could also increase soil water supply compared with CK
and NP, which was more pronounced in drought years.
(4) For improving crop yield and increasing water use
efficiency, the combination of chemical fertilizer and pig
manure (NPM) is a viable management practice in Northeast China. Such a practice could improve soil water
supply and reduces water deficit when seasonal drought
occurs.
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HEAVY METAL ACCUMULATION PATTERNS IN
TISSUES OF GUANGDONG BREAM (MEGALOBRAMA
TERMINALIS) FROM THE PEARL RIVER, CHINA
Yanyi Zeng1, Zini Lai1,*, Binhe Gu2, Wanling Yang1, Yuan Gao1, Chao Wang1 and Yuefei Li1
1

Pearl River Fishery Research Institute, Chinese Academy of Fishery Science, Guangzhou, 510380, People’s Republic of China
2
Soil and Water Department, University of Florida, Gainesville, FL, 32611, USA

ABSTRACT
We examined the accumulation patterns of heavy metals in various body tissues of Guangdong bream Megalobrama terminalis from the Pearl River watershed. Concentrations of copper (Cu), zinc (Zn), lead (Pb), cadmium
(Cd), iron (Fe) and manganese (Mn) in the fish muscle,
gonads, intestines, gills, liver, kidneys and spine were
measured by atomic absorption spectrophotometry. Concurrently, these metals were also determined in the surface
water and sediment of the region. A metal bioconcentration factor (BCF) in distinct tissue types was
calculated and the results showed that the highest BCF
occurred for Cd in the kidney, implying that the kidney is
the most sensitive tissue for the accumulation of Cd. Cu
was greatly concentrated in the liver, while Pb and Zn
were more concentrated in the spine than in all other
tissues. In general, all of the studied metals accumulated
in the muscle at a lower rate than in other tissues. All
detected metals except for Mn, displayed significant correlations between the concentration in muscle and that of
one or more other tissues. There was no statistically significant relationship observed between the metal content
of tissues and the fish length or weight. The ratio of heavy
metal concentrations in the gills/ intestines showed that the
Cu and Cd burden in the fish may be greater from dietary
uptake via the intestine rather than by uptake from the
water column via the gills. The contribution of the other
four metals may be more from the water column via gill
uptake than that by diet. Although the target hazard quotients (THQ) of the six metals in the bream did not exceed
1, local fishermen should limit their consumption of this
fish due to the high Pb concentration in the muscle tissue
which surpasses the permissible limit for fish consumption
proposed by the European Union.

KEYWORDS: Megalobrama terminalis, heavy metals, bioconcentration factor, health risk assessment, Pearl River
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1. INTRODUCTION
Ubiquitous metal pollution and occasional metal mine
industries accidental leaks are often accompanied by the
release of combined metal element containing substances,
resulting in a burden of various metals to aquatic organisms
and potentially threatening human health through their
consumption [1, 2]. Previous investigations on the biota
from the Pearl River Estuary (PRE) show that metals such
as lead (Pb) occurring in fish have approached or exceeded
the consumption safety guidelines for humans [3-5]. However, although there are investigations on metal concentrations in fish from the PRE or the coastal regions [3, 6],
there are few studies focused on the upper Pearl River (PR)
watershed [7]. Moreover, increasing heavy metal pollution
in the Pearl River watershed (PRW) probably threatens
aquatic productivity and degrades biodiversity. The upper
PR reach had not received a great deal of attention regarding
the metal pollution issue prior to a serious cadmium (Cd)
leak accident occurring in January of 2012 in Longjiang,
which resulted in the release of approximately 20 tons of Cd
into the Longjiang river section, flowing downstream into
the PR and causing a large fish kill.
Metal levels in fish tissues can provide valuable additional insight concerning the causes of kills [8] and have
been proposed as candidate biomonitors for polluted surface waters [9]. Generally, the uptake of metal in fish can
occur by two major routes. These are the gills, in the case
of dissolved forms, and the digestive tissues, in the case
of metals in food or sediments, i.e., the contributions of
the water column and food to metal uptake in whole fish
are reflected by high concentrations in the gills or intestines, respectively [10]. Other laboratory studies proposed
that the ratios of heavy metal concentrations in different
tissues may be used to establish the exposure status of
fish, however it cannot be used to differentiate between
dietary and waterborne contamination [11]. In addition,
the liver and kidney are generally recognized as targets
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for the final deposition of various heavy metals, but it
differs within both the metal elements and the fish species
[12-14].
Guangdong bream Megalobrama terminalis, previously named Megalobrama hoffmanni, lives endemically
in the PRW, from the upper PR in the north to the south
part of the tributary entrance of the PRE. This species is a
migratory benthopelagic fish spawning in upper West
River in April to May [15]. It has a group-synchronous,
congregating spawning behavior and spawns on sandy
substrates in specific section of the upper Pearl River
[16]. It is a very valuable commercial fish in the Pearl
River, accounting for nearly 40% of the local fish catch. It
is in great demand due to its pleasant flavor and the culinary customs of the local people, and it is consumed all
year round [16]. This is the first study on the accumulation patterns of heavy metals in this species. We specifically examined heavy metal concentrations in the different tissues of this bream to determine metal accumulation
characteristics, which can provide basic information for
the use of different tissues as certain metal pollution indicators regarding the ambient aquatic environment.
2. MATERIALS AND METHODS
The PR is composed of three main tributaries and the
Xijiang (West River) is the largest tributary of the PR.
The West River flows through the Guangxi autonomous
region and the PR Delta, and finally enters the South
China Sea at the Modao entrance. It accounts for 77.83 %
of the total catchment area of the PR Delta [17]. Early
historical records on fish species in the watershed document up to 229 species, among which Cyprinidae accounted for 79.9% in the 1980s [18]; however, fish species sharply declined with only 96 species remaining

during last several decades due to water pollution, waterway renovation, the excavation of sand and excessive fishing [19]. However, the consumption of wild fish in this
area is increasingly popular, especially the Guangdong
bream, the only fish species that contains a local geographic
name as its Chinese name.
Thirteen adult specimens of Guangdong bream were
collected with gill nets at site S1 in March, 2012, along
with the water and surface sediment samples from the
lower reaches (sites S1~S5) of the West River (Figure 1).
The sampling site S1, located in the Zhaoqing section, has
been sampled for an extended period to study fish spawning and larval development [15] and it is much easier to
catch the monitored fish during the early breeding season
in that location. Following collection, fish were transferred
to the laboratory to determine body length, weight, sex and
age. Each fish was then rinsed with distilled water and
dissected for the muscle, gonad, intestine, gill, liver, kidney and spine samples. Different tissue samples were
stored in labeled plastic bags at -20 °C. All of the above
processes were performed to avoid external metal pollution and cross-contamination between samples.
Tissue samples of 1.0 to 2.0 g were weighed in flasks
and digested with concentrated HNO3 overnight, then
heated at 150 °C on an electric hot plate until concentrated to 1~2 ml. After cooling, the sample was transferred to
a volumetric flask and brought to a 10 ml constant volume. Three blanks were digested in the same manner.
Pretreatment processes on water and sediment samples
were conducted according to the Chinese techni- cal
specification for water quality standard for fisheries
(GB11607-1989) and environmental requirements for the
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FIGURE 1 - Sampling sites for water and sediments (S1~S5), and for fish (S1) in the Pearl River watershed (PRW).
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origin of non-environmental pollution aquatic products
(GB/T 18407.4-2001). The samples were analyzed by
graphite furnace atomic absorption spectrometry for Pb
and Cd and by flame atomic absorption spectrometry for
copper (Cu), zinc (Zn), iron (Fe) and manganese (Mn)
(RAYLEìGH WFX-210, China). The standard solutions
were prepared from a stock solution (China National
Standard, National Institute of Metrology, China). The
accuracy of the tissue digestion method was verified by
the analysis of a standard reference material of oyster
tissue (China Standard Sample GB10068-oyster, China). All samples were blank-subtracted. The method
detection limit for each element in different samples is
listed in Table 1. The recovery rates of analyzed elements
varied from 90 to 107%.
TABLE 1 - The method detection limit for each element in different
kinds of samples.
Sample

Cu

Zn

Pb

Cd

Fe

Mn

Water (µg/L)

0.6

0.4

0.02

0.005

0.4

0.5

0.8

0.5

1.0

0.04

0.6

0.7

0.04

0.025

0.1

0.03

0.03

0.035

Sediment
(µg/g dry weight)
Fish tissue
(µg/g wet weight)

The bio-concentration factor (BCF) was calculated as

BCF = Ctissue Cw
where, Ctissue stands for the metal concentration (µg/g
wet weight) in specific tissue, while Cw stands for the
metal concentration in the water (µg/ml). Under standard
conditions, one ml water equals to one g water, thus the
BCF can be recognized as a dimensionless parameter. In
this study, we determined the mean metal concentrations
in specific tissue of 13 fish specimens as Ctissue and the
mean metal concentration of water samples from the five
sampling sites as Cw.
Target hazard quotients (THQ) is used to assess a potential health risk posed by fish consumption by local
people [20, 21]. It was calculated by

THQ =

E f Ed Fir C
R fd Wab Ta

where, Ef is exposure frequency (365 day/year); Ed
is the exposure duration (70 years), equivalent to the aver-

age human life time; F ir is the food ingestion rate
(g/person/day); C is the metal concentration in food (µg/g
wet weight), equivalent to the average metal concentration in the fish muscle; Rfd is the oral reference dose
(µg/kg/day); Wab is the average body weight (kg); Ta is the
averaging exposure time for non-carcinogens (365
day/year×exposure years 70). If the THQ value is less
than one, there will be no observable risk. Otherwise, the
exposed population will experience health risks.
A one-way analysis of variance (ANOVA) followed
by the Duncan test was used to verify any statistically
significant difference for each metal concentration among
different tissues and different ages of Guangdong bream.
In addition, an independent-samples T test was used to
verify whether statistically significant difference of each
metal concentration in the same tissue occur between the
male and female groups. Linear regression was used to
determine relationships between metal concentrations in
muscles and the length and weight of the fish. Spearman’s
Rank correlation analyses were performed to identify
whether significant correlations of each metal concentration occurred among different tissues of Guangdong
bream. The mean difference, relationships and correlation
coefficients were considered to be statistically significant
at p<0.05. All of the above analyses were conducted using
SPSS 16.0 for Windows.
3. RESULTS AND DISCUSSION
Metal concentrations in Guangdong bream varied
greatly among elements and tissues. Mean concentrations
of the six elements in the seven tissues of the fish are
shown in Table 2. Mean concentration of Pb in muscle
was 0.76 µg/g. It was 0.9 times in excess of the permissible limit for fish consumption proposed by the European
Union. Concentrations of each metal element varied by
different degrees between different tissues. In general, all
of the studied metal concentrations in muscle were lower
than those in other tissues.
Muscle is the primary edible part of a fish for human
consumption and it is usually considered to be a reasonable measurement for public health standards. In order to
assess the health risk for fish consumption represented by

TABLE 2 - Heavy metal concentrations (µg/g wet weight) in different tissues of M. terminalis collected from the Pearl River watershed. Permissible limit for metal concentration in fish muscle tissue proposed by the European Union is 0.4 and 0.1µg/g for Pb and Cd, respectively.
Tissue
Muscle
Gonad
Intestine
Gill
Liver
Kidney
Spine

Cu
1.06±0.40 a
0.79±0.69 a
1.53±0.56 a
1.20±0.43a
17.7±3.4 c
3.48±1.42 b
1.33±0.49 a

Zn
5.81±1.94 a
35.2±36.8 bc
23.9±2.6 b
33.1±7.9 b
35.8±8.4 bc
36.4±6.8 bc
47.8±12.9 c

Metal concentration
Pb
Cd
0.76±0.56 a
0.05±0.03 a
0.64±0.23 a
0.11±0.06 a
3.27±1.13 b
0.69±0.33 a
4.85±2.16 c
0.33±0.13 a
0.56±0.20 a
0.74±0.20 a
0.72±0.36 a
7.84±3.46 b
6.52±1.49 d
0.46±0.18 a

Fe
15.9±7.8 a
19.9±8.4 a
31.9±6.7 b
66.7±14.7 c
65.3±9.8 b
84.6±20.6 d
23.1±7.9 ab

Note: Data are mean ± SD (n = 13). For each element, different letters indicate significant differences between tissues (p<0.05).
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Mn
0.34±0.18 a
0.71±0.69 a
3.81±0.98 c
4.87±1.66 d
2.04±0.44 b
1.86±0.48 b
4.33±1.87 cd
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Guangdong bream for the six metals, three typical
exposure groups of population including a general group,
fishermen and children were identified. The average body
weight of adults and children in the Guangdong region is
60 and 30 kg, respectively, and the average ingestion rate
of fish for the general population is approximately 33 g/d.
Fishermen are assumed to consume 2.4 times more of fish
than the general population [22], i.e., 79 g/d, and children’s
consumption rate of fish is assumed to be 54% of adult consumption [23]. Oral reference doses (R fd) were based on
40 µg/kg/d, 300 µg/kg/d, 4 µg/kg/d, 1 µg/kg/d, 700 µg/kg/d
and 140 µg/kg/d for Cu, Zn, Pb, Cd, Fe and Mn, respectively [20, 24]. Total THQ (sum of individual metal THQ)
for fish consumption represented by Guangdong bream to
the general group, fishermen and children of local residents were 0.170, 0.415 and 0.167, respectively (Figure 2).
Total THQs were all less than one, suggesting that health
risks associated with the intake of the six metals through
fish consumption was low. The relative contributions of
Cu, Zn, Pb, Cd, Fe and Mn to the hazard quotients are
9%, 6%, 61%, 16%, 7% and 1%, respectively (Figure 2).
Hence Pb and Cd are the main component contributing to
the potential health risk. This is in accordance with that
proposed by JECFA [25], that Cd and Pb are generally
ranked as the two most common environmental metallic
health hazards. Historically, Pb concentration in fish muscle
from the PR watershed is becoming a tougher issue compared to three years ago, as the mean concentration of muscle tissue in Guangdong bream increased from 0.29 µg/g [7]
to 0.76 µg/g (present study), although the concentration is
still lower than those other highly polluted benthopelagic
Cyprinidae fish species Cirrhinus reba [26] and Rutilus
frisii [27]. Average Cd concentrations in the bream muscle in the present study did not exceed the safety guideline
for metal concentrations in fish, but was generally higher
than in other fish species from other areas of China [6,
21], the Dniester River of eastern Europe [28], the Huelva
Estuary in Spain [29] and the Lake Ontario in North America [30]. Cu, Zn, Fe and Mn are essential metal elements

both for fish and humans, thus concentrations of these
elements in fish muscle seldom exceed the permissible
limits for consumption. The mean concentrations of essential metals in the Guangdong bream muscle are comparable
to values reported in other benthopelagic Cyprinidae fish
species around the world, with the ranges usually not in
excess of 10 times [7, 27, 31], implying that fish have a
strong regulation system to maintain the homeostatic
requirements of the essential elements for biological activities and growth [32].
In addition to muscle, the other six tissues including
the gonads, intestines, gills, liver, kidneys and spine were
chosen as target tissues for assessing metal accumulation
in this study. Individually, metals in the gonads can reflect potential toxic effects on the next generation; metals
in the intestines and gills can reflect the concentrations of
metals in the diet (including sediment) or the water column, whereas the concentrations in the liver, kidneys and
spine represent the storage of metals [33]. The other six
tissues in the bream show significant variations in metal
accumulation. This may be related to differences in the
uptake, absorption, storage, regulation, excretion abilities of fish [26]. We found that Cu was largely accumulated in the liver and Pb in the gills of the bream, as a
similar result was obtained from other freshwater fish in
previous studies [33-36]. That the highest Pb was reported
in the gills of the bream may be due to it entering the body
through this organ from the ambient aquatic medium [37]
and elevated concentrations in the gills may reflect high
concentrations of the corresponding elements in plankton,
as described by Al Sayegh Petkovšek et al. [36]. The highest Cd was found to be accumulated in the kidneys of the
bream, and this is consistent with previous results indicating that freshwater teleosts mainly accumulate Cd in the
kidneys while marine teleosts mainly accumulate Cd in
the liver [38]. Fe accumulation is higher in the kidneys
than that in other tissues, in accordance with the results of
Avenant-Oldewage and Marx [34].

FIGURE 2 - Total target hazard quotients (THQ) of all determined metals for different group populations and the percentage of each metal
contribution to the total THQ.
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TABLE 3 - Mean metals concentrations (with the range of the five sampling sites in brackets) in water (µg/L) and sediment (mg/g dry weight
for Fe and Mn; µg/g dry weight for other elements) from the West River section along with the corresponding quality criterion.
Metal
Water
Sediment
Water criterion a
Sediment criterion b
Cu
3.74 (2.37~4.82)
44 (35~67)
≤10
≤30
Zn
28.1 (6.6~43.4)
260 (95~458)
≤100
≤150
Pb
11.3 (4.7~18.4)
56 (39~65)
≤50
≤50
Cd
2.32 (1.30~4.08)
0.78 (0.47~0.96)
≤5
≤0.5
Fe
325 (95~482)
26 (22~30)
/
/
Mn
36 (15~54)
0.80 (0.79~0.96)
/
/
Note: a Water criterion of GB11607-1989; b Environmental requirements for origin of non-environmental aquatic products (GB/T 18407.4-2001). / No
corresponding quality criterion for the element.

4000

muscle
gonad
intestine
gill
liver
kidney
spine

3000
2000

BCF

1000
500
400
300
200
100
0
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Metal element
FIGURE 3 - Mean BCF (Bio-concentration factor) of different heavy metals in distinct tissues of M. terminalis collected from the Pearl River
watershed.

The bio-concentration factor (BCF) is usually used to
evaluate the ability of the aquatic biota to accumulate
chemicals, whether directly or indirectly from the aquatic
environment. Therefore, metals concentrations in the
water and sediments in the study area were examined and
the mean concentrations of the metals are presented with
the fishery water criterion (GB11607-1989) and safety
sediment qualification for non-environmental aquatic
product (GB/T 18407.4-2001) of China in Table 3. Mean
concentrations of the six elements in water and sediment
decreased similarly in the order of Fe > Mn > Zn > Pb >
Cu > Cd. When compared with the corresponding water
and sediment criterion, mean concentrations of the determined elements in water from the PR section were lower
than the criterion limit; whereas, the mean concentration
of elements in the sediments exceeded the sediment criterion limit.
The calculated BCFs for the six metals in the seven
tissues of the studied fish are shown in Figure 3. The
highest mean BCF of 3378 was observed for Cd in the
kidneys, followed by Cu in the liver, with a value of

3130, and the BCFs of the other elements in the other
tissues being less than 2000. The BCFs of the six elements vary between the metal species and the tissues of
the fish; generally, the greatest Cu BCF occurred in the
liver tissue; while the greatest BCF of Zn and Pb occurred
in the spine; the greatest BCF of Cd and Fe occurred in the
kidneys and the greatest BCF of Mn occurred in the gills. It
is usually considered to be significant when the BCF exceeds 100 or more [39]. Among the six elements, the mean
BCF of Cu, Zn in the Guangdong bream muscle exceeded
100, while the BCF of other elements did not reach 100,
implying that muscle is not a sensitive tissue for the indication of heavy metal contamination in fish, although it is
quite convenient and appropriate to be used for the consumption risk assessment [36, 40]. A laboratory study on
rainbow trout showed that the concentration abilities of
gill, liver, kidney, skin, mucus and gut tissues were all
greater than the muscle when the fish were exposed to
chronic Cd exposure [11]. In addition, metal concentration ability in the gills was demonstrated to be the most
valuable indicator of acute lethal exposure [8]. Compared
to the gills, however, the metal concentration ability of
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the liver potentially reflected an element concentration
process for a much longer period [41]. Moreover, Rashed
[42] demonstrated that the vertebral column (spine)
more strongly concentrated Pb and Cd than other tissues
in Nile tilapia (Tilapia nilotica). In the current study,
other tissues except muscle demonstrated strong concentration abilities as evident in their BCF of the different
metal elements; a high BCF value of Mn in the gills, Cu
in the liver, Cd and Fe in the kidneys, in addition to Zn
and Pb in the spine (Figure 3) implying that these tissues
appear to have advantages as indicators of corresponding
elevated metal concentrations in the aquatic environment,
according to their accumulation characteristics. Still,
additional studies are needed which include laboratory
dosage studies to confirm this postulation.
We tried to evaluate the contribution of the water column or the diet to the whole body burden of heavy metals
in fish using the ratio of heavy metal concentrations in the
gills/intestines. When the ratio is larger than one (>1), it is
expected that the fish body burden of this metal is contributed more by water uptake via the gills than by diet
uptake via the intestines. Alternatively, it can be inferred
that the fish body burden of this metal is contributed more
by diet uptake via the intestines than by water uptake via
the gills. In all of the 13 specimens, the mean ratio of Cu
was 0.87 (with the ratio of 10 in 13 less than 1) and the
mean ratio of Cd was 0.55 (with the ratio of 12 in 13 less
than 1), implying that body burden of Cu and Cd was
contributed more by diet uptake via the intestines than by
water uptake via the gills; while the mean ratio of Zn, Pb,
Fe and Mn was 1.39, 1.56, 2.15, and 1.31, respectively,
with the ratio of 12 in 13, 10 in 13, 13 in 13 and 11 in 13
larger than 1, respectively, implying that body burden of
these four metals was contributed more by water uptake
via the gills than by diet uptake via the intestines. Generally, the uptake of heavy metals via the alimentary tract is
an important factor for the metal budget of fish [10], but a
major contribution to the fish body burden of metals via
the gills or the intestines varied greatly in different fish
species and by the type of metal elements. Based on the
ratios of metal concentrations in the gills/intestines in this
study, we can infer that the diet appears to be a much
more dominant source of Cu and Cd in Guangdong bream
compared to waterborne Cu and Cd, as previous studies
demonstrated for Cu in rainbow trout [43] and in rockfish
[44], Cd in rockfish [45], Cu and Cd in eight fresh water

fish in Lithuania [46] and in Heteropneustus fossilis from
the Kollidam River [47]. The fish body burden of Pb, Zn,
Fe and Mn in Guangdong bream are contributed more by
water uptake via the gills than by diet uptake via the intestines, being consistent with the action of these metals in
eight fresh water fish [46] and in Heteropneustus fossilis
[47]. However, a reverse phenomenon of Cu, Cd and Zn
was demonstrated in other species such as Mystus vittatus,
Tilapia mossambica, Ctenopharyngodon idella and Saurida
undosquamis from the Kollidam River [47], Carangoidel
malabaricus from Pulicat Lake and indications are that the
variety might be due to seasonal changes [48].
The thirteen fish specimens (5 ♀ and 8 ♂) covered an
age range of 3 to 6 years, a body length range of 22.4 to
35.3 cm and a weight range of 267 to 1219 g. Metal concentrations of the six elements in the same tissue did not
vary significantly with age (p>0.05). However, certain
metal concentrations in specific tissues varied significantly
between the sexes. Zinc concentrations in the liver were
significantly higher in the females (43.7 ± 5.8 µg/g) than in
the males (30.9 ± 5.5 µg/g) (p<0.05). Iron concentrations in
the gonads were significantly higher in the males (39.6 ±
33.0 µg/g) than in the females (11.6 ± 4.0 µg/g) (p<0.05).
Linear regression analyses showed that there was no significant relationship between metal concentrations in the
muscle and the length or weight of the fish. Nevertheless,
significant correlations for the six elemental concentrations
among different tissues of the fish were observed (Table 4).
Significant correlations of specific element concentrations
between different tissues could be a result of the transport
route or the fate of the element among the tissues. Except
for Mn, the other five elements displayed significant correlations between muscle and one or more of the other
tissues. Concentrations of Cu, Zn, Pb and Cd in the muscle
showed strong positive correlations with the spine, intestines, gonads and spine, respectively. Fe concentration in
muscle showed a strong negative correlation with that in
the spine of the fish. Theoretically, metals in different
tissues reflect their transport routes and may display connections during their homeostatic transport in a fish body.
Based on our results that significant positive correlations
were displayed between Cu, Zn, Pb and Cd in muscle and
in one or more other tissues, we conclude that the more
sensitive inner tissues (e.g. kidneys, spine, and intestines)
as opposed to muscle, might be chosen as indicators of
specific metal contamination in the PRW.

TABLE 4 - Significant correlations of specific metal concentrations among different tissues of M. terminalis.
Significant correlations among tissues based on Spearman coefficient
p<0.05
p<0.01
Cu
Muscle-Spine
Liver-Spine; Kidney-Spine
Zn
Muscle-Intestine
Muscle-Liver a
Pb
Muscle-Gonad
Muscle-Intestine
Cd
Muscle-Spine; Liver-Spine
Liver-Kidney
a
Fe
Muscle-Spine
Liver-Gonad
Mn
Gonad-Gill
Note: n=13. a Negative correlation. No specific mark means positive correlation.
Metal element
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4. CONCLUSIONS
This study was the first to examine metal concentrations in the tissues of the endemic bream (M. terminalis)
from the southern China. Considerable attention on the
consumption of this bream should be paid due to high Pb
concentration in the muscle. Distinct accumulation patterns of metal elements were observed among the tissues
of Guangdong bream. Cu had the highest concentrations
in the liver, Cd and Fe were concentrated more in the
kidneys, while the highest Zn and Pb concentrations were
observed in the spine and Mn concentration was highest
in the gills. Cu and Cd burdens in the bream were more
dependent on diet uptake via the intestines than water
uptake via the gills, whereas the Zn, Pb, Fe and Mn burdens were more dependent on the gills than on the intestines in this fish. Strong positive correlations between Cu,
Zn, Pb and Cd concentrations in muscle and that in other
tissues indicated that other tissues than muscle might be
potential biomonitors for elevated corresponding metal
concentrations in the water column. Therefore, except that
muscle is the more reasonable tissue to be analyzed for
public health standards, it’s important to choose other
sensitive tissues such as kidneys, gills and spine as indicators of specific target metal elements according to their
accumulation characteristics in the fish.
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ABSTRACT
In this study, a few field experiments were conducted
on a simple solar still and water quality analyses were done
in laboratory to check the contaminants removal efficiency
from raw water samples. A few water quality parameters
such as pH, redox, electrical conductivity (EC), salinity,
total dissolved solids (TDS), Escherichia coli and arsenic
for the feed (before distillation) and product water (after
distillation by a solar still) were obtained. A wide range of
water samples (e.g. seawater, pond water, and arsenic contaminated groundwater) were collected from various locations in Malaysia and Bangladesh. A few synthetic saline
water samples (e.g. 1, 2, 3 and 5% salt) were also prepared.
The values of pH (6.5-7.5), redox (100-200 mV), EC (<
750 µS/cm) of the product water were found within the
standard ranges. The average removal efficiencies of
more than 24 and 99% were obtained from repetitive tests
run on salinity and arsenic, respectively. The still was also
successful in removing pathogenic bacteria by more than
80%. These obtained parameters of the product water were
then compared with various drinking water standards and
found that most of the values obtained were within the
acceptable ranges provided by the standards. Finally, it is
concluded that the solar still is able to produce potable
water and can be installed to remove the water scarcity in
coastal and arid regions.
KEYWORDS: Water quality; distillate quality; desalination; solar
distillation; water purification; solar still.

1. INTRODUCTION
Many people have been suffering from the shortage
of safe drinking water in arid, remote and coastal areas in
India, China, Kenya, Ethiopia, Nigeria, Peru, Bangladesh
and many other countries of the Arabian Gulf. The short* Corresponding author

age of drinking water is common and seems to be also an
emerging problem in many countries, especially developing countries. The provision of fresh water is becoming an
increasingly important issue in many areas of the world.
In arid areas, potable water is very scarce and the establishment of a human habitat in these areas strongly depends
on how such water can be made available. The importance
of supplying potable water can hardly be overstressed.
Solar desalination is one of the cheapest methods for this
problem [1]. Solar still could be widely used as an effective low-cost and environmental friendly option.
Solar stills of different designs have been investigated
by many researchers to improve the production performance, e.g. single-slope (Feilizadeh et al. [2]), doubleslope basin-type (Murugavel and Srithar [3]), tubular
solar still [4-6], hemispherical solar still [7, 8], concentric
tubular still [9] and tilted wick-type with flat plate bottom
reflector (Tanaka [10]). The performance of solar still has
been improved using a hybrid photovoltaic/thermal (PV/T)
system by Kumar and Tiwari [11], Kumar et al. [12], Dev
and Tiwari [13], Gude and Nirmalakhandan [14], using
flash evaporation by El-Zahaby et al. [15], using a hybrid
heat pump compression system by Hidouri et al. [16], using
a shallow solar pond by El-Sebaii et al. [17] and using a
reciprocating spray feeding system by El-Zahaby et al. [18].
The effects of cover tilt angle by Khalifa [19], insulation
thickness by Khalifa and Hamood [20] and fin by
Velmurugan et al. [21] on the productivity of solar still
have been investigated. Eldalil [22] presented a new concept
of active vibratory solar still with an average daily efficiency
of about 60%. Detailed investigations on the tubular solar
still are reported by many researchers [23-26]. Effects of
different parameters on the productivity have been studied
[27-31].
Complicated system is generally costly and may require
regular monitoring with skilled personnel, which makes a
complicated system unsuitable in remote/coastal areas [5].
Velmurugan et al. [1] developed a basin type solar still
integrated with fins at the basin plate to produce potable
water from industrial effluents. Since industrial effluent
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was used as feed, before the still, an effluent settling tank
was provided to get clarified effluent. The effluent settling tank was fabricated with three chambers, consisted
of pebble, coal and sand for settling the impurities and
removing the bacteria in the effluents. Sponges, pebbles,
black rubber and sand were used in the fin type solar still
for enhancing the yield. In addition, Velmurugan et al. [32]
studied on a stepped solar still and with a settling tank and
tested for desalinating the textile effluent. The effluent
was first purified in an effluent settling tank. In the tank,
large and fine solid particles were settled and clarified. The
settled effluents were used as raw water in the still. The
chemical analyses of raw effluent, settled effluent and distilled water (e.g. calcium, sodium, chloride, biological oxygen demand, chemical oxygen demand and solid particles)
were performed to check the product water quality.
Velmurugan and Srithar [33] further investigated the
properties of raw effluent, settled effluent and distilled
water produced by a single basin solar still integrated with
an effluent settling tank. The physical (turbidity, total dissolved solids) and chemical analyses (pH, alkalinity, total
hardness, calcium, magnesium, potassium, sodium, iron,
manganese, ammonia, nitrate, chloride, fluoride, sulphate,
phosphate, BOD and COD) were performed in India. It was
found that the minerals present in the desalinated water
sample were very low. According to the Indian guidelines
some minerals were added to improve the water quality.
The cost of the minerals per liter of water was about Rs. 0.28
($0.0056), i.e. $5.6/m3. Hanson et al. [34] found that a
single-basin still design was successful in removing bacteria by more than 99.9% if cross contamination is avoided.
Nowadays there is a critical need for and an interest
in solar water distillation technique as a low-cost option
to produce pure water. However, there is little published
information in the literature regarding the water quality
produced by a solar still (SS).
In this study, a few water quality parameters, e.g. pH,
redox, electrical conductivity (EC), salinity, total dissolved
solids (TDS), Escherichia Coli (E. Coli) and arsenic for the
feed (before distillation) and product water (after distillation)
were determined and the removal efficiencies were calculated. These obtained parameters of the product water were
then compared with various drinking water standards, e.g.
World Health Organization (WHO) standards, Australian
Drinking Water Guidelines (ADWG), Malaysia Drinking
Water Quality Standards (MAS), European Union (EU)
standards and Bangladesh Drinking Water Guidelines
(BDWG). Finally, it is found that most of the values obtained were within the acceptable ranges provided by the
standards.
2. MATERIALS AND METHODS

sia and Bangladesh. Seawater samples were taken from
Malacca strait, Port Dickson, Malaysia. Surface water
samples were collected from the lake of Engineering Faculty, UPM, Malaysia. Synthetic saline water samples were
prepared by mixing controlled amount of pure vacuum
salt with tap water, e.g. 1, 2, 3 and 5% salt. Water samples
contaminated with the arsenic compound were collected
from Bangladesh.
2.2 Operating principle of SS

Fig. 1 shows the schematic diagram of the SS. The
principle of pure water production from saline water using
different designs of solar water distillation technique is
the same. The solar radiant heat after transmitting through
the cover is mostly absorbed by the saline water. The rest
is absorbed by the cover and the trough. Thus, the saline
water is heated up and evaporates. The water vapor density of the humid air increases associated with the evaporation from the water surface and then it is condensed on
the inner surface of the cover, releasing its latent heat due
to evaporation. Finally, the condensed water naturally
trickles down toward the bottom of the cover due to gravity and is stored into a collector. The lengths of the SS and
trough are 1 and 0.78 m, respectively

Evaporation
Hot water
Production
FIGURE 1 - Schematic diagram of the solar still
2.3 Field experiments of SS

The field experiments of SS were carried out in the
campus of Engineering Faculty, UPM. General procedure
was applied and no safety measurements were needed to
conduct the experiments for most of the collected samples
since these are harmless. A special procedure was, however, applied during experiment of arsenic samples since
arsenic compound is fatal to human life. Arsenic most commonly is seen as a white powder, known as arsenic trioxide.
According to Occupational Safety and Health Administration (OSHA), the following methods of handling arsenic
poison should be followed. 1) Abstain from eating, drinking, smoking or applying cosmetics in the workplace, 2)
Wear appropriate protective and impervious clothing when
handling arsenic, 3) Wear a respirator when the airborne
concentration exceeds OSHA permissible exposure limits
(PELs), and 4) Take a shower after work and do not take
home any clothing worn at work.

2.1 Water samples

2.4 Laboratory experiments

A wide range of water samples were prepared in laboratory and were collected from various locations in Malay-

Laboratory experiments were conducted to evaluate
the quality of distilled water produced by the SS. The
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‘ODEON advanced digital meter’ (X Line, Ponsel
Mesure, France) was used to observe four water quality
parameters in one time, e.g. pH, temperature, redox and
EC. The salinity and TDS were then calculated from EC
by applying an approximate relation between them (details in Appendix).

distillation process, the pH values were slightly increased
and reached to the acceptable range of drinking water (6.58.5). It implies that the SS are able to remove the acidity
characteristic of the samples. The average adding efficiency
of more than 7% was noted from the repetitive tests run on
pH.

2.4.1 Microbiological test (membrane filtration technique)

3.2 Comparison of redox values between feed and product
water

The membrane filter method gives a direct count of
total coliform and fecal coliform present in a given water
sample. A measured volume of water is filtered, under
vacuum, through a cellulose acetate membrane of uniform
pore diameter of 0.45 µm. Bacteria are retained on the surface of the membrane which is placed on a suitable selective medium in a sterile container and incubated at an appropriate temperature. If coliforms and/or fecal coliforms
are present in the water sample, characteristic colonies
form can be counted directly.
2.4.2 Arsenic test

Arsenic (As) test was performed by using the ‘LaMotte
Arsenic Test Kit’ (Code 4053-02, USA). A bottle is filled
to the upper 250 ml line with the sample. A yellow scoop
(5 cc) is used to add As reagent #1 (1% nickel sulfate, 1%
ferrous sulfate and 98% L-Tartaric Acid). The bottle is
held upright and shaken vigorously for 15s. A red scoop
(1 cc) is used then to add As reagent #2 (100% OXONE®
monopersulfate compound) and shaken vigorously for
15s. A white scoop (1 cc) is used to add As reagent #2
(100% zinc powder) and shaken vigorously for 5s. Finally, a test strip is inserted into the spout until the red line.
The color of the strip is immediately compared with the
Arsenic Color Chart. The result is recorded as ppb arsenic. The OSHA instructions mentioned earlier were followed for the arsenic test.

The drinking water should has redox value below than
750 mV according to ADWG and below than 650 mV as
stated by WHO. Fig. 3 shows the redox values of feed and
product water. The highest redox value was 411.5 mV for
5% synthesized salt water before the distillation. The redox
value was, however, abruptly changed to 131.2 mV after
the distillation process. Most of the values of product water
were in the range of 100-200 mV. It implies that the SS is
able to produce potable water that has acceptable low
redox value. The average removal efficiency of more than
29% was noted from the repetitive tests run on redox.
Note that the adding efficiency is ignored.
3.3 Comparison of EC values between feed and product
water

According to ADWG, water is safe to drink if its EC
is below than 750 µS/cm. Fig. 4 shows the EC values of
feed and product water. Most of the values of product water
were in the range of 155-355 µS/cm. The distilled water
produced by SS has acceptable values of EC to drink. The
SS is able to reduce the EC of the feed water since most
of the values before the distillation process were relatively
higher than the produced water. The average removal
efficiency of more than 24% was noted from the repetitive
tests run on EC. Note that the adding efficiency is ignored.
3.4 Comparison of salinity values between feed and product
water

3. RESULTS AND DISCUSSION
The following water quality parameters, e.g. pH, redox (mV), EC (µS/cm), salinity (ppt), TDS (ppm), E. Coli
(N/100ml) and arsenic (ppm) for the feed and product
water were obtained and the removal efficiencies were
calculated. These obtained parameters of the product water
were then compared with various drinking water standards.
3.1 Comparison of pH values between feed and product
water

Water is safe for drinking if only its pH is in the range
of 6.5 to 8.5 according to many standards, e.g. WHO
standards and MAS. If pH is not in this range, water
might be too acidic or too alkaline. Consequently, it may
be harmful for human being. Fig. 2 shows the pH values
of feed and product water. The highest and lowest pH
values of product water were 7.11 and 6.32 for pond water and 5% synthesized salt water, respectively. Most of the
water samples had low pH values before distillation (5.06.5) i.e. in between acidic and neutral conditions. After

One of the main objectives of using the SS is to reduce
the salinity of feed water, which mainly contains a high
percentage of salt. There is no guideline released for salinity level in drinking water by WHO, but the chloride
concentration above 200 mg/L is unacceptable to drink.
ADWG recommends the salinity level should be at most
180 mg/L. Fig. 5 shows the salinity values of feed and
product water. The highest level of salinity was found as
187 mg/L for the product water from 5% synthesized
salt sample. The salinity levels were obtained as 187 and
148 mg/L for the feed and product water from seawater
sample. Note that the 5% synthesized salt water contains
more salt than seawater before and after the distillation
process. The salinity differences between feed and product water is relatively distinctive, i.e. the device can purify salty water and turn it into fresh water. The average
removal efficiency of more than 24% was obtained.
3.5 Comparison of TDS values between feed and product
water
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There is no certain TDS limit for drinking water
which may affect the human health but for safety, MAS
stated that the TDS in drinking water should be below
than 1000 mg/L. Fig. 6 shows the TDS values of feed and
product water and observed that all samples had high
amount of TDS. The TDS values were reduced relatively

when the samples were purified. The TDS difference between feed and product water is moderate for all samples
except for pond water and 1% synthesized salt. The feed
and distilled water produced from all samples have the
TDS values far below than 1000 mg/L. The average removal efficiency of more than 24% was calculated.

9
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FIGURE 2 - pH values of feed and product water
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FIGURE 3 - Redox values of feed and product water
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FIGURE 4 - Electrical conductivity values of feed and product water
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FIGURE 5 - Salinity values of feed and product water
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FIGURE 6 - Total dissolved solids values of feed and product water

TABLE 1 - E. Coli in product water
Type of sample

1% salt

2% salt

3% salt

5% salt

Pond water

Seawater

Run 1 (N/100mL)
Run 2 (N/100mL)
Run 3 (N/100mL)

0
1
0

0
0
0

0
1
1

0
3
0

1
0
1

3
0
3

TABLE 2 - Water quality results of feed (arsenic contaminated) and product water
Parameters
pH

Distillation
Before
After
8
5.72

WHO
6.5 - 8.5

Standards
MAS
6.5 - 8.5

Others
6.5 - 8.5 (BDS)

Redox (mV)

196.1

164.8

-

-

750 (AUS)

Electrical conductivity (µS/cm)

286.1

138.2

<250

-

750 (AUS)

Salinity (ppm)

148.3

71.7

<250

250

180 (USEPA)

Total dissolved solids (mg/L)

185.4

89.6

<600

-

500 (USEPA)

Arsenic (ppm)
0.3
0.001
0.01
0.05
0.01 (USEPA)
Coliform bacteria
0
0
0
0
0 (BDS)
(E. Coli)(N/100ml)
WHO = World Health Organization [35]; MAS = Malaysia standards [36]; AUS = Australia standards [37]; BDS = Bangladesh
standards [38]; USEPA = United States Environmental Protection Agency [39].

3.6 Comparison of E. Coli number between feed and product
water

E. Coli should not be found in drinking water. This is
the indicator organism for the pathogenic bacteria which

may cause diseases, e.g. diarrhea. Many standards (e.g. EU,
MAS and BDWG) stated that the number of E. Coli should
be 0/100 ml of drinking water. Table 1 shows the number
of E. Coli that were found in the product water. The pres-
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ence of E. Coli in the product water samples was probably
because of the improper storage for one or two weeks after
distillation. It might be the cause of cross contamination
from the raw water source as well. The average removal
efficiency of more than 80% was noted from the repetitive
tests run on E. coli. The removal efficiency could be increased if cross contamination can be refrained from source.

is an approximate relationship. The following approximate relationship could be observed for seawater [40].
54000 µS/cm (EC) ≈ 35000 ppm (TDS) ≈ 28000 ppm
(Salinity-NaCl)
That means, 1.9286 µS/cm (EC) ≈ 1.25 ppm (TDS) ≈
1 ppm (Salinity-NaCl)

3.7 Comparison of arsenic values between feed and product
water

Arsenic compound should not be found with high concentration in the drinking water, as it is a hazardous chemical
substance. The arsenic concentration should be at most
0.01 mg/L according to various standards of drinking water. Table 2 shows the arsenic values of feed and product
water and observed that the initial concentration of the
arsenic compound was relatively high (0.3 mg/L), i.e. considerably dangerous for human health. After distillation
process, the arsenic concentration was abruptly changed
to 0.001 mg/L which is below than the maximum level set
by WHO and EU for drinking water. The average removal
efficiency of more than 99% was noted from the repetitive tests run on arsenic.
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ABSTRACT

1. INTRODUCTION

A greenhouse experiment was undertaken to investigate the effects of an AM fungus Glomus caledonium and
a photoheterotrophic purple nonsulfur bacterium (PNSB)
Rhodopseudomonas palustris inoculated alone or in combination on the growth and arsenic (As) uptake of tobacco
(Nicotiana tabacum L.) in an As-contaminated soil. Mutual inhibition between G. caledonium and R. palustris was
observed, which was revealed by the reduction in both
mycorrhizal colonization rate and R. palustris abundance in
the dual inoculation treatment. The interaction between two
tested inoculants was associated with the decreased levels
of biomass and P uptake of tobacco and acid phosphatase
activity in rhizosphere soil, but related to the increased
levels of pH and As concentration of the in-situ soil solution at three sampling dates as compared to the single inoculation. Furthermore, amounts of three rhizosphere soil As
fractions and the As concentrations in root and the whole
plant were considerably reduced by the G. caledonium and
R. palustris inoculated alone as well as in combination. In
conclusion, despite mutual inhibition between G. caledonium and R. palustris this interaction did not impair their
observed plant As uptake suppression, but further experiments need to be carried out to reveal the mechanisms
involved in these responses.

KEYWORDS: arbuscular mycorrhizal fungi, photoheterotrophic
purple nonsulfur bacteria, arsenic pollution, inhibition, food safety

* Corresponding author

As is a biologically toxic element. Low level exposures
to it can lead to many pathologies such as carcinogenesis.
Today, As contamination has become a major public concern in many countries [1]. In China, especially in Hunan
and Guizhou Province, many agricultural lands are heavily
contaminated by As due to the rapid development of mining and smelting industries, coal burning and application of
As-containing agrochemicals [2, 3]. In spite of this, tobacco
plant, the major economic crop in these areas is cultivated.
The plant is able to extract As from soil and concentrate it
in tissues, which are the crude material of cigarette. Early
in 1993 [4], As has been reported to occur in mainstream
cigarette smoke. Thus, heavy smoking is an important
source of exposure of human being to As, which endangers
a smoker well-being as it is directly inhaled.
AM fungi are able to form a symbiotic association with
approximately 80% of terrestrial plant species. In AM
fungal symbiosis, the fungus receives carbon from the host
and the host obtains nutrients, especially phosphorus (P) in
soils through the fungus [5]. Due to the similarity between
P and arsenate, the role of AM fungi in As uptake of plant
has been studied extensively [6]. Lots of reports consistently reveal the decreases in As concentration of plant biomass
due to mycorrhizal colonization [2, 7]. Possible mechanisms are changes of pH in rhizosphere soil [8], downregulating phosphate/arsenate transporters [9], and inhibition of
As translocation ratio from root to shoot [10]. Besides, As
concentration may be decreased by ‘biomass dilution effect’ as a result of stimulation of growth due to enhanced
nutrient uptake in AM plants [6].
Additionally, the AM fungi coexist with other soil
microorganisms in the rhizoshpere, a competitive and dynamic habitat. Various abiotic and biotic factors will influ-
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ence the mycorrhiza formation. Among the biotic factors,
several kinds of bacteria, including Bacillus subtilis,
Rhizobium sp. and Burkholderia sp. have been reported to
have positive or negative effects on the AM fungi [11,
12]. At the same time, AM fungi are able to induce the
changes in microorganism community and activity via the
“mycorrhizosphere effect” [13]. Taken together, release of
active molecules and physical contact between AM fungi
and microorganisms play important roles in the establishment of their interactions [14]. Furthermore, the interactions could qualitatively and quantitatively change the
root morphology and exudates produced by both plant and
microorganism, and then affect the plant growth and
heavy metal uptake [15, 16]. PNSB are one group of N2fixing bacteria. They are wildly distributed in anoxygenic
environments due to their versatile metabolic pathways
and efficient carbon utilization [17, 18]. Even in the absence of light, PNSB can assimilate organic matter for
growth [19]. Recently, PNSB have been reported to have
a great potential as an environment-friendly biofertilizer.
For example, inoculation of PNSB enhanced the growth
and yield of tomato and rice in both pot and field experiments [20, 21]. Besides the nitrogen fixation, the possible
mechanism is the fast turnover and decomposition of
organic matters within the microbial loop [22]. The production of growth-promoting and growth-regulating substances, such as indole-3-acetic acid and 5-aminolevulinic
acid may be responsible for the growth promotion [20].
To date, hardly any research has focused on the influence of co-inoculation with AM fungi and PNSB on the
growth and As uptake of tobacco. Consequently, a pot experiment was conducted to examine the interaction between
the AM fungus Glomus caledonium and the PNSB Rhodopseudomonas palustris measured by mycorrhizal colonization rate and R. palustris population size, and to investigate
the influence of such microbial inoculations on growth, As
and P uptake of tobacco in an As contaminated soil.
2. MATERIALS AND METHODS
2.1. Soil preparation

Soil (0-20 cm) was collected from an agricultural field
near an As sulphide mine, in Shimen County, Hunan Province, China (29°39′ N, 111° 02′ E). The soil is classified as
Ali-Perudic Argosols, and has the following properties: pH
6.57 (soil: water = 1: 2.5 m/v), 2.73 × 104 mg kg-1 organic
matter, 1.46 × 103 mg kg-1 Kjeldahl-N and 50 mg kg-1 of
0.5 mol L-1 NaHCO3-extractable P, 36.12 mg kg-1 total As.
Soil was air-dried and sieved with nylon mesh (4 mm) and
then sterilized by 60Co-γ (25 kGy) prior to the pot experiment.
2.2. AM fungi and PNSB inocula

An AM fungus, Glomus caledonium, was propagated
on clover (Trifolium repens) in the Institute of Soil Science, Chinese Academy of Sciences. The inocula were
air-dried and sieved (≤ 2 mm), and consisted of a mixture

of rhizospheric soil from pure pot culture containing
spores, hyphae and mycorrhizal root fragments.
A PNSB, Rhodopseudomonas palustris, was isolated
from a typical paddy soil in Jiangsu Province, China. The
isolated strains were grown in a medium as described in
Feng et al. [17] and the modified pour-plate technique
with a wax-overlay [23] was conducted to enumerate the
abundance of R. palustris. The cells in Logarithmic growth
phase were harvested by centrifugation (10,000×g for
10 min) and were washed with sterile distilled water three
times. Bacterial concentration was adjusted to 109 cells ml-1.
2.3. Experimental design

Four treatments were involved in this experiment, uninoculated one was referred as control, the one inoculated
with G. caledonium alone was referred as Gc, the one
inoculated with R. palustris alone was referred as Rp and
the one inoculated with G. caledonium and R. palustris
simultaneously was referred as Gc + Rp.
Tobacco seeds (Nicotiana tabacum L. cv. Yunyan 85)
were seeded into sterilized peat-based seeding substrate at
March 2, 2010. At cross stage (with four leaves), the
plantlets were transplanted into seedling pots (4 cm wide
× 4 cm long × 5 cm deep). Each inoculated plant received
10 g AM fungi inocula and all uninoculated plants were
treated with the same amount of inocula that had been
autoclaved twice at 121℃ for 30 min. After four weeks of
growth, tobacco plants with eight leaves were carefully
transplanted into 3 L plastic pots (one plant per pot) filled
with 2.8 kg of dry soil. Simultaneously, the in-situ soil
solution samplers (Rhizon SMS, Eijkelkamp, Giesbeek,
Netherlands) were embedded into all pots. Then, 50 ml of
R. palustris with 109 cells ml-1 were inoculated into inoculated plants and those uninoculated were received equal
amount of autoclaved R. palustris. Pots were arranged in
randomized complete block design with three replicates
per treatment, and a total of 12 plants (pots) were involved.
Plants were grown in a sunlit greenhouse with natural light,
a day/night temperature 33/22℃, and a relative humidity
40%-60%. Plants were watered to maintain soil moisture
at 60%-70% of water holding capacity by adding deionized water during the experimental period. No fertilizers
were applied during the study period.
Soil solutions were collected via the in-situ soil solution samplers in June 18, July 1 and July 16, 2010, respectively. Roots, stems and leaves were harvested separately in July 17, 2010, and soil samples for culture-reliant
enumeration of R. palustris were kept at 4°C. Fresh
weights of total roots and of subsamples for mycorrhizal
colonization were measured. Stems, leaves and remaining
roots were rinsed with tap water and then with deionized
water. Tissues were weighed after oven drying at 60℃ for
72 h and then ground in a stainless mill. The percentage
water content of remaining roots and total root fresh
weights were used to estimate total root dry weight. The
soil adhering to the root segment after a gentle shake was
considered to be rhizosphere soil.
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3. RESULTS

2.4. Colonization percentage of mycorrhiza and enumeration
of PNSB population size

Root mycorrhizal colonization was estimated after
clearing and staining, using the grid-line intersect method
[24]. The stained roots were then mounted on glass slides
(10 pieces of root per slide) for examination with an eyepiece cross-hair. Colonization percentage of mycorrhiza
was estimated for each sample by examination of one hundred 1-cm long pieces of roots. The modified pour-plate
technique with an overlay of wax as described by Archana
et al. [23] was used for the enumeration of R. palustris.
2.5. Chemical analyses

The soil and plant were digested by concentrated
HNO3 and HCl at 1:3 (v/v), and HNO3 and HCl at 3:1 (v/v),
respectively to determine the As concentration. As fractions in rhizosphere soil were extracted by sequential extraction procedure [25]. As concentrations of all samples
were determined using atomic fluorescence spectrometer
(AFS-230E, Haiguang Instrumental Co., China). To determine plant P concentration, samples were digested by concentrated H2SO4 and 30% H2O2 and measured by inductively coupled plasma atomic emission spectrometry (ICPAES, IRIS Advantage, Thermo, USA). The accuracy of the
analyses was estimated by comparison with reference
materials GBW07603 and GBW07406 from the Institute
of Geophysical & Geochemical Exploration, Chinese Academy of Geosciences, and blanks were introduced regularly.
The assay of soil enzyme activities was determined as
described by Wang et al. [26]. The pH of in-situ soil solution was examined using a microprocessor pH meter (model
pH211, Hanan Instruments, Padua, Italy) in 1:2.5 soil:water
solution (w/v).
2.6. Statistical analysis

Analysis of variance on data sets was performed using the SPSS 16.0 for Windows package. Data were expressed as means with standard deviation (SD) and letters
indicating statistical differences between the results of the
different treatments attached. Mean separation was conducted based on Duncan’s multiple range test and t-test
(only for mycorrhizal colonization rate and PNSB population). Pearson’s correlation coefficients were calculated
among root As concentration, As fractions amounts and in
situ solution As concentration. Differences at P < 0.05
were considered statistically significant.

3.1. Mycorrhizal colonization rate and PNSB population size

Mycorrhizal colonization rate of G. caledonium and
population size of R. palustris were absent or at very low
numbers in control and treatments without G. caledonium
or R. palustris inoculation, suggesting negligible background contamination. Mycorrhizal colonization rates were
(17.00 ± 0.71)% and (4.00 ± 3.54)% in Gc and Gc + Rp
treatments, respectively. Thus, the development of arbuscular mycorrhiza was significantly influenced by R. palustris (P = 0.002). For the abundance of R. palustris,
the value was (6.72± 1.48) ×1010 pot-1 in Rp treatment
and (0.84± 0.28) ×1010 pot-1 in Gc + Rp treatment. Obviously, inoculation R. palustris in combination with G.
caledonium reduced (P = 0.003) the bacteria abundance.
3.2. Plant growth

Tobacco plants varied in their response to inoculation
with tested microbes alone or their combination (Table 1).
Generally, inoculation with both G. caledonium and R.
palustris individually improved the plant growth as indicated by the much greater leaf number (P = 0.013), dry
weights of stem (P = 0.001) and whole plant (P = 0.033) as
compared to uninoculated controls and co-inoculated plants.
Besides, differences between controls and dual inoculated
plants were not statistically significant. In the case of plant
height, no significant differences were observed among
four treatments.
3.3. As concentration and pH of in-situ soil solution

Both pH and As concentration of in-situ soil solution in
all treatments exhibited a same trend at three sampling dates
(Fig. 1). They were markedly higher (PpH June 18 = 0.000, PpH
July 1 = 0.000, PpH July 16 = 0.000; PAs June 18 = 0.000, PAs July 1 =
0.001) in control and co-inoculation treatment than in Gc
and Rp treatments except for the As concentration at July 16
(PAs July 16 = 0.001). Additionally, there were no significant
differences between control and dual inoculation treatment
except for the As concentration at June 18.
3.4. Concentrations of As fractions and enzyme activity in
rhizosphere soil

The amounts of three As fractions in rhizosphere soil,
which were non-specifically sorbed (F1) (P = 0.000),
bound to amorphous and poorly-crystalline hydrous oxides

TABLE 1 - Growth of tobacco plants in different treatments.
Dry weight (g pot-1)
Leaf number (plant1
)
Root
Stem
Leaf
Whole
Control
73.33 ± 11.55 ab
13.67 ± 2.08 b
2.41 ± 0.51 b
5.80 ± 0.48 b
13.55 ± 2.76 b
21.76 ± 3.68 b
Gc
76.33 ± 6.03 a
17.00 ± 1.00 a
2.29 ± 0.30 bc
7.60 ± 0.60 a
18.86 ± 2.42 a
28.74 ± 3.20 a
Rp
83.67 ± 9.07 a
16.33 ± 0.58 a
3.17 ± 0.34 a
7.71 ± 0.87 a
19.23 ± 2.52 a
30.11 ± 3.59 a
Gc + Rp
70.67 ± 1.15 a
13.00 ± 1.00 b
1.70 ± 0.18 c
4.90 ± 0.42 b
15.11 ± 0.95 ab
21.71 ± 0.67 b
a
Control, no inoculum inoculation; Gc, Glomus caledonium; Rp, Rhodopseudomonas palustris.
b
Data presented are means ± standard deviation. Different letters within columns means significant differences by Duncan’s multiple range test at P <
0.05, n = 3.
Treatmentsa

Height (cm)
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FIGURE 1 - pH and As concentration in in-situ soil solution of different treatments at three sampling dates. Bars indicate standard deviation
and different little letters indicate significant differences at the same sampling date by Duncan’s multiple range test at P < 0.05, n = 3. Control, no inoculum inoculation; Gc, Glomus caledonium; Rp, Rhodopseudomonas palustris.

TABLE 2 - Concentrations of As fractions in rhizosphere soil of different treatments.
As concentration (mg kg-1)
F1b
F2
F3
F4
Sum
Control
0.15 ± 0.01 ac
4.42 ± 0.30 a
9.84 ± 0.22 a
17.65 ± 0.80 a
32.06 ± 1.25 a
Gc
0.08 ± 0.01 c
2.00 ± 0.22 b
7.56 ± 0.63 b
9.73 ± 0.62 c
19.37 ± 1.33 c
Rp
0.11 ± 0.01 b
2.72 ± 0.64 b
8.06 ± 0.67 b
13.64 ± 1.25 b
24.53 ± 2.16 b
Gc+Rp
0.12 ± 0.01 b
3.73 ± 0.26 a
8.57 ± 0.44 b
13.85 ± 0.66 b
26.27 ± 1.30 b
a
Control, no inoculum inoculation; Gc, Glomus caledonium; Rp, Rhodopseudomonas palustris.
b
F1: non-specifically sorbed; F2: specifically sorbed; F3: bound to amorphous and poorly-crystalline hydrous oxides of Fe and Al; F4: bound to wellcrystallized hydrous oxides of Fe and Al.
c
Data presented are means ± standard deviation. Different letters within columns means significant differences by Duncan’s multiple range test at P <
0.05, n = 3.
Treatmenta

of Fe and Al (F3) (P = 0.004), and bound to well-crystallized
hydrous oxides of Fe and Al (F4) (P = 0.000) as well as the
total extractible As (Sum) (P = 0.000) were remarkably
reduced by the G. caledonium and/or R. palustris inoculation. In addition, lower levels of specifically sorbed As
fraction (F2) (P = 0.000) were observed in Gc and Rp
treatments compared with control and the Gc + Rp treatment (Table 2). Moreover, significant correlations were
found between the amounts of F1 (r = 0.908, P = 0.000), F2
(r = 0.923, P = 0.000), F3 (r = 0.826, P = 0.001), F4 (r =
0.864, P = 0.000) and sum (r = 0.895, P = 0.000) and the
As concentration of in-situ soil solution at July 16.
Compared with control, G. caledonium and R. palustris inoculation enhanced phosphatase activity in rhizoshpere soil by 82.6% and 91.5%, respectively (P = 0.002),
whereas dual inoculation had no effect on this soil enzyme. For urease activity, it was lower (P = 0.044) in Gc
treatment than in control and Rp treatment, and no significant differences were observed among control, Gc, and
Gc + Rp treatments (Fig.2).
3.5. As and P uptake and partitioning

Inoculation with G. caledonium and/or R. palustris
significantly reduced As concentrations of root (P = 0.008)
and the whole tobacco plant (P = 0.000), while the decreased (P = 0.001) leaf As concentration was only observed in plants inoculated with G. caledonium and R.
palustris in combination as compared to the control (Fig.
3a). Additionally, As concentration in root was significantly correlated with the amounts of F1 (r = 0.671, P = 0.017),
F2 (r = 0.642, P = 0.025), F3 (r = 0.727, P = 0.007), F4 (r =
0.747, P = 0.005) and sum of four As fractions (r = 0.743,
P = 0.006). A significant correlation was also existed between As concentration in root and the As level of in situ
solution at July 16 (r = 0.773, P = 0.003).
As compared to root and stem, more As was accumulated in tobacco leaf in all treatments (Fig. 3b). The combined inoculation with G. caledonium and R. palustris
reduced the As contents of root (P = 0.024), leaf (P =
0.002) and the whole tobacco plant (P = 0.008). Besides,
no significant differences in As contents of leaf and the
whole plant were found among control, Gc and Rp treatments (Fig. 3b).
Both P concentration (P = 0.008) and P content (P =
0.009) of root were much lower in Gc + Rp treatment than in
other three treatments. In most cases, P concentrations
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and contents of stem, leaf and the whole plant exhibited a
same trend. They were much higher in Gc and Rp treat-
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< 0.05, n = 3. Control, no inoculum inoculation; Gc, Glomus caledonium; Rp, Rhodopseudomonas palustris.
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ments than in control and the dual inoculated treatment
(Pstem P concentrations = 0.033, Pleaf P concentrations = 0.005, Pwhole
plant P concentrations = 0.001; Pstem P contents = 0.006, Pleaf P contents =
0.000, Pwhole plant P contents = 0.000) (Fig.3cd).
4. DISCUSSION
AM fungi could provide several benefits to their host
plant through the hyphae which explore the soil away
from the root surface and improve the nutrient absorption
[5]. In the case of PNSB, Harada et al. [22] and Lee et al.
[20] have found its inoculation could increase the growth
and yield of rice and tomato. Although the underlying
mechanism is unknown, it is speculated that PNSB could
enhance the soil productivity and benefit the root morphology [27]. In present study, mycorrhizal colonization
rate and R. palustris abundance were respectively increased by the single inoculation of G. caledonium and R.
palustris as compared to control. Also, the enhanced activities of phoshatase were found in these two treatments. The
result may be attributed to the activities of two tested microorganisms, as their presence was the only difference between inoculation treatments and control. Plant roots and
microbes separately possess acid phosphatase even in the
stressed conditions [28, 29]. Higher acid phosphatase activities were also observed in the rhizospheric soil of Artemisia annua and in the roots of Pisum sativum when inoculated with AM fungi or bacteria [11, 30]. Phosphatase could
catalyze the hydrolysis of both organic P esters and anhydrides of phosphoric acid into inorganic P. It plays an
important role in acquisition of P by plant roots, which
was confirmed by the P uptake of tobacco plants as shown
in fig.3cd. In addition, the P absorption ability is reported
to be strongly connected with plant dry matter production.
Therefore, the greater P uptake obviously led to an improvement in plant growth when inoculated with G. caledonium or R. palustris alone in our study.
Additionally, G. caledonium and R. palustris markedly decreased the As concentrations in root and whole
plant. This result was mainly attributed to the lower As
concentration of in-situ soil solution, since a remarkable
correlation was found between root As concentration and
in situ solution As concentration at harvest time (r =
0.773, P = 0.003). Interestingly, declined As concentration of in-situ soil solution was accompanied by the lower
soil solution pH during the experimental period. Many
researches have shown that mycorrhiza formation and
bacteria could influence the rhizosphere soil pH directly
or indirectly through respiration from increased biological
activity and secretion of organic acids from roots and/or
microorganisms [13, 31]. Among all soil properties, pH is
one of paramount important factors which could influence
metals/metalloids solubility in soil [32]. For example, a
small rise could bring about a substantial decline in Zn
concentration in the soil solution [33]. As Navarro et al.
[34] and Hua et al. [8] observed, As bioavailability declined when soil pH decreased, likely due to its adsorption

onto Fe oxide surfaces. In this experiment, amounts of four
As fractions in rhizosphere soil were significantly reduced
by G. caledonium and R. palustris as compared to control.
Furthermore, they were not only consistent with the lower
As concentration of in-situ soil solution, but also positively
correlated with tobacco root As concentration. Obviously,
the obtained results indicated that G. caledonium and R.
palustris inoculation changed the As availability resulting
from the variation of soil pH and then induced lower As
concentrations in root as well as in the whole plant.
Plant roots, fungi and bacteria, separately possess acid
phosphatase and the tripartite system–plant, AM fungi and
bacteria may lead to a maximal phosphatase activity by the
cumulative effect of three enzyme activities. However, the
cumulative effect depends on the degree of compatability
of the plant roots, AM fungi and bacteria. Among several
inoculation combinations, Awasthi et al. [11] only found
the dual inoculation of G. mosseae and Bacillus subtillis
provided the best compatibility, inducing the greatest
phosphatase activity in rhizosphere soil. Interestingly, the
co-inoculation with G. caledonium and R. palustris resulted in much lower phosphatase activity as compared to
any of these microorganisms inoculated singly. This result
was in accordance with the exhibition of in situ solution
pH (Fig.1), since acid phosphatase has optimal activity at
pH values from 4 to 6, and the pH of in situ solution was
3.31, 4.85 and 6.87 in Gc, Rp and Gc + Rp treatments,
respectively at harvest time. Besides phosphatase activity
and pH, the differences of growth and P uptake of tobacco
plants and As concentration of in-situ soil solution were
detected between single and dual inoculation treatments.
Above phenomena may be attributed to the negative interaction between G. caledonium and R. palustris. This
assumption was strongly supported by the mycorrhizal
colonization rate and R. palustris abundance, which were
significantly reduced in the co-inoculation treatment.
Similar mutual inhibition has been also reported between
AM fungi and other microorganisms [13, 35].
As we known, AM fungi are a primary component of
soil microbiota in the rhizosphere, and obviously, it will
interact with other microorganisms. Presently, changes in
the microbial communities [13] and microbial abundance
[11] due to AM fungi inoculation have been reported. The
changes in composition and quantity of root exudation, or
fugals exudates, the so called “mycorrhizosphere effect”
were directly or indirectly responsible for the negative as
well as positive bacterial growth when AM fungi inoculated [36]. On the other hand, most rhizobacteria isolated
from a mycorrhizal rhizosphere have been observed to
affect AM fungi colonization [15]. The underlying mechanisms involved the production of carbon dioxide, ethylene,
pectolytic enzymes and growth-promoting substances, etc.
by bacteria, which were implicated in the inhibition or
stimulation of AM fungi [11, 37, 38]. On other cases,
electron microscopy has revealed that bacteria probably
attach to fungal hyphae of AM fungi and feed on the outer
hyaline spore layer, while it is not clear if their activity is
beneficial or parasitic [14]. Taken together, both the re-
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lease of active molecules and physical contact between
AM fungi and bacteria are essential for the establishment
of their interactions.
In accordance with these findings, the possible explanations for mutual inhibition between G. caledonium and
R. palustris were the increased concentrations of CO2
mostly resulting from the respiration and the release of
toxic volatile chemicals by the two tested microorganisms
[37, 39]. On the other hand, the system used may affect
the effectiveness of AM fungi and/or bacteria inoculum,
including the microbe species, strains, plant species and
soil conditions [15, 30]. In terms of a field experiment,
Siviero et al. [12] found only the dual inoculation G. intrarradices plus Rhizobium sp. strain BR4406 increased biomass of Amazonian legume tree (Schizolobium amazonicum) when compared with G. intrarradices plus Burkholderia sp strain. In nursery conditions, Cosme and Wurst
[15] demonstrated that the presence of Pseudomonas fluorescens 8569r did not influence the AM colonization of
Rhizophagus intraradices in the wild type tobacco but
increased this parameter in the transgenic tobacco. In the
same study, authors found that soil P status and plant cytokinin levels could be important for the effect of interaction
between these soil microorganisms on tobacco root morphology. Moreover, both the inoculation and harvest time
may be responsible for the variation in effects of bacteria
on AM fungi [12]. Although the underlying mechanisms
were not well demonstrated, the outcome of this study
confirms the optimal establishing and functioning of AM
fungal symbiosis may rely on many, as yet unidentified
factors, and emphasizes the importance of examining compatibility between different groups of plant beneficial
rhizosphere microorganisms.
Unexpectedly, although the dual inoculation had the
suppressive effects on the growth of both microorganisms
and tobacco plants, it led to much lower As concentrations and contents of root, leaf and whole tobacco plant.
The concomitant declined P uptake may partly explain
this result, since As and P enter plants through the phosphate/arsenate transporter, and microorganism inoculum
may downregulate this transporter resulting in an inhibition of As uptake [9]. However, the mechanisms behind
the interaction effects of G. caledonium and R. palustris
on the As and P uptake of tobacco plants are not very
clear. Furthermore, the sterilized soil used in this experiment allowed us to study rhizosphere microbial interactions in a relatively simple substrate with limited interference from other soil biota. While, the results obtained in
the present work mainly show potential interactions and
should not be directly extrapolated to a soil situation.

but also reduce the plant As uptake when inoculated in
combination with AM fungi in an As polluted soil. Furthermore, a field experiment is needed to confirm the inoculation effects of these two inocula since there may be
many biotic and abiotic factors influencing the effects. And,
more knowledge of the mechanisms for how the interaction
between G. caledonium and R. palustris contribute to the
lower As uptake by tobacco plants is necessary.
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ABSTRACT
Hg emissions from coal-fired power plants (CFPPs)
in Northern China are the major source of anthropogenic
atmospheric mercury (Hg) emissions. The impact of denitrification devices on Hg emission, together with difference in Hg emission from different boilers and specific
data of air pollution control devices (APCDs) are critical
factors for the estimate of Hg emissions. Combined with
unprecedented meta-analysis, this paper applies emission
factor method to examine Hg emissions in 1995, 2003,
2011 and projection to 2015. Hg emissions from CFPPs
were estimated to rise from 13.28 ton to 23.61--36.67 ton
with an increase rate of 77.8% to 176.3%, while coal consumption increased by 325.5%. The emissions of Hg0, Hg2+
and HgP are estimated to reach 11.80--18.34 ton, 9.45-14.66 ton and 2.36--3.67 ton, respectively. Low increase
of Hg emissions benefits from the wide application of
APCDs, especially the sound operation of denitrification
devices. However, there are uncertainties in the estimation
of Hg emission due to variation of parameters in the method,
and Hg content was proved to be the predominant parameter
that results in the uncertainties. The paper addresses the
effect of denitrification devices and their operation rate on
Hg removal, and reduces the uncertainties of Hg emissions
through comprehensive emission factors.

environment. Coal combustion is generally regarded as the
significant source of Hg emission for the global inventory. Further, the major utilization of coal is to generate
power [1, 2]. This trace metal is released and distributed
in fly ash, gypsum and bottom ash in CFPPs (Fig. 1), during coal combustion in the form of Hg0, Hg2+ and Hgp [3,
4]. Also it is vaporized into flue gas [5, 6].

FIGURE 1 - Hg distribution in coal combustion. Hg distributes in
bottom ash, fly ash and gypsum in the process of coal firing. The
speciation of Hg in combustion includes Hg0, Hg2+, Hgp.

Atmospheric Mercury (Hg) emission from coal-fired
power plants (CFPPs) has been the central environmental
issue for Northern China since the release of 12th fiveyear plan of China in 2011. Hg is a naturally occurring
metal and has aroused concern owing to its toxicity, longrange transportation, persistence and bio-concentrate in

Hg removal from flue gas is usually gained through
measures aimed to remove conventional contaminants in
exhaust. United States Environmental Protection Agency
(EPA) reported the air pollution control devices (APCDs),
installed for removing NOx, SO2 and particulate matter,
can achieve the co-benefits of Hg capture, especially Hg2+
[7]. Field-test data shows that Hg control can be achieved
in coal-fired unit equipped with flue gas desulphurization
(FGD) for SO2 control, bag-house filter or electrostatic
precipitator (ESP) for particulate matter (PM) control, and
denitrification devices, e.g. selective catalytic reduction
(SCR) for NOx emission control [8]. Nevertheless, the
impact of denitrification devices on Hg removal has been
seldom involved in the estimation of Hg emissions regarding China owing to the difficulty in acquiring data of
denitrification rate, since the capacity of CFPPs installed
with SCR before 2010 is very small and some of them are
suspected not to put into full operation due to additional
operation cost, e.g. catalyst and injection of NH3 [9].

* Corresponding author

It is estimated that total anthropogenic Hg emissions
were 2320 ton for 2008, and coal and oil combustion are
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identified as the most significant anthropogenic sources 35% of total anthropogenic emissions [10]. Moreover,
China is the largest Hg emitter in the world and CFPPs
have become a dominant source of anthropogenic atmospheric Hg emissions and exposure [2, 11]. This is especially the case in Northern China, where CFPPs assume a
role in both generating electricity all over the year and
supplying heat power for residents in winter, and providing steam for factories as well (Fig. 2).

Apart from the limit of current studies of Hg emissions, the estimates of Hg emission are prone to generate
large uncertainties, both in the total amount of Hg emissions and speciation. Hg speciation is significant in controlling atmospheric and deposition processes, and thus
the fate of Hg in the environment [19].
In this paper, we present a comprehensive estimation
of Hg emissions from CFPPs in 1995, 2003 and 2011 in
Northern China, and then project to the future and estimate Hg emissions, including Hg speciation, in 2015. 1995,
2003 and 2011 were chosen because Emission Standard of
Air Pollutants for Thermal Power Plants witnessed three
revisions and implemented in the next year after the three
years. Particularly, to get best Hg estimate, unprecedented
meta-analysis was conducted concerning emission factor
of different boilers, the installation rate of APCDs, and Hg
removal efficiency and the operation rate of denitrification
devices. In the pages that follow, it is argued that uncertainties cannot be neglected in the estimation of Hg
emissions due to the variation of estimation parameters.
2. MATERIALS AND METHODS

FIGURE 2 - The geographical range of research area. Research
area is 1, 556, 000 km2 and constitutes Beijing, Hebei, Inner Mongolia, Shanxi and Tianjin.

Since CFPPs are the major anthropogenic source of
Hg emission in some countries, e.g. China, Poland and
Southern Africa; much effort has been made to study and
control regional Hg emission from CFPPs by researchers
and authorities [12-15]. The usual method used to estimate Hg emissions from CFPPs is on the basis of emission factors, with regard to Hg content in coal, types of
boilers and Hg removed by coal washing and emission
control devices. Nonetheless, most of previous studies,
which carried out to estimate Hg emissions from CFPPs,
lack comprehensive consideration in emission factors. For
example, Dabrowski et al. [13] and Glodek and Pacyna
[12] did not involve the emission factor of boilers at each
CFPP for their method. Wu et al. [15] and Tian et al. [16]
ignored the effect of denitrification devices on Hg emissions. Wang et al. [17] did not estimate Hg emissions
from CFPPs on the grounds of specific data of APCDs
installation for each CFPP. Zhang et al. [18] did not consider difference between the boilers of CFPPs and industrial boilers or domestic boilers in evaluating Hg emissions from coal combustion. Due to the distinguished and
incomplete consideration in the above studies, their result
could hardly provide reliable clue for the trend of Hg
emissions and valuable perspective for policy making.

A bottom-up method of emission factors was adopted
in this study to estimate atmospheric Hg emissions from
coal-fired boilers of power plants. Hg emissions from
CFPPs were calculated by combining the detailed data of
coal consumption, the averaged Hg content in coals by
province and the specific emission factors that are classified by different boiler patterns, and PM, SO2 and NOX
control device configuration. The basic formulas can be
expressed as follows.

Where E is the Hg emissions from CFPPs, ton/year;
M is the Hg content of coal as burned, mg/kg; A is the
amount of coal consumption, 106 ton/year; Q is the percentage of washed coal in the power plants; w is the Hg
removal efficiency of coal washing; R is the release factor
of Hg from boiler; P is the application rate of a certain
combination of APCDs; η is the Hg removal efficiency of
one combination of APCDs; F is the operation rate of
denitrification devices; i is the province; j is the combustor type; and k is the type of APCD combinations.
2.1 Coal transport and consumption

Coal consumption data of power plants were obtained
from China Energy Statistics Yearbook [20-22]. Coal consumption in 1995, 2003 and 2011, including washed coal
consumption, is shown in Fig. 3.
The research area is 1, 556, 000 km2 and consists of
Beijing, Tianjin, Hebei, Shanxi and Inner Mongolia. The
provinces with large coal consumption do not have large
coal production. Hence, there is interprovincial coal
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FIGURE 3 - Coal consumption at CFPPs during 1995 and 2011. Coal consumption at CFPPs in Inner Mongolia experienced the largest
increase, while that in Beijing had minimum variation during 1995 and 2011. This implicates the difference in Hg emissions from different
regions. CFPPs refer to coal-fired power plants. Total coal consumption constitutes raw coal and washed coal consumption.

transport. Coal in Shanxi and Inner Mongolia can satisfy
their own need and the rest exports to other provinces, such
as Beijing, Tianjin and Hebei. Coal transport can be described by developing a coal transport matrix [11].
mc = Amp
mc = [mc1, mc2, … , mcn]

T

A = {!ij}n×n
mp = [mp1, mp2, … , mpn]

T

Where vector mc is the Hg content of coal as consumed
in all the provinces; mp is the Hg content of coal as produced in all the provinces; A is the coal transport matrix,
and aij is the amount of coal transported from province j
to province i, the sequence of each province in row and
column is Beijing, Hebei, Inner Mongolia, Shanxi and
Tianjin; n is the number of provinces.
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2.2 Average content of Hg in raw coals as produced and consumed

The content of Hg in coal can provide useful information for pollution control during coal combustion and
utilization from an environmental point of view. Even
when being presented in only parts per million levels in
coal, combustion of coal can result in tons of hazardous
air pollutants being discharged into atmosphere. The content
of Hg in coal mined from different places varies substantially due to the coal-forming geological environments.
Previous studies demonstrated that the content and distribution of Hg differ from provinces, sources and even the
coals of the same seam [23]. On top of the modes of occurrence, mineral content, and the distribution of Hg in
coals, there are also some other sources causing fluctuation of hazardous trace elements contents, such as random
sampling errors, measurement errors, or samples are not
representative.
In this study, the tested content of Hg in raw coals
was compiled and summarized from available published
literatures, regarding research area. In the early studies, Hg
content data were quite limited. Wang et al. [17], Wang
[24] and Zhang et al. [18] used 0.22mg/kg as a national
mean value, which was derived from coal analysis data of

14 provinces. The values varied from around 0.02 mg/kg
to 1.92mg/kg. Other research yielded estimated values of
0.15 mg/kg [25] and 0.16 mg/kg [26]. All of these results
came from very limited raw coal samples of coal mines.
To develop a more convincing inventory, the U.S. Geological Survey (USGS) did further studies after analyzing
276 samples from all provinces in China and obtained an
average Hg content of 0.15±0.14mg/kg. On the basis of data
from USGS and other research, Streets et al. [27] presented
a complete Hg content database by province in China. They
also developed a coal transport matrix for China, combining
coal production with coal consumption, and obtained a
value of 0.19 mg/kg for the Hg content of coal burned in
the power sector. Zheng et al. [28] analyzed 62 samples,
summarized 1699 samples from previous studies, and reported the national average to be 0.19 mg/kg. Ren et al.
[29] conducted a more detailed data investigation and outlined previous results of 619 samples in their book. The
lognormal distribution was found to fit the input dataset
of Shanxi province. The values with a probability of 50%
for this province were more applicable than the mean values.
The study presented here integrated the independent data
from Ren et al. [29] with other research and updated database of Hg content in coal by province (Table 1).

TABLE 1 - Hg content in raw coal in research area, mg/kg
Region

This study Ren et al. (2006) Wang et al. (2010) Streets et al. (2005) Zheng et al. (2007) Zhang et al. (2012) Tian et al. (2010)
[29]
[30]
[27]
[28]
[2]
[23]
Beijing
0.33
0.10
0.55
0.44
0.34
0.34
Hebei
0.16
0.16(33)
0.15(14)
0.14
0.17(15)
0.13
Inner Mongolia
0.18
0.17(14)
0.17(15)
0.22
0.16
0.18(46)
0.20
Shanxi
0.17
0.17(79)
0.16(69)
0.16
0.08
0.17
Tianjin
Data in the bracket are numbers of samples. Tianjin does not produce raw coal and so no numbers are given in the table.

FIGURE 4 - Hg content in coal as consumed at CFPPs. Hg content in coal as consumed in Beijing showed fluctuation in 1995, 2003 and 2011.
The variation derived from the difference in amount of coal import and large gap of Hg content between native coals and alien coals. The
particularly high Hg content in 2003 resulted from combined high Hg content of native raw coals and more native coals consumed. The
labels designate Hg content of coal used at CFPPs in 1995, 2003 and 2011, respectively.
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For the major coal-supplying provinces such as Shanxi
and Inner Mongolia, there is little difference between Hg
content as produced and as burned in power plants because
within-province supply can meet the demand. However,
for the major coal-consuming regions such as Tianjin, the
content of Hg that burned depends on coal from other
provinces. The Hg content of coal used in power plants by
province, as shown in Fig. 4, was calculated via the coal
transport matrix and Hg content in raw coal of coalsupplying provinces. These values were all of the weighted
means on the basis of the coal consumption by province.
2.3 Removal efficiency of Hg through APCDs

Aside from the Hg content in coal, Hg removal efficiency of APCDs is another critical parameter for the
calculation of Hg emissions because they are effective in
decreasing the final Hg release into atmosphere [30, 31],
and have co-benefit effects of Hg speciation by SCR. For
instance, Wang et al. [32] investigated Hg emissions from
six CFPPs, and found the release rate and speciation of
Hg varied substantially for different boilers and equipped
PM and FGD systems. The observation of Laudal et al.
[33] at seven CFPPs indicated that SCR can assist in
converting Hg0 to Hg2+, thereby reducing the final emis-

sions of elemental Hg into the atmosphere. In our study,
CFPPs in research area were classified into various subgroups based on boiler patterns, particulate control devices, FGD systems and NOx reduction devices, which were
seldom considered in the existing studies of Hg emissions
from CFPPs in China. The SCR catalyst can alter the
speciation of Hg and promote some of elemental Hg to
oxidize into Hg2+, which is much easier to be absorbed by
the downstream wet FGD scrubber.
Table 2 demonstrates Hg removal efficiencies for
overall 8 APCDs and their combinations. The results of
107 samples were assembled from existing studies involved in China, America, Japan and Korea. PC +ESP and
PC+ESP+WFGD are two important APCDs combinations
in the research area at different phases of our research. Furthermore, PC+ESP+WFGD+SCR have been increasing at
a staggering rate throughout the research area since 2011,
in order to comply with the strict Emission Standard of Air
Pollutants For Thermal Power Plants (GB13223-2011) [47].
There are enough data for the former two combinations,
35 results for PC+ESP and 24 results for PC+ ESP+WFGD.
SPSS16.0 and Oracle Cristal Ball 11.1.2.2 were used
to find a statistical distribution to fit these data. As a con-

TABLE 2 - Hg removal efficiencies of APCDs
Control device

Numbers of samples

Removal efficiencies, %
P10
P50
P90
Mean
ESP
35a
7.38
30.20
53.28
31.06
FF
15b
43.20
84.00
99.00
75.57
PCRB
8c
4.30
15.00
46.00
18.25
CYC
2d
0.00
0.05
0.20
0.05
WFGD
11e
17.06
60.00
79.00
55.98
PC+ESP+WFGD
24f
22.20
69.00
78.00
59.92
CFB-FGD+ESP
6g
38.00
68.50
100.00
71.67
SCR+ESP+WFGD
6h
36.00
80.05
95.00
75.97
a. [4, 16, 32, 34-40]; b. [4, 16, 35, 37, 39, 40]; c. [4, 16, 35, 38]; d. [38, 40]; e. [6, 16, 39, 41-44];
f. [4, 32, 35-40]; g. [2, 4, 40, 45]; h. [2, 32, 36, 37, 44, 46]; i. PC refers to pulverized-coal. FF refers to fabric filter; PCRB refers to PM scrubber;
CYC refers to cyclone; CFB-FGD refers to circulating fluidized bed FGD. WFGD refers to wet FGD.

TABLE 3 - APCDs proportion of CFPPs in 1995, 2003 and 2011
Region
Beijing

Hebei

Inner
Mongolia
Shanxi

Tianjin

Control factor
PM
SO2
NOX
PM
SO2
NOX
PM
SO2
NOX
PM
SO2
NOX
PM
SO2
NOX

1995
87.64%
0.00%
0.00%
91.86%
0.00%
0.00%
89.61%
0.00%
0.00%
94.72%
0.66%
0.00%
92.83%
0.00%
0.00%

2003
100.00%
23.89%
0.00%
100.00%
1.66%
0.00%
100.00%
0.00%
0.00%
100.00%
1.66%
0.00%
100.00%
0.00%
0.00%
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2011
100.00%
100.00%
81.83%
100.00%
100.00%
8.37%
100.00%
100.00%
3.08%
100.00%
100.00%
3.08%
100.00%
100.00%
13.16%
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a.

b.

FIGURE 5 - Distribution curves of Hg removal efficiencies of APCDs. Hg removal efficiencies of APCDs (a. Hg removal efficiency of ESP
and b. Hg removal efficiency of ESP+WFGD) are in line with Normal distribution and Weibull distribution, respectively. The mean value of
ESP+WFGD deviates more from P50 because of the long tail of distribution curve, compared with that of ESP. N refers to numbers of samples; Std.Dev refers to standard deviance; Mean refers to arithmetic value of the samples.

sequence, the Hg removal efficiencies of PC+ESP and
PC+ ESP+WFGD were in line with the Normal distribution and Weibull distribution, respectively (Fig. 5). The
reported mean values of the two combinations are 29%
and 62%, respectively [2]. The P50 value for the Hg removal efficiency of PC+ESP and PC+ESP+WFGD turned
out to be 30.20% and 69%, higher than the mean values.
Through collecting data from the national inventory
of desulfurization and denitrification facilities [48] and
China Energy Yearbook [21, 22, 49], the capacity of units
equipped with APCDs in 1995, 2003 and 2011 was calculated and installation rate of different APCDs at each
CFPP in research area was analyzed (Table 3).

types of utility boilers reported in available literature, and
we assume that the averaged emission ratios of Hg were
about 99.5% for pulverized-coal boilers, about 83.2% for
stoker-fired boilers, and approximately 98.9% for fluidized-bed combustion boilers, respectively.
TABLE 4 - Hg release rates of different boiler types
Boiler type
PC boiler
PC boiler
PC boiler
PC boiler
PC boiler
PC boiler
PC boiler
In this
study

2.4 Emission rate of Hg for combustion devices

Combustion devices that are used at CFPPs are divided
into three types: PC boilers, CFB furnaces, and stokerfired boilers.
PC boilers have accounted for a large proportion at
CFPPs since 1995. The remaining has been shared by the
other two patterns, which have been commonly adopted in
small units. The national average proportion of installed
capacity for PC boilers, CFB furnaces, and stoker-fired
boilers are roughly 83.3%, 12.9%, and 3.8%, respectively
[50]. Some researchers, abroad and domestic [31, 32, 5155] investigated Hg release rate for various types of boilers at CFPPs (Table 4) and they found over 99% of Hg in
coals will evaporate into flue gas. Here, the arithmetic
mean value of Hg emission ratio was adopted for different

Stoker fired
boiler
CFB furnace
PC boiler

Release Rate, %
99.50
99.53
99.10
99.13
99.77
99.73
99.78
83.15

Reference
[54]
[56]
[55]
[43]
[31]
[53]
[32]
[57]

98.92
99.47

[51]
Mean value

2.5 Removal efficiency of Hg through coal washing

Currently, coal washing before combustion is an effective way to reduce ash and SO2 emissions. It can reduce
sulfur pyrites content by 40% [58]. This way, not only
diminishes ash and SO2 emissions, but also decreases
Hg concentration and increases the heating value of
cleaned coal. The removal effect of Hg is approximately
similar to the sulfur in pyrite and it is indicated that sulfur
in pyrite can be removed effectively during physical coal
cleaning and the removal efficiency can reach up to 50%
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[59, 60]. Consequently, a large proportion of Hg associated with pyrite can be washed away simultaneously. The
reported Hg removal efficiency of coal cleaning varied
from about 30% to 75% and all the physical coal cleaning
procedures tested on coals can remove larger than 50%
Hg [8, 59-62]. In this study, we assumed a mean removal
efficiency of 50%.
Although APCDs occupied a considerable proportion
at CFPPs in research area and the share has risen at a
staggering rate, washed coal only accounted for 2.2% and
2.7% of the electricity coal consumption in China in 2003
and 2011, respectively [15, 49]. However, as is shown in
Fig. 4, it was quite varied in different phases in research
area.
2.6 Operation rate of denitrification devices

Even though denitrification devices are highly efficient in removing Hg, the effect of Hg removal has been
offset by the low operation rate in China. Before denitrification electricity price is implemented in 2013, the operation rate of denitrification devices was investigated by
China Electricity Council (CEC) to be 17% [63]. In this
study, 17% was adopted as the value of F to estimate Hg
emissions in 2011 and ignored in 1995 and 2003, as the
installation rate of SCR or SNCR was negligible before
2011 for research area.
2.7 Hg speciation

Hg is mainly released to the air as gaseous Hg0, and
also mixing gaseous Hg2+ and particulate Hgp at CFPPs.
Hg speciation was estimated from the global technical
report for evaluating Hg emissions [64]. Specifically,
‘split factors’ of 0.5, 0.4 and 0.1 were applied to Hg0,
Hg2+, Hgp split, respectively.
3. RESULTS AND DISCUSSION
3.1 Hg Emissions in 1995, 2003 and 2011

A provincial inventory of Hg emission for CFPPs is indicated in Table 5. Hg emissions were 13.28 ton, 18.81 ton
and 22.71 ton in 1995, 2003 and 2011, respectively. As can
be inferred from recent research regarding research area,
Hg emissions ranged from 19.28 ton to 26.50 ton in 1995
[17, 18, 38].
The difference of Hg emissions from CFPPs in research area between other studies and this study is largely

owing to a much coarser data sources or a much simpler
method in other studies. Zhang et al. [18] applied Hg
emission ratio, which did not differ the boilers of CFPPs
from industrial boilers or domestic boilers in evaluating
Hg emissions from coal combustion. Wang et al. [17] and
Wu et al. [38] applied the same method as our study, but
they adopted a statistic average of CFPPs installation rate
rather than acquiring data from each CFPP in prediction
of Hg emissions, and ignored the influence of denitrification devices on Hg removal. In contrast, we conducted metaanalysis of installation rate for APCDs from each CFPP
and involved the impact of denitrification devices on
Hg emission. Accordingly, it can be convincingly argued
that the estimation of Hg emissions presented in this study is
more accurate.
The top emitter in 1995 and 2003 was Hebei, whereas
Hg emissions of Inner Mongolia in 2011 almost doubled in
comparison with that in 2003, and became the top emitter.
The top emitters in the three years contributed 36.63%,
34.07% and 40.19% of the total Hg emissions from the
power sector in research area. From 1995 to 2011, coal consumption increased by 259.6%, which means the total
national Hg emissions rise by 259.6%. If no specific control strategies were implemented, in fact, the total emissions would rise from 22.60 ton to 58.67 ton because
further SO2 and NOx control measures counteracted most
of the influence brought about by the rapid growth of
coal consumption. There is a reduction of 35.96 ton with
respect to Hg emissions during the 16 years, which attributes to progress in desulfuration and denitrification.
The effects of control strategies for SO2 and NOX in
each province were quite different. Inner Mongolia saw a
dramatic increase in Hg emissions at CFPPs from 1995 to
2011 (+215.9%), whereas Beijing witnessed obvious decline
in Hg emissions during this period (-56.2%). The discrepancy partly derived from quick increase of coal consumption in electricity generation from Inner Mongolia. Furthermore, APCDs, particularly SCR, FGD and their combinations with ESP and FF, were more prevailed in Beijing
than in other provinces. This may be the main reason that
could explain the reduction of Hg emissions in Beijing.
3.2 Hg Emissions Projection to 2015

According to the circular of the State Council in China (SC), by 2015, coal consumption in CFPPs will be
constantly rising at an annual rate of 4.3%, while coal
washing rate will be over 65% [65]. Furthermore, all new-

TABLE 5 - Provincial Hg emissions at CFPPs in 1995, 2003 and 2011
Region
Beijing
Hebei
Inner Mongolia
Shanxi
Tianjin
Northern China

1995
Emissions, ton
0.80
4.86
2.89
3.62
1.10
13.28

Share, %
6.05
36.63
21.77
27.27
8.28

Emissions, ton
0.97
6.41
4.83
5.39
1.21
18.81
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2003
Share, %
5.14
34.07
25.67
28.67
6.45

Emissions, ton
0.35
5.63
9.13
6.02
1.58
22.71

2011
Share, %
1.55
24.79
40.19
26.51
6.95
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TABLE 6 - Total Hg emissions and speciation for the research area
Scenarios

F

Total Hg emissions, ton

(1)
(2)
(3)

17%
50%
100%

36.67
31.48
23.61

Hg speciation, ton
Hg0
18.34
15.74
11.80

Hg2+
14.66
12.59
9.45

Hgp
3.67
3.15
2.36

FIGURE 6 - Hg emissions at CFPPs during 1995 and 2015. The estimate for 2015 was based on the hypothesis that the operation rate of
denitrification devices reaches 100%. Hg emissions at CFPPs experienced quicker increase than coal consumption from 1995 to 2003. The
trend took a turn after 2003. The popularity and sound operation of APCDs are mainly responsible for the transformation. The labels designate mercury emissions and coal consumption, respectively.

built coal-fired units will be equipped with control facilities for SO2 and NOX [66].
We assume the above goals would be realized in the
research area, and consider different scenarios, with respect to the operation rate of denitrification devices, i.e.
17%, 50% and 100% (Table 6). Therefore, Hg emissions
from CFPPs in 2015 can be estimated and a figure of
23.61 ton was acquired for total Hg emissions when denitrification devices operate well with the units, and 11.8
ton, 9.45 ton and 2.36 ton for Hg0, Hg2+ and HgP emissions, respectively. Combined with coal consumption, a
value of 0.0552 to 0.0857 g Hg ton-1 coal for the research
area was calculated under different scenarios. This value
compares well with that of other regions, including the
USA and Canada (0.0094 to 0.18 g Hg ton-1 coal) [67],
South Africa (0.02 to 0.16 g Hg ton-1 coal) [13] and global estimates (0.04 to 0.3 g Hg ton-1 coal) [10].
As shown in Fig. 6, emissions experienced a steady
increase rate of 3.96% from 2011 to 2015, while coal
consumption went up rapidly by 18.34% during the same
period. An overall increase rate of 77.8% for Hg emissions was calculated from 1995 to 2015. This result mainly bases on the assumption that SCR will be applied comprehensively and operate consistently and stably with the
units at CFPPs in the 12th five-year

uncertainties involve limited measurements of Hg emission and the accuracy of emission factors [68, 69].

3.3 Uncertainties

As can be seen from Table 7, Hg content in coal contributes the largest uncertainty of Hg emissions. The se-

Uncertainties widely exist in the estimation of Hg
emissions. The common considerations underpinning the

In order to examine uncertainties of Hg emissions,
the Monte Carlo method was applied to conduct the stochastic simulations of Hg emissions in 2011. To get reliable outputs, we set the sampling number as 6000. All Hg
emissions from the five regions are now shown by distribution curves instead of single values.
The curves demonstrate a wide range of uncertainties.
As can be seen from Fig. 7, total Hg emissions from
CFPPs in 2011 ranged from 3.4 ton to 36.6 ton, an order
of magnitude difference. To determine which parameter is
the largest source of the uncertainty, various scenarios
were designed.
(1) A complete stochastic simulation with distribution
functions regarding various parameters, including Hg
content, Hg removal efficiency of APCDs and coal washing.
(2) Only set Hg content in coal with distribution function.
(3) Only set Hg removal efficiency of APCDs with
distribution functions.
(4) Only set Hg removal efficiency of coal washing
with distribution functions.
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cond largest source of uncertainties is Hg removal
effi-

FIGURE 7 - The output distribution curves for Hg emissions in 2011 at CFPPs. Stochastic simulation of Hg emissions is conducted via
the Monte Carlo method by Oracle Cristal Ball, with the sampling number 6000. Hg content variation is the predominant factor that contributes to the uncertainties of Hg emissions. The unit is ton.

ciency of APCDs, while Hg removal efficiency of coal
washing has minimal impact on uncertainties of Hg emissions. Wu et al. [15] estimated an uncertainty range of 68.0% to 199.8% for Hg emissions, on the grounds of a
complete stochastic simulation with all parameters built
with distribution functions. Overall, this judgment is in
agreement with scenario (1) of our study.
TABLE 7 - The uncertainties of Hg emissions with various scenarios
setting
Scenarios
(1)
(2)
(3)
(4)

Hg missions
P50, ton
14.7
18.6
18.2
22.6

Uncertainty range, %
-76.9 to +149.1
-74.6 to +124.5
-44.5 to +24.2
-0.6 to +0.7

4. CONCLUSIONS
The present study was designed to include comprehensive estimation of Hg emissions from CFPPs. Considering emission factor in coal cleaning, combustion and
atmospheric pollutant removal, the best estimate for Hg
emissions from CFPPs in 1995, 2003, 2011 in research area
arrives at 13.28 ton, 18.81 ton, 22.71 ton, respectively,
while that of 2015 ranges from 23.61 ton to 36.67 ton,
subject to the operation rate of denitrification devices. Hg0,
Hg2+ and Hgp are predicted to be 11.80-18.34 ton, 9.45 14.66 ton and 2.36-3.67 ton in 2015. However, Hg emissions in 1995 in the current study differ from the existing
estimate of 19.28 ton to 26.50 ton. A possible explanation
for the difference may be the more limited data sources or
oversimplified estimation method in other studies.

During 1995 and 2015, Hg emissions from CFPPs were
predicted to rise by 77.8% to 176.3% while coal consumption increased by 325.5%. We concluded that the
slower increase rate of Hg emissions resulted from the wide
use of FGD, SCR and their combination with PM control
devices. To reach the slower increase of Hg emissions in
the future, the popularity and operation rate of denitrification devices are the key. As desulphurization electricity
price has been successfully carried out since the 11th fiveyear plan, likewise, denitrification electricity price, which
is ruled by Chinese government in 2013, will impel the
installation of denitrification devices [70, 71]. Nonetheless, the current policy should be completed by differentiating electricity and heat generators from electricity generators in electricity price.
Even though various possibilities were considered in
the process of calculation, uncertainties cannot be ignored
in the estimation of Hg emissions. The Monte Carlo method
was applied to perform the stochastic simulation of Hg
emissions in 2011. Consequently, uncertainties of Hg emissions ranged from -76.9% to 149.1% and Hg content was
proved to be the predominant parameter contributed to the
uncertainties. Although it is too early to draw statistically
significant conclusions, the prediction seems to be more
accurate with more field test data of coal samples and
APCDs removal efficiency from different CFPPs in the
future. Our conclusions should provide insight into Hg
abatement for policy making, and be used in transport and
fate modelling of Hg emissions.
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BIODEGRADATION OF PHENOL WITH CANDIDA
TROPICALIS ISOLATED FROM AEROBIC GRANULES
Cong Ding, Zhiping Wang*, Weimin Cai*, Qianqian Zhou and Jiangya Zhou
School of Environmental Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China.

ABSTRACT
In this study, strains were isolated via selected medium from aerobic granules acclimated with phenol synthetic wastewater, which could use phenol as the sole carbon
and energy source. Among of them, YA-3 was confirmed
to possess the highest phenol tolerance and degradation
rate, and identified as Candida tropicalis with the phylogenetic analysis of 26S rDNA ITS sequences. To investigate its degradation properties of phenol, inoculum volume, pH, temperature and second carbon source were
optimized in phenol degradation experiment, and the optimal conditions were listed as inoculum ratio 3--7% (V/V),
pH 4.0--8.0 and 25--35 . Appropriate dosage of glucose
could speed up the proliferation of Candida tropicalis, thus
promoted the degradation of phenol. According to the
degradation of phenol at different initial concentration,
the inhibitory kinetics of phenol degradation was simulated using Haldane model. The model’s kinetic parameters
were evaluated as the maximum specific growth rate
µX ,max = 0.418hr −1 , the half-saturation coefficient

K S = 74.69mg / L , the inhibition coefficient for cell growth
Ki = 432.38mg / L , and the maximum specific phenol

degradation rate was 0.447hr−1. These results demonstrated that Candida tropicalis had high feasibility and engineering value, which could be used as bioaugmentation
consortia to shorten the acclimation phase of aerobic
granules or remedy phenol contamination in situ.

In general, the biological methods for chemicals removal are more economic and effective comparing with
the physical and chemical methods, especially for the
bioaugmentation
with
specific
microorganisms.
Wastewater containing high concentration of phenol is
difficult to be treated biologically because of the strong
inhibition to the growth and degradation capability for
microbial groups [5]. Aerobic granular sludge process has
been extensively investigated in the biodegradation of
phenol because of the advantages of high biomass content,
high biomass retention and strong ability for shock resistance [6]. Moreover, isolation and inoculation of phenol
degrading microbes might accelerate the granulation of
phenol fed sludge and improve the performance of bioprocess. In the previous works, various microorganisms have
been isolated and characterized, including Pseudomonas sp.,
Penicillium sp., Acinetobacter sp., Aspergillus sp., Trichosporon sp., etc [7-10].
In order to further investigate the biodegradation
mechanisms of phenol and accelerate the granulation of
phenol fed sludge, strains with high phenol degradation
ability were isolated from the phenol fed aerobic granules
in this study. Among them, one strain identified as Candida tropicalis presented the highest degradation efficiency
and good tolerance capacity to high concentration of phenol.
General impact factors for phenol degradation were considered and the optimization conditions were proposed. Moreover, the growth kinetics of Candida tropicalis and degradation kinetics of phenol were also investigated according to Haldane model.

KEYWORDS: Candida tropicalis; phenol; biodegradation; aerobic
granules; kinetics; Haldane model

1. INTRODUCTION

2. MATERIALS AND METHODS
2.1 Domestication of Granules

As a recalcitrant aromatic compound, phenol is widely
present in the wastewater such as pharmaceutical, petrochemical, chemical engineering as well as agricultural
chemicals [1-3]. The untreated phenol-containing
wastewater has caused serious threats to the environment
due to the toxic for microorganisms and potentially carcinogenic for humans [4].

The aerobic granules were cultivated in a columntype reactor with activated sludge from Minhang Waste
Water Treatment Plant, Shanghai, and fed with synthetic
wastewater [11]. The compositions of which were listed
as following: 300 mg/L NH4Cl; 20 mg/L KH2PO4; 20
mg/L K2HPO4; 25 mg/L MgSO4; 30 mg/L CaCl2; pH 6.8,
and 1mL micronutrients (g/L): 1.5 FeCl3; 0.03 CuSO4;
0.15 H3BO3; 0.12 MnCl2; 0.06 Na2MoO4; 0.03 KI; 0.12
ZnSO4; 0.15 CoCl2. pH of influent was adjusted with

* Corresponding author

891

© by PSP Volume 23 – No 3a. 2014

Fresenius Environmental Bulletin

phosphate buffer to 6.7 ± 0.5 and the reactor was operated
at 12 hr cycles.
Phenol was added proportionally to the synthetic
wastewater, resulted in initial concentrations being 100600 mg/L to domesticate the strains in aerobic condition.
An overview of the operating conditions is given in Table 1.
The whole process lasted about 3 weeks, of which each
phase has different cycles varying from 4 to 10 times.
TABLE 1 - Overview of the operating conditions

Operation time (days)
Influent phenol concentrations
(mg/L)
Glucose concentrations (mg/L)
COD (mg/L/cycle)

Phase Phase Phase Phase Phase
1
2
3
4
5
5
5
4
3
2
100

200

300

400

600

245.3 256.3 267.3 512.6 768.9
500
750 1000 1500 2250

2.2 Isolation and screening of phenol degrading strain

Mature granules, fed with 600 mg/L phenol and
768.9 mg/L glucose, were placed in aseptically mixed
sterilized 250-mL Erlenmeyer flask in the reactor at 30
and shaken at 120 r/min, containing 100 mL mineral salt
medium (MSM) with glass beadings to break up the granules. Different concentrations of phenol (100, 200, 300 and
500 mg/L) was added with interval of two days to this medium prior to separation. This MSM contained 0.5 g/L
(NH 4)2SO 4, 1.0 g/L NH 4NO 3, 0.5 g/L NaCl, 0.5 g/L
MgSO4·7H2O, 0.5 g/L KH2PO4, 1.5 g/L K2HPO4, 0.01
g/L CaCl2 and 1mL micronutrients (g/L): 0.1 FeSO4; 0.1
ZnSO4; 0.01 AlK(SO4)2; 0.01 Na2MoO4; 0.1 CoCl2; 0.01
CuSO4; 0.01 H3BO3, and was adjusted to 7.0 ± 0.5 then
sterilized via autoclaving for 15 min at 121 . Thereafter
the supernatant was serially diluted with medium (101-109-fold dilutions), and 0.2 mL of each 105--109 dilutions
were plated onto agar plates containing MSM (supplemented with 500 mg/L phenol) solidified with 1.5% bacteriological agar. The inoculated plates were inverted and
incubated at 30 in incubator. Visible colonies appeared
after 1 week of incubation. Morphologically distinguished
visible colonies of phenol degrading strains were isolated
by several cycles of replating onto MSM-phenol medium.
Purity was examined with microscope (Nikon E 400,
Japan).
In total, 17 phenol degrading isolates were selected
and inoculated into liquid MSM containing 500 mg/L phenol as the sole carbon and energy source. Among of them,
4 strains with high phenol degradation efficiency, named
YA-1, YA-2, YA-3 and YA-11 were chosen for further
investigation. In the phenol degradation experiment, cells
were harvested by centrifugation at 6000 r/min for 10 min,
and washed three times by sterile saline (0.85%) after
15 hr of incubation. These washed cells were inoculated in 250-mL Erlenmeyer flask with 100 mL medium
containing 500 or 1000 mg/L phenol, and then incubated
in incubator at 30 and 120 r/min. Control (without inoculum) was also carried out to distinguish how much phenol
was removed via biodegradation. Each experiment was

performed three parallel tests to ensure the quality of data.
Aqueous samples were periodically collected for measurement of the residual phenol concentration and growth
of strains. After 21--30 hr of incubation, strain YA-3 with
the highest phenol degradation efficiency and tolerance of
phenol was screened for further studies.
2.3 Identification of Isolates

After incubation in solid medium at 30 for 5 d, the
colonies of strain YA-3 were cream, smooth, non-pigmented, non-glistening, regular edge with sizes of 5--7 mm
in diameter. The morphology of strain YA-3 was elliptic
or ovate with size of (2--5) µm × (3--8) µm, which presented
not only as unicellular but also multicellular through the
formation of a string of connected budding cells known as
pseudohyphae, or false hyphae, as seen in most molds [12].
This pure culture was sent to Takara Biotechnology (Dalian, China) Co., Ltd for 26S rDNA sequencing analysis,
and the partial genome of 390 bp was isolated from the strain
and aligned utilizing NCBI blast www.ncbi.nlm.nih.gov/
BLAST [13], which had a 99% sequence similarity with
Candida tropicalis.
2.4 Optimization of inoculum volume

A sufficient quantity of inoculum ensures rapid proliferation and biomass synthesis in cultivation [14]. In this
study, different volume cultivated suspension of YA-3 was
inoculated into phenol medium with initial concentration
of 1000 mg/L, which results the ratio to medium about 1%,
3%, 5%, 7% (V/V). Samples were periodically collected
from each flask at 6 or 12 hr intervals. With the determination of residual phenol as well as the turbidity of suspension, the economic inoculum volume could be proposed.
2.5 Optimization of phenol degradation conditions

To investigate the maximum ability of YA-3, the incubation conditions were optimized, which included pH
(4.0, 6.0, 7.0, 8.0, 10.0, at 30 ), temperature (20, 25, 30,
35, 40 , at pH 7.0), and cometabolism carbon source (glucose, 500, 1000, 1500 and 2000 mg/L). The initial phenol
concentration in these experiments was set as 1000 mg/L,
and samples were periodically collected for the determination of phenol and biomass at 6 or 12 hr intervals.
2.6 Tolerance of Candida tropicalis to phenol

It was reported that the initial concentration of phenol
could influence the degradation of phenol in batch test
[15], which could ascribed to the toxicity of phenol to
microbes. In this study, the effect of initial phenol concentration on biodegradation of phenol was investigated
using twelve different phenol concentrations varied from
25 to 2000 mg/L. Samples were periodically collected for
biomass and phenol determination at 1.5 hr intervals under the concentration of 25, 50, 75, 100, 250 and 500 mg/L,
and 3--9 hr intervals under the concentration of 750,
1000, 1250, 1500, 1750 and 2000 mg/L.
2.7 Analytical methods
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Cell growth in culture medium was determined spectrophotometrically by measuring the absorbance at 560 nm
using a UV-spectrophotometer (Unico UV-2102PCS, USA).
In order to estimate the phenol concentration in suspension, the samples were centrifuged by supercentrifuge
(Sigma 3-18K, Germany) at 8,000 r/min for 10 min to
remove the biomass, and the supernatant was used for the
measurement of phenol using 4-aminoantipyrine colorimetric approach [16]. At the same time, the dry weight of
biomass was measured. For scanning electron microscopy
(SEM) observations, granules were treated with 2.5% of
glutaraldehyde buffered with 0.1 M sodium phosphate
(pH 7.0) for 2 hr, and then washed three times with 0.1 M
phosphate buffer, and final suspended in 0.1% osmium
tetraoxide. The pretreated granules were successively
dehydrated with 30, 50, 75, 85, 90, 95, and 100% ethanol,
and then subjected to critical point drying with a critical
point dryer and sputter coated with gold. The granule structure and surface morphology were determined by SEM
(Hitachi S-4800, Japan).

Besides the morphology changes, the phenol removal
capacity of granules was improved gradually with the
increase of phenol addition in the influent. In phase 1, the
phenol concentration was 100 mg/L (Table 1), the phenol
removal efficiency was less than 60% with a lag phase
about 4 hr (Fig. 2). Then the lag phase was shortened to
indiscoverable during the following 4 phases. Moreover,
the removal rate for phenol was also enhanced, which was
13.1 mg/L·hr at an initial phenol concentration of 200
mg/L, and then increased significantly to 36.1 mg/L·hr at
an initial phenol concentration being 600 mg/L. In phase
5, the phenol removal efficiency reached to 72.75% within 12 hr. At this phase, it could be considered that the
glucose fed granules had been acclimated with the phenol
influent, and transferred into phenol degrading granules
with high phenol degradation ability. This confirmed that
the adaption and domestication of microbes in phenol
degrading granules could be revealed, thus the phenol fed
aerobic granulation could be accelerated with the isolated
phenol degrading microbes and the operation conditions
of aerobic granular reactor could be optimized.

3. RESULTS AND DISCUSSION
3.1 Acclimation of aerobic granules

In order to enrich microbes that could utilize phenol
efficiently in the glucose-fed granules, phenol was added
in the glucose synthetic influent of granular reactor [2, 1719]. Granules turned from black to brown in color gradually with the increase of phenol proportion in the influent.
After the domestic process, phenol fed granules still
maintained smooth outer surface with a compact and
regular structure (Fig. 1a, e). SEM micrographs represented that the dominant microbial species in granules had
been turned from rods to sphericals besides the filamentous framework, which were bonded to each other within
the extracellular polymeric matrix (Fig. 1g, h). According
to the size of spherical microbes in phenol granules, about
3-5 µm, they might be yeast neither than cocci [20].
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FIGURE 2 - Acclimation of glucose-fed granules with phenol.
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FIGURE 1 - Photographs of granules before and after phenol accommodation. (a) Digital photograph of granules before phenol accommodation, (b) (c) (d) SEM micrographs of the granules before phenol acclimatization, (e) Digital photograph of granules after phenol accommodation, (f) (g) (h) SEM micrographs of the phenol accommodated granule.
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3.2 Phenol degradation with different isolates

Selection medium was used to isolate specific strains
from the acclimated granules, which could use phenol as
the sole carbon and energy source. With the help of microscopic examination, the purity of these colonies was
confirmed in terms of the morphology, color and shape of
microbial colonies, and then plated on the Potato Dextrose Agar (PDA) for further investigation. Among those
isolates, four strains with significant phenol degradation
capacity were selected, and the characteristics were shown
in detail in Table 2. It was found that YA-1 and YA-3
could degrade phenol in medium completely within 18 hr
at the initial phenol concentration being as 500 mg/L
(Fig.3a). YA-2 and YA-11 encountered a lag phase at the
beginning 12 hr, and then degraded phenol well, which
resulted in phenol removal efficiency up to 80% in 21 hr.
With initial phenol concentration being increased to
1000 mg/L, all of the four isolates encountered a lag phase
and the phenol removal efficiency decreased, which were
88.15%, 53.85%, 98.75% and 42.87% after 30 hr respectively (Fig. 3b). That might be due to the inhibition effects
and toxicity of phenol on isolates for its high concentration.
This result represented that, although isolates could using
phenol as the sole carbon and energy source, they were still
inhibited when encountered with high concentration phenol. Even so, strain YA-3 possessed the highest biodegradation ability and tolerance to phenol among the isolates,
thus could be used for further investigation.
3.3 Optimization of phenol degradation conditions

As YA-3 showed high biodegradation and acclimation to phenol, the degradation conditions were optimized,

in terms of inoculum ratio, pH, temperature, and co-substrate
addition (Fig. 4). In general, the removal efficient and
operation result should be decided with the microbial activity and biomass concentration of the micro-biosystem. At
first, the inoculum ratio was optimized with the phenol concentration fixed at 1000 mg/L. It was found that the phenol
degradation process had a prolonged lag phase for about
9 h at the lowest inoculum ratio being 1% (V/V), and phenol could be removed within 36 hr completely (Fig. 4a).
With the increase of inoculum volume, the lag phase was
shortened gradually and even eliminated, and most of the
phenol was removed within 24 hr. Therefore, a sufficient
quantity of inoculum could minimize the duration of lag
phase and increase the degradation rate [21, 22].
According to the experiment, phenol with initial concentration about 1000 mg/L could be degraded completely by Candida tropicalis within 24 hr, which seemed that
there were no effects of pH on phenol biodegradation
when pH maintained at the range of 4.0--8.0 (Fig. 4b).
However, biodegradation of phenol was inhibited completely as soon as pH was increased to 10.0, which could
ascribed to the pKa value of phenol (pKa = 9.95) for
phenol was mainly exist in form of phenate. This result
was consistent with the previous studies, that most phenol
degrading strains could only degrade phenol at a narrow
pH range of 6.0--8.0 [20, 23, 24]. Moreover, it should be
noticed that Candida tropicalis could utilize phenol sufficiently even when pH decreased to 4.0, which demonstrated that Candida tropicalis could be applied for the
treatment of acid wastewater containing phenol.

TABLE 2 - The characteristics of the colonies
YA-1
YA-2
YA-3
YA-11

Size
Big
Middle
Big
Big

Shape
Circular
Circular
Circular
Circular

Moisture
Wet
Dry
Wet
Wet

Elevation
Umbonate
Pulvinate
Convex
Pulvinate

Color
Cream
Ivory
Cream
Ivory

FIGURE 3 - Phenol degradation with different isolators (a) 500 mg/L and (b) 1000 mg/L.
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Margin
Entire
Entire
Entire
Entire
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FIGURE 4 - Effect of inoculum (a), pH (b), temperatures (c) and glucose (d) on the biodegradation of phenol.

It was well known that temperature is another important parameter for the biodegradation of organics. In
this study, it was found that the optimal temperature range
for the growth of Candida tropicalis was 25--35 (Fig.
4c), and the phenol biodegradation was the highest at this
temperature range, especially for that at 35 . However,
phenol biodegradation rate declined significantly when
the temperature dropped to 20 or increased over 40 ,
indicating that the lower and higher temperature were not
suitable for the biodegradation of phenol by Candida
tropicalis.
Moreover, the additional readily degradable organics
was confirmed to facilitate the degradation of refractory
organics in the previous works. In this study, glucose was
added in the phenol medium to investigate the effects of
cometabolism of Candida tropicalis on phenol (Fig. 4d).
In the control experiments, phenol could be removed
nearly 90% within 20 hr, whereas the phenol degradation
with addition of glucose showed relatively lower removal
efficiencies and the addition of glucose increased the

growth of biomass significantly comparing with the control. Therefore, the addition of glucose might facilitate the
multiplication of microorganisms for glucose is easy to be
bio-utilized, Candida tropicalis could use glucose as the
prior substrate at the beginning, which enabled the increase of biomass as well as the bioactivity in the systems. As soon as the glucose was exhausted, Candida
tropicalis had to utilize phenol as carbon and energy
source, which made the phenol to be degraded finally.
Therefore, the addition of glucose could be used to improve the phenol tolerance and accelerate the growth of
Candida tropicalis in practical applications, thus promote
the degradation process of phenol.
3.4 Phenol degradation dynamic of Candida tropicalis

Based on the optimization of degradation conditions,
the biodegradation characteristics of phenol by Candida
tropicalis at different initial phenol concentrations were
investigated (Fig. 5). As shown in Fig. 5 a and Fig. 5b,
Candida tropicalis could utilize phenol directly without
any lag when the initial phenol concentration was below
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100 mg/L, and the phenol could be degraded completely
within 3 to 4.5 hr. Accompanying with the increase of
initial phenol concentration, there was an obvious lag
phase before the biodegradation of phenol and time taken
for the complete degradation of phenol was increased
correspondingly. For instance, with initial phenol concentration of 250, 500, 1000 and 1500 mg/L, a lag phase
lasted for 3, 3, 9 and 15 hr respectively, whereas the phenol could be completely degraded in the following 4.5,
7.5, 12 and 21 hr. When the initial concentration rising to
2000 mg/L, the lag phase was lasted for more than 36 hr,
which should be due to the inhibit effects on the microorganisms. Therefore, Candida tropicalis isolated from
phenol-fed granules could maintain the bioactivity at the
phenol concentration being up to 1750 mg/L (Fig. 5 b).
According to these experiments, phenol degradation
dynamics could be simulated and the tolerance of Candida tropicalis to phenol could be also assessed. These
results agreed reasonably well with the other studies [20,
21, 25, 26].
In general, the specific growth rate could be calculated as follows:

µX =
where

γX

=

X

µX

growth rate,

mg / L ; and

1 dX
X dt

is specific growth rate,

mg / ( L ⋅ hr ) ; X
t is test time.

hr −1 ; γ X

is cell

is cell concentration,

The specific phenol degradation rate could be estimated as follows:

µS =
where

γS

γS

=

X

µS

1 dS
X dt

is specific phenol degradation rate,

hr −1 ;

mg / ( L ⋅ hr ) ; S

is the

is phenol degradation rate,

phenol concentration,

mg / L .

To work out the practical degradation rate of phenol
with the isolate, the degrading phase (without the lag
phase) of each experiment was used to calculate the degradation dynamic parameters. The individual specific
growth rates

µX

and

R2

at 25--1750 mg/L phenol for

FIGURE 5 - Properties of phenol biodegradation with different initial concentration (a, b) and simulation of specific growth rate and specific
phenol degradation rate of Candida tropicalis. (c) specific growth rate, (d) specific phenol degradation rate.
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TABLE 3 - Specific growth rates

µX

at different initial phenol concentration

S (mg/L)

25

50

75

100

250

500

750

1000

1250

1500

1750

2000

µ X ( hr−1)

0.075

0.131

0.162

0.193

0.235

0.174

0.143

0.126

0.109

0.096

0.069

–

R2

0.971

0.985

0.936

0.946

0.989

0.942

0.961

0.905

0.952

0.961

0.992

–

TABLE 4 - Comparison of kinetic parameters using Haldane’s model observed in recent researches
Initial phenol
conc. (mg/L)
14--200
0--400
1--100

µX,max (hr-1)

Ks (mg/L)

Ki (mg/L)

µS (hr-1)

0.119
0.539
0.436

5.27
18.539
6.19

377
99.374
54.1

0.099

60--350
0--250

0.83
0.185

1.5

250

1.2
0.292

Temp
( )
10
25
26
± 0.5
30
25

0--250

0.095

0.158

25

[32]

0--250

0.113

0.146

25

[32]

10--200
50--1700

0.051
0.037
–0.325
0.48
0.305

18.0

430.0

11.7
36.33

207.9
129.79

2.2
- 29.31
7.1

868.0
- 2434.7
185

33.1

1470

11.13

250.88

Mixed Bacteria
50--1000
0.065
20.24
Sulfolobus solfataricus 98/2
51--745
0.047
77.7
Candida tropicalis
25--1750
0.418
74.69
a
This value was calculated at the phenol concentration of 1000 mg/L.

200
319.4
432.38

Bacterial strain
Pseudomonas putida Q5
Pseudomonas putida
Pseudomonas putida
DSM 548
Acinetobacter sp.
Pandoraea apista
LMG 16407
Propioniferax innocua
ATCC 49929
Rhodococcus erythropolis
HV1 00/50/6670
Pseudomonas putida F1
Candida maltosa
Candida tropicalis
Pseudomonas putida
MTCC 1194
Bacillus brevis

20--2000
10--1000

Candida tropicalis
Acinetobacter sp.

100--3000
100--1000

Corynebacterium sp. DJ1
(aerobic granules)
Activated sludge

500--2500

0.026
- 0.078
0.385
0.13
- 0.29
0.656

50--1000

0.119

750--1750

Candida tropicalis were shown in Table 3. It could be
seen that µ X were increased with the increase of initial
phenol concentration until 250 mg/L, and the maximum
specific growth rate 0.235 hr−1 occurred at 250 mg/L.
With the further increase of phenol, the specific growth
rates decreased sharply, which might be ascribed to the
substrate inhibition of high phenol concentration on microbial isolates.
Moreover, although criticized by Allsop [27], the
Haldane model still could be used to describe the inhibitory kinetics of phenol degradation data at 30 and pH 7 as
follows:

1 dX
µX =
=
X dt

µS =

µ X ,max S
KS + S +

1 dS
= −k
X dt

S2
Ki

µ X ,max S
KS + S +

S2
Ki

where

KS

µ X ,max

0.54

0.39
0.21
- 0.96
0.46a

pH

Reference

6.8
6.8

[29]
[30]
[31]
[26]
[32]

30
26

7.0
4.5

[33]
[34]

30
29.9
± 0.3
34
± 0.1
30
30

6.0
7.1

[25]
[4]

8.0

[22]

7.0
7.0

[20]
[15]

30

7.5

[21]

20
± 1.0
0.110
0.447

80
30

[35]
[36]
[28]
This study

3.2
7.0

is the maximum specific growth rate,

is the half-saturation coefficient, and

Ki

is the inhi-

bition coefficient for cell growth.
According to the Haldane model, the kinetic parameters were determined by the plot of specific growth rate
µ X against a wide range of phenol concentrations. Figure 5c and Figure 5d presented the experimental data and
model fitting results of the specific growth rate and specific phenol degradation rate of Candida tropicalis strain.
As µ X is the growth rate connected with the concentration of phenol, it must be limited by substrate at low phenol concentration, and also be subjected to substrate inhibition with the increase of initial phenol concentration.
From these plots (Fig. 5c and Fig. 5d), the model’s
kinetic parameters for the biodegradation of phenol with
Candida tropicalis strain in this study were determined
using
Haldane
equations,
which
were

µX ,max = 0.418hr −1 ,
898
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respectively, derived from a non-

linear least squares regression analysis by the software of
MATLAB. And Table 4 presented the kinetic data from
some other researcher’s investigations, which were the
simulated dynamic data of phenol biodegradation in water
by pure cultures. The K S values ranged from 1.5 to

With the optimized phenol degradation conditions as well
as the kinetic parameters, phenol fed granules could be
cultivated quickly with the selected strains as inoculum
and the optimal operation conditions could be speculated.
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STORAGE STABILITY OF SELECTED ORGANIC
COMPOUNDS ON POLYDIMETHYLSILOXANE-COATED
STIR BARS AFTER SORPTIVE EXTRACTION FROM WATER
Peter Tölgyessy* and Branislav Vrana
Water Research Institute, Slovak National Water Reference Laboratory, Nábrežie arm. gen. L. Svobodu 5, 812 49 Bratislava, Slovak Republic

ABSTRACT

unstable and/or polar analytes by irreversible adsorption
or by catalytic surface reaction [4].

The effect of different storage conditions on the stability of 21 organic compounds selected from the EU list of
priority substances in the field of water policy was investigated after their sorption from water onto polydimethylsiloxane-coated stir bars. After stir bar sorptive extraction (SBSE) of a model aqueous solution the stir bars
were placed into glass thermal desorption tubes, closed
with locking cones and stored a) at 25 °C and day light, b)
in a refrigerator in dark at 4 °C, and c) in a freezer at –22
°C in dark during different time periods up to 8 weeks.
Maximum holding times obtained for storage at laboratory
temperature showed that no significant loss of any analyte
occurred up to 4 days of storage. The storage of loaded stir
bars in the refrigerator and freezer prolonged the maximum
holding times to at least 24 and 40 days, respectively. The
evaluation of stability was precluded for chlorfenvinphos
and p,p'-DDT due to a poor method precision achieved in
the test. In general, SBSE has been confirmed to be a
suitable technique for analyte preservation when storage
of samples prior to analysis is required.
KEYWORDS:
stir bar sorptive extraction, priority substances, stability testing

1. INTRODUCTION
Stir bar sorptive extraction (SBSE) has been proved
to be an effective solventless sample preparation method for
the extraction and preconcentration of organic compounds
from aqueous solutions [1, 2]. The method is based on
sorptive extraction, whereby the analytes are extracted into
a polymer coating on a magnetic stir bar during sample
stirring. The most commonly used sorptive material is the
apolar polydimethylsiloxane (PDMS) [3]. In the sorption
regime the analytes do not undergo bonding with the sorbent
but are retained by dissolution. The PDMS material is stable,
reproducible and very inert, reducing the risk of losses of
* Corresponding author

The advantage of preconcentration of organic analytes
on PDMS-coated stir bars is that they can be prevented
from decomposing and, thus, can be stored for a certain
period of time without a change in concentration or identity. Moreover, in case of on-site sampling and SBSE obtaining samples in the form of loaded stir bars enables convenient way of sample transport to the laboratory.
Benanou et al. [5] developing the method for the determination of six off-flavors (2-methylisoborneol, geosmin,
and trihaloanisoles) in water samples using SBSE observed
that loaded stir bars can be stored at 4 °C in closed vials for
1 week without loss of analytes. Later, Benali et al. [6] did
demonstrate that halophenol and haloanisole compounds
were stable on the stir bar after enrichment during 15 days
of storage at 4 °C or room temperature. Based on these results, a concept of a portable enrichment lab was implemented that enabled to solve different flavour episodes in
France and Sweden. Once the enrichment was performed
on-site, the stir bars were sent to the laboratory for investigation and quantitation of odorous compounds. The viability of using SBSE to simplify long distance collaboration
was examined also by Goodner and Bai [7]. In the study,
they exposed six SBSEs to pineaple juice and analyzed
three immediately and then another three 24 h later to
simulate over night shipping of the loaded stir bars. Qualitatively, the obtained chromatograms were identical, and
quantitatively, only three (ethyl acetate, ethyl 2-methylbutanoate, and limonene) of the 20 peaks examined were
statistically significantly different. Mao et al. [8] tested storage stability of six polycyclic aromatic hydrocarbons (PAHs:
naphthalene, acenaphthene, phenanthrene, anthracene, fluoranthene, and pyrene) on PDMS-coated stir bars at different
temperature (–20 °C, 4 °C and 25 °C) and time (1 day and
3 days) in the dark. No significant loss of tested PAHs
occured at –20 °C and 4 °C after storage up to 3 days except the most volatile naphthalene. The loss of more than
20 % was observed for naphthalene, acenaphthene and phenanthrene after 1 day storage at room temperature that was
increased further after 3 days.
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The aim of this study was to investigate the stability
of 21 organic compounds selected from the EU list of
priority substances in the field of water policy [9] after
sorption from water samples onto a PDMS-coated stir bars
and storage under different conditions.
2. MATERIALS AND METHODS
2.1 Standards and Reagents

Neat standards of anthracene, fluoranthene, benzo[b]fluoranthene and benzo[a]pyrene were purchased from
Supelco (Bellefonte, PA, USA); hexachlorobenzene was
from Sigma-Aldrich (St. Louis, MO, USA); endosulfane II
was from PolyScience (Niles, IL, USA); 4-tert-octylphenol,
4-n-nonylphenol, trifluralin, atrazine, lindane, chlorpyrifos,
chlorpyrifos-methyl, alachlor, aldrin, isodrin, dieldrin, endrin, endosulfan I, p,p’-DDT and isotope labeled anthracened10 were obtained from Dr. Ehrenstorfer (Augsburg, Germany). Pentachlorobenzene and chlorfenvinphos diluted
in cyclohexane at a concentration of 10 ng µL–1 were purchased also from Dr. Ehrenstorfer.
Stock standard solutions (1–10 mg mL–1) of individual analytes were prepared by dissolution in acetone (p.a.,
Merck, Darmstadt, Germany). Working solutions of a
mixture of analytes at concentrations of 1 and 10 µg mL–1,
respectively, were obtained by dilution of the stock standard solutions with acetone. Working solution of a mixture
of pentachlorobenzene and chlorfenvinphos at concentration of 1 µg mL–1 was prepared from the individual cyclohexane solutions by dilution with acetone. Anthracene-d10
was diluted in acetone and was used as an internal standard
(IS) at concentration of 1 µg mL–1.
Aliquots of working solutions were added to tap water
(pH around 7.6) to give the test samples and calibration
solutions. For calibration, the working solutions of all investigated analytes were spiked at six concentration levels
from 250 to 1500 ng L–1. Before instrumental analysis, 2 µL
of IS solution were injected on the dried loaded Twister stir
bar placed into the glass thermal desorption (TD) tube.
2.2 Instrumentation

Analyses were performed on an Agilent Technologies
(Palo Alto, CA, USA) 6890 N GC system coupled to a 5973
mass selective detector (MSD). The GC was equipped with
a Twister desorption unit (TDU) assembled to a cooled
injection system (CIS4 PTV) (both Gerstel, Mülheim a/d
Ruhr, Germany). A Gerstel multipurpose sampler MPS2L
equipped with a Twister tray allowing storage and automated desorption of 98 Twister stir bars was installed on
top of the GC.
The analytes were separated on an HP-5MSI capillary
column (30 m × 0.25 mm I.D., film thickness 0.25 µm) from
Agilent Technologies using helium as the carrier gas.
Stir bars coated with 10 mm × 0.5 mm PDMS layer,
commercially available as Gerstel Twisters, were used for
the preconcentration of the analytes from water solutions.

Thermal desorption (TD) of Twister stir bars was performed by ramping TDU from 50 °C to 280 °C (6 min) at
a rate of 720 °C min–1 in the splitless mode under helium
flow of 75 mL min–1, while the CIS was programmed in the
solvent venting mode. Following TD analytes were cryofocussed in a glass wool packed liner at the CIS4 PTV
at –30 °C using liquid CO 2. After desorption, the analytes were transferred to the analytical column by heating
CIS4 PTV to 280 °C (10 min) at a rate of 12 °C s–1. Simultaneously temperature programming was started for a GC
oven. The oven temperature was programmed from 70 °C
(2 min), ramped at 25 °C min–1 to 150 °C, then ramped at
3 °C min–1 to 200 °C and finally ramped at 8 °C min–1 to
300 °C (3 min). The method was retention time locked
and adjusted to elute chlorpyrifos-methyl at 16.60 min.
The MSD was operated in the scan mode using electron impact ionisation. The MSD conditions and the selected ions for the analytes determination are presented in
Tölgyessy et al. [10].
2.3 SBSE Procedure

20-mL aliquots of calibration solutions or spiked model
aqueous solution were placed in 100-mL glass flasks with
slightly concave bottom. Then Twister stir bars were immersed in water solutions, the flasks were closed with a
ground joint stopper and SBSE was performed at room
temperature for 2 h while stirring at 900 rpm [10]. After
extraction, the Twisters were dried and placed into glass
TD tubes. IS was added on the surface of the Twisters after
the extraction of calibration solutions and the Twisters were
subsequently analysed by TD-GC-MS method. The TD
tubes with the Twisters from the extraction of model aqueous solution were closed with a locking cone and maintained under the tested storage conditions. IS was added
on the Twister surface just before instrumental analysis.
2.4 Storage Conditions

The conditions of storage of loaded Twister stir bars
closed in TD tubes were as follows:
• At laboratory temperature (25 °C) and presence of day
light in the Twister tray of the MPS2L multipurpose
sampler.
• In the refrigerator in the dark at 4 °C placed in a 150-mL
beaker.
• In the freezer at –22 °C in the dark placed in a 150-mL
beaker.
2.5 Evaluation Parameters

Two parameters, retention ratio and maximum holding
time, were used to evaluate the stability of the analytes
sorbed on Twisters and stored at different conditions. After
SBSE of the model aqueous sample, three Twister stir bars
were analysed immediately (storage time of zero) and average concentration of tested analytes, defined as the initial
concentration (ct0), was determined. After storage under a
given condition, the concentration of retained analytes (ctx)
was determined and retention ratio was calculated as follows:
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Retention ratio (%) = (ctx/ct0 ) × 100.
The second parameter, the maximum holding time,
was defined as the maximum period of time that can pass
from SBSE of sample to measurement before the concentration of analytes sorbed on Twister has changed significantly. To calculate the maximum holding time the loaded
Twisters were stored under tested conditions, withdrawn at
regular intervals and measured in triplicate. This allowed
calculating the average standard deviation (SDave) from
triplicate measurements. The average values of the triplicate measurements were plotted with respect to time and
best-fit straight line was drawn through the points. The
point at which the line crosses the value of the initial
value minus 3 × SDave (lower limit) gives the maximum
holding time (see examples in Fig. 2) [11].

the same analytical conditions as in the case of measurement of calibration curves. For the calibration curves of
all the studied analytes and selected concentration range
sufficient linearity was achieved with correlation coefficients (r2) in the range 0.95 -0.99.
The loaded Twisters maintained at laboratory temperature in the Twister tray were analysed after 1, 2, 3, 4, 7,
9, 11 and 14 days of storage. Figure 1 shows effect of
storage time on retention ratio for investigated compounds.
TABLE 1 – Maximum holding times for investigated compounds
sorbed on PDMS-coated stir bars and stored at different storage
conditions.

3. RESULTS AND DISCUSSION
For the stability study, environmentally harmful compounds (see list in Table 1) were selected and the analytical
method optimised in our previous study [10] was employed.
To obtain PDMS layer of the stir bars uniformly loaded
with a sufficient amount of the studied compounds, SBSE
of a model aqueous solution spiked at concentration of
1000 ng L-1 of each compound was performed. Three
batches of 27 PDMS-coated stir bars each were loaded with
the analytes and stored under different conditions (see in
Storage Conditions). From every batch, triplicate Twister
stir bars were randomly withdrawn and analysed after chosen periods of storage. The addition of IS on the surface
of the Twister stir bars just before TD-GC-MS analysis
was chosen to exclude the influence of storage conditions
on the chromatographic response of the IS and to apply

Compound

Pentachlorobenzene
Lindane
Atrazine
4-tert-Octylphenol
4-n-Nonylphenol
Hexachlorobenzene
Anthracene
Trifluralin
Fluoranthene
Aldrin
Isodrin
Chlorpyrifos
Chlorfenvinphos
Alachlor
Dieldrin
Endrin
p,p’-DDT
Endosulfan I
Endosulfan II
Benzo[b]fluoranthene
Benzo[a]pyrene
n.e.: not evaluated.

Maximum holding time (days)/
average RSD (%)
25 °C
4 °C
-22°C
(day light)
(dark)
(dark)
5 / 4.1
>30 / 4.6
>60 / 6.9
>15 / 6.6
>30 / 6.4
>60 / 6.1
>15 / 11.1
30 / 10.1
>60 / 9.8
>15 / 6.8
>30 / 7.3
>60 / 7.6
>15 / 14.6
>30 / 11.2 >60 / 12.0
4 / 3.2
>30 / 5.4
58 / 6.8
5 / 2.5
24 / 3.4
44 / 4.0
5 / 5.8
24 / 5.1
41 / 5.3
5 / 3.1
27 / 4.1
41 / 4.4
12 / 8.3
>30 / 12.6 >60 / 14.7
11 / 6.1
>30 / 9.9
>60 / 11.7
13 / 5.3
>30 / 6.3
48 / 4.8
n.e.
>30 / 22.1 >60 / 25.7
>15 / 13.1
>30 / 13.1 >60 / 14.2
11 / 4.6
>30 / 3.8
60 / 6.2
12 / 10.8
>30 / 10.7 >60 / 9.3
n.e.
>30 / 16.3 59 / 16.9
6 / 3.5
>30 / 4.6
53 / 5.8
12 / 5.0
>30 / 3.8
50 / 6.8
15 / 7.5
>30 / 8.9
45 / 9.7
>15 / 7.9
>30 / 9.8
40 / 9.6

FIGURE 1 - Effect of storage time on retention ratio of investigated compounds. The error bars denote relative standard deviations for triplicate measurements (RSDs: 0.3-22 %).
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FIGURE 2 - Examples of determination of maximum holding time for selected compounds and storage at laboratory temperature. The error
bars denote standard deviations for triplicate measurements.

The most volatile compounds are on the left and the less
volatile compounds are on the right. The obtained retention
ratios after 3 days of storage were around 100 %, and not
less than 86 %. The determined maximum holding times
presented in Table 1 range from 4 days for hexachlorobenzene to more than 10 days for most remaining analytes.
Figure 2 shows examples of determination of maximum
holding time for selected compounds. In case of chlorfenvinphos and p,p'-DDT no significant decrease of concentration on Twisters was observed during storage. However,
unacceptable repeatability and/or intermediate measurement precision made the stability evaluation impossible.
When loaded Twisters were stored in the refrigerator
at 4 °C, storage times 3, 7, 10, 14, 17, 21, 24 and 28 days

were selected. From the obtained results presented in
Table 1, it can be seen that for all investigated compounds
the maximum retention times were longer than 3 weeks.
For the storage of Twisters in the freezer at –22 °C the
selected storage times were 3 days, 1, 2, 3, 4, 6 and 8 weeks.
Table 1 shows that for the investigated compounds estimated maximum holding times were longer than 40 days.
The average relative standard deviations (RSDave)
show that the worst repeatability of the measurement was
obtained for chlorfenvinphos (22.1 and 25.7 %) and p,p’DDT (16.3 and 16.9 %).
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4. CONCLUSIONS
The results confirmed a good storage stability of investigated compounds sorbed on PDMS-coated stir bars
after extraction from water samples. No significant loss of
any analyte occurred up to 4 days of storage at laboratory
temperature. The storage of loaded stir bars in the refrigerator and freezer prolonged the maximum holding times
to at least 24 and 40 days, respectively. The evaluation of
stability was precluded for chlorfenvinphos and p,p'-DDT
due to a poor intermediate method precision achieved in
the test.

[11] Prichard, E. (1998) Quality assurance for chemical analysis –
QUACHA training course book. EUR report, 19088 EN, European Commission, Brussels.

In general, SBSE has been confirmed to be a suitable
technique for analyte preservation when storage of samples prior to analysis is required.
The authors have declared no conflict of interest.
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BIOLOGICAL CLARIFIER FOR TREATMENT
OF MICRO-POLLUTED RAW WATER
Hui Tao*, Bo Feng and Wei Chen
Key Laboratory of Integrated Regulation and Resource Development on Shallow Lakes,
Ministry of Education & College of Environment, Hohai University, No.1 Xikang Road, Nanjing, 210098, PR China

ABSTRACT
In this paper, a biological clarifier for the treatment of
micro-polluted raw water was studied. Powdered activated carbon (PAC) was added into a mechanical clarifier
resulting in prolongation of the sludge water flow time
and residence time of PAC. Ammonia and other organic
pollutants were removed by the enhanced biological
treatment. The results suggested that the biomass of the
activated sludge blanket increased gradually and reached
a maximum value (50 nmol/ml) after cultivation for 5
days. Quality of effluent gradually improved and achieved
a steady state. The stable removal efficiencies of ammonia nitrogen, CODMn and UV254 were about 95, 45 and
30%, respectively. The turbidity of the clarifier effluent
was reduced to about 2 NTU. There was little nitrite accumulated during this process. The transformation from
ammonia to nitrate in the biological clarifier was efficient.

KEYWORDS:
Ammonia nitrogen; biological clarifier; drinking water; organic
pollutants; powdered activated carbon (PAC) reflow

ronment within which they can grow and reproduce. Biological treatment has been restricted. In this study, PAC
was added to the mechanical clarifier. Due to the large specific surface area and developed pore structure, it can serve
as a carrier for microorganisms and provide the favorable
conditions to microbial growth [3].
Microorganisms can absorb micro-pollutants in water
to promote the growth of corresponding predominant bacteria in the oligotrophic environment.
PAC was back flowed with return sludge, thereby increasing the residence time in the system. The longer
residence time could better promote the growth of microorganisms and cultured organism which had long generation times, such as nitrifying bacteria. The removal of
ammonia nitrogen and organic matter could be enhanced
by biological treatment [4].
Because of the lower concentrations of nutrients in
micro-polluted water sources, the growth, reproduction
and metabolism of microorganisms are remarkably different from those in sewage [5-7]. It is necessary to do relevant research. In this study, we investigated the biological
characteristics of the sludge blanket, and the removal
efficiency of micro-pollutants during the cultivation phase
in a biological clarifier.

1. INTRODUCTION
At present, most water plants still use conventional
water treatment techniques, such as flocculation, sedimentation, filtration and disinfection. Relevant research indicates that the purification effect for micro-polluted raw
water with traditional processes is unsatisfactory. Currently,
PAC is commonly used as pretreatment technology to enhance the treatment of micro-polluted water, due to its
efficient absorption for organic materials in water [1]. However, PAC has little effect on the removal of ammonia nitrogen because of its small size and fine hydrophilicity [2].
Therefore, when raw water is polluted with ammonia nitrogen, PAC pretreatment process cannot guarantee water
quality.
Microorganisms in a traditional mechanical clarifier are
stirred by agitator blade to avoid a relatively stable envi* Corresponding author

2. MATERIALS AND METHODS
2.1 Raw water quality

Lake Taihu is the third largest freshwater lake in China, with a total water surface area of 2338 km2, an average water depth of 1.9 m, and a volume of 44×108 m3.
Bound by Jiangsu, Zhejiang, Anhui Province, and Shanghai, the basin of Lake Taihu is about 36,900 km2 and falls
within what is considered the most developed area in
China [8, 9]. Lake Taihu is greatly important to the regional economic and social development. Currently, there
are 12 main water plants dispersed along the east shore of
Lake Taihu, and these take approximately 1.19 billion m3
of water annually from the lake to provide drinking water
to the surrounding cities of Shanghai, Suzhou, and Wuxi
[10, 11]. Raw water in Lake Taihu is representative, used
in the biological clarifier, and its characteristics are presented in Table 1.
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TABLE 1 - Parameters of the raw water used in the study.
Temperature
(°C)

Turbidity
(NTU)

CODMn
(mg/L)

UV254
(cm-1)

Ammonia nitrogen
(mg/L)

DO
(mg/L)

23-30

13.3-69.0

2.67-6.79

0.0613-0.0804

0.05-0.12

4.42-8.45

To investigate the removal of micro-pollutants with
high ammonia conditions, NH4Cl was injected into the
raw water to maintain the influent ammonia concentration
in the biological clarifier at 1±0.1 mg/L.
2.2 Equipment

A mechanical stirring clarifier was selected as the pilot equipment. The clarifier had a diameter of 800 mm and
a height of 780 mm, giving a working volume of 270 L.
The design flow-rate was set at 180 L/h, and the upflow
velocity of the supernatant was 0.13 mm/s.
2.3 Process operation

A total of 54g powdered activated carbon (PAC) was
added into the clarifier to give a PAC concentration of
about 200 mg/L. In the cultivation phase of the biological
clarifier, the flow-rate was set at 90 L/h and it was stirred
at 60 rpm. Sludge was not discharged during this phase.
Polyaluminium chloride was selected as the flocculant
and applied at a dose of 20 mg/L. After entering the normal operation stage, the flow-rate was set at 180 L/h, and
stirring rate was 75 rpm. The amount of discharged sludge
accounted for about 10% of the total sludge blanket.
Every 12 h, samples of the influent and the effluent
were taken from the clarifier and analyzed for ammonia
nitrogen, CODMn, UV254, NO2-, NO3-, turbidity, DO, pH,
and temperature. Every 24 h, sludge samples were taken
from the clarifier and the biomass weight was determined.

pH
7.44-7.83

the mixture was shaken for 10 min and allowed to stand for
12 h. A 10-ml sample was then taken from the chloroform
layer (containing phospholipids) using a syringe. Next, this
sample was placed in a vial, and the chloroform was evaporated under a nitrogen atmosphere. Subsequently, 4 ml of
potassium persulfate reagent (5 g of potassium persulfate
in 100 ml of 0.36N sulfuric acid solution) was added. The
vial was sealed and annealed at 102.1 °C for 30 min, after
which it was allowed to stand open for cooling. The
phosphate concentration was then measured according to
the standard methods (standard examination methods for
drinking water, GBT5750-2006), and the amount of biomass was reported in nmol PO4/ml.
3. RESULTS AND DISCUSSION
3.1 The removal of ammonia in the start-up phase

Ammonia nitrogen removal by the biological clarifier
was observed in the cultivation phase and the results are
depicted in Fig. 1.

2.4 Analytical methods

All data generated in the study were obtained through
three replicate trials using one reactor. An ultravioletvisible spectrophotometer (UV-2600) was used for analysis of NH4+-N, NO2-, NO3- and turbidity. CODMn was
measured according to the standard methods (standard
examination methods for drinking water, GBT57502006). The pH was measured using a pH-meter (WTW
PH3100pH), DO was measured using a dissolved oxygen
analyzer (WTW Oxi3100), and turbidity was measured
using turbidity analyzers (Hach-2100N).
A phospholipid extraction method developed by Wang
et al. [12, 13] was used for measurement of biomass deposited on the activated carbon. The method was improved as
follows to determine the biomass weight in PAC.
For phospholipid extraction, 6 ml of deionized water,
7.5 ml of CHCl3 and 15 ml of CH3OH were introduced to
a vial containing 2 ml of activated sludge. The extraction
mixture was then shaken for 30 min, after which it was
allowed to stand for 12 h. The vial was subsequently charged
with 7.5 ml of deionized water and 7.5 ml of CHCl3; then,

FIGURE 1 - Removal of NH4+-N in the cultivation phase of the
biological clarifier.

As shown in Fig. 1, in the first 60 h, less than 0.1 mg·L-1
of NH4+-N was removed by the clarifier, indicating that
biodegradation had not yet occurred in the clarifier. Then,
in the exponential phase, the removal amount of NH4+-N
increased sharply, reaching a maximum value of 1 mg·L1
, and remained stable. This behaviour indicated that NH4+-N
removal primarily relied on biological oxidation. Specifically, biological nitrification is a two-step process in which
sequential oxidation of ammonia into nitrite and of nitrite
into nitrate occurs. Nitrosomonas and Nitrobacter are the
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most common genera of autotrophic bacteria, and are known
as ammonia oxidizers and nitrite oxidizers respectively [3].
Nitrifying bacteria are chemoautotrophic gram-negative
organisms with a long generation time and small specific
growth rate. Because of the long generation time (usually
more than 10 h), nitrifying bacteria cultivation requires a
greater retention time. In the stationary phase, the growth
rate slowed and the removal efficiency remained stable as a
result of the equal rate of bacterial growth and death. At a
suitable water temperature (average temperature = 24 °C)
and high DO concentration (8.0 mg·L-1), the removal of
ammonia nitrogen stabilized after 5 days of culture.
3.2 Biomass of the activated sludge blanket

As shown in Fig. 2, the biomass of the activated sludge
blanket increased gradually and reached a maximum value
(50 nmol·ml-1) after cultivation for 5 days. Moreover, there
was a significant correlation between the removal of
NH4+-N and the biomass in the biological clarifier. As the
biomass increased, the NH4+-N removal increased gradually. Seredyńska-Sobecka et al. [13] and Persson et al.
[14] found that the amount of biomass deposited on the
activated carbon stabilized at an average concentration of
47 nmol PO4-/g. In this study, biomass in the biological
clarifier was equal to that in the biological-active carbon
filter. This phenomenon proved that biodegradation had a
significant influence on the removal of NH4+-N.

decrease in the removal of organic matter. In the second
stage, the organic removal mainly relied on the forming
sludge blanket and biodegradation. Since excess sludge that
contained decayed bacteria could not be discharged during
the cultivation phase, biodegradability decreased and resulted in a further reduction in the organics removal rate to
35%. The sludge discharge helped to increase the microbial
population and enhanced microbial activity. The supplementary PAC coupled with vigorous new bacteria led to an
increase in organic matter removal. Therefore, in the last
stage, the organics removal relied on the synergistic effect
of formation of a sludge blanket, biological oxidation and
activated carbon adsorption.
Fig. 3 also shows the removal rate of UV254 by the
biological clarifier. It is well-known that UV254 represents
non-biodegradable organic matter. Although the UV254
removal curve showed the same trend as CODMn, the removal mechanisms of UV254 differed from that of CODMn,
relying primarily on the sludge blanket and the activated
carbon adsorption.

FIGURE 3 - Organic matter removal in the biological clarifier.
3.4 Variations in turbidity

FIGURE 2 - Biomass of the activated sludge blanket in the biological clarifier.
3.3 The removal of organic matter

Fig. 3 shows the removal rate of CODMn by the biological clarifier. In the first 8 days, the removal efficiency
of CODMn declined from 47% to 35% because of the gradually reduced adsorption capacity. As the reaction time increased, the CODMn concentration profile approached a
plateau (45%). The organic removal process in the biological clarifier could be divided into three stages. In the initial
period, the sludge blanket had not yet formed; therefore,
the CODMn removal mainly relied on adsorption of PAC.
Because of the saturation adsorption capacity of PAC, the
adsorption effect gradually decreased, and led to a slight

Filtration is the last particle removal process; therefore, excellent particle removal efficiency is needed to
ensure the safety of tap water. Fig. 4 shows the influent
and effluent turbidity in the biological clarifier. The effluent turbidity gradually decreased and eventually stabilized
at 2 NTU. During duration of the test, significant variations in turbidity were not observed. In the initial phase,
the sludge blanket had not yet formed; therefore, the particles could not be removed by the clarifier and high turbidity occurred in the effluent. As the sludge blanket was
formed, particles were removed through contact flocculation and the effluent turbidity gradually decreased. PAC
also played a role in the removal of turbidity. Microbial
metabolites, such as capsules, polysaccharides and exocellular mucus, adhered to particles in the biological membrane interface and formed large flocs, which increased
the flocculation core and enhanced the turbidity removal
efficiency.
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FIGURE 4 - Turbidity removal in the biological clarifier.

Comparison of the effluent turbidity with the ammonia nitrogen removal also showed that the indicator of the
ending of initialization phase in the biological clarifier was
different from that in traditional clarifiers. The settlement
ratio of the sludge increased gradually and the clarifier
effluent turbidity was less than 5 NTU, which are indicators of maturity in ordinary clarifiers. As shown in Fig. 4,
the clarifiers had reached the traditional standard for discharging sludge by the third day. However, to enhance
oxidation in the biological clarifier, the ‘mature sign’ was
changed. As the ammonia nitrogen removal rate was stabilizing on day five, the biological clarifier began to discharge sludge, which differs from an ordinary clarifier.
3.5 Accumulation of nitrite in the biological clarifier
3.5.1 Accumulation of nitrite

In this pilot test, ammonia nitrogen was removed by
biological oxidation. Biological nitrification is a two-step
process in which sequential oxidation of ammonia into
nitrite and nitrite into nitrate occurs. Therefore, nitrite is
an intermediate product in the nitrification process. Nitrite
is an unstable chemical substance, so it can be easily oxidized to nitrate with sufficient DO.
There are a variety of factors leading to the nitrite accumulation. Ruiz et al. [15] found that, at pH lower than
6.45 and higher than 8.95, nitrification suddenly fell and
complete inhibition of both ammonia oxidizing and nitrite
oxidizing bacteria occurred. Glass and Silverstein [16]
found that as pH increased from 7.5 to 8.5 and 9, the accumulation of nitrite increased significantly. These findings
indicate that the main factors affecting nitrite accumulation
are DO, temperature, pH and influent ammonia concentration. However, further research is still needed to confirm
these assumptions. The DO and nitrite in this research were
found to be closely associated with nitrite accumulation.

FIGURE 5 - Influence of DO on accumulation of nitrite (influent
ammonia concentration: 1.5±0.1 mg·L-1; powdered activated carbon
dose: 200 mg·L-1; polyaluminium chloride dose: 15 mg·L-1; sludge
discharge: 15%).

As shown in Fig. 5, there was little nitrite accumulation when the influent DO concentration was more than
7.5 mg·L-1. Conversely, when the influent DO concentration was less than 6.0 mg·L-1, a significant increase in
nitrite in the effluent occurred.
The contrast experiment was designed to investigate
the relationship between influent ammonia nitrogen and
the accumulation of nitrite. When DO was maintained at
8 mg·L-1, the influent ammonia concentration changed as
follows: 1 mg·L-1, 1.25 mg·L-1, 1.5 mg·L-1, 1.75 mg·L-1 and
2 mg·L-1 (Fig. 6). Overall, the accumulation of nitrite
decreased as the ammonia concentration decreased. When
the concentration was about 1 mg·L-1, little nitrite was
accumulated.
When DO was enough and the effluent ammonia concentration was low, nitrite accumulation phenomenon was
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almost non-existent. Low DO concentration and high
effluent ammonia concentration resulted in a shorter generation time. Nitrite bacteria may be more suitable for survival than nitrifying bacteria. Nitrite bacteria adapted to the
adverse environmental conditions and kept on a high biological activity. Nevertheless, nitrifying bacteria were inhibited, and the accumulation of nitrite occurred.

tion needed by the heterotrophic bacteria, sufficient DO
can be beneficial to the removal of ammonia nitrogen and
organics, and help avoid the accumulation of nitrite.
To achieve effective removal of ammonia nitrogen
and avoid the accumulation of nitrite, the influent ammonia concentration was suggested at about 1 mg L -1.
The variations of nitrite in effluent nitrite are shown
in Fig. 7. Without low DO concentration and high effluent
ammonia concentration, ammonia was conversed to nitrate efficiently, and little nitrite accumulated in the biological clarifier during the test.

FIGURE 6 - Influence of ammonia nitrogen on accumulation of
nitrite.

This can also be explained by the following nitrification equation:
Nitrosation, ammonia into nitrite:

3
NH 4+ + O2 + Nitrosomonas → NO2− + H 2O + 2 H +
2

FIGURE 7 - Variations of nitrite in effluent.
3.5.2 The conversion of nitrogen

Nitrification, nitrite into nitrate:

1
NO2− + O2 + Nitrobacter → NO3−
2
The equation for the overall nitration reaction:

NH 4+ + 2O2 → NO3− + H 2O + 2 H +
The equation suggests that 3.43 mg of oxygen are
needed to oxidize 1 mg of ammonia to nitrite, and that
4.57 mg of oxygen are needed to convert 1 mg of ammonia to 1 mg nitrate [17]. Considering the oxygen consump-

The conversion of nitrogen in this experiment consisted
of two steps. Because of the sequential oxidation of ammonia into nitrite and nitrite into nitrate, there was a quantitative conversion relationship in the oxidizing reaction.
As shown in Table 2, there was a small change in total nitrogen during the conversion. The increase in total
nitrogen might have been due to the conversion of other
nitrogenous compounds. Ammonia nitrogen removed by
the contact flocculation in the biological clarifier and
microbial assimilation might cause a reduction in total
nitrogen [18]. Overall, total nitrogen was conserved.

TABLE 2 - The conversion of nitrogen during the study.
Influent
NH4+-N
mg·L-1
1.113
1.085
1.101
1.078
1.094
1.091
1.116
1.111
1.090
1.098

NO2--N
mg·L-1
0.014
0.012
0.016
0.016
0.016
0.016
0.016
0.020
0.020
0.019

Effluent
NO3--N
mg·L-1
1.557
1.503
1.430
1.543
1.622
1.527
1.635
1.614
1.156
1.200

TN
mg·L-1
2.684
2.600
2.547
2.637
2.733
2.634
2.767
2.745
2.265
2.318

NH4+-N
mg·L-1
0.091
0.092
0.082
0.091
0.101
0.116
0.106
0.126
0.128
0.094
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NO2--N
mg·L-1
0.052
0.009
0.031
0.031
0.062
0.063
0.131
0.051
0.121
0.048

NO3--N
mg·L-1
2.483
2.422
2.375
2.434
2.534
2.428
2.521
2.550
2.174
2.176

TN
mg·L-1
2.626
2.523
2.489
2.556
2.697
2.607
2.758
2.727
2.423
2.319

Variation in
TN
mg·L-1
0.058
0.076
0.058
0.081
0.035
0.027
0.009
0.018
-0.158
-0.001
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FIGURE 8 - Comparison of the removal of ammonia and the increase of nitrate.

The comparison of the removal of ammonia and the
increase of nitrate (Fig. 8) indicated that the same incremental trend occurred for the removal of ammonia and the
increase of nitrate. These findings suggest that the conversion from ammonia to nitrate in the biological clarifier
was efficient.
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ABSTRACT
Substantial amounts of potentially soluble organic nitrogen are released from the sediment as decomposed animal and plant debris from pollution subsides. This paper
investigated the behavior of the dissolved organic nitrogen (DON) released from the sediment around Lake Taihu.
The initial mass isotherm was used to describe the sorption
and desorption of sediment soil to DON. The first-order
kinetic equation was suitable for application in the release
process. Research on the DON release potential of the
sediment soils showed that the pool of potentially soluble
organic carbon was estimated to be about 30.575 µg·g−1.
The characteristics of DON were also investigated in the
study. The released DON in the neutral hydrophilic fraction had a molecular weight <3 kDa and was the major
component. Ligand exchange was the important mechanism for desorption of DON in Lake Taihu sediment.
Both sulfate and phosphate had a significant influence on
the release of DON. Therefore, we must pay attention to
the importance of DON released from sediment in water
environments.
KEYWORDS: Dissolved organic nitrogen (DON); sediment;
adsorption; desorption; nitrogen speciation characteristics

1. INTRODUCTION
Dissolved organic nitrogen (DON) is an increasing
concern in drinking water. It comprises a relatively important portion of natural organic matter (NOM) in surface water, accounting for 0.5-10.0% by weight [1]. DON
comes from a variety of sources including the degradation
of plant and animal debris, agriculture fertilizers, algae,
forest litter, wastewater discharge etc. It consists of a series
of nitrogen-containing functional groups, e.g. NH classes,
amino category, nitrile, purine, pyrimidine and nitro compounds [2]. Its concentrations in surface water are usually
in the range from <0.1 to >10 mg N/L with a median value
of 0.3 mg N/L [3]. Other studies showed that the concentration of DON reaches up to 100 µmol/L [4], with amino
acids and urea as main contents of NOM, accounting for
25% and 10% of the total, respectively; the rest consisted
* Corresponding author

of amino sugars, nucleic acids, chlorophyll and other related pigments, amines and vitamins [5].
Although DON is generally present in a low concentration in surface water, it has become a potentially critical issue for drinking water treatment, due to reactions with
chlorine during the disinfection/oxidation processes which
generate the disinfection by-products (DBPs) [6, 7]. Chlorination and chloramination of DON not only produces regulated DBPs, such as trihalomethanes (THMs) and haloacetic
acids (HAAs), but also produces nitrogenous disinfection
by-products (N-DBPs), such as nitrosamines, halonitromethanes, and haloacetonitriles [3, 8]. Thus, the emerging
concerns for drinking water safety have increased the need
to understand better the concentration and speciation
characteristics of DON.
Lake Taihu is the second largest freshwater lake in
China. Bound by Jiangsu, Zhejiang, Anhui Province, and
Shanghai, the basin of Lake Taihu is about 36,900 km2
and falls within what is considered to be the most developed area in China [9, 10]. Lake Taihu is greatly important
to the regional economic and social development. Currently, there are 12 main water plants dispersed along the east
shore of Lake Taihu, and these take approximately 1.19
billion m3 of water annually from the lake to provide drinking water to the surrounding cities of Shanghai, Suzhou,
and Wuxi [11, 12]. Taihu Lake is a shallow water lake.
Compared with deep lakes, shallow lakes have larger sediment-water contact area, the higher photic zone depth/
depth ratio, and the more intense and more frequent material
interchange between the overlying water and sediments.
In the shallow water lake, wind-induced currents frequently disturb the water-sediment interface which may
cause intensive sediment re-suspension and increase the
internal release of nutrients from sediment [13, 14]. More
and more evidence has shown that the sediment of shallow
lakes is a key source of lake nutrients [15, 16]. The impacts
of sediment of lakes are great and vital to the aquatic ecology and environment because of the nutrient release [17].
Currently, studies about DON are focusing on its analytical measurement, content in surface water, occurrence
and potential in N-DBPs formation. The studies about its
release from sediments are rarely found. The primary objective of this paper is to investigate the nitrogen occurrence characteristics and release speciality in the watersediment system in Lake Taihu.
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In particular, this research work focused on: (1) measurement of the pool of soluble organic nitrogen, (2) the
adsorption and desorption behaviors of DON in Lake Taihu
sediment, and (3) speciation characteristics of DON released from sediment and the mechanisms of release.
2. MATERIALS AND METHODS

soil corresponding with 4 g dry soils was weighed into a
centrifuge tube in three replicates, and 40 ml of the solutions with different concentrations was added (Table 3). The
centrifuge tubes were shaken for 24 h at constant temperature (20 °C) on a water-bathing constant temperature vibrator (120 rpm), and afterwards centrifuged for 15 min at
3000 rpm. The supernatant was filtered through 0.45-µm
PES membrane disc filters, and the samples were analyzed immediately.

2.1 Study site

The study was performed on soil samples originating
from drinking water source in Lake Taihu. Lake Taihu is
the second largest freshwater lake in China, with a total
water surface area of 2338 km2, an average water depth of
1.9 m, and a volume of 44×108 m3. The average annual
precipitation in the study area is about 748 mm and the
average annual temperature amounts to 17.5 °C.
XRD was used to characterize minerals in sediment
from Lake Taihu. The physical and chemical characteristics of the tested sediment are shown in Tables 1 and 2.
TABLE 1 - Composition of surficial sediment in samples (%).
0.25-0.1 mm
0.03

Average
0.1-0.05 mm 0.05-0.01 mm <0.01 mm particle size
(mm)
38.24
44.13
17.6
0.011

Samples were air-dried and homogenized, firstly
sieved over a 2-mm mesh to remove most fine roots, and
then sieved over a 0.15-mm mesh for test use. The samples were kept dry at 4 °C until use in experiments.
TABLE 2 - Physical and chemical characteristics of the tested sediment
pH
6.9

Ca
(g·kg-1)
4

Fe
(g·kg-1)
46.1

Al
(g·kg-1)
63.7

Organic matter
(%)
4.55

TP
(g·kg-1)
0.812

To mimic the water-sediment situation where DON in
the water contacts with the soil of sediment, overlying water
concentrated by freeze-drying was used as DON stock solution for the adsorption experiments. Concentrated solution
was filtered through 0.45-µm polyethersulfone (PES) membrane disc filters and stored at -18 °C until use in the experiments. The stock DON solution was diluted to four DON
concentrations between 0 and 5 mg·L−1 in order to investigate the behavior of the mineral soil under low concentrations (Table 3).
TABLE 3 - Four DON concentrations used to measure the adsorption isotherms.
DON concentration
(mg N L-1)

2

3

4

1.1±0.07

1.9±0.08

3.2±0.10

4.1±0.12

Three experiments were done to confirm the kinetic
equations of DON in sediment soils by desorption at three
different temperatures. The experiments were operated as
the adsorption experiment. An amount of mineral soil corresponding with 4 g dry soils was weighed into a centrifuge tube in three replicates and 40 ml of ionized water
was added. The centrifuge tubes were shaken in three groups
at different temperature (15, 25, 35 °C) on a water-bathing
constant temperature vibrator (120 rpm). In each group,
the centrifuge tubes were shaken for different times (0, 5,
10, 20, 30, 40, 50, 60, 70, 80, 90, 100 and 110 min).
Then, centrifuge tubes were centrifuged for 15 min at
3000 rpm. The supernatants were filtered through 0.45-µm
PES membrane disc filters, and the samples were analyzed
immediately.
2.2.3 Size of the pool of DON

Three replicate tubes containing 4 g dry sediment
soils with 40 ml of ionized water were shaken for 24 h at
room temperature (20 °C) on a vibrator (120 rpm), and then,
centrifuged for 15 min at 3000 rpm. The supernatant was
poured off, the new ionized water added, and the procedure described above was repeated 22 times. Each supernatant solution was analyzed for DON.
2.2.4 Other laboratory experiments

2.2 Laboratory experiments
2.2.1 Sorption-desorption equilibria in low concentration of
DON

1

2.2.2 Kinetic equations of DON in sediment soils by desorption

The adsorption experiments were carried out to generate the sorption isotherm data; an amount of mineral

All the other experiments were carried out as the adsorption experiment with different kinds of overlying water. In the fraction of DON experiments, the sediment
soils were filled with 40 ml of ionized water. In research
on the mechanisms of desorption of DON by the sediment, the sediment soils were filled with 40 ml of different concentrations of the solution. The other operations
were identical with adsorption experiment.
The relative errors between experimental results and
model simulations can be analyzed according to:
n

error (%) = ∑ (
i =1

Cmod − Cexp
Cexp

2

)

(1)

2.3 Analytical methods

All samples were analyzed for DOC, TDN, NO2−,
NO3− and NH4+. DOC and TDN were measured using a
multi N/C 2100 TOC analyzer (Analytik Jena, Germany).
NH4+-N was measured through Nessler’s reagent spectrophotometry method. NO2−-N was measured through N-(1-
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naphthyl)-ethylenediamine photometric method. NO3−-N
was determined through UV spectrophotometry method.
DON was quantified as the difference between TDN and
TIN (DON = TDN-TIN = TDN-NH4+- NO2− - NO3−).

XAD-4 resin, adjusted to pH 8, was fed onto an Amberlite
IRA-958 anion exchange resin, which retains charged hydrophilic organic matter [19]. The remaining neutral material is not retained by any of the resins [20].

2.4 Fractionation of DON samples

Both molecular weight fractionation and hydrophilic/
hydrophobic components fractionation were performed.
DON was fractionated by molecular sieves. Four types
of regenerated cellulose membranes (Millipore Corp.) were
used: (1) 10,000 nominal molecular weight limit (NWML),
(2) 5000 NWML, (3) 3000 NWML, and (4) 1000 NWML.
The effective surface area of the membrane was 31.75 cm2.
Prior to filtration, Milli-Q water was passed through the
membranes to remove any possible leached organics until
DON in the permeate was less than 0.1 mg/L. High purity
nitrogen (99.999%) was used to pressurize the filtration
process (~0.15 MPa). The initial sample volume was 200 ml.
After 150 ml of sample volume permeated the membrane,
the remaining 50 ml was collected as the retentate [18].
The percentages of DOC and DON in each size range
were calculated as follows:

% < 1kDa =

C1k . permeate
Craw

%1k − 3kDa =
%3k − 5kDa =

(2)

C3k . permeate − C1k . permeate
Craw
Craw

×100(%)
(3)

C5k . permeate − C3k . permeate

%5k − 10kDa =

% > 10kDa =

×100(%)

×100(%)
(4)

C10 k . permeate − C5k . permeate
Craw

Craw − C10 k . permeate
Craw

×100(%)
(5)

×100(%)
(6)

where, Ci is the measured parameter of fraction i, and
the percentage difference between the measured total mass
and the sum of the masses for each mass fraction was
calculated.

3. RESULTS AND DISCUSSION
3.1 Sorption-desorption equilibria in low concentration of
DON

There are a wide variety of adsorption isotherm models existing to describe the adsorption isotherms for natural DOM sorption to soil. Other studies have shown that
the most common model based on simple partitioning is
called the initial mass isotherm. Herein, we used the modified initial mass isotherm to explore the sorption-desorption equilibria of DON by sediment soil (Eq.(7)):

RE = m ⋅ X i − b

(7)

where, RE is the release or sorption DON concentration in the solution, m the regression coefficient, Xi the
initial concentration of DOC in solution (mg·L−1), and b
the intercept (mg·L−1) [21]. Based on the data, fitted curve
and R2 were shown in the figure. The initial mass isotherm
is suitable for application in lower adsorbate concentrations.
The initial mass isotherm was used to describe the
sorption and desorption of soil to DON. The sediment soils
released DON with no DON-concentrated solution initially
added. Desorption phenomena also happened with low
concentrations of DON. With the increase of DON concentration, the sediment soil began to adsorb DON in the
solution. As shown in Fig. 1, solution shaken without
sediment soil exhibited no change, indicating no precipitation in the absence of the solid phase. The reduction of
the DON concentration was due to the adsorption of the
sediment soils. In the lower DON concentration, the relationship between initial added DON concentration and the
final equilibrium DON concentration could be better described by linear relation.

Adsorbent resin (Supelite DAX-8, Amberlite XAD-4
and Amberlite IRA-958 anion exchange resins) was used to
separate the water-soluble organic substances into 4 groups:
strongly hydrophobic organic matter (SH), weakly hydrophobic organic matter (WH), charged hydrophilic organic
matter (CH), and neutral hydrophilic organic matter (NH).
The raw water concentrate was filtered through a
0.45-µm membrane, adjusted to pH 2, and fed onto a
Supelite DAX-8 non-functionalized resin which retains
strongly hydrophobic organic matter. The unabsorbed
concentrate from the DAX-8 resin was fed onto an Amberlite XAD-4 resin, which retains weakly hydrophobic
organic matter. The unabsorbed concentrate from the

FIGURE 1 - Sorption-desorption equilibria of DON by sediment soil.
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SEM was applied to explain the adsorption phenomena in morphological feature of sediment soil (Fig. 2).
From the figure, it could be seen that morphology of the
soils was porous and fluffy. Due to the large specific surface area and developed pore structure, the soil might
have large capacity in DON adsorption.

TABLE 4 - The first-order kinetic equations of DON in Lake Taihu
sediment soil by sorption.
Temperature
59 °F
77 °F
95 °F

The first-order kinetic equation
y=8.42*(1-e^(-0.246*x))
y=7.00*(1-e^(-0.166*x))
y=5.70*(1-e^(-0.093*x))

r2
0.966
0.993
0.996

The first-order kinetic equation was used to preliminarily describe the DON release dynamic process. The result
is shown in Table 4. We could find that the first-order
kinetic equation was suitable for application in the release
process. Even at the different temperatures, all the correlation coefficients of the simulation desorption process approach 1. The kinetic constant k reflected the release rate,
and it was inversely related to the release rate. When the
release time →∞, A similarly reflects the DON release
ability of the sediment.
As shown in Fig. 3, the amount of desorption increased
and reached a maximum value after about 30 min. Especially in the first 10 min, growth trend of the release amount
was almost of linear style. After that, the sediment released
the DON slowly and approached a plateau. As the release
temperature increased, the amount of the released DON
increased gradually, and the equilibrium time decreased.

FIGURE 2 - SEM photograph of sediment soils.
3.2 Kinetic equations of DON in sediment soils by desorption

The first-order kinetic equation can be used to describe the desorption kinetics of DON in sediment soils
[22]. The differential form of the first-order kinetic equation (Eq.(8)) was as follows:

dc
= −k1c
dt

(8)

Regular expression (Eq.(9)) was often used:

qt = A(1 − e − k1t )

(9)

where, qt is the release in soils for DON (mg·kg−1
soil), k1 the kinetic constant, t the desorption time (min),
and A the release constant related to the equilibrium
concentration.

FIGURE 4 - DON release potential of the sediment soil.
3.3 Size of the pool of DON

Research on the DON release potential of the sediment soils is of great significance to the influence on the
material interchange between the overlying water and sediments. There was evidence of a pool of potentially desorbed
DON which was released more gradually. The cumulative
amount of DON in repeated extractions with water would
approach an asymptote corresponding to the total pool of
DON (Fig. 4). Qualls [23] conducted a similar experiment on
DOC in the forest floor. The exponential curve (Eq.(10)) was
as follows:

R = C + Rmax ⋅ (1 − e − k ( N −1) )
FIGURE 3 - Kinetic equations of DON in sediment soils by desorption.

(10)

where, Rmax is the cumulative amount of DON released
after N extractions (mg), C the amount of DOC/DON released during the first extraction (mg), (Rmax+C) the total
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amount of DOC/DON that can be released from the soil
(mg), k the release coefficient, and N is the number of
extractions.
In the sequential extraction experiment, DON continued to be released after many cycles of extraction. Even
after 4 extractions, high concentrations of DON were
being released. The pool of potentially soluble organic
nitrogen in 4 g of sediment was estimated to be about
122.3 µg (about 30.575µg·g−1).

3.4 Hydrophilic and hydrophobic fractions of DON released
from the sediment

Adsorbent resin was used to separate DON into
4 groups. According to published literature, humic and fulvic
acids are the main components of SH, and hydrophilic
(non-humic) organic matter (CH and NH) are attributed to
proteins, amino acids, and carbohydrates [19, 29, 30].

3.5 Size fractions of DON released from the sediment

The DON composition in each of the molecular weight
fractions is shown in Fig. 5. Based on the DON data, the
molecular weight fractions of <1, 1-3, 3-5, 5-10, and
>10 kDa were 42.5, 35.0, 7.5, 6.3 and 8.7%, respectively.
In a previous work, 87% of the DON compounds
passed through a 10-kDa ultra-filter, and 67% of the compounds had molecular weights (MWs) less than 1 kDa [24].
In this study, the molecular weight fraction which was
<3 kDa accounted for approximately 77.5%. We could conclude that most of the DON released from the sediment was
composed of small molecules. According to Bin Xu [25],
the MW fraction of <1 kDa contained the maximum concentrations of THMFP, HAAFP and NDMAFP, which
was also found in the works of Chiang [26] and Gang [27].
Chlorination and chloramination of DON released from
sediment in a drinking water source might produce the
nitrogenous disinfection by-products (N-DBPs), such as
nitrosamines, halonitromethanes, and haloacetonitriles,
which are far more carcinogenic or mutagenic than some
of the regulated DBPs [8].

FIGURE 6 - Hydrophilic and hydrophobic fractions of DON.

Figure 6 shows the result of DON fraction by the resin.
NH was the major component and contributed 51.6% of
DON released from the sediment in Lake Taihu. CH and
SH were also main parts of the DON; each of them contributed 30.5% and 15.2% of DON. In this study, only
2.7% of DON was contributed by WH; its DON concentration was 0.07 mg·L−1. Each type of DON occupied the
similar proportion in the corresponding DOM. The components of the DON released from the sediment were similar to that of the overlying water in other studies [31, 32],
but differed from the description in a previous paper stating
that SH was more abundant than NH and CH in the surface
water [33]. Plant and animal debris degraded to proteins,
polypeptides and amino acids. That might increase the
content of hydrophilic DON.
3.6 Mechanisms of desorption of DON on the sediment soil
sample

As we know, there are various ions in the natural water.
The different ions may have different effects on the release
of DON. In the sediment soil sample, the addition of various
ions was observed for the influence in suppressing or
facilitating release.
FIGURE 5 - Molecular weight fractions of DON.

TABLE 5 - List of hypothetical mechanisms.

DOC/DON ratio is also shown in Fig. 5. DOC/DON
ratio can be used as a potential indicator for the origin of
NOM, while the low DOC/DON ratio represented more
autochthonous NOM sources [28]. Therefore, the low
DOC/DON ratio (1-6 mg C/mg N) in this study implied
that autochthonous sources could mainly contribute to the
DON released from the sediment. It was not surprising
that the sediment was taken from the drinking water
source, which was less polluted by effluents from industries and agriculture in the vicinity.

Mechanism
Cation exchange
Anion exchange
Cation bridging
Ligand exchange

Ions added
K+, NH4+, Na+, Ca2+
Cl-, NO3Ca2+
SO42-<H2PO4-

The list of hypothetical mechanisms in Table 5 comes
from the studies of Greenland [34].
Different ions represented different release mechanisms. We proposed three hypotheses to explore release
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mechanism [15]: simple cation or anion exchange, cation
bridging, and ligand exchange.
Firstly, if simple cation or anion exchange were the
mechanism of DON desorption, the addition of the high
concentrations of the monovalent cations or anions should
significantly increase the desorption amount of DON
from the sediment. But as shown in Table 6, when high
concentrations of KCl, NH4Cl and KNO3 were added into
the solution, only a few more DON was released compared with the deionized water. That means that either
anion or cation exchange may facilitate desorption a little,
but they were unlikely to be a significant mechanism.
Secondly, let us suppose cation bridging was the
mechanism of desorption of DON. Cation bridging
means that a divalent cation, such as Ca2+, lies between
the two negatively charged matters to eliminate repulsive
force. So high concentration of Ca2+ would lead to the
decrease of desorption. But such a phenomenon could not
be found in Table 6. High concentrations of Ca(NO3)2
failed to produce different desorption compared to KNO3
or the deionized water control.
Ligand exchange was another mechanism for DON desorption. In this reaction, the ligand in the solution, such as
phosphate, might be expected as competitor for ligand
exchange sites. A large number of humus and amino acids
were released from the sediment soil and facilitated desorption of DON. Indeed, as shown in Table 6, sulfate and
phosphate both desorbed more DON than the deionized
water. Both ions had a significant influence on the release
of DON.

data, the molecular weight fractions of <1, 1-3, 3-5, 5-10,
and >10 kDa were 42.5, 35.0, 7.5, 6.3 and 8.7% individually. The small hydrophilic molecules may cause the
increase of disinfection by-products in the water treatment. Ligand exchange is the primary mechanism for the
desorption of DON from the sediment.
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TABLE 6 - Effects of various reagents on the facilitation or suppression of DON desorption.
Reagent
Distilled water
0.1M KCl
0.05M CaCl2
0.1M NH4Cl
0.1M KNO3
0.05M Ca(NO3)2
0.1M K2SO4
0.1M KH2PO4

Equilibrium DON (mg·L−1)
0.63
0.68
0.61
0.58
0.72
0.71
1.22
1.89

4. CONCLUSION
This paper investigates the behavior of DON released
from the sediment around Taihu Lake. The most widely
used linear sorption isotherm model (initial mass) seemed
to successfully describe DON sorption phenomena in the
sediment soil around Taihu Lake. Research on the DON
release potential of the sediment soils showed that the
pool of potentially soluble organic nitrogen was estimated
to be about 30.575 µg·g−1. The DON was fractionized by
two methods, molecular weight fractionation and adsorbent resin fractionation. NH was the major component
and contributed 51.6% of DON released from the sediment in Lake Taihu. CH, SH and WH contributed 30.5,
15.2 and 2.7% of DON, respectively. Based on the DON
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VOLATILE ORGANIC COMPOUNDS IN THE ATMOSPHERE
OF TWO HIGHLY FREQUENTED HISTORICAL BUILDING:
THE ROYAL PALACE OF CASERTA (ITALY) AND
THE GREAT MOSQUE OF CÓRDOBA (SPAIN)
Pasquale Iovino*, Silvana Canzano, Giovanni P. Nunziata, Stefano Salvestrini and Sante Capasso
Department of Environmental, Biological and Pharmaceutical Sciences and
Technologies, Second University of Naples, via Vivaldi 43, 81100 Caserta, Italy

ABSTRACT
The monthly weighted average concentrations of volatile organic compounds (VOCs) in the Royal Palace of
Caserta (Italy) and the Great Mosque of Córdoba (Spain)
have been determined by using passive diffusive samplers.
Relatively high concentrations of VOCs were detected in
the internal atmosphere in both buildings and for some
compounds higher than in the outside, indicating the occurrence of an internal source. In the Royal Palace of
Caserta we recorded high levels of air pollutants that were
ascribable to the outside vehicle traffic as well as to emission from the adjacent Royal Park. In the Mosque of Córdoba, a sharp difference between inside and outside concentrations of certain compounds was indicative of inadequate air exchange.

rials of works of art [5, 6]. Pollution levels inside buildings result from air flow from outside and/or inside emissions from the works exposed and/or other sources including chemicals used for the cleaning and preservation of
the heritages [7]. In museums and similar institutions, air
monitoring demands special attention in order to prevent
any hazard and, at the same time, not to reduce the enjoyment of works of art by the visitors.
As part of our ongoing research program on VOCs in
museums and historical buildings, here we report a study
of VOCs levels in the Royal Palace of Caserta, Italy, and
the Great Mosque of Córdoba, Spain, both World Heritage Sites. Time-weighted average concentrations of VOCs
were evaluated using passive diffusive samplers, particularly convenient devices for their small sizes and low cost.
2. MATERIALS AND METHODS

KEYWORDS: Air monitoring; museum; GC-MS; radiello; limonene; BTEX; incense.

2.1 Museum complexes and sampling sites
2.1.1 Royal Palace of Caserta

1. INTRODUCTION
Indoor air pollution in cultural institutions such as
museums, libraries and archives is a crucial factor for the
preservation of collections and artefacts [1]. Air quality requirements have to be enforced in order to protect cultural
assets against deterioration and at the same time to provide suitable condition for the working staff and visitors.
Volatile Organic Compounds (VOCs) represent a major fraction of indoor and outdoor air pollution [2, 3].
Their negative effects on human health have been known
for several years; more recently, the interaction and damage of some VOCs to works of art, historical buildings and
monuments has also been documented [3, 4]. VOCs can
undergo photochemical degradation in the atmosphere, producing compounds that are highly aggressive towards mate* Corresponding author

The Royal Palace of Caserta is a former royal residence in Caserta built in the years 1752-1780 for the Bourbon kings of Naples. It was the largest palace and probably
the largest building erected in Europe in the eighteenth
century. In 1996, the Royal Palace of Caserta was listed
among the World Heritage Sites. The palace has a rectangular plan, measuring 247 x 184 m. Today the first floor,
containing the original furniture and some art collections,
is the only part allowed to the tourists. The palace is surrounded by a residential area where some roads are subjected to considerable vehicular traffic, particularly on east
side, where is the city centre of Caserta. The Royal Palace
lacks a ventilation plant, air exchange occurring only through
doors and windows. In the surrounding area there are
factories that emit chemical compounds in the atmosphere
[8]. Next to the Palace, in the north, there is the Royal Park,
consisting mainly of a Quercus ilex wood. The number of
visitors during the year 2006 was 679182 [9].
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2.1.2 The Great Mosque of Córdoba

The monumental complex called The Great Mosque
of Córdoba, situated in the Andalusian city of Córdoba,
Spain, is a large building made of two distinct parts: one
is now a Roman Catholic cathedral, the other, rich in
Muslim architecture, is the remain of a former mosque.
The part of the building allowed to the tourists and object
of this inquiry is entirely located on the ground floor.
Today the Great Mosque is surrounded by an area with
picturesque residential buildings, mostly of architectural
value, and severe restriction to vehicular traffic. The
Great Mosque of Córdoba and its surrounding area is a
World Heritage Site. The number of visitors during the
year 2006 was 1204626 [10].
2.2 Sampling procedures

Volatile organic compounds were collected by Radiello samplers, patented by the Foundation Salvatore Maugeri (FSM). The exposition time was about 1 month, July
2008. The samplers consisted of a stainless steel net cylinder with a 100-mesh-grid opening and containing 530 mg
of activated charcoal. All sampling points were located
about 2 metres above the floor levels.

from 35 to 300 a.m.u. every 0.1 s, in the electronic impact
(70 eV) mode. The ion source temperature was 180 °C
and the multiplier voltage 350 V.
The calibration method involved the injection of a
standard liquid mixture onto an adsorbing cartridge [11].
To determine blank value, batches of unexposed samplers
(six cartridges) were analysed 1 day and 15 days after
conditioning, with storage at 4 °C. The resulting analyses
show very low levels for all compounds with no significant difference between 1-day and 15 day-stored cartridges. The detection limits for each compound, defined as
three times the standard deviation of blank values, were
relatively low (about 0.03 µg m-3). Sampling capacity and
extraction efficiency of the tubes as well as stability of the
compounds in the tubes were tested in former studies
[12]. The standard deviation of triplicate samples from
each site was below 10% for all compounds.

®

2.3 Analytical procedures

The analyses were carried out on a Perkin Elmer GCMS instrument, model Clarus 500 equipped with a thermal desorption apparatus, model TurboMatrix ATD. A
stream of helium of 80 mL min-1 at 320 °C for 10 min was
applied to the exposed cartridges to extract the analytes.
These were condensed in a trap at 2 °C and then liberated
by heating at 290 °C for 1 min.
The column used for the GC separation was an Elite5MS fused silica capillary, 30 m x 0.25 mm, 0.25 µm film
thickness (Perkin Elmer Instruments). The oven temperature program was 35 °C for 5 min, to 120° at 8 °C min-1
and to 200 °C at 15 °C min-1. The carrier gas was He at a
flow rate of 1 mL min-1. The mass spectrometer scanned

3. RESULTS AND DISCUSSION
Tables 1 and 2 report the time-weighted average concentrations of the most abundant VOCs recorded during
summer 2008 in the Royal Palace of Caserta and in the
Great Mosque of Córdoba, respectively. The concentrations were determined in 14 sites of the Royal Palace, 11
inside and 3 outside, and in 13 sites of Great Mosque, 11
inside and 2 outside (Figures 1 and 2).
As can be seen, there is a marked difference between
the two sets of data, some compounds (benzene, toluene,
ethylbenzene, o-xylene, m,p-xilenes, limonene, decane,
dodecane and tetradecane) were found in the atmosphere
of both the historical buildings, other compounds only in
one of the two. Qualitative and quantitative differences
between the two buildings are ascribable to different
architectural design, different uses and different features
of the surrounding areas. The Royal Palace of Caserta is a
Palace of the eighteen century, located in the suburbs of
a

TABLE 1 - Time-weighted average concentrations of VOCs in the Royal Palace of Caserta
SITE
3

POLLUTANT (µg/m )
Benzene
Toluene
Ethylbenzene
o-Xylene
m,p-Xylene
N,N-dimethyl formamide
Benzaldehyde
Tetrachlorethylene
Limonene
1,2,4-trimethyl-benzene
Aceto-phenone
Hexamethyl tri-cycle syloxane
1-methyl-4 -(1-methylethenyl) benzene
Decane

1

2

3

4

5

6

7

8

9

10

11

12

13

14

7.6
30.1
6.4
6.2
21.7
2.2
6.8
4.8
5.4
5.9
3.1
2.9
3.2
2.3

6.8
30.3
7.8
6.6
26.4
1.8
7.4
1.9
5.1
7.5
2.6
3.8
3.7
3.2

7.7
31.4
11.5
6.3
31.4
1.9
7.0
3.3
4.1
6.2
2.4
2.7
3.3
2.0

5.9
22.0
3.8
5.6
16.3
2.3
7.7
2.1
3.0
7.1
3.6
1.3
4.0
2.7

6.8
23.6
3.8
5.8
16.1
3.0
7.3
1.8
2.1
6.8
1.7
3.4
3.5
1.5

5.5
23.3
3.9
5.2
11.1
2.8
6.9
2.8
4.4
8.0
2.0
1.3
2.6
3.2

4.8
22.5
3.3
5.5
15.3
2.2
6.7
3.5
3.5
7.2
3.4
1.6
3.9
3.9

6.0
21.9
3.5
5.5
16.9
2.3
8.0
2.7
2.5
6.7
2.5
2.8
2.7
3.6

6.7
20.9
3.6
5.5
15.2
2.7
7.7
3.5
2.2
7.1
1.5
1.4
2.7
1.7

6.0
21.2
3.2
5.2
19.6
3.4
8.4
3.6
2.6
6.5
3.7
1.1
2.9
2.7

4.8
25.0
3.3
5.9
16.6
5.1
7.6
3.3
3.2
6.7
2.1
3.3
3.8
2.6

5.4
25.5
3.6
4.5
13.6
3.2
8.1
3.5
2.2
6.8
1.9
2.5
3.6
1.2

5.0
22.4
4.1
5.1
17.8
3.0
7.2
4.6
3.9
5.8
1.6
1.7
2.9
2.4

5.5
23.7
3.8
5.2
15.6
2.8
6.9
4.4
2.7
4.8
1.6
3.2
2.0
2.5
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3.2
3.8
3.2
2.1
2.3
2.5
1.3
2.7
2.5
1.4
1.5
4.0
3.1
3.2
2.9
2.6
4.0
2.1
3.7
3.4
2.5
3.1
TABLE 2 - Time-weighted average concentrations of VOCs in the Great Mosque of Córdoba

POLLUTANT (µg/m3)
1
2
3
Benzene
7.5
5.5
3.2
Toluene
31.8 24.5 38.7
Ethylbenzene
4.5
4.3
3.9
o-Xylene
34.4 28.3 28.5
m,p-Xylene
6.3
6.5
6.5
2-Ethoxy-2-methyl propane
7.6
5.1
2.8
2,4-dimethyl heptanes
5.3
5.2
4.0
4-chlorooctane
3.2
3.1
3.3
2-Methyl 1-octanol
N.D. N.D. N.D.
1 ,2-benzene-dicarboxylic acid
3.9
2.8
3.4
1,4-dichloro benzene
N.D. N.D. N.D.
1-ethyl-3-methyl benzene
7.1
8.4
7.6
1,2,3-trimethyl benzene
7.9
7.5
6.9
1-methyl-4 - (1-ethylethenyl) benzene 5.5
4.2
3.6
1-methyl- 3 - (1-methylethyl) benzene 4.8
3.5
3.4
Limonene
N.D. N.D. N.D.
Nonane
2.5
2.7
1.9
Decane
4.0
5.3
3.3
Dodecane
1.8
2.0
2.3
Tetradecane
4.1
4.6
4.0
N.D.= below detection limit

4
3.2
36.5
3.5
27.5
6.1
1.3
5.9
3.9
N.D.
3.5
N.D.
8.5
6.9
3.9
2.6
N.D.
1.5
3.7
1.9
3.4

5
N.D.
26.6
3.5
27.3
5.7
N.D.
N.D.
N.D.
8.1
N.D.
13.7
7.6
8.2
4.2
4.1
6.9
1.5
3.4
N.D.
N.D.

6
N.D.
25.3
3.1
29.9
5.2
N.D.
N.D.
N.D.
7.6
N.D.
10.2
7.9
8.2
3.6
2.4
7.6
2.7
4.3
N.D.
N.D.

SITE
7
N.D.
30.5
3.2
26.6
5.4
N.D.
N.D.
N.D.
8.5
N.D.
10.2
8.4
7.0
3.5
3.7
8.4
2.3
3.6
N.D.
N.D.

8
N.D.
35.0
3.6
39.3
6.0
N.D.
N.D.
N.D.
6.8
N.D.
10.3
8.5
8.4
3.6
3.6
8.1
3.0
3.6
N.D.
N.D.

9
N.D.
32.9
3.5
30.1
5.5
N.D.
N.D.
N.D.
8.7
N.D.
13.5
8.1
7.8
4.3
4.1
7.9
2.9
2.7
N.D.
N.D.

10
N.D.
35.2
4.1
28.9
5.4
N.D.
N.D.
N.D.
7.4
N.D.
14.2
8.6
7.9
3.6
3.9
9.1
2.7
3.4
N.D.
N.D.

11
N.D.
26.4
4.2
33.9
5.5
N.D.
N.D.
N.D.
8.7
N.D.
12.2
7.8
8.1
4.8
3.9
8.9
2.7
3.6
N.D.
N.D.

3.4
3.0

2.3
3.6

12
N.D.
26.4
3.9
29.9
4.5
N.D.
N.D.
N.D.
8.7
N.D.
12.5
7.8
8.6
5.9
3.7
5.4
2.4
2.2
N.D.
N.D.

13
N.D.
26.4
3.2
33
5.4
N.D.
N.D.
N.D.
8.7
N.D.
10.5
7.7
8.2
5.9
4.9
7.9
2.4
3.4
N.D.
N.D.

2.2
2.7

patio, 5-7 are in the Catholic Church, 9-13 are in the area corresponding to the ancient Mosque.

modern city, with the first floor presently used only as a
museum. The Great Mosque of Córdoba is surrounded by
a group of old small buildings, mostly of architectural
value with severe limitation to the vehicular traffic. The
presence of a catholic church within the building complex
involves cult-associated practices, such as the use of fresh
flowers and of burning incense, that may be a source of
air pollutants. However, apart from the qualitative differences between the two buildings, the VOC concentrations
detected in both places were high enough to represent a
significant potential risk for the works of art.
FIGURE 1 - Map of the first floor of the Royal Palace of Caserta
with indication of the sampling sites. Sites 1-4 are outside and 5–14
are inside the building.

These air pollutants can be distinguished as follows:
a) compounds present with a higher concentration or
exclusively inside the buildings,
b) compounds present with a higher concentration or
exclusively outside the buildings,
c) compounds showing no marked prevalence between
inside and outside.
As concerns the compounds of first group, the evidence suggests that these are at least in part produced
from an internal source, possibly materials stored in the
building or products used for conservation or for cleaning.

FIGURE 2 - Map of the Great Mosque of Córdoba with indication
of the sampling sites. Sites 1 and 2 are outside, 3 and 4 are in the

N,N-dimethyl formamide and benzaldehyde were the
only compounds that in the Royal Palace of Caserta had
higher concentration inside the building than outside. It
has been shown that aldehydes are emitted from wood
products, upholstery, silicone sealants and some adhesives
[13, 14].
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Among the compounds found in Great Mosque of
Córdoba and belonging to the first group, there are limonene, 2-methyl-1-octanol and 1,4-dichloro benzene. These
compounds had no detectable concentrations in the outside sites (1 and 2) and in sites located in the patio (sites 2
and 3). Their presence in the internal atmosphere was
probably due prevalently to the human activity: 1,4dichloro benzene is a component of fungicides and herbicides, 2-methyl-1-octanol and limonene are emitted from
living plants and wood derivatives.

ACKNOWLEDGEMENTS
Thanks are due to the directors and the staff of the
cultural heritages studied.
The authors have declared no conflict of interest.

REFERENCES

The compounds of the second group reflect the effect
of external sources pollutants. As concerns the Royal
Palace of Caserta, second-group pollutants included benzene, toluene, ethylbenzene, o-xylene, m,p-xylene (usually indicated with the abbreviation BTEX) and limonene.
Limonene is a typical compound of biogenic origin emitted in the atmosphere by plants [15]. Its concentration, as
expected, was particularly high in the sites 1 and 2, both
located on balconies facing the park. BTEX compounds
usually result from the vehicle exhaust; coherently, their
highest concentrations were measured in the site n. 3,
close to road with heavy traffic.

[1]

Pavlogeorgatos, G. (2003) Environmental parameters in museums. Building and Environment 38, 1457-1462.

[2]

Iovino, P., Salvestrini, S., Capasso, S. (2007) Background
Atmospheric Levels of Aldehydes, BTEX and PM10 Pollutants in a Medium Sized City of Southern Italy. Annali di
Chimica 97, 597–604.

[3]

Baer, N.S., Banks, P.N. (1985) Indoor air pollution: effect on
cultural and historical materials. International Journal of Museum Management Curatorship 4, 9-20.

[4]

Schieweck, A., Lohrengel, B., Siwinski, N., Genning, C.,
Salthammer, T., (2005) Organic and inorganic pollutants in
storage rooms of the Lower Saxony State Museum Hanover,
Germany. Atmospheric Environment 39, 6098–6108.

In the Great Mosque of Córdoba the compounds benzene, 2-ethoxy-2-methyl propane, 2,4-dimethyl heptanes,
4-chlorooctane, 1,2-benzene-dicarboxylic acid, dodecane
and tetradecane were present in detectable concentrations
only in side 1, 2, 3 and 4.

[5]

Iovino, P., Salvestrini, S., Capasso, S. (2005) Temporal and
meteorological dependence of formaldehyde concentration in
a semi-rural area of southern Italy. Fresenius Environmental
Bulletin 14, 1136-1140.

[6]

Oikawa, T., Matsui, T., Matsuda, Y., Takayama, T., Niinuma, H., Nishida, Y., Hoshi, K., Yatagai, M. (2005) Volatile
organic compounds from wood and their influences on museum artefact materials I. Differences in wood species and
analyses of causal substances of deterioration. Journal of
Wood Science 51, 363–369.

[7]

Chianese, E., Riccio, A., Duro, I., Trifuoggi, M., Iovino, P.,
Capasso, S., Barone, G. (2012) Measurements for indoor air
quality assessment at the Capodimonte Museum in Naples
(Italy). International Journal of Environmental Research 6,
509-518.

[8]

Iovino, P., Canzano, S., Leone, V., Berto, C., Salvestrini, S.,
Capasso, S. (2013) Contribution of vehicular traffic and industrial facilities to PM10 concentrations in a suburban area
of Caserta (Italy). Environmental Science and Pollution Research, DOI 10.1007/s11356-013-2209-5.

[9]

Ministero dei Beni e delle Attività Culturali e del Turismo.
Ufficio Statistica 2006.

For both heritages the outside concentrations of benzene, a well-known carcinogenic agent for humans [16]
was within or a little higher that the limit value. The European Economic Community required an annual average
concentration less than 7 µg/m3 for the year 2008.
Finally, it is worth to note that, on the base of the spatial dependence of VOC concentrations, the Great Mosque
of Córdoba appears made of two distinct blocks: one
consisting of the patio, which exchanges air with the
outside, and the main building, containing the Catholic
Church and the ancient mosque. Each of these two blocks
emits peculiar compounds, depending on the particular
materials used in the area.

[10] Observatorio turistico de Córdoba - Informe 2006. Ayuntamiento de Córdoba. ISBN: 84-688-7539-2.

4. CONCLUSIONS
The levels of VOCs inside the two historical buildings analysed were relatively high and with time they
could entail a significant risk for works of art. The inside
atmosphere was effected by both external and internal
sources of pollutants, whose relative weight was probably
essencially determined by the architectural design of the
building and their actual use. A purification plant is
strongly recommended for both heritage buildings.

925

[11] Iovino, P., Polverino, R., Salvestrini, S., Capasso, S. (2008)
Temporal and spatial distribution of BTEX pollutants in the
atmosphere of metropolitan areas and neighbouring towns.
Environmental Monitoring and Assessment 150, 437-444.
[12] Meybeck, M., Della Massa, J.P., Simon, V., Grasset, E.,
Torres, L. (2000) Etude de la distribution atmosphérique de
Composés Organiques Volatils (COV) monoaromatiques:
Benzène, Toluène, Xylènes (BTX) et du dioxyde d’azote sur
l’agglomération toulousaine. Pollution Atmospherique 168,
569–582.
[13] Lattuati-Derieuxa, A., Thaoa, S., Langloisb, J., Regert, M.
(2008) First results on headspace-solid phase microextrac-

© by PSP Volume 23 – No 3a. 2014

Fresenius Environmental Bulletin

tion-gas chromatography/mass spectrometry of volatile organic compounds emitted by wax objects in museums. Journal of Chromatography A 1187, 239-249.
[14] Arni, P.C., Cochrane, G.C., Gray, J.D. (1965) The emission
of corrosive vapours by wood, Part II, The analysis of the vapours emitted by certain freshly felled hardwood and softwoods by gas chromatography and spectrophotometry. Journal of Applied Chemistry 15, 463–468.
[15] Canzano, S., Salvestrini, S., Iovino, P. (2010) Emission rate
of non-methane volatile organic compounds from biodegradable domestic waste. Fresenius Environmental Bulletin
19 (1), 88-93.
[16] Cocheo, V., Sacco, P., Boaretto, C., De Saeger, E., Ballesta,
P.P., Skov, H. (2000) Urban benzene and human exposure.
Nature 404, 141–142.

Received: June 21, 2013
Accepted: August 15, 2013

CORRESPONDING AUTHOR
Pasquale Iovino
Department of Environmental, Biological
and Pharmaceutical Sciences and Technologies
Second University of Naples
Via Vivaldi 43
81100 Caserta
ITALY
Phone: +39 0823 275111

926

Fax: +39 0823 274605
Email: pasquale.iovino@unina2.it.
FEB/ Vol 23/ No 3a/ 2014 – pages 915 - 919

© by PSP Volume 23 – No 3a. 2014

Fresenius Environmental Bulletin

EFFECTS OF POTASSIUM PERMANGANATE,
POTASSIUM DICHROMATE AND POTASSIUM
PERCHLORATE ON MITOCHONDRIAL DNA: ANOTHER
POSSIBLE MECHANISM OF DICHROMATE TOXICITY
Ayse Gul Mutlu
Mehmet Akif Ersoy University, Department of Biology, Burdur, Turkey

ABSTRACT
Chromium (Cr) is a naturally occurring heavy metal.
It is widely used in industrial processes and as a result is a
common contaminant in many environmental systems.
Perchlorate (ClO -) is an anion commercially available as a
4

salt with many cations. The most common forms of perchlorate include ammonium perchlorate and potassium
perchlorate. Potassium permanganate (KMnO4) is used
worldwide in industrial processes and laboratory analysis
methods, as well as in freshwater pond aquaculture. In
this study, mtDNA damage and copy number in Drosophila in response to exposure to potassium permanganate,
potassium dichromate and potassium perchlorate was
examined. The results demonstrate that potassium dichromate exposure resulted in 22% more mtDNA damage than
that observed in the control group. There is evidence of
carcinogenic activity of dichromate in mice and rats. The
current study indicates that mtDNA damage may be a
possible mechanism of dichromate toxicity.

KEYWORDS:
Potassium permanganate, potassium dichromate, potassium
perchlorate, mtDNA copy number, mtDNA damage, toxicity

1. INTRODUCTION
Chromium (Cr) is a naturally occurring heavy metal
commonly found in the environment in two valence
states: trivalent Cr(III) and hexavalent Cr(VI). It is widely
used in industrial processes and as a result, is a contaminant of many environmental systems [1]. After entering
cells, Cr(VI) undergoes metabolic reduction to Cr(III),
resulting in the formation of ROS, which causes oxidative
tissue damage and a cascade of cellular events [2].
* Corresponding author

Perchlorate (ClO4-) is an anion commercially available as a salt with many cations. The most common forms
of perchlorate include ammonium perchlorate (used as a
solid rocket oxidant and ignitable source in munitions and
fireworks), and potassium perchlorate (used in road flares
and air bag inflation systems, and has been used to treat
Graves’ Disease) [3]. Perchlorate salts have shown organ
toxicity in rats in subchronic and chronic levels [4,5].
Potassium permanganate (KMnO4) is used worldwide in
freshwater pond aquaculture for the treatment and prevention
of waterborne parasitic, bacterial, and fungal diseases. Insufficient information exists, however, for the evaluation of the
environmental risk of KMnO4 exposure [6].
Mitochondrial DNA (mtDNA) damage is more extensive and persists longer than nuclear DNA (nDNA) damage in human cells following oxidative stress [7]. Some
toxic materials generate mtDNA damage [8-10], which
may trigger mitochondrial dysfunction [11]. Damage to
mtDNA could be potentially more important than deletions in nDNA, because the entire mitochondrial genome
codes for genes that are expressed, while nDNA contains
a large amount of non-transcribed sequences [12]. DNA
mutations generated by potassium permanganate, potassium dichromate and potassium perchlorate have been
investigated by some researchers but there is no information in the literature about the effects of these substances on mtDNA. The aim of the current study is to
examine the effects of potassium permanganate, potassium dichromate and potassium perchlorate exposure on
mtDNA damage.
2. MATERIALS AND METHODS
Two-day-old, wild type (Oregon) Drosophila melanogaster were used. Drosophila (fruit flies) are useful model
organisms because of their small size and short generation
time, and are commonly used to facilitate experimental
laboratory research [13]. Flies were fed corn meal, which
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contained water, corn flour, sugar, yeast, agar and propionic acid as an antifungal agent. Flies were housed in glass
bottles and incubated at 24 ±1 °C for 48 hours (12-hour
day-night cycles). The treatments applied were: 0.01 g potassium perchlorate / 100 ml corn meal; 0.01g potassium
dichromate / 100 ml corn meal; and 0.01g potassium
permanganate / 100 ml corn meal.
Following the 48-hour application period, DNA isolation of the flies was conducted. Twelve flies were analyzed from each group. SIGMA G1N350 Genomic DNA
kits were used for total DNA isolation using the methods
indicated in the technical bulletin. Invitrogen (Molecular
Probes) Pico Green dsDNA quantitation dye and QUBIT
2.0 fluorometer were used for template DNA quantitation
and for the fluorometric analysis of PCR products. A
crucial step of the QPCR method is the concentration of
the DNA sample. The accuracy of the assay relies on initial
template quantity because all of the samples must have
exactly the same amount of DNA. The Pico Green dye has
not only proven to be an efficient method for template quantitation but also for PCR product analysis [14]. DMSO (in a
volume equivalen to 4% of total volume) was added to 5 ng
of template total DNA in each PCR tube. Thermostabil polymerase used was Thermo Phire hot start II DNA polymerase.
Primers for Drosophila mtDNA small fragment
(100 bp) were:
11426 5’- TAAGAAAATTCCGAGGGATTCA - 3’
11525 5’- GGTCGAGCTCCAATTCAAGTTA - 3’
Primers for large fragment (10629 bp) were:
1880
5’- ATGGTGGAGCTTCAGTTGATTT - 3’
12508 5’- CAACCTTTTTGTGATGCGATTA - 3’
[9,10,15]
For long fragment PCR amplification, DNA was denatured initially at 98°C for 1 minute; the material then
underwent 21 PCR cycles of 98°C for 10 seconds, 52°C
for 45 seconds, and 68°C for 5 minutes. Final extension
was allowed to proceed at 68°C for 5 minutes.
For small fragment PCR amplification, DNA was denatured initially at 98°C for 1 minute; the material then
underwent 21 PCR cycles of 98°C for 10 seconds, 55°C
for 45 seconds, and 72°C for 10 seconds. Final extension
was allowed to proceed at 72°C for 2 minutes.

The QPCR method was used to measure mtDNA damage. The lesion present in the DNA blocked the progression
of any thermostable polymerase on the template, so a decrease in DNA amplification was observed in damaged
templates. The QPCR method is highly sensitive to measurements of DNA damage and repair. mtDNA damage was
quantified by comparing the relative efficiency of amplification of long fragments of DNA and normalizing this to
gene copy numbers by the amplification of smaller fragments, which have a statistically negligible likelihood of
containing damaged bases [7, 14,1 6]. To calculate normalized amplification, the long QPCR values were divided by
the corresponding short QPCR results to account for potential copy number differences between samples (the mtDNA/
total DNA value may be different in the 5-ng template of
total DNA in each PCR tube). The copy number results do
not indicate damage.
Minitab Release 13.0 software was used for statistical
analysis. The results were analyzed using the Mann–
Whitney Test.
3. RESULTS AND DISCUSSION
mtDNA damage and mtDNA copy number of fruit
flies in response to the potassium permanganate, potassium dichromate and potassium perchlorate treatments are
shown in Table 1. mtDNA damage of the dichromate group
was significantly greater than that observed in the control
group (Figure 1 and Table 1). In the permanganate and
perchlorate groups, mtDNA damage was slightly greater
than damage in the control group, but the difference was
not statistically significant. There were no significant
differences in mtDNA copy number among the groups.
Potassium dichromate is widely used in industrial
processes and as a result is present as a contaminant in
many environmental systems [1]. There is clear evidence
of carcinogenic activity of sodium dichromate in mice and
rats [17]. There is some evidence of dichromate toxicity
on DNA but there are no data on the effects of dichromate
on mtDNA specifically. Patlolla et al. [2] demonstrated
that potassium dichromate induced genotoxicity in Hepatoma G2 cells. According to the authors, this cytotoxicity
seems to be mediated by oxidative stress. DNA damage
induced by potassium dichromates, which are strong oxi-

TABLE 1 - mtDNA damage (as indicated by relative amplification) and mtDNA copy number of Drosophila in treatment groups
Groups
Control
Potassium Perchlorate
Potassium Dichromate
Potassium Permanganate

mtDNA damage
(relative amplification±SE)
1.035±0.098
0.989±0.105
a
0.804±0.044
0.951±0.087

928

mtDNA copy number
(small fragment amplification ±SE)
410.86±19.48
409.78±12.96
409±12.76
405.72±18.53
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a

values statistically different from control group (p<0.05)
SE: standard error of the mean
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In the current study, mtDNA damage observed in the
dichromate application group was significantly higher than
that of the control group. These results indicate that mtDNA
damage may be a possible mechanism of dichromate toxicity. mtDNA damage may be caused by ROS mediated
mechanisms. After entering cells, Cr(VI) undergoes metabolic reduction to Cr(III), resulting in the formation of
ROS, causing oxidative tissue damage and a cascade of
cellular events [2].

FIGURE 1 - mtDNA damage of Drosophila in treatment groups as
measured by QPCR relative amplification results. A reduction in
relative amplification indicates the occurrence of DNA damage.

Insufficient information exists on the risk of lowdosage KMnO4 exposures in various organisms. KMnO4
is commonly used as an oxidizing agent [6] and it is used
worldwide in freshwater pond aquaculture for the treatment
and prevention of waterborne parasitic, bacterial, and fungal diseases. However, studies have demonstrated its toxic
effects on some aquatic organisms [6, 21-23]. In this study,
permanganate exposure caused mtDNA damage that was
greater than that observed in the control group, but the difference was not statistically significant. Similarly, potassium perchlorate did not result in significant damage of
mtDNA.
In summary, the results of this study demonstrate that
potassium dichromate leads to substantial mtDNA damage. Potassium dichromate caused 22% more damage than
the control group; there were no significant differences
among the other groups in terms of mtDNA damage or
copy number. It is remarkable that even over a short time
frame (48 hours) and a low-dose application (0.01g Potassium dichromate / 100 ml corn meal), potassium dichromate
is toxic to mtDNA. This study shows that mtDNA damage
may be a possible mechanism of dichromate toxicity.
The author has declared no conflict of interest.
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FIGURE 2 - mtDNA copy number in treatment groups as indicated
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EFFECT OF UV-RADIATION ON METHOMYL, OXAMYL
AND CARBOSULFAN RESIDUES IN TOMATO JUICE
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ABSTRACT
This study was conducted to study the effect of UVradiation at 254 nm on methomyl, oxamyl and carbosulfan residues of spiked tomato juice. In a previous study on
carbamate pesticide residues in tomato juice, the same
authors found that most of the tomato juice samples contained methomyl residues (less than the maximum residue
limits according to EU-pesticides MRL), while oxamyl and
carbosulfan residues were not detected in any of the tested
tomato juice samples. However, the reduction percentages
of methomyl, oxamyl and carbosulfan after UV-radiation
treatment for 30 min were 19.59, 16.82 and 2.16%, respectively. Moreover, the reduction percentages of the studied
carbamate residues increased with increasing time of exposure. UV-radiation slightly affected the oxamyl-spiked
samples. Carbosulfan was found to be the most persistent
pesticide when exposed to UV-radiation. Its reduction
percentage did not go beyond 2.16% after 30 min.
KEYWORDS:
Tomato juice, UV-radiation, methomyl, oxamyl, carbosulfan.

1. INTRODUCTION
In 2010, Jordan produced 2310 tons of tomatoprocessed products like tomato pastes, tomato soups and
ketchups. The total consumed amount in the local market of
tomato-processed products including imported tomato juice
was 6181 tons/year. Furthermore, the per capita consumption of processed tomato products was about 1 kg/year [1].
Food and Agricultural Organization (FAO) database
showed that in 2010 around 5297.71 tons of carbamate
pesticides were used in different regions of the world,
respectively [2]. Methomyl and oxamyl were classified by
the World Health Organization (WHO) as highly hazardous class IB, and carbosulfan as moderately hazardous
(class II) [3].
Carbamates are dermally absorbed and from the gastrointestinal tract. They are also readily absorbed by inha* Corresponding author

lation when vapors are formed. Once absorbed, the carbamates are distributed rapidly into internal tissues [4].
The acute toxicities of the carbamates ranged from high to
very low, following oral LD50 values to rats which are 32,
2.8, and 218 mg/kg for methomyl, oxamyl, and carbosulfan, respectively [5]. Carbamates have been observed to
cause oxidative stress by the generation of free radicals in
rat tissues; these free radicals play an important role in
toxicity of pesticides [6, 7].
Carbamates are effective insecticides by their ability
to inhibit AChE in the nervous system, the enzyme responsible for breakdown and termination of the activity of
ACh by catalysing the hydrolysis of the neurotransmitter
ACh to choline and acetic acid [8]. When carbamate pesticides enter the nervous system, they will compete with
ACh for its active site, leading to the accumulation of
ACh in the synapses [8,4].
Lehotay et al. [9] showed that methomyl, methomyloxime, oxamyl and oxamyl- oxime had recovery rates
greater than 90% upon using QuEChERS (Quick, Easy,
Cheap, Effective, Rugged and Safe) method for extraction
and GC-NPD (gas chromatography with nitrogen phosphorous detector) for determination of these carbamate pesticides from different food matrices. Soler et al. [10] showed
that LC-MS (liquid chromatography equipped with tandem
mass spectrometry) was an efficient technique to determine
carbosulfan and its 7 degradation products sensitively and
accurately at low detection limits (10 µg/kg).
Photodegradation is based on the absorption of light
by a molecule [11]. Direct UV-irradiation will lead to the
promotion of the pesticides to their excited singlet states.
Such excited states can then undergo, among other processes: homolysis, heterolysis and photoionization; it is
proposed that the mechanism of carbamate under photodegradation involving an excited singlet state undergoes
hemolytic cleavage of CــــN bonds to form radical pairs.
This radical pairs eventually lead to amine [11].
In the recent years, the word attention has focused on
the removal of pesticide residues by different treatments
like cooking, ozonation, UV-radiation, washing, and peeling. It is noticed that these treatments are of great benefits
to have safe and healthy food. The objective of this study
is to examine the effect of UV-radiation at 254 nm on re-

933

© by PSP Volume 23 – No 3a. 2014

Fresenius Environmental Bulletin

covered amounts from tomato juice spiked with methomyl,
oxamyl and carbosulfan insecticides at different concentration levels, for different periods of time.

and room temperature on methomyl, oxamyl and carbosulfan reduction percentages. Samples were taken after 3, 5,
10, 15 and 30 min for each pesticide determination.
2.5. Extraction of pesticides

2. MATERIALS AND METHODS
2.1. Chemical reagents and standards

Anhydrous magnesium sulphate (MgSO4, assay 99%)
(Sigma-Aldrich, Saint Louis), acetonitrile (CH3CN, HPLCgrade, assay 99.8%) (LAB-SCAN Analytical Sciences,
Dublin), acetic acid (CH 3COOH, assay 99%) (J. T.
Baker, USA), acetone (C3H6O, GC-grade, assay 99.8%)
(LAB-SCAN Analytical Sciences, Dublin), sodium chloride (NaCl, assay 99.9%) (AVONCHEM, Cheshire), primary secondary amine (PSA) sorbent, with 40-60 µm particle
size (Agela Technologies, Wilmington), standards of
oxamyl (C7H13N3O3S), carbosulfan (C20H32N2O3S) and
ditalimifos (C12H14NO4PS) pesticide standard materials (Dr.
Ehrenstorfer-GmbH, Augsburg) with a certified purity of
97%, and methomyl pesticide (C5H10N2O2S, assay 99.5%)
(Sigma-Aldrich, Saint Louis) were used for experiments.

The method for extraction of pesticide residues from
food which is called QuEChERS (Quick, Easy, Cheap,
Effective, Rugged, and Safe) was used for extraction of
methomyl, oxamyl, and carbosulfan residues from tomato
juice. It is based on the extraction by acetonitrile and partitioning with anhydrous magnesium sulphate [13].
Homogenized tomato juice samples were extracted by
taking 10 g into 50-ml Teflon centrifuge tubes, followed
by addition of 10 ml of acetonitrile acidified with 1%
acetic acid. The mixtures were then shaken by a Vortex
mixer for 1 min at low speed and loaded with 4 g of anhydrous MgSO4 and 1 g of NaCl, and then, vortexes again
for 1 min. Ditalimifos (0.5 ppm) was then added to the
mixture as an internal standard. Finally, sample was vortexes for 30 s and centrifuged at 3000 rpm for 5 min. Sample extract by the end of this step was ready for clean-up.
2.6. Samples clean-up

2.2. Tomato juice samples

Forty-five tomato juice samples were collected from the
Jordanian local market and analyzed to make sure that they
were free of any residues. The size of each sample requested
for pesticide residue analysis was 0.5 L as recommended by
Codex Alimentarius sampling guidelines [12].
2.3. Effect of tomato juice UV-radiation on stability of methomyl, oxamyl and carbosulfan

To investigate the declining pattern in methomyl, oxamyl and carbosulfan pesticide residues in tomato juice,
the samples were treated as follows:

For clean-up, 1 ml of the upper acetonitrile layer of
each sample was transferred into a 10-ml centrifuge tube
containing 25 mg PSA as sorbent and 150 mg anhydrous
MgSO4; then, it was vortexes for 30 s. As a final step, the
centrifuge tube was centrifuged at 3000 rpm for 5 min,
and then, the extract was transferred into a 2-ml GC vial.
Since acetonitrile is not compatible with NPD detector, it
was replaced completely with acetone after flushing with
nitrogen gas. After that, samples were analyzed with GCNPD to determine the residues of methomyl, oxamyl, and
carbosulfan.
2.7. Detection limits and recovery percentages

2.3.1. UV-radiation at 254 nm

Five tomato juice samples (0.5 L each; free from carbamate residues) were spiked with 5 concentrations (0.1,
0.5, 1, 5 and 10 ppm) of methomyl, oxamyl and carbosulfan. Each sample was treated with UV-radiation at 254 nm
for 3, 5, 10, 15 and 30 min. The effects of UV-radiation
treatment on methomyl, oxamyl, and carbosulfan were
evaluated by analyzing tomato juice samples before and
after the treatment. The spiked tomato juice samples were
held between the outer stainless steel jacket and the inner
quartz tube during UV-radiation treatment. Samples were
taken separately after 3, 5, 10, 15, and 30 min for determination of each pesticide. Each sample was extracted by
QuEChERS method and analyzed using GC-NPD to determine the amounts of methomyl, oxamyl, and carbosulfan in order to evaluate the efficiency of this treatment in
degradation of these pesticides with time.
2.4. Control samples

Five control tomato juice samples were spiked with
0.1, 0.5, 1, 5 and 10 ppm, and kept under room conditions
for 30 min to investigate the effect of natural light exposure

To assess the efficiency of the extraction method, detection limits and recovery percentages were determined
for each pesticide included herein.
To determine the minimum detection limit for methomyl, oxamyl and carbosulfan, six independent blank tomato
juice samples were extracted and injected using GC/NPD.
The DL values for methomyl, oxamyl, and carbosulfan were
calculated according to the following equation [14]:

After determination of DL for each pesticide, a blank
sample was spiked with this concentration and GC-NPDanalyzed.
On the other hand, five free tomato juice samples of
any pesticide were spiked with different standard concentrations for each of methomyl, oxamyl and carbosulfan to
determine their recovery rates according to the following
equation:
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2.8. Methomyl determination by GC-NPD analysis

The chromatographic system consisted of a gas
chromatograph (Agilent Technologies 6890N, USA) with
NPD, split-less injector and HP-5 capillary column (30 m
x 0.32 mm, 0.52 µm). The carrier gas was helium. The
operating conditions were as follows: injection volume 1 µl,
injector temperature 250 °C, detector 300 °C [15]. The oven
temperature program was modified to get the desired response for methomyl as follows: initial temperature 60 °C
for 1 min; 5 °C min-1 to 90 °C for 1 min; 20 °C min-1 to 150 °C
for 1 min; 6 °C min-1 to 270 °C for 1 min [15]. For data
acquisition, Chem.-Station software was used.

TABLE 2 - Recovery percentages of methomyl, oxamyl and carbosulfan pesticides from tomato juice samples spiked with different
concentration levels.
Pesticide

Methomyl

Oxamyl

2.9. Oxamyl and carbosulfan determination by GC-NPD analysis

The same instrument (methomyl) was used for determination of both oxamyl and carbosulfan but with a different oven temperature program as follows: initial temperature 70 °C for 1 min; 12 °C min-1 to 280 °C for 15 min [15]
For data acquisition, Chem.-Station software was used.

Carbosulfan

Spiked amount (ppm)
0.1
0.5
1.0
5.0
10.0
0.1
0.5
1.0
5.0
10.0
0.1
0.5
1.0
5.0
10.0

Recovery (%) ± SE
96.7 ± 0.9
97.2 ± 1.2
96.4 ± 1.0
96.9 ± 1.6
98.2 ± 0.4
92.8 ± 0.9
93.3 ± 1.2
93.6 ± 0.5
94.2 ± 1.5
94.3 ± 1.8
85.4 ± 0.4
86.0 ± 0.7
86.4 ± 0.6
86.7 ± 0.6
87.3 ± 0.7

3.3. Comparison between reduction percentages of methomyl, oxamyl and carbosulfan using UV- radiation.

2.10. Statistical analysis

The design of the experiment was Complete Randomized Design (CRD) with three replicates. Mean values and
standard errors were calculated and analyzed. The obtained
data were subjected to statistical analysis using MSTAT-C
programme, version 1.4, were Least Significant Difference
test (LSD) was used at 0.01 probability level. The obtained
results were summarized in tables in the results section.

3. RESULTS
3.1. Detection limits (DLs) and retention times (min)

The results for the analysis of three blank tomato juice
samples showed that the minimum detection limits (MDLs)
were 0.0032, 0.0039 and 0.0063 ppm, and the retention
times (RTs) were 3.749, 6.510 and 19.329, for methomyl,
oxamyl and carbosulfan, respectively, as shown in Table 1.

3.3.1. UV-radiation

The reduction percentages of methomyl, oxamyl and
carbosulfan after UV-radiation at 254 nm increased slowly
to reach maximum values of 19.56, 16.82 and 2.16%, respectively, after 30 min of treatment (Table 3).
The statistical analysis (Table 3) showed that there
were significant differences (P ≤ 0.01) after 3, 5, 10, 15
and 30 min of treatment between methomyl, oxamyl and
carbosulfan reduction percentages at spiking concentration levels of 0.1 and 0.5 ppm. There were no significant
differences (P ≤ 0.01) between methomyl and oxamyl
reduction percentages for spiking concentration levels of
1 and 5 ppm after 3 and 15 min.
4. DISCUSSION
4.1. Detection limits (DL) and retention times (RT; min)

TABLE 1 - Detection limits (DL) and retention times (RT, min) of
methomyl, oxamyl and carbosulfan pesticides, using GC-NPD
analysis.
Retention time
(min)

Detection limits ±
SE (ppm)

3.749

0.0032 ± 0.0001

Oxamyl

6.510

0.0039 ± 0.0001

Carbosulfan

19.329

0.0063± 0.0002

Pesticide
Methomyl

3.2. Recovery tests

As shown in Table 2, the mean recovery percentages
from blank tomato homogenized samples of methomyl,
oxamyl and carbosulfan were ranged from 96.4 to 98.2%
for methomyl, 92.8 to 94.3% for oxamyl, and 85.4 to
87.3% for carbosulfan. Values in the Table are means of
three replicates.

The present study showed that the DLs for methomyl, oxamyl and carbosulfan were 0.0032, 0.0039 and
0.0063 ppm, and the RTs were 3.749, 6.510 and 19.329
(Table 1), respectively, using QuEChERS method for
extraction and GC-NPD for determination. Delgado [15]
found that the DLs of methomyl and carbofuran were
0.006 and 0.003 ppm, respectively, using the same methods of extraction and carbamate determination from powdered potatoes. In addition, similar results were reported
by Berger et al. [16], who showed that carbamates were
directly and selectively detected using GC-NPD with DLs
ranging from 0.003 to 0.06 ppm.
4.2. Recovery test

Recoveries were found to be 96.4-98.2% for methomyl, 92.8-94.3% for oxamyl and 85.4-87.3% (Table 2)
for carbosulfan using GC-NPD analysis and QuEChERS
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TABLE 3 - Effects of UV-radiation at 254 nm on methomyl, oxamyl and carbosulfan reduction percentages at different spiked concentration
levels in tomato juice, using GC-NPD analysis*.

Pesticide

Spiked amount (ppm)
0.1

0.5

1

5

10

0.847b±0.22
1.486a±0.71
0.115c±0.01

0.461a±0.42
0.981a±0.09
0.047b±0.02

0.465b±0.16
0.857a±0.11
0.022c±0.01

1.164b±0.40
2.866a±0.62
0.344c±0.04

0.902b±0.23
1.727a±0.15
0.118c±0.02

0.890a±0.28
1.514a±0.55
0.056b±0.03

2.328b±1.01
4.565a±0.88
0.458c±0.15

2.166b±0.29
2.986a±0.23
0.188c±0.01

2.286a±0.21
2.752a±0.38
0.078b±0.05

4.656a±0.68
5.414a±0.23
0.573b±0.12

4.030a±0.31
3.817a±0.17
0.259b±0.05

3.934a±0.62
3.027a±0.25
0.134b±0.01

3 min
Methomyl
Oxamyl
Carbosulfan

1.031b**±0.02
2.105a±0.01
0.114c±0.13

0.402b±0.52
1.695a±0.09
0.091c±0.12

Methomyl
Oxamyl
Carbosulfan

3.093b±1.17
6.315a±0.04
0.455c±0.21

1.004b±0.31
3.390a±0.08
0.387c±0.11

Methomyl
Oxamyl
Carbosulfan

6.186b±0.95
8.421a±0.05
0.909c±0.12

3.012b±0.20
4.873a±0.23
0.501c±0.33

Methomyl
Oxamyl
Carbosulfan

9.278a±1.46
10.526a±0.06
1.136b±0.13

9.036a±0.61
6.992b±0.16
0.638c±0.23

5 min

10 min

15 min

30 min
Methomyl
19.588a±1.31
17.470a±0.77
15.450a±1.05
12.252a±0.81
10.235a±0.75
Oxamyl
16.824b±0.57
14.831b±0.92
13.270b±0.46
11.815a±0.55
9.770a±0.62
c
c
c
b
Carbosulfan
2.159 ±0.11
1.822 ±0.13
1.489 ±0.05
0.494 ±0.03
0.211b±0.04
Values are means of three replicates ± SE; ** means of reduction percentages within the same column for each time sharing the same letters in superscript are not significantly different using LSD test at 0.01 probability level.

method for extraction. In agreement with these results,
Lehotay et al. [9] found that the recoveries for methomyl
and oxamyl were >90% for different commodities. Moreover, Glauner [17] achieved 98.9% and 103.3% recoveries for methomyl and oxamyl, respectively, from tomato
fruit samples in a study performed to validate
QuEChERS method for extraction of 313 compounds
in different commodities.
4.3. Effect of tomato juice UV-radiation

It can be noticed from the results obtained from spiked
tomato juices treated by UV-radiation at 254 nm that this
method was not an efficient one in removing methomyl,
oxamyl or carbosulfan, since the maximum reduction
percentages achieved by this treatment were only 19.59,
16.84 and 2.16%, respectively, after 30 min of treatment.
These reduction percentages were low in comparison with
corresponding ones achieved by ozonation [18] and heat
treatments [19]. Furthermore, the recovered amounts remained higher than the maximum residue limits, even
after 30 min of treatment. An explanation to these results
might relay on the fact that photo degradation is based
on the absorption of light by the molecules, to be promoted to their excited singlet state. This process was
slow and needed sufficient exposure time of UVradiation to cause hemolytic cleavage of CـــN bonds to
form radical pairs [11].
The present results are in agreement with results obtained by Badawy et al. [20], who showed that oxamyl
was not affected by UV-radiation at 254 nm within the
first h of exposure, and after 8-h exposure, the reduction
percentage of oxamyl was 64.2%. In addition, the results
agreed with Soliman [21] who noticed that methomyl

reduction percentages in aqueous solution after 1 and 6 h
were 39.0 and 92.6%, respectively.
The study of the effect of UV-radiation at 254 nm on
spiked tomato juice showed that UV-radiation was not a
considerably efficient treatment to reduce the spiked
amounts of methomyl, oxamyl and carbosulfan in tomato
juice, under the experimental conditions herein. Methomyl was affected by UV-radiation more than oxamyl and
carbosulfan. Further studies are needed to find out the
effects of UV-radiation on the tested parent pesticides and
their metabolites, and also their health impacts.
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ABSTRACT
Panzhihua is a very large iron mining center in China
famous for its production of vanadium-rich titanium magnetite. Panzhihua City, rich in mineral resources including
vanadium titanium magnetite, coal and limestone, is a typical
mining town. A large amount of heavy metal is generated
by the mining and associated activities and metal that escapes from the industrial process stream could have a
significant impact on the environment. Many researchers
have carried out studies on the soils and stream sediments
in Panzhihua but no work has been done on the atmospheric dust. In this study, we characterize the mineralogy,
particle size, and heavy metal content of the near surface
atmospheric dust and attempt to quantify the potential ecological risk of these dust emissions. Our studies showed
that the near-surface atmospheric dust particles are small
and the dust occurs in two size categories, 10–50 µm and
5–20 µm. Mineralogically the dust is basically quartz, with
some feldspar, gypsum, and carbonate minerals. In the dust
samples collected, the level of heavy metal is high and the
V and Ti contents are very high. The potential ecological
risk index evaluation shows that the near-surface atmospheric dust in Panzhihua is an intermediate to strong ecological hazard and the hazards posed by Cd and V are the
most significant.
KEYWORDS: near-surface atmospheric dust; heavy metals;
geochemistry; Panzhihua

1. INTRODUCTION
Atmospheric dust is an important heavy metal carrier
and environmental pollutant. Dust has an influence on global
cloud properties, atmospheric chemistry and precipitation
development [1-7]. Heavy metals at trace levels in natural
water, air, dust, soils and sediments play a vital part in
human life [8-10]. Heavy metals come from many different
* Corresponding author

sources in urbanized areas. Vehicle emissions are one of
the most important heavy metals sources. Traffic, industry
and the chemical composition of weathered materials [11,
12] have a major impact on the levels of heavy metals in
dust, particularly house and street dust.
Soil and dust from urban and industrial areas contain
significantly higher levels of metals than do less developed control sites [13]. Urban areas always have several
different zones in which different activities predominate.
These zones or regions can be classified as commercial,
residential, traffic, parking lot, and park or open space and
each has different heavy metal concentrations. Pb, Zn and
Cd in surface dust from parking lots has higher concentrations of those metals compared to commercial regions,
residential zones, traffic areas, or parks [14].
Particulate matter emitted from on-road motor vehicles includes complex mixtures of metals from tires,
brakes, parts wear, and road dust [15]. X-ray fluorescence
(XRF) analyses of 115 parked car tires showed that Zn and
Ca are likely associated with tire wear dust. XRF results of
three used brake pads indicated high concentrations of Fe,
Ti, Cu, Ba, Mo and Zr. To assess heavy metal exposures
associated with tires and brake wear adjacent to roads of
differing traffic and functional classes, Eric Apeagyei and
Michael S. Bank also collected and analyzed 85 samples
of road dust from road surfaces adjacent to the curb; median concentrations for Fe, Ca and K are higher than Ti.
Compared with rural road dust, urban road dust contains
significantly more Fe, Ca, K, and Ti. These results indicated that roadway dust could be important sources of
metals in runoff water and a localized source for resuspended particulate matter [15].
Heavy metal enriched dust generated by industrial activity contributes to urban pollution more than common
street dust, dust composed largely of components from
vehicle exhaust, sinking particles in air, house dust, soil
dust and aerosols carried by air and waste [12]. Industrial
air-pollution not only affects regions close to the emission
sites but also can be transported many thousands of kilometers downwind. This is especially true for the heavy metals contained in near-surface atmospheric dust. Aerosol
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monitoring studies have shown that levels of a number of
other trace metals such as Cd, Cu, Sb, Se and Zn are also
perturbed within the atmosphere by industrial processes
[16]. Similarly, mining operations contribute significantly
to the quantity of particulates generated, the size of the
area impacted, and the toxicity of the contaminants associated with the emissions. Mining operations play an important but underappreciated role in the generation of contaminated atmospheric dust [17].
Cities affected by mining activity have higher nearsurface atmospheric dust concentrations and the associated heavy metal contents pose a potential risk to human
health [17]. Surface dust has negative health effects on the
human body by both respiratory inhalation and direct skin
contact [18-20]. Children and the elderly are more vulnerable to toxicity because of their underdeveloped or agecompromised immune systems as well as the inadvertent
ingestion of significant quantities of dust through hand-tomouth pathways [21, 22]. Studies have shown that lead
toxicity is associated with deficits in central nervous system functioning that can persist into young adulthood;
high hair lead and cadmium levels are correlated with both
reduced intelligence scores and lowered school achievement
scores [23]. The toxicity of Cu, Cd, and Zn is acknowledged. These elements have adverse effects on the human
central nervous and respiratory system and disrupt the endocrine system. Pollutants attached to surface dust can transfer to the surrounding aquatic environment by water runoff and are a serious threat to the aquatic environment and
human health [24, 25].
Near-surface dust is an important carrier of contaminants and is a non-point source of pollution in Panzhihua
City. Panzhihua, located on the Jinsha River in southern
China, is the largest industrial city in the upper reaches of
the Yangtze River basin and one of the largest mining
centers in China. It is famous for its production of vanadium, titanium, and magnetite. Because of the limitations
of the mountainous terrain, the industrial and mining areas
are intertwined in the city. There are large industrial and
mining complexes, metal mines, coal mines, dressing plants,
and smelters, all located within a few tens of square kilometers. After nearly 50 years of development, it has become an important iron and steel and associated vanadium
and titanium supplier and is one of the most important
industrial cities in western China.
Because it is a city founded on mining, Panzhihua’s
nearly half century of resource development has caused a
noticeable impact on the environment. After decades of
mining in this region, water pollution, land damage, soil
pollution, the general deterioration of the environment,
and other issues are now being investigated [26, 27]. A
number of researchers have carried out in-depth studies
on the soil and stream sediments [28-33]. However, very
few studies have focused on heavy metals in atmospheric
dust despite the potential environmental and health risks
associated with these contaminants. Because near-surface
atmospheric dust can be directly absorbed by the human

body, the harmful effects from air pollution are of increasing concern. For this paper, we analyzed the particle size,
the mineralogy, and the chemical composition of the nearsurface atmospheric dust in the Panzhihua mine area. We
also investigated the geochemical characteristics of the
heavy metals and evaluated their associated potential ecological risks.
2. MATERIALS AND METHODS
2.1 Study area

Panzhihua City, 26°052′N-27°210′N, 101°151′E102°082′E, is in northwestern Sichuan Province, China,
located at the border between Sichuan and Yunnan and at
the confluence of the Jinsha and Yalong Rivers. Panzhihua
City has all the typical characteristics of a resource development and industrial city, a city of immigrants, and a
mountain city.
2.2 Collection and treatment of the near-surface atmospheric
dust sample
2.2.1 Collection of the near-surface atmospheric dust sample

Dust was collected from different sites at the height of
1.5–2 m from the ground. Locations for sample collection
were chosen based on the location of the different mining
and processing facilities located in and around the town.
In July 2007, disposable brushes were used to sweep
the dusts from one site of doors, windows or the metalloid
cabinets at a height from1.5 to 2 meters in the buildings.
The range of the sampling height (1.5m to 2m) was determined by the height of the person, which is approximate 1.65m to 1.80m. Each sample was about 2g to 5g, then
loaded into a plastic sample bag and taken to the laboratory. Coarse debris in the sample was removed and the remainder was sieved into sub-120-mesh and sub-200-mesh
sized samples. The samples were then placed in valve bags
for analysis. The sample collection points are shown in
Fig. 1.
2.2.2 Analysis of near-surface atmospheric dust sample

We analyzed the particle size distribution, mineralogy, and heavy metal content of the sieved dust samples.
(1) Particle size of near-surface atmospheric dust

The particle size of the near-surface atmospheric dust
was analyzed with a laser particle size analyzer (Model
JL9200). One gram of sample was used for each determination. The granularity integral curve and differential curve
were obtained.
(2) Mineral composition of near-surface atmospheric dust

The near-surface atmospheric dust mineralogy was determined using an X-ray powder diffractometer (Model
XD-3, Beijing Purkinje General Instrument Co., Ltd.).
The x-ray tube of the XRD is the Cu target with the
0.01°sampling width. Its scanning mode is continuous
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FIGURE 1 - Sample collection locations for near-surface atmospheric dust samples in Panzhihua city. (I limestone mine; II coal mining area;
III vanadium titanium magnetite region ; IV dump site; V smelting area; VI tailings dam; i Geliping- Qingxiangping region; ii- NongnongpingZaoziping region ; iii Renhe region ; iv Bingcaogang region ; v. Guaziping region; vi Zhukuang Mining Region)

scanning with a speed of 4°/min and a width of 5°to
50°under the 30kV working voltage and 20mA working
current.
(3) Heavy metal content of near-surface atmospheric dust

A weighed sample 0.1000±0.0001 g was sealed in a
Teflon sample dissolution container, and 1 mL nitric acid
(1:1) and 3 mL of hydrofluoric acid were added. After mixing, the container was closed and preheated in a 1000 W
microwave oven for 1.0 min in order to dissolve the sample
totally. After cooling down, the container was placed on
an automatic temperature control electric hot plate for
digestion for 48 h at 160°C to get rid of the remainder
acid. After the sample was cooled down to room temperature, the sealing lid was opened, and excess moisture was
allowed to evaporate to yield a dry sample. For the testing
1 mL perchloric acid (pH=5.5) was added, and was steamed
until no white smoke. After cooling down, 2 mL nitric acid
was added, and the sample was heated on an automatic
temperature hot plate until the salts dissolved, and a dry
sample obtained. 1.5 mL of nitric acid was added, and the
sealed sample was heated on an automatic temperature
hot plate and for 12h at 160°C. The sample was cooled
down to room temperature, shaken, and kept warm on the
automatic temperature hot plate for 10 h. The sample was
transfered to a 50-mL volumetric flask. The sample dissolution tank was cleaned with nitric acid solution; then the
washing solution was combined with the sample in the
volumetric flask and diluted to the mark 50-mL with
nitric acid to yield solution Ai. In this whole procedure,
samples were totally dissolved in Teflon containers by the
microwave digestion, and then the remaining acid would
be removed by the hot plate. Afterwards more acid was
added for further dissolution in the test.
When required, solution Ai was diluted. The dilution
factor (χ) is determined according to the sample test ele-

ments. After dilution, the content of the measured element
in solution AX was within the working curve. Heavy metal
concentrations were analyzed using an inductively coupled
plasma mass spectrometer (ELEMENT I, Finnigan-MAT,
Germany).
(4) Evaluation of potential ecological risks

Hakanson (1980) [34] proposed the Ecological Risk
Index, a method that could be applied to evaluate the
degree of pollution by heavy metal in sediments. It has
been applied to sediments in fifteen lakes in Sweden.
The potential ecological risk index is based on the
following four factors [35],
1) Content factor; metal concentrations in surface sediments.
2) Quantity factor; number of types of metal contaminants.
3) Toxicity factors; toxic levels of the metal. In this paper, it was evaluated according to the "sedimentology
toxicity coefficient" of 12 elements proposed by Xu
Zhengqi (2008) [36]
(Ti=Mn=Zn=1<Cr=V=2<Cu=Pb=Ni=Co=5<As=10<
Cd=30<Hg=40).
4) Sensitivity factors; the sensitivity of the regional natural surface water on the metal contamination.
For this study, we calculated the ecological risk index
to show the contaminative degree of heavy metal in sediments as the following manner.
i

1) The single contamination coefficient ( C r ) is determined according to:
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i
i
/ Cn
C ri = C measured
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the dust can be directly inhaled and size is also closely
related to the different heavy metal concentrations.

is the pollution index of a heavy metal,

i
is the actual content of heavy metal in the surface
Cmeasured

sediments, and

Samples of near-surface atmospheric dust were collected without considering of the aerosol. In general, aerosol
is the main vector of atmospheric contaminant, especially the
contaminant coming from vehicle exhaust. The vehicle exhaust contaminant adsorbed on aerosol leads to an increase
in both composition and concentration of the road dust.
However, Panzhihua City is a mining and mountain city,
most of the near-surface atmospheric dust affecting the air
quality originates from the mining activities in this city.
There are crowds of large industrial and mining complexes,
metal mines, coal mines, dressing plants, and smelters.
They are all located dispersedly in a few tens of square
kilometers in the city. Meanwhile there are abundant kinds
of mineral, including vanadium titanium magnetite, coal
and limestone.

i
n

C is the evaluation criteria for the ele-

ment.
2) The degree of contamination of heavy metals in sediments at one point ( Cd ) is determined using the following formula:

C d = ∑ C ri
which reflects the sum of pollution coefficient of a
number of heavy metals.
i

3) The heavy metal toxicity response coefficient Tr ,
reflect the toxicity of the heavy metal and the sensitivity of the water body on the heavy metal, which can be
calculated.
4) The Ecological Risk factor of a heavy metal is:

Both the mountain topography and the industry factors played an important role in a large proportion of
larger particle in the local dust. Besides, it was difficult to
get aerosol samples out from a lot of dust in this place and
further more to distinguish the proportion of particle size
smaller than 2 microns from that of larger than 2 microns.
Therefore, we did not take the fine particle size and aerosol into account.

Eri = Tri × Cri
5) The comprehensive potential ecological risk index of a
number of heavy metals in the sediments is:
n

RI=

∑E

i
r

As shown in Fig. 2, there are 10 near-surface atmospheric dust particle samples whose minimum particle size
is less than 1 µm, among them being sample Pa07. Sample Pa14 contains the smallest particles, (0.7–20 µm), and
the size distribution for this sample is mainly between
0.9–9 µm (77.33%) and 2–15 µm (83.42%). The particle
size of samples Pa05 (1), Pa06, Pa08, Pa18 is widely
distributed, 0.7–108 µm, with the particles between 10
and 60 µm accounting for over 70% of the sample.

i =1

From the above formula, the following formula can
be obtained:
RI=

n

n

i =1

i =1

i
i
/ Cn
∑ Tri C ri = ∑ Tri Cmeasured

Using the logic expressed by the equations above, the
relationship between the potential ecological risk index
and the degree of pollution is shown in Table 1.

The minimum particle size for 11 near-surface atmospheric dust samples is greater than 1.8 µm. The particles in samples Pa01, Pa02, Pa03, and Pa13 are the smallest (1.9–90 µm) but are mainly distributed between 9 and
40 µm. The widest particle size distribution is shown by
sample Pa20. Grains in Pa20 range from 2 to 160 µm but
most are between 15 and 75 µm (74.38%).

3. RESULTS AND DISCUSSION
3.1 Particle size and mineralogy of near-surface atmospheric
dust
3.1.1 Particle size characteristics of the near-surface atmospheric dust

Overall, the near-surface atmospheric dust particles are
fine. The minimum particle size for 47.6% of all the samples is 0.7 µm and 52.4% of the particles in the samples are

The atmospheric dust particle size is closely related to
the environmental hazard. The size determines whether

TABLE 1 - Relationship between the potential ecological risk index and the degree of pollution
Cri and degree of pollution
i

Cr 1
i

1≤Cr 3

Unpolluted
Intermediate
pollution

3≤Cri 6

Severe pollution

Cri≥6

Extremely
severe pollution

Cd and degree of pollution

Eri and degree of pollution

RI and degree of pollution

Cd 12

Eri <40

Slight ecological risk
Intermediate
ecological risk

RI<150

Strong ecological risk

300≤RI<600

Strong ecological risk

RI≥600

Very strong
ecological risk

12≤Cd

Slight pollution
Intermediate
24
pollution

24≤Cd 48 Severe pollution
Cd≥48

Extremely severe
pollution

40≤ E

i <80
r

i
r

80≤ E <160
160≤ E

i
r <320

Eri ≥320
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Very strong
ecological risk
Extremely strong
ecological risk

150≤RI<300

Slight ecological risk
Intermediate
ecological risk
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between 1.8 and 2 µm. For the largest size fraction of the
near-surface atmospheric dust samples, the particle size of
49.8% of total samples is 20 µm; the particle size for
4.8% of total samples is 160 µm. Sampling point Pa07 is
close to the Huashan ore roadside, which is affected by
the nearby coal trucks; the sampling point Pa14 is located
in the Bamboo Lake Park in Bingcaogang, which is only
slightly affected by industrial activity.

3.1.2 Mineralogy of the near-surface atmospheric dust

The mineral compositions of the near-surface atmospheric dust are shown in Table 2.
The dust mineralogy is relatively complex. Overall,
quartz dominates, followed by feldspar and gypsum, and
then followed by carbonate minerals. The samples generally contain a high content of gypsum. Some samples have
higher contents of iron minerals, and some samples also

FIGURE 2 - Particle size distribution for samples of near-surface atmospheric dust (Pa1-20)
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TABLE 2 - Mineral composition of atmospheric dust (%)
Location

Mineral
Pa01
Pa02
Guaziping Region
(GR)
Pa03
Pa10
Pa04
Pa05(1)
Hemenkou-Panmei Pa05(2)
Region (HR)
Pa06
Pa07
Pa08
Pa09
Nongnongping
Pa19
Region (NR)
Pa20
Pa11
Zhukang Mining
Pa12
Region (ZR)
Pa13
Pa14
Bingcaogang
Pa15
Region (BR)
Pa16
Pa17
Renhe Region (RR)
Pa18

Quartz
32.3
17.3
19.8
6.50
24.5
33.2
44.4
52.1
37.2
70.5
29.8
25.0
38.7
27.3
14.6
31.0
24.2
21.3
26.0
19.4
38.6

Feldspar Gypsum Dolomite
3.10
13.1
6.80
14.9
26.5
4.00
25.8
26.3
8.00
70.5
6.60
4.10
23.5
17.3
10.1
24.8
19.0
23.4
13.0
20.0
13.5
21.4
15.1
9.40
14.2
17.3
8.20
15.6
31.3
9.00
4.90
18.8
18.4
5.00
27.7
8.20
16.9
16.8
6.20
28.4
25.3
25.5
13.1
26.0
14.1
9.90
33.2
11.8
5.80
11.4
7.90

Calcite
13.9
6.20
4.00
4.90
12.3
8.80
18.1
14.4
5.10
22.7
9.10
7.40
8.80
7.90
5.60
8.70
7.60
10.7
20.7
31.8

Iron minerals Clay mineral Titanium minerals Clinopyroxene Apatite
30.8
31.1
16.0
8.10
4.10
19.7
10.7
10.3
9.80
10.7
2.80
31.7
1.60
14.8
5.70
4.10
8.70
12.3
9.50
4.10
9.10
1.40
26.9
20.9
2.70
13.4
32.5
13.4
9.10
10.2
-

FIGURE 3 - Comparison of the Mean Value of the Main Mineral Compositions in Near-surface Atmospheric Dust in Different Regions

contain titanium minerals and clinopyroxene (minerals
closely related to the vanadium-titanium-magnetite mining activities in the area). The iron mineral content is high
at certain sampling points. For example, some samples
were collected adjacent to the mining activities of the
Jianshan Mine in the Guaziping Region (GR) and others
are affected by the smelting activities in the Nongnongping Region (NR).The Jianshan Mine also affects sample
point Pa15 in the Bingcaogang Region (BR), and some
sample points are located downstream from the mining
field in the Zhukang Mining Region (ZR). However, iron
content is low in samples from the Renhe Region (RR)
and the Hemenkoupan Region (HR); these areas are far
from the iron ore mining and dressing areas.
To study the changes in mineralogy in the nearsurface atmospheric dust in different regions, we analyzed
the mean content of different minerals (Fig. 3).
The quartz content is the highest in HR (43.6%) with
the lowest value in GR (19.0%); the feldspar content is

the highest in RR (33.2%) with the lowest value in HR
(7.4%); the gypsum content is generally high, the highest
values are in HR (20.1%) with the lowest value in the
smelting area RR (10.5%). The dolomite content in HR is
the highest (14.6%) and lower value in the ZR mining field
and in GR (5.6%);the calcite content in RR is highest
(26.3%) with lower value in the Zhukuang mining field and
GR (7.4%); the content of iron minerals is high in smelter,
GR and BR, respectively 19.7%, 18.4% and 18.4%.
3.2 Distribution of heavy metals in near-surface atmospheric
dust

As the atomic absorption and fluorescence methods
are introduced in part 2.2.2, the abundance of 12 heavy
metal elements in near-surface atmospheric dust samples
were analyzed by these means (Table 3). As for arsenic, it
is a metalloid with significant toxicity. But its specific
gravity is 5.727g/cm3 as large as the metal specific gravity
so that we take it in consideration in this research.
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The contents of the heavy metals in dust samples varied in different regions owing to different terrains, different distributions of different industrial activities, and
different types of urban development. Table 4 shows the
maximum, minimum, and average values for the abundance of the heavy metal elements in near-surface atmospheric dust in different regions and Fig. 4 shows the

means of the elements in graphical form. Inspection of
Table 5 shows that the highest average values of As, Hg,
Ti, Co, Ni and Mn are 42.3, 0.9, 2.99, 70, 87 and 7188
µg/g in GR, respectively; the highest Pb, V and Fe averages are 280, 2040 and 12.93 µg/g in the smelting region,
the highest contents of Cu and Cr are 142 and 738.3 µg/g
in BR; and the highest content of Zn is 3750 µg/g in RR.

TABLE 3 - Analysis result of heavy metal elements in near-surface atmospheric dust
No.

Cu

Pb

Zn

As

Pa01
Pa02
Pa03
Pa10
Pa04
Pa05
Pa06
Pa07
Pa08
Pa09
Pa19
Pa20
Pa11
Pa12
Pa13
Pa14
Pa15
Pa16
Pa17
Pa18

91
10
131
133
74
60
58
34
51
89
117
204
72
102
75
134
121
172
113
98

196
222
210
95
245
355
360
42
133
210
305
325
73
147
212
196
240
255
260
161

860
720
730
720
1010
570
1380
170
560
1010
930
1020
275
450
2290
2120
680
1000
7000
500

42.8
45.0
54.0
27.4
27.5
24.8
22.0
8.00
21.5
28.1
40.6
36.7
15.5
37.8
62.8
37.2
46.9
30.6
25.6
14.3

Hg
(10-9)
140
95
145
3250
216
175
185
120
200
220
208
170
600
126
173
279
188
178
250
232

V

Ti

Co

Ni

Mn

Cr

1915
2085
2615
1430
558
310
358
153
380
1230
1040
3850
367
1140
2180
1675
2485
1480
542
210

16510
20290
32435
50350
13560
6512
7293
4164
8450
13890
13390
15415
6728
17395
25025
26465
37785
20305
14695
6070

45
51
66
118
33
23
29
12
28
55
54
42
34
47
49
46
55
43
34
21

74
89
92
92
67
58
37
43
60
68
76
63
47
87
79
94
73
66
59
47

6100
8100
8790
5760
1594
1119
1333
544
977
4070
3700
7140
1650
4740
7290
6360
8260
5060
2302
1283

542
623
934
408
196
164
108
47
94
248
347
835
133
542
1094
732
976
507
248
121

(µg/g)
Fe (10-2)
11.44
11.57
11.95
12.81
9.78
5.83
7.65
2.90
7.37
14.25
13.80
10.74
6.01
9.10
11.95
10.62
11.39
11.30
9.24
5.28

TABLE 4 - Contents of Heavy Metal Elements in Near-surface Atmospheric Dust in Different Regions
(µg/g)
Cu

Pb

Zn

As

Hg

V

Ti(10 )

Co

Ni

Mn

Cr

Fe(10-2)

Max.

133

222

860

54.0

3.250

2615

5.04

118

92

8790

934

12.81

Region

-2

Guaziping

Region

West

Panmei

Min.

91

95

720

27.4

0.095

1430

1.65

45

74

5760

408

11.44

Avg.

116

181

758

42.3

0.906

2011

2.99

70

87

7188

626.8

11.94

Max.

74

360

1380

27.5

0.216

558

1.36

33

67

1594

196

9.78

Min.

34

42

170

8.00

0.100

153

0.416

12

37

544

47

2.90

Smelting

Region

Avg.

56

228

718

21.6

0.166

368

0.815

25

54

1153

130.7

6.83

Max.

204

325

1020

40.6

0.220

3850

1.542

55

76

7140

835

14.25

Mining

Region

Min.

89

210

930

28.1

0.170

1040

1.339

42

63

3700

248

10.74

Avg.

137

280

987

35.1

0.199

2040

1.423

50

69

4970

476.7

12.93

Max.

102

212

2290

62.8

0.600

2180

2.503

49

87

7290

1094

11.95

Min.

72

73

275

15.5

0.126

367

0.673

34

47

1650

133

6.01

Bing-

Region

caogang

Avg.

83

144

1005

38.7

0.300

1229

1.638

43

71

4560

589.7

9.02

Max.

172

255

2120

46.9

0.279

2485

3.778

55

94

8260

976

11.39

Renhe

Region

Min.

121

196

680

30.6

0.178

1480

2.031

43

66

5060

507

10.62

Avg.

142

230

1267

38.2

0.215

1880

2.82

48

78

6560

738.3

11.1

Max.

113

260

7000

25.6

0.250

542

1.47

34

59

2302

248

9.24

Min.

98

161

500

14.3

0.232

210

0.607

21

47

1283

121

5.28

Avg.

106

211

3750

20.0

0.241

376

1.038

28

53

1793

184.5

7.26
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FIGURE 4 - Comparison of mean values for different elements in each region

TABLE 5 - Coefficient of correlation for heavy metals in near-surface atmospheric dust
Cu
Pb
Zn
As
Hg
V
Ti
Co
Ni
Mn
Cr
Fe

Cu
1
0.267
0.145
0.399
0.174
0.744
0.518
0.481
0.465
0.661
0.587
0.574

Pb

Zn

As

Hg

V

Ti

Co

Ni

Mn

Cr

Fe

1
0.250
0.290
-0.355
0.229
-0.117
-0.135
-0.066
0.098
0.159
0.276

1
0.091
-0.058
-0.028
0.047
-0.035
0.002
-0.004
0.063
0.139

1
-0.129
0.758
0.574
0.452
0.736
0.858
0.902
0.721

1
0.000
0.617
0.768
0.279
0.090
-0.052
0.212

1
0.583
0.474
0.580
0.912
0.890
0.639

1
0.889
0.756
0.753
0.670
0.646

1
0.721
0.624
0.453
0.732

1
0.774
0.681
0.721

1
0.934
0.725

1
0.602

1

3.3 Relationships between heavy metals in near-surface
atmospheric dust

To investigate the relationships among the heavy metals in near-surface atmospheric dust, we used SPSS statistical software (version 17.0) to look at correlation coefficients and to perform cluster analysis (Table 5 and Fig. 5).
The element Cu was significantly and positively correlat-

ed with the elements V, Ti, Mn, Cr, Fe, relatively significantly and positively correlated with the elements Co, Ni,
but poorly correlated with other elements. The element Pb
and Zn were poorly correlated with all other elements. The
element As was significantly and positively correlated with
Cr, Mn, V and Fe, relatively positively correlated with Ti
and Co, and insignificantly correlated with other ele-
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ments. The element Hg was significantly and positively
correlated with Ti and Co, and insignificantly correlated
with other elements while V was significantly correlated
with Mn, Cr, As, Cu, Ti and Fe, relatively positively correlated with Co and Ni, but poorly correlated with other
elements. The element Ti was insignificantly correlated
with Pb and Zn, but strongly correlated with all other
elements. The element Co was basically uncorrelated with
Pb and Zn, but significantly and positively correlated with
other elements; the elements Ni, Mn, Cr and Fe were
insignificantly correlated with Pb, Zn and Hg, but significantly and positively correlated with other elements.
Fig. 5 shows that the elements analyzed can be divided into 3 categories with the unit 10, as Ti, Co, Mn, Cr, V,
As, Cu; Ni, Fe, Pb; Hg, Zn; or divided into 2 categories
with the unit 20, as Ti, Co, Mn, Cr, V, As, Cu, Ni, Fe, Pb;
Hg, Zn. It is clear that the cluster result of heavy metals in
near-surface atmospheric dust is significantly correlated
with elemental geochemical properties.

plied the China soil background value by 1.5 and used
those numbers as the standard value for the assessment of
dust pollution (Table 6).
With the calculating process in part 2.2.2, the single
pollution coefficient of each element (Cri) and heavy metal
pollution level of each point (Cd) are in Tables 7 and 8.
As seen from Tables 7 and 8 (the pollution coefficient
for 21 kinds of heavy metal samples in both of tables), the
pollution coefficient of Cd is the largest one and all samples are extremely severely polluted. For pollution level
of Cu, most of samples are moderate with the percentage
of 52.4; 38.1% proportion of samples are extremely severe pollutant and 47.7% samples are severe for the Pb
pollution; as for the Zn pollution, 66.7% samples are extremely severe; comparing with that 76.2 percent of samples of the As are in moderate pollution level; that proportion of Hg is as high as 85.7 percent; 57.1 percent of samples of the V pollution are extremely severe, 19.0% samples are severe, 23.8% samples are moderate; for the Ti
pollution, 33.33% samples are severe, 57.1% samples are
moderate; as for the Co pollution, such a high 85.7 percentage of samples are moderate; the proportion of Ni
samples in moderate pollution are 95.2% more than that
of Mn samples which is 38.1%; for the Cr pollution,
28.6% samples are extremely severe, 23.8% samples are
severe, 42.9% samples are moderate.
As can be seen from the data in Table 8, 85.7% of the
sampling points are rated as falling into the category of
extremely severe pollution, 9.5% of them are severe, and
4.8% of them are merely moderate. So in aggregate every
point sampled in Panzhihua is severely polluted with
respect to heavy metals contained in near-surface atmospheric dust.

FIGURE 5 - Cluster analysis of heavy metals in near-surface atmospheric dust
3.4 Potential ecological risk of heavy metals in near-surface
atmospheric dust

To study the environmental effects of heavy metals in
the near-surface atmospheric dust, a potential ecological
risk index (RI) was calculated for the dust in Panzhihua.
Because there is no generally accepted standard for
the evaluation of heavy metals in atmospheric dust, we
used Chinese soil background values as our evaluation
standard [37]. Near-surface atmospheric dust is formed by
natural soil weathering and human factors. Because the
heavy metal content of almost all near-surface atmospheric dust is higher than that of other media, we multi-

Table 9 is about the pollution coefficient (Eri) of the
pollution degree of heavy metal at various points (RI). In
table 11, the ecological Risk Index (Eri) and the potential
ecological risk Index (RI) in various sampling points will
be present. As can be seen (Table 10), the potential ecological risk factor for Cd is the largest and these numbers
show that 90.5% of the ecological risk from Cd is rated as
extremely strong while 9.5% of it is rated as strong. For the
other elements, 4.8% of the ratings for Hg are extremely
strong ecological risk, another 4.8% are very strong, 33.3%
are strong, and 52.4% are rated as moderate ecological risk.
Pb and V rate as moderate ecological risk for 14.3% of the
samples and 4.8% of the ratings for Zn fall into the same
category. All the remaining elements are rated as slight ecological risk. In summary, 90.5% of the samples rate as very
strong ecological risk and 4.8% rate as strong or moderate.

TABLE 6 - Near-surface atmospheric dust evaluation criteria used in this paper (mg/kg)
Cu

Pb

Zn

Ti

V

Co

Ni

As

Cd

Cr

Hg

Mn

Soil background value in China

22.6

26

74.2

3800

82.4

12.7

26.9

11.2

0.097

61

0.065

583

Standard value in this manuscript

33.9

39

111.3

5700

123.6

19.05

40.35

16.8

0.146

91.5

0.098

874.5
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TABLE 7 - Single pollution coefficient of each element (Cri) and heavy metal pollution level of each point (Cd)
No.
Pa01
Pa02
Pa03
Pa04
Pa05(1)
Pa05(2))
Pa06
Pa07
Pa08
Pa09
Pa10
Pa11
Pa12
Pa13
Pa14
Pa15
Pa16
Pa17
Pa18
Pa19
Pa20

Cr i
Cu
2.68
3.24
3.86
2.18
1.77
1.74
1.71
1.00
1.50
2.63
3.92
2.12
3.01
2.21
3.95
3.57
5.07
3.33
2.89
3.45
6.02

Pb
5.03
5.69
5.38
6.28
9.10
5.90
9.23
1.08
3.41
5.38
2.44
1.87
3.77
5.44
5.03
6.15
6.54
6.67
4.13
7.82
8.33

Zn
7.73
6.47
6.56
9.07
5.12
5.57
12.40
1.53
5.03
9.07
6.47
2.47
4.04
20.58
19.05
6.11
8.98
62.89
4.49
8.36
9.16

As
2.55
2.68
3.21
1.64
1.48
1.52
1.31
0.48
1.28
1.67
1.63
0.92
2.25
3.74
2.21
2.79
1.82
1.52
0.85
2.42
2.18

Hg
1.44
0.97
1.49
2.22
1.79
1.03
1.90
1.23
2.05
2.26
33.33
6.15
1.29
1.77
2.86
1.93
1.83
2.56
2.38
2.13
1.74

V
15.49
16.87
21.16
4.51
2.51
3.65
2.90
1.24
3.07
9.95
11.57
2.97
9.22
17.64
13.55
20.11
11.97
4.39
1.70
8.41
31.15

Ti
2.90
3.56
5.69
2.38
1.14
1.56
1.28
0.73
1.48
2.44
8.83
1.18
3.05
4.39
4.64
6.63
3.56
2.58
1.06
2.35
2.70

Co
2.36
2.68
3.46
1.73
1.21
1.42
1.52
0.63
1.47
2.89
6.19
1.78
2.47
2.57
2.41
2.89
2.26
1.78
1.10
2.83
2.20

Ni
1.83
2.21
2.28
1.66
1.44
1.51
0.92
1.07
1.49
1.69
2.28
1.16
2.16
1.96
2.33
1.81
1.64
1.46
1.16
1.88
1.56

Mn
6.98
9.26
10.05
1.82
1.28
1.54
1.52
0.62
1.12
4.65
6.59
1.89
5.42
8.34
7.27
9.45
5.79
2.63
1.47
4.23
8.16

Cr
5.92
6.81
10.21
2.14
1.79
1.91
1.18
0.51
1.03
2.71
4.46
1.45
5.92
11.96
8.00
10.67
5.54
2.71
1.32
3.79
9.13

Cd
16.62
19.68
20.25
20.27
26.15
26.06
23.57
6.77
15.91
14.60
9.62
13.18
11.29
17.09
61.11
32.35
82.28
48.81
29.56
27.44
20.64

Cd
71.52
80.12
93.61
55.91
54.78
53.40
59.44
16.88
38.85
59.94
97.33
37.16
53.89
97.67
132.42
104.44
137.28
141.35
52.13
75.12
102.99

TABLE 8 - Ecological risk index (Eri) of elements in various sampling points and the potential ecological risk index (RI) of each point
Pollution degree

Cri value

None
moderate
Severe
Extremely severe

<1
1-3
3-6
>6

Cu
0
11
9
1

Pb
0
3
10
8

Zn
0
2
5
14

As
3
16
2
0

Cri (number of samples)
Hg
V
Ti
Co
1
0
1
1
18
5
12
18
0
4
7
1
2
12
1
1

Ni
1
20
0
0

Mn
1
8
4
8

Cr
1
9
5
6

Sample
numbers
0
1
2
18

Cd
0
0
0
21

Cd
<12
12-24
24-48
>48

TABLE 9 - Pollution coefficient (Eri) of the pollution degree of heavy metal at various points (RI)
No.
Pa01
Pa02
Pa03
Pa04
Pa05(1)
Pa05(2)
Pa06
Pa07
Pa08
Pa09
Pa10
Pa11
Pa12
Pa13
Pa14
Pa15
Pa16
Pa17
Pa18
Pa19
Pa20

Cu
13.42
16.22
19.32
10.91
8.85
8.70
8.55
5.01
7.52
13.13
19.62
10.62
15.04
11.06
19.76
17.85
25.37
16.67
14.45
17.26
30.09

Pb
25.13
28.46
26.92
31.41
45.51
29.49
46.15
5.38
17.05
26.92
12.18
9.36
18.85
27.18
25.13
30.77
32.69
33.33
20.64
39.10
41.67

Zn
7.73
6.47
6.56
9.07
5.12
5.57
12.40
1.53
5.03
9.07
6.47
2.47
4.04
20.58
19.05
6.11
8.98
62.89
4.49
8.36
9.16

As
25.48
26.79
32.14
16.37
14.76
15.18
13.10
4.76
12.80
16.73
16.31
9.23
22.50
37.38
22.14
27.92
18.21
15.24
8.51
24.17
21.85

Hg
57.44
38.97
59.49
88.62
71.79
41.03
75.90
49.23
82.05
90.26
1333.33
246.15
51.69
70.97
114.46
77.13
73.03
102.56
95.18
85.33
69.74

Er i
V
30.99
33.74
42.31
9.03
5.02
7.30
5.79
2.48
6.15
19.90
23.14
5.94
18.45
35.28
27.10
40.21
23.95
8.77
3.40
16.83
62.30

Ti
2.90
3.56
5.69
2.38
1.14
1.56
1.28
0.73
1.48
2.44
8.83
1.18
3.05
4.39
4.64
6.63
3.56
2.58
1.06
2.35
2.70

Co
11.81
13.39
17.32
8.66
6.04
7.09
7.61
3.15
7.35
14.44
30.97
8.92
12.34
12.86
12.07
14.44
11.29
8.92
5.51
14.17
11.02

Ni
9.17
11.03
11.40
8.30
7.19
7.56
4.58
5.33
7.43
8.43
11.40
5.82
10.78
9.79
11.65
9.05
8.18
7.31
5.82
9.42
7.81

Mn
6.98
9.26
10.05
1.82
1.28
1.54
1.52
0.62
1.12
4.65
6.59
1.89
5.42
8.34
7.27
9.45
5.79
2.63
1.47
4.23
8.16

Cr
11.85
13.62
20.42
4.28
3.58
3.83
2.36
1.03
2.05
5.42
8.92
2.91
11.85
23.91
16.00
21.33
11.08
5.42
2.64
7.58
18.25

Cd
498.55
590.50
607.39
608.12
784.48
781.74
707.11
203.03
477.42
438.12
288.52
395.31
338.61
512.64
1833.16
970.49
2468.44
1464.39
886.93
823.13
619.16

RI
701.42
792.00
859.02
798.98
954.77
910.58
886.36
282.28
627.46
649.50
1766.28
699.80
512.62
774.37
2112.44
1231.36
2690.57
1730.72
1050.12
1051.93
901.92

TABLE 10 - Ecological risk index (Eri) and the potential ecological risk index (RI) at various sampling points
Risk degree

Er i

Slight
Moderate
Strong
Very strong
Extremely strong

<40
40-80
80-160
160-320
>320

Cu
21
0
0
0
0

Pb
18
3
0
0
0

Zn
20
1
0
0
0

As
21
0
0
0
0

Eri (number of samples)
Hg
V
Ti
Co
1
18
21
21
11
3
0
0
7
0
0
0
1
0
0
0
1
0
0
0
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Ni
21
0
0
0
0

Mn
21
0
0
0
0

Cr
21
0
0
0
0

Cd
0
0
0
2
19

Samples Numbers

RI

0
1
1
19

<150
150-300
300-600
>600
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The potential ecological risk presented by the heavy
metals in the near-surface atmospheric dust is relatively
high, particularly for the elements Cd, Hg, Pb, and V. This
has a significant deleterious impact on environmental quality.
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4. CONCLUSIONS
By analyzing particle sizes (larger than 2 microns)
distribution, heavy metal content, and the relationships
between heavy metals in near-surface atmospheric dust
we evaluated the potential ecological risks of this heavy
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atmospheric dust was a high with particularly large amounts
of V, Ti, and Fe plus other heavy metals related to mining in
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this factor shows that, with respect to a single pollution
coefficient for heavy metal, Cd pollution is extremely severe in near-surface atmospheric dust and Cu and Ti pollution levels are moderate to severe. The element Pb, Zn,
V are classified as severe to extremely severe pollution
whereas As, Hg, Co, and Ni fall into a moderate pollution
category. The element Mn and Cr abundances indicate
moderate to extremely severe pollution. Considering the
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moderate (14.3% for Pb and V, 4.8% Zn). In summary,
according to the potential ecological risk index, the nearsurface atmospheric dust present in Panzhihua presents a
strong ecological risk.
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EVALUATION OF THE BIOAUGMENTATION OF CONTAMINATED
SOILS WITH PETROLEUM PRODUCTS BY ISOLATED BACTERIA
FROM ACTIVATED SLUDGE OBTAINED FROM MUNICIPAL
WASTEWATER TREATMENT IN ASALOUYEH REGION IN IRAN
Farshid Kafilzadeh*, Zeinab Khaledi and Mohammad Javad Nowrooz Nejad
Department of Biology, Jahrom Branch, Islamic Azad University, Jahrom, Iran

ABSTRACT

1. INTRODUCTION

Diesel oil, gasoline and kerosene are the most common petroleum pollutants. Increasing growth of industrial
activities resulted in the entrance of these compounds into
the environment. They are considered as environmental
threatening agents because of their toxicity and carcinogenicity properties. Bioremediation is an effective method for
petroleum pollution reduction among all purification method.
The object of the present study was to isolate petroleum
degrading bacteria from activated sludge and to use them
for bioagumentation experiments and survey the reduction
of total petroleum hydrocarbons (TPHs) in polluted soils.
Samples were collected from two activated sludge
treatment plants in Asalouyeh region, Busher, Iran. Isolation
of degrading bacteria was performed by culturing the samples on mineral base medium. For bioremediation rate measurements, isolated bacteria were inoculated to oil polluted
soils. Degradation rate was measured by IR spectroscopy
device.
In this study, some degrading bacteria were isolated
and identified such as Acintobacter lowffi, Alcaligenes faecalis, Bacillus sp., Corynebacterium sp. and Pseudomonas
sp. Highest TPHs reduction (85.28%) in the inoculated
soils was observed by a consortium of five bacteria during
45 days. Bacillus sp. and Pseudomonas sp. were introduced as the strongest bacteria respectively.
The findings of the present study indicated that exogenous isolated bacteria from activated sludge have high capability for bioagumentation and bioremediation of petroleum
hydrocarbons polluted soils.

KEYWORDS: Bioremediation, Bioagumentation, Total Petroleum
Hydrocarbons (TPHs), Activated sludge, IR.

* Corresponding author

The petroleum refining industry converts crude oil into more than 2500 refined products such as liquefied petroleum gas, gasoline, kerosene, aviation fuel, diesel fuel, fuel
oils, lubricating oils, and feed stocks for petrochemical
industry [1].
Using enormous amounts of petroleum products contributes to a high environmental pollution. Hydrocarbon
spills occur by leakage from tanks, blowouts and dumping
of waste petroleum products. Elevated amount of petroleum hydrocarbons in soil causes a significant decline in
soil quality and makes the soil unusable [2]. Purification
of petroleum contaminated soils is being done by three
methods: physical, chemical, and biological methods. Most
of these methods are costly or do not remove the contaminants completely [3]. There are two bioremediation techniques which can be used in order to try to maximize their
efficiencies: biostimulation results in indigenous populations activity increase by adding nutrient terminal electron
acceptor, and bioaugmentation which increases the pollutant degradation potential by adding exogenous degrading
microbial strains [4].
In some cases, microbial populations do not have appropriate metabolic potential for degradation and complete
mineralization of the target pollutant into small and stable
molecules. Hence during recent years contaminating compounds have been successfully remediated using bioaugmentation [5,6].
In a study by Das and Mukherjee [7] some strains such
as Bacillus subtilis DM-04, Pseudomonas aeruginosa MNM
were used in order to biodegrade petroleum compounds.
Total petroleum hydrocarbons (TPHs) levels were measured
in control soil and experimental samples. Results showed
that TPHs level had significant inclination. Indigenous contaminated region and exogenous microorganisms which have
been isolated from microbial enriched place can be used
for bioaugmentation [8]. Laboratory studies of Asilabie et
al. [9] confirmed that the use of some degrading bacteria
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such as Rodococcus and Pseudomonas is suitable for bioremediation of polar contaminated soils. Moslemy et al.
[10], used gellan-gum encapsulated bacteria as exogenous
bacteria for bioaugmentation process of contaminated
aquifers with gasoline hydrocarbons. The purpose of the
present study was to isolate hydrocarbon degrading bacteria from activated sludge of municipal wastewater as exogenous microorganism in Asalouyeh region and to use
them for study depletion of total petroleum hydrocarbons
and bioremediation of contaminated soils.
2. MATERIALS AND METHODS
2.1 Sampling

Samples were collected from the output of two treatment plants of Pars Special Economic Zone located in
Asalouyeh and transferred immediately to laboratory in
an ice containing flask.
2.2 Medium and culture conditions

MBS medium (Mineral Basal Salt), was used for performing enrichment and the other experiments.
In order to fulfill the enrichment, 5 m1 of activated
sludge sample were poured into 95 ml of medium completed by 1 m 1 of each petroleum compounds (diesel oil,
gasoline, kerosene) as sole source of carbon and energy.
After 7 days, 10 ml of incubated media were transferred
into the new medium. This operation was done three
times [11-13].

2.6 Treatment

After providing suspension of selected strains, a loop
full of every colony was inoculated into 40 ml sterile nutrient broth. The flasks were incubated in a shaker incubator
at 200 rpm and 30 ºC for 12 h. Microcosms were kept at
room temperature (27ºC) for 45 days in order to study the
process of bioaugmentation [13, 15].
2.7 Colony counting

Colony counting of inoculated bacteria to microcosms was performed during bioaugmentation by Total
Viable Plate Count method. Sampling was done from
different parts of soil column in the sterile condition.
About 1 g of each soil samples was weighted after mixing. Serial dilutions of samples were provided by physiological serum and superficial culturing was done on nutrient agar medium. Samples were incubated for 24-48 h at
30 ºC. Then the numbers of grown bacteria (cfu/g) were
counted in 4 steps for 15 days intervals [17].
2.8 Contaminated soil TPHs measurement by Infrared Spectroscopy

1664 EPA method was used for analyzing TPHs in
contaminated soil samples. At first petroleum compounds
were extracted by hexane solvent and then injected into
IR instrument cell (HATR-T2 model, Wilks Enterprise,
Inc.) [18].
TPHs degradation was measured by the following
formula: [(TPHs control- TPHs Treatment)/TPHs control]
× 100 [15].

2.3 Isolation and identification of petroleum degrading bacteria

2.9 Statistical analysis

Bacteria were cultured by spray-plate technique on
MBS agar medium and incubated at 30 ºC for 3-5 days.
Bacterial purification was done on blood agar medium.
Isolated bacterial were identified by biochemical standard
tests (oxidase, catalase, bacterial motility, sugar tests such
as glucose, lactose and sucrose fermentation) [14].

Statistical analysis of obtained results was performed
by SPSS software, ANOVA and Duncan tests.
3. RESULTS
3.1 Isolation and identification of petroleum hydrocarbons
degrading bacteria

2.4 Soil artificial pollution

Primary soil samples were collected from Islamic Azad
University site, Jahrom Branch and physico–chemical
analysis of the soil samples was conducted. Samples were
air dried and passed through a 2 mm sieve and autoclaved
during 3 steps at 121 ºC for sterilization.
To study the contamination of the soil samples, 4 ml
petroleum products such as diesel oil, gasoline and kerosene were used for every 100 g of soil. Petroleum products were sprayed through 0.2 µm filter for scattering
pollution homogeneously in soil samples [15,16].

Different bacterial genera such as Pseudomonas sp.,
Bacillus sp., Corynebacterium sp., Acintrobacter lowffi and
Alcaligenes faecalis were isolated from activated sludge.
These isolates had suitable growth on medium containing
petroleum products implying the use of these substrates as
a sole source of carbon and energy by bacteria.

2.5 Designing microcosm to perform bioaugmentation

3.3 Bacteria counting

450 g of petroleum contaminated soil was poured in
the glass cylindrical columns and after covering by aluminium foil kept in the room temperature (27 ºC). To provide sufficient oxygen and moisture, soil was mixed and
moistened in sterile condition every week [15].

Comparison of the average of total bacteria counting
indicated that the maximum and minimum numbers were
4.182±0.011 on day 15th and 3.9.6±0.011 in the first day
respectively. Significant differences between these groups
at 5% level were observed (Figure 1).

3.2 Soil physicochemical analysis

Physicochemical properties of soil sample for performing the experiments process are presented in Table 1.
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The maximum and minimum numbers of bacteria in
microcosms were related to inoculated microcosm by
mixture of 5 bacteria (bacteria consortium) and the microcosm with no bacteria respectively.

Also, among 5 isolated bacteria, the maximum and
minimum numbers of counted bacteria was related to
Bacillus sp. and Corynebacterium sp. respectively. There
was a significant difference between different groups of
the soil columns at 5% level (Figure 2).

TABLE 1 - Physicochemical properties of the used soil sample
Clay
(g kg-1)
45

Silt
(g kg-1)
375

Sand
(g kg-1)
580

Total N
(g kg-1)
1.94

Organic Carbon
(g kg-1)
14.2

pH

Soil sample

6.8

Islamic Azad University Site of Jahrom

FIGURE 1 - Counted bacteria at different days.

FIGURE 2 - Counted bacteria by group classification at different days

TABLE 2 - Measuring rate of TPHs at different times in the microcosms
45 day
(ppm)
1063
181
279
354
480
595.5
641

30 day
(ppm)
1080
312
365
424
590
673
709

15 day
(ppm)
1130
590
610
630
750
780
814

1 day
(ppm)
1230
1230
1230
1230
1230
1230
1230

953

Microcosms
Control
Bacteria Consortium
Bacillus sp.
Pseudomonas sp.
Acinetobacter lowffi
Alcaligenes faecalis
Corynebacterium sp.
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FIGURE 3 – Reduction rate of total petroleum hydrocarbons in microcosms

3.4 TPHs reduction measurement of the petroleum products
contaminated soils

The effect of bioaugmentation on TPHs reduction in
microcosms has been shown in Table 2.
The results indicated that minimum and maximum
TPHs reduction was observed on day 45th and 15th, respectively.
Highest TPH reduction in columns was observed by
consortium of 5 bacteria that decreased the amount of
TPHs to about 52.03% after 15 days and 85.28% after
45 days of inoculation.
Among microcosms with individual bacteria, inoculated microcosm with Bacillus sp. showed the highest
TPHs reduction (77.31%) and the least TPHs reduction
was related to Corynebacterium sp. (47.88%) after 45 days.
There was about 12.19% TPH reduction after process time
in the control microcosm with no bacterial inoculation. The
comparison of TPHs rate in soil columns indicated that
group effect had significant differences at 5% level and
day effect had significant differences at 1% level (Figure 3).

4. DISCUSSION AND CONCLUSION
The first step for bioremediation of petroleum hydrocarbons is the determination of strong petroleum degrading bacteria. Many bacteria with high degradation ability
have been widely dispersed in terrestrial and aquatic ecosystems which can be a suitable resolution for environmental purification because of their high qualification for
omitting organic contaminants [12]. Bioaugmentation is
one bioremediation process that is considered for resolving lack of degrading microorganisms in polluted place
[10]. If bioagumentation is performed successfully the
speed of contaminants degradation will increase [19].
Natural indigenous and exogenous degrading microorgan-

isms are among the main factors for biodegradation process [20]. Organic fertilizer like activated sludge is considered as nutrient source such as nitrogen and phosphorus. In addition, activated sludge is rich by bacterial integration or accumulation aspect.
Sharifi Yazdi et al. [21] studied hydrocarbon degrading bacteria in activated sludge. Results indicated that the
most isolated bacteria were related to gram negative bacilli such as Pseudomonas and Flavobacterium.
It was determined that the main factor for alkanes and
PAHs degradation is the presence of available microorganisms in sludge such as bacteria with a high ability for
hydrocarbon degradation [22]. In the present study bacteria with high ability for petroleum degradation were isolated with the enrichment method and broth MBS medium
containing petroleum products. Species such as Bacillus
sp., Pseudomonas sp., Alcaligenes lowffi, Alcaligenes faecalis, and Coryhebacterium sp. were identified as exogenous petroleum degrading species.
In a study by Rojas et al. [23] five degrading bacteria
in a mixture activated sludge in Mexico were isolated and
identified as Pseudomonas fluorescens, Pantoea sp,
Chrysomon luteola, Proteus peenneri, Serratia sp. It was
shown that the isolated bacteria from activated sludge were
able to degrade petroleum products such as 1,1,2 trichloroethene and ethylbenzene.
In the current study, adding isolated bacteria to microcosms contaminated by petroleum hydrocarbons showed a
considerable effect on petroleum products degradation. Contamination decreased between 47.88 % to 85.28 % in inoculated microcosm. In a study by Tahhna et al. [24], TPHs
degradation level was increased when using two soil isolated bacteria and finally more than 30% of pollutants
decreased.
The study of Liu et al. [3] showed that total petroleum hydrocarbons in petroleum sludge contaminated soil
decreased 58.2% after 360 days. In another research, Ben
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Hamed et al. [25] studied petroleum bioremediation by
activated sludge. It was determined that total concentration
of primary hydrocarbons (TCHs) decreased from 750 mg to
5 mg.
In microcosm with consortium of 5 bacteria TPHs reduction was more than other microcosms. Bacillus sp.,
Pseudomonas sp., Acinetobacter lowffi, Alcaligenes faecalis and Crorynebacterium sp had the most TPHs reduction levels respectively. Frequency number of Bacillus sp
in soil can be related to spore presence in this bacterium
which protects in undesirable conditions. It was determined that maximum numbers of bacteria was related to
Bacillus in soil column inoculated with bacterial consortium indicated the highest resistance and competition comparing to the other bacteria.
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In the present study, bacterial counting during 15 days
interval showed that maximum bacteria number was related to day 15th and the numbers decreased gradually on
days 30 th and 45 th. The high presence of petroleum hydrocarbons as sole source of carbon and energy in the first
15 days helped bacteria to grow and increase their population. Also bacterial growth and hydrocarbon degradation
may result in producing toxic intermediates which are
toxic for microorganisms population.
Sharifi Hosseini et al. [16] studied the effects of
wastewater sludge on bioremediation of petroleum contaminated soil. Results showed petroleum degradation and
microbial population increasing at the first 5 weeks because of nutrition abundance and presence of fastdegrading normal alkanes. But with passing the time
rigid-degrading and long-chained petroleum compounds
remained and therefore bacterial growth and petroleum
degradation decreased.
In the present research, the maximum TPHs reduction
rate was observed in the first 15 days (52.03 %) and
reached to 22.6% in the second 15 days. The least TPHs
reduction rate was in the third 15 days (10.65%). These
results are because of labile hydrocarbon sources that
linear and short-chain hydrocarbons are probably more
available for microorganisms. This function has resulted
in a high percent of hydrocarbon decrease in the first
days. As those forms decreased, microorganisms had to
use the more recalcitrant substrate such as aromatic hydrocarbons with higher molecular weight. The decomposability of these compounds was more difficult and the
TPHs level decreased during the next time in less level
(days 45 th and 30 th).
The finding of the present study indicated that exogenous isolated bacteria from activated sludge have a high
ability for bioagumentation and bioremediation of petroleum hydrocarbons polluted soils.
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ABSTRACT
Kinetics and equilibria of 4-chlorophenol, 2,4-dichlorophenol and 2,4,6-trichlorophenol adsorption from aqueous
solutions onto powdered activated carbon was investigated.
The experimental systems were analyzed in terms of Cl
atom number in chlorophenol molecules. The kinetics was
fitted with the pseudo-second-order model better than
pseudo-first-order. The adsorption equilibria of all three
adsorbates were described by Freundlich equation better
(higher R2 values) than by Langmuir equation. The Freundlich equation constant KF was decreasing when Cl atom
number in chlorophenol molecules increased. Comparison of our data with results of other papers is difficult
because of different adsorbate concentration units (mg L-1
or mmol L-1), or too low equilibrium concentrations (Ce)
of adsorbates used. Therefore, for this purpose, we recommend using the relative concentration i.e. Ce/Cs (Cs –
solubility).

In these works, kinetics and/or equilibria of this process
were considered. Only few studies were devoted to comparing a number of different (more than two) chlorophenols for adsorption [6-10]. Comparison is often difficult
because of the low levels of used equilibrium concentrations with respect to those corresponding to the solubility
in water of particular chlorophenols. Moreover, a range of
concentrations is different for different chlorophenols.
The aim of this study was to carry out our own research of
adsorption of chlorophenols with different numbers of chlorine atoms in the molecule from aqueous solutions onto
activated carbon. A further objective was to describe the adsorption kinetics and equilibria, and to compare our results
with those obtained in other studies. We would like to
propose the optimal procedure.
2. MATERIALS AND METHODS
2.1 Materials

KEYWORDS: 4-chlorophenol; 2,4-dichlorophenol; 2,4,6-trichlorophenol; activated carbon; adsorption

1. INTRODUCTION
Chlorophenols are strong toxic compounds and have
nasty smell that deteriorates the organoleptic properties of
drinking water [1]. Because their presence was found in the
water of the Vistula River [2] and drinking water intended
for large Polish cities [3], their effective removal is very
important. Their natural transformation in the environment
[1, 4] is insufficient. Therefore, they must be removed from
the wastewater and during the treatment of drinking water.
Among the methods of chlorophenol removal from water,
degradation involving for example oxidation processes [5],
or adsorption on activated carbon is particularly useful.
Adsorption is the subject of many research works [6-14].
* Corresponding author

Adsorbates: 4-chlorophenol, 2,4-dichlorophenol and
2,4,6-trichlorophenol were from Sigma (St Louis, MO,
USA). Acetic acid and HPLC-grade acetonitrile were purchased from POCh (Gliwice, Poland). As adsorbent, the
activated carbon L2S CECA was chosen. Prior to use in
the study, the activated carbon was washed several times
with deionized water, dried in an oven at 130 °C to constant weight, and stored in a desiccator until use. The surface area of the carbon SBET = 945 m2 g-1, Vmi = 0.25 cm3 g-1
and Vme = 0.20 cm3 g-1 were obtained on the basis of determined low-temperature adsorption-desorption isotherms
(ASAP 2020, Micromeritics, Norcross, USA). To estimate
the total oxygen bonded to the carbon surface (3.1% wt.), a
scanning electron microscope (SEM, LEO 1430VP) integrated with an Energy Dispersive X-ray (EDS) analysis
system (Quantax 200, Bruker-AXS Microanalysis) was used.
2.2 Adsorption procedure

Adsorption experiments were carried out in Erlenmeyer flasks. For each time, 0.05 g of activated carbon
and 80 ml of 4-CP, 2,4-DCP or 2,4,6-TCP solutions were
mixed, and then shaken. After an appropriate time, solu-
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The kinetic studies were conducted for initial concentrations of chlorophenols corresponding to about 5% and
10% of their total water solubility (10 and 20 mmol L-1;
1.5 and 3.0 mmol L-1; 0.1 and 0.2 mmol L-1 for 4-CP, 2,4DCP and 2,4,6-TCP, respectively). The amount of adsorption at time t, qt (mmol g-1), was calculated by equation (1):

qt = V

C0 − Ct
m

where, k1 is the rate constant of adsorption (1 h-1). In
order to obtain the rate constants, the straight line plots of
log(qe – qt) vs t for the selected adsorbates were tested.

4

-1

tions were filtered and concentration of adsorbates was
measured.

qt (mmol g )

© by PSP Volume 23 – No 3a. 2014

(1)

where, C0 and Ct are the initial and adsorbate concentration at time t (mmol L-1), m is the mass of the adsorbent
(g), and V is the volume of the solution (L).

3
2
1

10 mM
20 mM

0

In adsorption isotherm studies, solutions of adsorbates with different initial concentrations were added to an
Erlenmeyer flask containing 0.05 g of activated carbon
and shaken for 6 h. The concentration ranges were from
0.5 to 20 mmol L-1 for 4-CP and 2,4-DCP but from 0.1 to
2.0 mmol L-1 for 2,4,6-TCP, respectively. The uptake of
the chlorophenols at equilibrium, qe (mmol g-1), was calculated by the following equation (2):

0

1

2

3

4

5

6

time (h)
2,0

2,4"DCP

1,5

-1

qt (mmol g )

C − Ce
qe = V 0
m

4"CP

(2)

1,0

where, Ce is equilibrium concentration of chlorophenols (mmol L-1) in solution.

0,5

1.5 mM

Analytical methods

The concentrations of adsorbates in water solutions
were measured by HPLC with diode array detector (Shimadzu LC-20, Kyoto, Japan). Chromatographic conditions were as follows: mobile phase – methanol/water
adjusted to pH 3.0 with acetic acid (80/20, v/v), flow-rate
0.7 ml min-1, and analytical wavelength – 281, 278 and
294 nm for 4-CP, 2,4-DCP and 2,4,6-TCP, respectively.
Five µl of the sample was injected into the Phenomenex
Luna C18 chromatographic column (4.6×250 mm, 5 µm).
The calibration curves were constructed by plotting peak
area versus adsorbate concentration, and the curves were
fitted by least squares linear regression analysis.

3.0 mM

0,0
0

1

2

3

4

5

6

time (h)

2,4,6"TCP

0,3

0.1 mM

-1

qt (mmol g )

0.2 mM

0,2
0,1

3. RESULTS AND DISCUSSION

0

3.1 Kinetic studies

The adsorption kinetic curves of 4-CP, 2,4-DCP and
2,4,6-TCP are shown in Fig. 1. As can be seen, adsorption
equilibria were achieved after about 5-6 h for 4-CP and
2,4-DCP, and after 2 h for 2,4,6-TCP. For description of
curves qt = f(t) equations pseudo-first and pseudo-second
order were considered. The pseudo-first-order model can
be expressed as follows [15]:

log(q e − qt ) = log q e −

k1
t
2.303

0

1

2

3

4

5

6

time (h)
FIGURE 1 – Adsorption kinetics of selected chlorophenols on activated carbon L2S CECA at 20 ºC.

(3)
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The pseudo-second-order equation has the form [16]:

t
1
1
=
+ t
2
qt k 2 q e
qe

(4)
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TABLE 1 – Pseudo first- and pseudo second-order rate constants for adsorption of chlorophenols onto activated carbon L2S CECA.
Compound
4-CP
2,4-DCP
2,4,6-TCP

C0
(mmol L-1)
10
20
1.5
3.0
0.1
0.2

pseudo-first order
k1, (h-1)
R2
0.033
0.975
0.034
0.988
0.046
0.982
0.047
0.980
0.067
0.950
0.060
0.993

where, k2 is the rate constant of second order adsorption (mmol g-1 h). Values of k2 were calculated from the
plots of t/qt versus t for different concentrations of selected adsorbates.
The constants of the two models are presented in Table 1. The pseudo-second-order model gives better fitting
with high R2 values (>0.99), which indicate that the adsorption system belongs to the second order kinetic model.

pseudo-second order
k2, (g mmol-1 h-1)
0.317
0.295
0.274
0.262
0.980
0.723

7

-1

qe (mmol g )

5
4
3
2
1
0

Figure 2 shows adsorption isotherms of selected chlorophenols on activated carbon L2S CECA. Two isotherm
models (Freundlich and Langmuir) were used to test the
fitting of the experimental data. The Freundlich isotherm
is widely applied for sorption surfaces with non-uniform
energy distribution while the Langmuir isotherm is employed to monolayer adsorption. The linear form of the
Freundlich isotherm [17] is given by equation (5):
-1

qe (mmol g )

0

(5)

where, KF and n are Freundlich constants which relate
to sorption capacity and sorption intensity of the adsorbent. These constants were calculated from the intercept
and slope of lnqe versus lnCe plot. Results are shown in
Table 2. The linearized form of the Langmuir isotherm is
expressed as follows [18]:

8
7
6
5

3,0

20

5

10
15
-1
Ce (mmol L )

20
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2,5
-1

10
15
-1
Ce (mmol L )

4
3
2
1
0

(6)

where, qm (mmol g-1) is a monolayer adsorption capacity, and b (L mmol-1) is the equilibrium adsorption
constant. From the linear plot of Ce/qe against Ce, the
Langmuir constants qm and b were evaluated from the
slope and intercept and are presented in Table 2.
The linear regression correlation coefficient values
show that the equilibrium data obtained for all chlorophenols were well represented by the Freundlich isotherm
model compared to the Langmuir model. The Freundlich
constant KF can be considered as an indicative parameter
of the adsorption strength whereas n is related to intensity
of adsorption. The values of KF and n determined from the
Freundlich plots decreased with increasing number of
chlorine atoms in a molecule. Values of qm and b calculated from the Langmuir plots also decreased in the order
4-CP>2,4-DCP>2,4,6-TCP. This suggests that chlorophe-

5

2,4"DCP

0

qe (mmol g )

Ce
C
1
=
+ e
qe q m b q m

4"CP

6

3.2 Equilibrium studies

1
ln qe = ln K F + ln C e
n

R2
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FIGURE 2 – Adsorption isotherms of 4-chlorophenol; 2,4dichlorophenol and 2,4,6-trichlorophenol, on granular activated
carbon L2S CECA at 20 ºC.
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TABLE 2 – Langmuir and Freundlich adsorption isotherm model parameters and correlation coefficients R2 for adsorption of chlorophenols
onto activated carbon L2S CECA.
Compound
4-CP
2,4-DCP
2,4,6-TCP

b
6.078
2.960
0.132

Langmuir model
qm
8.643
7.593
2.904

R2
0.959
0.923
0.987

KF
0.429
0.103
0.026

Freundlich model
n
0.520
0.387
0.294

R2
0.982
0.983
0.989

TABLE 3 – The approximate ranges of equilibrium concentrations on experimental isotherms and values of Freundlich parameters based on
literature data.
Ce max.
Ce/Cs×100% a
KF
n
Ref.
55 b
0.204
4.256 b
2.041
[6]
4-CP
83 b
0.308
101.504 b
3.737
[7]
0.47 c
0.224
2.267 a
6.756
[10]
25 b
0.558
9.333 b
2.293
[6]
2,4-DCP
86 b
1.918
128.728 b
3.925
[7]
0.45 c
1.636
2.654 c
7.869
[10]
10 b
2.302
13.800 b
2.109
[6]
2,4,6-TCP
90 b
20.718
284.410 b
6.821
[7]
0.43 c
19.545
2.741 c
10.593
[10]
a
Ce/Cs×100% – percent of total water solubility, Cs - chlorophenol solubility in water; b units – mg L-1 for Ce and (mg g-1) (L mg-1)1/n for KF, c units –
mmol L-1 for Ce and (mmol g-1) (L mmol-1)1/n for KF
Compound

7
6
-1

Comparison of our data with results of other papers is
difficult because of different adsorbate concentrations units
(mg L-1 or mmol L-1), or too low equilibrium concentrations (Ce) of adsorbates used (Table 3). For comparison
of the results obtained by different authors, plot qe vs.
Ce/Cs was proposed [14]. The equilibrium concentrations
Ce were converted to Ce/Cs, where Cs is a chlorophenol
water solubility. Total water solubility of selected chlorophenols is as follows: 4-CP 210.0 mmol L-1, 2,4-DCP
27.5 mmol L-1, and 2,4,6-TCP 2.3 mmol L-1 [1]. Adsoprtion amount (qe) units were also changed (mg g-1 to
mmol g-1). Figure 3 shows plots qe vs. Ce/Cs prepared on
the basis of our results. The highest curve corresponds to
4-CP, next to 2,4-DCP, and the lowest to the 2,4,6-TCP,
which suggests that increasing numbers of chorine atoms
in chlorophenol molecules decrease the adsorption of CPs
by activated carbon. In Jung et al. [6], the highest equilibrium concentrations Ce reached on isotherms of adsorption
of the 3 chlorophenols (4-CP, 2,4-DCP and 2,4,6-TCP) were
equal to about 55, 25 and 10 mg L-1, respectively. After
conversion to relative quantities Ce/Cs, it gave about
0.204, 0.558 and 2.302, respectively. This will change the
order of the sequence of isotherms on the opposite (qe [mg
g-1]; Ce [mg L-1]). That sequence (4-CP>2,4-DCP>2,4,6TCP) is in accordance with our results presented in Fig. 3.
Despite the fact that although the experimental adsorption
isotherms of chlorophenols on activated carbons are presented recently in many studies, only a few report on the
adsorption of several chlorophenols on the same carbon
adsorbent [6, 7, 10]. We believe that it is better to express
qe as mmol g-1 than mg g-1, for adsorbates with significantly different molar mass (1:1.27:1.53 in proportion as

for CP, DCP and TCP). Carrott et al. [14] proposed using
of Ce/Cs but did not compare with results obtained by
other authors and, in turn, they have not commented their
proposal.

qe (mmol g )

nol adsorption by activated carbon L2S CECA decreased
with increasing number of chlorine atoms.

5
4
3
4-CP

2

2,4-DCP

1

2,4,6-TCP

0
0

0,1

0,2

0,3

0,4

0,5

0,6

Ce/Cs
FIGURE 3 – Plot qe vs. Ce/CS for 4-CP, 2,4-DCP and 2,4,6-TCP.

4. CONCLUSIONS
The results presented in our paper suggest that adsorption behavior of chlorophenols, especially equilibria,
depends on chlorine atom numbers in their molecules. With
increase of Cl atom number, one can observe decreasing
adsorbed amount of respective chlorophenols. Only a few
other papers were devoted to this subject. The mutual order
of course of the adsorption isotherms is difficult to compare
because of very small concentrations of chlorophenol solu-

960

© by PSP Volume 23 – No 3a. 2014

Fresenius Environmental Bulletin

tions used in these investigations. In addition, the equilibrium concentrations of the solutions are given in mg/L
and the molecular weights of chlorophenols differ greatly.
Proposed by us is to use the relative solution concentrations and adsorbed amount given in mmol/g allowing to
compare the isotherms of various chlorophenols. It is
desirable to use higher concentrations of the solutions and
the same relative concentrations for comparison of adsorbed quantity. Our experimental data showed the order
of the quantity of chlorophenol adsorption as follows:
TCP<DCP<CP, for the same levels of relative concentration. Sorption data of all used chlorophenols fitted to
Freundlich model exhibiting high values of R2. The kinetics is fitted rather with the pseudo-second-order model
than pseudo-first-order one. Powdered activated carbon
L2S CECA, used in this research, has good adsorption
properties.
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ABSTRACT
This study was conducted on soils of the mountainous
regions of northern Adana. The area of study was located
between two dams, Catalan and Seyhan. The aims of this
study were to identify the Main Physiographic Units
(MPU) and soil classes (Land Use Capability, LUC) to
provide comprehensive data about soils within the area of
study. 26 soil profiles have been identified to represent
the physiographic units and soil series in the area of
study. Based on remote sensing data and GIS, the area of
study can be divided into 7 MPU (Bajada: base land-clay
deposit; colluvial; foot slope; Terraces-aged, marine,
young; ridge/hilly; river bank and terrace) and each of
these units takes up 7, 3, 6, 36, 10, 33, and 5% of the area,
respectively. Foot slope and ridge/hilly units comprise
36% and 33% of the area, respectively. The remaining
physiographic units make up 10% or less of the study
area. 7 classes of soils were identified for LUC for studying soils. These classes are I, II, III, IV, VI, VII and VIII,
and their percentages are 2, 5, 20, 22, 40, 9 and 2, respectively. The percentage of the first three classes (I, II and
III) is 27% and the percentage of the area not suitable for
cultivated agriculture is 51%.
KEYWORDS: GIS, Remote sensing, Satellite image, Soil map,
and Soil classes.

1. INTRODUCTION
Soils are very useful for human communities [1] and
their uses include agriculture/farming, forestry, ore deposits, building materials, civil engineering activities, and the
spreading of industrial or agricultural wastes [2].
Northern Adana is mountainous with latitudes 37 o12’
50’’ - 37 o 01’ 29’’ N and 35o 10’ 28’’ - 35 o 23’ 36’’ E
(Fig. 1). It occupies an area of about 24.956 ha. The area
* Corresponding author

of study is located in the Northern Adana (NA). It includes
settlements, industrial, highway, excavation, agricultural,
forest and bush wood areas. The topography of the area
ranges from plain to rugged mountains. Elevation changes
from 65 m to 193 m above sea level in the area of study.
The population of Adana is increasing year by year
and is growing towards NA. Therefore, the lands should
be protected against any human misuse of the fields in the
NA. This necessitates a more efficient use of natural resources. For this reason, detailed soil surveys and mapping studies were carried out in developing countries
under the leadership of the United States of America
(USA) [3]. At the time of these studies, technology was
also rapidly developing in agriculture, and in the field of
computer science.
The identification of suitable lands for alternative uses and their selection for sustainable usage constitute the
base of planning [4]. A detailed soil survey is a study that
requires continuous control in the field, and should be
conducted on a large scale: 1/35000 or more, for identifying the borders of the soil series and phases [5, 6]. Identification of the soil borders in the field, and the drawing of
these using cartographic materials require time and experience. These factors contribute to an increase in the cost
of such studies. State-of-the-art computers have now
started to use a more effective Remote Sensing (RS) and
Geographic Information System (GIS) [7-11]. Digital
satellite images are successfully used in soil surveys
mostly when the soil surface is not covered with plants in
dry areas [12]. As indicated in the paper by Başayiğit et
al. [13], remote sensing techniques are useful to provide
up-to-date information about natural resources.
92% of the total area of Turkey is covered by sloped
fields with differing degrees of gradient (2% or more).
The slope is an important factor determining the degree
and rate of soil erosion, depth, leaching, organic matter
accumulation, and horizon differentiations. These properties affect many soil characteristics [14]. The fact that
there is no detailed soil map of northern Adana, in spite
of the existence of a detailed soil map at series levels of
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FIGURE 1 - Location map of area studied.

southern Adana, is an important obstacle for planning
studies [15].
The aims of this study were to identify the Main
Physiographic Units (MPU) and Land Use Capability
(LUC) to provide comprehensive data regarding the soils
of these areas. The area of study is located in a very important territory. Today, this region is under threat of
encroachment from the city because of the urbanization of
civil government. New settlements may spread to the area
in the near future. Therefore, we should identify soil characteristics and keep agricultural fields within the area for
convenient land use.

high altitudes and they are derived from limestone (of
different ages), conglomerate and marl. The second group
includes alluvial materials, which were deposited in a more
recent period in geological time.

2. MATERIALS AND METHODS
Satellite images were used for this study. The image
data is from 2006 provided by QuickBird satellite, and
shows the profile sites (27 items) on the image (Fig. 2).
Digital elevation sheets at a scale of 1:25.000, and the
geological maps at a scale of 1/100.000 were used as materials for this study. Satellite imagery was obtained in October because the soil surface was obscured by a small
amount of covering by vegetation during October and
November in the area of the study. In this study, the Erdas
Imagine 8.1 professional and the ArcGis 9.0 software were
used for digitizing, geographic corrections, image processing, and for the production of thematic maps. Furthermore, a Contex Toucan G25 scanner was used to scan map
sheets, GPS to identify samples sites in the field, a handheld computer to record field data.
An excavator took 43 soil profiles and 26 of them
were defined in the area of study. Disturbed and undisturbed soil samplings were used for analysis.
Geology: It is possible to inspect two mean groups of
geology in the Cukurova Region. The first group includes

FIGURE 2 - Profile sites (numbers) and study area on Quick-Bird
satellite image (2006).

Collecting and interpretation: digital satellite data, aerial
photos, topographic maps and geologic maps of the area of
study were used both as a base, and to identify a differentiation between the soils. Draft soil mapping was performed
on satellite imagery by interpretation of these maps.
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Description and sampling of the soil profiles were
performed according to the horizon base.
LUC: The data of the foundation (detailed) soil map,
and the results of the analyses were determined and interpreted by computer for LUC.

for agricultural use should be protected from non-agricultural
use (urbanization, secondary buildings, power distribution
units, etc.) and misuse of the field.

3. RESULTS AND DISCUSSIONS
Detailed soil maps and thematic maps in the GIS environment were produced, and can be used as a starting
point for future projects.
The study area has very complex land structures because it has 6 different MPUs. These are bajadas (foot
slope), base lands, colluvials, terraces (young, aged and
marine), ridge/hilly lands and river bank/terraces. Bajadas
and ridge/hilly areas have a very large distribution in the
study area, 43% and 33%, respectively. In addition, base
lands, river bank/terraces, colluvials and terraces (young,
aged, marine) have less spread, 3%, 5%, 6% and 10%
respectively (Fig. 3). The areas are especially endangered
as a result of luxury housing and agricultural activity causing deforestation. The mean values of the chemical and
physical results of the MPU’s soils are given in Table 1.
According to the results base lands have only a clay texture (C), because of its location on the basement. However, river bank/terraces have 4 different soil textures (clay;
C, clay loam; CL, sandy loam; SL and sandy clay loam;
SCL) because the topology of the river has banks and
terraces in the study area. This explains the water effect is
different for each topology in the river system. The lowest
value of the CaCO3 is 14% in the river bank/terraces of
the MPU. The process is the washing of the lime throughout the soil profile because of coarse soil texture.
Ridge/hilly areas of the MPU are located mainly under
forest trees or natural vegetation. The maximum mean
value (2%) of the organic matter is determined on
ridge/hilly areas.

FIGURE 3 - Distribution (%) of the MPU of the study area.
TABLE 1 - The mean values of the results of the chemical and
physical analysis for MPU.
MPU

Soil textures

Terraces
(young, aged, marine)
Colluvials
River bank/terraces
Base lands
Bajada (foot slope)
Ridge/hilly

The soils in this study comprise of two main groups
of the LUC. These groups are called “suitable for agriculture” for I. II. III. and IV. Classes (49% of the area of
study) and “non-agricultural” for VI. VII. and VIII. Classes (51% of the area of study) (Fig. 4). The differentiation
between the two main groups is only 2%. Areas suitable
for agriculture have weak or moderate limiting factors
(slope, soil depth, stoniness, etc.) in the area of study.
Defective soils are characterized by a steep slope and
inadequacy of soil depth in the area of study; therefore
they were classified as “non-agricultural” soils (49%). It
is clear that sloping and base land fields are the most
limiting factor for agricultural usage in our area of study.
Arslan et al. [16] pointed out that the soils in the Eastern
Black Sea Region of Turkey are under serious degradation and erosion due to misuse of land, over grazing, and
intensive agricultural activities. In our studied region,
water erosion and deforestation are at the forefront of all
limiting factors. According to these results, suitable lands
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