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HYDRAULIC PROPERTIES AND
PASTE STRUCTURE OF BASIC OXYGEN
FURNACE STEEL SLAG-CEMENT BLENDED MATERIALS
Jun Du and Jiaxiang Liu*
College of Materials Science and Engineering, The State Key Laboratory of Chemical
Resource Engineering, Beijing University of Chemical Technology, Beijing 100029, P. R. China

ABSTRACT
By adding basic oxygen furnace steel slag in Portland
cement, steel slag-cement blended materials (SCBMs) were
prepared. One reference cement (control) and four cements
containing 15% to 60% w/w steel slag were tested. The
results showed that steel slag had cementitious properties,
but its activity was low. Therefore, compressive strength of
SCBMs decreased with the increase of steel slag. The
dormant period was retarded, and the cumulative hydration
heat was reduced by the addition of steel slag. The main
hydration products of SCBMs were similar to that of cement, but the amount of hydrated calcium silicate (C-S-H)
gel as well as Ca(OH)2 (CH) was less due to its lack of
calcium silicate phase. EDX analysis demonstrated that
large steel slag particles whose main component was γC2S phase were partially hydrated and not well connected
with other hydration products. However, CaO-FeO-MnOMgO solid solution (RO phase) with particle size of 2 µm
could be wrapped well by the C-S-H gel. The hardened
paste of SCBMs had a less compact microstructure than
that of Portland cement, especially at early ages.

KEYWORDS: steel slag; cement; hydration heat; hydration products; microstructure

1. INTRODUCTION
Steel slag is the waste in the steel production, which
makes up a portion of 10%-15% of steel output [1]. Every
year, a great quantity of steel slag not only occupies the
land resources, but also pollutes the surrounding environment. Currently, the main application fields of steel slag are
in the production of aggregates for asphalt pavement and
concrete engineering [2-5]. Compared with common aggregates, steel slag has somewhat cementitious properties.
* Corresponding author

Therefore, the use of steel slag in asphalt concrete or cement
concrete will improve the mechanics and the durability of
concrete [6-9].
The raw materials and productive process of steel determine the properties of steel slag. The chemical compositions consist of CaO 45%~60%, SiO2 10%~15%, Al2O3
1%~5%, Fe2O3 3%~9%, MgO 3%~13%, FeO 7~20% and
P2O5 1~4% [10, 11]. Although the chemical composition
is highly variable, steel slag is Ca-, Si- and Fe-rich. The
minerals found in steel slag are olivine, merwinite, tricalcium silicate (C3S), dicalcium silicate (C2S), tetracalcium
alumino ferrite (C4AF), dicalcium ferrite (C2F), CaOFeO-MnO-MgO solid solution (RO phase), free-CaO and
free-MgO [12,13]. Therefore, steel slag can be regarded
as a hydraulic material.
The potential of steel slag to be used as hydraulic material has been investigated before. Tossavaine et al [14]
stated that high cooling rate would increase the hydraulic
activity of steel slag due to the increase of amorphous
phase. Shen et al. [15] and Luckman et al. [16] showed
that steel slag had pozzolanic and hydraulic properties
when mixed with water. Wang et al. [17, 18] found that
the hydration rate of steel slag at early ages could be accelerated by raising the fineness of particles, curing temperature or alkalinity of solution, and pointed out that RO
phase in steel slag had no cementitious properties. Wang
et al. [19] stated that composite cement could be produced
if a proper amount of steel slag was added. Kriskova et al.
[20] mentioned that prolonged milling in ethanol suspension resulted in the increase of surface area and amorphous phase. Shi [21] studied the hydraulic properties of
chemically activated steel slag.
At present, many papers about hydraulic properties of
pure steel slag were published, but hydraulic properties of
cement with steel slag added were rarely reported. In this
study, different dosage of steel slag was added in Portland
cement to prepare basic oxygen furnace steel slag-cement
blended materials (SCBMs), and hydraulic properties as
well as the paste structure was studied to assess the possibility of using steel slag as a substitute for cement.
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2. MATERIALS AND METHODS
2.1 Raw material

Ordinary Portland cement (42.5 grade, Blaine specific
surface area was 325 m2/kg) complying with Chinese
standard was used. The chemical compositions are listed
in TABLE 1.
Steel slag used in this study was obtained from XinYu
Steel and Iron Company (Jiangxi, PR China). After 3 h
milling, the Blaine specific surface area of steel slag was
550 m2/kg. Its chemical compositions are listed in TABLE 1. Its mineralogical phases, which were determined
by XRD analysis, are given in FIGURE 1.

Portland cement was used as a reference sample marked
M0. Compressive strength measurements were conducted
at hydration ages of 3, 7, 28 and 90 days on mortar prisms
(dimensions 40*40*160 mm), prepared and tested in accordance with Chinese Standard (GBT12957-2005). The
water-binder ratio (w/b) was 0.5, and the sand-binder ratio
was 3:1. The mortars were cured in moist chamber at
(20±1) ℃ with a relative humidity over 95%.
(a)

TABLE 1 - Chemical compositions of cement and steel slag (wt. %).
Composition
Cement
Steel slag

SiO2
21.18
11.04

Al2O3
5.02
1.35

Fe2O3
3.14
12.69

CaO
63.42
41.35

MgO
4.32
8.62

FeO
/
12.74

SO3
2.94
/

As shown in FIGURE 1, calcium silicate and calcium
aluminate are present in steel slag, which are the primary
strength contributing phases during Portland cement hydration. However, it should be noticed that RO phase and
Fe3O4, which are predominant mineral phase in steel slag,
do not exist in Portland cement and have no cementitious
properties [5].

FIGURE 1 - XRD pattern of steel slag.
1. C3S, 2. C2S, 3. C4AF, 4. C12A, 5. RO, 6. Ca2Al2Si3O12, 7. Ca(OH)2,
8. Fe3O4, 9. f-CaO.

FIGURE 2 shows the particle size distribution and
cumulative distribution of cement and steel slag after 3 h
milling. FIGURE 2(a) shows that the amount of fine particles as well as coarse particles of steel slag is higher
than that of cement, but the amount of intermediate particles of steel slag is much less than that of cement. FIGURE 2(b) shows that the D50 of cement and steel slag
equals approximately 18 µm and 11 µm, respectively.
2.2 Methods

SCBMs were prepared by mixing steel slag and cement together with mass ratios of 15/85, 30/70, 45/55 and
60/40 which marked M1, M2, M3 and M4, respectively.

(b)

FIGURE 2 - (a) Particle size distribution and
(b) Cumulative distribution of cement and steel slag.

The rate of heat evolution during the hydration of
SCBMs was measured by a Toni Technik 7338 isothermal calorimeter with an accuracy of 0.2 J/g under a constant temperature of 25 ℃. The w/b was 0.5.
For the study of the hydration products, the pastes
were prepared by mixing 300 g of binder with 100 ml water. Then, they were cured in moist chamber at (20±1) ℃
with a relative humidity over than 95%. At the ages of 3 days
and 90 days, the hydration was stopped by soaking the
samples in alcohol.
In order to test the hydration products, the pulverised
samples of M0, M2 and M4 were subjected to thermal
analysis using TGA. The samples were heated at 10 ℃/min
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in a continuous N2 flow up to 900 ℃. The powder samples
were analyzed by Fourier transform infrared spectroscopy.
For the measurement, 5 mg of the sample was hand ground,
mixed with 500 mg of KBr and compressed into pellets. In
addition, the hydration products were determined by X-ray
diffraction. XRD measurements were conducted with
Rigaku/max-2500VB diffractometer using nickel- filtered
CuKα1 radiation (=1.5450 Å), 50 KV voltage and 200 mA
current, with a 0.01 step size and step time of 3 s.
The microstructures of pastes were observed by SEM
(HITACHI S-4700), and the distributions of elements in
the products were detected by EDX.

size, this made the hydration rate of steel slag much lower. In addition, their content was also lower than that in
cement. Therefore, the increase of steel slag diluted the
cement and decreased the concentration of Ca2+ in the
liquid at early ages which slowed down the hydration reaction. Thus steel slag seemed to occlude the hydration process. However, the active components of steel slag completely reacted with water at late ages, so the active index
increased with the curing ages. The delayed contribution of
steel slag to compressive strength was attributed to the
large crystal size and lack of calcium silicate phase [10, 22,
23].

3. RESULTS AND DISCUSSION
3.1 Compressive strength of mortar specimens

FIGURE 3 shows the compressive strength development of SCBMs in relation to the cement replacement level.
Compared with reference cement, SCBMs developed lower
strength at all ages. Moreover, the more steel slag was
added, the more the compressive strength decreased. According to GB175-199 Chinese standard, cements containing 15% steel slag complied with 42.5 strength class, while
30% and 45% steel slag complied with 32.5 strength
class, as seen in FIGURE 3.
FIGURE 4 - Active index of steel slag-cement blended materials.
3.2 Hydration heat of SCBMs tested by isothermal calorimetry

FIGURE 3 - Compressive strength of mortars.

FIGURE 4 shows the active index of SCBMs in relation to curing age and replacement level. Active index is
the ratio of compressive strength of SCBMs to the strength
of reference cement at each curing age. As seen from FIGURE 4, the active indexes of the four SCBMs containing
15%, 30%, 45% and 60% steel slag were 0.82, 0.67, 0.33
and 0.03 at 3 days, respectively. In addition, the active
indexes of the four SCBMs were 0.94, 0.86, 0.66 and 0.24
at 90 days, respectively. C3S and C2S were the main active
components of steel slag, but their activity was low. Because
they crystallized in a slowly cooling process from the
high temperature of 1600 ℃ which lead to large crystal

As shown in FIGURE 5, the cumulative heat of steel
slag is much lower than that of cement. According to
Bogue method, the content of C3S as well as C2S in cement was respectively 55.11% and 19.15%, while the
content of C3S as well as C2S in steel slag was respectively 28.00% and 10.53%. What is more, steel slag was
cooled slowly. C3S was stable only above 1250 ℃, and it
would decompose when subjected to slowly cooling process under this temperature. However, the decomposition
rate was minor and negligible under quench, so C3S was
rich in cement and remain in a metastable state. In addition, the other major cementitious phase, C2S, was also
inactive in steel slag. This was because β-C2S turned to γC2S when the temperature dropped below 500 ℃ during
cooling process. When cement took a sharp cooling process, there was no time for lattice rearrangement, so βC2S in cement existed in a metastable state. However, the
cooling process of steel slag was long enough for lattice
rearrangement, so large amount of C2S took the form of
β-C2S [17]. Therefore, the actual content of C3S as well as
C2S in steel slag was much lower than that in cement.
However, at the beginning of the hydration process, the
exothermic rate of steel slag was much higher than that of
cement, which valued17 J/g-1.h-1. This was attributed to
the hydration of free CaO contained in steel slag whose
hydration heat was higher than calcium silicate phase did.
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(a)

FIGURE 5 - Hydration heat evolution curve of cement and steel slag.

FIGURE 6(a) shows the exothermic rate during the
hydration of SCBMs. Although the hydration rates of
SCBMs and reference cement were different, the hydration process was the same, which consisted of five stages.
When the three binders mixed with water, an exothermic
peak was formed soon (stage 1). Then, the concentration
of Ca2+ needed a period to reach saturation state before
further hydration which called dormant period (stage 2).
This was followed by a rapid hydration period because of
renewed vigor of calcium silicate phases (stage 3). With
the reduction of the active component, the hydration process entered the deceleration period (stage 4). Eventually,
the exothermic rate decreased to a low level, and hydration process entered the steady state (stage 5).
Compared with reference cement, the dormant period
of SCBMs was retarded. This period was controlled by
nucleation, and before nucleation the concentration of
Ca2+ needed to reach saturation period. Due to the low
activity of steel slag, the concentration of Ca2+ in the solution decreased. Therefore, more time was needed to complete this process. In addition, the dormant period would be
prolonged with the increase of steel slag, as seen in FIGURE 6(a).
The cumulative hydration heat of the three binders is
shown in FIGURE 6(b). The curve M02 is obtained by
multiplying the cumulative hydration heat of M0 by 0.7,
and the curve M04 is obtained by multiplying the cumulative hydration heat of M0 by 0.4. Compared M2 with
M02, the cumulative hydration heat of M2 was lower than
that of M02 at the beginning of hydration process, which
demonstrated that steel slag occluded the hydration of
cement. Steel slag mainly had a dilution effect on cement
at first. However, when the alkalinity of liquid was high
enough to motivate the hydration of steel slag, the cumulative hydration heat of M2 would exceed M02, which
also corresponded to the highest exothermic rate in rapid
hydration period of SCBMs after hydration for 26 h (FIGURE 6(a)). This demonstrated that steel slag contributed
to the cumulative hydration heat of SCBMs after the rapid
hydration period. The same phenomenon was observed by
M4 and M04. In addition, with the increase of steel slag,
the inhibition effect of steel slag on cement would be
extended.

(b)

FIGURE 6 - Hydration heat evolution curves of steel slag-cement
blended materials (a) Exothermic rate and (b) Cumulative hydration heat.
3.3 Hydration products of SCBMs

FIGURE 7 shows the results of TGA of the three
pastes hydration for 90 days. TGA are widely used for the
monitoring of the hydration process and for the determination of the content of hydrated phases such as C-S-H,
Ca(OH)2 (CH), etc. In addition, the overall weight loss is
informative on the hydration and carbonation extent. The
DTG curves show three endothermic peaks at or around
100 ℃, 430 ℃ and 680℃ which respectively were the
dehydration of C-S-H, the dehydration of CH and the decomposition of CaCO3. According to the TG curves, the
mass loss ratios for M0, M2 and M4 around 100 ℃ were
9.5%, 9.4% and 8.7%, respectively. In addition, the mass
loss ratios around 430 ℃ were 3.11 %, 2.84% and 2.45%,
respectively. The data showed that the increase of steel
slag lead to the decrease of C-S-H and CH due to the
weak hydraulic activity of the steel slag used. Therefore,
the compressive strength of SCBMs would decrease with
the increase of steel slag.
FIGURE 8 presents the FT-IR spectra of both the three
binders before hydration and after hydration for 90 days.
Although the chemical compositions of the three binders
were different, the FT-IR curves of the three raw materials

3282

© by PSP Volume 22 – No 11a. 2013

Fresenius Environmental Bulletin

are similar. The vibrations at 3450 cm-1 and 1650 cm-1 are
the O-H bond in H2O molecule [24]. The peak at 1430 cm-1
is the carbonated phase [25]. The vibration at 990 cm-1
corresponds to C2S, and the vibrations at 928 cm-1 and
524 cm-1 correspond to C3S. When the three binders were
mixed with water, a clear difference in the shape and depth
of the peaks can be seen. A sharp peak around 3680 cm-1
grew with the curing ages. This could be attributed to O-H
stretching in CH produced by the hydration of calcium silicate phases of the SCBMs [25]. The peak around 3500 cm-1
became wider which was attributed to constitution
water of hydration products. The disappearance of the
peaks at 928 cm -1 and 524 cm -1 demonstrates that C 3S
completely reacted with water after hydration for 90 days.
The vibrations at around 950, 815 and 560 cm-1 which
partially overlapped the peak of C2S were generally assigned to the Si-O-Si bonds of poorly crystalline C-S-H
gel [26]. In addition, the peak of carbonated phase became
higher which was the evidence of the production of CaCO3.
The presence of the CaCO3 is also in line with the TGA
results, where mass loss occurs in the temperature at 680 ℃.

The hydration products of SCBMs were similar to that of
reference cement which consisted of ettringite, CH and
unhydrated calcium silicate phases, as seen in FIGURE 9.
Compared FIGURE 9 (a) with FIGURE 9 (b), the
peaks of CH increase, and the peaks of calcium silicate
phases become weak with curing ages, as it is expected.
In addition, there is a small peak which was RO phase
existing in steel slag remained almost unchanged with the
curing ages, because RO phase was inert and had no cementitious properties [16].
(a)

(b)

FIGURE 7 - TGA and DTG curves of the three pastes hydration for
90 days.

FIGURE 9 - XRD patterns of the three pastes hydration for different ages (a) 3 days and (b) 90 days. 1. C3S, 2. C2S, 3. Ca(OH)2,
4.Ettringite, 5. RO phase.
3.4 Microstructure of the pastes

FIGURE 8 - FT-IR spectra of specimens hydration for 90 days. 1.
Ca(OH)2, 2. H2O, 3. CaCO3, 4. C2S, 5. C3S, 6.C-S-H gel.

FIGURE 9 shows the XRD patterns of the hydration
products of the three binders hydration for different ages.

The microstructures of fracture surfaces of pastes, at
different curing ages, with or without steel slag incorporation are shown in FIGURE 10 and FIGURE11. C-S-H gel
was the main hydration product of the reference cement
and presented cluster distribution. The C-S-H gel formed
a dense network structure after cured for 3 days, as seen
in FIGURE 10(a). FIGURE 10(b) shows small amount of
needle-shaped ettringite inside pores and the C-S-H gel
generated on the surface of steel slag particles. However,
the steel slag particles and the other hydration products
were not closely connected, so this would be harmful to
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(a)

(b)
steel slag

(c)

FIGURE 10 - SEM photos of pastes hydration for 3 days: (a) M0, (b) M2 and (c) M4.

(a)

(b)
steel slag

(c)

(d)
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(e)

(f)

(g)

FIGURE 11 - SEM photos of pastes hydration for 90 days and EDX results: M0, (b) M2 and (c, d, e, f, g) M4.

the paste strength. In FIGURE 10(c), with the increase of
steel slag, small hydrated particles were generated but
isolated from each other which made the paste loose and
easy to crack. The microstructures of the samples were in
accordance with the mechanical properties previously
discussed.
With curing ages, C-S-H gel generated by silicate
phases continuously filled the paste to make the microstructure compact, as seen in FIGURE 11(a, b, c). However, the steel slag particles with size of 15~20 µm exposed to fracture surfaces of pastes, and the particle contour was clearly visible. This indicated that the interface
between large particles and C-S-H gel was the weak region of the system (FIGURE 11(b, c)).
FIGURE 11(c) and FIGURE 11(e) show the paste
microstructure of M4 hydration for 90 days. Combined
with EDX results (FIGURE 11(d, f)), the main elements
of the large steel slag particles, which were partially hydrated, were O, Si and Ca. These particles mainly belonged to γ-C2S phase which almost had no hydraulic
properties. However, the small particles with size of 2
µm, whose main elements were Fe, Mg, Mn, Ca, O and so
on (RO phase), were well wrapped by C-S-H gel. Therefore, large particles which had no cementitious properties
were the harmful component in steel slag. FIGURE 11(g)
is the enlarged drawing of FIGURE 11(e), which shows a

large amount of C-S-H gel adhered to the surface of RO
phase to make the microstructure compact.
4. CONCLUSION
1.

With the increase of steel slag, the compressive
strength of SCBMs decreases gradually due to the
low activity of cementitious phases in steel slag. In
addition, the active index of SCBMs increases with
curing ages which indicates that steel slag mainly
shows activity at late ages.

2.

Steel slag has certain contribution to cumulative heat
of the hydration of SCBMs, but the dormant period is
retarded with the increase of steel slag due to its lack
of calcium silicate phases.

3.

The C-S-H gel as well as CH generated by the hydration of SCBMs is less than that of reference cement.
The XRD pattern shows that RO phase in steel slag
has no cementitious properties.

4.

Large particles, which mainly belong to γ-C2S, with a
particle size range from 15 to 20 µm are only partially hydrated and not well connected with other hydration products. They are the main harmful components
in steel slag. However, RO phase, with small particle
size, is well wrapped by C-S-H gel to make the paste
more compact.
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USING THE TAGUCHI OPTIMIZATION METHOD
FOR THE PHOTODEGRADATION OF A DI-AZO DYE
BY UV/Nd-TiO2 AND A FIXED BED SYSTEM
Azadeh Shamsikasmaei*, Mahmoudreza Sohrabi, Shahram Moradi Dehaghi and Hossein Ghasemi
Department of Chemistry, North Tehran Branch, Islamic Azad University, P.O. Box 1913674711, Tehran, Iran

ABSTRACT
In this study, TiO2 photocatalyst was synthesized by
the sol-gel method, and doped with neodymium(II) nitrate
hexahydrate (Nd) to increase its photocatalytic activity for
the decomposition of methylene blue (MB) as a pollutant.
The Nd-TiO2 photocatalyst was coated on glass using the
dip coating method. The photocatalyst was characterized
by X-ray diffraction analysis (XRD), scanning electron
microscopy (SEM), and Fourier transform infrared spectroscopy (FT-IR) techniques. The concentration of MB
was investigated by UV-VIS spectrophotometer, and
photodegradation products were analyzed by liquid chromatography coupled to mass spectrometry (LC/MS) technique. To achieve optimum experimental parameters, an
experimental methodology design was used based on
Taguchi (L9). The effect of various parameters, such as
pH of the solution, Nd dosage, initial concentration of
MB and UV light intensity, were investigated. The effects
were studied using signal-to-noise (S/N) ratio and analysis of variance (ANOVA). The results showed that the
efficiency of MB photodegradation after irradiation for 60
min was about 88% under optimum conditions (pH 7,
initial concentration of MB 1.5 mg L-1, Nd dosage 0.2%
and UV light irradiation 45 W).

KEYWORDS: Methylene blue, Taguchi (L9), optimization, photodegradation

1. INTRODUCTION
In recent years, self-cleaning coatings based on using
semiconductor photocatalysts have been the subject of
interest for researchers. The self-cleaning mechanism is
based on photocatalytic properties of the semiconductors,
and it could be used in construction, automotive and
clothing industries. TiO2 and ZnO are two famous semiconductors that can decompose organic pollutants by UV
* Corresponding author

irradiation [1-3]. TiO2 has many advantages, such as low
cost, chemical stability, optical absorption, and non-toxicity.
UV light irradiation produces the electron-holes (e-/h+) on
the photocatalyst surface that are required for the photocatalytic decomposition process. The electron-hole pairs
would then react with O2 and radical anions superoxide
(O2•-) will be produced; then, the holes (h+) would react
with H2O to produce hydroxyl radicals (OH•) [4, 5]. The
photodegradation activity is often ascribed to the formation of hydroxyl radicals. Finally, the electron-hole
pairs would start the photocatalytic reaction.
Nano TiO2 photocatalysts have been produced by various techniques, such as chemical precipitation [6], microemulsion-mediated hydrothermal [7], hydrothermal crystallization [8-10] and sol-gel methods [11]. The sol-gel process is a suitable technique to produce TiO2 nano-sized
particles. Its advantages are leading to high homogeneity,
being a low-temperature process, and using simple equipment. TiO2 nano-particles can be doped with non-metal
elements (N, C, F, S, etc.) [12-15], and metal elements
(Cr, V, Fe, Cu, etc.) [16-20]. Doping techniques can improve the photocatalytic activity by reducing the TiO2 band
gap. The photocatalytic activity is also affected by some
other factors. These factors should be optimized to approach
the best conditions for the degradation process.
Single factor optimization method has limitations because it does not consider the interaction effects. This limitation can be overcome using experimental design techniques. The Taguchi design method is a type of experimental design method, which has been used in this study.
Optimum levels of affecting factors can be obtained by
Taguchi orthogonal array (OA). This method also gives
some information about the statistically significant factors, is a simple, systematic and efficient process to optimize parameters, and has some advantages, such as saving time and cost.
In this work, TiO2 nano-particles were prepared by
the sol-gel process, doped with Nd and coated on glass
substrates using the dip coating method. The self-cleaning
properties and photocatalytic activity of the Nd-TiO2
nano-composite coatings were investigated by discolora-
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tion and photodegradation of MB. The photodegradation
of MB was monitored and analyzed using the LC/MS
technique.
2. MATERIALS AND METHODS

determination by a calibration curve (Fig. 1). The photocatalytic efficiency was investigated by degradation percents from the following equation:
Degradation (%) = C0- C/ C0 ×100
(1)
where, C0 is the initial concentration of the MB and C
is that of MB after irradiation in various times.

2.1. Materials

Absorption

Titanium(ІV) isopropoxide (TTIP) (purity 97%) was
obtained from Aldrich Co. Ethanol, neodymium(II) nitrate
hexahydrate and hydroxypropyl cellulose (HPC) were purchased from Merck Co. Nitric acid (purity 67%) and methylene blue (MB) were purchased from Sigma-Aldrich Co.,
and de-ionized (DI) water was used for the preparation of
solutions.
2.2. Nanocomposite film preparation

TIP (12 ml) and HPC (0.2 g) were dissolved in 100 ml
ethanol in a homogenizer at 2×104 rpm for 30 min to form
solution A. Then, ethanol (10 ml) and nitric acid (180 µl)
were mixed to form solution B. Various amounts of Nd
were dissolved in 5 ml ethanol (to have Nd/Ti mol ratios
of 5:10000, 1:1000 and 2:1000 in the final composition of
the catalyst) to prepare solution C. Then, solutions B and
C were added dropwise to solution A, and the mixture
was stirred at room temperature for 1 h to obtain a homogenous distribution. The final solution was set under
an ultrasonic bath for 1 h. The glass slides were washed
with detergent and water. Usual detergent was used for
removing any organic pollutant from the surface of the
glass to enhance the coating efficiency.
They were then rinsed with absolute ethanol and deionized (DI) water, and dried to be prepared for coating.
The glass slides were coated using dip coating method at
room temperature. Then, they were dried in an oven at 70 °C
for 1 day to evaporate the solvents, and calcined at 550 °C
for 4 h.
The crystal phases of the produced nanocomposites
were investigated by XRD (STOE, model STADI P) with a
Cu Kα radiation. The XRD pattern was recorded with a step
scan of 1° min-1 (2θ) in the range of 10° to 80°. The morphology of the calcined samples was SEM-investigated
(model EM 3200, KY Company). The FT-IR model reactor 22, Broker, Germany was used for determining the
chemical structure of the synthesized nanocomposites.

FIGURE 1 - Calibration curve (pH 7, MB 250 ml, (0.2%) Nd-TiO2
0.2 g).
2.4. Analysis and identification of photodegradation product
by LC/MS

For this purpose, the used LC/MS system consisted of a
HP 1100 Agilent, a SB-C18 column (150 × 4.6 mm) packed
with 5-µm particle size. As mobile phase, two solutions
(A and B; solution A consisted of 0.1 M ammonium acetate and acetic acid (pH 5.3), solution B consisted of acetonitrile) were used. The gradient elution (solvent A) was
from 5 to 95% in 30 min; the flow-rate was 0.75 ml min-1
with an injection volume of 20 µl.
2.5. Experimental design

Four operating parameters, each at three levels, were
used to evaluate the degradation of the pollutant. Table 1
shows these factors and their levels. Hence, L9 OAs was
used for this study, and the layout of the L9 OAs is given
in Table 2.
TABLE 1 - Various factors at different levels.
Factors
pH
C0 of MB (mg L-1)
Nd (%)
UV intensity (W)

Level 1
3
1.5
0.05
15

Level 2
7
3
0.1
30

Level 3
10
5
0.2
45

2.3. Photocatalytic activity

The photocatalytic activity was investigated by recording the degradation of 250 ml MB solution, (5 mg L-1)
under UV light irradiation. The coated glass slides were
placed under a photoreactor (10 × 40 × 10 cm) that was
made by mirrors, and UV lamps (Philips) of 15, 30 and
45 W (main spectral peak; 254 nm) were placed into a quartz
pipe and fitted at the top of the chamber. A double beam
UV/VIS spectrophotometer (Varian model EL 13181728)
was used to determine the MB concentration. MB has a
maximum absorption peak at 664 nm, which was used for
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TABLE 2 - The layout of the L9 OAs.
Run
1
2
3
4
5
6
7
8
9

pH
1
1
1
2
2
2
3
3
3

C0 of MB (mg L-1)
1
2
3
1
2
3
1
2
3

Nd (%)
1
2
3
2
3
1
3
1
2

UV intensity (W)
1
2
3
3
1
2
2
3
1
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3.1.3. FT-IR analysis

3. RESULTS AND DISCUSSION

Figure 4 displays the FT-IR spectrum of Nd-TiO2 which
shows the bending band of the Nd-O-Ti at 1349 cm-1.

3.1. Characterization of nano composite

The peaks in the XRD pattern appeared at 2θ = 25.3°,
37.8°, 48.0°, 55.0°, and 75.0° and are attributed to the
TiO2 anatase phase (Fig. 2). Some peaks were attributed
to the rutile phase (2θ = 27.2°, 39.2°, 41.3°, 54.9°). Anatase was the major phase according to the intensity of the
peaks, and the photocatalytic activity is attributed to it.
Therefore, the particle size of anatase was obtained using
Scherer’s equation:
D = Kλ/β cosθ
(2)
where, D is the grain size, K = 0.89, λ the X-ray
wavelength (0.15406 nm), β is the peak width at half
maximum (FWHM), and θ is the diffraction angle in degrees. The particle size was calculated based on the FWHM
of the anatase peak (101), and the average grain size of
the samples was obtained to be 34 nm.

Transmittance

3.1.1. XRD analysis

Nd-O-Ti

Ti-O

-1

Wavenumber (cm )

FIGURE 4 - FT-IR spectra of Nd-TiO2 films.
3.2. S/N analysis

Intensity

A: Anatase

2 Theta

FIGURE 2 - XRD pattern of Nd-TiO2 film.
3.1.2. Morphological analysis

SEM images were used to investigate the morphology
of the Nd-TiO2 nanocomposite. Figure 3 shows that the
glass is covered by a continuous and homogeneous nanocomposite coating.

In the Taguchi method, the S/N ratio is used for
measuring the quality characteristics deviating from the
desired value. By using the S/N ratio, one can determine
the level of factors and their effectiveness. Various factors
and levels affect the S/N ratio. There are different S/N
ratios, and each depends on the type of characteristics. In
this case, the “bigger is better” quality characteristics
were used.
The S/N ratio for each experiment can be calculated
using Eq. 3:
S/NL= -10 log (1/n Σn 1/y2i)
(3)
i=0
where, n is the replication number of the experiment
and yi is the characteristic property. Figure 5 shows the
effect of various factors on the S/N ratio. According to
Fig. 5, in the three tests, the maximum S/N ratio was
obtained with high Nd dosage level and UV light intensity, medium level of pH but low level of initial MB concentration. The maximum S/N is obtained with pH 7,
initial concentration of 1.5 mg L-1, Nd dosage of ,0.2%
and UV light irradiation of 45 W.
3.3. Analysis of variance (ANOVA)

Analysis of variance (ANOVA) is a statistical method
that can determine the significance and contribution percentage of any changeable parameter. ANOVA is a powerful statistical method that can separate and estimate the
source and reason of each variable; therefore, optimum
levels of the factors could be obtained. The contribution
of each factor has been calculated using ANOVA. The
following equations were used:
SST = [ΣN Y2i]-T2/N
SSA=[Σ

i=1
KA

νT =N-1

FIGURE 3 - SEM images of Nd-TiO2-coated glass.
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i=1

2

(A i/nAi)] - T2/N

(4)
(5)
(6)
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FIGURE 5 - Effects of the processing parameters on the S/N ratios.
TABLE 3 - ANOVA results for MB photodegradation.
Factors
SS1
pH
3094.77
C0 of MB (mg L-1)
1370.56
Nd (%)
706.12
UV intensity (W)
539.45
Other/Error
17.70
Total
5728.91
1: Sum of squares, 2: Degree of freedom

νA=KA-1
σA=SSA/νA

DF2
2
2
2
2
9
17

Variance
1547.38
685.28
353.06
269.73
1.96

(7)
(8)

where, T is the sum of all observations, N is the total
number of observations, Ai is the sum of observations
under the Ai level, nAi is the number of observations under
the Ai level, KA is the number of levels of factor A, SST is
the total sum of squares, SSA is the sum of squares for
factor A (this equation is similar for the factors B etc.), νT
is the total degrees of freedom, νA is the factor A degrees
of freedom, and σA is the variance for factor A.
In this work, the ANOVA test was used to determine
the percentage of contribution (PC) of each factor. The
ANOVA results and the percentage of contribution (PC)
are shown in Table 3. According to these results, pH has
the greatest effect (53.95%), followed by the initial concentration of MB (23.86%), Nd dosage (12.26%), and UV
light irradiation (9.35%) at 95% confidence level. Thus,
pH is the most important parameter in the photocatalytic
process and the highest efficiency was obtained at pH 7.
3.4. LC/MS analysis

Herein, the LC/MS technique was used to determine
the photodegradation products of the MB solution. For this
purpose, MB solutions were sampled before starting the
photodegradation process, after 60 min and after 120 min.

F-ratio (%)
786.65
348.38
179.48
137.12

Contribution (%)
53.95
23.86
12.26
9.35
0.59
100.00%

The intensity of the MB peak decreased with time, and
many new peaks at lower retention times were detected
which belong to the defragmented products of MB (see
Fig. 6a-d). In the photocatalysis process of dye solutions,
discoloration and destruction in the dye molecule were
observed. When the MB molecule is broken to smaller
fragments, its colour disappeared so discoloration is
achieved, but it is not degraded completely to minerals
(H2O and CO2). Therefore, the degradation products were
investigated at various times to ensure about mineralization
at the end of the process.
Some of these intermediate products were studied and
their structures were predicted. During photodegradation
process, demethylation was also observed. The intermediate masses are related to the loss of the methyl group
substituent on the amine groups of the molecule. As
shown in Fig. 6a, the large peak at m/z=284 is related to
the M+ molecule ion of MB. The peak at m/z=270 corresponds to the loss of a methyl group of the molecule (Fig.
6b), and the peak at m/z=256 related to the loss of two
methyl groups (Fig. 6c). The peak at m/z=228 corresponds to the loss of four methyl groups of the molecule
(Fig. 6d) [2 -22]. According to Fig. 7, the results of chromatography indicate that at the end of 120-min irradiation, the MB solution was completely degraded and inorganic products were obtained.
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FIGURE 6a - LC-MS profile of MB before photocatalytic degradation.

FIGURE 6c - Chromatogram from MB after loss of two methyl
groups.

FIGURE 6b - Chromatogram from MB after loss of a methyl group.

FIGURE 6d - Chromatogram from MB after loss of four methyl
groups.

FIGURE 7 - Chromatograms obtained from MB photodegradation.
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4. CONCLUSIONS
In this work, the photocatalytic degradation of MB
was studied by Nd-TiO2 photocatalyst coating that was
synthesized using the sol-gel method. The Taguchi experimental design method was used to investigate the optimum
parameters. The observations showed that the most important factor affecting the photodegradation was pH. The
obtained results showed that the optimum parameters
after 60 min of irradiation were pH 7, initial concentration
of MB 1.5 mg L-1, Nd dosage 0.2, and UV light irradiation 45 W, for 88% photodegradation of MB. Photodegradation products were characterized by LC/MS technique. It was observed that MB is demethylized at the first
stage of degradation, which leads to production of some
intermediate compounds. Considering the LC/MS results,
complete mineralization of MB was achieved at the end
of the photocatalytic degradation process.
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ABSTRACT

1. INTRODUCTION

To evaluate the role of zinc (Zn) and potassium (K) in
alleviating the detrimental effects of salinity, two bread
wheat (Triticumaestivum L.; Dağdaş and ES-14) and two
durum wheat (Triticum durum L.;Kunduru-1149 and
Selçuklu-97)genotypes were grown in nutrient solution
having different Zn (2x10-8 M and 10-6 M) and K levels
(100 µM and 2 mM), under controlled conditions. After 7 days, nutrient solution was salinized by three NaCl
levels (0, 75 and 150 mM). Plants were harvested at the
15th day of growth. Increasing NaCl levels decreased dry
matter production; these decreases were greater under Zn
and K deficient conditions. Sodium concentrations of
shoots and roots were increased with increasing NaCl levels while dry matter production, K, Ca and Zn concentrations, as well as K/Na and Ca/Na ratios were decreased.
Supplemental Zn and/or K treatments increased the dry
matter production and lowered the Na concentrations, especially at the highest NaCl level. Supplemental Zn led to
decreases in K/Na ratios at 0 and 75 mM NaCl but to an
increase in K/Na ratio at 150 mM NaCl level in the
shoots. Supplemental K, both alone or in combination
with Zn, increased the K concentration and K/Na ratio. In
general, calcium concentrations of plants were decreased
by Zn and/or K supplements at all salinity levels. Zinc
concentrations were increased with the supplemental Zn but
slightly decreased with supplemental K alone. Although the
decreasing rates in dry matter production because of NaCl
were more severe in durum than bread wheat genotypes,
increases in dry matter production by supplemental Zn
and K were higher in durum than bread wheat genotypes.
The results showed that supplemental Zn and/or K enhanced salt tolerance in wheat genotypes which was ascribed to decreased Na and increased K concentrations
with a resultant improvement in K/Na ratio.
KEYWORDS:
Salinity stress, sodium, zinc, potassium, calcium, wheat
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According to estimates by the United Nations Environment Program, approximately 20% of agricultural land
and 50% of cropland in the world are salt-stressed [1]. Plant
growth may be affected by nutritional disorders which may
result from the effect of salinity on nutrient availability,
competitive uptake, and transport or partitioning within
the plant. Adjusting of mineral nutrients status was shown
to be an effective protection method in decreasing deleterious effects of salinity stress [2].
An increase in salinity decreases the K contents and
causes higher absorption of Na in plant tissues [3]. Potassium deficiency at the cellular level might be a contributory factor to salt-induced oxidative stress [4],and the
over-production of reactive oxygen species (ROS) caused
by salinity usually leads to lipid peroxidation and induces
K leak from cells [5, 6]. Various enzymatic reactions in
the cytoplasm may be disrupted by high levels of Na or
high Na/K ratios [7]. Ability of plant cells to maintain an
appropriate K/Na ratio is one of the key features of plant
salt tolerance [8, 9]. Potassium alleviates the adverse effects of salinity on plant growth [10-12] by contributing
osmotic adjustment, stomatal movement, restriction of Na
uptake, and adjusting a desirable K/Na ratio under saline
conditions [4, 13, 14]. Deleterious effects associated with
reduced uptake and translocation of K by plants grown in
high-Na conditions can frequently be alleviated by the
addition of K [15]. Higher K levels in tissues are necessary for maintenance of optimum photosynthetic capacity
under the stress conditions [15-17]. Heidari and Jamshid
[18] reported that K fertilization did eliminate the deleterious effects of salinity on pearl millet yield.
Zinc deficiency is the most critical micronutrient disorder resulting in loss of yield and quality, especially in
calcareous, saline and sodic soils with high pH values [19].
Zinc deficiency causes higher levels of ROS and relevant
damages in plants [10, 20]. Zinc is an important component of many vital enzymes and a structural stabilizer for
proteins, membrane and DNA-binding proteins; therefore,
transpiration rates declined under zinc deficiency [21-23].
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The reduction in chlorophyll level and the destruction of
chloroplast ultra-structure leads to decreasing photosynthesis in Zn-deficient plants [24]. Zinc may act as a scavenger of ROS for mitigating the injury on biomembranes; thus, zinc supply could mitigate the adverse
effects of NaCl [25], and improve the growth by reduced
lipid peroxidation and hydrogen peroxide concentration
[26]. Adequate zinc prevents uptake and accumulation of
Na in shoots, by increasing membrane integrity of root cells
[19]. Positive effects of zinc applications on salt tolerance
of plants have been shown by many researchers [27-29].
It is reported that yield components, grain yield and protein content of wheat increased with increasing Zn and K
levels under salinity and alkalinity stress [29].
In this research, it was aimed to assess the effectiveness of supplemental Zn and/or K in alleviating adverse
effects of salt stress on wheat genotypes via dry weight
production, concentrations of Na, K, Zn and Ca as well as
K/Na and Ca/Na ratio parameters.
2. MATERIALS AND METHODS
Two bread wheat (Triticum aestivum L.) genotypes,
Dağdaş and ES-14, and two durum wheat (Triticum durum L.) genotypes, Kunduru-1149 and Selçuklu-97, were
used in this study. The seeds were provided by Anatolian
Agricultural Research Institute-Eskisehir/Turkey and Bahri
Dagdas International Winter Cereals Research CenterKonya/Turkey, and were germinated in perlite moistened
with CaSO4 solution (around 15 mM soluble Ca). Following the germination at 20/18 °C (day/night), 5 uniformly
germinated seedlings were transferred to pots containing
3 L of nutrient solution. The plants were grown under controlled growth chamber conditions (light/dark regime of
16/8 h, temperature 20/18 °C, relative humidity 65-75%,
and light intensity 350 µmol m-2 s-1). The nutrient solutions were changed every 3 days. Deionized water was used
for preparation of the nutrient solutions. Wheat genotypes
were grown in nutrient solution having two different Zn
levels (2x10-8 M-deficient level and 10-6 M-sufficient level)
and two K levels (100 µM-deficient level and 2 mMsufficient level). The composition of the nutrient solution
having adequate level of Zn and K was a modified
Hoagland solution as follows: 2 mM Ca(NO3)2, 1 mM
MgSO4, 0.9 mM K2SO4, 0.2 mM KH2PO4, 10-6 M H3BO3,
2x10-7 M MnSO4, 10-6 M ZnSO4, 2x10-7 M CuSO4, 2x10-8 M
(NH4)6Mo7O24, and 10-4 M C10H12FeN2NaO8 (FeEDTA).For
the deficient potassium level, CaH4O8P2.H2O was used as
a P source instead of KH2PO4 in order to avoid P deficiency. Zn and K treatments were labeled as ZnK-1 =
deficient Zn and K level, ZnK-2 = sufficient Zn and deficient K level, ZnK-3 = deficient Zn and sufficient K level,
ZnK-4 = sufficient Zn and K level. After 7 days’ preculture, nutrient solution was salinized by three NaCl levels
(NaCl-1 (control) = 0 mM NaCl, NaCl-2 = 75 mM NaCl
and NaCl-3 = 150 mM NaCl) with 25 mM increments every8 h until final concentrations of 75 and 150 mM. The

plants were grown for 8 days under the NaCl treatments.
Plants were harvested as shoot and root parts, separately at
15th day of the growth. The roots were rinsed in deionized
water. Plant samples were dried at 70 °C for 48 h, and the
dry matter production (DMP) was determined. After grinding, plant samples were dry-ashed at 500 °C for 5 h,
dissolved in 3.3% (v/v) HCl, and analyzed for Na, K, and
Ca concentration by flame photometry (JENWAY PFP 7)
and for Zn by ICP (Varian Liberty II Series). K/Na and
Ca/Na ratios were calculated. All the values for each parameter are means of 3 independent replications. For all
investigated parameters, the data were subjected to analysis of variance (SPSS, Inc.Chicago, Illinois, USA), and
significant differences among the means and treatments
were compared by Duncan’s multiple range test (Duncan
test at 5% level using the MSTAT-C software package).

3. RESULTS AND DISCUSSION
The results of variance analyses showed that salt
stress affected the dry matter production (DMP) as well as
Na, K, Ca, and Zn concentrations of shoot and roots significantly (p<0.001). Supplemental Zn and K treatment,
either alone or in combination, significantly (p<0.001)
increased the DMP when comparing with Zn and K deficient treatment (ZnK-1) under salinity stress. Genotypes
also differed significantly (p<0.001) for all measured
parameters (Tables 1 and 2).
3.1 Effects of NaCl x Zn x K treatments on dry matter production (DMP)

The results of the experiments indicated that shoot
and root DMPs of genotypes were markedly restricted by
the increasing NaCl treatments at all Zn and/or K supplements (Tables 1 and 2). Similarly to our results, Khoshgoftar
et al. [27], Tuna [30], Alpaslan et al. [31], and Basalma et al.
[32] also reported salinity-induced reduction in growth of
wheat, maize, tomato and soybean, respectively. NaCl-2 and
NaCl-3 treatments when evaluated separately with regard
to Zn and/or K supplements, caused a decrease by 21 and
27% in shoot DMP, and by 14 and 14% in root DMP, respectively, when compared to NaCl-1 control treatment
(Tables 1 and 2). Inducing osmotic stress, ion toxicity, and
imbalance in nutrient concentration are the main results of
salinity leading to reduction in yields [33, 34]. Wheat
genotypes also showed a large genotypic variation, on the
basis of the DMPs of shoots and roots, under the salinity
stress. Decreases in shoot DMP induced by NaCl-2 and
NaCl-3 treatments were more drastically in durum wheat
(22 and 34%) than bread wheat genotypes (21 and 19%)
compared to NaCl-1 (data not shown). In contrast, reductions in root DMP with increasing NaCl level were more
severe in bread wheat than durum wheat genotypes. Similar differences between bread and durum wheat have been
found also by Aslanyürek [35]. Supplemental Zn and/or K
enhanced the salt tolerance as reflected by considerable
reduction in Na concentration and increase in DMP of
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TABLE 1 - Main effects of genotype, NaCl level and nutrients composition on dry matter production (DMP)
(mg plant-1), Na, K, Ca (g kg-1) and Zn (mg kg-1) concentrations of shoot in wheat genotypes.

DMP

Na

K

Ca

Zn

Genotypes
Dağdaş
ES-14
Selçuklu-1149
Kunduru-97

33.8
31.3
27.9
48.5

NaCl
NaCl-1
NaCl-2
NaCl-3

42.2 a
33.2 b
30.8 c

3.0 c
26.9 b
45.5 a

43.2 a
31.5 c
32.6 b

8.1 a
5.7 c
6.2 b

29.8 a
25.5 b
24.1 c

Nutrients
ZnK-1
ZnK-2
ZnK-3
ZnK-4

28.5
36.1
37.9
39.0

31.1
26.1
22.7
20.6

27.7
24.3
46.1
44.9

8.1
7.7
5.5
5.3

18.9
40.4
14.2
32.5

Duncan
Duncan
Duncan
CV

0.66 ***
0.57 ***
0.62 ***
3.76

Genotypes
NaCl
Nutrients

b
c
d
a

d
c
b
a

18.1
23.3
35.3
23.8

c
b
a
b

a
b
c
d

1.20 ***
1.00 ***
0.87 ***
7.34

41.1
35.1
32.5
34.2

a
b
c
b

c
d
a
b

1.03 ***
0.89 ***
1.12 ***
6.70

5.6
5.8
8.7
6.5

d
c
a
b

a
b
c
d

0.22 ***
0.19 ***
0.21 ***
5.98

27.2
19.6
31.5
27.7

b
c
a
b

c
a
d
b

0.93 ***
0.81 ***
0.67 ***
5.39

Means followed by the same letter do not differ significantly at p≤0.001 by Duncan's new multiple range tests.

TABLE 2 - Main effects of genotype, NaCl level and nutrients composition on dry matter production (DMP)
(mg plant-1), Na, K, Ca (g kg-1) and Zn (mg kg-1) concentrationsof root in wheat genotypes.

DMP

Na

K

Ca

Zn

Genotypes
Dağdaş
ES-14
Selçuklu-1149
Kunduru-97

10.4
11.3
12.8
19.5

NaCl
NaCl-1
NaCl-2
NaCl-3

14.9 a
12.8 b
12.8 b

3.3 c
28.5 b
39.4 a

23.2 a
11.3 b
7.1 c

3.7 a
2.5 b
2.5 b

Nutrients
ZnK-1
ZnK-2
ZnK-3
ZnK-4

10.6
12.7
15.2
15.3

27.0
24.1
21.4
22.6

4.3
4.6
24.0
22.5

3.1
3.1
2.6
2.8

Duncan
Duncan
Duncan
CV

0.42 ***
0.36 ***
0.42 ***
6.67

Genotypes
NaCl
Nutrients

d
c
b
a

c
b
a
a

20.1
19.0
26.7
29.2

c
d
b
a

a
b
d
c

0.75 ***
0.65 ***
1.02 ***
9.17

10.6
15.8
14.3
14.7

c
a
b
b

c
c
a
b

0.51 ***
0.44 ***
0.63 ***
9.72

2.7
2.7
3.0
3.2

c
d
b
a

a
a
b
b

0.05 ***
0.04 ***
0.15 ***
7.84

78.4
46.4
93.2
70.3

87.6 a
70.0 b
58.7 c

25.6
112.4
22.8
127.6

c
b
d
a

1.60 ***
1.38 ***
1.61 ***
4.76

Means followed by the same letter do not differ significantly at p≤0.001 by Duncan's new multiple range tests.
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shoot and root (Tables 3 and 4). Improving effect of the
Zn nutritional situation under salinity stress can be explained with the role of Zn in conservation of the structural integrity of plasma membrane and, therefore, adjusting
the uptake of Na and other toxic ions [25, 36, 37]. ZnK-2,
ZnK-3 and ZnK-4 treatments when evaluated separately
from NaCl treatments provided increases around 27, 33,
and 37% in shoot DMP, respectively. However, the increases were higher in durum wheat (33, 33, 46%) than
bread wheat genotypes (20, 32, 27%). Similarly, root DMP
increased by around 20, 43 and 45% with ZnK-2, ZnK-3
and ZnK-4 treatments, respectively. Parallel to our findings, Morshedi and Farahbakhsh [29] indicated that increasing Zn and K levels increased the yield components
and grain yield of wheat genotypes. Similarly, Kaya et al.
[38] reported that supplementary KNO3 reduced significantly the adverse effects of salinity on plant growth, fruit
yield and physiological parameters of melons. Increases
in DMP induced by supplemental K were higher than
supplemental Zn treatment. Improving K nutritional status
of the plant is important for growth and development because of its functions in physiological processes [39]. According to Cakmak [4], maintaining sufficient levels of K
in plants could be important to reducing of oxidative cell
destruction under salt stress. Increasing tolerance to salinity
stress by Zn and/or K supplement was found, even more
significant, in durum wheat than bread wheat genotypes.
3.2 Effects of NaCl x Zn x K treatments on concentrations
and ratios of nutrients in shoot and roots

As expected, increasing NaCl level dramatically increased Na concentration but led to significant reduction
in K concentrations of shoot and roots at all Zn and/or K
treatments (Tables 3 and 4). Parallel to our findings, Heidari and Jamshid [18] reported that salt treatments significantly increased Na concentrations of plants, whereas K
concentrations were decreased.

Supplemental Zn and/or K enhanced the salt tolerance as reflected by considerable reduction in Na concentration of shoot and roots (Tables 3 and 4). Because of the
role of Zn in membrane integrity increase, Zn supplement
could regulate Na movement in plasma membranes under
salinity stress [20, 40]. Sodium concentrations of shoot
were decreased by 16, 27 and 34% with the ZnK-2, ZnK-3
and ZnK-4 treatments, respectively, compared with ZnK-1.
Decreasing rates of Na concentrations with ZnK-2, ZnK-3
and ZnK-4 treatments were similar in durum wheat (14, 28,
34 %) and bread wheat genotypes (19, 27, 34 %).
K concentration decreased by 12% in shoots, and was
not changed in roots with Zn supplement alone (ZnK-2;
Tables 1 and 2). According to Shahriaripour et al. [41],
Zn application increased the leaf K concentration while decreasing stem and root K concentrations in pistachio seedlings. Shoot K concentrations increased by 66 and 62 %
with ZnK-3 and ZnK-4 treatments (Tables 1 and 2). Increases in K concentration with supplemental K under
salinity stress were also reported by several researchers
[42, 43]. At NaCl-1 and NaCl-2 levels, the increases in
shoot K concentration provided by ZnK-3 and ZnK-4
treatments were about 65-88% in bread wheat genotypes
and only about 20-41% in durum wheat genotypes compared to ZnK-1. However, at NaCl-3 level, increasing
rates due to ZnK-3 and ZnK-4 treatments were much
higher in durum wheat (about 130 %) than bread wheat
genotypes (about 88 %) compared to ZnK-1 treatment.
ZnK-3 and ZnK-4 treatments drastically increased K concentration in roots when compared with shoots.
Also genotypes differed in Na and K concentrations
of shoots and roots. The lowest Na but the highest K
concentrations in shoots were found in Dağdaş (bread
wheat) whereas the highest Na but the lowest K concentrations were found in Selçuklu-1149 (durum wheat). In
roots, the lowest Na and highest K concentrations were
observed in ES-14 bread wheat (Tables 1 and 2).

TABLE 3 - Effects of NaCl x ZnK treatments on dry matter production (DMP) (mg plant-1), Na, K, Ca (g kg-1), Zn (mg kg-1) concentrations and K/Na, Ca/Na ratios of shoot in wheat genotypes.

Treatments
NaCl-1 x ZnK-1
NaCl-1 x ZnK-2
NaCl-1 x ZnK-3
NaCl-1 x ZnK-4
NaCl-2 x ZnK-1
NaCl-2 x ZnK-2
NaCl-2 x ZnK-3
NaCl-2 x ZnK-4
NaCl-3 x ZnK-1
NaCl-3 x ZnK-2
NaCl-3 x ZnK-3
NaCl-3 x ZnK-4
Duncan
CV

DMP
31.5 fg
43.8 b
46.8 a
46.5 a
27.5 h
33.5 e
34.8 d
37.1 c
26.5 h
31.0 g
32.2 f
33.5 e
1.08 ***
3.76

Na
3.2 g
3.4 g
2.4 g
2.9 g
30.2 e
29.6 e
23.5 f
24.3 f
59.9 a
45.3 b
42.2 c
34.5 d
1.50 ***
7.34

K
36.1
30.1
54.1
52.5
25.6
22.4
39.4
38.4
21.4
20.5
44.8
43.6
1.90
6.70

d
e
a
a
f
g
c
c
g
g
b
b
***

K/Na
11.39 c
8.94 d
22.10 a
18.30 b
0.85 fgh
0.76 ghı
1.68 e
1.58 e
0.36 ı
0.45 hı
1.06 fg
1.26 ef
0.55 ***
11.23

Ca
9.2 b
10.0 a
6.8 d
6.4 e
7.0 d
6.7 de
4.8 g
4.2 h
8.0 c
6.4 e
5.0 fg
5.2 f
0.36 ***
5.98

Ca/Na
2.91 b
2.97 a
2.77 c
2.23 d
0.23 e
0.23 ef
0.20 efg
0.17 efgh
0.13 gh
0.14 gh
0.12 h
0.15 fgh
0.08 ***
9.56

Means followed by the same letter do not differ significantly at p≤0.001 by Duncan's new multiple range tests.
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Zn
19.7
43.0
14.8
41.7
19.4
37.4
15.6
29.7
17.6
40.8
12.1
26.1
1.16
5.39

f
a
h
b
f
c
h
d
g
b
ı
e
***
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TABLE4 - Effects of NaCl x ZnK treatments on dry matter production (DMP) (mg plant-1), Na, K, Ca (g kg-1), Zn (mg kg-1) concentrationsand K/Na, Ca/Na ratios of root in wheat genotypes.

Treatments
NaCl-1 x ZnK-1
NaCl-1 x ZnK-2
NaCl-1 x ZnK-3
NaCl-1 x ZnK-4
NaCl-2 x ZnK-1
NaCl-2 x ZnK-2
NaCl-2 x ZnK-3
NaCl-2 x ZnK-4
NaCl-3 x ZnK-1
NaCl-3 x ZnK-2
NaCl-3 x ZnK-3
NaCl-3 x ZnK-4
Duncan
CV

DMP
11.6 g
13.6 e
17.6 a
16.7 b
10.4 h
12.0 fg
13.9 de
14.9 c
10.0 h
12.5 f
14.1 de
14.4 cd
0.73 ***
6.67

Na
3.4 g
4.2 g
3.1 g
2.5 g
31.3 e
26.0 f
25.0 f
31.8 de
46.2 a
42.0 b
36.0 c
33.3 d
1.80 ***
9.17

K
6.3
6.9
40.6
39.1
4.1
4.0
19.9
17.2
2.4
2.9
11.7
11.3
1.10
9.72

K/Na
1.84 c
1.64 c
13.04 b
15.59 a
0.13 ef
0.15 ef
0.80 d
0.54 de
0.05 f
0.07 f
0.32 ef
0.34 ef
0.42 ***
17.69

f
f
a
b
g
g
c
d
h
h
e
e
***

Ca
4.0 b
4.4 a
3.0 c
3.2 c
2.7 de
2.4 f
2.3 f
2.7 d
2.6 def
2.5 def
2.5 def
2.4 ef
0.26 ***
7.84

Ca/Na
1.17 b
1.05 c
0.98 d
1.27 a
0.08 e
0.09 e
0.09 e
0.08 e
0.06 e
0.06 e
0.07 e
0.07 e
0.05 ***
12.85

Zn
29.8
134.3
23.7
162.6
23.7
111.7
24.3
120.3
23.2
91.3
20.4
99.8
2.80
4.76

g
b
h
a
h
d
h
c
hı
f
ı
e
***

Means followed by the same letter do not differ significantly at p≤0.001 by Duncan's new multiple range tests.

Excess Na accumulation and diminishing K nutrition
are main characteristics of plants under salinity stress [18].
In evaluating salt tolerance, K/Na ratio of plants is supposed to be a reliable parameter [4]. As expected, shoot and
root K/Na ratios decreased significantly with increasing
NaCl levels. Decreasing rates were higher in durum wheat
genotypes than bread wheat (data not shown). It is welldocumented that K-Na discrimination trait enhances salinity tolerance, and has been on the D genome of bread wheat.
Therefore, bread wheat genotypes (having the AABBDD
genomes) are more tolerant than durum wheat (having
AABB genomes) to salinity stress [44, 45].
Reduced Na and increased K uptake due to the supplemental K increased the K/Na ratio of shoots significantly in ZnK-3 and ZnK-4 treatments. When the K/Na
ratio was higher in ZnK-3 than ZnK-4 treatment at NaCl-1
(control) and NaCl-2 treatments, in contrast to the NaCl-3
treatments, ZnK-4 yielded a higher shoot K/Na ratio than
ZnK-3 (Table 3). Increases in K/Na ratios by ZnK-3 and
ZnK-4 were much higher in durum wheat than bread
wheat genotypes at NaCl-3 level (data not shown). The
results were in agreement with the findings of Zhang et
al. [46] which reported that K/Na ratio increased with
application of higher concentrations of K. Results highlight the critical importance of adequate K nutrition in
alleviation of detrimental effects of salinity in plants, as
already reported by Cakmak [4]. On the other hand, when
ZnK-2 (supplemental Zn alone) decreased K/Na ratio in
NaCl-1 and NaCl-2, in contrast, it increased the K/Na
ratio slightly at NaCl-3 level (Table 3). This suggests that
the supplemental Zn might increase the plant tolerance by
acting as a scavenger of ROS, mitigating the injury on
bio-membranes and adjusting the uptake of Na and K under
salinity stress as explained by Aktas et al. [47]. Many researchers’ results highlight the importance of adequate available Zn under salinity stress [37, 47].
Root K/Na ratios were smaller than those of shoots;
however, they showed a similar trend with shoots under Zn

and K supplementation. When ZnK-3 and ZnK-4 treatments significantly increased the K/Na ratio when compared with ZnK-1, no significant change could be shown
with ZnK-1 and ZnK-2. At different NaCl levels, ZnK-3
and ZnK-4 treatments affected the root K/Na ratio at
different levels. When the K/Na ratio was higher in ZnK4 than ZnK-3 at NaCl-1 level, it was higher in ZnK-3 than
ZnK-4 at NaCl-2 level. At NaCl-3 level, there was no
difference in K/Na ratios of roots between ZnK-3 and
ZnK-4 treatments (Table 4).
Because of the important role of Ca in cell growth
and cell membrane stability, under Ca deficiency, leaf
formation and leaf area expansion are inhibited, mostly
under salinity stress [46, 48]. In our research, Ca concentration of shoots and roots decreased significantly with
NaCl treatments (Tables 1 and 2). Reduction in Ca uptake
under salinity stress may be associated with water stress
and decreased transpiration rate due to excess salt. However, Zn and/or K supplements also led to a decrease in
shoot Ca concentrations, on average (Table 1). Decreasing rates were 5, 32 and 35% with ZnK-2, ZnK-3 and
ZnK-4 treatments, respectively, when compared with
ZnK-1. Similar to our findings, salt stress decreased the
leaf Ca concentration at all Zn levels in rosemary [49].
Increase in shoot and root Ca concentrations by nutrient
supplements could only be achieved under control conditions (NaCl-1) with ZnK-2 treatment but not under salinity stress (Tables 3 and 4). Oppositely, Ashraf et al. [50]
indicated that addition of K increases Ca uptake under salt
stress. Shoot Ca concentrations were higher than those of
roots at all NaCl x Zn x K treatments (Tables 3 and 4). In
roots, average Ca levels were similar with ZnK-1 and
ZnK-2 treatments but decreased with ZnK-3 and ZnK-4.
Durum wheat genotypes had higher Ca concentrations in
shoots and roots compared to bread wheat genotypes
(Tables 1 and 2).
Enhanced plant growth is associated with higher uptake of Ca and higher Ca/Na ratios [46]. Decrease in the
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ratio of Ca/Na causes reduced respiration of leaves and
activities of cell membranes, and also inhibits plant
growth [10, 51]. The results showed that increasing levels
of NaCl led to significant decreases in Ca uptake and,
hence, Ca/Na ratios (Tables 3 and 4). At NaCl-3 level, the
ZnK-2 and ZnK-4 treatments, and at NaCl-1 level, ZnK-2
treatment increased shoot Ca/Na ratio when compared to
ZnK-1 (Table 3). These results showed that supplemental
Zn slightly increased Ca/Na ratio, but supplemental K
alone slightly decreased it. Oppositely, according to the
results of Zhang et al. [46], the addition of higher concentrations of K did not affect the uptake of Na but raised the
Ca/Na ratio in plant tissues via increased Ca uptake. In
roots, only the ZnK-4 treatment led to a significant increase in Ca/Na ratio, at control conditions (NaCl-1; Table 4).
Zinc is an important component of many vital enzymes and a structural stabilizer for proteins, membranes
and DNA-binding proteins [10, 52]. In parallel withShahriaripour et al.[41] we observedthat increasing NaCl levels
led to significant decreases in Zn concentrations of shoots
and roots. Reductions in Zn concentrations due to the increased salinity level were more dramatically in roots than
shoots. In relation to results of Khoshgoftar et al. [27],
supplementation of Zn increased Zn levels of shoots and
roots at all NaCl levels. Nevertheless, this effect was extremely higher in roots than shoots. According to Loneragan [53], Zn accumulates in root tissues and may be translocated to the shoots if needed. Shoot Zn concentrations
were increased by 114 and 72% with ZnK-2 and ZnK-4
treatments, respectively, compared to ZnK-1. The averaged increasing rates of Zn in shoots, according to Zn
supplementation, were much higher in durum wheat than
bread wheat genotypes. ZnK-2 led to an increase in shoot
Zn level by 100% in bread wheat and 124% in durum
wheat genotypes. ZnK-4 led to similar increasing rates
(70-72%) in shoot Zn concentrations of bread wheat and
durum wheat when compared with ZnK-1. Supplemental
K alone (ZnK-3) caused a decrease in Zn concentration of
shoots by 25%. Decreasing rates were 19% in bread
wheat and 30% in durum wheat genotypes when compared with ZnK-1. Similarly, ZnK-3 treatment led to a
decrease by 11% in Zn concentration of roots. Decreasing
rates with ZnK-3 treatment were 13 and 9% in bread and
durum wheat genotypes, respectively. On the other hand,
root Zn concentration was increased by 340 and 399%
with ZnK-2 and ZnK-4 treatments compared to ZnK-1.
Zn supplementation led to higher increases in root Zn
concentrations of durum wheat than those of bread wheat
genotypes.

as well as K/Na and Ca/Na ratios were declined. Supplemental Zn and K considerably decreased the effects of
NaCl stress. This enhanced tolerance was reflected as improvement in shoot and root DMP values (Tables 1-4).
These favorable effects were associated with significant
reduction in Na and improvement in Zn and K uptake, but
also maintenance of higher K/Na ratios. Taking into account the reductions in DMP under salt treatments, durum
wheat genotypes were found to be more sensitive to salinity stress than bread wheat genotypes. However, supplemental Zn and K led to higher increases in DMP of durum
wheat than bread wheat genotypes under salt treatments.
From the results of this research, it can be concluded that
K and Zn fertilization counteracted the deleterious effects
of salinity stress in wheat.
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ABSTRACT
By combining quartz sand with synthesized gel of
amino-functionalized mesoporous silica (AFMS) during the
solvent evaporation, the amino-functionalized mesoporous
silica coated quartz sand (AFMSCQS) was prepared and
successfully used to remove iron and manganese ions from
coal mine drainage (CMD). The surface morphology of
AFMSCQS was recorded with SEM images and the average coating yield of AFMS reached 15.48%. Subsequently,
simulated drainage contained Fe2+ or Mn2+ was prepared to
compare removal abilities of three adsorbents by breakthrough curves, which weakened in the order AFMSCQS
> AFMS > uncoated quartz sand. Adsorption capacities at
breakthrough point of iron and managnese onto active
ingredient of AFMSCQS were 45.14 mg/g and 19.53 mg/g,
respectively. The regeneration abilities of AFMS and
AFMSCQS were also contrasted and the later was recovered well for extremely low loss rate even after 5 cycles.
In addition, the removal performance of AFMSCQS for
iron and manganese from an actual CMD sample was investigated via the adsorption column test. On the basis of
observed experimental data, it can safely be concluded
that AFMSCQS could be a potential adsorbent for the removal of iron and manganese from CMD.
KEYWORDS: Iron removal; Manganese removal; Coated quartz
sand; Mesoporous silica; Coal mine drainage

1. INTRODUCTION
A typical kind of coal mine drainage (CMD), containing high concentrations of iron and manganese ions, still
presents intractable environmental threats [1-3]. In actual
CMD, the most common manganese state is Mn 2+, and
* Corresponding author

dissolved iron ions (called total irons) usually exist in the
ferrous (Fe2+) or ferric (Fe3+) form. Actually soluble Fe2+
is quickly oxidized to insoluble Fe3+, which mostly predominates and is prone to removal [4, 5]. So the removal
of Fe2+ and Mn2+ is one of hot topics on CMD treatment.
Among available methods for the removal of such
ions, adsorption has evolved as a preferred method [6, 7].
Many conventional adsorbents such as activated carbon,
zeolite, quartz sand and manganese sand show the unsatisfactory adsorption capacity for the removal of iron and
manganese from CMD [5, 8-10]. So a search for substitutes is underway.
Recently, amino-functionalized mesoporous silica
(AFMS) has been reported to be an effective adsorbent for
heavy metals [11-13]. But so far, most reported mesoporous
adsorbents present the state of superfine powder, little
work has been focused on the coating of mesoporous
adsorbents and their use for dynamic adsorption of heavy
metals. For adsorption columns in the water treatment, it
can be necessary to coat such mesoporous silica onto
proper fillings to avoid the high loss charging with water.
In this study, the quartz sand, a typical kind of filtering media, was selected as the supporter to prepare the
amino-functionalized mesoporous silica coated quartz
sand (AFMSCQS). Changes in surface morphology were
observed by scanning electron microscopy (SEM). Its
adsorption capacities for iron and manganese ions were
subsequently investigated using dynamic adsorption columns. Moreover, its wastage rate and regeneration performance was evaluated.
2. MATERIALS AND METHODS
2.1 Reagents and materials

3-Aminopropyltriethoxysilane (APTES, 98%) and
tetraethyl orthosilicate (TEOS, 99%) were purchased from
Liangui Chemical Co. Cetyltrimethylammonium (CTAB);
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absolute ethyl alcohol, NaHCO3, HCl, Mn(NO3)2·4H2O,
Fe(NO3)2·6H2O, HNO3 and NaOH were purchased from
Shanghai Chemical Co.; tetramethylammonium hydroxide (TMAOH, w.t. 25%) was provided by Zhenfeng
Chemical Co. The acid washed quartz sand was of industrial grade and purchased from Xinsheng Mining Co.; the
data of physicochemical analysis are shown in Table 1.
All the above materials were used without further purification. Deionized water was used throughout this work.
TABLE 1 - Physicochemical analysis of the quartz sand sample
Test item

Value (wt %)

Test item

Value

SiO2
Al2O3
Fe2O3
CaO
MgO
K2 O
Na2O
TiO2

99.46
0.18
0.02
0.03
0.07
0.03
0.15
0.06

Bulk density (g/cm3)
Porosity (%)
Mean particle size
(mm)
Erosion rate (%)
Dissolving rate (%)

1.75
43
1.5
0.03
0.05

2.2 Synthesis of AFMSCQS

The quartz sand was rinsed with deionized water and
dried at 105 °C for surface coating. The sample of AFMS
was synthesized under ordinary pressure as described in
our previous work [11]. 2.19 g CTAB was dissolved in
40 g dry ethanol and vigorously stirred for 2 h. Meanwhile, 1.76 g APTES, 0.4 g HCl (2mol/L), 3.6 g TMAOH
solution (w.t. 25%) and 20 g dry ethanol were mixed and
also stirred for 2 h. Then 6.64 g TEOS was slowly added
into the mixture of the above two solutions. The mixture
was stirred for further 1 h. After reaction, the product was
transferred into a petri dish for solvent evaporation at room
temperature. The resulting solid was aged in deionized
water at 90 °C for 3 d. After recovered by filtration, the
solid product was refluxed in the ethanol/HCl mixed solution for 1 d at 70 °C to extract the surfactant templates.
Then it was filtered, stirred in 1 mol/L NaHCO3 solution
overnight and washed with deionized water for neutralization. Finally, it was dried under vacuum at 60 °C for 1 d
to obtain powder adsorbent.
The synthetic procedure of AFMSCQS was similar to
the above process using quartz sand as media. The remarkable feature was that 20 g quartz sand was added into the
petri dish and the coating of AFMS was in parallel with
the solvent evaporation. After the same post-treatment
steps, the sample of AFMSCQS was obtained. Changes in
surface morphology before and after coating were recorded
with SEM images at low vacuum conditions using Quanta
250 (FEI Company). The coating yield was determined by
using the following formula [1],

CY (%) = (W1 - W2 ) × 100/W2

(1)

where CY is the abbreviation of coating yield, W1 is
the constant dry weight of coated quartz sand (g) and W2
is the constant dry weight of uncoated quartz sand (g).

2.3 Adsorption Column tests

All adsorption tests were conducted in fixed-bed glass
columns with 1.5 cm internal diameter (ID) and 30 cm
height. Glass wool was located at the bottom of each column to lower the loss of filling. Tests were carried out in
three parallel columns at room temperature. In view of the
average CY value of AFMSCQS, 3.1 g AFMS powder
was packed with the depth of 4.2 cm in the first column.
While in the second and the third columns, 9.6 cm height
of uncoated quartz sand (20 g) and 15.4 cm height of
AFMSCQS (23.1 g) were placed in, respectively. Before
being used in the experiments, columns were washed by
deionized water. Fe2+ (56 mg/L) or Mn2+ (55 mg/L) solution was pumped through each column at a constant flow
rate of 10 mL/min by a peristaltic pump (Masterflex) in
down-flow mode. The effluents were collected at bottom
outlets. The loading capacities for iron or managnese ions
were analyzed via atomic absorption spectrum (AAS) and
calculated by the changes in concentrations between the
influent and effluent samples. Breakthrough curves for iron
or managnese adsorption on three media were obtained by
plotting the adsorption time against certain ions concentration in the effluent and in the influent solutions (Ct/Co)
throughout columns.
2.4 Regenaration tests of AFMS and AFMSCQS

The iron-loaded AFMS (3.1 g) and AFMSCQS (23.1 g)
samples were used to compare their regeneration abilities
and loss rates. In a typical cycle, desorption tests were conducted by passing 1 L of 8% (w/w) HNO3 through columns
in down-flow mode at a flow rate of 10 mL/min. The
effluent iron solutions were collected and analyzed for the
iron concentration, then columns were washed with deionized water in the same operation mode till pH values of
eluting water reached 7.0. Desorbed adsorbents were taken
out then dried in a vacuum oven at 60 °C. Before another
use, the regenerated AFMS and AFMSCQS samples were
weighed to evaluate their loss rates, which were calculated by using the following formula,

LR (%) = (m 0 - m i ) ×100/m 0

(2)

where LR is the abbreviation of loss rate, m0 is the
constant dry weight of fresh adsorbent’s active ingredient
(g), i is the number of cycles and mi is the constant dry
weight of adsorbent’s active ingredient (g) after i cycle.
2.5 Actual CMD treatment by AFMSCQS

As is known, the adsorption process is always behind
conventional treatment procedures, such as coagulation.
So coagulated effluent from a certain coal mine in northern China was chosen to verify removal efficiencies of
iron and manganese ions by using AFMSCQS-packed
(23.1 g) adsorption column. The water quanlity data of the
coagulated effluent were as follows: pH 6.68, total iron
0.68mg/L, Mn2+ 1.82mg/L. Similarly, the coagulated effluent was pumped through the adsorption column at a rate of
10 mL/min in down-flow mode. Effluent samples were
collected at bottom outlets and analyzed via AAS.
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3. RESULTS AND DISCUSSION
3.1 Coating property of AFMSCQS

SEM images shown in Fig. 1 were taken at 6, 000×
magnification to observe surface morphology of uncoated
and coated quartz sands. The uncoated quartz sand in Fig. 1a
reveals a relatively smooth surface with small cracks, while
the coated one (AFMSCQS) in Fig. 1b has significantly
rougher surface. Moreover, three prepared AFMSCQS samples were weighed to calculate the average CY value in
Table 2. According to the average CY value (15.48%),
3.1 g AFMS were loaded onto 20 g quartz sand. The above
two proofs verify that AFMS can be successfully coated
onto quartz sand. The preparation mechanism of AFMSCQS
can be speculated: during the solvent (ethanol) evaporation,
hydrolyzed APTES and TEOS are surely further cocondensed and polymerized via the inversion of Si-OH to
Si-O-Si; simultaneously, AFMS gel is gradually coating
on the quartz sand by the cross-linking of Si-OH.
TABLE 2 - CY data of three AFMSCQS samples
No.
1
2
3

W1
(g)
22.9876
23.0991
23.2025

W2
(g)
20

CY value
(%)
14.94
15.50
16.01

Average CY value
(%)
15.48

3.2 Comparison of iron and manganese removal of three
columns

The pH value is an important parameter for AFMS,
which directly influences its adsorption behavior of heavy
metals. As reported [14, 15], the value field of initial pH
from 5 to 7, has been proved as the optimal range for
heavy metal removal. In column tests, the initial pH val-

ues of dissolved ferrous and manganese nitrates naturally
remained at the above optimal range. In addition, CMD
contained iron and manganese may be used as an important
water resource especially for northern China with inadequate
existing supplies, concentrations of iron (< 0.3 mg/L) and
manganese (< 0.1 mg/L) are defined as water quality
indexes in China Standards for Drinking Water Quality
(GB 5749-2006). So the ratio of Ct/Co > 0 was set as the
breakthrough point of iron and manganese adsorption in
this paper. The adsorption capacities of iron and manganese onto the given adsorbent at the breakthrough point
were expressed according to equation 3,

Q = C0 × V / W

(3)

where Q is the unit amount of metal ion on the active
ingredient of adsorbent at the breakthrough point (mg/g),
V is the volume of effluent till the breakthrough point (L),
W is the weight of active ingredient of the adsorbent (g),
C0 (mg/L) is the initial concentration of the given ion in
solution. Figure 2 shows breakthrough curves for iron (Fig.
2a) and managnese (Fig. 2b) adsorption on three media.
As presented in Fig. 2, curves of both ions adsorption
onto uncoated quartz sand, AFMS and AFMSCQS indicate
that removal abilities for Fe2+ and Mn2+ weaken in the
order AFMSCQS > AFMS > uncoated quartz sand, which
can greatly reflect the much better adsorption capacity of
loading amino groups for given ions. Compared with far
shorter breakthrough time of uncoated quartz sand, Fe2+
and Mn2+ ions appeared in effluents from AFMSCQS
packed columns until the 250th and 110th minutes, respectively. Adsorption data of AFMS and AFMSCQS at breakthrough point are summarized in Table 3. In contrast with
AFMS, slightly better removal performance of AFMSCQS

(a)

(b)

FIGURE 1 - SEM images of (a) uncoated and (b) coated quartz sands
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FIGURE 2 - Breakthrough curves of Fe2+ (a) and Mn2+ (b) adsorption onto three different media with variation of operation time

TABLE 3 - Adsorption capacities of Fe and Mn onto AFMS and AFMSCQS at breakthrough point
Adsorbent
AFMS
AFMSCQS

Breakthrough time (min)
Fe
Mn
240
90
250
110

V (L)
Fe
Mn
2.4
0.9
2.5
1.1

was presumably attributed to the higher bed depth and
porosity for sufficient interface reaction.
3.3 Regenaration studies of AFMS and AFMSCQS

Considering the necessity of cycle use for applied adsorbents, repeated adsorption-desorption tests were conducted over five cycles to compare the regeneration abilities of iron-loaded AFMS and AFMSCQS. Both of their
loss rates and recovered adsorption capacities at breakthrough point are indicated in Fig. 3.

W (g)
3.1

Q (mg/g)
Fe
Mn
43.34
15.95
45.14
19.53

The regeneration procedure of AFMS and AFMSCQS
were proved to be feasible using HNO3 solution as the
eluent. After 5 cycles, the loss rate (Fig. 3a) of AFMS increased to 24.4%, which was 7.2 times higher than that of
AFMSCQS (3.39%). However, the recovered adsorption
capacity (Fig. 3b) of AFMS reduced to 75.3% of the fresh
adsorbent, which was obviously worse than that of
AFMSCQS (96.6%) mainly due to visible loss difference.
For this reason, AFMSCQS can be a better choice for actual drainage treatment.
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FIGURE 3 - Loss rates (a) and recovered adsorption capacities (b) of iron onto AFMS and AFMSCQS at breakthrough points with five cycles

3.4 Actual CMD treatment by AFMSCQS

To evaluate the application potential of AFMSCQS as
an adsorbent for CMD purification, a continuous adsorption operation was performed with actual CMD after coagulation, which was collected from a certain coal mine in
northern China. Dynamic column adsorption results for iron
and manganese ions onto AFMSCQS are shown in Fig. 4.

C (mg/L)

From the concentration variation of CMD effluent
presented in Fig. 4, iron and manganese ions were not
revealed in the effluent till outflow volume reached 22 L.
Ion concentrations in the effluent subsequently increased
slowly, then exceeded control points (CFe = 0.3 mg/L, CMn
= 0.1 mg/L) at around 29 L and 26 L, respectively. After
30 L effluent passing out, the column got saturated.

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
0

The average adsorption capacitiy of Fe and Mn onto
AFMSCQS at the saturated point was expressed according
to equation 4,
30

Q=∑
i =1

(C0Fe −

CiFe + C( i −1) Fe
2

) + (C0Mn −

CiMn + C( i −1) Mn
2

)

(4)

W

where Q is the unit amount of metal ion on the active
ingredient of adsorbent at saturated point (mg/g), i is the
number of effluent volume, W is the weight of active
ingredient of the adsorbent (g), C0Fe and C0Mn (mg/L) is
the concentration of given ions in the influent, CtFe and
CtMn (mg/L) is the concentration of given ions in the effluent.

Mn
Fe

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Veffluent (L)
FIGURE 4 - Breakthrough curves for adsorption of Fe and Mn onto AFMSCQS using actual CMD after coagulation (initial CFe = 0.68 mg/L,
initial CMn = 1.82 mg/L, pH = 6.68)

3306

© by PSP Volume 22 – No 11a. 2013

Fresenius Environmental Bulletin

In terms of the active ingredient (AFMS) loaded on
AFMSCQS, the average adsorption capacity of Fe and
Mn onto AFMSCQS reached 22.28 mg/g at the saturated
point. It is clear that AFMSCQS has the obviously greater
adsorption performance for iron and manganese ions than
some reported counterparts (0.045-9 mg/g) [5, 8-10].
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4. CONCLUSIONS
The present work demonstrates that it is possible to
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consequence. Breakthrough curves of iron and manganese
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ENHANCED PHOTODEGRADATION OF
RHODAMINE B BY Tb DOPED MESOPOROUS TiO2
WITH ANATASE/RUTILE HETEROJUNCTION
Qiliang Wu, Qinqin He, Xia Fei, Xueting Liu*, Bing He
School of Chemical Engineering, Hefei University of Technology, Anhui Key Laboratory of
Controllable Chemical Reaction & Material Chemical Engineering, Hefei, Anhui 230009, China

ABSTRACT
Tb doped mesoporous TiO2 photocatalysts with pure
anatase phase or mixed phases of anatase and rutile were
synthesized via the evaporation induced self-assembly
(EISA) process. The as-prepared samples were characterized by X-ray diffraction (XRD), transmission electron
microscopy (TEM), UV-vis diffuse reflectance spectroscopy (UV-vis DRS), Photoluminescence (PL) spectra, N2
adsorption-desorption and X-ray photoelectron spectroscopy (XPS) techniques. The degradation of Rhodamine B
(RhB) under visible light irradiation was investigated.
Analytical results demonstrate that the amount of Tb doping is crucial to affect the photocatalytic ability of the
mesoporous titania. Among the samples, 0.5%Tb doped
mesoporous TiO2 exhibits the highest photocatalytic activity due to the synergistic effects of the Tb doping-derived
multiple favorable factors and the anatase/rutile heterojunction induced large specific surface area and efficient separation of electron-hole pairs. In addition, the photogenerated holes and electrons are found to be both active species for the photodegradation of RhB.

KEYWORDS: Tb doping; Mesoporous titania; anatase/rutile
heterojunction; Photocatalytic activity

1. INTRODUCTION
The photocatalytic degradation of organic pollutants
in wastewater has been the subject of numerous investigations in recent years. In this field, TiO2 photocatalyst has
led the relevant applications to the stage of commercialization due to its photochemical stability, low cost and non
toxicity [1–4].
Nevertheless, there still exist several key issues to be
resolved. One issue is that TiO2 has low specific surface
area, which may decrease the light harvesting and the ad* Corresponding author

sorption for reactant molecules [5]. The other key issue is
that TiO2 can be only activated by irradiation under ultraviolet (UV) light. Furthermore, TiO2 presents a relatively
high electron–hole recombination rate that is restrictive to
its photocatalytic activity [6].
Many attempts have been made, such as to prepare
mesoporous TiO2 with large surface area via evaporation
induced self-assembly (EISA) process using P123, CTAB,
etc. as templates [7–11] and to doped TiO2 with transition
or rare earth metal ions to enhance the utilization of visible light or solar energy and inhibit the recombination of
photogenerated electron-hole pairs [12–14]. Furthermore,
through the proper designing of heterojunctions composed
of anatase TiO2 and the other semiconductors with smaller
band gap, such as rutile TiO2, higher photocatalytic activity
can be attained via the further strengthened separation of
photogenerated electron-hole pairs [15, 16].
In this investigation, we have prepared EISA processbased Tb doped mesoporous TiO2 photocatalysts, and find
that the as-prepared photocatalysts can make efficient use
of visible light and show the superior activity as compared to TiO2 without Tb doping or mesoporous structure
in the photodegradation process of Rhodamine (RhB).
Notably, the amount of Tb doping is an important factor
affecting photocatalytic activity of mesoporous TiO2 and
0.5%Tb doped sample exhibits the highest photocatalytic
activity due to the synergistic effects of the Tb doping and
its consisting of the anatase/rutile heterojunction.
2. MATERIALS AND METHODS
2.1 Materials

Tetrabutyl titanate (TBT), titanium tetrachloride (TiCl4),
Rhodamine B (RhB), absolute ethanol and Tb(NO3)3·6H2O
are analytical reagents. Pluronic P123 [(Mw) 5800,
HO(CH 2 CH 2 O) 20 (CH 2 -CHCH 3 O) 70 (CH 2 CH 2 O) 20 H,
EO 20 PO 70 EO 20 , abbreviated as P123] was received from
Aldrich. Commercial photocatalyst P25 was supplied by
Degussa. The other chemicals were provied by Shanghai
Sinopharm Chemical Reagent Co.Ltd., China.
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2.2 Catalyst preparation

2.4 Photocatalytic activity testing

Tb doped mesoporous TiO 2 was synthesized by the
EISA process using P123 surfactant as a template. In
the typical synthesis process, 1g P123 was dissolved in
12.0 mL of ethanol. Then 3ml TBT, 1ml TiCl4 and x%
Tb(NO 3)3·6H 2O (here, x% means the nominal molar ratio
of Tb to Ti is x% and x% = 0%, 0.2%, 0.5%, 0.7% or 1%)
were added into the P123 solution, followed by stirring for
an additional 1h. A transparent sol obtained after being
stirred for 1.5 h at 0℃ was transferred into a Petri dish to
form a uniform thin layer. After being aged at 40℃ and
100℃ for 24 h, respectively, the precursor was calcined at
350℃ and 450℃ each for 4 h (1℃/min) to remove template and other organic species. Then the samples were
cooled to room temperature in the muffle furnace. Tb
doped mesoporous TiO2 are labeled as “x%Tb doped MTiO 2” (x has the same meaning as aforementioned).
Mesoporous TiO2 without Tb doping (entitled “no doped MTiO2”) and TiO2 without adding P123 template (entitled
“pure TiO2”) were also prepared via the same procedure.

The visible light photocatalytic activity of the synthesized Tb doped M-TiO2 catalysts were evaluated through
the degradation of RhB under irradiation of daylight lamp
(Philips, ES E27, 12 W). 0.1g of the Tb doped M-TiO2
sample was immersed into 100mL of aqueous RhB solution with initial concentration of 5mg/L under constant
stirring. The photocatalytic degradation was carried out
at 25℃ in a 150mL homemade photochemical reactor
equipped with cooling water jacket. After 1h adsorption in
the dark to ensure the equilibration of an adsorption/ desorption, the illumination was turned on. The progress of
reactions was detected by determining residue RhB concentration every 1h using a 2550UV–visible spectrophotometer. For comparison, the photocatalytic activities of no
doped M-TiO2, pure TiO2, the standard photocatalyst P25
and the blank test (entitled "blank") where RhB was photodegraded without adding TiO2 were also measured under
the same condition.
3. RESULTS AND DISCUSSION

2.3 Characterization

Wide angle XRD (WAXRD) diagrams were obtained
using Rigaku D/MAX-2500 diffractometer (Cu-Kα radiation, λ=0.15406nm), operated at 40 kV and 100 mA. The
crystallite size was estimated by applying the Scherrer
equation to the Full Width at Half Maximum (FWHM) of
the (101) peak of anatase with a-silicon (99.9999%) as a
standard for the instrumental line broadening.
The sample morphology was observed under transmission electron microscopy (TEM) on a JEOL 2010 microscope (200 kV) using copper grids. The porous texture of
the powders was analyzed from nitrogen adsorption–desorption isotherms at 77 K. By using Tristar II 3020 M
automatic surface area and pore size analyser, the BET
and BJH methods were applied for the determination of
the specific surface area and the mean mesopore equivalent diameter, respectively. These samples were degassed
over 6h at 473 K before N2 adsorption–desorption analysis.
X-ray photoelectron spectroscopy (XPS) measurements
were carried out under ultra high vacuum (<10-6 Pa) at a
pass energy of 93.90eV on an ESCALAB 250 multitechnique system equipped with a dual X-ray by using a
monochromatic Al Kα source. All binding energies were
calibrated by using contaminant carbon (C1s = 284.6 eV)
as a reference. UV–visible absorbance spectra were obtained for the dry-pressed disk samples using a Scan UV–
visible spectrophotometer (DUV-3700) equipped with an
integrating sphere assembly, using BaSO4 as reflectance
sample. The spectra were recorded at room temperature in
air in the range of 230–800nm. The photoluminescence
(PL) spectra of samples using a FL4500 spectrometer with
320nm wavelength incident laser light was tested to investigate the recombination of photo-generated electron and
hole pairs.

3.1 X-ray diffraction

The wide angle XRD patterns of no doped M-TiO2 and
various Tb doped M-TiO2 samples in Fig.1 show broad
diffraction peaks of anatase phase. These characteristic
diffraction peaks at 25.3°, 37.9°, 47.8°, 54.3° are corresponding to the (101), (004), (200) and (105) reflections of
anatase TiO2, respectively. It suggests the formation of
TiO2 nanocrystallites. Compared with that of no doped MTiO2, the characteristic anatase (101) peak of doped MTiO2 becomes broader and its relative intensity decreases.
The crystallite size of anatase was calculated by
Scherrer’s equation (eq 1) [17].

D=

Kλ
βCosθ

(1)

where λ is the wavelength of the X-ray radiation (λ=
0.154nm), K is the Scherrer constant (K=0.89), θ is the
characteristic X-ray radiation and β is the FWHM of the
(101) plane (in radians). For the studied samples being a
mixture of anatase and rutile, the weight percentage of the
anatase phase, WA, was determined using the following
equation (eq 2) [18]:

WA =

1
1 + 1.265 IR

(2)

IA

where I A and IR denotes the intensity of the strongest
anatase and rutile reflection, respectively.
As shown in Table 1, doping can inhibit the growth
of the TiO2 nanocrystals. The crystallite size is 13.3nm
for no doped M-TiO2, and it decreases with the increase
of Tb doping. Notably, all samples are composed of
100.0% anatase phase except that 0.5%Tb doped M-TiO2
sample is a mixture of 82% anatase and 18% rutile. For
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FIGURE 1 - Wide angle XRD patterns of the samples

TABLE 1 - Average size, polymorph and the content of anatasephase (WA) for the prepared TiO2
Sample
no doped M-TiO2
0.2% Tb doped M-TiO2
0.5% Tb doped M-TiO2
0.7% Tb doped M-TiO2
1% Tb doped M-TiO2

Average size
(nm)
13.3
9.3
9.2
8.1
8.0

TiO2
polymorph
Anatase
Anatase
Anatase + rutile
Anatase
Anatase

WA
(%)
100
100
82
100
100

nanosized TiO2, the transformation from anatase to rutile
phase reaches a measurable speed at T > 400℃	
  [19].
Commonly, doping can reduce the phase transformation temperature of titanium dioxide, which could be
evidently ascertained that the proportion of the rutile phase
would diminish with the increasing content of the dopants
[20]. As our conjecture, 0.5%Tb doping may be an enough
high doping amount to have a low phase transformation
temperature (herein T=450℃) but not enough high to
diminish rutile phase. Therefore, only 0.5% Tb doping
sample is a mixture of anatase and rutile.
In order to specify the effect of Tb doping on anatase
crystalline structure, lattice parameters of no doped and
doped M-TiO2 were estimated according to Fig.1. The Xray diffraction peaks of the (101) and (200) planes of
anatase were selected to determine the lattice parameters
of TiO2 using the following equation (eq 3) [21]:

1 h2 + k 2 l 2
=
+ 2
d2
a2
c

V = a2 × c

As shown in Table 2, the incorporation of terbium ion
generally increases the cell volume V of TiO2. However,
for 0.5%Tb doped M-TiO2 sample, the V value is abnormally small, which may be the result of its containing a
small amount of rutile phase [22]. The ionic radius of
Tb3+ (0.084 nm) is obviously bigger than that of Ti4+
(0.068 nm), and Tb doping increases the cell volume of
TiO2 [23].
TABLE 2 - Unit cell parameters for the prepared TiO2
Sample
pure TiO2
no doped M-TiO2
0.2%Tb doped M-TiO2
0.5%Tb doped M-TiO2
0.7%Tb doped M-TiO2
1%Tb doped M-TiO2

a=b
(nm)
0.3789
0.3789
0.3784
0.3779
0.3784
0.3785

Unit cell parameters
c (nm)
0.9414
0.9434
0.9870
0.9532
0.9908
0.9891

V
(nm3)
0.1352
0.1354
0.1413
0.1361
0.1419
0.1417

3.2 UV–visible absorbance spectroscopy

The UV-visible absorbance spectra of the samples are
shown in Fig. 2(a). Compared with that of no doped MTiO2, the adsorption edge of the Tb doped M-TiO2 shifts to
longer wavelength region. The band gap Eg of these samples can be calculated by the following equation (eq 5).

E=

(3)

where hkl is the crystal plane index; d (hkl) is the distance between crystal planes of (hkl); a and c are lattice
parameters of anatase (a≠c).

(4)

1239.8

λ

(ev)

(5)

where λ, the adsorption edge, was determined from
absorption spectrum.
As for a crystalline semiconductor, the optical absorption near the band edge follows the formula (eq 6) [24]:

As anatase belongs to tetragonal system, its cell volume V could be calculated as follows (eq 4):
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where α, ν, Eg and A are absorption coefficient, light
frequency, band gap and a constant, respectively. Among
them, n depends on the characteristics of the transition in
a semiconductor, i.e. direct transition (n=1) or indirect
transition (n=4). For TiO2, the value of n is 1. The band
gap of TiO2 photocatalyst can be thus obtained from the
plots of (αhν)2 versus photon energy (hν) as shown in
Fig.2(b).

The band gap deduced from Fig.2 (b) for 0.5% Tb
doped M-TiO2 is 3.17eV, which is close to that of 1% Tb
doped M-TiO2, and for no doped sample it is 3.25eV. The
decrease of band gap after doping means that Tb doping
can make mesoporous TiO2 more active in visible light
photocatalysis.

(a)
(b)
FIGURE 2 - (a) UV-vis absorbance spectra of no doped M-TiO2, 0.5% and 1% Tb doped M-TiO2 samples; (b) plots of (αhν)2 vs. photon
energy (hν).

(a)

(b)

(c)
(d)
FIGURE 3 - TEM image of (a) 0.5%Tb doped M-TiO2, (b) no doped M-TiO2 and HRTEM patterns of (c) 0.5%Tb doped M-TiO2, (d) no
doped M-TiO2.
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3.3 TEM and HRTEM analyses

In order to investigate the nanocrystalline nature of
the samples, 0.5%Tb doped M-TiO2 was characterized by
TEM (Fig.3 (a)) and HRTEM ((Fig.3(c)) with Fig.3 (b)
(TEM) and Fig.3 (d) (HRTEM) for no doped M-TiO2. It
is worth noting that, in comparison to no doped sample,
there exists an obvious wormlike nanostructure in the
doped sample (Fig.3 (a)). We can presume that Tb doping
is beneficial to stabilize the ordered mesoporous structure
in the process of calcinations [25], whereas for no doped
M-TiO2, calcination may destroy the ordered mesoporous
structure. The average d-spacing of the lattice fringes
measured from the HRTEM images is about 0.352 nm for
both no doped and doped M-TiO2 samples that means Tb
doping has no effect on d101 value.
The nanocrystalline size of 0.5%Tb doped M-TiO2
sample evaluated from the TEM images is about 9.2nm
which is in agreement with the results calculated from
wide angle XRD patterns (Table 1).
3.4 N2 adsorption-desorption

N2 adsorption-desorption isotherms and pore size distribution of doped and no doped samples are shown in
Fig.4 (a) and Fig.4 (b), respectively. The samples can be
described to have the type IV gas adsorption isotherm with
type H2 hysteresis loop, which is representative of materials containing large mesoporous channels [26,27].
Table 3 shows the specific surface area, pore size and
pore volume of the samples. From Table 3 and Fig.4 (b),
it can be found that doped samples have smaller pore
diameter and narrower pore diameter distribution than no
doped sample. However, they have similar specific surface area (about 100m2/g) except 0.5%Tb doped sample
(about 138m2/g). In other words, Tb doping is advantageous for the stabilization of the mesoporous structure,

which agrees well with the result of TEM. The obviously
large value of specific surface area of 0.5%Tb doped
sample may be due to it being a mixture of 82% anatase
and 18% rutile, which is beneficial to the enhancement of
the light harvesting and the adsorption of more reactant
molecules.
TABLE 3 - N2 adsorption–desorption results for mesoporous titania

no doped M-TiO2

SBETa
(m2/g)
100

Dporeb
(nm)
11.5

Vporec
(cm3/g)
0.36

0.2%Tb doped M-TiO2

99

7.8

0.26

0.5%Tb doped M-TiO2

138

7.9

0.34

0.7%Tb doped M-TiO2

103

7.2

0.24

Sample

a The specific surface area measured by N2 adsorption–desorption.
b The pore diameter measured by N2 adsorption–desorption.
c The pore volume measured by N2 adsorption–desorption.
3.5 X-ray photoelectron spectroscopy

XPS analysis is performed on 0.5%Tb doped M-TiO2
powder to identify the valence states of various species
present therein. Fig.5(a) shows the typical full survey with
the high-resolution spectra of Tb4d and Tb3d regions in
Fig.5(b) and (c). The peaks centered are assigned to Tb4d
and Tb3d of Tb4+ as confirmed by the Tb standard PDF
card [28]. For Ti 2p orbital of 2p 1/2 and 2p 3/2, the spinorbital splitting photoelectrons are located at the binding
energies of about 464.4eV and 458.7eV, respectively, being
in agreement with the reported literature values [29, 30].
Therefore, this result means that the Ti oxidation state remain unchanged showing the presence of Ti4+. There may
exist Ti3+ species, but its concentration is too low to be
observed in XPS. The O 1s peak of 529.9eV is assigned
to Ti–O in TiO2.

(a)

(b)

FIGURE 4 - N2 adsorption-desorption isotherms (a) and pore size distribution of doped and no doped samples (b)
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(a)

(b)
(c)
FIGURE 5 - (a) Full XPS spectrum for Tb4+ doped sample; high-resolution XPS spectra of (b) Tb4d ; (c) Tb3d.

3.6 PL analysis

The PL emission spectra of Tb doped M-TiO2 samples were applied to evaluate the separation efficiency of
photo-induced electron-hole pairs. As shown in Fig.6, for
no doped M-TiO2 sample, there appears a very strong PL
emission peak centered at about 370nm, while for Tb doped
M-TiO2, it almost disappears. The additional small peak at
530nm for Tb doped samples can be assigned to f-f electron
transitions of doped Tb ions. The decrease in the PL intensity indicates a decrease in the recombination rate of
photo-induced electron-hole pairs, and thus an enhanced
charge separation efficiency [31,32] that may result in
better photocatalytic activities. Among the as-prepared
samples, the PL intensity of 0.5% Tb doped M-TiO2 is the
lowest and its photocatalytic activity is the highest as
shown in the following section. In combination with Tb
doping, the unique mixed phases of anatase and rutile for
0.5% Tb doped M-TiO2 may also profit to enhance further
the charge separation via heterojunction structure.

FIGURE 6 - PL spectra of no doped M-TiO2, 0.5% and 0.7% Tb
doped M-TiO2 samples.
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3.7 Photocatalytic activity

The fitted results are listed in Table 4.

The photocatalytic activities of pure TiO2, no doped
M-TiO2, Tb doped M-TiO2 and P25 were evaluated by
measuring the photo-degradation of RhB under visible
light irradiation (Fig.7 and Fig.8) [33]. As shown, Tb
doped samples show higher photocatalytic activities than
no doped samples. Tb doping increase the volume of the
crystal lattice, produces lattice distortion and decreases
the probability of recombination of the electron–hole pair.
These factors can improve the photo-catalytic activity.

TABLE 4 - Kinetic values for the RhB photodecomposition
Sample
pure TiO2
no doped M-TiO2
Blank
P25
1%Tb doped M-TiO2
0.7%Tb doped M-TiO2
0.5%Tb doped M-TiO2
0.2%Tb doped M-TiO2

kapp(h-1)
0.23
0.39
0.05
0.95
0.57
0.42
0.96
0.44

t1/2(h)
3.0
1.8
12.8
0.8
1.2
1.7
0.7
1.6

R
0.99
0.98
0.99
0.98
0.99
0.99
0.99
0.99

The results of Fig.8 show that the photocatalytic efficiency of samples is strongly dependent on Tb dopant
amount, and mesoporous structure is also important. The
apparent rate constant kapp increases in the following
order: 0.5%Tb doped M-TiO2 >P25 > 1%Tb doped MTiO2> 0.2%Tb doped M-TiO2 >0.7%Tb doped M-TiO2
>no doped M-TiO2 > pure TiO2>blank. Evidently, the
optimum Tb doped amount is 0.5%, which may be due to
the small band gap, the high surface area and the efficient
separation of photo-induced electron-hole pairs induced
by Tb doping as compared with pure TiO2 and no doped
M-TiO2. It is worth noting that, unlike the other samples
that contain 100% anatase phase, 0.5%Tb doped M-TiO2
sample is a mixture of anatase and rutile that is another important factor modulating its photocatalytic activity because
the mixed crystalline structures are reported to promote the
separation of electron-hole pairs via so called heterojunction structure [32]. It is known that the energy potentials
of the CB and VB of anatase and rutile phases in TiO2 are
-0.53 and 2.67, -0.33 and 2.67eV, respectively, and 0.5%Tb
doped M-TiO2, with the band gap 3.17eV, also have both
anatase and rutile phases. The mechanism of the separation of photogenerated electrons and hole pairs and their
transferring between CB and VB of anatase and rutile phase
driven by the rutile/anatase heterojunction can be proposed
in Fig. 9. When a small amount of rutile phase coexists with
anatase phase, the interface between anatase and rutile

FIGURE 7 - Degradation profile of RhB.

FIGURE 8 - Kinetic study during degradation of RhB.

It is found that the photocatalytic degradation of RhB
obeys pseudo-first-order kinetics equation (eq 7):

C
ln( 0 ) = kappt
C

(7)

where kapp is the apparent rate constant, C is the residue concentration of RhB in the solution after irradiation
time of t, and C0 is the equilibrium concentration at t=0.
In above equation, half-life, t1/2 (h), can be calculated
from kapp by the following equation (eq 8):

t1/2 = ln 2 kapp

(8)

FIGURE 9 - The separation and transport of charge carriers between anatase and rutile.
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promotes the electron transfer, and rutile works as a reaction site for photo reduction [34, 35].
The dissociated e−−h+ pairs could be trapped at the
photocatalyst surface to generate various ROS (reactive
oxygen species) for desired degradations in an aerated
solution. It is reported that a great deal of organic or inorganic substrates could be degraded by oxidative species
such as valence holes or hydroxyl radicals [36]. Some
researchers reported that a surface-bound hydroxyl radical
(•OHads ) is a key species for the oxidative reaction[37].
With a view to determining whether electron or hole plays
a key role in the photodegradation process of RhB, benzoquinone and ethanol were added into aqueous RhB
solution act as a typical electron scavenger and a typical
hole scavenger, respectively. Fig.10 presents the effects of
benzoquinone and ethanol on the photodegradation rate of
RhB. It can be seen that both ethanol and benzoquinone
can obviously inhibit the photodegradation of RhB, and
ethanol displays a little higher effect than benzoquinone,
revealing that the photogenerated holes and electrons are
both active species for the degradation of RhB.

the unique anatase/rutile heterojunction structure, and
displays the highest visible light photocatalytic activity
that can be attributed to the synergistic effects of Tb doping-derived multiple favorable factors and anatase/rutile
heterojunction induced large specific surface area and
efficient separation of electron-hole pairs. In addition, the
photogenerated holes and electrons were examined to be
both active species for the photodegradation of RhB.
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SURFACE AND ADSORPTIVE PROPERTIES OF ACTIVATED
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ABSTRACT

Water pollution is an important environmental concern
in the world, and there are many sources of chemicals in
the environment such as industrial pollution, managed landfills or pesticide runoff. However, industrial wastewater is
the major point source of water contamination [1]. Almost
every industry uses dyes to color their products and the
residual and unspent dyes are discharged into the environment. But the dye structures generally embody aromatic
with various functional groups. The complex molecular

structure often renders them recalcitrant. Some dyes have
been reported to cause allergy, irritation, cancer and even
mutation in humans. Methylene blue, which was most
commonly used substance for dying cotton, wood and silk
can cause some harmful effects. Acute exposure to methylene blue can cause increased heart rate, vomiting, shock,
Heinz body formation, cyanosis, jaundice, quadriplegia,
and tissue necrosis in humans. Therefore, the removal of
such dye from waste streams before discharge to public
water sources is of primary concern [2]. The removal of
color effluents to come from textile dyes is one of the
main problems because of the difficulty in treating such
wastewaters by using traditional treatment methods including coagulation, ultrafiltration, ozonation, oxidation,
sedimentation, reverse osmosis, flotation, precipitation,
etc., due to the economic reasons [3]. In this manner, sorption is generally regarded as an effective technique for the
treatment of dye-containing wastewater. In the late 1950s,
the trickling filter and activated sludge processes were
started to be used to remove the color in textile
wastewater. Lately, activated carbon was widely used in
removal of the dyes from textile effluent, which had relatively high sorption capacity for a wide variety of dyes.
Commercially available activated carbons are usually
derived from natural materials such as wood or coal, and
therefore, are still considered expensive [1]. Due to economical reasons, it was investigated for a long time that
agricultural by-products and waste materials used such as
pomegranate seeds [4], cotton stalk [2], woody biomass
[5], date pit [6], olive stone [7], rice bran [1], walnut shell
[8] for the production of activated carbon. The use of a
suitable raw material is mainly conditioned by its availability and cost, although it also depends on the main applications of the manufactured carbon and the type of
installation available. They are used in the removel of pollutants and dyes, otherwise difficult to eliminate these
waste materials from drinking water and environment.
Activated carbons are very im-portant materials for eliminate these industrial wastes via adsorb on their surface.
Their unique adsorption properties result from the high
surface area, microporosity and broad range of surface
functional groups [9].

* Corresponding author

The activated carbon production has two methods as
physical and chemical. In the physical activation, a raw

Preparation of the activated carbon from pomegranate
shell by H3PO4 chemical activation at different concentrations and calcination temperatures was carried out. The
surface area of chemically modified activated carbon was
1457 m2 g-1. The surface characterization of both plantand activated carbon was undertaken using FTIR-ATR spectroscopic technique. Prepared activated carbon was used as
an adsorbent for the removal of a basic textile dye, which
is methylene blue, from aqueous solutions. The effects of
various process parameters i.e., pH, ionic strength and
temperature, on the adsorption capacity of activated carbon were investigated. This investigation showed that
methylene blue adsorption increased with increasing pH,
temparature and ion strength. Activated carbon had an
isoelectrical point at pH 3.48, and adsorption enthalpy was
calculated as 11.30 kJ/mol. The experimental data indicated
that the adsorption isotherms were well described by the
Langmuir equilibrium isotherm equation. The separation
factor (RL) has shown that activated carbon can be used for
removal of methylene blue from aqueous solutions. According to these results, prepared activated carbon could be
used as a low-cost adsorbent to compare with the commercial activated carbon for the removal textile dyes from
textile wastewater processes.
KEYWORDS:
Pomegranate shell, activated carbon, adsorption, zeta potantial.

1. INTRODUCTION
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material is first carbonized and the carbonized material is
secondary activated by steam or carbon dioxide. In the
chemical activation, a raw material is impregnated with
an activating reagent and the impregnated material is
heat-treated under an inert atmosphere. The carbonization
step and the activation step simultaneously progress in the
chemical activation [10]. Chemical method is used widely
because of its lower activation temperature and high carbon product, large surface area yield as compared to physical method [11]. Chemical activation with H3PO4 consists
in impregnation of the raw material with aqueous solution
of the acid, followed by prolysis in inert atmosphere at
350 and 600 oC. Phosphoric acid causes chemical changes
in the raw material facilitating formation of activated carbon at low temperatures. H3PO4 has two important functions; it promotes the pyrolytic decomposition of the initial material and formation of cross-linked structure. The
decomposition is promoted by the catalytic effect of phosphoric acid on the bond cleavage reactions [5]. Some works
show that methylene blue adsoprtion depends on the chemistry of the carbon surface, specially, porous structure of
the carbon surface is more important. However, some studies show that both the pore size distribution and the surface chemical characteristics play significant roles in dye
adsorption [12]. Therefore, the preparing of activated carbon with high surface area from an agricultural by-product
would be very an interesting subject.
In this study, activated carbon samples were prepared
from pomegranate shell via chemical activation with H3PO4.
The effects of process variables such as activation temperature and H 3PO 4 concentration were investigated to
optimize these parameters. The surface area, pore volumes
and pore size of the activated carbon samples were characterized by BET surface area analyzer. The interaction
between H3PO4 and pomegranate shell was discussed by
FTIR-ATR and SEM images give information about morphology of activated carbon samples. ζ-potential of activated carbon suspensions was investigated as a function
of pH for understanding of the electokinetic properties of
activated carbon. The adsorption ability of prepared activated carbon was tested towards to a cationic dye, which
is methylene blue. In our previous works, we investigated
the adsorption and kinetic properties of methylene blue
onto perlite, sepiolite samples and hazelnut shell [13-18].
In the present study, the effects of solution pH, ionic
strength and temperature on methylene blue adsorption have
been evaluated.
2. MATERIALS AND METHODS
2.1. Materials

The pomegranate shell samples were collected from
Balıkesir, Turkey. They were dried at room temperature,
washed with distilled water to remove dust, dried at 110 oC
for 24 h, ground using a mill and sieved by 0-75 µm sieve.
The particles under 75 µm were used in further experiments.

All chemicals except for methylene blue were obtained
from Merck, and were analytical grade.
2.2. Methylene blue

Methylene blue was chosen as an adsorbate in this
study because of its known strong adsorption onto solids.
Methylene blue has a molecular weight of 373.9 g mol−1,
which corresponds to methylene blue hydrochloride with
three groups of water.
2.3. Preparation of activated carbon and methylene blue
solution

Waste biomass (100 g) was impregnated at different
H3PO4concentrations (0.1 M, 0.5 M, 1 M and 5 M) for 24 h,
and then each one of mixture was dried at 105 oC for 24 h.
The impregnated samples were placed in stainless steel
reactor at 800 oC under nitrogen (N2) flow 10 psi min-1 at
heating rate of 10 oC min-1 at 2 h for carbonization. In this
case, we determined optimal concentration of H3PO4 from
BET surface area measurements and then repeated same
procedure at optimal concentration of H3PO4 under different carbonization temperatures (300, 400, 500, 600 and
700 oC) for determining of optimal carbonization temperature. After cooling the reactor to the room temperature
under the N2 flow, the char was removed from the reactor.
In order to remove the remaining H3PO4 on the char, the
char was washed by hot distilled water and filtered. The
washing and filtration steps were repeated until the filtrate
became neutral. The washed sample was dried at 105 oC
for 24 h to prepare the activated carbon. From these experimental studies we determined the optimal concentration
(5 M H3PO4) and optimal carbonization temperature (700
o
C). This activated carbon sample was used for adsorption
experiments 11].
Methylene blue was A.R. grade from Carlo Erba and
was used without further purification. Methylene blue was
dried at 110 oC for 2 h before use. Stock solutions concentration of methylene blue were 1×10−2 and 1×10-3 mol/L
and stock solutions were prepared with distilled water.
Other concentrations prepared from stock solution by dilution are in the range of 1×10-4 and 20×10-3 mol/L. Studies
of the methylene blue adsorption onto activated carbon
were carried out from its solution.
2.4. Zeta potential measurements

The zeta potential of activated carbon suspensions was
measured using a Zeta Meter 3.0 (Zeta Meter) equipped
with a microprocessor unit. The unit automatically calculates the electrophoretic mobility of the particles and converts it to the zeta potential using the Smoluchowski equation. The Smoluchowski’s equation, the most elementary
expression for zeta potential, gives a direct relation between zeta potential and electrophoretic mobility:
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where EM is electrophoretic mobility at actual temperature (Volt s/cm2), Vt is viscosity of the suspending
liquid (cm2/s), Dt is the dielectric constant, π is constant
and ζ is the zeta potential (mV). The zeta potential measurements were carried out as a function of pH. A sample
of 0.05 g activated carbon in 50 mL distilled water was
added to a thermostatic shaker bath and rinsed for 24 h at
30±1 oC. The samples were allowed to stand for 1 min to
let larger particles settle. An aliquot taken from the supernatant was used to measure the zeta potential. The average of 15 measurements was taken to represent the measured potential. The applied voltage during the measurements was generally varied in the range of 50–150 mV [19,
17].
2.5. Adsorption experiments

The adsorption experiments were carried out at desired concentration, ionic strength, temperature and pH.
The pH of the solution was adjusted with NaOH or HCl
solution by using a Orion 920A pH-meter with a combined pH electrode. pH-meter was standardized with NBS
buffers before every measurement. A preliminary experiment revealed that about 24 h times is required for the
adsorption process to reach the equilibrium concentration.
An agitator incubator stirrer at 30 oC and 150 rpm for 24 h
continuously agitated the mixture. A constant temperature
bath was used to keep the temperature constant. At the
end of the adsorption period, the solution was centrifuged
for 15 min at 3500 rpm. The samples at appropriate time
intervals were pipetted from the reactor by the aid of the
very thin point micropipette, which prevents the transition
to solution of activated carbon samples. Preliminary experiments had shown that the effect of the separation time
on the amount of adsorbed dye was negligible. The
amount of adsorbed dye on activated carbon at any time,
t, was determined from absorbents measured with a
PerkinElmer Lambda 25 UV/VIS spectrophotometer at a
663 nm wavelength, at which the maximum absorbents
occurred. The amounts of dye adsorbed were calculated
from the concentrations in solutions before and after adsorption. Each experimental point was an average of two
independent adsorption tests. The methylene blue concentration on activated carbon was calculate according to Eq.
(2)

q e = (C0 − Ce )

V
W

(2)

where Co and Ce are the inital and equilibrium liquidphase concentrations of methylene blue solution (mol/L),
respectively; qe is equilibrium methylene blue concentration on adsorbent (mol/g), V is the volume of methylene
blue solution (L), and W is the mass of activated carbon
sample used (g)[13,18].
2.6. Characterization of activated carbon

BET surface area and porous properties of activated
carbon were determined by N2 adsorption (at 77 K) using
a surface analyzer (Quantachrome Ins., Nova 2200e). The

activated carbon sample was degassed for 24 h at 250 oC
to remove any moisture or adsorbed contaminants that
may have been present on their surface. Total volume of
pores were determined as 2.709 cm3/g by DFT dV(r)
method and mesopore volume was calculated as 2.709
cm3/g from Vtotal (Vmeso=Vtotal-Vmicro) equation. The density
of activated carbon was determined as 0.21 g/cm3 by the
pycnometer method [13].
The surface physical morphology of activated carbon
was determined by using A Zeiss Ins., SUPRA 50 VP
scanning electron microscopy (SEM) technique. The
functional groups on the surface of activated carbon were
determined by using FTIR-ATR technique (Perkin-Elmer
Spectum100) in the range of 4000–600 cm−1 in the transmission mode.
3. RESULTS AND DISCUSSION
3.1 Characterization of activated carbon
3.1.1 BET surface area and pore structural characterization

Adsorptive capacity, the most important of activated
carbon properties, is directly related to specific surface area
and pore volume. Surface areas of activated carbons synthesized by H3PO4 activation from pomegranate shell
under different conditions have been given in Table 1. As
the concentration increased, a rise in BET surface area has
been observed. Yavuz et al. [7], found that the increase in
H3PO4 concentration is not the more rise in the surface
area but also affected the pore volume in the activated
carbon and distribution of the pores. The tendency of the
change in the specific surface area with the carbonization
temperature resembles each other. The specific surface
areas of the prepared activated carbons from pomegranate
shell increase with an increase of carbonization temperature between 573 and 973 K and decrease at the temperature of 1073 K. As seen from Table 1, BET surface area at
optimal conditions (5 M H3PO4 and 973 K) was found to
be 1457 m2/g. In low temperatures, it was determined that
surface area of activated carbon was lower because pores
cannot be entirely opened. On the other hand, there has
been a decline in the surface area at higher temperatures
than the optimum temperature. This case is attributed to the
causal relation between the decline in pore volume and that
in specific surface area. A similar case was observed in a
study reported by Hsu and Teng [21]. A rise in temperature in this study led to the decrease in micropore volume
through damage of micropore sides, an increase in mesoporosity surface area and a decrease in micropore volume as
well as specific surface area. Pore size distribution, a very
important property of adsorbents, determines the fraction
of the total pore volume accessible to molecules of a
given size and shape. According to the classification of
IUPAC-pore dimensions, the pores of adsorbers can be
grouped into micropores (d<2 nm), mesopore (d=2–50 nm)
and macropore (d>50 nm) [2]. The pore volume distributions of activated carbon show that all of the pores fall
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into the range of mesopore. The different textural characteristics of activated carbons were found by El-Hendawy et
al. [22].
TABLE 1 - BET surface areas of the activated carbon samples
Concentration
(M)
0.1
0.5
1.0
5.0
-----

BET surface
area (m2/g)
76
255
233
1175
-----

Temperature
(0C)
300
400
500
600
700
800

BET surface
area (m2/g)
17
827
1257
1369
1457
1175

3.1.2 SEM analysis

Scanning electron microscopy (SEM) technique was
employed to observe the surface physical morphology of
the pomegranate shell derived activated carbon. Figure 1
shows SEM photographs of pomegranate shell before and
after the carbonization at the optimum condition. It can be
seen from the SEM image that the raw material is nonporous, while many large pores were developed on the
surface of activated carbon by H3PO4 activation. The external surface of the activated carbon is full of cavities compared with pomegranate shell. According to the micrograph, it seems that the cavities resulted from the evaporation of H3PO4 during carbonization, leaving the space
previously occupied by the H3PO4.

a.

b.
FIGURE 1 - SEM image for a. raw pomegranate shell and b. activated carbon
3.1.3 FTIR-ATR analysis

The FTIR-ATR spectrum of pomegranate shell and activated carbon prepared from pomegranate shell at 700oC
are shown in Figure 2. The spectrum of pomegranate shell
exhibited bands at 3287 cm-1 which can be attributed to the
OH stretching vibrations in hydroxyl groups. The band at
2926 cm-1 is due to C-H vibration of aliphatic groups such
as methyl and methylene groups. This band contrasts to
the C-H vibrational bands for –CH3 and –CH2-, which are
located between 1300 and 1500 cm-1 and are very useful
for identifying the methyl and methylene groups in a given
compound. The peak at 1717 cm-1 is usually assigned to
C=O stretching vibrations in ketones, aldehydes, lactones
and carboxylic groups. Absorption due to C-O vibrations
occurs between 1300 and 850 cm-1. The band at 1223 cm-1
may be due to esters and strong one at 1015 cm-1 to C-O
vibration in C-OH moiety. For activated carbon prepared
from pomegranate shell, compared with the FTIR-ATR
spectrum of pomegranate shell, the carbonization of pomegranate shell lead to break up the bonds of the ketones,
aldehydes, lactones and carboxylic groups and then evaporate them as volatile matter. The decrease in the oxygen
groups, following the heat treatment process of pyrolysis,
indicates that these parts of the functional groups are
thermally unstable [23; 24]. No peaks will be observed
corresponding to any functional group for activated carbon sample and there is only elemental carbon.
3.2. Adsorption

The adsorption of methylene blue on activated carbon
from aqueous solutions has been investigated as a function of pH, ionic strength and temperature.
3.2.1 Effect of pH

pH is one of the most important parameters for the
adsorption experiments. pH influences the development
of positive and negative surface charges, which directly
affect the surface adsorption. The amphoteric nature of
carbon depends not only on the surface functional groups
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of the carbon but also the isoelectric point or point of zero
charge of the activated carbon [25]. The surface properties of the activated carbon change with increase in pH
because the positive charge on solution interface decrease
and the activated carbon surface appears negatively
charged. Figure 3 shows the variation of zeta potential
with equilibrium pH of activated carbon suspensions. As
seen from the figure, the zeta potential of activated carbon
suspension has decreased with increase in its equilibrium
pH and approximately it has an isoelectric point at pH
3.48. This means that, when pH<pHIEP the activated carbon surface is positively charged, while pH>pHIEP activated carbon surface is negatively charged. Figure 4 shows
the effect of pH to the adsorption of methylene blue onto
the activated carbon. The pH of solution appears to be a
key factor affecting the adsorption characteristics of
methylene blue onto the activated carbon. At lower pH

more protons will be available, thereby decreasing electrostatic attractions between positively charged dye cations
and positively charged adsorption sites and therefore ionic
repulsion between the positively charged surface and the
cationic dye molecules to cause a decrease in dye adsorption. The fact that the number of hydroxyl ion in the solution increases means that the surface will be more negative. As a result, it can be deduced that methylene blue
removal will increase since the interaction of methylene
blue with active carbon surface will be simplified. A
higher adsorption capacity was obtained at higher pH
values due to the abundance of OH- ions therefore increasing electrostatic attractions between positively
charged dye cations and negatively charged adsorption
sites. Similar result was found for methylene blue adsorption on activated carbon obtained from Euphorbia rigida
[3].

FIGURE 2 - FTIR-ATR spectrum of raw material and activated carbon
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FIGURE 3 - Variation of zeta potential with equilibrium pH of
activated carbon

FIGURE 4 - The effect of solution pH to methylene blue adsorption
on the activated carbon

3.2.2. Effect of ionic strength

The ionic strength of solution has a significant role in
adsorption process. In this study, NaCl was chosen as a
salt in order to examine the influence of the ionic strength
to the adsorption of methylene blue on the surface of activated carbon synthesized from pomegranate shell. Experiments have been conducted in the concentrations of 0,
1x10-3, 1x10-2 and 1x10-1 mol/L of NaCl. Figure 5 illustrates the influence of the ionic strength to adsorption of
methylene blue on activated carbon. As seen from this
figure, it was noticed that the adsorbed amount of methylene blue on the surface of active carbon increased with
increase in ionic strength. The presence of NaCl in the
solution may have two opposite effects. On the one hand,
since the salt screens the electrostatic interaction of opposite charges of the surface and the dye molecules, the adsorbed amount should decrease with increase of NaCl concentration. On the other hand, the salt causes an increase
in the degree of dissociation of the dye molecules by facilitating the protonation. The adsorbed amount increases as
the dissociated dye ions free for binding electrostatically
onto the surface of oppositely charged increase [26, 27].
The latter effect seems to be dominant on the adsorption
capacity of the activated carbon surface. For the adsorption of BBF by soils and malachite green by husk-based
activated carbon, the adsorption was also found to increase with increasing ionic strength [28, 29].

FIGURE 5 - The effect of ionic strength to methylene blue adsorption on the activated carbon
3.2.3. Effect of temperature

The dependence of adsorption reactions to temperature
gives significant information related to entalphy variation.
To investigate the effect of temperature, the equilibrium
adsorption capacity for methylene blue onto the activated
carbon was studied in the temperature range of 30-60 0C.
The variation of adsorbed amount of methylene blue to
temperature has been presented in Figure 6. The experimental results indicated that the magnitude of adsorption
was proportional to the solution temperature. We found that
the adsorbed amount of methylene blue increased significantly when the temperature increased from 30 to 60 0C.
This may be a result of increase the rate of diffusion of the
adsorbate molecules across the external boundary layer and
in the internal pores of the adsorbent particle, owing to
the decrease in the viscosity of the solution, and change
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the equilibrium capacity of the adsorbent for a particular
adsorbate. An increasing number of molecules may also
acquire sufficient energy to undergo an interaction with
active sites at the surface. Furthermore, increasing temperature may produce a swelling effect within the internal
structure of the adsorbent enabling large dyes to penetrate
further as found by Asfour et al. [30]. The maximum adsorption capacity for methylene blue onto activated carbon
was 8.84x10-4 mol/g. The adsorbed amount of methylene
blue on the surface of activated carbon increases with increase in the temperature indicates the process of adsorption is an endothermic process, which was opposite to the
exothermic adsorption usually encountered.

8,4
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8,3

-lnCe (mol/L)

8,3
8,2
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8,1
8,1
8,0
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7,9
7,9
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-1
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FIGURE 7 - Plot of –lnCe vs. 1/T for methylene blue adsorption onto
activated carbon
3.3. Adsorption isotherms

FIGURE 6 - The effect of temperature to methylene blue adsorption
on the activated carbon

The isosteric heat of adsorption, ΔH0, from the adsorption data at various temperatures as a function of
coverage fraction (θ=qe/qm) can be estimated from the
following equation[13]:
0

−

⎡ ∂(lnCe ) ⎤
ΔH
= ⎢
⎥
Rg
⎣ ∂(1/T ) ⎦ θ = 0.5

(3)

where Rg is the gas constant. Figure 7 shows the plots
of –lnCe against 1/T. The value of ΔH was calculated at a
specific coverage fraction of 0.5 as 11.30 kJ/mol for
methylene blue. The results show that the interactions between surface and adsorbate molecules are a physical interaction. Since adsorption is an endothermic process, it
would be expected that an increase in solution temperature would result in an increase in adsorption capacity
[31]. Similar result was found for the adsorption of methyle violet on perlite[32].

The thermodynamic assumptions of adsorption isotherms and their estimate parameters provide the insight
for both the properties of the surface and the mechanism
of adsorption [2]. The analysis of the isotherm data by
fitting them to different isotherm models is an important
step to find the suitable model that can be used for design purpose. The amount of methylene blue dye adsorbed (qe) has been plotted against the equilibrium concentration (Ce) as shown in Figures 4-6. The equilibrium
adsorption density, qe increased with the increase in dye
concentration. Several models have been published in the
literature to describe the experimental data of adsorption
isotherms. The Langmuir and Freundlich are the most frequently employed models. In this work, both models were
used to describe the relationship between the amount of
dye adsorbed and its equilibrium concentration [33].
3.3.1 Langmuir isotherm

Langmuire isotherm assumes monolayer adsorption
onto a surface containing a finite number of adsorption
sites of uniform strategies of adsorption with no transmigration of adsorbate in the plane of surface. Langmuir
equation varies as a function surface coverage [34]. The
linear form of Langmuir isotherm equation is represented
by the following equation [35]:

Ce
1
1
=
+
qe qmK qm

Ce

(4)

where qe is the amount adsorbed at equilibrium time
(mol/g), Ce is the equilibrium concentration of the adsorbate ions (mol/L), qm and K are Langmuir constants related
to maximum adsorption capacity (monolayer capacity)
and energy of adsorption, respectively. When Ce/qe is
plotted against Ce, a straight line with slope 1/qm and
intercept 1/qmK is obtained, which shows that the adsorption of methylene blue follows Langmuir isotherm model.
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Conformation of the experimental data with the Langmuir isotherm model indicates the homogeneous nature of
activated carbon surface, i.e., each dye molecule/activated
carbon adsorption has equal adsorption activation energy;
the results also demonstrate the formation of monolayer
coverage of dye molecule at the outer surface of prepared
activated carbon. Similar observation was reported by the
adsorption of acid orange 10 dye onto activated carbon
prepared from agricultural waste bagasse [36], the adsorption of direct dyes onto activated carbon prepared from
sawdust [37], the adsorption basic dye onto activated
carbon prepared from rattan sawdust [33] and the adsorption of congo red dye onto activated carbon from coir pith
[38]. Values of qm and K were calculated from the inter-

cept and slope of the linear plot and are presented in Table 2 (not shown the Figures).
The effect of isotherm shape has been discussed [39]
with a view to predict whether an adsorption system is favorable or unfavorable. The essential feature of the Langmuir isotherm can be expressed by means of RL, a dimensionless constant referred to as separation factor or equilibrium parameter RL is calculated using the following
equation:

RL =

1
1 + KC e

(5)

The RL value implies the adsorption to be unfavorable
(RL>1), linear (RL=1), favorable (0<RL<1) or irreversible

TABLE 2 - Isoterm constants for methylene blue adsorption onto activated carbon
Temp.
(0C)

[I]
(mol/L)

30
40
50
60
30
30
30
30
30
30
30

--------0.1000
0.0100
0.0010
-------

pH
--------------3
5
7
9

qm
(mg/g)
270
303
313
323
357
323
303
286
303
286
313

Langmuir
qm
K (L/mol)x106
(mol/g)x104
7.4
1.34
8.16
4.71
8.60
3.53
8.84
5.14
9.76
5.39
8.71
6.37
8.33
7.50
7.78
1.07
8.16
8.75
7.84
3.19
8.52
3.78
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Freundlich
R2

R2

0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99
0.99

0.52
0.69
0.61
0.95
0.94
0.91
0.96
0.92
0.98
0.87
0.93

RL
0.001-0.85
0.05-0.99
0.07-0.84
0.05-0.92
0.006-0.67
0.004-0.99
0.003-0.81
0.002-0.84
0.002-0.99
0.00-0.98
0.006-0.26
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(RL=0). The values of RL calculated as above equation are
incorporated in Table 2. As the RL values lie between 0
and 1, the on-going adsorption process is favorable.
3.3.2 Freundlich isotherm

The Freundlich isotherm is an empirical equation
employed to describe heterogeneous systems. A linear
form of the Freundlich equation [40] is:

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

(6)

where qe is the amount adsorbed (mol/g), Ce is the
equilibrium concentration of the adsorbate, KF and n are
Freundlich constants, n giving an indication of how favorable the adsorption process is and KF is the adsorption
capacity of the adsorbent. KF can be defined as the adsorption or distribution coefficient and represents the quantity
of dye adsorbed onto activated carbon adsorbent for a unit
equilibrium concentration. The slope 1/n ranging between 0
and 1, is a measure of adsorption intensity or surface heterogeneity, becoming more heterogeneous as its value gets
closer to zero [41]. A value of 1/n below one indicates a
normal Langmuir isotherm while 1/n above one is indicative of cooperative adsorption [42]. Freundlich constants
(KF and n) were calculated and recorded, which are listed
in Table 2 (not shown the Figures). The results suggest that
metylene blue is favorably adsorbed by activated carbon.
The Langmuir isotherm fits quite well with the experimental data (correlation coefficient R2=0.99), whereas the
low correlation coefficient (R2=0.52-0.98) shows poor
agreement of Freundlich isotherm with the experimental data.

according to raw material. FTIR-ATR spectrums show
that the raw material had functional group peak while
activated carbon had not any functional group peak. Activated carbon suspension has an isoelectric point at pH
3.48. The straight lines obtained for the Langmuir and
Freundlich models obey to fit to the experimental equilibrium, but the Langmuir model gives better fitting than
Freundlich model. Value of RL was found to be in the
range of 0.001-0.99 and confirmed that the prepared activated carbon is favorable for adsorption of methylene
blue dye. The adsorption process was endothermic and
the entalphy value was calculated as 11.30 kJ/mol. These
results indicated that the pomegranate shell-based activated carbon could be employed as a low-cost alternative to
commercial activated carbon in the removal of methylene
blue dye from wastewater.

The maximum monolayer adsorption capacities of
methylene blue dye on various adsorbents such as activated
carbon from sunflower oil cake [25], activated carbon from
Euphorbia rigida [3], activated carbon from hazelnut shell
[43], activated carbon from Rattan sawdust [33], activated
carbon from Apricot stones [43], activated carbon from
date Stones [44], activated carbon from sugar beet molasses [45] and activated carbon from hazelnut husk [46]
were found as 16.43, 114.45, 8.82, 294.12, 4.11, 398.19,
221 and 344.83 mg/g, respectively. As seen from Table 2,
qm vales have been changed in the range of 270-357 mg/g.
These results show that the activated carbon studied in
this work has very large adsorption capacity. This is due
to its high surface area (1457 m2/g).

The authors have declared no conflict of interest.
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ABSTRACT
Particulate matter of different sizes has various sources
and affects the environment and human health differently,
so it is extremely important to study the characteristics of
particles with different diameters in order to deeply understand the pollution situation and establish reasonable
policies. In this paper, parallel measurements of particle
mass concentration (TSP, PM10), size-segregated particle
number concentration and meteorological parameters are
conducted at a suburban background site in Qingdao, China,
during the summer period of 2012. Their diurnal variations and dependencies on meteorology are investigated.
The calculated mass concentrations of TSP and PM10 are
92.0µg/m3 and 114.8µg/m3, respectively. It is also found
that the average particle number concentrations of total
particles (0.3-10 µm), sub-micrometer particles (0.3-0.5 µm
and 0.5-1.0 µm), fine particles (1.0-3.0 µm) and coarse
particles (3.0-5.0 µm and 5.0-10 µm) are 4.5×106 particles/m3, 4.3×106 particles/m3, 1.0×105 particles/m3 and
3.9×104 particles/m3 , respectively. In addition, the average diurnal variations of total and sub-micrometer particles show unimodal distribution with the peak value at
7:00 (a.m.). Nevertheless, the distribution of fine and coarse
particles is bimodal with another peak at 17:00. As for the
meteorological parameters, air temperature and relative
humidity exert little effect on particle mass and number
concentrations, whereas wind speed and wind direction
strongly affect the particle concentrations, especially for
the size-segregated particle number concentration in the
suburban area of Qingdao.

KEYWORDS: Particulate matter; number concentration; diurnal
variation; meteorological parameters

1. INTRODUCTION
Particulate matter (PM) is one of the most serious atmospheric pollutants in Chinese cities. With the number
of studies on the physical and chemical characteristics of

* Corresponding author

PM increasing [1], its effects on human beings are well established. For instance, the exposure to high particle concentration is closely associated with morbidity and mortality
[2-4]. The adverse health impacts caused by number concentration of particulate matter have been reported to be
stronger than those caused by mass concentration [5]. Therefore, it is crucial to investigate the particle number concentration as well as mass concentration in order to fully understand characteristics of the atmospheric particulate.
The concentration of atmospheric particles in suburban areas can be affected by several factors. Exhaust, nonexhaust and suspension emissions originating from local
traffic are considered to be major factors that influence the
short-term and high spatial resolution behavior of particle
concentration [6, 7]. On the other hand, the meteorological parameters, such as wind speed, wind direction, temperature and relative humidity, also exert influence on the
particle number and mass concentrations [8, 9]. Therefore, experimental studies have been conducted to investigate the relationship between meteorological variables
and PM concentrations. Pateraki et al. [10], in a 53-monthstudy, demonstrated the role of meteorological parameters
in influencing different-sized particle fractions in the city
of Athens (Greece). Galindo et al. [11] also investigated
the influence of meteorology on PM concentrations at
Elche (Spain). Degaetano et al. [12] exclusively focused on
the role of wind and temperature in affecting the variability of PM2.5 concentration over the city of New York (USA).
Sharma et al. [9] examined the relationship between meteorological parameters and particle number concentration
in Roorkee (India) during summer season.
To our knowledge, previous studies are mainly carried out in metropolitan cities of China [13-15]. Qingdao,
the second major co-host of 2008 Beijing Olympics, has
been one of the earliest 21 coastal cities since China
launched the reform and opening-up policy. Rapid progress in infrastructure development causes heavier and
heavier air pollution. However, no work has been done to
simultaneously measure the mass and number concentrations, and comparatively analyze the temporal variations
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of PM with different sizes in Qingdao. To obtain representative PM distribution and concentration data for climate models and epidemiological studies, experiments of
particle number and mass concentrations are conducted in a
suburban area of Qingdao. The objective of this study is to
monitor the TSP and PM10 mass concentrations and particle number concentration in different-sized bins, so as to
assess their temporal variation. In addition, the impacts of
meteorological parameters (temperature, relative humidity, wind speed and wind direction) on simultaneously
collected data of different-sized particle fractions are studied. Moreover, the statistical analysis and correlations with
various meteorological parameters are also performed.
The research conducted in this paper will greatly enrich
the database of PM information in Qingdao.
2. MATERIALS AND METHODS
2.1 Description of study area

As one of the coastal cities in Shandong Province,
Qingdao is geographically located nearby the Yellow Sea
(latitude of 36°06′N, longitude of 120°27′E). Qingdao has
a typical temperate monsoon climate with the average temperature of 12.5 °C, being strongly influenced by the local
maritime climate. On average, the annual relative humidity (RH) and precipitation are 73% and 696 mm, respectively. The sea breeze occurs nearly all the year round,
especially from May to September [16]. The large temperature differences existing between land and sea, along with
the air flow on shore, bring about foggy weather easily.
According to the Environmental Protection Agency's
(EPA) criteria, at a height of 15 m above the ground
surface, the sampling spot is located on the third floor of
15th teaching building at Shandong University of Science

and Technology campus (36°00′N, 127°12′E), which
is situated in Huangdao District (Fig. 1). The sampling
site is located at a suburban area which is far away from
the industrial areas. There are only residential and teaching areas in the vicinity. The two major roads (Qianwangang Road and Kunlunshan Road) are, respectively,
200 m away in the south and 900 m away in the east.
2.2 Instruments and Experimental methods

In this study, the experimental campaign was performed from June to September in 2012. The mass concentrations of TSP and PM10 are determined by adopting
gravimetric method. Loaded with 20×25 cm glass microfiber filters, the HY-1000B smart high-volume cascade impactor (http://www.cnhy.cn/products_index.html) is used
for collecting PM10 and PM10–100 samples simultaneously,
operating at a flow-rate of 1.05 m3/min.
Before sampling, the glass microfiber filters are put
into desiccators for at least 24 h, with the temperature being
25 °C and humidity being about 50%, to achieve a constant humidity. Subsequently, their weights are measured
with a 5-digit sensitive balance. In the process of the sampling, the air experiences two stages to pass through the
cascade impactor. At first, the air is drawn into the head
of the cascade impactor, which is a combination of PM10
cut-off impacting plate and filters. The bigger particles
(particles of diameters between 10 and 100 µm) are collected over a dried and weighed 20×25 cm Z03-49# glass
microfiber filter. Then, the rest of the particles (particles
of diameters less than 10 µm) are also collected over a
dried and weighed 20×25 cm Z02-49# glass microfiber filter.

Qingdao

0 10km
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FIGURE 1 - The geographic location of the sampling site.
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Thus, the collection over the Z03-49# and the Z02-49#
glass microfiber filters represents the mass of PM10-100 and
PM10, respectively. The collection period of each sample
lasted approximately 24 h. After sampling, the filters are
taken to the laboratory, weighed after conditioning them
in desiccators for 24 h, and then, their weights are measured over again under the same conditions as the empty
filters. For each sample, weight measurements are repeated three times, and the averages are reported.
The sampling procedures are strictly conducted based
on Chinese National Standards of Ambient Air Quality
Monitoring (http://www.zhb.gov.cn /tech/index.htm). Field
and laboratory blank filter samples are routinely analyzed
for PM10 and TSP to evaluate analytical bias and precision.
The relative error of the sampling and weighting procedure is
controlled to be within 5%. A total of 102 valid samples
including TSP and PM10 are collected during the sampling
periods. Particle mass concentration is determined gravimetrically by weighing the particle mass collected and
knowing the total volume of air sampled.
In the present study, particle number concentration is
measured with an optical particle counter (model Y09310, Sujing Group Automation Instrument Equipment Co.,
Ltd., Suzhou, China), which is a real-time direct-reading
monitor. The monitor uses a light scattering technique to
determine the number concentration of airborne particles.
A light beam intersects a flow of ambient air containing
particle matters, and then, the light incident on particle
matters is scattered and received by a photo-multiplier
tube. The output of the photo-multiplier tube is amplified,

and then, fed to a pulse height analyzer, which divides the
particle response into different size ranges. The pulse height
is directly proportional to the particle size. The instrument
is microprocessor-based and gives direct printout of particle number concentration for different size ranges of >0.3,
>0.5, >1.0, >3.0, >5.0 and >10 µm. It is operated at a
flow-rate of 28.3 L/min, and the error in all size ranges is
less than 5%. The number concentration of particles in the
above size ranges is recorded at every 90-second interval.
In order to minimize their influence on the estimates
and ensure the retention of legitimate measurements, outliers and missing data had to be defined and carefully scrutinized before their retention or elimination [17]. During
the whole sampling, main reasons for outliers and missing
data are power failures, programming errors as well as
computer failures. It is found that around 0.5% of all the
available data is considered to be outliers. In this paper, it
is hypothesized that the data is missing at random, and the
missing data is independent of the measuring time.
In addition, the measurements of meteorological parameters like temperature, relative humidity, wind speed
and wind direction are also carried out during the sampling period. For the analysis of the surface wind patterns,
2-min interval data of wind speed and wind direction are
provided by a JTR06A multi-channel aerovane (Beijing
Century Jiantong Technology Development Co., Ltd.) which
is installed at the sampling site. A statistical summary of
those basic meteorological parameters is summarized in
Table 1.

TABLE 1 - Statistical summary for TSP and PM10 mass concentrations and the prevailing wind speed, temperature and relative humidity
conditions during the sampling period.

June

July

August

September

The whole period

parameter
TSP (µg/m3)
PM10 (µg/m3)
T(℃)
RH (%)
wind speed (m/s)
TSP (µg/m3)
PM10 (µg/m3)
T (°C)
RH (%)
wind speed (m/s)
TSP (µg/m3)
PM10 (µg/m3)
T (°C)
RH (%)
wind speed (m/s)
TSP (µg/m3)
PM10 (µg/m3)
T (°C)
RH (%)
wind speed (m/s)
TSP (µg/m3)
PM10 (µg/m3)
T (°C)
RH (%)
wind speed (m/s)

Mean
120.0
93.9
19.2
89.4
2.1
133.1
109.6
22.2
91.7
1.5
100.5
79.8
21.5
81.5
1.2
98.1
79.2
18.9
76.7
0.9
114.8
92.0
20.6
85.9
1.5

Median
122.4
91.6
18.9
89.8
1.6
116.7
92.1
22.5
94.1
1.7
95.1
69.5
21.8
82.7
1.0
105.9
85.1
19.0
77.5
0.9
109.0
85.3
20.5
85.8
1.4
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SD
42.7
36.9
1.0
5.6
0.7
92.5
79.5
1.5
7.1
0.5
32.7
30.7
1.7
5.7
0.9
30.4
25.1
0.8
10.6
0.3
57.9
50.1
1.9
8.8
0.7

Min
54.5
46.5
17.6
77.2
0.9
12.6
11.1
19.5
73.6
0.2
62.1
49.0
17.9
69.2
0.1
51.6
41.4
17.6
55.0
0.6
12.6
11.1
17.6
55.0
0.1

Max
207.0
182.6
20.8
98.4
3.5
335.3
280.4
24.8
100.0
1.9
179.4
162.2
23.9
89.6
3.0
134.8
112.8
20.0
87.4
1.4
335.3
280.4
24.8
100.0
3.5
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2.3 Conditional probability function

The conditional probability function (CPF) analysis is
performed in order to determine the possible locations of
the emission sources. It is defined by:
,
where, mΔθ is the number of events from wind sector
Δθ which are greater than the threshold criterion (75%
percentile), and nΔθ is the total number of events from the
same wind sector. In the present study, wind direction
bins (Δθ) are set at an angle of 15° so that there are 24 wind
sectors. Calm wind speed samples (< 1m/s) are excluded
from the analysis due to the behavior of wind vane under
calm winds [18]. The emission sources are likely to be located in the direction with high CPF values.
3. RESULTS AND DISCUSSION
3.1 Mass concentrations of TSP and PM10

Table 1 shows descriptive statistics of TSP and PM10
mass concentrations for a 4-month (June to September)
period. The daily average mass concentrations are in the
range of 11.1–280.4 µg/m3 for PM10, and 12.6–335.3 µg/m3
for TSP. As far as PM10 is concerned, only three of the
monitored data exceed the legislative PM10 limit values
(150 µg/m3) set by U.S. E.P.A. on a daily basis. The high
standard deviation values recorded are partly attributed to
the wind speed and rainfall, which are related to the dispersion and removal of atmospheric pollutants. The two
crucial parameters show a great daily variability during
the sampling period. Average daily variations of TSP and
PM10 levels, as well as rainfall during the study period,
are presented in Fig. 2.
As can be seen from the figure, both the maximum
and minimum concentrations are recorded in July. Based
on the previous studies of particle formation, it can be
assumed that the majority of TSP and PM10 are primarily
released from traffic and soil sources [19-21]. In this paper,

the sampling site is a background station with no significant stationary emissions, and the daily traffic intensity around the sampling site is extraordinarily constant (~28,000±500 vehicles per day on weekdays); thus,
we suppose that the source strength is almost constant
[22] throughout the study period of the present investigation. According to this assumption, the marked peaks observed in July are triggered by the prevailing meteorological conditions. At the beginning of July, the foggy weather
lasts approximately 2 days. During the time just before the
fog appears, the relative humidity is high, which promotes
the adsorption and conversion process among particulate
matters. At the same time, the atmospheric environment is
relatively stable and the wind speed is low, which is not
conducive to the diffusion of the particles. Therefore, the
maximum mass concentrations observed in July can be
attributed to the heavy fog. During the sampling period,
the maximum rainfall of 22.2 mm is monitored in July, so
the minimum mass concentrations can be ascribed to the
scavenging of particles by rain. This result confirms that
rainfall plays an important role in purifying the atmosphere, which is consistent with the conclusion drawn by
Bayraktar et al. [23].
As a means to assess the general pollution levels of PM
at our study site, comparison is made between our PM
mass concentrations data with that reported previously in
the same city. In the present study, the average TSP and
PM10 mass concentrations correspond with a 4-month (June
to September) period. Our average PM mass concentration data (92.0 µg/m3 for PM10 and 280.4 µg/m3 for TSP)
are higher than the values obtained by Sheng et al. [16]
(58.9 µg/m3 for PM11 and 89.1 µg/m3 for TSP) from June
to August. Particulate matter may be generated from a wide
variety of mobile, stationary and natural sources, such as
windblown soil and surface dust, vehicular and industrial
emissions, combustion processes and so on [24-27]. Consequently, the selection of the sampling site, local meteorological and geographical conditions are all affecting
the formation of these differences existing in mass concentrations.

30
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300
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20
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FIGURE 2 - The daily change of TSP and PM10 mass concentrations in the sampling period.
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3.2 Size-segregated particle number concentration

In this study, particulate matter is divided into different size classes in order to derive more information on
their changes in number variations. Therefore, sizesegregated particle number concentration is measured during the sampling period, and the particle data is analyzed
in three size fractions. The first fraction is that of sub-micrometer particles (0.3-0.5 µm and 0.5-1.0 µm), the second one is fine particles (1.0-3.0 µm), and the last one is
coarse particles (3.0-5.0 µm and 5.0-10 µm). Moreover,
the total particles refer to particulate matter with aerodynamic diameter varying from 0.3 to 10 µm.
3.2.1 Overview of the particle number concentration

In the present study, the percentage of size-segregated
particle number concentration to the total particle number
concentration is calculated. The total particle number concentration is mostly contributed by 0.3-0.5 µm particles,
with the average contribution being 65.0%. Further calculations show that particles of 0.5-1.0, 1.0-3.0, 3.0-5.0 and
5.0-10 µm contribute 31.9, 2.2, 0.7 and 0.2% to the total
particles, respectively.
The monthly means of size-segregated particle number concentration as well as the standard deviation are
listed in Table 2. During the whole period of observation,
the concentration of 5.0-10 µm particles is the minimum,
whereas the concentration of 0.3-0.5 µm particles is the
maximum. There is a steady decrease in all the sizesegregated particle number concentrations from June to
September. Such a phenomenon is partly explicable by
the wind direction and rainfall. On one hand, appropriate
wind directions lead to transportation of high amounts of
air pollutants, especially from linear sources (main roads),
which are producing high proportions of emissions to the
samplers [28-30]. Herein, the linear sources lie to the south
and east of the sampling site, respectively. The dominant
wind direction gradually transits from southeast to southwest during the whole sampling period, so the probable
transportation of traffic-sourced particles from the main
roads to the sampling is on the decline. On the other hand,
according to the valid size-segregated particle samples and
corresponding meteorological parameters, the total rainfall
is measured to be 82.0 mm. During the sampling period
(from June to September), the frequency of rainfall is
0.11, 0.18, 0.21 and 0.25, respectively. This could partly
account for monthly variations of all the size-segregated
particle number concentrations. Sharma et al. [9] also stud-

ied the atmospheric particle number concentration in summer. Their results were higher than those of our research
by an order of magnitude in June and July, except for coarse
particles number concentration. These differences might
depend on the sampling site and the local meteorological
parameters, especially wind speed and wind direction.
The mean number concentration of size-segregated
particle is analyzed and plotted against time of the day, as
shown in Fig. 3. In general, the diurnal patterns of submicrometer particles and the total particles almost show a
unimodal distribution, while the variations of hourly average number concentrations for fine and coarse particles
are bimodal. Similar results were derived in Beijing [31]
and Lanzhou [13].
Variations of the sub-micrometer particles are similar
to those of the total particles. As can be seen from Fig. 3,
the peak of the total and sub-micrometer particles is observed occurring at 7:00, which is highly consistent with
the diurnal variation of the accumulation mode particle
number concentration in Beijing [32]. In general, the secondary aerosol and biomass burning, gasoline emissions
and sea salt, diesel emissions, and coal combustion are the
most dominant contributors to sub-micrometer particles.
As a result, the unimodal distribution of the sub-micrometer
particles number concentration is likely to be relevant with
the daily patterns of traffic and wind direction. The peak
observed in the morning rush hour is affected by emissions spreading directly from the main roads to the sampling site, whereas the lack of a corresponding peak in the
afternoon rush hour is explained by the reversal of wind
direction. This interpretation is based on the conclusions
drawn by Hitchnis et al. [33]. Compared with submicrometer particles, the daily distribution of fine and
coarse particles is bimodal with two peaks at 7:00 and
17:00, respectively. The fine and coarse particles are
primary in origin and usually include biological particles,
which are produced by agricultural and construction works,
anthropogenic activities, and some traffic-related particles
(from brakes and tyres) [22, 34]. Furthermore, resuspension
generated by human activities also should be considered.
The residential area is located on the southwest of the
sampling site. In summer, the inhabitants usually concentrate on their recreation activities in the early evening due
to the high temperature during daytime. The increased
human outdoor activities bring with more local soilrelated sources. It seems to be responsible for the peak of
particle number concentration occurring at 17:00 during

TABLE 2 - Summary statistics of size-segregated particle number concentration.

June
July
August
September
The whole period

0.3-10 µm
mean
SD
(104/m3)
(104)
848.8
217.8
491.7
68.2
203.4
32.8
244.0
29.3
447.0
282.4

0.3-0.5 µm
mean
SD
(104/m3)
(104)
584.3
125.7
312.4
37.7
121.3
16.7
162.9
16.4
295.2
193.7

0.5-1.0 µm
mean
SD
(104/m3)
(104)
236.2
88.3
163.4
32.4
74.1
15.6
76.9
13.8
137.7
82.6
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1.0-3.0 µm
mean
SD
(104/m3)
(104)
20.6
3.9
11.9
2.6
5.3
1.3
2.9
0.5
10.2
7.3

3.0-5.0 µm
mean
SD
(104/m3)
(104)
6.4
1.0
2.9
0.4
1.9
0.3
1.0
0.1
3.0
2.1

5.0-10 µm
mean
SD
(104/m3)
(104)
1.3
0.3
1.1
0.1
0.7
0.1
0.3
0.0
0.9
0.4

0.3-10µm

0.3-0.5µm

0.5-1.0µm

1.0-3.0µm

3.0-5.0µm

17

6

Number conc. (×10 4 /m³）

Number conc. (×10 6 /m³）

7
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FIGURE 3 - Variations of average number concentration of particles in the sampling period.

the summer season. To sum up, under normal conditions,
it suggests that the particle emissions may be influenced
by human lifestyle in the suburban area [35].
3.2.2 Diurnal variations of particle number concentration in
different months

The average diurnal variations of particle number
concentration over the 4 months are shown in Fig. 4. The
particle number concentration shows obviously different
diurnal behaviors in the 4 months.
The diurnal variations of sub-micrometer particles
almost present a bimodal distribution in July and September, a unimodal distribution in June, and a tri-modal distribution in August. The maximum concentration occurs at
different times. These characteristics can be described as
follows: the number concentration peak occurs at 7:00 in
June, and the two peaks occur at 9:00 and 14:00 in July as
well as 7:00 and 14:00 in September, respectively. There are
three peaks in August, appearing at 2:00, 7:00, and 17:00.
During summertime, the concentration of condensable vapor
is enriched by active photochemical and biological activities [32]. In addition, due to the low temperature and high
humility in the morning, the number concentration of submicrometer particles is under the influence of the water
vapor condensation. With the sun rising, the temperature
increases and the droplets get evaporated [9].
In the same month, the diurnal variations of the number concentration of fine and coarse particles almost reveal
a similar tendency. On the whole, the number concentration peaks of fine and coarse particles can be roughly
defined as morning peak, midday peak and night peak,
respectively. The morning peak occurs during 7:00-9:00
in the 4 months, which can be ascribed to a higher traffic
density during the morning rush hour. The midday peak
occurs during 14:00-16:00 at the sampling period. It is
likely to be linked to the high temperatures and long hours
of intense sunlight. Both fine and coarse particles, being
favored of the transformations with the presence of solar
radiation [10], reached their peak values during the highest temperature period. Unfortunately, since there is no
solar radiation data available during the project, this ex-

planation cannot be verified. The night peak, which occurs during 21:00-22:00, is closely associated with evening-rush-hour traffic.
In summary, the differences of the size-segregated
particle diurnal distribution can be attributed to the diverse
diffusion mechanisms and various sources. There are several critical factors affecting the diurnal variations of particle number concentration in Qingdao, i.e. local emissions,
atmospheric stratification situation, and the diurnal variations of local meteorological parameters.
3.3 Comparison between weekdays and weekends

In Qingdao, people are usually busy for their work
during the weekdays, and spend time shopping during the
weekends. Such a lifestyle leads to smaller traffic intensity on the weekends (~22,000±500 vehicles per day) compared with that on the weekdays (~28,000±500 vehicles
per day). The results in this study are similar to several
previous observations in other cities [36-39]. The comparison of TSP, PM10 mass concentrations and size-segregated
particle number concentration averaged over weekdays
and weekends are shown in Table 3. The differences between weekdays and weekends are 9.3 and 7.3% for TSP
and PM10 mass concentrations, whereas the ratio is 16.3,
33.9, and 19.8% for sub-micrometer particles, fine particles, and coarse particles, respectively. The traffic density
on weekends compared with that on weekdays is reduced
by 21.4%. Therefore, decrease in public transportations and
traffics, human activities and events related to work on
the weekends as well as the meteorological parameters
should be accountable for the existence of these differences.
As for the small differences of TSP and PM10 mass
concentrations between weekdays and weekends, it indicates that a traffic contribution to atmospheric particles
exists but not an obvious one. Average changes of TSP
and PM10 mass concentrations on weekdays and weekends have been studied and analyzed by Karar et al. [39],
who obtained a very weak association between traffic
density and particle mass concentrations. The same conclusion was drawn by Lam et al. [40] and Rajkumar and
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FIGURE 4 - The time variation of average number concentration of particles for different months.
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TABLE 3 - Weekday and weekend changes of particle concentrations.

Weekdays average
Weekend average

TSP
(µg/m³)

PM10
(µg/m³)

0.3-10µm
(×104/m3)

0.3-0.5µm
(×104/m3)

0.5-1.0µm
(×104/m3)

1.0-3.0µm
(×104/m3)

3.0-5.0µm
(×104/m3)

117.8
106.9

93.9
87.1

520.4
434.6

339.4
287.1

163.3
135.4

13.1
8.6

3.7
2.7

Chang [41] as well. On the weekends, the number of private cars decreases, whereas the large freight diesel vehicles almost remain constant. Exhaust emissions of diesel
vehicles are several times than those of gasoline vehicles,
and the majority of the diesel vehicle emissions are submicrometer particles. This should be the reason for the
smaller differences in sub-micrometer particles number
concentration, with respect to other particle fractions. In
addition, the difference of fine particles in number concentration between weekdays and weekends is much higher
than that of coarse particles, which can be attributed to the
larger residence time [42] of fine particles in the atmosphere. Furthermore, the coarse particles are heavier and
cannot suspend easily in the air for a long time [13]. All
of the above-described criteria indicate that the traffic
emissions have a larger influence on the particle number
concentration.
3.4 Dependence on meteorological parameters

The combination of emissions and meteorological
conditions is very important when investigating the particulate matter. Pre-existing studies have pointed out that
meteorological factor plays a key role in affecting the particle concentration when local emission is constant [43, 44].
In this paper, the dependency of the particle mass and
number concentrations on meteorology is analyzed in terms
of linear regression. All of the particle concentration data
and meteorological parameters are daily average values.
The correlation coefficients are presented in Table 4. The
explanation for the extremely low correlation coefficients
of temperature and relative humidity is that the daily
temperature and relative humidity are quite constant during the study period. Hussein et al. (2006) [45] pointed
out that the relative humidity had counteracting effects on
particle concentrations through various processes, such as
nucleation, condensation, evaporation and so forth.

5.0-10µm
(×104/m3)
1.0
0.8

The relationship between wind speed and particle
concentration is strong, especially for the size-segregated
particle number concentration. In the present study, wind
speed has inverse correlation with TSP and PM10 mass
concentrations. This indicates that, in general, higher wind
speed benefits better dispersion and, consequently, reduces
the particulate concentration, while low wind speed allows
particle concentration to rise. However, the correlation
coefficient is very small and a definite relation cannot be
established. The number concentration of all the sizesegregated particles has positive relationship with the
wind speed. Due to the wind, the particles from the soil
are transformed into the air-borne particulates, resulting in
the increasing number concentration. A similar relationship between wind speed and particle number concentration was reported by Sharma et al. [9]. Additionally, wind
directions also play a crucial role in evaluating the air
quality. In this study, the S and SSE directions are the
most frequent wind directions observed during the sampling period. Directional distributions of emission sources
for all the size-segregated particles are shown in Fig. 5,
based on software CPF and the information of wind speed
and direction for each hour. The CPF values are higher in
the south direction than in other directions. It demonstrates
the probable transportation of high amounts of trafficrelated particles spreading from the main road (south
direction) to the sampling site. At the same time, possible
source directions of TSP and PM10 are plotted in Fig. 6,
clearly indicating that the south and southwest winds
seem to carry particles from the main road (south direction) and residential area (southwest region) to the sampling point. However, TSP and PM10 mass concentrations
present lower correlations while the size-segregated particle
number concentration is strongly associated with wind directions (Table 4). It is worthy to mention the different origins of the particle fractions.

TABLE 4 - Correlation coefficients for PM concentration and meteorological parameters.

TSP
PM10
0.3-10 µm
0.3-0.5 µm
0.5-1.0 µm
1.0-3.0 µm
3.0-5.0 µm
5.0-10 µm

Temperature

Relative humidity

Wind speed

Wind direction

0.2
0.2
-0.2
-0.3
-0.1
-0.1
-0.2
0.1

0.1
0.1
0.3
0.2
0.3
0.3
0.2
0.1

-0.1
-0.2
0.4
0.4
0.4
0.5
0.6
0.6

0.1
0.2
-0.5
-0.5
-0.5
-0.6
-0.5
-0.6
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FIGURE 5 - Possible source directions of size-segregated particles via CPF.
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FIGURE 6 - Possible source directions of PM10 and TSP via CPF.

The particle concentration depends upon many parameters including natural and man-made sources, and
almost all the meteorological conditions at the same time.
By correlating the scattered meteorological data and particulate pollutants, a weak association is obtained, suggesting that a longer time series of particulate data as well as
meteorological data are needed.
4. CONCLUSIONS
In terms of the distributions of particle mass and number concentrations under different meteorological conditions, investigating the ambient air quality patterns is the
main task of this paper. The sampling campaign is carried
out at a suburban site in Qingdao, China from June to September, 2012. The results reveal the complexity and difficulty of the particle characters. The features and the daily
patterns of the particle mass and number concentrations
are comprehensively discussed.
The corresponding values range from 12.6 to 335.3 µg/
m3 for TSP and from 11.1 to 280.4 µg/m3 for PM10, respectively, being compatible with those reported in other researches. With regard to the particle number concentration,
the total particles (0.3-10 µm) are proven to be mainly constituted of sub-micrometer particles (0.3-0.5 and 0.5-1.0 µm).
During the whole period of observation, the number concentration of sub-micrometer particles is much higher than
that of coarse particles. The size-segregated particle number concentration shows obviously different diurnal behavior in the 4 months. The diurnal variations of the total
and sub-micrometer particles almost present unimodal
distributions while those of other particles exhibit bimodal
distributions in the sampling period. The levels on weekends are about 21 and 8% lower than those on weekdays
for mass concentration and number concentration, respectively. The variations in the meteorological result in a

different behavior of the particles and the statistical analysis reveals a dependence of the particle characteristics on
meteorology. Of all the meteorological elements studied,
wind speed and wind direction correlate well with particle
number concentration. TSP and PM10 mass concentrations
present lower correlations while the size-segregated particle number concentration is strongly associated with the
wind speed and direction.
This study is conducted in the summer season which
represents the specific sources in the city but does not
present the diversity of pollution sources. The conclusions
obtained herein are initial and preliminary due to the small
amount of data. In general, particulate matter depends on
many factors including natural and man-made emission
sources, and almost all the meteorological parameters act
the same time. Consequently, the correlation coefficient
(between particle concentrations and meteorological parameters) obtained by linear regression model is relatively
low. The main limitation of the utilized data set in this
study is that it does not contain data sets of solar radiation,
gaseous pollutants and chemical composition of particulate matter. Therefore, it is hard to explain some of observed behaviors for particulate matter in the short measurement campaigns. In order to fully evaluate the air quality of the city, further research on the source contribution
and new particles formation as well as the annual monitoring and a comprehensive model of PM concentration as
a function of all the meteorological parameters will be
studied in the future.
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THREE NEW TRICHIALES (MYXOMYCETES) RECORDS
FOR TURKEY
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ABSTRACT
Hemitrichia pardina (Minakata) Ing, Perichaena
liceoides Rostaf., and Trichia munda (Lister) Meyl were
new records for the Trichiales myxobiota in Turkey. All
three species were identified using the moist chamber culture method under laboratory conditions whereas Hemitrichia pardina (Minakata) Ing was additionally identified in
its natural habitats.
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2. MATERIALS AND METHODS
Samples were collected from different types of habitats in the Hatay region including barks and debris material, bark of living trees, as well as decaying bark, wood,
leaves and litters during 2010-2012 (Fig. 1). Mature fructifications in nature were gently and directly collected from
the substratum. Additionally, the fructifications of myxomycetes were obtained from moist chamber cultures in
laboratory conditions.
Microscopic and macroscopic features of the samples were determined in the laboratory. The Myxomycetes specimens were identified according to the relevant references [2, 9-14].

1. INTRODUCTION
3. RESULTS AND DISCUSSION
Plasmodial slime molds are among the group of fungus-like (Protist) organisms which are usually present, and
sometimes abundantly, in terrestrial forest ecosystems.
Myxomycetes are characterized by an amorphous, multinucleate, protoplasmic mass called plasmodium and fruiting bodies. Generally, they were found decaying or living
on plant material. Majority of these species described are
of cosmopolitan distribution, but a few of them appear to
be confined in the tropics or subtropics while some are only
known in the temperate regions of the world. Both humidity and temperature are main factors in diversity and abundance of this group [1, 2].
There are about 1000 species of Myxomycetes in the
world [3]. However, the Myxomycetes flora of Turkey has
not been fully explored and so far, 231 species of Myxomycetes have been reported from Turkey [4-5]. Much
research has been done on Myxomycetes but Turkish
mycoflora is still incomplete [6-8]. Hatay is situated at the
Mediterranean phytogeographical region in Turkey where
climatic conditions and vegetation are suitable for their
growth. Herein, three more taxa were added to the Turkish Myxomycetes flora as new records.

Description of taxa: Protista; Myxomycota; Myxomycetes; Myxogastromycetidae; Trichiales; Trichiaceae;
Hemitrichia;
Hemitrichia pardina (Minakata) Ing, Myxomyc. Br.
Irel. 132. (1999).
Syn: Hemitrichia minor var. pardina Minakata, in G.
Lister, Trans. Br. Mycol. Soc. 5: 82. 1915. Perichaena
minor var. pardina (Minakata) Hagelst., Mycologia 35: 131.
1943. Hyporhamma pardinum (Minakata) Lado, Cuad. Trab.
Fl. Micol. Iber. 16: 48. 2001.
Fructifications are sporangiate, solitary, scattered, and
0.2-1 mm in total height. Sporangia are stipitate, globose
to subglobose, dull or bright yellow to pale olive-brown,
0.1-0.6 mm in diameter, spotted with scattered dark brown
or violaceous-brown outgrowth on the peridium. Stalk is
dark, blackish, cylindrical, stout, 0.1-0.7 mm long, longitudinally wrinkled or roughened, arising from brown hypothallus and up to 50% of the total height, occasionally absent. Peridium minutely papillose on the inside, bearing
prominent dark warts, appearing single, membranous,
translucent, yellowish, papillose within, dotted with dark-
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brown or violaceous-brown low protuberances on the outer
peridium, dehiscence irregular. Capillitium is yellow to
dull yellow, composed of a loose network of capillitial
threads, the threads 2-4 µm in diameter, with conspicuous
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FIGURE 1 - Map of study area.

free ends, bearing 3-5 spiral bands, spinulate or faintly
spinulate, with occasional bulbous expansions, Capillitial
threads are sometimes absent. Spores are densely verruculose, yellow in mass, pale yellow by transmitted light, globose or subglobose, 7.5-10 (11) µm in diameter, with minute warts on the surface. Plasmodium was not observed
(Fig. 2). Hatay-Altınözü; Enek, on Myrtus sp. wood, 500 m,
21.04.2012, 36°15"94'N; 36°19"87'E, Gelen 513, natural.
Hatay-Altınözü; Ziyaret, on Cupressus sempervirens L. bark,
305 m, 20.02.2012, 36°16"35'N; 36°35"25'E, Gelen 487.
Trichia:
Trichia munda (A. Lister) Meylan, Bull. Soc. Vaud.
Sci.Nat. 56: 327. (1925).
Syn: Trichia botrytis var. munda Lister
Sporocarps are scattered or solitary, 0.6-1.5 mm total
height, spherical or obovoid, 0.2-0.5 mm in diameter,

yellow-brown, grey or purple, often with some thin pale
yellowish bands. Hypothallus is dark brown, very small,
and discoid. Stalk is cylindrical, 0.7-1.2 mm in height,
longitudinally striate, grooved, dark brown, containing refuse
matter, dark. Peridium is shiny, double, the outer layer locally thickened with refuse matter and thick, except on the
paler bands where the contents of the sporotheca show
through, the inner layer is membranous, thin, dehiscing
along the pale bands. Columella is absent. Capillitium is
tubular, elastic, elateriform, yellow, elaters unbranched, 34 µm in diameter, sometimes with swellings, gradually
tapered into 30-40 µm length, and the free ends are pointed.
Spores are 9-12 µm in diameter, covered with 0.5 µm high
warts which are wider at the top and form a border in
optical section. Plasmodium is white (Fig. 3). HatayAltınözü; Kozkalesi, on Pinus sp. wood, 479 m,
15.09.2011, 36°09"54'N; 36°19"54'E, Gelen 39.
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Perichaena:
Perichaena liceoides Rostaf., Mon. 293. (1875).
Sporocarp is spherical or subglobose base sitting on
an extended dirty yellow black, 0.3-0.5 mm in diameter;
Peridium is a simple membrane-like, thin, nearly colorless
granular system with changes in an irregular opening; Capillitium is hardly developed, only short rudimentary stirring

inside of the period attached little weight galvanized irregular nodular bulging, without ornament; spores in mass
yellowish, densely spiny, 9-10 µm in diameter; Plasmodium is white, and dark purple-red when ripe (Fig. 4).
Hatay-Altınözü; Boynuyoğun, on Cupressus sempervirens L. wood, 311m, 30.10.2011, 36°16"83'N;
36°34"03'E, Gelen 217

FIGURE 2 - Hemitrichia pardina: A: sporangium, and B: capillitium and spores.

FIGURE 3 - Trichia munda: A: sporangium, and B: capillitium and spores.

FIGURE 4 - Perichaena liceoides: A: sporocarp, and B: capillitium and spores
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Trichiales is one of the larger orders, all over the
world and Turkey. In Turkey, Trichiales order has 3 families and 9 genera; Arcyriaceae has one genus and 18 species, Dianemataceae has 2 generas and 4 species, and
Trichiaceae has 6 genera and 27 species. There are 49
species in Trichiales order in Turkey. In Trichiales
order are 18 species in Arcyria genus, 12 species in
Trichia genus, 6 species in Hemitrichia genus, 5 species in
Perichaena genus, 3 species in Dianema genus, 2 species
in Metatrichia genus, but Arcyodes and Oligonema genera
represent each only 1 species [11].
The genera Perichaena, Trichia and Hemitrichia are,
respectively, characterized by having tubular capillitial
threads. While the capillitial threads of Perichaena are
slightly roughened, or marked by warts or spines on the
surface, those of Trichia are of free elaters with acute or
acuminate ends and marked by 2-5 spiral bands on the
surface. Their spores are bright-colored and usually yellow in mass [13, 14]. The genus Hemitrichia is characterized by having tubular capillitial threads which are entangled more or less completely into an elastic net, and are
marked with 2-5 spiny or smooth spiral bands [2, 15].
Hemitrichia pardina is yellow, and globose sporangia
with scattered dark protuberances or dots on the peridium
are distinct characters not found in other species of
Hemitrichia. Other distinct characters of our specimens
are the sporangia always being stipitate, and the capillitial
threads in some specimens are smooth under high dry lens
and slightly spinulate. These threads also have conspicuous acute free ends from which protrudes a long, spinelike tip, up to 15 µm in length. Apart from other taxa, they
show firmly attached peridial warts. Insect droppings that
may sometimes be deposited on the peridium of Myxomycetes are easily detached [14]. The short spines on the
capillitium involve darker coloured spots, slightly larger
size, and the lack of association with liverworts seem sufficient to give this specific status distinct from Hemitrichia
minor G. Lister [2].
Habitat: bark of living trees and more rarely in leaf
litter [2].
Distribution: United States, Mexico, Russia, France,
Belgium, Peru, Germany, Netherlands, Kazakhstan, New
Zealand, Spain, Canada, Australia, Costa Rica, United
Kingdom, Cuba, and Japan.

Habitat: bark of living tree, mosses on the bark on
living trees, more rarely on mossy, fallen branches, very
rare on dead wood [2, 13, 14].
Distribution: Austria, Portugal, France, South Chili,
China, Great Britain, Japan, North America, Spain, Portugal, Taiwan.
Perichaena liceoides has small subglobose sporophores, double peridium with calcic crystalline deposits,
irregular dehiscence, capillitium lacking or very scanty
short, simple threads, smooth, with node-like swellings
and spores marked with conspicuous spines, somewhat
larger than found in literature,13-16 µm [16], 9.2-10 µm
[17], or 10-15 µm in length [18]. Spore colour under
transmitted light is greenish yellow [16]. According to
Lado and Pando (1997), spore colour is useful to distinguish this variety from Enteridium liceoides (Lister)
G.Lister, which has darker spores than those of other
Licea species. The minute size, lack of lid, scanty capillitium and larger spinier spores separate this species from
Perichaena corticalis.
Habitat: decayed bark, leaves and wood [14, 19].
Distribution: Taiwan, Germany, Denmark, Austria,
Spain, Sweden, France, Morocco, Mongolia, Sri Lanka,
Tanzania, Madagascar, and North America.
4. CONCLUSIONS
With this taxonomic study, three new Trichiales taxa
(Myxomycetes) were identified and added to the myxobiota of Turkey. There were 49 known Trichiales taxa in
Turkey, and by these newly discovered 3 species,
Trichiales taxa number has been increased to 52.
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Trichia munda consists of a few isolated or scattered
sporocarps, with minute sporothecae and long stalks [14].
It is distinguished from Trichia botrytis (J.F.Gmel.) Pers.
by the small neat pale sporangia, whose lines of dehiscence are less, of contrast are the neat elaters and the natural habitat. The only species, likely to be confused with, are
Trichia erecta Rex and Trichia subfusca Rex. but both
have short elaters and different habitats [2]. The distinct
characteristics of our specimens involve the spore wall
markings, the properties of the elaters, and the size of the
fruiting bodies which are quite different from those of
Trichia botrytis [13].
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ABSTRACT

1. INTRODUCTION

Palladium and silver nanoparticles loaded on activated
carbon modified by 2-(2- nitrobenzylidene amino) thiophenol were applied for the enrichment of trace amount of some
metal ions and their subsequent determination by flame
atomic absorption spectrometry (FAAS). The influences of
the analytical parameters including pH, amount of ligand
and solid phase, sample flow-rate, type and conditions of
eluting solution and sample volume on the metal ion recoveries were investigated. The high sorption-preconcentration capacity and recoveries of metal ions under study,
even in the presence of various interfering ions, indicate
reasonable method selectivity. The relative standard deviation and recoveries of target elements were found to be
<3.0 and >94%, respectively. The optimum values were
set at-pH 5, amount of nanoparticles 0.08 g, eluent flow
rate 1.5 ml min-1, condition of eluent 5.0 ml of 4.0 M
HNO3, and sample volume 1400 ml. The method was
applied to determine analyte ions in real samples.

KEYWORDS: Preconcentration; 2-(2-nitrobenzylidene amino)
thiophenol, silver nanoparticles loaded on activated carbon (AgNP-AC); palladium nanoparticles loaded on activated carbon
(PdNP-AC); solid phase extraction.

The toxicity and the vital effect of metal ions on
organism's health and environment are attracting more
attention from pollution and nutritional fields. Generally,
* Corresponding author

analytical methods fail to determine element levels in environmental and biological materials due to limitations, such
as their inadequate detection limits and interference from
various species. These draw backs make direct determinations impossible [1, 2]. Flame atomic absorption spectrometry (FAAS) is a widely applicable method for determination
of trace amounts of metal ions. To overcome these difficulties, preliminary separation and preconcentration of trace
elements from the matrix is frequently necessary to improve the characteristic performance of the proposed procedure [3-7].
Solid phase extraction (SPE) is superior to liquid-liquid
extraction in terms of unique advantages, such as reducing
analysis time, low consumption of toxic organic solvent,
easy manipulation, high concentration factor, and easy automation. SPE is a commonly applicable technique for sensitive and selective preconcentration and/or separation of
various inorganic and organic species for discriminatory
binding of analytes to a solid support. The accumulated
target analytes were subsequently eluted with a small volume of eluent to increase the method sensitivity. SPE selectivity depends on the structures of the organic ligand and
sorbent, and appropriate selection of sorbent is a critical
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factor to obtain full recovery and high enrichment factors
[8-10]. Development of new sorbents with ability to enrich
trace amount of metal ions in various real samples with
complicated matrices in industrial scale is a good choice to
overcome environmental hazards of toxic metal ions. The
sorbent must be recyclable and applicable with small
amounts for removal of target compounds from huge
volumes of polluted water samples. These entire requirements can be obtained using nanoparticle-based sorbents.
Nanoparticles have very interesting physicochemical
properties, such as ordered structure with high mechanical
strength, electrical conductivity and thermal conductivity,
metallic or semi-metallic behavior, and high surface-reactive
atoms and area. It is a common behavior that nanoparticles
would easily aggregate because of their magnetic property, and most of them exist in chain-like aggregates. Silver
nanoparticles are being used in numerous technologies and
incorporated into a wide array of consumer products that
take advantage of their desirable optical, conductive, and
antibacterial properties [11-14].
A new and efficient method was described for easy
modification of silver and palladium nano particles by 2(2- nitrobenzylidene amino) thiophenol, and their application as effective sorbents for the solid phase extraction of
metal ions from aqueous solutions.

2.2. Reagents and materials

All applied chemicals were of analytical reagent grade
and used without further purification. Double-distilled
deionized water was used throughout the experiments. All
the plastics and glassware were cleaned by soaking in diluted
HNO3 (1:9) and rinsing with distilled water prior to use.
The element standard solutions used for calibration were
produced by diluting a stock solution of 1000 mg L−1 of
the given element supplied by Merck (Germany). Stock
solutions of diverse elements were prepared from high
purity compounds. The pH was adjusted via diluted nitric
acid and/or sodium hydroxide.
2.3. Synthesis of 2-(2-nitrobenzylidene amino) thiophenol (L)

The ligand of 2-(2-nitrobenzylidene amino) thiophenol
(Scheme 1) (L) was easily prepared as follows: To 5 mmol
of 2-aminobenzenethiol in ethanol or methanol (15 ml),
5 mmol of 2-nitrobenzaldehyde in ethanol or methanol
(20 ml) was added, and the reaction mixture was severely
stirred for 4 h. After the filtration of the mixture, the compound as orangish-yellow precipitate was obtained with 80%
yield. Elemental analysis, % C13H10N2O2S, calculated: C,
60.45; H, 3.90; N, 10.85; found: C, 60.9; H, 3.6; N, 10.6; IR
(KBr, cm-1): 3403 (bs, νH2O), 3050-3070 (w, CH-aromatic),
2854 (w, CH- iminic), 1615 (vs, -C=N), 1600-1400 (s, C=C),
1525 (s, νasym-NO2), 1345 (s) (s, νsym-NO2, 1434 (w), 1307
(m), 1151 (s, νC-N), 681 (s, C-S), 610 (m), 542 (m).

2. MATERIALS AND METHODS
2.1. Apparatus

Metal ion contents were determined using a Shimadzu
680 AA atomic absorption spectrometer equipped with a
hollow cathode lamp and a deuterium background corrector, at respective wavelengths using an air-acetylene flame.
The instrumental parameters were those recommended by
the manufacturer. A Metrohm 691 pH/Ion meter with a
combined glass-calomel electrode was used for adjustment
of test solution pH.
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SCHEME 1 - Formation of ML and/or ML2
2.3.1. Pd-NP-AC and Ag-NP-AC modified with 2-(2- nitrobenzylidene amino) thiophenol (L)

The physical loading and modification of both sorbents
has been carried out as follows: 0.1 g of nanoparticle, 0.1 g
2-(2-nitrobenzylidene amino) thiophenol (L) dissolved in
methanol was added and after addition of 10 ml of deionized water, the mixture was stirred for 1 h at room temperature. Then, the mixture was filtered after relaxation for
10 min and used. According to the difference in the absorbance of ligand solution (UV-VIS spectrometry) after and
before contact with the solid phase (at maximum wavelength of ligand), the approximate amount of loaded ligand
on both sorbents was calculated.
2.4. Column preparation

Short glass columns (inner diameter 0.5 cm, length
50 cm, end capped with porous frits) were filled up to a
height of about 0.3 cm with appreciated modified silver and
palladium nanoparticles on activated carbon alternatively
and preconditioned by the blank solution prior to each use.
After application, the column was rinsed with hydrochloric
acid:water (1:1) and stored for the next experiment.
The pH of 250-ml model solutions containing 50 µg of
all understudy metal ions was adjusted to desired values for
passing through the column with a flow-rate of 2.0 ml
min−1. The metal ions retained on the physically loaded
adsorbents due to chelation of the studied metal ions with
the modifier. The retained metal ions were then eluted
with 5.0 ml of 4.0 mol L−1 nitric acid with a flow-rate of
1.0 ml min−1.

2.5. Preparation of real samples

Parsley leaves (250 mg) were digested with 6.0 ml of
HNO3 (65%), 2.0 ml of H2O2 (30%) in a microwave digestion system and diluted to 50.0 ml with deionized water.
A blank digest was carried out in the same way. Then, the
preconcentration procedure given above was applied to the
final solutions.
Before the analysis, the river water samples were filtered through a cellulose membrane filter (Millipore; pore
size 0.45 µm). The organic contents of the water samples
were oxidized in the presence of 1% H2O2 and addition of
concentrated nitric acid. After acidification to 1% with
concentrated nitric acid, they were stored in polyethylene
bottles. Then, the procedure in section 2.5 was applied. In
order to digest snack samples, 100 mg of sample was digested with 6.0 ml of concentrated HNO3 and 2.0 ml of H2O2 in
the microwave system. After digestion of the samples, the
volume was made up to 100.0 ml with distilled water. The
blanks were prepared in the same way as the sample, but
omitting sample addition. The preconcentration procedure
given above was applied to the samples.
3. RESULTS AND DISCUSSION
Silver nanoparticles loaded on activated carbon (AgNPAC) and palladium nanoparticles loaded on activated carbon (Pd-NP-AC) were synthesized according to our previous publication [15]. Their surface area analyses by BET
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show that Ag-NP-AC and Pd-NP-AC have surface areas of
around 1603 and 1565 m2 g-1 with pore diameters lower
than 20 nm and pore volumes more than 0.2 m2 g-1. This
high surface increases their ability for accumulation of large
amounts of ligands and subsequent chelation with metal ions.
The Schiff base was prepared by a condensation reaction
between 2-nitrobenzaldehyde and 2-aminothiophenol. Disappearances of the characteristic frequencies of aldehyde
and amine at 1705 cm-1 and 3200-3300 cm-1 as well as
appearance of a strong absorption frequency at 1615 cm-1
in IR spectrum well confirm the formation of ligands. The
Schiff base ligand is a bidentate NS-donor. This compound is a good chelating agent that can bind to metal ions,
especially with soft ones, via nitrogen of azomethine and
thiol groups both for ML and ML2 formation as shown in
Scheme 1. In the view of modification of sorbent surface,
this ligand can be adsorbed on it via interaction of its thiol
group and π-bounds with surface functional groups.
3.1. Effect of pH

It is well-known that the sorbent for selective binding
and preconcentration of certain metal ions in the presence
of coexisting metal ions depends on the nature of the
functional groups of the chelating agent and various functional groups of sorbent [16-20]. Reaction between the
understudy metal ions and the complexing agent can be
influenced by changing the pH value, which is the main
investigated factor for all extraction studies [21-23]. The
effect of sample pH on the ions sorption was investigated
within the range of 3.0-9.0 and typical respective results
for Ag-NP-AC are shown in Fig. 1. As it can be seen, at
pH <5, low uptake due to complexation occurs; that may
be attributed to the competition between metal ions and
hydrogen ions for binding to the sorbent. On the other
hand, by increasing the pH, the reactivity and potential of
active sites of the ligand for metal ion binding after their
efficient sorption will be increased. Therefore, pH 5.0 and

3.2. Effect of amount of solid phase on metal ion recoveries

Three significant criteria including ligand hydrophobicity and stability of their chelates with metal ions and
the rate of complex formation and their transference between the phases significantly control the efficiency of
extraction [24-26]. The effects of the amounts of physically loaded sorbents on the adsorption of analytes were
investigated by conducting a set of similar experiments
and passing 250 ml of sample solution (containing 50 µg)
of understudy metal ions at pHs 5.0 and 6.0 through the
columns; different conditions were examined and typical
results for Ag-NP-AC are presented in Fig. 2. Both
sorbents had similar patterns. As it can be seen, the recoveries of analyte ions were found to be quantitative using 0.2
g of both sorbents and modifying its surface with 0.08 g
of 2-(2-nitrobenzylidene amino) thiophenol admits high
sorption/desorption efficiency. Higher amounts of solid
phase, probably due to insufficiency of eluting solution
for stripping metal ions, were chosen to account for other
extractable species that might potentially interfere with
the assaying of metal ions. With a lower amount, the
extent of complexation and retention of metal ions on the
loaded solid phase is low and, hence, the recovery was
decreased.

FIGURE 2 - Effect of ligand amount on metal ions recoveries based
on Ag-NP-AC.
3.3. Sample and eluent flow-rate

FIGURE 1 - Effect of pH on metal ions recoveries based on Ag-NPAC.

6.0 were chosen throughout the subsequent experiments
for silver and palladium nanoparticles, respectively.

The sample and eluent flow-rates are important parameters to obtain quantitative retention and elution [2729]. Flow-rate of the sample solution is a measure of the
contact time between the sample solutions and the
sorbent. The flow-rate was adjusted simply by connecting
the adsorbing column to a flask which was under controllable vacuum. The influences of the sample flow-rates on
the metal ions recovery were examined in the range of
1.0– 6.0 ml min−1. The results show that flow-rate variations in the range of 1.0–2.5 ml min−1 had no significant
effect on the sorption of the all metal ions, and the retentions of the analytes were quantitative up to a sample
flow-rate of 2.5 ml min−1; its further increase led to a
decrease in metal ion recovery rates. All further studies
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were performed at 2.5 ml min−1 flow-rates for sample
solutions.

be up to 1400 ml with recoveries >95%. Therefore, this
volume was adopted for the preconcentration of analytes
from sample solutions.

3.4. Condition of eluent

The eluent type is an important factor in solid-phase
extraction studies. The effects of 5.0 ml volumes of 4.0 mol
L−1 of various eluents were studied. The content of understudy metal ions back-extracted into the liquid phase by
each eluent was measured using FAAS and results are
shown in Tables 1 and 2. The results show that the maximum recoveries were achieved using nitric acid solution.
The acid concentration was an important factor because, at
lower proton concentration, it may be not enough to protonate the chelation site, while high acid concentration affects the determination step due to the contamination from
the applied acid [30].
TABLE 1 - Effect of type and volume of eluting agent on recovery of
analytes using Ag-NP-AC.
Volume of eluent (4 mol L-1)
10 ml HCl
10 ml H2SO4
2 ml of HNO3
4 ml of HNO3
5 ml of HNO3
8 ml of HNO3
12 ml of HNO3

Cu
60.0
50.3
85.5
95.0
99.6
99.0
97.0

Recovery (%)
Ni
Cd
Zn
51.0 47.2 55.2
40.4 45.0 46.8
81.9 74.7 82.3
93.6 82.4 98.9
99.2 98.9 98.3
97.8 96.7 96.8
93.6 92.3 92.7

Fe
36.0
50.5
72.1
80.4
99.0
96.9
93.8

3.6. Effect of divers ions

To assess the possible analytical applications of the
recommended procedure [35-38], the effect of some foreign
ions which interfere with the determination and/or preconcentration of metal ions by the proposed method, or/and
often accompany analyte ions in various real samples, was
examined with the optimized conditions above. For these
studies, a fixed amount of metal ions was taken with different amounts of foreign ions and the recommended procedure was followed. The recoveries of metal ions in these
studies were higher than 95%. Tolerable limit was defined
as the highest amount of foreign ions that produced an
error not exceeding 5% in the determination of investigated
analyte ions by the combination of the proposed solid phase
extraction and the flame atomic absorption spectrometric
determination methods. The results are summarized in
Table 3. As it can be seen, large numbers of ions used have
no considerable effect on the determination of analyte ions.
TABLE 3 - Effects of the matrix ions on the recoveries of the examined metal ions (N = 3) for both sorbents.
Ion
Na+
K+
ClSO4 2CH3COOMg2+
HCO3PO43Sr2+, Ba2+, Ca2+, Mn2+
Ag+ , Al3+, Hg2+ , Pd2+

TABLE 2 - Effect of concentration of eluting agent on recovery of
analytes using Ag-NP-AC.
Concentration of HNO3
1.0
2.0
4.0
6.0
8.0
10.0

Cu
79.9
84.6
100.0
71.8
82.6
66.6

Recovery (%)
Ni
Cd
Zn
63.4
66.9
91.0
78.0
83.5
97.0
100.0 100.0 100.0
95.4
94.6
95.0
91.2
90.1
92.0
86.8
89.7
91.6

Fe
70.4
86.7
100.0
93.8
82.8
71.6

Added as
NaCl
KCl
NaCl
(NH4)2SO4
CH3COO Na
MgCl2
NaHCO3
Na3PO4
Nitrate salt

Tolerance limit
(fold mass ratio)
1000
750
900
800
800
1000
1000
250

3.7. Application

3.5. Effect of sample volume

In order to assess the applicability of the method for
real sample analysis (different matrices containing varying amounts of diverse ions), the proposed method was
applied to the separation and recovery of target ions from
different matrices and the accuracy was also examined by
calculation of recoveries by standard addition method.
The percent of recoveries and relative standard deviations
for each element in spiked real samples (snack, parsley,
and water) are given in Tables 4 and 5. The results of
three analyses of each sample show that the recoveries of
understudy metal ions are almost quantitative (>95%),
with a low RSD (<4%) indicating the capability of the
proposed system for the determination of trace amounts of
these elements in different samples.

In order to explore the possibility of enriching low
concentrations of the analyte from large volumes of solution [31-34], the effect of sample volume on the retention
of metal ions was also investigated. The effect of sample
volume on the recoveries of three analytes was investigated.
The results showed that the maximum sample volume could

Full characteristic performances of SPE on both
sorbents are presented in Table 6. The proposed preconcentration system shows good enrichment factors with
reasonable preconcentration time over other preconcentration methods. As seen from Table 6, the detection limit
for the

In order to achieve a high preconcentration factor, the
metal ions in a large sample volume had been quantitatively uptaken and eluted by a small stripping volume.
However, incomplete retention of metal ions will occur
probably due to the sample itself which acts as eluent, or
less contact of analyte on adsorbent. This was examined
by varying 4.0 mol L−1 nitric acid volumes in the range of
2-12 ml. The respective results in Table 2 indicate quantitative recoveries of understudy metal ions using 5.0 ml of
4.0 M HNO3.Therefore, 5.0 ml of 4.0 M HNO3 was used
for the subsequent experiments to obtain high enrichment
factors.
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TABLE 4 - Recovery of analytes from spiked samples by using the
proposed method (N=3) based on Ag-NP-AC.
Ion
Fe
Cu
Zn
Cd
Ni

Added,
µg g-1
0
10
0
10
0
10
0
10
0.0
10

Found,
µg ml-1
water
9.81
19.25
7.06
17.25
11.97
22.35
0.17
10.16
1.6
11.4

RSD
%

Recovery
%

3.9
3.3
4.1
3.5
3.3
2.9
4.1
3.7
3.8
3.3

--94.4
---101.9
--103.8
---99.9
---98.0

TABLE 5 - Recovery of analytes from spiked samples by using the
proposed method (N=3) and Pd-NP-AC.
Ion Added
value
0
Fe
10
0
Cd
10
0
Ni
10
0
Zn
10
0
Cu
10

Snack
Found
value
33.4
43.7
0.7
10.8
2.35
12.74
23.31
33.09
19.6
29.3

RSD
%
3.8
3.2
3.6
2.6
4.0
3.5
3.6
3.1
3.7
3.3

Recovery
%
--104.0
--101.0
-103.9
--97.8
-97.0

Parsley
Found
value
25.3
35.7
0.34
10.76
2.38
12.68
22.41
32.73
21.82
32.09

RSD
%
3.8
3.3
3.8
3.0
3.7
3.0
3.2
2.6
3.9
3.3

Recovery
%
-104.0
--104.2
--103.0
--103.2
--102.7

TABLE 6 - Comparative data for preconcentration of simultaneous preconcentration of some metal ions using chemically modified sorbents
and detection by FAAS.
Parameters
Linear range (µg ml-1)

a
0.010.26
1.74
3.12
98.1
3.11
97.6
49.8

Cu
b
0.010.24
1.70
2.87
99.0
3.19
97.1
52.1
25.3

a
0.010.21
1.95
2.54
98.0
2.89
96.9
53.8

Ni
b
0.010.23
2.03
2.67
98.3
2.78
97.3
51.2
21.0

Detection Limit (ng ml-1)
RSDc repeatability (%)
Recovery (reproducibility) %
RSDd (reproducibility) ( %)
Recovery (repeatability) %
Loading capacity (mg g-1)
Enrichment factor
Preconcentration factor
a) for Ag-NP-AC and b) for Pd-NP-AC; c (repeatability), d (reproducibility)
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a
0.0060.18
1.41
2.10
99.1
2.54
98.0
55.6

Cd
b
0.0070.19
1.38
2.08
98.7
2.62
97.2
52.1
27.8

a
0.0060.17
1.49
2.21
97.9
2.71
96.6
53.8

Zn
b
0.0010.18
1.42
2.29
98.6
2.65
97.8
55.1
28.1

a
0.0150.23
2.13
2.76
98.9
2.69
98.0
56.9

Fe
b
0.0150.24
2.19
2.69
99.0
2.76
98.4
57.8
19.8
280
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proposed method is comparable to those given by many
methods. In addition, enrichment factor can be improved
by using larger sample volumes. It is important to emphasize that CI values obtained in the present study are lower
than those of the most procedures.
3.8 Adsorption kinetics

In this regard, the respective experimental data correspond to change in removal percentage, and absorbance
of solution was fitted using different kinetic models including first-order, second-order Elovich and intraparticle
diffusion models with well-known requirement and properties presented in Table 7.
TABLE 7 - Specification of kinetic data of presented methods at
optimum conditions for each element using Ag-NP-AC.
Model

Parameter

First order
K1
kinetic model qe(calc)
R2
Second order K2
kinetic mode qe(calc)
R2
Intraparticle Kdif
diffusion
C
model
R2
Qe theoretical

Cu
0.86
8.6
0.831
5.5
36.8
0.996
0.78
-0.002
0.981
37.9

Zn
0.99
21.5
0.82
4.3
50.2
0.993
0.58
-0.004
0.973
51.8

Ion
Ni
0.17
6.9
0.895
3.4
57.3
0.994
0.13
-0.018
0.981
56.1

Fe
0.43
7.8
0.909
3.8
54.3
0.989
0.65
-0.005
0.981
52.9

Cd
0.92
13.5
0.848
4.6
45.6
0.992
0.69
-0.031
0.981
47.6

Plot of qt versus ln (t) leads to a linear form, and the
Elovich parameters can be achieved from its slope, and
intercept is presented in Table 8, respectively.
3.8.1. Intra-particle diffusion model

In this model, it is assumed that the adsorbate species
are most probably transported from the bulk of the solution into the solid phase with an intraparticle diffusion
process, which is often the rate-limiting step in many adsorption processes. The possibility of intraparticle diffusion
is explored by using the intraparticle diffusion model. Involvement of intra-particle diffusion model [42, 43] on the
evaluation of kinetic process as the sole mechanism was
investigated according to the following equation:
qt = kdif t0.5 + C
(4)
0.5
The value of qt was plotted versus t and is shown in
Table 7. Values of C as intercept of respective lines are
proportional to thickness of boundary layer (Table 7).
3.9. Sorption isotherms

Adsorption isotherms were obtained at 298 ºK and
experimental data were fitted to the following known isotherms. The respective parameters of each model by equation presented in Table 4 have been assigned to understand
the best model for fitting of experimental data [44-48].
3.9.1. Langmuir isotherm

First-order kinetic model [39] is based on a well-known
equation:
Log(qe−qt) = log(qe)−k1/2.303t
(1)
In this model, if the plotting of log (qe) versus t gives
a linear correlation, its slope is equal to K1 value (Table 7).
Similar to previous researches, although this model is suitable for analyzing kinetic data in the first stage of adsorption process, it fails for analyzing the entire adsorption
process. Low value of R2 and the difference between experimental and theoretical qe value show inapplicability of this
model for interpretation of experimental data over the
whole concentration range [40].
The difference between qe, calc to the experimental
qe, exp and low R2 values for the Lagergren model shows
lack of this model to explain experimental data over all
times and concentrations. The pseudo second-order model
can be represented in the following form:
t/qt = 1/ k2qe2 + t /qe
(2)
where, k2 is the rate constant of pseudo second-order
model (g/mg/min); k2 and the equilibrium adsorption
amount (qe) were determined from the slope and intercept
of the plot of t/qt versus t. The correlation coefficient (R2)
for the pseudo second-order kinetic at different initial
metal ion concentrations was above 0.992 and the calculated qe values demonstrated good agreement to the experimental values [41].
The Elovich equation in linear form can be represented as follows:
qt = 1/ β ln(˛α β) + 1/ β ln(t)
(3)

The linear form of Longmuir isotherm model can be
written as follows:
1/qe = (1/ Ka QmCe + 1/Qm)

(5)

According to slope and intercept of plot 1/qe versus
1/Ce in linear form, the values of Qm and Ka were obtained from slope (1/ Ka Qm) and intercept (1/Qm), and
respective data are presented in Table 8. The high correlation coefficient and high adsorption capacity show good
applicability of these new sorbent for enrichment of high
amounts of metal ions.
3.9.2. Freundlich isotherm model

The Freundlich isotherm is a nonlinear model and
shown to be consistent with exponential distribution of
active centers based on characteristic of heterogeneous
surfaces.
It usually can be expressed in the linear form as follows:
Log qe = log KF +1/n log Ce

(6)

In the equation, qe is the amount of CR adsorbed,
(mg/g-1); Ce is the equilibrium CR concentration in solution, (mg L-1); kF and n are rate constants, being indicative
of the extent of adsorption and the degree of nonlinearity
between solution and concentration, respectively. A high
value of n is indicative of good adsorption over the entire
studied concentration ranges, while a small n is indicative
of good adsorption at high concentrations but much less at
lower concentrations. A higher value of kF indicates a
higher capacity for adsorption than a lower one. Plotting
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TABLE 8 - Isotherm parameters of proposed preconcentration procedure using Ag-NP-AC.
Model

Conditions

Parameter

Langmuir1/qe = (1/ Ce KaQm) +
1/Qm

Monolayer adsorption, homogenous sites,
identical and energetical sites equivalent, finite
capacity for the adsorbate, estimation of the
maximum adsorption capacity, dose not transmigrated of the adsorbate in the plane of the
surface,
Heterogeneous Surface, non-uniform distribution of heat of sorption over the surface

Freundlich:
log qe = l0g KF + (1/n)
log Ce
Tempkin:
Adsorbing species–adsorbate interactions,
qe = BT Ln AT + BT Ln Ce uniform distribution of binding energies,
indirect sorbate /adsorbate interactions, the heat
of adsorption of all the molecules in the layer
decreases linearly with coverage

log qe vs. log Ce indicates that preconcentration also follows Freundlich isotherm. The values of KF and n, are
given in Table 8. The great value of KF is the relevant high
affinity of both modified sorbents for target analytes. It was
found to be 0<1/n<1 showing the favorable sorption of
analytes by both sorbents at the variable studied dosages.
3.9.3. Tempkin isotherm model

Tempkin isotherm model is presented as follows:
qe = BT ln AT + BT ln Ce

(7)

The adsorption data were analyzed according to the
linear form of the Tempkin isotherm. The low correlation
coefficient shows inapplicability of this model for interpretation of experimental data over the whole concentration range.

Qm
Ka(Lmg-1)
R2

Ions
Cu
36.8
0.28
0.989

Zn
50.2
0.67
0.996

Ni
57.3
0.17
0.983

Fe
54.3
0.23
0.989

Cd
45.6
0.71
0.995

1/n
Kf(L mg-1)
R2
BT
AT (L/mg)
R2

0.250
0.880
0.866
2.67
3.38
0.918

0.106
1.232
0.919
4.62
2.13
0.866

0.377
0.651
0.909
10.19
2.38
0.875

0.254
0.841
0.899
5.56
3.15
0.718

0.392
0.682
0.907
4.96
4.87
0.944

3) The good correlation coefficient (R2) obtained for
Langmuir isotherm compared to the other models indicates the monolayer sorption of metal ions via chemical
reaction onto both sorbents with heterogeneous surfaceactivated carbon.
4) The fitting experimental kinetic data of metal ions
preconcentration and sorption via these sorbents was
fitted by different models, such as the first-order, secondorder and intra-particle kinetics and Elovich models, and
it was found that adsorption process follows the intraparticle kinetic model with involvement of the secondorder kinetic model.
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In the presented study, two new sorbents were applied
for the preconcentration and determination of metal ions
including Cu2+, Fe3+, Ni2+, Cd2+ and Zn2+ ions in environmental samples. The conditions for quantitative and reproducible preconcentration as well as elution were studied.
The method is simple, accurate, and economical; it can be
applied for the determination of these understudy metal
ions in environmental samples. The system showed reproducibility and reliability in analytical data with an R.S.D.
value of lower than 5% in triplicate experiments. The system was successful in preconcentration of analytes from
large sample volumes (500 ml).
1) Silver nanoparticles loaded on activated carbon is
more suitable as an adsorbent for the preconcentration of
ions than palladium nanoparticles loaded on activated
carbon.
2) The variable parameters of pH, amount of solid
phase and ligands nano particles, type and concentration of
eluent, flow-rate being affected were examined and optimized.
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APPLICATION OF ADSORPTION ISOTHERMS FOR
DESCRIBING THE SORPTION OF BARIUM BY KAOLINITE
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ABSTRACT
The aim of this study was to describe the adsorption of
barium ions onto kaolinite with isotherms. The batch adsorption experiment was carried out and concentration of
barium in the equilibrium solutions was measured by
inductively coupled plasma atomic emission spectrometry
(ICP-AES). After batch adsorption experiments, Langmuir,
Freundlich, Langmuir-Freundlich and Tóth adsorption isotherms were applied. The non-linear regression with the
quasi-Newton algorithm was the method of estimating isotherm parameters. The applied empirical equations for the
Langmuir, Freundlich, Langmuir-Freundlich and Tóth adsorption isotherms generated a good description of the
experimental data on adsorption of barium ions (Ba2+) on
tested kaolinite. The estimators of am for the Langmuir,
Langmuir-Freundlich and Tóth isotherms (predicted maximum adsorption) may be (after being multiplied by the
charge of ion) interpreted as the cation exchange capacity
of clay.

KEYWORDS: sorption, kaolinite, barium ions, Langmuir isotherm,
Freundlich isotherm

1. INTRODUCTION
Sorption is the most important process controlling
the division of trace elements between the liquid and solid
phase of soil [1-4]. This phenomenon determines the basic
functions of soil: it regulates the level of nutrients, neutralizes potentially harmful compounds, and retains water.
The sorption capacity of soil mainly results from soil colloids, particularly from clay minerals [4, 5]. Among these
minerals, kaolinite is common in the earth’s crust [6, 7].
This phyllosilicate is built up from two types of layer structures – tetrahedral and octahedral ones. The tetrahedral
and octahedral layers are combined in a ratio of 1:1. This
mineral has two different kinds of planar surfaces – Si-OSi and Al-OH, linked with a strong hydrogen bond between oxygen atoms and hydroxyl groups. Kaolinite has a
heterogeneous surface charge. The Si-O-Si surface of kao* Corresponding author

linite has a constant structural charge due to the isomorphous substitution of Si4+ by Al3+. The charge on the edges
is due to the protonation/deprotonation of hydroxyl groups
and depends on the solution pH [5]. Sorption of trace
elements plays an important role in soil [1-4, 9]. These are
elements that are essential for living organisms (microelements), metals with poorly-understood physiological and
biochemical roles and toxic elements [10]. Barium is one of
the most common trace elements found in soil. The Ba2+
ions may be strongly bound to the solid phase of soil. They
may exchange some macroelements (Ca2+, Mg2+, K+) adsorbed by the soil sorption complex, leading to their washing off into deeper layers of the soil profile, which makes
them inaccessible to plants. Barium shows a welldocumented toxicity to humans and animals [10], and its
radioactive isotope 140Ba (T1/2=12.79 days) is one of the
products of cleavage reaction and may pose a risk of
radioactive contamination [11].
Sorption of metal ions by the solid phase of soil
may be characterized by semi-empirical models that are a
combination of surface complexation and electrical double layer (EDL) theory [12, 13] as well as with adsorption
isotherms (presenting the relation of adsorption scale
within the function of adsorbate concentration, in the adsorption equilibrium at a constant temperature). The equations that correctly describe sorption of metal ions by soil
are called “General Purpose Adsorption Isotherms (GPAI)”
[14, 15]. The Langmuir and Freundlich isotherms are most
commonly used since, in general, they accurately describe
experimental data [16-35].
The objective of this publication was to describe
the adsorption of barium ions on kaolinite with isotherms.
2. MATERIALS AND METHODS
The experiment was carried out with natural, purified
kaolinite (Fluka, Switzerland, catalogue No. 03584) for
which the following parameters were determined: content
of exchangeable base cations Ca2+, Mg2+, K+ and Na+ following extraction with BaCl2 in accordance with the standard ISO 11260:1994(E) [36] with the inductively coupled
plasma atomic emission spectrometry (ICP-AES) (in three
replications); cation exchange capacity (CEC) at the current pH of soil in accordance with the method ISO
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3. RESULTS AND DISCUSSION
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The reaction of kaolinite was approximately neutral
(pHH2O = 7.64, pHKCl = 7.23). A high pH value increases
sorption potential, particularly for kaolinite, which has a
variable charge [8]. The total content of selected elements
in kaolinite is presented in Table 1.
The cation adsorption potential of kaolinite was relatively low. The cation exchange capacity (35 mmol(+) kg-1)

0%

adsorbent/solution ratio (w/v)

FIGURE 1 – Relationship between equilibrium concentration of
barium and adsorbent/solution ratio in an experiment.

TABLE 1 – Total content of selected elements in kaolinite.
Element
Unit
Content
Element
Unit
Content

P

K

Ca

1.72
Ti

3.75
Ba

0.516
Sr

Mg
g kg-1
0.707
V

37.4

1523

213

15.9

S

Fe

Al

Mn

Li
mg kg-1

0.062
Pb
mg kg-1
2393

1.74
Cr

65.1
Cu

35
Zn

9.73
Ni

10.5

181

20.8

2.77

Mg/CEC

K/CEC

28

9

TABLE 2 – Selected sorption properties of kaolinite.
Parameter
Unit
Values

Ca2+
21.6

Mg2+
9.83

K+
mmol(+) kg-1
3.12

Ba adsorbed

1000

1/ 20

The adsorption isotherms for Ba2+ ions on kaolinite
were drawn based on the calculations. In order to describe
the experimental data with theoretical Langmuir, Freundlich,
Langmuir-Freundlich and Tóth adsorption isotherms, the
non-linear regression with the quasi-Newton algorithm
was utilized with Statistica 10.0 PL software (Statsoft Inc.,
Tulsa, USA).

1/ 30

in the equilibrium solutions was also determined.

1/ 40

m

c Ba
cCa + c Mg

(Table 2) was within the range of CEC for kaolinite reported
in the literature [38-40], but it was closer to the bottom
limit of this range. In kaolinite, the highest amount of
calcium ions (62%) was detected, followed by magnesium
(28%) and potassium ions (9%) (Table 2), and they
amounted to 34.5 mmol(+) kg-1. Sum of exchangeable basic
cations (S) constituted 99% of CEC.
In batch adsorption experiments, the ratio of adsorbent/
solution (weight/volume, w/v) is an important experimental
factor. Its value influences the concentration of ions competing for adsorption sites with, among others, barium ions,
and it has a direct impact on adsorption scale. In addition, it
influences the pH of a suspension, which is one of the main
factors controlling metal cation sorption by an adsorbent.
In batch adsorption procedures, the pH of a suspension is
determined by three factors: 1) the natural pH of an adsorbent and its buffer capacity for preventing changes, 2)
the pH of adsorbent solution, and 3) adsorption reactions
which may directly or indirectly change the concentration
of H+ ions (H3O+) in a solution [37]. The adsorbent/solution
ratio was determined experimentally. To this end, a suspension series with the constant concentration (the highest
assumed = 1000 µmol L-1) of adsorbate and an increasing

1/ 60

11260:1994(E) [36] (3 replications); total content of major and trace elements in the extracts generated after decomposition of samples in aqua regia (with a microwave
mineraliser Multiwave, Anton Paar) with ICP-AES on an
Optima 3200 RL spectrometer, Perkin Elmer (5 replications).
The batch adsorption experiment was carried out in
accordance with the methodology proposed by Roy et al.
[37], and the following parameters were measured: concentrations of barium, calcium and magnesium in the equilibrium solutions, after the sorption experiments with ICPAES method (2 replications); pH of equilibrium solutions
potentiometrically with a combined electrode HI 1131 and
a measuring device pH 301 (Hanna Instruments); specific
conductance of equilibrium solutions with the conductivity method with a HI 76310 electrode and HI 3200 conductometer (Hanna Instruments). All standards and reagents were of atomic spectroscopy grade.
Based on the results, the adsorbed amount of barium,
attained after the state of equilibrium, was calculated with
the formula a = c 0 − c ⋅V , and the molar concentration ratio

cBa (µmol L -1)
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S

CEC

S/CEC

Ca/CEC
%

34.5

35
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amount of adsorbent (kaolinite) was prepared, the exchange
reaction was then carried out, and the equilibrium concentration of barium ions in the suspension was determined.
Relationship between equilibrium concentration of barium and adsorbent/solution ratio is shown in Fig. 1.

7.5

7.4

According to Roy et al. [37], for an experiment conducted with the method of constant adsorbent/solution
ratio (preparation of a suspension series with a fixed content of adsorbent, and increasing it to the highest assumed
concentration of adsorbate), the ratio at which 10-30% of
the maximum amounts of adsorbate have been absorbed
by the adsorbent should be selected. For the purpose of
our experiment, based on the method of constant adsorbent/solution ratio and for preparation of isotherms, the
ratio of 1/40 was chosen following initial trials. During the
experiment with the method of variable adsorbent/solution
ratio, pH and electrical conductivity (EC) (also transformed
into ion power, I) of equilibrium solutions were controlled.
The reaction changed from pH 7.1, which corresponded to
the pH of barium ion solution, to pH 7.28. The value of
specific conductivity did not change together with the
change in the adsorbent/solution ratio, which suggests that
the loss of barium ions from the solution during the batch
adsorption experiment was accompanied by a transfer of a
chemically equal amount of exchangeable cations, mainly
calcium, magnesium and potassium, which were predominant in the sorption complex. Therefore, the ion exchange
probably was the basic mechanism of barium ion removal
from the solution.

The concentration of sulphur (cs) in the equilibrium solutions after the experiment with barium ion solution and
deionised water indicates significant differences, probably
resulting from precipitation of SO 42- ions as BaSO 4
sediment following contact with barium ions Ba2+ (Fig. 3).
The loss of barium ions recorded during the batch adsorption
experiment was probably due to two mechanisms: the
exchange reaction with calcium and magnesium ions and
the precipitation of sparingly soluble barium salt. Bivalent
exchangeable cations (Ca2+ and Mg2+) may compete for
adsorption sites with barium ions, since adsorption consists
in the mechanism of ion exchange. This fact was included
by introducing the sum of calcium and magnesium ions
concentrations in the equilibrium solutions into the equation

pH
7.2

1/ 10

1/ 20

1/ 30

1/ 40

1/ 60

7.0

1/500
1/200
1/100

7.1

3.56

270

3.43

260

3.30

250

3.17

I (mmol L-1)

280

1/ 10

3.68

1/ 20

290

1/ 30

3.81

1/ 40

300

1/ 60

-1

EC (µ S cm )

adsorbent/solution ratio (mass/volume)

adsorbent/solution ratio (mass/volume)

FIGURE 2 – Relationships between pH, ionic strength I (electrical
conductivity EC) and adsorbent/solution ratio in an experiment.
3.5
3.0
2.5
c S (mg L-1)

Following the batch adsorption experiment, the concentrations of other elements (Ca2+, Mg2+, K+) that could
be exchanged with barium ions or influence adsorption
through other reactions, were also measured. The concentration of sulphur was determined; this element, if present
as sulphur (VI) ions SO42-, may be precipitated with barium ions (Ba2+) as sparingly soluble barium sulphate (VI)
BaSO4 (solubility equilibrium Kso = 1.08 10-10 at 25 °C).
At the same time as the experiment based on the method
of variable adsorbent/solution ratio, a control experiment
was carried out in which deionised water was used instead
of a barium ion solution in order to determine the amount
of water-soluble forms of different metals that might influence adsorption.

7.3

1/500
1/200
1/100
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0.5
0.0

1/10
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1/60

1/100 1/200 1/500

Ba
H2O
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FIGURE 3 – Concentration of sulfur (cS) in equilibrium solution
after experiment with barium solution (Ba) and deionized water
(H2O) in relation to adsorbent/solution ratio.
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TABLE 3 – The equations of adsorption isotherms used to describe adsorption of barium cations on kaolinite [15].
Isotherm

Equation

Explanations

c Ba
K
cCa + c Mg
a = am
c Ba
1+ K
cCa + c Mg

1.

Langmuir L

2.

Freundlich F

⎛ cBa
a = K ⎜
⎜ c + c
Mg
⎝ Ca

Langmuir-Freundlich LF

⎛
⎞
⎜ K c Ba ⎟
⎜ c + c ⎟
Ca
Mg ⎠
a = am ⎝
n
⎛
c Ba ⎞⎟
⎜
1+ K
⎜ c + c ⎟
⎝ Ca Mg ⎠

⎞
⎟
⎟
⎠

n

a – amount adsorbed (mmol kg-1);
am – adsorption maximum (mmol kg-1);
K – affinity parameter;
n – empirical parameter which varies from 1 to 0 with
the degree of heterogeneity
cBa, cSr, cCa, cMg – equilibrium solution concentrations
of Ba, Sr, Ca, Mg.

n

3.

K
4.

a = am

Tóth T

c Ba
cCa + cMg
1

⎡ ⎛
⎢1 + ⎜ K c Ba
⎢ ⎜⎝ cCa + cMg
⎣

⎞
⎟
⎟
⎠

n

⎤ n
⎥
⎥
⎦

14
12

a (mmol kg -1)

10
8
6
4
2
0

0

5

10

15

20
cBa /cCa+cMg

25

L
ex+prec
L
ex
● F
ex+pre
ex+prec
c
F
n
30
35
ex
ex

40

FIGURE 4 – ECI isotherms adsorption of barium on kaolinite
including ion exchange and precipitation (ex+prec) or only ion
exchange (ex).

FIGURE 5 – CSI isotherms adsorption of barium on kaolinite
including ion exchange and precipitation (ex+prec) or only ion
exchange (ex).

of isotherms and by preparing the isotherms with the
inclusion of precipitation. The applied adsorption isotherms
and their equations are presented in Table 3.
The settling time of adsorption equilibrium did not
exceed 24 h and thus, the results obtained with the method
of variable adsorbent/solution ratio could be used to draw
the isotherms. These isotherms are termed “environmentally
conservative” (ECI), because they predict a smaller scale
of adsorption than isotherms drawn with the method of
constant adsorbent/solution ratio (CSI). The isotherms
were determined, including the competition between Ca2+,
Mg2+ and Ba2+ ions, for adsorption sites as well as BaSO4

precipitation. The differences in the course of Langmuir
and Freundlich isotherms including both (ion exchange
and precipitation), or one of the mechanisms (ion exchange),
are depicted in Figs. 4 and 5.
The results of estimation of parameters for the applied
adsorption isotherms are given in Tables 5 and 6. The theoretical equations of these isotherms correctly describe the
experimental data of barium ion adsorption on kaolinite,
and it is reflected in high values of the determination
coefficient. The lowest adjustment was detected for the
Freundlich isotherm, which described the data generated
with the method of variable adsorbent/solution ratio (ECI).
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TABLE 5 – Values and standard errors of estimated parameters of barium adsorption isotherms on kaolinite (ECI isotherms) including ion
exchange and precipitation mechanisms.

Mechanism

Statistics of regression

R2 (%)
Ion exchange parameter
and precipita- value
tion
standard error
t = value/error
R2 (%)
parameter
Ion exchange value
standard error
t = value/error
L* – isotherm reduced to Langmuir

Parameters of adsorption isotherm
Freundlich
Langmuira-Freundlich
F
LF
68,9
98,0
K
n
am
K
n
8.18
0.11
11.4
2.08
1.00
0.51
0.03
L*
15.9
3.67
69.4
97.8
K
n
am
K
n
7.3
0.12
10.6
1.76
1.00
0.5
0.03
L*
14.0
3.7

Langmuir
L
98,0
am

K
11.4
0.2
70.3
97.8

am

2.08
0.18
11.7
K

10.6
0.2
55.0

1.76
0.19
9.5

am
11.4

Tóth
T
98,0
K
2.08

n
1.00

L*
am
10.6

97.8
K
1.76

n
1.00

L*

TABLE 6 – Values and standard errors of estimated parameters of barium adsorption isotherms on kaolinite (CSI isotherms) including ion
exchange mechanism.

Mechanism

Statistics of regression

R2 (%)
Ion exchange parameter
and precipita- value
tion
standard error
t = value/error
R2 (%)
parameter
Ion exchange value
standard error
t = value/error
L* – isotherm reduced to Langmuir

Parameters of adsorption isotherm
Freundlich
Langmuira-Freundlich
F
LF
97.0
98.5
K
n
am
K
n
5.31
0.76
26.4
0.26
1,00
0.24
0.06
L*
22.1
13.5
95.6
98.1
K
n
am
K
n
5.18
0.72
21.2
0.34
1.00
0.3
0.1
L*
20.5
11.8

Langmuir
L
98.5
am

K
26.4
5.22
5.06
98.1

am

0.26
0.08
3.41
K

21.2
3.4
6.3

0.34
0.1
4.0

The values of R2=68.9% for the isotherms corresponding to the exchange and precipitation reactions, and
69.4% for the exchange reaction were recorded (Table 5).
The significant proportion of variation explained by the
model (R2 was 98.0% and 97.8% for ECI, and 98.5 and
98.1% for CSI) was recorded for the Langmuir, LangmuirFreundlich and Tóth isotherms. The same values of determination coefficient for the isotherms L, L-F and T
result from the fact that the isotherms L-F and T were
reduced to the isotherm L since the value of their additional parameter n was estimated to be 1. Standard errors
are the best measurement of correctness of estimation for
equation parameters. A good model for the analysis of
non-linear regression is the one for which evaluations of
parameters have the lowest standard error (the evaluationto-error ratio is highest [15]. The significant ratios of parameter estimator to standard estimation error were detected
for the Langmuir model for ECI, and for the Freundlich
model for CSI, and it was found that these models generated the best description of sorption.
Taking the course of ion exchange reaction in soil into consideration, a Langmuir isotherm has better asymptotic parameters than the Freundlich isotherm, since it assumes maximum adsorption that may be (after being multiplied by the charge of ions) interpreted as the cation ex-

am
26.4

Tóth
T
98.5
K
0.26

am
21.2

98.1
K
0.34

n
1,00

L*
n
1.00

L*

change capacity. The comparison of estimators of parameter am (2am) (multiplied by two) for the Langmuir
isotherm generated with the method of variable and constant adsorbent/solution ratio with a CEC value is presented in Fig. 6. The application of the method of variable
100

80

60

40

20

0

CEC

2am ECI ex
2am CSI ex
2am ECI ex+prec
2am CSI ex+prec

FIGURE 6 – Values of estimators of parameters am (multiplied by 2)
of Langmuir isotherm obtained by method of variable (ECI) and
constant (CSI) adsorbent/solution ratio (error bars show ± standard
deviation (CEC), or estimation of standard error multiplied by 2).
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adsorbent/solution ratio yielded lower values of am in
comparison with the procedure based on the constant
ratio. The estimators of am parameter, multiplied by two,
for ECIs were lower than the recorded CEC, which was
within the 2am values for the isotherms ECI and CSI. Significant values of standard errors generated by the estimation of am for CSIs result from the fact that this parameter
was negatively correlated with the K parameter (r = 0.99).
4. CONCLUSIONS
1. The applied empirical equations for the Langmuir,
Freundlich, Langmuir-Freundlich and Tóth adsorption
isotherms generated a good description of the experimental data on adsorption of barium ions (Ba2+) on
tested kaolinite; the Langmuir-Freundlich and Tóth isotherms were reduced to the L isotherm since the value
of their heterogeneity parameter n was estimated at 1.
2. The estimators of am for the Langmuir isotherms (predicted maximum adsorption) may be (after being multiplied by the charge of ions) interpreted as the cation
exchange capacity. The sorption capacity for kaolinite
predicted by the ECIs was lower than the recorded
CEC, which was between the 2am values for the isotherms ECI and CSI.
3. The equations for the Langmuir, Freundlich, Langmuir-Freundlich and Tóth adsorption isotherms may be
used to describe the reaction of ion exchange by introducing (into the equation) the ratio of ion concentration
(activity) in an equilibrium solution to the sum of concentration (activities) of ions competing for adsorption
sites.
4. The loss of barium ions from the extraction solutions
observed during the batch adsorption experiment
followed two probable mechanisms: the exchange
reaction with calcium and magnesium ions, and the
precipitation of sparingly soluble barium sulphate (VI).
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BIOACCUMULATION OF ZINC UNDER THE INFLUENCE OF
SEWAGE SLUDGE AND LIMING AND ITS SPECIATION IN SOIL
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ABSTRACT
This study evaluated the impact of sewage sludge
at doses of 10%, 20% and 30% of fresh soil (37, 74 and
110 Mg . ha-1 DM) weight in a pot and of liming on the
content of zinc in the tested plants: Italian ryegrass (in the
first and fourth year of the experiment), sunflower and
maize (in the second and third year), and in the soil after
each harvest. Fertilization with sewage sludge significantly
diversified the content of zinc in the cultivated plants. The
concentration of this metal in soil also increased: the highest dose (110 Mg . ha-1DM) of sewage sludge) resulted in
a two- to three-fold increase of zinc content in comparison
with the control objects. In general, liming significantly
diversified the content of zinc in the tested plants and in
the soil. After the first, second and third years, the complexes of zinc with the organic fraction (F4) were predominant in the soil, in the fourth year with the organic
fraction (F4) and residual fraction (F7). Liming resulted
in an increase in the zinc content in the residual fraction
in comparison with the non-limed soil. The content of Zn
in the tested plants increased together with the amount of
Zn in the soil which was bound to organic matter (F4) and
to manganese oxides (F3), which was confirmed by the
highest positive correlation coefficient. The species of the
tested plant significantly impacted the bioaccumulation of
zinc. The highest zinc bioaccumulation factor was recorded
for the biomass of Italian ryegrass in the first year of the
experiment with lower values determined for the biomass
of sunflower and maize.

KEYWORDS: zinc, sewage sludge, liming, Italian ryegrass,
maize, sunflower, Zeien-Brümmer method

1. INTRODUCTION
Sewage sludge used as fertilizer contains heavy metals which are partially found in chelate complexes with
organic matter and may be released during its decomposition and then bound by soil components [1, 2]. In agricul* Corresponding author

ture, the use of sewage sludge as a fertilizer requires continuous research, for instance, a more comprehensive analysis of the bioavailability of metal elements in sewage sludge
and their mobility in soil [3, 4]. Knowledge of immobilization mechanisms related to chemical forms of elements helps
to reduce environmental risk [5]. Zinc is one of the most
mobile metals in soil and its desorption decreases proportionally to the increase in reaction [6-8]. A high content of
this metal in soil is dangerous for plants since this element is easily accumulated in the vegetative and generative
plant structures, which causes a reduction in yielding and in
the biological value of plants. Plants can absorb zinc with
roots and leaf blades as Zn 2+ or as zinc chelates. The
evaluation of the total content of metals in soil is insufficient and many authors believe that it is necessary to
determine their speciation [9, 10]. In general, zinc is readily available for plants in the majority of soil types. Organic matter and FeOx and MnOx may form long-lasting
complexes with this element [11].
The objective of the study was to evaluate the impact
of sewage sludge and liming on the content of zinc in the
tested plants (Italian ryegrass, maize, sunflower) and in
the soil as well as its proportion in the extracted fractions
from the soil and sewage sludge in a 4-year pot experiment.
2. MATERIALS AND METHODS
The pot experiment carried out during four vegetation
seasons was set up in three replications in a randomized
model. The pots were filled with 10 kg of soil collected
from the humus horizon of typical soil lessive with a
granule composition of loamy sand with pHKCl = 4.19,
where the content of zinc was 29.7 mg . kg-1, total carbon
11.25 g . kg-1 and nitrogen 0.980 g . kg-1. The total content
of carbon (Ct) and nitrogen in the soil was determined
with a CHN analyser. The concentration of zinc was
measured after mineralization with the ICP-AES method.
Before filling the pots, the soil was sieved through a 2-cm
mesh and divided into two parts. One part was limed with
CaCO3 in accordance with Hh=1 and left for a month to
reach a humidity of 50-60% of water vapour mass. A dose
of 5 t CaCO3 per ha was applied and the pots were then
filled with the prepared soil and constituted two series, i.e.
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with and without liming. In the next step, fresh sewage
sludge was put into the pots at 10%, 20% and 30% of soil
mass and carefully stirred. The dose of sewage sludge (in
Mg . ha-1) was 37 Mg, 74 Mg and 110 Mg . ha-1 DM, respectively. The content of the selected heavy metals in the
examined sewage sludge was (mg . kg-1 DM) as follows:
Zn – 1260; Cu – 101; Ni – 52.74; Cd – 1.97; Pb – 44.73;
Co – 4.49; and Cr – 20.88. The sewage sludge used in this
experiment did not contain any microbiological or chemical contaminants [12]. The total number of live eggs of the
intestinal parasites Ascaris, sp., Trichuris sp., and Toxocara sp. in 1 kg of dry sludge was zero [12]. The chemical
composition indicated its potential application as a fertilizer in compliance with the Polish regulations. The Regulation issued by the Minister of the Environment [12] specifies that the permissible dose of sewage sludge (that in the
exceptional cases may be cumulative) should not exceed
30 Mg . ha-1 DM within two years and 45 Mg . ha-1 DM
throughout the period of three years. In the presented pot
experiment, higher doses of sewage sludge were used in
order to investigate the rate of heavy metal bioaccumulation by the test plants and their accumulation in the soil.
The experiment included the control objects: without sewage
sludge and liming and without sewage sludge but with
CaCO3. Sewage sludge was applied once, 10 days before
planting Italian ryegrass seeds in the first year of the experiment. During the experiment, the soil humidity was
maintained at 50-60% of water vapour mass. Italian
ryegrass (Lolium multiflorum Lam.), Kroto variety, was
harvested in four swaths in 30-day intervals. In the second
and third year, maize (Nimba variety) was cultivated and
harvested after 75 days of vegetation and sunflower was
seeded after maize harvest (the same pots) and harvested
after 70 days of vegetation. In the fourth year, Italian
ryegrass was cultivated and harvested in the same way as
in the first year of the experiment. The content of zinc
was determined with the ICP-AES method in the samples
of plant biomass and soil collected after each crop of the
tested plants. In addition, the content of zinc in the fractions sequentially extracted with the Zeien-Brϋmmer [13]
method (Table 1) was measured in the sewage sludge and
soil (collected after each crop). Bioaccumulation factors (BF)
were calculated based on its content in plant dry matter
and its concentration in the soil [6]. The excess of zinc in the
soil which resulted from the application of sewage sludge
was calculated as the difference with a control object.

The results were statistically processed and the differences between the means were evaluated with the analysis
of variance (with FR Analvar 3.2 software). For the significance of differences, LSD 0,05 was calculated with
Tukey’s test. The coefficient of simple correlation between
pH, carbon content in the soil and zinc content in plant
biomass and the fraction of this metal in the soil in a 4year experiment at p<0.05 was calculated (Statistica, Version 10.0, StatSoft).
3. RESULTS AND DISCUSSION
The content of zinc in dry matter of Italian
ryegrass in the first year of the experiment ranged from
58.0 to 169 mg . kg -1 (Table 2). Liming had a significant impact on the content of this metal in the tested
plant [14]. In the non-limed objects, the (average) content of Zn was 121 mg . kg-1, whereas in the limed objects it
was 113 mg . kg-1. In Poland, the concentration of zinc in
grass biomass ranges from 3.7 to 292 mg . kg-1, and
averages 32 mg . kg-1 [15]. In Italian ryegrass, the content
of zinc was almost two times higher in the objects fertilized with sewage sludge than in the controls (without
fertilization) [16]. The addition of sewage sludge into the
soil significantly diversified the content of this metal in
grass biomass in the first year of cultivation. In the first
grass swath, the increase of Zn concentration coincided
with an increase in sewage sludge dose. In the latter
grass, the highest bioaccumulation was induced by a
medium dose of sewage sludge; in the third swath, the
concentration of zinc was relatively the lowest and the
increase was observed only in the objects with liming; in
the fourth swath, the dose was highest.
In the second year of the experiment, liming significantly reduced the content of zinc in maize biomass (on
average by 37.5%) and sunflower (by 21%) in comparison with the plants cultivated in the non-limed objects. A
reduction in zinc concentration in the plants induced by
liming was also reported by Spiak [17]. In the third year
of the experiment, liming significantly diversified the
content of zinc only in sunflower. In maize (without liming) in the second year of the experiment, the concentration of zinc was almost five times higher as a result of the
after-effect of the highest dose of sewage sludge and over
two times higher in the objects with liming than in the

TABLE 1- Sequential extraction of heavy metals with the Zeien-Brümmer method
Fraction
F1
F2
F3
F4
F5
F6
F7

Name
easily soluble
exchangeable
bound to MnOx
Forg bound to organic matter
bound to amorphous FeOx
bound to crystalline FeOx
Fresid residual

Extraction reagent
1 mol NH4NO3. dm-3
1 mol CH3COONH4 . dm-3
1 mol NH2OH . HCl . dm-3 + 1 mol CH3COONH4 . dm-3
0.025 mol C10H22N4O8 . dm-3
0.2 mol (NH4)2C2O4 . dm-3 + 0,2 mol H2C2O4 . dm-3
0.2 mol (NH4)2C2O4 . dm-3 + 0,2 mol H2C2O4 . dm-3 + 0.1 mol C6H8O6 . dm-3
Calculated as the difference between the total content of nickel and the
sum of the above determined fractions

soil proportion / solution 1g : 10 cm3
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Extraction time
24 h
24 h
0.5 h
1.5 h
4h
0.5 h
-

pH
natural
6.0
6.0
4.6
3.25
3.25
-
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TABLE 2 - The content of zinc (mg . kg -1) in the test plants in four-years in the pot experiment

control
object

10%

20%

without liming
Italian ryegrass
first year of experiment
I swath
68.5
138
164
165
134
67.7
116
II swath
72.5
134
146
117
117
70.4
114
III swath
72.9
136
131
112
113
58.0
105
IV swath
82.0
132
136
142
121
70.3
93,9
mean
73.9
135
144
134
121
66.6
107
LSD0.05 for: A (liming) = 1.52; B (fertilization) = 2.84; C (swaths) = 2.84; A/B (interaction) = 3.04
second year of experiment
maize
33.3
63.7
75.8
150
80.7
33.9
27.0
sunflower
56.7
77.9
127
114
93.7
65.8
57.5
maize
LSD0.05 for: A (liming) = 3.09; B (fertilization) = 5.89
sunflower LSD0.05 for: A (liming) = 0.564; B (fertilization) = 1.08
third year of experiment
maize
29.3
25.9
55.1
62.4
43.2
33.9
34.3
sunflower
62.4
111
129
109
103
58.1
109
maize
LSD0.05 for: A (liming) = n.s.; B = 0.886
sunflower LSD0.05 for: A (liming) = 1.38; B (fertilization) = 2.64
Italian ryegrass
fourth year of experiment
I swath
20.4
20.6
65.5
81.4
47.0
24.9
25.9
II swath
35.5
29.2
36.5
40.3
35.4
30.4
34.5
III swath
50.4
47.9
61.7
76.4
59.1
59.2
49.4
IV swath
30.3
39.6
47.7
64.9
45.7
27.5
13.2
mean
34.2
34.3
52.9
65.8
46.8
35.5
30.8
LSD0.05 for: A (liming) = n.s.; B (fertilization) = 27.8; C = (swaths) 27.8; A/B = n.s.
10%, 20%, 30% of sewage sludge to dry mass of soil, (37 Mg, 74 Mg, 110 Mg . ha-1 DM of sewage sludge)
n.s. – not significant difference

liming

Plant

10%

20%

Fertilization object
control
mean
object

30%

controls. In sunflower biomass, the highest content of zinc
was detected in comparison with biomass of maize and
annual ryegrass in the fourth year of the experiment; this
concentration was significantly higher in the objects fertilized with sewage sludge than in the controls [18, 19].
The after-effect of sewage sludge significantly diversified
the content of zinc in maize and sunflower biomass in the
second and third year of the experiment.
In the third year of the study, the biomass of maize
contained on average less zinc than in the second year; in
the case of sunflower, the correlation was reversed: the
content was higher in the third year than in the second year.
In the biomass of sunflower, the highest average concentration of tested metal was recorded with the medium dose
of sewage sludge in the non-limed objects (127 mg . kg-1),
whereas with the highest dose of sewage sludge (99.4 mg .
kg-1) was in the objects with liming. Singh and Agrawal
[2] claim that a plant species exerts a major impact on the
bioaccumulation of heavy metals.
In the fourth year of the experiment, the after-effect
of sewage sludge significantly influenced the content of
zinc in Italian ryegrass biomass and liming did not significantly diversify this content. The concentration of zinc in
the biomass of ryegrass fertilized with the lowest dose of
sewage sludge was similar to the content in the control
object. In annual ryegrass, the highest concentration was
recorded with the highest dose of sewage sludge: higher
in the non-limed soil than in the soil with liming (except
for the third swath). The content of Zn in ryegrass ferti-

30%

mean

167
140
118
120
136

169
131
127
137
141

130
114
102
105
113

68.9
72.2

72.1
99.4

50.5
73.8

47.1
69.0

57.4
99.3

43.2
81.3

57.3
29.2
58.0
20.7
41.3

63.7
39.4
83.0
29.9
54.0

42.9
33.4
62.4
22.9
40.4

lized with the highest dose of sewage sludge (on average
from four swaths) was 65.8 and 54.0 mg . kg-1 , respectively.
The concentration of zinc in the soil after the first
year of cultivation and following Italian ryegrass crop was
significantly diversified by liming and sewage sludge
application (Table 3). In the soil in the object with the
highest dose of sewage sludge, the content of tested metal
was over 2 times higher than in the control object at every
time point during the four years of study. The content of
zinc in the individual objects was much lower than the
permissible limits for arable lands at all time points when
the measurements were taken. A significant after-effect of
sewage sludge on the content of zinc was recorded in the
subsequent years of the experiment: in the second and third
year after harvesting maize and sunflower and in the fourth
year after harvesting Italian ryegrass [20]. Liming significantly diversified the concentration of zinc in the soil: in
the second year after the maize crop, in the third year after
the sunflower crop as well as after the fourth year of cultivation. The highest average content of this metal in the
soil was detected in the first year of the experiment in
comparison with the subsequent years. After harvesting
ryegrass in the fourth year, the content of Zn was, on
average, higher than after the second and third year of
cultivation. The roots of test plants (maize and sunflower)
probably accumulated a certain amount of zinc which reentered circulation following decomposition.
A sequential analysis of zinc in the sewage sludge
with the Zeien-Brümmer [13] method revealed the highest
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TABLE 3- The content of zinc (mg . kg -1) in soil after harvested test plants in four-years in the pot experiment

Plant

control
object

10%

20%

Fertilization object
control
mean
object

30%

10%

without liming

20%

30%

mean

76.8
76.8
80.0
89.4
80.8

72.0
112
108
112
101

63.0
75.1
72.8
76.6
71.9

73.2
76.4

101
98.3

66.4
62.0

76.5
71.7

102
80.5

65.0
55.1

84.8
80.4
82.5
77.6
81.3

102
97.5
105
97.1
100

68.1
64.9
72.2
63.2
67.1

liming

Italian ryegrass
I swath
37.9
II swath
45.2
III swath
53.4
IV swath
51.5
mean
47.0
LSD0.05 for: A (liming) = 0.355;

first year of experiment
57.2
58.7
94.4
68.6
39.9
63.3
61.5
73.8
93.6
68.5
48.2
63.3
71.9
88.8
109
80.8
37.4
65.7
65.5
85.5
113
78.9
39.0
65.8
64.0
76.7
102
74.2
41.1
64.5
B (fertilization) = 0.662; C (swaths) = 0.662; A/B (interaction) = 0.709
second year of experiment
maize
30.3
51.2
75.7
102
64.7
41.3
50.3
sunflower
30.5
48.9
77.9
97.9
63.8
27.4
46.0
maize
LSD0.05 for: A (liming) = 0.650; B (fertilization) = 1.1
sunflower LSD0.05 for: A (liming) = n.s.; B (fertilization) = 0.659
third year of experiment
maize
29.0
51.3
77.3
104
65.4
30.7
50.6
sunflower
29.9
46.1
71.6
89.0
59.1
25.1
43.0
maize
LSD0.05 for: A (liming) = n.s.; B (fertilization) = 1.28
sunflower LSD0.05 for: A (liming) = 0.438; B (fertilization) = 0.837
Italian ryegrass
fourth year of experiment
I swath
31.5
58.9
82.0
114
71.6
32.3
51.4
II swath
28.3
55.9
79.8
103
66.7
33.9
47.9
III swath
72.1
55.8
79.2
106
68.3
33.1
68.3
IV swath
39.9
51.9
71.3
105
67.0
31.1
46.9
mean
42.9
55.7
78.1
107
68.4
32.3
53.6
LSD0.05 for: A (liming) = 0.398; B (fertilization) = 0.744; C (swath) = 0.744; A/B (interaction) = 0.797
10%, 20%, 30% of sewage sludge to dry mass of soil, (37 Mg, 74 Mg, 110 Mg . ha-1 DM of sewage sludge)
n.s. – not significant difference;

content of this metal (71.8%) in the organic fraction F4
(Table 4). The predominance of this fraction is typical of
sewage sludge [21]. It was found that the bioavailability
of zinc from the tested sewage sludge was low (the sum
of F1 and F2 fractions constituted 2.07%) [22]. In the soil
in the first year of cultivation, the distribution of zinc in
the extracted fraction was significantly diversified depending on the dose of sewage sludge and liming (Table
4). The proportion of mobile zinc forms increased with
the dose of sewage sludge and measurement time points,
especially in the soil without liming. After the first grass
swath, the sum of mobile fractions of this metal (F1 and
F2) constituted over 3% and was two times higher than in
the limed soil. After the fourth swath, it increased to
15.3% and to 14.4% in the limed soil. The amount of zinc
in complexes with organic matter (F4 fraction) in the nonlimed soil treated with sewage sludge ranged between
26.6% and 51.2% and from 27.1% to 47.2% and dominated over the other fractions. Large amounts of zinc were
bound to iron oxides (the sum of F5 and F6): over 25%
after the first swath and over 15% after the fourth swath.
It was found that the content of zinc in the residual fraction (F7) decreased with subsequent measurement time
points, especially in the soil without liming. In the control
soil, the content of zinc in F7 fraction was much higher
than in the soil treated with sewage sludge.
After the second year of cultivation, zinc in the bio
available fractions F1 and F2 started to enter circulation
(Table 5). In the soil without liming after harvesting

maize, the proportions of these zinc complexes were
20.5% and 14.6% in the limed soil, whereas after harvesting sunflower they were 17.6% and 12.2%, respectively.
The highest proportion of mobile complexes of this metal
was detected with the after-effect of a medium dose of
sewage sludge in the non-limed soil after harvesting
maize and with the lowest dose of sewage sludge after
harvesting sunflower. The highest content of zinc was
found in the organic fraction in which its concentration
increased together with the dose of sewage sludge. It was
recorded that the content of zinc bound to FeOx (F5 and
F6) decreased, which was influenced by the dose of sewage sludge; the highest amount of zinc was detected in the
control objects. The content of zinc in the residual fraction (F7) was significantly higher in the limed soil after
harvesting maize, i.e. on average 21.9%, in comparison
with the non-limed soil (1.07%); these values were 13.2%
and 8.85%, respectively, after harvesting sunflower.
After the third year of cultivation, the amount of mobile zinc complexes (F1 and F2) in the soil decreased
compared with the second year and on average was over
10% (Table 6). The metal-organic fraction (F4) constituted the largest proportion in the total zinc pool. In the soil
treated with sewage sludge, especially under the influence
of the highest dose, the content of zinc in the F4 fraction
was two times higher than in the control objects and constituted over 50%. The number of zinc complexes with
FeOx (F5 and F6) was highest in the control objects and
decreased with the dose of sewage sludge. The content of
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zinc in the residual fraction F7 was much lower than after
the second year and was higher in the limed soil compared to the soil without liming. Changes in the mobility
of this metal influenced by the application of sewage
sludge have been reported by Förstner [23] and Patorczyk-Pytlik [18].
After the fourth year of the experiment, with subsequent grass swaths, the following changes were observed:

increase in the content of zinc in the residual fraction
(F7), decrease in the complexes with amorphous iron
oxides (F5) and with the organic fraction (F4) and decrease in the mobile fraction (F1 and F2) in comparison
with the third year of the study (Table 7). The sum of F1
and F2 was higher in the non-limed soil and decreased
with subsequent grass swaths. In the lime-treated soil, the
proportion of zinc in the residual fraction was much higher
than in the non-limed soil. The content of zinc in this fraction

TABLE 4- Percentage share of zinc fractions in total content in sewage sludge and soil after harvested Italian ryegrass, in first year in the
pot experiment
Zinc fractions in
sewage sludge

pHKCl
6.5

Ct
g . kg -1
351

F1

F3

F4

F5

F6

F7

1.24
5.61
71.8
17.2
3.18
0.167
I swath, without liming
4.28
11.2
0.245
n.d.
7.51
20.4
15.7
18.0
38.7
20%
30%
3.04
n.d.
9.01
26.6
18.0
16.8
26.6
4.25
13.6
3.19
2.47
9.35
39.2
13.4
9.5
22.9
4.36
14.9
1.82
2.43
10.2
41.5
13.1
10.2
20.9
12.9
2.07
1.23
8.99
31.9
15.0
13.6
27.3
liming
control object
5.90
11.3
n.d.
n.d.
6.99
20.7
14.4
14.5
43.5
10%
5.45
12.0
0.733
n.d.
14.9
27.1
15.7
10.5
31.1
20%
5.13
13.5
0.802
2.33
10.4
39.2
14.1
8.12
25.1
30%
5.10
14.1
0.942
2.14
11.3
43.9
14.9
8.35
18.4
mean
12.7
0.619
1.12
10.9
32.7
14.8
10.4
29.5
II swath, without liming
control object
5.25
11.1
n.d.
5.46
6.59
33.6
14.1
13.2
27.0
10%
5.15
11.9
0.748
3.06
10.6
32.0
15.6
11.2
26.8
20%
5.16
12.5
1.87
3.36
11.6
42.1
19.2
8.58
13.3
30%
5.10
14.9
1.19
2.40
13.0
44.5
16.5
8.17
14.3
mean
12.6
1.27
2.94
11.7
39.5
17.1
9.31
18.1
liming
control object
6.03
11.2
n.d.
n.d.
7.23
18.5
14.2
11.6
48.5
10%
5.95
12.2
0.050
0.821
13.2
34.8
13.6
12.2
24.0
20%
5.80
12.9
0.142
2.72
9.95
34.0
22.1
8.89
22.2
30%
5.81
15.0
0.155
2.48
11.6
43.2
14.8
7.34
21.6
mean
12.8
0.087
1.51
10.5
32.6
16.2
10.0
29.1
III swath, without liming
control object
5.59
11.2
0.979
2.51
2.99
32.2
11.4
16.6
33.4
10%
5.72
12.8
2.09
4.64
7.99
36.2
13.8
14.0
21.4
20%
5.56
13.8
1.90
5.96
9.28
44.2
11.3
9.09
18.3
30%
5.54
14.1
1.83
5.23
8.77
51.2
11.8
7.50
13.7
mean
13.0
1.70
4.59
7.26
40.9
12.1
11.8
21.7
liming
control object
6.10
12.5
0.035
3.48
4.52
16.2
17.8
15.5
42.5
10%
5.92
12.6
1.60
1.57
8.26
31.5
10.6
9.06
37.4
20%
5.98
14.1
1.51
1.41
7.80
47.2
12.5
7.61
22.0
30%
6.00
15.0
1.20
2.46
8.35
40.9
9.49
5.56
32.0
mean
13.6
1.09
2.23
7.23
33.9
12.6
9.43
33.5
IV swath, without liming
control object
5.14
11.9
1.59
9.81
11.1
20.5
11.9
8.23
37.3
10%
5.20
12.6
2.47
15.4
13.3
30.2
11.0
10.5
16.9
20%
5.32
15.3
2.22
16.0
13.0
34.2
11.8
6.57
13.1
30%
5.31
14.1
1.73
12.1
12.6
43.2
9.41
4.06
17.3
mean
12.6
2.00
13.3
12.5
32.0
11.0
7.33
21.2
liming
control object
5.90
12.6
1.10
12.5
12.8
22.5
12.6
9.04
29.6
10%
6.04
13.5
2.01
14.0
9.48
28.4
9.39
5.49
31.2
20%
5.73
13.5
1.57
13.8
10.7
34.5
9.06
4.64
25.7
30%
5.95
14.1
1.34
11.3
10.2
40.8
7.11
3.10
26.2
mean
13.4
1.51
12.9
10.8
31.6
9.54
5.57
28.2
10%, 20%, 30% of sewage sludge to dry mass of soil, (37, 74, 110 Mg . ha -1 DM of sewage sludge)
n.d.- not detected
Fractions: F1 –easily soluble, F2 – exchangeable, F3 – bound to MnOx, F4 – bound to organic matter, F5 – bound to amorphous FeOx, F6 – bound to
crystalline FeOx, F7 – residual;
Fertilization object
control object
10%
20%
30%
mean
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TABLE 5- Percentage share of zinc fractions in total content in soil after harvested maize and sunflower in second year in the pot experiment
pHKCl

Ct g . kg-1

F1

F2
F3
F4
F5
F6
F7
without liming, after harvested maize
5.10
15.5
3.43
16.6
12.0
38.6
20.6
7.62
1.16
5.37
17.8
2.05
17.3
16.2
44.4
14.1
5.70
0.332
5.88
17.9
2.54
21.7
13.8
40.0
15.0
5.07
1.97
5.78
15.4
1.95
16.4
12.8
49.9
14.2
3.91
0.837
16.7
2.49
18.0
13.7
43.2
16.0
5.58
1.07
liming
control object
6.34
9.30
2.07
12.5
8.94
19.4
13.1
4.02
39.9
10%
6.23
19.4
1.97
13.7
13.4
34.4
11.0
5.92
19.6
20%
5.97
16.4
1.71
13.2
13.5
37.2
14.1
4.67
15.6
30%
5.90
11.3
1.29
11.7
12.6
45.8
12.7
3.57
12.3
mean
14.1
1.76
12.8
12.1
34.2
12.7
4.55
21.9
without liming, after harvested sunflower
control object
5.29
6.50
6.30
16.7
14.4
12.5
23.7
7.57
18.9
10%
6.06
23.0
4.05
20.5
17.2
26.3
15.1
4.19
12.7
20%
5.86
23.9
2.63
10.6
13.5
50.7
17.9
2.89
1.84
30%
5.89
19.7
2.23
7.48
10.3
59.9
19.7
2.33
1.93
mean
18.3
3.80
13.8
13.8
37.4
19.1
4.25
8.85
liming
control object
6.39
6.40
4.49
11.9
2.15
24.5
26.5
4.71
25.7
10%
6.27
17.8
2.78
11.5
17.4
23.4
23.0
2.80
19.2
20%
6.13
13.3
2.36
8.01
10.6
55.7
18.3
2.07
3.02
30%
6.10
19.5
1.98
5.64
10.1
59.3
16.5
1.81
4.63
mean
14.3
2.90
9.27
10.1
40.7
21.1
2.85
13.2
10%, 20%, 30% of sewage sludge to dry mass of soil, (37, 74, 110 Mg . ha -1 DM of sewage sludge)
Fractions: F1 –easily soluble, F2 – exchangeable, F3 – bound to MnOx, F4 – bound to organic matter, F5 – bound to amorphous FeOx, F6 – bound to
crystalline FeOx, F7 – residual
Fertilization object
control object
10%
20%
30%
mean

TABLE 6- Percentage share of zinc fractions in total content in soil after harvested maize and sunflower in third year in the pot experiment
Fertilization
object

pHKCl

Ct
g . kg-1

F1

F2

F3

F4

F5

F6

F7

without liming, after harvested maize
8.23
14.0
25.6
16.5
25.7
2.96
5.32
11.2
36.1
18.2
24.8
0.370
4.32
12.7
48.8
13.3
16.8
0.181
4.57
10.1
56.4
11.9
12.7
0.269
5.61
12.0
41.7
15.0
20.0
0.945
liming
control object
6.52
9.80
4.72
8.89
12.8
21.4
18.1
24.8
9.31
10%
6.25
10.4
4.66
6.96
8.30
34.8
19.1
21.4
4.74
20%
6.24
20.6
2.64
4.34
11.2
49.8
14.0
13.5
4.43
30%
6.22
19.4
3.09
6.87
9.32
57.7
11.1
10.3
2.07
mean
15.1
3.78
6.77
10.4
40.9
15.6
17.5
5.14
without liming, after harvested sunflower
control object
5.31
7.50
6.63
8.68
11.9
24.4
23.1
17.6
7.71
10%
6.30
16.4
4.44
6.83
9.26
41.6
18.3
16.1
3.45
20%
6.28
13.2
3.42
4.30
11.1
58.8
15.5
5.88
1.01
30%
6.05
18.4
2.90
4.77
9.22
66.3
11.7
4.55
0.506
mean
13.9
4.35
6.15
10.4
47.8
17.2
11.0
3.17
liming
control object
6.45
7.60
7.72
10.1
8.60
25.7
24.1
17.1
6.73
10%
6.32
17.2
2.98
7.63
11.8
49.5
19.0
4.65
4.42
20%
6.16
15.8
2.29
4.77
11.1
62.0
14.6
2.48
2.78
30%
6.30
18.1
2.16
5.07
10.5
66.2
12.5
1.77
1.78
mean
14.7
3.79
6.90
10.5
50.8
17.5
6.49
3.93
10%, 20%, 30% of sewage sludge to dry mass of soil, (37, 74, 110 Mg . ha -1 DM of sewage sludge)
Fractions: F1 –easily soluble, F2 – exchangeable, F3 – bound to MnOx, F4 – bound to organic matter, F5 – bound to amorphous FeOx, F6 – bound to
crystalline FeOx, F7 – residual
control object
10%
20%
30%
mean

5.24
6.25
6.10
6.24

8.30
12.8
14.4
18.6
13.5

6.96
4.13
3.87
4.22
4.80
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TABLE 7- Percentage share of zinc fractions in total content in soil after harvested Italian ryegrass in fourth year in the pot experiment
pHKCl
Fertilization
object
control object
10%
20%
30%
mean

Ct g . kg-1

F1

F2

F3

F4

F5

F6

F7

18.9
33.9
48.6
55.3
39.2

16.0
15.4
11.4
13.4
14.0

28.8
21.1
16.9
11.4
19.5

2.00
7.51
1.99
3.22
3.68

I swath, without liming
5.25
5.62
6.15
6.18

10.5
20.6
19.9
21.4
18.1

4.86
7.02
4.20
2.93
4.75

23.6
6.00
4.26
4.89
9.69

5.91
9.20
12.4
9.02
9.14

liming
4.35
9.12
6.30
22.6
21.0
29.2
7.46
7.22
6.58
9.52
35.7
16.6
20.8
3.54
4.42
6.27
10.7
48.5
12.2
13.2
4.73
3.22
2.24
8.21
42.0
8.35
11.9
24.7
4.80
6.05
8.69
37.2
14.6
18.8
10.1
II swath, without liming
control object
5.36
9.70
4.17
11.1
4.14
17.1
4.42
32.2
26.9
10%
6.25
12.1
2.59
11.8
5.21
28.7
5.58
22.3
23.8
20%
6.29
19.1
3.62
5.40
9.41
32.5
6.53
15.4
27.1
30%
6.29
18.7
2.86
2.70
7.09
44.7
7.17
12.6
22.8
mean
14.9
3.31
7.75
6.46
30.8
5.93
20.6
25.2
liming
control object
6.39
11.1
4.43
4.34
3.19
16.3
3.22
26.9
41.7
10%
6.53
13.0
5.85
4.12
4.99
42.1
2.21
19.6
21.2
20%
6.43
18.3
3.24
3.07
6.78
36.8
5.06
12.0
33.0
30%
6.35
22.6
2.55
2.79
5.48
25.1
7.13
12.2
44.8
mean
16.3
4.02
3.58
5.11
30.1
4.41
17.6
35.2
III swath, without liming
control object
5.48
11.0
3.37
3.34
2.73
19.1
9.29
27.4
37.4
10%
6.01
9.70
1.71
3.90
4.59
26.0
9.85
17.6
36.7
20%
5.96
13.7
1.77
3.68
8.17
33.0
9.82
13.7
29.9
30%
5.98
16.8
1.49
1.96
8.21
41.0
9.88
12.9
24.6
mean
12.8
2.09
3.22
5.93
29.8
9.71
17.9
32.2
liming
control object
6.53
8.40
3.12
2.80
5.19
16.9
8.72
30.1
33.1
10%
6.43
10.6
1.22
1.49
5.49
18.4
5.23
15.4
52.8
20%
6.43
16.3
1.36
2.55
7.18
32.1
6.85
15.3
34.8
30%
6.45
15.9
1.26
2.56
6.90
34.7
6.71
11.1
36.7
mean
12.8
1.74
2.35
6.19
25.5
6.88
18.0
39.4
IV swath, without liming
control object
5.64
15.0
3.96
3.06
5.19
11.0
2.71
23.5
50.5
10%
5.85
17.1
2.41
4.87
5.72
23.6
4.45
17.4
41.6
20%
5.76
17.2
1.58
3.60
8.67
32.2
7.22
15.3
31.4
30%
5.68
18.2
1.35
3.18
7.55
47.8
8.86
12.2
19.7
mean
16.9
2.33
3.68
6.78
28.7
5.81
17.1
35.8
liming
control object
6.89
15.8
4.26
3.80
0.866
17.5
2.20
19.4
52.0
10%
6.84
17.4
1.72
4.01
3.26
26.0
3.90
8.58
52.7
20%
6.53
17.9
0.793
2.01
5.50
43.7
7.37
8.35
32.3
30%
6.50
18.3
0.980
3.40
5.27
47.4
7.43
5.94
29.6
mean
17.4
1.94
3.31
3.72
33.6
5.23
10.6
41.6
10%, 20%, 30% of sewage sludge to dry mass of soil, (37, 74, 110 Mg . ha-1 DM of sewage sludge)
Fractions: F1 –easily soluble, F2 – exchangeable, F3 – bound to MnOx, F4 – bound to organic matter, F5 – bound to amorphous FeOx, F6 – bound to
crystalline FeOx, F7 – residual
control object
10%
20%
30%
mean

6.44
6.41
6.39
6.25

11.8
25.8
15.7
20.8
18.5

was highest in the soil after the fourth year of cultivation
and constituted over 40% after the fourth grass swath,
being a few times higher than after the first swath. The
dominant role of durable organic-mineral and mineral
complexes of zinc in soil has been reported by Hlavay et
al. [24] and Kalembasa, Pakuła [25,26].

crease of zinc content in the soil to over 60 mg . kg-1 in
comparison with the soil in the control object (except for
the first year of cultivation). With the lowest dose of sewage sludge, the excess of zinc in the soil did not exceed
20 mg . kg-1 and was highest after the first year of the
experiment.

The excess of zinc in the soil (Fig. 1) increased proportionally to the dose of sewage sludge and was on a comparable level in the subsequent years of the experiment.
The highest dose of sewage sludge contributed to an in-

The bioaccumulation index (BF) for zinc in the tested
plant (Tables 8 and 9) depended on the plant species,
liming and the application of sewage sludge. In the first
year of the experiment, the highest value of this index (on
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70
60
mg . kg -1

50
40
30
20
10
0
first year

second year

third year

a
.

b

fourth year

c

-1

a -10% of sewage sludge to dry mass of soil; (37 Mg ha DM of sewage sludge)
b- 20% of sewage sludge to dry mass of soil; (74 Mg . ha-1 DM of sewage sludge)
c- 30% of sewage sludge to dry mass of soil; (110 Mg . ha-1 of DM sewage sludge)
FIGURE 1- The excess of zinc (mg . kg -1) in soil under the influence of sewage sludge in the following years experiment (mean values)

average from re-growths) was detected in Italian ryegrass in
the objects with sewage sludge (37 Mg . ha -1 DM) and without liming (2.13), and with sewage sludge (74 Mg . ha -1 DM)
in the lime-treated soil (1.70). A higher, or comparable,
bioaccumulation index for zinc was determined for grasses
in the control objects as compared with the objects treated
with the highest dose of sewage sludge. In the fourth year
of the experiment, BF for zinc decreased almost two-fold
in ryegrass in comparison with the first year. The penetration of this metal in a plant-soil system was significantly
higher in the control objects than with the after-effect of
sewage sludge. In the second and third years of the experiment, BF for zinc in maize was much lower than in sunflower. According to Lock and Jansen [27], Rosselli et al.
[28], Kwiatkowska-Malina and Maciejewska [29], the
plant species has a crucial impact on the accumulation of
metals found in the soil. Kabata-Pendias and Pendias [15]
found that plants alter the chemical mobility and the availability of metals in the rhizosphere. Liming in the second
year of cultivation contributed to a decrease in BF for zinc,
especially in maize biomass and, to a minor extent, in sunflower. The average BF for zinc was highest in the control
objects for maize and sunflower under the influence of the
lowest dose of sewage sludge and control objects in comparison with the other fertilized objects. Based on the bioaccumulation factor for zinc, the tested plants were arranged in the following order of decreasing values: Italian
ryegrass (the first year) > sunflower > maize > Italian
ryegrass (the fourth year). This experiment confirmed that
greater amounts of organic matter introduced to the soil
with sewage sludge reduced the rate of zinc passage from
soil into plants. This observation was confirmed in the
studies carried out by Wójcikowska-Kapusta et al. [30].

According to Kloke et al. [31], the highest coefficient of
zinc infiltration, among heavy metals, ranges from 1 to 10.
The values recorded in our study are much lower, which
indicates the possibility of using higher sewage sludge
doses for plant fertilization.
Based on the statistical analysis, a significant positive
correlation was detected in the non-limed soil between pH
and zinc content in the organic fraction (F4), between
total carbon and zinc content in F4 fraction, and a significant negative correlation was found between total carbon
and zinc content in F6 and F7 fractions (Table 10). The
content of zinc in the tested plants cultivated on the nonlimed soil was significantly negatively correlated with its
content in the F1 and F6 fractions and significantly positively correlated in the F3 and F4 fractions. In the limed
soil, a significant positive correlation was found between
pH and zinc content in the F1 and F6 fractions, whereas a
significant negative correlation was detected with the content in the F3 fraction. The total content of carbon in the
soil and zinc in the test plants was significantly positively
correlated with the content of this metal in the F4 fraction.
Furthermore, the concentration of zinc in the plants was
significantly positively correlated with its content in the
F3 fraction and significantly negatively correlated with its
content in the F1 and F6 fractions. According to the data
found in the literature, dicotyledonous plants absorb nutrients more intensively than monocotyledonous plants.
Kabata-Pendias [15] has reported that plants change the
chemical mobility and thus the bioavailability of metals in
the rhizosphere. The content of Zn in the tested plants
increased with the increasing amounts of Zn bound to organic matter (F4) and MnOx (F3) in the soil as evidenced by
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TABLE 8- Bioaccumulation index (BI) for zinc in the Italian ryegrass in first and fourth year in the pot experiment

Fertilization object

I swath

II swath

control object
10%
20%
30%
mean

1.80
2.41
1.94
1.75
1.98

1.60
2.18
1.98
1.25
1.75

control object
10%
20%
30%
mean

1.70
1.83
2.17
2.35
2.01

1.46
1.80
1.82
1.17
1.56

control object
10%
20%
30%
mean

0.648
0.349
0.799
0.714
0.628

1.25
0.523
0.457
0.391
0.655

control object
0.797
10%
0.504
20%
0.676
30%
0.625
mean
0.651
37, 74, 110 Mg . ha-1 DM of sewage sludge

0.898
0.721
0.363
0.404
0.597

first year of experiment
III swath
without liming
1.36
1.89
1.48
1.03
1.44
liming
1.55
1.60
1.48
1.18
1.45
fourth year of experiment
without liming
1.57
0.859
0.780
0.723
0.983
liming
1.79
0.724
0.705
0.790
1.00

IV swath

mean

1.59
2.02
1.59
1.26
1.62

1.59
2.13
1.75
1.32
1.70

1.80
1.43
1.34
1.22
1.45

1.63
1.67
1.70
1.48
1.62

0.761
0.763
0.668
0.619
0.703

1.06
0.624
0.676
0.612
0.743

0.885
0.282
0.267
0.308
0.436

1.09
0.558
0.503
0.532
0.671

TABLE 9 - Bioaccumulation index (BI) for zinc in the maize and sunflower in second and third year in the pot experiment
third year of experiment
maize
sunflower
without liming
control object
1.10
1.86
1.01
2.09
10%
1.24
1.59
0.505
2.41
20%
1.00
1.62
0.713
1.80
30%
1.47
1.16
0.600
1.22
mean
1.20
1.56
0.707
1.88
liming
control object
0.822
2.40
1.10
2.31
10%
0.537
1.25
0.678
2.53
20%
0.941
0.945
0.616
0.962
30%
0.714
1.01
0.563
1.11
mean
0.754
1.40
0.739
1.73
10%, 20%, 30% of sewage sludge to dry mass of soil, (37, 74, 110 Mg . ha-1 DM of sewage sludge)
Fertilization object

second year of experiment
maize
sunflower

Mean for maize

Mean for
sunflower

1.06
0.873
0.857
1.04
0.954

1.98
2.00
1.71
1.19
1.72

0.961
0.608
0.779
0.639
0.747

2.36
1.89
0.954
1.06
1.57

TABLE 10 - Simple correlation coefficients between pH, total carbon content (Ct) in the soil and content of zinc in plants and the metal
content in separated fractions of soil in a four –year pot experiment
pH
Fractions
F1

0.171

F2
0.035
F3
-0.047
F4
0.364*
F5
-0.263
F6
0.006
F7
-0.275
p<0.05; n=48; critical value r=0.288

Ct
without liming
-0.073

Zn in plants

pH

-0.419*

0.031
0.257
0.572*
-0.158
-0.421*
-0.325*

0.104
0.312*
0.431*
0.249
-0.642*
-0.135
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Zn in plants

0.526*

Ct
liming
0.025

0.075
-0.531*
-0.178
-0.275
0.376*
0.115

-0.109
0.134
0.475*
-0.269
-0.232
-0.196

-0.149
0.413*
0.302*
0.214
-0.450*
-0.120

-0.492*
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the highest positive values of correlation coefficient. The
changing bioaccumulation of zinc in the biomass of the
tested plants in the presented four-year experiment was
caused by a varied ability to release this metal from stable
compounds, which was confirmed by Pavlikova et al. [32].
4. CONCLUSIONS
5. The four-year pot experiment demonstrated the significant impact of different doses of sewage sludge (10%,
20% and 30% in relation to soil mass) and its aftereffects on the content of zinc in the biomass of the test
plants. The content of this metal in the test plants in
the objects treated with the highest dose of sewage
sludge was almost two times higher than in the control
objects except for the fourth year.
6. In general, liming of the soil significantly diversified
the content of zinc in the test plants and in the soil.
7. The proportion of zinc in the total content in the
extracted fractions in the objects depended on liming,
sewage sludge dosing and the time of measurements.
After the first, second and third year of cultivation, the
complexes of zinc with the F4 organic fraction were
predominant, whereas after the fourth year the F7 organic and residual fraction were predominant. In each
year of the experiment, a significantly higher amount of
zinc was incorporated into the residual fraction in the
lime-treated soil than in the non-limed soil.
8. The species of test plant had a significant impact on
the bioaccumulation of zinc. The highest value of
bioaccumulation factor for zinc was detected in the biomass of Italian ryegrass in the first year of the experiment, followed by sunflower and maize.
9. The application of sewage sludge contributed to an increase in the concentration of zinc in the soil. The highest
dose of sewage sludge resulted in a two- to three-fold
increase compared to the control objects.
The authors have declared no conflict of interest.
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ELIMINATION OF THE MICRO-POLLUTION
CAUSED BY ORGANIC CHLORIDE PESTICIDES IN
DRINKING WATER BY ENHANCED COAGULATION
Pengyu Liu, Qing Chang*, Zongshuo Li and Yueying Ren
School of Environmental and Municipal Engineering, Lanzhou Jiaotong, University, Lanzhou, Gansu 730070, P.R. China

ABSTRACT
Solid phase extraction (SPE) with C18 disk was developed to extract organic chloride pesticides (OCPs) in
water sample. Gas chromatography equipped with electron capture detector (ECD) was used to analyze the OCP
compounds. The enhanced coagulation experiments were
carried out with poly ferric sulfate (PFS) to remove OCPs
from water sample. The effects of pH value, the dosage of
coagulant, the slow stirring time and the modified attapulgite on the removal of OCPs were investigated. The
result indicated that when the dosage of PFS was 11mg/L,
the slow stirring time was 25 min and the pH value was in
the range from 5.5 to 6.5, the removal rate of OCPs and
turbidity reached 64.38%-89.14% and 99.66% respectively; adding the modified attapulgite can significantly improve the coagulation performance, the removal rate of
OCPs and turbidity reached 70.23%-95.23% and 98.8%
respectively. It was found that the removal of OCPs was
positively related to the removal of turbidity due to adsorption and co-precipitation mechanism.

KEYWORDS:
micro-polluted water; POPs; OCPs; coagulation; attapulgite

1. INTRODUCTION
Organic chloride pesticides (OCPs) are synthesized by
using benzene or cyclopentadiene as the main raw material,
for example, DDT, 666, dicofol, tedion are synthesized by
benzene; while heptachlor, aldrin are synthesized by cyclopentadiene [1].
OCPs are stabile, hard oxidized, difficult to decompose, toxic, and easily soluble in organic solvents, especially in grease tissue. These compounds can cause serious
impact on the regional and global environment through the
atmospheric and water transport. They are extremely easy
* Corresponding author

to be accumulated and enriched in human body through
the food chain, causing human endocrine system disorders, reproductive and immune system damage, and inducing some cancer and neurological diseases [1-3]. Although the production and application of OCPs were forbidden by the “Stockholm Convention” [1], they are still
produced in some areas of the world because of technical
limitation. DDT is produced up to now because it can be
used as the intermediate of dicofol production. At present,
OCP pollutants widely exist in air, soil, water and biomass, affecting the surface water as the source of drinking
water. Recent survey shows that the concentrations of
OCPs in the top water, the intermediate water and the
sediment of Min river of China was in the range of 214.4
ng/L to 1819 ng/L, 4541 ng/L to 13699ng/L and 28.79
ng/g to 52.07ng/g [3-6], respectively. Therefore, the effective removal of OCPs from micro-polluted water to
improve water quality and protect the safety of drinking
water is of a great significance.
The current reports on OCPs mainly focus on the pollution state, the sewage treatment and the environment
remediation of sediment. Because of the stability of OCPs
and their low concentration in water, chemical and biological methods are not effective to remove them from
water. High octanol-water partition coefficient, hydrophobic property, and low solubility in water make it easy
for them to be transferred to the sediment or be adsorbed
on the surface of organic and inorganic solid substances,
therefore, the coagulation method can be used to remove
and separate OCPs from water [2, 7, 8].
The enhanced coagulation is a regulatory requirement
in the United States aiming at removing TOC by coagulation, thereby, controlling the formation of disinfection
byproducts [9]. Generally, enhanced coagulation is carried out by appropriately increasing the coagulant dosage
to remove both natural organic matters (NOM) and turbidity. In our research, we hoped to remove POPs from
water by the enhanced coagulation too. The object of this
paper was to study the removal of DDT, 666 (HCHs) and
turbidity from water by the enhanced coagulation and its
optimum parameters in order to eliminate the micropollution caused by OCPs in drinking water.
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2. MATERIALS AND METHODS
2.1. Materials

Varian CP-3800 Gas chromatography equipped with
electron capture detector (ECD) (63Ni), CP-8410 Automatic
injector and CP-Sil 5CB Capillary gas chromatographic
column (60m×0.32mm×0.25µm) was supplied by Varian
Company of USA. Sand core filter was supplied by Tianjin Jinteng Laboratory Equipment Limited Company of
China. Solid phase extraction (SPE) membrane (2215-C18,
Surface diameter 47mm, thick 0.50mm±0.05mm; adsorption 90%±2%; PTFE 10%±2%), was supplied by 3M Company of USA. 721 spectrophotometer was supplied by
Shanghai Precision Scientific Instrument Company of China.
JJ-4A Jar test instrument with six automatic synchronous lift
propellers was supplied by Guohua Electrical Appliance
Limited Company of China.
DDTs and HCHs standard solutions were purchased
from the National Standard Material Research Center of
China. PFS was purchased from Tianjin Guangfu Fine
Chemical Industry Research Institute of China. Methanol,
hexane, dichloromethane (chromatographic purity), anhydrous sodium sulphate (GR purity) were purchased from
Shanhai Guannuo Chemical Science and Technology Limited Company of China. Attapulgite was supplied by
Zhangye city, China and modified by adding 3 mol/L hydrochloric acid solution according to the weight ratio of 1
(Attapulgite):10(acid) to react for 3 hours at the room
temperature, then washed to pH 6.0, dried at 150 ºC,
ground and passed through 200 mesh sieve. Powder activated carbon was purchased from Tianjin Damao
Chemical Limited Company of China.
2.2. Methods

filter cup, 1mL of methanol was pumped to pass through
the membrane, then the membrane was immersed in methanol for 1min; then the methanol was pumped to pass
through the membrane until the methanol surface dropped
to 3-5mm above the membrane; then 15 mL of ultrapure
water was added to the filter cup, and pumped to pass
through the membrane at the speed of 10 mL / min. The
coagulation supernatant was added to the filter cup, and
pumped to pass through the solid-phase extraction membrane followed by continually running the pump approximately for 5 min in order to drain the residual water
inside the membrane as far as possible. The DDTs and
HCHs extracted inside the membrane were eluted to the
receiving tube placed in the filtration bottle by 5 mL of
methylene chloride, 5 mL of hexane, and 5mL of hexane,
respectively. The eluent was allowed to pass the column
of anhydrous sodium sulfate to remove the residual water,
and striped to 0.5mL volume by gentle nitrogen gas, then
transferred to the injection vial and diluted to 1mL volume for GC measuring [10].
(2) Chromatographic conditions: The increasing temperature program was as following: The temperature was
raised to the initial temperature of 100 ºC, and kept for
1min, then raised to 180 ºC at the speed of 20 ºC / min,
and kept for 2mins, again raised to 250 ºC at the speed of
5 ºC / min, and kept for 10mins. The inlet temperature
was 250 ºC, nitrogen gas (99.999%) was used as the carrier gas, the constant current mode was used, pressure was
68.95kPa, the total flow volume was 7mL/min, the column flow volume was 0.677mL/min, and the purge flow
volume was 3mL/min respectively. The detector (ECD)
temperature was 300 ºC, the back flow volume was
30mL/min, and the split ratio was 20:1. The injection
volume was 1µL.

2.2.1. Preparation of water sample

3 mL of kaolin suspension (2%) and 1 mL of the
standard solution of DDTs and HCHs (200ng/mL) was
added to 1 L of tap water. Then the sample was stirred for
12 h to reach equilibrium before use. Turbidity of this sample was in the range of 61.2-62.5NTU.
2.2.2. Coagulation

800 mL of water sample was added to a 1 L jar. Six
jars containing water samples were placed in a jar test instrument with six propellers, and the PFS solution was
added in different dosages, respectively, to different jars,
which were stirred by propellers at the uniform speed of
120 rpm for 2 min, followed by slow stirring at 40 rpm
for 15 min. Later 20 min of settling was required. After
these procedures, supernatant was taken and the concentrations of DDTs and HCHs as well as the residual turbidity were measured, respectively.
2.2.3 Measurement

(1) Solid phase extraction membrane was installed in
the sand core filter cup, washed by 5 mL of dichloromethane and 10mL of hexane respectively, dried by the
vacuum pump; After 15mL of methanol was added in the

3. RESULTS AND DISCUSSION
3.1 Determination of increasing temperature program

A variety of temperature programs were tested to determine the best balance point to improve the separation
and reduce the analysis time. At last, the excellent separation effect was obtained for all of isomer of organic chlorine pesticides by the selected increasing temperature
program described in the measurement section (2.2.3). It
is shown in Fig 1 that the baselines of all peaks were well
separated, the peak shapes were sharp, and symmetric,
and good column efficiency and resolution can be reached
for these eight kinds of components by the chromatographic
conditions.
3.2. Effect of PFS dosage

After the water samples with OCPs concentration of
200 ng/L and turbidity of 62NTU were added in the beakers, jar tests were carried out by using different dosages of
the PFS. The result is shown in Figure 2. It can be seen
that the coagulant dosage had the great influence on the
removal efficiency of OCPs and turbidity. The removal
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FIGURE 1 - Chromatogram of OCPs standard sample by GC-ECD (0.01 mg /L) α-HCH, 8.958min; β-HCH, 9.257min; γ-HCH, 9.708min; δHCH, 9.847min; p,p,-DDE, 16.056min; p,p,-DDD, 17.247min; o,p,-DDT, 17.569min; p,p,-DDT, 18.625min.
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FIGURE 2 - Effect of PFS dose on the removal of OCPs and turbidity

efficiencies of both OCPs and turbidity reached the maximum at the same PFS dosage of 11mg / L. Too low or too
high dosages were less efficient for the removal of both
OCPs and turbidity.
Further analysis of the data in Figure 2 shows that the
removal efficiencies of OCPs and turbidity are positively
correlated. The mechanism can be deduced as following:

OCPs are hydrophobic compounds. When OCPs were mixed
with kaolin, most of them were transferred to the kaolin
surface, and the residual OCPs in water can be adsorbed by
flocs formed in coagulation, actually, OCPs were removed
by co-precipitation in settling process [11]. Therefore the
removal efficiency of OCPs increases with the increase in
the removal efficiency of turbidity, and decreases with the
decrease in the removal efficiency of turbidity.
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3.3 Effect of pH value

The pH value of water sample containing 200 ng/L
OCPs and 62NTU turbidity was adjusted by using formic
acid solution or ammonia solution to 4.5, 5.5, 6.5, 7.5 and
8.5 respectively. Jar tests were performed for these samples by PFS at the dosage of 11mg / L. The results are
shown in Figure 3.
It can be seen that the removal efficiencies of both
OCPs and turbidity were higher in the weak acidic environment from pH 5.5 to 6.5 than other pH values. The
mechanism can be explained as following: The pH value
of water affects the rate of hydrolysis of inorganic polymer coagulant, therefore, affects its morphological transformation, which affects the removal efficiencies of tur-

bidity and OCPs. When pH value is too low, the species
of coagulant has high positive charge density, but low
molecular weight, for example, Fe3 (OH) 45 +, Fe (OH) 2 +,
Fe3 (OH) 2 + , etc. , therefore the charge neutralization
effect is strong, but the “bridging” and “sweep”effect are
weak, in such a situation, the re-stabilization may be
caused by excess adsorption. When pH value is too high,
the species of coagulant has the high molecular weight but
the low positive charge density, therefore the “bridging”
and “sweep”effects are strong, but the charge neutralization effect is weak; When pH value is in the range of 5.5
~ 6.5, both charge neutralization effect and “bridging”
and “sweep”effects are good, therefore, the removal rates
are the highest [12].
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FIGURE 3 - Effect of PFS on the removal of OCPs and turbidity at different pH
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FIGURE 4 - Effect of slow stirring time on the removal of OCPs and turbidity
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3.4 Effect of the time for slow stirring

Jar tests were performed for the samples containing
200 ng/L OCPs and 62 NTU turbidity by PFS at the dosage of 11mg / L and slow speed of 40 r/min. The effect of
the time for slow stirring was investigated. The result is
shown in Figure 4. It can be seen that the removal rate of
OCPs increased with the increase in the time for slow
stirring, while the residual turbidity decreased with the
increase in the time for slow stirring. When the time for
slow stirring was extended above 25 mins, the removal
rate of OCPs reached the maximum and became stable,
and the residual turbidity reached the minimum at the
same time. This result indicated that in order to reach the
adsorption equilibrium and the optimum flocs morphology, the time for slow stirring must be extended enough
3.5 Effect of attapulgite modified as the coagulant aids and
its characterization
3.5.1 Effect of attapulgite modified as the coagulant aids

It was reported that attapulgite was a kind of cheap
non-metallic mineral with the chain layer crystal structure. There are a large number of pores throughout its
inner layers, and grooves spreading all over its surface.
Therefore attapulgite has a large specific surface area and

a strong adsorption performance. It was also reported that
if attapulgite was treated by acid, the impurities in its
pores, for example Na+, Ca2+, and Mg2+, can be replaced
by H+ with smaller radius, thus the passes can be dredged
and its specific surface area can be greatly increased [13].
In this research the modified attapulgite was used as
the coagulant aids in order to strengthen the adsorption of
OCPs. Jar tests were performed for the samples containing 200 ng/L OCPs and 62 NTU turbidity by PFS at the
dosage of 11mg / L and the modified attapulgite at the dosage of 20 mg/L. Four kinds of dosing sequence were tested
respectively: (1) the modified attapulgite was added 3 min
before adding PFS; (2) the modified attapulgite and PFS
were added at the same time; (3) the modified attapulgite
was added 3 min after adding PFS; (4) no modified attapulgite, only PFS was added. The results are shown in Figure
5.
It can be seen that the removal rate of OCPs was
greatly increased by adding the modified attapulgite, and
the removal efficiencies of the four dosing sequence were
in the following order: (1) > (2) > (3) > (4). This result
indicates that the dosing order and the interval time affect
the removal of both turbidity and OCPs. The long interval
time between adding attapulgite and adding PFS was help-
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FIGURE 5 - Effect of modified attapulgite on OCPs and turbidity removal rate.
TABLE 1 - Data of the specific surface area and pore structure for the three samples.
Sample
SBET/（m2/g）
Smeto/（m2/g）
Vtotal/(cm3/g)
Vmeto/(cm3/g)
mean pore diameter /nm

Original attapulgite
89.6240
3.98
0.2258
0.0371
10.08

Modified attapulgite
128.1273
19.1634
0.2936
0.0464
7.46354

ful for attapulgite to adsorb OCPs, therefore, leading to the
better co-precipitation and higher removal rate. In the situation of sequence (3), attapulgite added later was “swept” by
the flocs formed before adding it, therefore, its adsorption
function was weakened, and the lower removal rate was
obtained.
3.5.2 Characterization of modified attapulgite

The modified attapulgite was investigated by 3H2000PS4 specific surface area and pore analyser (Beijing
Beset Scientific and Technology Instrument Limited Company of China), and the original attapulgite as well as powder activated carbon were also investigated by the same
analyzer for comparison. The results are shown in Table 1.
Compared with the original attapulgite, the modified
attapulgite has more micropore. It was reported that micripore has a higher adsorption potential energy than
medium or large pores, therefore, has high adsorptive
capacity for small organic moleculer [14]. That’s why the
removal rate of OCPs was greatly increased by adding the
modified attapulgite. Compared with the powder activated
carbon, the modified attapulgite has a greater mean pore
diameter and total pore volume, but a smaller total specific
surface area and a micropore specific surface area. The
former is helpful for OCPs to be transferred inside the
particle, and lead to a high adsorptive velocity. In addition,
the modified attapulgite is cheaper than powder activated
carbon, therefore, is more suitable to be the coagulant aids.

Powder activated carbon
234.7885
91.48
0.1796
0.05967
3.06

3. The removal rate of OCPs is positively related to the
removal rate of turbidity. The higher the removal rate
of turbidity, the higher is the removal rate of OCPs.
The removal of turbidity promotes the removal of
OCPs because of the adsorption and co-precipitation.
4. Adding modified attapulgite enhances the coagulation.
The dosing sequence and the interval time affect the
removal efficiency of OCPs. When modified attapulgite
is added before PFS dosing or at the same time, the
better removal can be obtained.
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4. CONCLUSION
1. The excellent separation effect was obtained for all of
isomer of DDTs and HCHs by the selected increasing
temperature program described in measurement section (2.2.3).
2. The removal efficiencies of OCPs by the enhanced
coagulation are closely related to PFS dosage, the pH
value of raw water, and the mix time at a low speed.
For the water sample containing 200 ng/L OCPs, the
optimum condition is as following: PFS dosage equals
11 mg/L, pH value is in the range of 5.5 ~ 6.5, and the
mix time of slow speed is 25 min. In this condition,
the best removal of OCPs and turbidity can be
achieved.
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ABSTRACT
The objective of this study is to determine radiological
parameters of soil samples collected from central Elazığ
area of Turkey. Terrestrial gamma radiation in surface soil
samples was measured using a gamma spectroscopic system. Radium equivalent activity (Raeq), absorbed dose rate
in air, indoor and outdoor annual effective dose equivalent,
and hazard indices resulting from terrestrial gamma radiation were calculated for the study area. Average activity
concentrations in soil were 23.4 ± 3 Bq kg-1 for 226Ra
(range 4–76.8 Bq kg-1), 29.1 ± 3.4 Bq kg-1 for 232Th
(range 3.9–62.1 Bq kg-1) and 281 ± 18.7 Bq kg-1 for 40K
(range 33–778 Bq kg-1). Average radium equivalent activity
and average absorbed dose rate were 86.65 ± 9.28 Bq kg-1
and 41.34 ± 4.33 nGy h-1, respectively. Average annual
indoor and outdoor effective dose equivalents were calculated to be 202.81 ± 21.23 and 50.70 ± 5.31 µSv y-1 whereas average internal and external hazard indices were 30 ±
0.03 and 0.23 ± 0.03, respectively. The obtained values are
found to be safe for the public and environment.

KEYWORDS: radiological parameters; terrestrial radioactivity;
absorbed dose; effective dose; hazard indices

tion dose is from radon and thoron (53%), followed by terrestrial gamma radiation (19%) [2]. Terrestrial-origin naturally-occurring radioactive materials (primordial radionuclides) occur at different concentrations in the environments. These materials, whose half-life can be comparable
with the age of the world, can occur at considerable concentrations within environmental samples. Irradiation of
the human body from external sources is mainly caused by
gamma radiation from radionuclides in the 238U and 232Th
series, and from 40K. Outdoor exposure results from terrestrial radionuclides present in soil. The concentration of
these radionuclides is related to the types of soil and rock.
Low radiation level is associated with sedimentary rocks,
whereas high levels are associated with acidic rocks. Indoor
exposure to gamma ray results from construction materials,
and may be much greater than natural outdoor exposure
levels. Indoor exposure to gamma radiation is getting more
important when the indoor occupancy habits of people are
considered [3]. It is necessary to calculate the terrestrial
radioactivity for each district, and the radiation dose generated from this radioactivity. Several such studies have been
reported in the literature [4-7]. This study measured naturally occurring radioactive elements in soils in the central
Elazığ area of Turkey, and calculated the radiation dose and
hazard indices associated with terrestrial gamma radiation.
This study is important, as it is the first in this way for this
area, and the results provide baseline data for central Elazığ.

1. INTRODUCTION

2. MATERIALS AND METHODS

Naturally occurring environmental radioactivity is of
terrestrial and cosmic origin, termed naturally occurring
radioactive material (NORM) [1]. People are exposed to
both internal and external radiation from these natural
sources. It is important to determine levels of natural radiation, since natural sources represent the greatest contribution to overall radiation exposure. The average radiation
dose from exposure to natural radiation sources is approximately 2.4 mSv y-1. The highest contribution to this radia* Corresponding author

2.1. Study area

Soil samples were collected from twenty-two different locations in central Elazığ (Fig. 1). Seventy percent of
the province’s population is living in central Elazığ. The
study area is located between longitude 38°53′–39°21′E
and latitude 38°25′–38°54′N, and the elevation above sea
level is 1067 m. The city occupies an area of 2356 km2.
Its territory is located on tectonic area. Ninety percent of
the city center resides on sedimentary rock of alluvial
origin. The population of the city center is approximately
375,715. A continental climate prevails; winters are cold

3382

© by PSP Volume 22 – No 11a. 2013

Fresenius Environmental Bulletin

FIGURE 1 - Map of Turkey showing the study area and sampling locations.

and rainy, and summers are hot and arid. Mean yearly
temperature is 13 °C, maximum temperature is 42 °C, and
minimum temperature is –22.6 °C [8, 9].
2.2. Sampling and sample preparation

Soil samples were taken from highly populated, nonagricultural areas (from the first 10 cm of topsoil) and
were labeled in polyethylene bags. Samples were transferred to the laboratory without delay, and foreign materials, such as grass, stones or pebbles, were meticulously
removed. The soil samples were dried for several days at
room temperature to minimize the moisture content, and
were then oven-dried at 105 °C for 3–5 h. At the end of
this process, the soil samples were completely dry and
sieved (200-mesh; 74 µm). Finally, the samples were
sealed in a plastic container (5 cm height × 5 cm diameter) and stored for approximately 1 month before measurement, in order to allow equilibrium between 226Ra and
its short-lived decay products.
2.3. Measurement of radioactivity
226

The activity concentrations of radionuclides ( Ra,
Th and 40K) in soil samples were measured using a
gamma spectroscopic system. This system consists of a 2inch × 2-inch NaI(Tl) well-type detector, surrounded by a
cylindrical lead shield (length 15.5, diameter 13.7, thick232

ness 3.5 cm). The detector has an aluminum window of
0.50 mm thickness. The energy calibration of the detector
was performed using 60Co (37 kBq) and 226Ra (370 kBq)
point sources. Photopeak efficiency was 24%. 226Ra, 232Th
and 40K activity concentrations in soil were based on the
detection of 609.3, 583 and 1461 keV energy gamma rays
transmitted by 214Bi, 208Tl and 40K, respectively. The activity concentrations in soil samples were calculated using
equation (1):
(1)
where, C is the gamma ray count (number per second), ε is the detector efficiency of the specific gamma
ray, Pγ is the absolute transition probability of gamma
decay, and Ms is the mass of the sample (kg) [10].
3. RESULTS AND DISCUSSION
Table 1 shows the activity concentrations of 226Ra,
Th and 40K in the collected soil samples from Elazığ.
Average activity concentrations of the samples for 226Ra,
232
Th and 40K are 23.4 Bq kg-1 (SD: 3), 29.1 Bq kg-1 (SD:
3.4) and 281 Bq kg-1 (SD: 18.7), respectively. The activity
values of the samples range between 4 and 76.8 Bq kg-1
232
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for 226Ra, 3.9 and 62.1 Bq kg-1 for 232Th, and 33 and 778
Bq kg-1 for 40K. Average activity concentrations are lower
than the world averages (35, 30 and 400 Bq kg-1) for
226
Ra, 232Th and 40K, respectively [3]. Only the concentration of 232Th is similar to the world average.

Figure 2 (a-c) represents correlation between the activities of 226Ra, 232Th and 40K, respectively. In all the three
cases, the regression was found to be linear and positive.
The correlation coefficient between the activity concentration of 226Ra and 232Th, 226Ra and 40K, and 232Th and 40K

TABLE 1 - Activity concentrations of soil samples for central Elazığ.
Location
L-1
L-2
L-3
L-4
L-5
L-6
L-7
L-8
L-9
L-10
L-11
L-12
L-13
L-14
L-15
L-16
L-17
L-18
L-19
L-20
L-21
L-22
Range
Average

226

Ra (Bq kg-1)
26.6 ± 1.9
4.7 ± 1.6
8.7 ± 1.2
9.6 ± 1.4
16.9 ± 2.2
6.5 ± 1.3
4 ± 1.5
18.2 ± 3.9
24.9 ± 2.9
17.1 ± 2.5
6.2 ± 2.4
12.2 ± 2.1
14.2 ± 2.8
48.1 ± 3
55.7 ± 4.1
35.3 ± 4.1
24.8 ± 3.3
8.5 ± 2.8
44.6 ± 5.4
11.7 ± 5
38.4 ± 4.5
76.8 ± 5.3
4-76.8
23.4 ± 3

FIGURE 2 - (a) Correlation between 226Ra and
between 232Th and 40K concentrations.

232

232

Th (Bq kg-1)
46.6 ± 2.5
18.3 ± 2.4
8.5 ± 1.6
21.9 ± 1.6
11 ± 2.6
19.1 ± 1.5
3.9 ± 1.9
62.1 ± 3.8
48.5 ± 4.3
46.8 ± 3.3
18.2 ± 2.6
17.8 ± 2.6
48.5 ± 2.9
7.8 ± 3.3
21.7 ± 4.2
34.4 ± 5
32.2 ± 3.2
49.4 ± 3.8
21.7 ± 5.5
34.3 ± 4.5
37.4 ± 6.4
31.2 ± 6.1
3.9-62.1
29.1 ± 3.4

Th concentrations; (b) correlation between
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40

K (Bq kg-1)
100.9 ± 12.9
302.7 ± 11.4
314.6 ± 10.1
77.2 ± 7.9
49.9 ± 13.2
33 ± 8
116.5 ± 9.6
126.9 ± 22.2
147.1 ± 20.2
208.4 ± 15.5
228.5 ± 15.4
115.7 ± 15.1
117.2 ± 17
213.4 ± 19.7
381 ± 28.4
655.8 ± 27.1
314.3 ± 20.1
524.5 ± 19.8
522.1 ± 27.8
415.7 ± 27.7
778 ± 30.7
437.6 ± 31
33-778
281 ± 18.7

226

Ra and 40K concentrations; (c) correlation
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TABLE 2 - Radium equivalent activity, absorbed dose rate, annual effective dose equivalent and hazard indices for central Elazığ.
Location

L-1
L-2
L-3
L-4
L-5
L-6
L-7
L-8
L-9
L-10
L-11
L-12
L-13
L-14
L-15
L-16
L-17
L-18
L-19
L-20
L-21
L-22
Range
Average

Radium equivalent
activity
(Bq kg-1)
100.93 ± 6.43
54.11 ± 5.79
45.08 ± 4.37
46.83 ± 4.23
36.41 ± 6.91
36.29 ± 3.94
18.53 ± 5.03
116.83 ± 10.98
105.56 ± 10.52
100.05 ± 8.47
49.82 ± 7.33
46.56 ± 6.93
92.64 ± 8.25
75.74 ± 9.22
116.07 ± 12.25
134.98 ± 13.32
95.12 ± 9.44
119.49 ± 9.68
115.79 ± 15.30
92.71 ± 13.52
151.79 ± 15.89
155.05 ± 16.42
18.53-155.05
86.65 ± 9.28

Absorbed dose
rate (nGy h-1)
46.51 ± 3.00
27.11 ± 2.71
22.87 ± 2.05
21.90 ± 1.97
16.62 ± 3.21
16.81 ± 1.84
9.29 ± 2.34
54.37 ± 5.11
49.05 ± 4.92
47.24 ± 3.94
24.52 ± 3.42
21.97 ± 3.24
43.24 ± 3.85
34.90 ± 4.31
54.53 ± 5.73
66.04 ± 6.22
45.45 ± 4.40
58.87 ± 4.53
55.84 ± 7.10
45.56 ± 6.29
74.61 ± 7.42
72.24 ± 7.64
9.29-74.61
41.34 ± 4.33

Indoor annual effective
dose equivalent
(µSv y-1)
228.18 ± 14.73
132.98 ± 13.28
112.20 ± 10.07
107.44 ± 9.64
81.52 ± 15.77
82.47 ± 9.01
45.59 ± 11.50
266.69 ± 25.05
240.64 ± 24.11
231.72 ± 19.35
120.29 ± 16.78
107.76 ± 15.92
212.10 ± 18.87
171.21 ± 21.12
267.51 ± 28.13
323.97 ± 30.51
222.97 ± 21.57
288.79 ± 22.21
273.94 ± 34.80
223.47 ± 30.84
366.00 ± 36.42
354.37 ± 37.47
45.59-366
202.81 ± 21.23

was 0.0027, 0.2039 and 0.019, respectively. The correlations between radionuclide activities were rather weak but
agreed with previous study results [11, 12].
Table 2 shows the radium equivalent activity that was
calculated from the activity concentrations of the soil samples, the absorbed dose rate in air, the annual effective dose
equivalent and hazard indices.
3.1. Radium equivalent activity (Raeq)

Terrestrial natural radionuclides do not show uniform
distribution, and so a common radiological index is required to determine the real activity levels of the 226Ra,
232
Th and 40K in soil. This common radiological index is
called radium equivalent activity. Radium equivalent activity is widely used in radiation hazard indices, and is
calculated as shown in equation (2):
Raeq = ARa + 1.43ATh+ 0.077AK

Outdoor annual effective Internal Hazard External Hazard
dose equivalent
index
index
(µSv y-1)
57.05 ± 3.68
0.34 ± 0.02
0.27 ± 0.02
33.24 ± 3.32
0.16 ± 0.02
0.15 ± 0.02
28.05 ± 2.52
0.15 ± 0.02
0.12 ± 0.01
26.86 ± 2.41
0.15 ± 0.02
0.13 ± 0.01
20.38 ± 3.94
0.14 ± 0.03
0.10 ± 0.02
20.62 ± 2.25
0.12 ± 0.01
0.10 ± 0.01
11.40 ± 2.87
0.06 ± 0.02
0.05 ± 0.01
66.67 ± 6.26
0.37 ± 0.04
0.32 ± 0.03
60.16 ± 6.03
0.35 ± 0.04
0.29 ± 0.03
57.93 ± 4.84
0.32 ± 0.03
0.27 ± 0.02
30.07 ± 4.20
0.15 ± 0.03
0.14 ± 0.02
26.94 ± 3.98
0.16 ± 0.02
0.13 ± 0.02
53.02 ± 4.72
0.29 ± 0.03
0.25 ± 0.02
42.80 ± 5.28
0.34 ± 0.03
0.21 ± 0.03
66.88 ± 7.03
0.46 ± 0.04
0.31 ± 0.03
80.99 ± 7.63
0.46 ± 0.05
0.37 ± 0.04
55.74 ± 5.39
0.32 ± 0.03
0.26 ± 0.03
72.20 ± 5.55
0.35 ± 0.03
0.32 ± 0.03
68.49 ± 8.70
0.43 ± 0.06
0.31 ± 0.04
55.87 ± 7.71
0.28 ± 0.05
0.25 ± 0.04
91.50 ± 9.11
0.51 ± 0.06
0.41 ± 0.04
88.59 ± 9.37
0.63 ± 0.06
0.42 ± 0.04
11.40-91.50
0.06-0.63
0.05-0.42
50.70 ± 5.31
0.30 ± 0.03
0.23 ± 0.03

rate in air due to terrestrial gamma radiation can be calculated using equation (3):
D (nGy h-1) = 0.427ARa+ 0.662ATh +0.043AK

(3)

-1

where, D (nGy h ) is the absorbed dose rate in air at
1 m above ground level, and ARa, ATh and AK are the
activity concentrations (Bq kg-1) of 226Ra, 232Th and 40K in
soil samples, respectively. Conversion factors of 226Ra,
232
Th and 40K for each Bq kg-1 are 0.427, 0.662 and 0.043
nGy h-1, respectively. The average absorbed dose rate in
air originating from terrestrial gamma radiation for soil
samples is 41.34 nGy h-1 (SD: 4.33), and varies between
9.29 and 74.61 nGy h-1. The average absorbed dose rate
TABLE 3 - Outdoor absorbed dose rate values in air calculated
from radionuclide concentrations in soil for other provinces of
Turkey and some world countries.

(2)

In equation 2, ARa, ATh and AK are the activity concentrations of 226Ra, 232Th and 40K in Bq kg-1, respectively. According to this formula, 370 Bq kg-1 of 226Ra, 259
Bq kg-1 of 232Th, and 4810 Bq kg-1 of 40K produce the
same gamma dose rate. The average radium equivalent activity is 86.65 Bq kg-1 (SD: 9.28) and varies between 18.53 and
155.05 Bq kg-1. This average value for central Elazığ is less
than the recommended limit of 370 Bq kg-1 [13].
3.2. Absorbed dose rate in air

Terrestrial gamma radiation makes the greatest contribution to absorbed dose rate in air. Natural terrestrial
radionuclides influence the absorbed dose rate in air depending on their specific activity in soil. Absorbed dose
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Region/country
Sweden
India
Norway
United States
Egypt
China
Poland
Japan
Spain
Adana
Manisa
Kastamonu
Gaziantep
Kütahya
Kırklareli
Elazığ

Absorbed dose rate in air
(nGy h-1)
77
69
86
55
32
58
42
45
54
59
54
53
38
46
71
41

Reference
[3]
[3]
[3]
[3]
[3]
[3]
[3]
[3]
[3]
[15]
[16]
[17]
[18]
[19]
[20]
Present study
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TABLE 4 - Radiological parameters of soil samples calculated from central Elazığ and corresponding world average values.
Radiological parameters
226
Ra (Bq kg-1)
232
Th (Bq kg-1)
40
K (Bq kg-1)
Radium equivalent activity (Raeq) (Bq kg-1)
Absorbed dose rate (nGy h-1)
Indoor annual effective dose equivalent (µSv y-1)
Outdoor annual effective dose equivalent (µSv y-1)
Internal Hazard index (Hin)
External Hazard index (Hex)

Present results (average)
23.4
29.1
281
86.65
41.34
202.81
50.70
0.30
0.23

value in air for the study site is less than the world average (55 nGy h-1) [14].
Table 3 shows the outdoor absorbed dose rate in air
calculated using the radionuclide concentrations in soil
for other provinces of Turkey and some other countries
[3, 15-20]. The average absorbed dose rate in air that was
calculated for this study is 41 nGy h-1, which is lower than
other reported data (except for Egypt and Gaziantep). In
addition, there is no significant difference between the
values of absorbed dose rate in air.
3.3. Annual effective dose equivalent

In order to estimate annual effective dose, conversion
factors must be calculated for the absorbed dose rate in air
to effective dose and fraction of time spent indoors and
outdoors. The values of these parameters vary by population age and climate. In the UNSCEAR 1993 Report,
annual effective dose equivalent is calculated according to
equations (4) and (5):
Indoor (nSv) =
D (nGy h-1) × 0.7 (Sv Gy-1) × 0.8 × 8760 h

(4)

Outdoor (nSv) =
D (nGy h-1) × 0.7 (Sv Gy-1) × 0.2 × 8760 h

(5)

-1

where, D (nGy h ) is absorbed dose rate in air; 0.7
(Sv Gy-1) is dose conversion factor for adults; 0.8 and 0.2
values are indoor and outdoor occupancy factors, respectively [2]. The average annual effective dose equivalent
values to which people are exposed due to radionuclide
concentrations in soil are 202.81 µSv y-1 (SD: 21.23) for
indoor and 50.70 µSv y-1 (SD: 5.31) for outdoor, respectively. The ranges for indoor and outdoor data are 45.59–
366 µSv y-1 and 11.40–91.50 µSv y-1, respectively. All of the
indoor and outdoor annual effective dose equivalent values
are lower than the permissible limits (1 mSv y-1) [21].

World average
35
30
400
108.7
59
410
70
0.39
0.29

Ratio of the present result/world average
0.67
0.97
0.70
0.80
0.70
0.50
0.72
0.77
0.79

indices should be less than 1 in order to represent a nonsignificant radiation hazard [22]. Internal hazard index
(Hin) and external hazard index (Hex) values range between 0.06–0.63 and 0.05–0.42, respectively. The average
values for Hin and Hex are 0.30 (SD: 0.03) and 0.23 (SD:
0.03), respectively. All the calculated Hin and Hex values
are lower than 1, which indicates that these materials
present a negligible radiation hazard when used as construction materials [11]. The internal and external hazard
indices were calculated as less than 1 for the study site,
indicating that the soils of central Elazığ do not present a
radiation hazard and can be safely used as construction
material.
3.5. Radiological Parameters

Table 4 shows the radiological parameters of soil
samples calculated from central Elazığ, and corresponding world averages. World average values given in Table
4 were calculated according to the UNSCEAR 2000 report. All the obtained results for the study area are lower
than the corresponding world average values.
4. CONCLUSION
The present study calculated activity concentrations
of 226Ra, 232Th and 40K in soil samples from central
Elazığ, Turkey. Radium equivalent activity values for all
the soil samples were lower than the recommended limits
(370 Bq kg-1). The exposure due to terrestrial gamma
radiation was lower than the world average. It was also
determined that this situation does not pose a threat to
health. All of the Hin and Hex values were less than 1,
indicating that the soil samples were safe and do not pose
an environmental radiation threat.

3.4. Internal (Hin) and external (Hex) hazard index

Indoor and outdoor hazard indices are calculated via
equations (6) and (7):

226

Hin = ARa/185 + ATh/259 + AK/4810 ≤ 1

(6)

Hex = ARa/370 + ATh/259 + AK/4810 ≤ 1

(7)
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where, ARa, ATh and AK are activity concentrations for
Ra, 232Th and 40K in Bq kg-1. Indoor and outdoor hazard
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ABSTRACT
The objective of this study is to apply a new bio-pretreatment process to reduce the formation of disinfection
by-products (DBPs). The characteristics of dissolved organic matter (DOM) in raw water from the Yangtze River,
and the removal of DBP precursors at different molecular
weight (MW) fractions by two artificial media (assembled
medium and elastic medium) were investigated. The low
MW fraction was found to be the most abundant one in the
raw water, and the lower SUVA fraction was found to be
the most reactive precursor to DBPs formation. Two artificial media achieved the DOC removal of 6.9% and 6.7%,
respectively, and both exhibited a much better reduction
of DBP formation potential (24.0% and 21.6% for THMs
formation, 37.9% and 35.5% for HAAs formation). No
signiﬁcant trend was observed with respect to the removal
of DOC, UV254 and the reduction of DBP formation potential from individual MW fractions. The distribution of DOC
concentration, UV254 absorbance and DBP formation potential changed little after the pretreatment with both artificial media.

KEYWORDS: Artificial medium, micro-polluted source water,
dissolved organic matter (DOM), molecular weight (Mw), disinfection by-product formation potential (DBPFP).

1. INTRODUCTION
Natural organic matter (NOM) is a complex mixture of
organic materials present in natural waters. The presence of
NOM in drinking water is problematic due to the formation
of disinfection by-products (DBPs) during disinfection, such
as chlorine, ozone, chlorine dioxide, chloramines, and also
UV-radiation [1-3]. Chlorine is a widely used disinfectant
in drinking water process which prevents the spread of
harmful pathogens, but harmful by-products might be
* Corresponding author

formed, and even cause adverse ecological and health effects. Among the listed chlorine DBPs, trihalomethanes
(THMs) and haloacetics (HAAs) are considered as the two
largest classes of DBPs detected in chlorinated waters [46]. Since conventional water treatment processes, such as
coagulation and ﬂocculation followed by sedimentation/
ﬂotation and ﬁltration, have difficulties in meeting the increasing strict requirements for the control of DBPs, alternative treatment technologies must be investigated [79]. One alternative treatment method is the remediation of
contaminated source water. The in-site biofilm remediation
technology using carrier media, also called artificial media
technology, is a promising approach due to its low maintenance cost and effective pollutants removal in oligotrophic
environment [10]. In this study, assembled medium and
elastic medium were adopted as the artificial media.
To control the formation of potentially hazardous DBPs,
it is critical to understand the reactivity of NOM with disinfectants. Knowledge of DBP formation as a function of
precursor size might help drinking water utilities optimize
treatment systems to remove those fractions associated with
high DBP yields. Most researchers have focused their studies on the formation of DBPs involved in the conventional
water purifying process or physic-chemical methods. However, few researches have covered the formation of biotreatment technology for DBP reduction, and its relationship with different MW fractions. The first objective of this
study was to characterize the DOM, and its formation of
DBPs in raw water from the Yangtze River. The second
objective was to examine the fate of DOM and DBPs
formation potential (DBPFP) at different MW fractions by
both assembled medium and elastic medium bio-treatment.
The third objective was to evaluate the effect of two artificial media on the removal of DBPs precursors.
2. MATERIALS AND METHODS
2.1. Experimental setup

Pilot test on the purification of micro-polluted source
water by artificial media pre-treatment was conducted. The
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experimental set-ups were located in a lake connected to
Yangtze River. A corridor-type tank was constructed with
the influent from the bottom and the effluent from the top.
Two parallel set-ups were designed with each set-up separated into three parts. The dimension of each part was of
1.5 m for length, 1.5 m for width and 1.5 m for height.
Assembled medium and elastic medium were settled in the
two systems, respectively. The filling density and hydraulic
retention time (HRT) were determined according to primary experiment, which was 83.3% of filling density and 3
days of HRT.

prescribed methods 551.1 and 552.2, respectively. THM
samples were extracted using n-pentane, and the extracts
were then analyzed using a gas chromatograph (GC-2010,
Shimadzu, Japan) equipped with an electron capture
detector (ECD) and a fused silica capillary column (SPB-5,
30 m×0.25 mm ID, 0.25 µm ﬁlm thickness). An extraction procedure (with MTBE and methylation with 10%
sulfuric acid in methanol) was used to analyze the HAAs.
All chemicals, reagents, and organic solvents used in
this study were of analytical grade purity (AR grade ≧ 99%
pure) or better, and were used without further puriﬁcation.

2.2. Preparation of molecular weight fractions of NOM

Ultrafiltration (UF) is one of the most common membrane technologies used to separate NOM into different
MW fractions. The raw water and the efﬂuents from the two
artificial media pretreatment processes were collected from
March, 2011 to August, 2011. Prior to the membrane fractionation, samples were filtered through a 0.45-µm membrane. Fractionation was performed in a dead-end ultrafiltration cell (Amicon 8400, USA), which was fitted with
regenerated cellulose membrane with molecular weight
cut-off (MWCO) of 100 kDa, 10 kDa, 3 kDa and 1 kDa
(YM). The pretreatment of membrane was first immersed
in 0.1 mol/L NaOH for 30 min, in 0.1 mol/L HNO 3 for
30 min, and finally rinsed with deionized water. The treated
membrane was kept in the refrigerator for use. The membrane was filtrated with deionized water until the effluent
of UV254 was consistent with deionized water. The fractional amount of DOC, UV254, and DBPs within each size
range was calculated from the difference between adjacent filtrate samples.
2.3. Analytical methods

The MW fractions of NOM were analyzed for DOC
concentration, UV254 absorbance, and DBP formation potential. The DOC concentrations of the samples were determined with a multi N/C 3100 analyzer (Jena, Germany).
The UV254 absorbance of the samples was measured using
a UV-VIS spectrophotometer (UV-1101, Shanghai) at
254 nm with a 1-cm quartz cell.
Two major groups of chlorinated DBPs, including
THMs and HAAs, were analyzed. The formation potential
experiments for THMs and HAAs were conducted following the procedure described by Xu et al. [11]. Four
THMs (CHCl3, CHBrCl2, CHBr2Cl and CHBr3) and four
HAAs (DCAA, TCAA, MBAA and DBAA) were analyzed
according to the US Environmental Protection Agency

3. RESULTS AND DISCUSSION
3.1. Characteristics of NOM fractions and DBP precursors in
raw water

Table 1 shows the characteristics of raw water and its
NOM fractions. DOC, which is operationally deﬁned as the
aquatic organic carbon that can pass through a 0.45-µm
ﬁlter, was used for indicating the concentration of dissolved NOM. It can be observed that NOM in raw water
was mainly composed of low MW organics (given that the
fractions of MW <1 kDa, accounting for 46.4% of the total
DOC). SUVA has been widely used as an indicator of
aromatic content and DBP formation potential of NOM
[5, 12]. SUVA ratio describes the nature of NOM in the
water in terms of hydrophobicity and hydrophilicity; a
SUVA >4 indicates mainly hydrophobic and, especially,
aromatic material whilst a SUVA <3 illustrates mainly
hydrophilic material [13]. From Table 1, organics with Mw
<1 kDa and Mw >100 kDa show the lower SUVA values,
while the higher SUVA values occur in NOM fractions
with Mw between 1-100 kDa. It appears that medium-Mw
NOM contains more humic substances than that of higher
or lower Mw, in this study.
Figure 1 shows the yields of THMs and HAAs for the
chlorination of raw water fractions. All DBP concentrations
(µg/L) were normalized per unit DOC concentration (mg/L).
The trends between MW distribution and two groups of DBP
formation (THMs and HAAs) were totally different from
this study. With decreasing MW size, the produced THMs
increased proportionally while HAAs decreased proportionally. The highest THMs yields occurred in MW <1 kDa,
while in this fraction gave the lowest HAAs yields. Meanwhile, NOM with MW > 100 kDa produced the highest
HAA yields but the lowest THM yields. It can be inferred
that large MW fraction and small MW fraction are equally

TABLE 1 - Characteristics of raw water and NOM fractions prior to chlorination (all the values are given as means (n=6)).
Parameter
Raw water
MW > 100 kDa
10-100 kDa
3-10 kDa
1-3 kDa
MW <1 kDa
DOC (mg/L)
5.08
0.73
0.72
0.86
0.41
2.36
UV254 (cm-1)
0.104
0.005
0.02
0.031
0.012
0.036
SUVAa
2.05
0.69
2.78
3.61
2.93
1.53
a
SUVA (Specific ultraviolet absorbance) was calculated from ultraviolet absorbance at 254 nm (UV254) divided by the dissolved organic carbon
(DOC) concentration (SUVA = 100 × UV254/DOC).
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HAAFP/DOC(µg/mg) THMFP/DOC(µg/mg)

SUVA(cm-1/mg×100)

>100k

10-100 k

3-10 k
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1-3 k

DOM mixtures are also important. Xu et al. [16] have
observed that dissolved organic nitrogen (DON) fraction is
correlated to THMFP and HAAFP. Hua et al. [17] also
found that bromine is relatively more reactive with the
hydrophilic and low MW fractions than hydrophobic and
high MW fractions in the formation of THMs and HAAs.
Therefore, the use of SUVA as an indicator of DOC reactivity with disinfectants, while useful, may not be sufficient to accurately indicate DBP precursors for the complex source water.
The formation potential of THMs is much higher than
that of HAAs in all MW fractions, which is consistent with
the previous researches [17, 18]. From Fig. 1, HAA precursors are mainly composed of larger MW organics, and
they can be preferentially removed by coagulation
throughout the traditional purification process. But, the
lower MW organics attributed a lot to THM precursors in
this study, not easily to be removed by coagulation. The
results of the present study suggest more attention should
be paid to low MW and hydrophilic organics for the security
of drinking water and decrease of DBP potential hazards.

<1 k

3.84
2.88
1.92
0.96
24.0
19.2
14.4
9.6

4.8
3.2

3.2. Removal of DBPs precursors by artificial media pretreatment

1.6
0.0

>100k

10-100 k

3-10 k

1-3 k

<1 k

Molecular weight range(Da)
FIGURE 1 - DBP yields from NOM fractions during chlorination.

important DBP precursors for water with low humic substances. What is more, it is worth noting that the lowest
SUVA levels occurred in MW <1 kDa and MW >100 kDa
for the raw water, that is to say, hydrophilic NOM become
the important fractions for both smaller molecules and
larger molecules. It appears that NOM with lower SUVA
levels is the primary source of THM and HAA precursors
in this study. Weishaar et al. [14] also suggested that nonhumic substances present in the whole water samples contribute substantially to the formation of THMs, which is
in agreement with the results from this study. However,
Kitis et al. [15] observed a strong correlation between
DBP formation potential and SUVA values. In the context
of DBP reactivity, it might be suggested that other organics content (i.e., ammonia nitrogen and bromide) of these

Table 2 shows the mean of DOC concentration, UV254
absorbance and removal efficiency of the two artificial media pretreatments in different MW ranges. It can be found
that the two different bio-treatments achieved a comparable removal of DOC and UV254. Compared to DOC removal, a slightly higher removal of UV 254 was obtained
with the mean removal efficiency of 11.5% and 9.6% for
assembled medium and elastic medium, respectively. This
might be attributed to the different organic properties indicated by DOC and UV254. DOC reflects the sum of the total
dissolved organic carbon while UV254 mainly reﬂects the
content of unsaturated aromatic organic chemicals. The
aromatic precursors are more reactive with chlorine in the
formation of DBPs. This rule was also reported by other
researches [19].
Also from Table 2, one can see that both artificial
media pretreatment processes achieved a higher DOC
removal of larger M W fractions over that of lower M W
fractions. Even in some lower MW ranges, the DOC concentration in effluents was higher than that in the raw
water. Similar results also occurred in UV254 absorbance.

TABLE 2 - The DOC concentration, UV254 absorbance and removal efficiency in two artificial media processes at different MW ranges (n=6).
DOC
Raw water
Assembled medium
Elastic medium
Raw water
Ⅰ
Ⅰ
Ш
Ⅰ
Ш
Ⅱ
Overall
5.08
4.73
6.9
4.74
6.7
0.104
>100 k
0.73
0.41
43.89
0.50
31.57
0.005
10 – 100 k
0.72
0.56
22.29
0.60
16. 7
0.020
3 – 10 k
0.86
0.89
-3.5
0.69
19.8
0.031
1–3k
0.41
0.37
9.8
0.34
17.1
0.012
1k
2.36
2.50
-5.9
2.61
-10.6
0.036
I: concentration (mg/L); II ultraviolet absorbance (cm-1); III removal efficiency (%).
MW range
(Da)
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UV254
Assembled medium
Ⅱ
Ш
0.092
11.5
0.003
40
0.016
20
0.024
22.6
0.013
-8.3
0.036
0

Elastic medium
Ⅱ
Ш
0.094
9.6
0.003
40
0.015
25
0.023
25.8
0.016
-33.3
0.037
-2.8
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It seems to be in contrast to previous reports that small
molecules were more prone to be removed than large
molecules by biodegradation. This might be due to the
release of low MW fractions of NOM metabolites accompanied by biodegradation of larger MW fractions. Therefore,
the cumulated removal of DOC and UV254 was discussed
for the better understanding of organics transformation
during the biological pretreatment. The result is given in
Fig. 2. One can see that the two artificial media processes
exhibited a similar trend for both DOC and UV254 removal
in all MW ranges. The cumulated removal efficiency of
DOC and UV254 decreased with MW decreasing. The greatest descending rates for DOC and UV254 all occurred in the
larger MW fractions, which mean that NOM in larger MW
fractions were transformed to small molecules. Considering
that the removal ability of artificial media was restricted
because of the lack of nutrients in oligotrophic waters, the
small molecules were accumulated and exhibited the lower
removal efficiency. As we know, the hydrophilic, low MW
fractions of NOM are not easily to remove during the traditional water treatment process [5, 20]. Hence, further research should be conducted for improving the removal of
small molecules by artificial media bio-treatment.

treatment. It can be found that the distribution for both
DOC and UV254 changed little after the biological pretreatment. ANOVA analysis indicated that there was no
significant difference between the distribution of raw
water and the treated effluents for both DOC and UV254
(p > 0.05). It can be inferred that DOC and UV254 in the
effluents from both artificial media pre-treatments were
still mainly composed of small molecules. By calculating,
it was observed that SUVA distribution was also changed
little before and after the biological pre-treatment, which
indicates that the removal of organics by bio-pretreatment
was not to destroy the organics structures (i.e. unsaturated
aromatics).
60
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45

Assembled medium
Elastic medium

40

0

>100k

35
30

3-10 k

1-3 k

<1 k

50
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45

20
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5
0
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Molecular weight range(Da)

UV254 distribution ratio (%)

Cumulated DOC removal efficiency(%)

50
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>10k

>3k

>1k
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Molecular weight range(Da)
50

Cumulated UV254 removal efficiency(%)
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Elastic medium
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DOC distribution ratio(%)
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10
5
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0

Assembled medium
Elastic medium

40
35

>100k

10-100 k

3-10 k

1-3 k

<1 k

Molecular weight range(Da)

30

FIGURE 3 - The distribution ratio of DOC and UV254.

25

3.3. Reduction of DBPFP by artificial media pre-treatment

20
15
10
5
0

>100k

>10k

>3k

>1k

Overall

Molecular weight range(Da)

FIGURE 2 - The relationship between the cumulated removal of
DOC, UV254 and the MW ranges.

Figure 3 shows the distribution variation of DOC and
UV254 at different MW ranges after artificial media bio-

The formation potential of THMs and HAAs for raw
water and effluents from two artificial media is shown in
Table 3. No signiﬁcant trend between MW distribution and
DBPs formation reduction was observed from this study.
The largest amount of THMFP was removed at the range
of MW <1 kDa, while that for HAAFP was at MW >100
kDa. This might be due to the fact that chemical composition of DOM components is a more important predictor of
DBP formation than MW size. Similar trends have also
been observed with respect to DBP formation from individual MW fractions [15, 17].
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TABLE 3 - The DBPFP for raw water and effluents from two artificial media in different MW ranges (n=6).
Mw range
(Da)
Overall
>100 k
10 – 100 k
3 – 10 k
1–3k
<1 k

Source water
86.18
7.15
6.77
9.47
5.57
57.21

THMFP (µg/L)
Assembled medium
65.52
2.52
6.63
8.72
2.62
45.02

Elastic medium
67.55
2.89
4.63
13.0
3.87
43.16

Cumulated THMFP removal efficiency(%)

90

Assembled medium
Elastic medium

70
60
50

30
20
10
>100k

>10k

>3k

>1k

Overall

Molecular weight range(Da)

Assembled medium
Elastic medium

80

70

70
60

THMFP distribution ratio(%)

Cumulated HAAFP removal efficiency(%)

100
90

50
40
30
20
10
0

Elastic medium
6.10
0.38
1.01
0.48
1.98
2.25

Figure 5 shows the distribution of THMMF and
HAAFP at different MW ranges. The formation potential of
THMs changed little, which was still mainly produced by
low MW fractions with <1 kDa. Hua et al. [17] also observed that the low MW fractions were more reactive in the
formation of THMs. Unlike the formation potential of
THMs, HAAs produced by NOM in the effluents from two
artificial media changed a lot. A weak correlation was
observed with respect to HAA formation from different
MW fractions.

40

0

HAAFP(µg/L)
Assembled medium
5.87
1.23
0.17
0.66
0.54
3.27

aromatic ring structures, but the same aromatic ring structure might not exhibit the same formation potential of
DBPs. The higher decrease of THMs and HAAs demonstrated that the artificial media process was effective in
the removal of NOM which is relatively more reactive
with chlorine.

100

80

Source water
9.46
4.09
0.93
1.25
0.98
2.20

>100k

>10k

>3k

>1k

Overall

Raw water
Assembled medium
Elastic medium

60
50
40
30
20
10

Molecular weight range(Da)
0

FIGURE 4 - The relationship between the cumulated DBPFP removal and the MW ranges.

3392

10-100 k

3-10 k

1-3 k

<1 k

Molecular weight range (Da)
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Raw water
Assembled medium
Elastic medium

60

HAAFP distribution ratio(%)

Due to the biotransformation of DOC between different MW ranges, a similar trend was also observed for the
yields of THMs and HAAs. Therefore, the total cumulated
THMFP and HAAFP were calculated for evaluating the
reduction of DBPs. The relationship between the cumulated
DBPFP removal and MW ranges is shown in Fig. 4. It can be
found that the cumulated DBPFP removal also decreased
with the decreasing of MW ranges. The overall removal
was averaged to be 24.0% and 21.6% for THMFP, and
37.9% and 35.5% for HAAFP by assembled medium and
elastic medium, respectively. The removal efficiency of
THMFP and HAAFP was higher than that of DOC and
UV254 in the two artificial media processes. This was
because the difference of NOM indicated by DOC, UV254
and THMs, HAAs. UV254 has a strong correlation with

>100k

50
40
30
20
10
0

>100k

10-100 k

3-10 k

1-3 k

<1 k

Molecular weight range (Da)

FIGURE 5 - The distribution ratio of THMFP and HAAFP.
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4. CONCLUSIONS
DOC concentration, UV254 absorbance, THMFP and
HAAFP were averaged to be 5.08 mg/L, 0.104 cm-1,
86.18 µg/L and 9.46 µg/L for the raw water from the
Yangtze River, and low MW fractions were dominant in
the raw water.
Biological pretreatment based on two artificial media
was used to remove the DOM with lower SUVA values
and reduce the risk of DBP formation. The overall removal of DOC, UV254, THMFP and HAAFP were averaged at
6.9%, 11.5%, 24.0% and 37.9% for assembled medium,
and 6.7%, 9.6%, 21.6% and 35.5% for elastic medium.
No significant difference was found between the removal
of assembled medium and elastic medium by ANOVA
analysis (p>0.05).
No consistent trend was observed between the MW
fractions and the formation of THMs and HAAs in this
study. THMs and HAAs were formed by all five DOM
fractions, but with different contributions. The hydrophilic fraction was found to contain more reactive precursors to the formation potential of THMs or HAAs. The
larger MW fractions would transform to small molecules
during the artificial media bio-treatment. The small molecules were accumulated and exhibited a strong formation
potential of DBPs. Consequently, further research is required for enhancing the removal of small molecules by
artificial media bio-treatment.
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ABSTRACT

1. INTRODUCTION

In drinking water distribution systems (DWDSs) opportunistic bacteria of environmental origin such as Legionella pneumophila (L. pneumophila) represent a potential source of water contamination, resulting in a potential
health risk for humans. The main objective of this study
includes an integrated approach based on hazard assessment, identification and monitoring of control factors in
order to characterize the influence of physical-chemical
parameters on L. pneumophila presence in DWDSs as well
as to determine possible seasonal effects, with the purpose
of improving the prevention measures.
The contamination of hot water samples with L.
pneumophila was studied in relation to temperature, pH,
free residual chlorine, and metal ions concentrations (iron,
copper, zinc, manganese, calcium, and magnesium). The
results of microbiological and physical-chemical characteristics were analyzed in order to identify the factors that
can effectively contribute to reduce legionellae proliferation and risk of human infection.
The samples were collected between March 2009 and
December 2011 from three hotels and two homes for the
elderly and disabled in the Split-Dalmatian County,
Croatia. Legionella pneumophila was isolated in 99 out
of 304 samples (32.6%). The seasonal L. pneumophila
occurrence trends in drinking water distribution systems
were observed, with the highest positive samples percentage of 43.5% found within the 3rd quarter (7–9 month). L.
pneumophila contamination was found to be positively
associated with Ca, Mg, Fe and Cu concentrations, and
negatively associated with Mn concentrations and temperature.

KEYWORDS: iron, copper, manganese, Legionella pneumophila,
drinking water distribution system, risk assessment
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Water is an essential prerequisite for life, therefore water safety in drinking water distribution systems is of public
importance. The examination of drinking water distribution
systems (DWDS) reveals the complexity and the heterogeneity of such a technical system and the fate of autochthonous microbial populations and contaminant pathogens is
related to this complex system generating a variety of situations where microbial activity may develop [1]. In DWDSs,
the presence of microorganisms relevant to public health
was regularly monitored and the occurrence and survivor
of pathogens such as Legionella pneumophila was among
significant ones [2,3].
The type of pipes in DWDSs, loose materials, sediment
and corrosion can play a significant role in the dynamics of
bacterial growth [4]. Generally, the corrosion leads to metal
dissolution, biofouling leads to the undesirable accumulation of microbiological deposits at the interface and biofilms
are formed in distribution system pipelines. The formation
of the biofilms leads to re-contamination of water after disinfection and to micro-corrosion of metal tube surface
under the biofilm layer. In DWDSs biofilms are ecological niches in which Legionella species survive and proliferate and therefore present a health risk [5,6].
Legionella pneumophila is a Gram-negative bacterium that belongs to the genus Legionella spp. It is the
one most frequently related to human disease, especially
pneumonia (Legionnaire´s disease) [3,7,8]. L. pneumophila
has been shown to be harbored within biofilms formed
within cooling towers, swimming pools, hot-water tanks
drinking water pipelines and other parts of DWDSs [9-11].
Evidence has also been presented indicating that amoebae
and other protozoa may be natural hosts and “amplifiers”
for L. pneumophila in different water systems [12-15].
Therefore, the maintenance of water quality as well as
hygienic conditions in such environments is important [16].
Water temperature is perhaps the most important rate
controlling factor regulating microbial growth. Temperature influences microbial growth rate, disinfection efficiency, corrosion rates and distribution system hydraulics
[17]. L. pneumophila multiplies at temperatures between
25 and 42°C with an optimal growth temperature of 35°C
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[18, 19]. Furthermore, the survivor and growth of L. pneumophila depends on other physicochemical properties of
water such as pH, hardness, organic materials, nutrients,
disinfection residual concentrations and the presence of
heavy metals, water flow velocity, corrosion of distribution system pipes and fittings [20, 21]. Some metal ions
inhibit while others have a bio-stimulating effect on the
growth of L. pneumophila. For example, copper ions could
slow down the development of L. pneumophila in DWDS
but they do not retard mycobacteria [22-24] and iron was
shown to have a positive relationship with the presence of
protozoa and L. pneumophila [25,26]. The correlation of
L. pneumophila presence and growth at different temperatures and pH values and in the presence of various free
residual chlorine concentrations have been studied [2729]. Generally, higher pH values, lower temperatures and
lower chlorine content increase the survival rate of L.
pneumophila.
The aim of this study was to correlate the Legionella
pneumophila presence in hot water distribution systems in
the Dalmatian County of Croatia with physicochemical
properties of water such as temperature, pH, free residual
chlorine, and metal ions concentrations (iron, copper, zinc,
manganese, calcium, and magnesium). The main objective
of this study was to analyze and characterize the influence

of chemical parameters on the presence of L. pneumophila in DWDSs and to determine possible seasonal effects
on the L. pneumophila presence in order to improve prevention measures that can effectively contribute to reduce
legionellae proliferation and risk for human infection.
2. MATERIALS AND METHODS
2.1. Water samples

The water samples were obtained from four stations along the Adriatic coast in Southern Croatia (Figure 1). The samples were collected during 3 years,
between March 2009 and December 2011. Hot water
samples were collected in sterile 1 L bottles containing
180–200 mg sodium thiosulphate to neutralize any chlorine or other oxidizing biocides. At sampling port, the
outside of the pipe was disinfected with a flame, water
was flushed for 2 minutes and then water was sampled.
For each sample, hot water (1L) was collected in duplicate in sterile plastic bottles from hot-water faucets. Samples were stored in the dark, in an insulated container
(cool box) at 4°C, transported to the laboratory as soon as
possible.

FIGURE 1 – Sampling sites at the Adratic Coast.

3396

© by PSP Volume 22 – No 11a. 2013

Fresenius Environmental Bulletin

TABLE 1 – Experimental conditions for metal determinations by AAS.
Metal
Conditions
Flame
Wavelength (nm)
Slit width (mm)
AAS detection limit (µg/L)

Fe

Mn

C2H2/Air
248.3
279.3
0.8
0.2
1
0.2

Cu

Zn

Ca

Mg

324.8
0.5
0.12

213.9
0.5
0.1

C2 H2 / N2 O2
422.7
0.5
0.5

C2 H2 / N2 O2
285.2
1.3
0.02

A total of 304 samples were used for the analysis.
The hot water samples were immediately analyzed for
temperature, pH and free residual chlorine concentrations
and within 24 h for L. pneumophila concentration and
concentrations of iron, copper, zinc, manganese, calcium,
and magnesium.
2.2. Physical and chemical analyses

The water temperature, pH and free residual chlorine
(DPD method) were measured immediately at sampling port
by an electronic thermometer (EcoScan Temp 5, Thermo
Fisher Scientific, UK), a direct reading pH meter (pHmeter
827 pH lab, Metrohm, Switzerland) and a photoLab WTW
free Cl2 (WTW, Germany) respectively.
The water samples were acidified to pH < 2 with nitric
acid (1% nitric acid) for determination of element concentrations (Fe, Mn, Cu, Zn, Ca and Mg). Then an aliquot was
injected into the atomic absorption spectrometer (AAS
Model Z-2000, Hitachi, Japan) at predetermined experimental conditions (Table 1). Standard calibration solutions were prepared from commercial solutions.
2.3. Microbiological analysis

Legionella pneumophila were enumerated and identified according to the Croatian standard method which is
equivalent to ISO 11731-2 [30]. Water samples were concentrated by filtration through 0.20 µm pore size (a polyamide filter, Millipore, Bedford, MA, USA) and cultured
before and after heating treatment. For that purpose, membranes were transferred into 10 mL of the same water sample
and vortexed. The samples (5 mL) were treated at 50°C for
30 min and the concentrates (0.1 mL) were plated onto buffered charcoal yeast extract (BCYE-a) agar with cysteine
(bioMériux, Marcy l`Etoile, France) and charcoal yeast
extract agar (cysteine-free) (bioMériux, Marcy l`Etoile,
France). The remaining 5 mL were cold seeded using
the same technique. After incubation at 36°C during 72 h, a
quantitative assessment was conducted. The suspect colonies
were subcultured on a BCYE medium and those ascribable
to the Legionella genus were then determined by means of
agglutination (Legionella latex test, Oxoid, Basingstoke,
UK). The agglutination test enabled separate determination
of L. pneumophila sg 1 and L. pneumophila sg 2 to 14 and
the detection of seven species of non-L. pneumophila
legionellae (polyvalent) that have been implicated in
human disease. The results (mean of two plates) were
expressed as CFU/L, and the detection limit of the procedure was 25 CFU/L.

2.4. Statistical analysis

Statistical calculations were performed using MedCalc 11.3.0.0; Windows 2000/XP/Vista/7 versions (Copyright 1993-2010, MedCalc Software byba). Prior to the
statistical analysis the normality tests were performed to
check the data distribution. Spearman's Rho coefficient
was used to test the association between measured elements and microbiological test results. A statistical analysis was performed by using the non-parametric MannWhitney U test [31] with the aim of determining the connection between L. pneumophila and the previously described variables. Statistical results were interpreted at the
level of significance p < 0.05. The chi-square test or χ2
was calculated to compare the proportions of L. pneumophila contamination and nonparametric statistical methods
were applied to determine statistically significant differences.
3. RESULTS AND DISCUSSION
The results of this study have shown a widespread environmental contamination of water systems by L. pneumophila. A total of 304 water samples were analysed and
the L. pneumophila was found in 32.6% of which 20.3% in
hotels and 12.7% in homes for the elderly and disabled.
The premise identification, sampling ports and total
number of samples that were collected during different quarters are described in Table 2, and the analysis of results,
according to the seasonal period of sampling, revealed that
within the 3rd quarter (7–9 month) 43.5% of the samples
were L. pneumophila positive (Table 2). Moreover, within
the 3rd quarter the observed concentration of L. pneumophila was in the range of 500–13,000 CFU/L and was significantly higher than in other seasons. The occurrence of L.
pneumophila in hot water samples shown in Table 2 indicated that L. pneumophila was found in 58 and 35 samples
taken from the bathroom taps in hotels and in homes for the
elderly and disabled respectively. Among 99 L. pneumophila
positive samples, 93 samples were taken from the bathroom
taps indicating that the risk of legionellosis was significantly increased in such a location. On the contrary, in a
recent report Marchesi et al. [28], during their study conducted in an Italian hospital observed no differences according to sampling port or season, but shower aerosols
have been identified as a potential pathway for exposure
and recently, the conditions within in-premise plumbing
that could result in an infection from inhalation of aero-
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TABLE 2 – Seasonal distribution of Legionella pneumophila in hot water samples from hotels and homes for the elderly and disabled in the
Split region.

Premises identification

Sampling port

Number of
samples

Hotels

Bathroom tap
Kitchen and bar tap
Other (jacuzzi and wellness)
Bathroom tap

188
25
23
57

Occurrence of L. pneumophila
Quarters
(determination range; CFU/L)
Q1
Q2
N:48
N:133
(50-2000)
(200-8400)
8 (16.7%)
19 (14.3%)
0
1(0.7%)
1 (2.1%)
0
11 (22.9%)
8 (6%)

Kitchen tap

11
304
32.6%

0
20
41.7%

Homes for the elderly and
disabled
All the sampling stations

1 (0.7%)
29
21.8%

Q3
N:62
(500-13000)
20 (32.2%)
0
0
6 (9.7%)

Q4
N:61
(150-8000)
11 (18%)
1 (1.6%)
1 (1.6%)
10 (16.5%)

1 (1.6%)
27
43.5%

0
23
37.7%

FIGURE 2 a-b – Occurrence of Legionella pneumophila in correlation with metal ions concentrations (a) and seasonal period of sampling (b).
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TABLE 3 – Spearman's Rho coefficient, physical and chemical characteristics of 304 hot water samples.
Ca
Mg
(mg/L)
(mg/L)
Spearman`s coefficient
0.266*
0.432*
P
0.001
0.000
Median
72.52
1.99
Percentile 25
56.13
0.77
Percentile 75
82.41
2.19
Median
65.87
0.80
Percentile 25
54.33
0.75
Percentile 75
72.04
2.84
Median
69.22
4.83
Percentile 25
66.00
4.69
Percentile 75
71.74
5.31
Median
71.19
2.04
Percentile 25
58.92
0.79
Percentile 75
80.05
2.13
*-Correlation is significant at the 0.01 level.
Q2
Q3
Q4

The quarters

Q1

Parameters

Fe
(mg/L)
0.182*
0.001
0.02
0.01
0.08
0.03
0.01
0.06
0.03
0.02
0.03
0.04
0.02
0.08

Zn
(mg/L)
0.087
0.129
0.16
0.08
0.20
0.14
0.05
0.27
0.07
0.04
0.09
0.15
0.11
0.30

sols containing the pathogen while showering, were investigated and modeled [32,33]. Nevertheless, the presence of L. pneumophila was confirmed in hot water samples in many countries, and some studies demonstrated
the findings of Legionella pneumophila with a contamination range from 63.6% to 75% [24, 29, 34-37]. Borella et
al. [38] also reported that 22.6% to 30.5% of the samples
were Legionella positive in water from apartments in
Italy. Obviously, the presence of Legionella species was
detected in a wide range depending on the physicochemical properties of water. In our study, the Legionella presence of 32.6% was in accordance to similar studies conducted in Italy, Finland and Germany where 33.3%, 30%
and 26% of the samples were Legionella positive, respectively [39-41].
The correlation of microbiological results with measured metal ions concentrations (iron, copper, zinc, manganese, calcium, and magnesium) shown in Figure 2 indicate
that positive microbiological findings were linked to higher
values of Ca, Mg, Fe and Cu and with lower values of Mn.
The presented results confirm the hypothesis about the
linkage between the tested risk factors and the Legionella
pneumophila presence in the hot water from the DWDSs.
The calculated Spearman's rank correlation coefficient, ρ
and the seasonal variability of physical and chemical
parameters in DWDSs were presented in Table 3.
The presence of Ca and Mg in hot water samples was in
a wide range of 46.78–137.61 mg/L and 0.44–5.93 mg/L
respectively, but the statistically significant positive correlation was observed (Table 3). Generally, correlation between Legionellae and calcium and magnesium concentrations was somewhat more difficult to explain and conflicting reports were published. For example, Leoni et al.
[41] found a statistically significant inverse correlation
between the L. pneumophila presence and Ca and Mg content. The comparison to results obtained during this study
revealed that the level of Ca was similar, but Mg concentrations reported in their study were almost twice as high,

Cu
(mg/L)
0.162*
0.005
0.01
0.01
0.02
0.01
0.00
0.05
0.01
0.00
0.02
0.01
0.01
0.03

Mn
(µg/L)
-0.185*
0.001
0.19
0.00
3.84
13.02
3.02
20.35
6.12
0.00
12.25
1.61
0.00
4.17

Temp.
(°C)
-0.362*
0.000
45.2
44.0
48.8
54.5
51.8
58.8
51.8
50.3
56.7
49.7
44.3
55.1

FRC (mg/L)

pH

0.090
0.116
0.2
0.2
0.2
0.2
0.2
0.3
0.3
0.2
0.3
0.2
0.2
0.2

0.103
0.205
8.2
8.2
8.2
8.0
8.0
8.1
8.3
7.7
8.4
7.9
7.8
8.0

indicating that detail analysis of the correlation between
Legionellae and Ca and Mg content should be further
investigated.
Furthermore, they reported the distribution of L. pneumophila positive samples according to Cu concentrations
(0.01–0.05 mg/L) and statistically significant inverse correlation was observed. Accordingly, the copper was represented as a limiting factor for L. pneumophila development
with the possible explanation that copper is able to effectively penetrate into the biofilm which provides the basis
for the colonization of water distribution systems. On the
contrary, the results obtained during this 3 years study
(Figure 2 and Table 3) with similar levels of Cu, indicate
the statistically significant positive correlation and a similar observation was recently reported [42]. The positive
correlation was unexpected since the protective effect of
copper was reported and the higher Cu levels (> 50 µg/L)
were associated with a lower risk of Legionella proliferation [23,24]. In addition, in recent study of Mathys et al.
[43], authors compared pipe materials and reported that
plumbing systems with Cu pipes were more contaminated
than those made of synthetic materials or galvanized steel.
Obviously, the role of copper and the association with L.
pneumophila strongly depends on its concentrations and
lower Cu concentrations could have a positive or negative
correlation while higher levels of copper have been shown
to be effective against Legionellae [44].
Fe is an important component of oxidation-reduction
systems and a cofactor of some important enzymes. The
results presented in Figure 2a indicated the median Fe
concentration values for negative and positive samples
were in the range of 0.01–0.058 and 0.02–0.08 mg/L
respectively. The higher values obtained in samples with
L. pneumophila (ρ = 0.182; P = 0.002) indicated positive
association of L. pneumophila with Fe concentration
(Table 3). The similar Fe values and positive association
with the presence of Legionellae were recently reported
[23]. In comprehensive statistical analysis, the cut off
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value of 0.042 mg/L was discussed as sufficient to increase the colonization risk. Thus, a large number of samples that had a value higher than 0.042 mg/L was congruent to this assumption and confirmed the Legionella risk.
Hence, our results indicate that metal plumbing components and associated corrosion products are important
factors in the survival and growth of L. pneumophila in
DWDSs. Corrosion can develop crevices and cracks on
pipe walls [45], which can shelter Legionellae and other
pathogenic bacteria, and increase turbidity in DWDSs,
which can promote bacteria regrowth [46]. It can exhaust
residual chlorine at a faster rate [47], which may lead to
the increased formation of biomass at the extremities of
the DWDSs. Corrosion scales can actively modify physicochemical parameters of water in the DWDSs not only
by releasing Fe oxyhydroxides but also by reactions with
e.g. chlorinated disinfection by-products [48].
Measurement of pH and free residual chlorine concentration are essential to ensure an efficient disinfection
procedure. As such, higher doses of disinfectants (e.g.
chlorine) are needed in such scenarios, since water chlorination effectively reduces Legionellae contamination
[45]. In this study, the monitoring of pH, free residual chlorine concentration and Zn indicated that the differences
were not statistically significant (Table 3). A slight increase of pH observed during the 3rd quarter indicated that
the relation between L. pneumophila positive samples and
pH was positively associated as previously reported [41].
The presence of L. pneumophila was negatively associated with Mn concentrations and the Mn level in L.
pneumophila positive samples was significantly lower,
mainly in the range of 0.0–9.0 µg/L (Figure 2). The Mn
data series presented in Figure 2a, clearly indicate the difference of medians between samples in which L. pneumophila was proven and those in which it was not found.
The Mn median concentrations of 6.12 and 13.2 µg/L
were found in hot water samples within the 3rd and 2nd
quarters respectively (Table 3). The least positive samples
(21.8%) were found within the 2nd quarter and the obtained twice as high manganese values confirmed that the
presence of increased Mn levels contributes to lower L.
pneumophila presence. Furthermore, Table 3 and Figure 2b
show that lower Mn concentrations were determined during
the 3rd quarter and generally with the exception of the 2nd
quarter, manganese concentrations were mostly lower
than 6 µg/L. Bargellini et al. [24] set Mn concentration
lower than 6 µg/L as a cut off value and discussed that it
could be a good indicator of Legionella absence. These
findings and the fact that Mn was an essential element for
the growth and pathogenesis of the bacteria indicate that
the role of manganese and its involvement in the Legionella risk should be further investigated.
The obtained results (Figure 3) show convincingly
that the temperature of the hot water is probably the most
important determinant for the multiplication of L. pneumophila. Water with a temperature between 44–54°C was
most frequently colonized and contained the highest con-

centrations of Legionellae (Figure 3). Furthermore, according to obtained results, the median temperature values
for the 3rd quarter (7–9 month) were 51.8°C (Table 3), on
the contrary, within the 2nd quarter (4–6 month), the water
temperature median, 25 and 75 percentile values were
54.5°C, 51.8°C and 58.8°C respectively and those increased values confirming the protective role of such
temperatures. In agreement, several authors have demonstrated that lower hot water temperatures are also closely
associated with the contamination of domestic hot water
systems [34,43,46]. The literature and observed results
clearly indicate that the water temperature higher than
54°C was protective, while a temperature range of 44–
54°C is one of the factors responsible for Legionella colonization in hot water systems. Those temperatures favor
growth of Legionellae in water systems, and very high
counts present a legionellosis risk for elderly and immuno-compromised members of the community.

FIGURE 3 – Occurrence of Legionella pneumophila in function of
temperature.

4. CONCLUSIONS
The 3 years monitoring of Legionella pneumophila in
drinking water distribution systems in Southern Croatia
revealed that within 304 hot water samples 99 were L.
pneumophila positive and among them 58 and 35 samples
were taken from the bathroom taps in hotels and in homes
for the elderly and disabled respectively. Observed results
indicated that the risk of Legionellae presence was significantly increased in the bathrooms in comparison to the
kitchen, bar or other taps. The seasonal L. pneumophila
occurrence trends in drinking water distribution systems
were observed and the highest positive samples percentage
of 43.5% was found within the 3rd quarter (7–9 month).
Furthermore, within this quarter, the presence of L. pneumophila was determined in the range of 500–13,000 CFU/L
which was significantly higher than in other seasons. Obviously, total of 32.6% L. pneumophila positive samples present an increased potential health risk that should be effectively reduced.
The obtained results of microbiological and physicalchemical characteristics were analyzed in order to identify
reliable indicators for prediction of L. pneumophila risk
and statistical analysis indicated that L. pneumophila
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contamination were positively associated with Ca, Mg, Fe
and Cu concentrations, and negatively associated with Mn
concentrations and temperature. The water samples positive for L. pneumophila exhibited significantly higher Fe
and Mg concentrations compared to the negative samples.
The observed Fe concentrations higher than 0.042 mg/L
indicated that this value could be the good predictor of
increased L. pneumophila risk, contributing that the corrosion in the DWDSs favor conditions for the L. pneumophila proliferation. Similarly, the monitoring of Cu
level indicated the statistically significant positive correlation with L. pneumophila. On the contrary, the higher Mn
levels contributed to lower L. pneumophila presence. The
statistical analysis showed that zinc, free residual chlorine
and pH have no significant influence on the presence of L.
pneumophila, confirming the low efficacy of free chlorine
on microbe eradication. The water temperature higher
than 54°C revealed as protective, while the temperature
range of 44–54°C is one of the factors responsible for
Legionella colonization in hot water systems.
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ABSTRACT
Composting of sewage sludge, next to its combustion
and co-combustion, is a new management priority in Poland. Before its soil application, the stability and maturity
of compost should be assessed. In this study, eight composts of different origin and composition were evaluated in
terms of their chemical parameters (C:N ratio, NH4:NO3
ratio, CEC, and humification indices, i.e. HI and HR) and a
biological parameter (germination index - GI). Phytotoxicity of composts was analysed on the basis of cress seed germination. Moreover, bioavailable contents of Zn, Cu, Mn, Fe
and Ni were assessed by the single extraction method using
the DTPA complexing solution. Analyses were carried out
with samples at the initial phase of composting and at maturation phase. The effect of experimental factors on studied
parameters was varied. Results showed that differences in
chemical and biological parameters are mainly related to
the nature of composted wastes, and there is no single test
recommended to be used to evaluate maturity and stability
of composts. Agricultural quality of composts prepared by
mixing different types of organic waste, including sewage
sludge, should be evaluated by measuring a limited number
of parameters. Among the various parameters investigated
in this study, GI, total nitrogen content and the C:N ratio
gave satisfactory results. The study showed that bioavailable contents of Zn and Mn are promising tests of compost
maturity and stability.
KEYWORDS: sewage sludge, compost, maturity, stability,
phytotoxicity assay, bioavalable metals

1. INTRODUCTION
Taking into account the fertilizing character of sewage
sludge arising from huge amounts of organic matter and the
abundance in nutrients, composting provides beneficial
circulation of organic matter in the environment. Composting of biodegradable wastes can reduce the volume of
wastes going to landfills and provide a rich, organic nutrient
source and soil conditioner for commercial agriculture [1].
* Corresponding author

According to Domene et al. [2] and Raj and Antil [3],
this approach is mainly used for recycling organic materials into an useful product. It is especially important in the
case of sewage sludge, because composting not only enhances fertilizing properties of sludge, but it can lower the
amount of some biodegradable organic chemicals. Compost is defined as the aerobically stabilized or matured
organic matter [4]. The application of stable and mature
compost in agriculture can improve the soil fertility and
structure by increasing soil organic matter, suppressing soilborne plant pathogens and enhancing plant growth [5-7].
However, immature compost may have adverse effects on
plant growth and the environment because of the presence
of phytotoxic compounds, such as heavy metals, phenolic
compounds, low-molecular weight organic acids, ethylene
oxide and pathogens [6-13]. Bernal et al. [14] found that
immature compost induces competition for oxygen between microbial biomass and plant roots. It is particularly
important in the case of composts derived from sewage
sludge, constituting a source of organic matter and nutrients alternative to manure, because the potential phytotoxic effect is usually attributed to sewage sludge.
Compost quality can be evaluated with a variety of
techniques, but there are two fundamental aspects that should
be considered before agricultural use: its stability and maturity [15, 16]. Maturity refers to the degree of decomposition of phytotoxic organic substances produced during the
active composting phase, and to the absence of pathogens
[1, 4, 6, 12, 14]. Stability is related to the rate of microbial
activity in compost, and it is evaluated by different respirometric measurements and/or by studying transformations in chemical properties [6, 12-14, 16-18].
Various and numerous methods have been used to determine maturity and stability of composts [1, 3, 6, 9, 1214, 17-21]. These methods can be categorised into different groups related to:
- physical parameters, such as temperature, colour,
moisture, content and aeration
- chemical parameters, such as C:N ratio, NH4:NO3
ratio, CEC, pH, EC and humification indices (HI, HR)
- microbiological parameters, such as respiration analysis, ATP content and enzyme activities
- biological parameters, such as germination index and
plant growth bioassay.
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TABLE 1 - Chosen properties of composted wastes.

Wastes
Sewage sludge
from Czarnków
Sewage sludge
from Szamotuły
Sewage sludge
from Rumianek
Hemp waste
Wood cuttings
Sawdust
Wheat straw

Dry matter
(%)
16.8

C:N

27.42

Total content of metals
Mn
Zn
mg·kg-1 d.m.
152.57
198.54
528.69

10872.0

53.0

15.65

262.20

215.30

736.40

11570.0

335.0

52.0

20.23

206.11

266.59

654.54

10456.0

416.0
456.0
500.0
440.0

10.0
9.0
1.0
3.0

13.02
1.17
2.33
1.29

14.70
4.55
2.65
4.35

204.0
34.17
45.69
15.46

73.20
53.35
21.40
19.37

1013.0
483.0
5093.0
79.83

5.7

TOC
Ntot
g·kg-1d.m.
341.0
59.3

16.7

6:2

330.0

17.1

6:0

77.2
56.7
82.0
86.0

42:1
51:1
500:1
147:1

Ni

Therefore, this study was undertaken in order to: 1)
characterize quality of different composts prepared on the
basis of sewage sludge mixed with different organic wastes,
and 2) evaluate chemical and biological parameters to determine stability and maturity of tested composts.
2. MATERIAL AND METHODS
2.1 Composting process, materials and sampling

Eight composts of different origins and compositions
were investigated. The samples were collected at the initial
phase of composting (non-decomposed material) and at the
maturation phase. Experimental composts were prepared
from sewage sludge supplied by mechanical-chemical sewage treatment plants located at the towns of Szamotuły
(52o36’N, 16o34’E), Czarnków (52o54’N, 16o34’E) and
Rumianek (52o28’N, 16o40’E) in the Poznań province, as
well as wheat straw, sawdust, hemp waste, pine bark and
wood cuttings. Selected properties of the components and
their proportions in the composting mixture are shown in
Tables 1 and 2, respectively.
Composts Nos. 5, 6 and 8 were prepared under controlled conditions using a double-chamber bioreactor with
a volume of 125 dm3 per chamber. The schematic diagram of the bioreactor together with its description can be
found in a paper by Olszewski et al. [22]. Each composting mixture was made in two replications, i.e. each replication of a composting mixture was prepared in a separate
bioreactor chamber. All organic wastes were well mixed
prior to being transferred to bioreactor chambers. The
moisture content of mixtures was 60% and the amount of
air flowing through the mixtures corresponded to 4 L/min.
Each compost mixture remained in bioreactor chambers
for a period of 28 days. After that time, each chamber was
emptied and the content was placed in a closed room to
allow maturation lasting 3 months.
Composts Nos. 1, 2, 3, 4 and 7 were prepared as static, trapezoidal piles using a specialized compost mixing
machine. Each pile was prepared in two replications. The
piles were mixed weekly for the first month to ensure
good aeration conditions, and then, at monthly intervals.

Cu

Fe

TABLE 2 - Composition of investigated mixtures.
Component
Compost 1 (C1)
Sewage sludge from Czarnków
Sawdust
Compost 2 (C2)
Sewage sludge from Czarnków
Sawdust
Wheat straw
Compost 3 (C3)
Sewage sludge from Czarnków
Wood cuttings
Sawdust
Wheat straw
Compost 4 (C4)
Sewage sludge from Czarnków
Waste of hemps
Wood cuttings
Compost 5 (C5)
Sewage sludge from Szamotuły
Sawdust
Wheat straw
Compost 6 (C6)
Sewage sludge from Szamotuły
Sawdust
Wheat straw
Compost 7 (C7)
Sewage sludge from Rumianek
Wheat straw
Manure
Leaves
Waste of cheese
Waste of coffee
Compost 8 (C8)
Sewage sludge from Szamotuły
Sawdust
Wheat straw

Contribution
(%)
30
70
40
50
10
40
40
15
5
40
50
10
45
50
5
65
30
5
74
11
9
3
2
1
75
20
5

Moisture content of the piles was adjusted by adding
the necessary amount of water to obtain values between
60-70% of dry matter.
The procedure of material sampling was identical regardless of the composting phase. Samples were collected
at five random locations in each pile and chamber. These
five samples were mixed together. The material, thus prepared, constituted the bulk sample for each compost replication. The samples of composts were divided into fresh
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and dry samples, and the latter were dried at 105 oC for a
period of 12 h. The dried samples were ground into fine
powder and stored in plastic bags at 4oC.
2.2 Chemical analysis of compost

The chemical analyses were conducted on dried samples. Total organic carbon (TOC) and total nitrogen (Ntot)
were determined using a Vario Max CNS. Concentrations
of metals in the extracts were determined by flame atomic
absorption spectrometry (FAAS) using a Varian Spectra
AA 220 FS apparatus. The total metal contents of compost,
sewage sludge, sawdust, wheat straw, hemp waste, pine
bark and wood cuttings were determined by digestion with
the aqua regia procedure ISO [23]. The bioavailable metal
contents were assessed by the single extraction method using
the DTPA complexing solution (0.005 mol·dm-3 DTPA +
0.1 mol·dm-3 TEA + 0.01 mol·dm-3 CaCl2, at pH 7.3) [24].
The compost:solution ratio was 1:2.
The analytical performance of the laboratory procedures was verified by the analysis of BCR reference material CRM 145R (trace elements in sewage sludge), and the
data of three replicate analyses obtained for total contents
of metals are shown in Table 3.
The cation exchange capacity (CEC) was determined
with ammonium acetate (1:20, w/v). The compost samples with the solution were shaken for several min and
allowed to stand overnight. The samples were centrifuged
and the supernatant liquid was decanted. The obtained
leachates were analyzed for NH4OAc – extractable cations.
The mineral nitrogen (NH4+, NO3-) content was determined after extraction in 2 mol·dm-3 KCl (2 h, 1:20, w/v).
Extractable organic carbon (CEX) and fulvic acid carbon (CFA) were determined in a 0.1 mol·dm-3 NaOH solution (2 h, 1:30, w/v) after precipitation of humic acids at
pH 2.0. Carbon in obtained the fractions was oxidized by
0.1 mol·dm-3 KMnO4 in H2SO4 medium. Humic acid
carbon (CHA) was calculated by subtracting CFA from CEX.
The humification indexes were calculated using the
following equations [17]:
HR (humification ratio) (%) =   
HI (humification index) (%) =

  

2.3 Phytotoxicity assay

The germination index (GI) was used to determine
phytotoxicity of composts. The germination assay was tested

using seeds of cress (Lepidium sativumm L.). Compost
extracts were obtained by shaking 10 g of compost fresh
matter with 100 cm3 distilled water for 2 h at room temperature. Ten seeds of cress were placed in Petri dishes
(diameter 10 cm and depth 1.5 cm), filled with filter paper
soaked with 5 cm3 compost extract, and incubated for 48 h
in the dark at 25 oC. The seed germination percentage and
root elongation of the plants in 5 cm3 distilled water were
also measured, and the sample was used as the control. A
5-mm primary root was considered as the operational definition of seed germination [25]. The percentages of relative
seed germination (RSG), relative root growth (RRG) and
germination index (GI) were calculated according to the
following formula (Miaomaio et al. [26]):
RSG (%) =

RRG (%) =
GI(%)=
2.4 Statistical analysis

Analyses of mean samples were carried out in three
replicates. The obtained results were subjected to formal
evaluation with the assistance of the analysis of variance
using the F-test at the significance level p≤ 0.95. The least
significant differences were calculated using the Tukey
method at the significance level α≤ 0.05, and then, uniform
groups within the factor level were established. Simple
correlation coefficients were computed to show the relationship between evaluated parameters of compost maturity and stability.

3. RESULT AND DISCUSSION
3.1 Basic chemical properties
3.1.1 CEC

The mean values of cation exchange capacity (CEC)
for composting time (Fig. 1) were strongly determined by
the composition of composts, and the effect was weaker
in case of the interaction of mixture and composting time
(Table 4). The highest value of CEC (57.24 cmol·kg-1)
was found in C3, and this value was 3.0 times higher than

TABLE 3 - Amounts (mean ± SD) of metals released by digestion with aqua regia for reference material BCR 145R as well as data for analytical precision and accuracy.
Metal
Ni
Cu
Mn
Zn
Fe

The value obtained in current study
(mg kg-1 d.m.)
294.4 ±5.66
720.7 ±8.96
132.2±9.22
1917±105.1
10962 ±187.6

Recommended value
(mg kg-1d.m.)
251.0 ±7.71
707.0 ±8.83
156.3±4.77
2140±63.86
-
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Precision

Accuracy

1.94
1.24
6.97
5.49
1.71

17.3
1.94
-15.40
-10.46
-
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FIGURE 1 - Fig. 1 Basic properites of composts in dependence on their composition (mean values for composting phase)
* values followed by the same letter do not differ significantly

3406

© by PSP Volume 22 – No 11a. 2013

Fresenius Environmental Bulletin

TABLE 4 - Basic properties of composts at the beginning and the end of their composting process.
Compost
C1
C2
C3
C4
C5
C6
C7
C8
LSD

CEC (cmol·kg-1)
Initial
Mature
18.66
23.36
18.97
24.07
55.07
59.41
44.04
40.47
17.49
18.35
41.75
33.43
44.12
51.19
37.96
26.56
1.230

TOC (g·kg-1)
Initial
Mature
373.43
346.55
367.20
362.15
343.05
287.77
341.07
300.17
422.10
405.00
408.90
401.70
273.55
206.40
396.05
350.44
25.506

in C5, where the lowest value of CEC (17.92 cmol·kg-1)
was recorded (Fig. 1). The data presented in Table 4 show
that the initial CEC for composting mixtures ranged from
17.49 cmol·kg-1 (C5) to 55.07 cmol·kg-1 (C3). Depending
on the compost variant, these values increased by 5 to 43%
during the composting process and. as a result for mature
composts reached 18.35 – 59.41 cmol·kg-1 of CEC (Table 4).
Gao et al. [6], Benito et al. [12], and Bernal et al. [14] indicated higher CEC values in comparison with the data
presented in this study. At the same time, Gao et al. [6],
Bernal et al. [14] and Nada et al. [20] confirmed the upward trend for changes in CEC during the composting
process. Similar results were observed by other authors
[15]. Although a small increase was found in this study, the
CEC parameter showed a classical trend throughout the
composting process. According to Lax et al. [27, quoted
after Gao et al. 6], higher CEC values could be attributed to
the accumulation of material bearing the negative charge,
such as lignin-derived products. Bustamante et al. [15] maintained that CEC gain during composting indicated humification due to the formation of carboxyl and/or phenolic groups.
These statements are only in partial agreement with the
obtained results, because a considerable increase of CEC
values was reported for C8 (by 43%), C2 (by 27%) and,
finally, for C1 and C6 (by 25%). Composts Nos. 6 and 8
contained high shares of the same sewage sludge (Table 2),
which could quickly undergo humification. However,
composts Nos. 1 and 2 were composed mainly of sawdust.
The chemical composition of sawdust includes cellulose
and lignin. The latter is an important source of the aromatic
group of humic acids, which could have been formed with
the progressing process of composting, becoming the main
adsorption center in mature composts and promoting higher
CEC values. Harada and Inoko [28, cited after Gao et al.
6], concluded that a CEC value higher than 60 cmol·kg-1
indicates a good degree of compost maturity. In view of
this statement, all investigated composts were immature
because none of them reached the above-mentioned threshold.
3.1.2 TOC, Ntot and C:N ratio

The influence of experimental factors on TOC
amounts was weak. Despite small quantitative changes in
TOC, the content in all mixtures decreased pointing to the
degradation of organic materials during the composting

Ntot (g·kg-1)
Initial
Initial
8.38
11.04
16.08
18.14
23.49
27.60
25.13
29.70
22.83
31.63
23.40
40.90
23.60
28.20
29.65
45.60
2.047

C:N
Initial
44.53
22.85
14.61
13.57
18.49
17.47
11.59
13.35

Mature
31.39
19.97
10.44
10.11
12.80
9.82
7.32
7.68
2.473

process. The course of changes in TOC was in agreement
with that found by Zmora–Nahum et al. [18], Nada et al.
[20] and Grigatti et al. [29]. According to Gomez–Brandon
et al. [13], a reduction of TOC should be mainly connected
with the depletion of easily degradable carbon compounds.
In the present study, the initial TOC amounts were comparable with those obtained for mature compost, so its content
changed slightly with the composting time. The data presented in Table 4 show that the initial TOC ranged from
273.55 g·kg-1 (C7) to 422.10 g·kg-1 (C5), and TOC amounts
in mature composts ranged between 206.40 g·kg-1 (C7) and
405.00 g·kg-1 (C5). Also Doublet et al. [30] observed a very
low TOC degradation during the curing phase. The biggest
difference was found for compost No. 7, where mature
samples had by 25% lower TOC content than at the beginning composting process (Table 4). As a result, the lowest
mean TOC value for composting time (239.97 g·kg-1) was
recorded in the above-mentioned compost (Fig. 1). Mean
TOC values recorded for composts, regardless of composting time, did not differ statistically for C1 (359.99 g·kg-1), C2
(364.67 g·kg-1) and C8 (372.24 g·kg-1), for C3 (315.41 g·kg-1)
and C4 (320.62 g·kg-1), for C5 (413.55 g·kg-1) and C6
(405.30 g·kg-1) (Fig. 1).
The Ntot content was affected by the mixture variant
(Fig. 1) and by the interaction of mixtures and composting
time (Table 4). The mean contents of Ntot for composting
time varied, with the highest value found for C8 (37.63
g·kg-1) and the lowest for C1 (9.71 g·kg-1) (Fig. 1). The
initial amounts of Ntot ranged from 8.38 g·kg-1 (C1) to
29.65 g·kg-1 (C8) (Table 4). The composting process caused
an increase of Ntot content and, for this reason, the values of
total nitrogen were higher by 12 to 75% in mature composts. A wide range of Ntot amounts was found in mature
compost because the lowest content reached 11.02 g·kg-1
(C1) but the highest one 45.60 g·kg-1 (C8) (Table 4). Typically total nitrogen levels between 10 to 15 g·kg-1 indicate
compost maturity. According to this threshold, only mixture No. 1 should be recognized as a mature compost.
The amounts of Ntot increased in all mixtures due to
the concentration effect caused by the strong degradation
of the labile organic carbon compounds, which reduced
the weight of the composting mass. According to Bernal
et al. [14], the amount of total N usually increases during
composting when volatile solid loss is greater than the
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loss of NH3. Herein, the N losses by NH3 volatilization
were probably relatively small, and the denitrification process did not occur. It should be suspected that the observed
nitrogen gain was caused by biological fixation as well as
nitrification. As shown in Table 4, an especially considerable increase (by 40-75%) during the composting process
was observed in mixtures Nos. 5, 6 and 8. Such an effect
could have been connected with the chemical composition
of the above-mentioned composts composed of sewage
sludge, sawdust and wheat straw (Table 2). Regardless of
the proportion of used wastes, it seems probable that
sewage sludge coming from the Szamotuły sewage treatment plant was an important source of easily decomposed
organic compounds. Bernal et al. [14] reported a similar
pattern of TOC and Ntot changes during the composting
process of different mixtures. In studies of Benito et al. [12]
and Gomez-Brandon et al. [13], the total N content changed
slightly with the composting time, and a significant reduction of TOC was observed. Some research works [15, 31]
demonstrated high Ntot losses during the bio-oxidative
phase, being practically non-existent during the maturation phase. For sewage sludge composted with different
bulking agents, Doublet et al. [30] measured low N losses
during the curing phase.
It is widely recognized that carbon and nitrogen mineralization courses are strictly related. Moreover, the
interactions between C and N evolution during composting play a predominant role in the agronomic value of
final composts in relation to the C and N sources present
in the initial mixtures (Doublet et al. [30]). The changes in
TOC and Ntot amounts are reflected in the C:N ratio. The
application of the C:N ratio as an indicator of compost
maturity is widely discussed in literature. Some researchers [32, quoted after Ko et al. 8] stated that the C:N ratio
is not a reliable parameter because of its considerable
variability in raw materials; thus, it often gives a misleading indication of maturity and it also may not reflect a
material which is sufficiently decomposed. On the other
hand [ 8, 12, 33], the C:N ratio is considered as a useful
tool in the evaluation of compost maturity, since the C:N
ratio, being a function of TOC and Ntot, changes during
the composting process in organic materials, and thanks
to this parameter, the organic matter transformation may
be predicted. In the present study, the values of the C:N
ratio were strongly determined by the composition of
composts (Fig. 1), and by the interaction of mixtures and
composting time (Table 4). The highest value of C:N (37.96)
was found in C1, and this value was 3.5 times higher than
in C7, where the lowest value of C:N (10.46) was recorded (Fig. 1). The data presented in Table 4 show that the
initial C:N for composting mixtures ranged from 11.59
(C7) to 44.53 (C1). During the composting process, values of C:N decreased as a result of carbon losses as CO2;
thus, the values of the C:N ratio in mature composts ranged
between 7.32 (C7) and 31.39 (C1) (Table 4). In comparison
to data obtained for initial samples, these results were lower
by 12 to 44%. It needs to be stressed that the biggest
changes of C:N values were found for composts Nos. 5, 6

and 8. This phenomenon was associated with a considerable increase of CEC and Ntot content, and a small decrease
in the TOC amount. Such an observation confirmed that
sewage sludge from the Szamotuły sewage treatment
plant may be an important source of organic matter, readily biodegradable, in a major part as a result of the humification process. The studies of Raj and Antil [3], Ko et al.
[8], Benito et al. [12], Gomez-Brandon et al. [13], Bernal
et al. [14] and Singh et al. [34] confirmed a decrease of
the C:N ratio during the composting process. At the same
time, Bernal et al. [14] stated that a C:N ratio lower than
12 indicates a good degree of compost maturity. According to Gomez–Brandon et al. [13] and Singh et al. [34],
the C:N ratio within the range of 10 - 15 shows a stable,
mature material. Taking into account these limits, most
investigated composts (C3, C4, C6, C7 and C8) meet the
above requirements. Namkoong et al. [35, quoted after
Zmora-Nahum et al. 18] stated that the C:N ratio may not
be a good indicator of compost stability, because it may
level off much before the compost stabilizes; moreover, the
final ratio depends on source materials composted.
3.1.3. NH4-N, NO3-N, NH4:NO3 ratio

The mineral nitrogen content varied depending on the
compost variant (Fig. 2), and the interaction of mixture
and composting time (Table 5). The composition of compost had a strong effect, especially on NO3-N amount.
Figure 2 shows that mean values of that nitrogen form for
composting time ranged from 59.19 mg ·kg-1 (C3) to
279.85 mg ·kg-1 (C2), and the quantitative difference
between these data was 5.0-fold. The highest content of
NH4-N (575.54 mg·kg-1) was found in C4, and this value
was 2.0 times higher than in C7 (251.42 mg·kg-1) (Fig. 2).
A similar high level of NH4-N (527.40 mg·kg-1) was also
observed in C2. It needs to be stressed that composts Nos. 2
and 4 were prepared on the basis of a 40% share of sewage
sludge from the sewage treatment plant located in the town
of Czarnków. Although the other composted wastes were
different (Table 2), the amount of NH4-N was very high in
both mixtures. However, only in C2, a simultaneous high
content of NO3-N was recorded (Fig. 2). This could have
been caused because that compost had a significant effect
on the nitrification process by maintaining air-spaces
within the composting mixture. The composition of C4,
based mainly on hemp waste and sewage sludge, probably
was favorable due to the interaction of several processes,
such as nitrification, denitrification and ammonia volatilization. A similar situation was observed in C3, where
the lowest amount of NO3-N (59.19 mg·kg-1) was detected
(Fig. 2). This was confirmed by the smallest (1.5-fold)
increase of that mineral form of nitrogen during the composting process of mixtures Nos. 3 and 4 (Table 5). Most
tested mature composts (C2, C5, C6, C8) showed higher
(2.0-fold) amounts of NO3-N than at the beginning of the
process (Table 5). This increase was more marked in
mature compost No. 7, with 125.40 mg ·kg-1 NO3-N, and
this value was 3.0 times higher in comparison to that
recorded in samples at the beginning of the composting
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FIGURE 2 - Mineral forms of nitrogen and NH4:NO3 ratio in composts in dependence on their composition.
(mean values for composting phase). * values followed by the same letter do not differ significantly

process (43.42 mg ·kg-1) (Table 5). Due to conservation of
NO3-N, the amount of NH4-N decreased during the composting process in all composts analyzed in the study. The
initial NH4-N amounts in all mixtures were high and
ranged from 385.39 mg ·kg-1 (C7) to 867.83 mg ·kg-1 (C4)
(Table 5). The cited values were 1.5-3.0-fold higher than

results obtained for mature composts. This phenomenon
was due to the presence of large amounts of readily decomposed organic substances, contained mainly in sewage sludge. In the course of composting, it was mainly the
process of nitrification and, to a lesser degree, ammonia
volatilization at the simultaneous immobilization by mi-
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croorganisms that contributed to a reduction of NH4-N
amounts at the concurrent notable increase in NO3-N levels. The decreasing amount of NH4-N combined with an
increase in NO3-N content was reported by Raj and Antil
[3], Gao et al. [6], Tiqua et al. [11], Benito et al. [12] and
Bernal et al. [14]. Moreover, Bernal et al. [14] stated that
such a direction of quantitative changes in mineral forms
of nitrogen indicates that the composting process was run
under adequate aeration conditions. Other authors [15]
reported a great decrease in the ammonium N concentration, together with a weak increase in nitrate N.
The data presented at Table 5 indicate that NH4-N content in mature composts fluctuated between 117.45 mg ·kg-1
(C7) and 359.51 mg ·kg-1 (C5). According to Zucconi and de
Bertoldi [36, quoted after Raj and Antil 3], the amount of
NH4-N below 400 mg kg-1 indicates mature compost. In
view of this fact, this limit value was not exceeded in any
of the tested composts, and for this reason, they should be
considered as mature material.
The NH4:NO3 ratio was used to indicate compost maturity. The experimental factors had a considerable influence on both parameters (Table 5, Fig. 2). Mean values of
NH4:NO3 for composting time were strongly linked with
amounts of NH4-N and NO3-N. As can we see from the
results presented in Fig. 2, the highest NH4:NO3 ratio was
recorded for compost No. 4 (10.51), which had the highest
amount of NH4-N (575.34 mg ·kg-1) as well as one of the
lowest amounts of NO3-N (64.67 mg·kg-1) (Fig. 2). The
lowest NH4:NO3 ratio was observed in C2 (2.73), which
had the highest amount of NO3-N (279.85) and one of the
highest amounts of NH4-N (527.39 mg ·kg-1) (Fig. 2). The
initial values of the NH4:NO3 ratio in the tested composts
ranged from 4.78 (C2) to 17.33 (C4), and decreased during
the composting process (Table 5). A similar direction of
changes was reported by Ko et al. [8], Benito et al. [12],
Gomez-Brandon et al. [13] and Bernal et al. [14]. Although
the results obtained by the citied authors varied within wide
ranges, they were comparable with data found in the presented study. The values of the NH4:NO3 ratios in mature
compost were lower by 65-89% in comparison to data
determined in samples at the beginning of the composting
process. This pattern of changes may be attributed to the
nitrification process and ammonia loss due to volatilization [2]. Although the NH4:NO3 ratio decreased during the

composting process, the values of NH4:NO3 in matured
composts were relatively high, since they ranged from 0.68
(C2) to 4.49 (C3) (Table 5). According to Bernal et al. [14],
the NH4:NO3 ratio of 0.16 described a mature compost,
indicating that nitrification was completed. In view of the
obtained data, none of the analyzed composts reached that
limit. However, Ko et al. [8] maintained that a satisfactory
threshold of the NH4:NO3 ratio is lower than 1.0. When
using such criteria, it may be assumed that only composts
Nos. 2 and 7 were well-matured.
3.2 Phytotoxicity assay

The application of bioassays is considered to be a sophisticated method to evaluate environmental pollution,
supplementing chemical methods [37, 38]. Among different tests, the germination one with the use of cress seeds
is found to be a rapid and sensitive indicator of substances
strongly inhibiting germination and development of plants
[6, 8, 26, 39]. According to literature sources [3, 8, 14, 15,
26], most of the initial compost samples had low GI values,
which increased during the composting process due to the
decomposition of phytotoxic substances. At the same time,
the range of GI values depended on the type of compost
and plant seeds used for the germination test. The abovementioned authors usually reported GI values above 7090% at the end of the composting stage. Results obtained
by Ko et al. [8] indicated higher (110%) GI values for mature composts. Herein, initial GI values of analyzed composts ranged from 10.57 (C6) to 258.88% (C3) (Table 5).
The values in mature composts were only slightly different,
amounting from 9.85 (C6) to 273.18% (C3) (Table 5).
The data presented in Table 5 show that the composting
process had a weak effect on changes of GI values. A
significant increase in GI values was observed in C2 (by
50%) and C7 (by 27%). The germination index was mainly
determined by compost composition (Fig. 3). The values of
this parameter ranged from 10.21 (C6) to 266.03 (C3), with
the difference being huge (21-fold). At the same time,
mean GI values did not differ statistically for C5, 6 and 8,
and these composts were characterized by the lowest values, amounting to 12.26, 10.21 and 11.58%, respectively
(Fig. 3). Zucconi et al. [40, quoted after Gao et al. 6]
maintained that the GI value above 80% is an indicator of
mature, non-phytotoxic compost. Ko et al. [8] stated that

TABLE 5 - Values of germination index and ratios of NH4:NO3 and C:N in composts at the beginning and the end of their composting process.
Compost
C1
C2
C3
C4
C5
C6
C7
C8
LSD

N-NH4
(mg·kg-1)
Initial
Mature
632.34
252.09
787.05
267.75
599.67
324.21
867.83
282.85
637.57
359.51
507.12
329.58
385.39
117.45
501.01
283.60
40.483

N-NO3
(mg·kg-1)
Initial
Mature
63.29
121.56
164.77
394.94
46.19
72.20
50.36
78.99
44.35
89.61
71.88
142.21
43.42
125.40
50.95
101.47
19.928
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NH4:NO3
Initial
9.99
4.78
12.98
17.33
14.60
7.12
8.91
9.83

Mature
2.08
0.68
4.49
3.69
4.01
2.33
0.94
2.79
1.164

GI (%)
Initial
206.96
117.70
258.88
135.07
12.11
10.57
172.76
13.12

Mature
155.55
176.69
273.18
136.29
12.42
9.85
219.52
10.03
31.087
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FIGURE 3 - GI index in composts in dependence on their composition
(mean values for composting phase) * values followed by the same letter do not differ significantly

GI values greater than 110 % were better indicators of the
mature compost stage. In the case of the presented investigations, such a value was not determined, only for composts Nos. 5, 6 and 8 (Fig. 3, Table 5). The observed strongest inhibitory effect on seed germination was connected with
the chemical composition of the above-mentioned composts
composed of sewage sludge, sawdust and wheat straw
(Table 2). Also the study of Jakubus [38] showed that phytotoxic effect, expressed by GI values, depends on the
chemical composition of the compost. Regardless of the
proportions of used wastes, it seems probable that sewage
sludge from the Szamotuły sewage treatment plant was an
important source of phytotoxic substances. Moreover, it may
be assumed that sawdust was the waste material, hindering decomposition much more, and simultaneously sorption of the undesirable compound was poor. The study of
Ho et al. [41] indicated that sorption capacity of wood
increases with increasing temperature, but decreases with
increasing particle size. Sawdust used in this experiment
varied in size (1-2 mm) and temperature of the compost
pile was cooling during its maturation, providing conditions which did not promote efficient sorption of phytotoxic substances. In the case of composts Nos. 3 and 7, a
different situation was observed. Mean values of GI for
composting phase recorded for the above composts
amounted to 216.03 and 196.14%, respectively (Fig. 3),
and were the highest. The chemical composition of C3
and C7 was highly abundant in used wastes, and the share
of sewage sludge ranged from 40 (C3) to 75% (C7) (Table 2). It may be assumed that either this sewage sludge
contained low amounts of phytotoxic compounds or other
organic wastes used in the composting process constituting a specific matrix, on which toxic substances (i.e. metals, ammonia, low molecular weight organic compounds)
released from sewage sludge were absorbed. As a result,
no inhibitory effect on seed germination was observed
(Table 5).

3.3 CHA, CFA, CHA/CFA ratio

The CFA content was strongly determined by the mixture variant (Fig. 4), and the interaction of mixture and
composting time (Table 6). Regardless of composting
time, the amounts of CFA ranged from 7.85 g·kg-1 (C1) to
35.25 g·kg-1(C8), and the difference between these values
was 4.5–fold. At the same time, the content of CHA ranged
between 38.81 g·kg-1 (C6) and 80.05 g·kg-1 (C7), with the
difference being 2-fold (Fig. 4). Generally, fresh and raw
composts contain small amounts of CHA and bigger ones
of CFA [5, 8, 33]. A similar trend was found in this study.
As shown in Table 6, the content of humic acids increased,
and simultaneously, the amounts of fulvic acids decreased
during the composting process of tested mixtures. It needs
to be stressed that a considerable rise (2.0 times) of the
CHA content took place in mature composts Nos. 1, 2 and
7. On the other hand, in comparison to initial values, the
CFA amounts were lower by 50, 34 and 45% for mature
composts Nos. 3, 5 and 6, respectively (Table 6). The
course of CHA changes confirmed that humification of the
organic matter proceeded, although, in some compost (i.e.
C3, C4, C5), this trend was not so evident because obtained data for compost at beginning as well as at the end
of the composting process were comparable. The reported
results related to changes of HA and FA contents during
the composting process are consistent with literature data
[5, 8, 14, 33, 42]. However, some research papers did not
demonstrate such a clear trend of these parameters during
composting of organic waste [12, 43]. According to Ko et
al. [8], the application of CHA and CFA amounts as indicators of compost maturity should be limited because their
contents vary depending on the source of composting
wastes. However, the CHA:CFA ratio should be considered
as a useful parameter of compost maturity. The discussed
ratio was markedly influenced by mixture composition
(Fig. 4) and its interaction with composition time (Table 6).
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FIGURE 4 - Humic substances and CHA: CFA ratio in composts in dependece on their composition.
(mean values for composting phase) * values followed by the same letter do not differ significantly
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TABLE 6 - Humic substances and HR and HI ratios in composts at the beginning and the end of their composting process (g·kg-1).
Composts
C1
C2
C3
C4
C5
C6
C7
C8
LSD

CHA
Initial
27.83
31.44
27.37
69.95
71.57
69.59
27.11
61.12

Mature
56.07
60.57
27.29
68.51
78.79
90.51
50.51
73.38
2.943

CFA
Initial
8.13
17.89
15.01
17.54
21.80
25.06
15.73
36.41

CHA:CFA
Initial
Mature
3.44
7.83
1.75
4.03
1.90
3.80
4.07
3.94
3.31
5.07
2.79
6.66
1.76
3.59
1.71
2.15
1.308

Mature
7.57
15.14
7.51
17.49
15.68
13.88
14.09
34.07
5.291

HR
Initial
4.86
7.14
6.18
12.84
11.06
11.57
7.83
12.31

Mature
9.18
10.46
6.05
14.32
11.66
12.99
15.65
15.33
1.049

HI
Initial
7.53
8.59
8.00
20.51
16.95
17.02
9.95
15.44

Mature
16.20
16.74
9.48
22.82
19.46
22.53
24.47
20.94
1.632

FIGURE 5 - Humification indexes of composts in dependence on their composition
(mean values for composting phase) * values followed by the same letter do not differ significantly

The data presented in Fig. 4 shows that the value of
the CHA:CFA ratio found for C1 (5.63) was 3.0 times higher than that obtained for C8 (1.93). As it is shown in Table 6, initial values of the CHA:CFA ratio for composting
mixtures ranged from 1.71 (C8) to 4.07 (C4). The values
of the discussed parameter increased during the composting process. As a result, the values of the CHA:CFA ratio
detected in mature composts Nos. 1, 2, 3, 5, 6 and 7 were
1.5 to 2.0 times higher than at the beginning of the process. In C8, composting time had a weak effect because
the CHA:CFA ratio of matured compost increased by 26%.
During composting of mixture No. 4, a decrease of the
CHA:CFA ratio was recorded (Table 6).

Iglesias-Jimez and Pérez-García [44, quoted after Ko
et al. 8] stated that a value of the CHA:CFA ratio higher
than 1.6 indicates compost maturity. Taking into account
that threshold, it may be assumed that tested composts were
not well-matured because samples collected at the end of
the composting process were characterized by values higher
than 1.6 (Table 6).
3.4 Humification indexes (HI, HR)

HI and HR are commonly used to analyze the humic
fraction. The values of HI and HR were determined by
compost composition (Fig. 5). Regardless of composting
time, the lowest values of both humification parameters
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were recorded for compost No. 3 (8.74 for HI and 6.11 for
HR). The chemical composition of this compost comprised a 40% proportion of wood cuttings (Table 2), i.e.
wood material, which probably underwent slow decomposition as well as humification processes. An opposite
situation took place in composts Nos. 4 and 8, for which
the highest values of HI (21.66 for C4) and HR (13.58 for
C4 and 13.82 for C8) were recorded (Fig. 5). The special
role in the decomposition and humification process may
be attributed to hemp waste present in C4. Thanks to the
most advantageous C:N ratio, as well as the form in which
hemp waste was used (high comminution, spongy consistency, high porosity), this kind of waste probably underwent such transformations most readily. In general, the
HI and HR values increased during the composting process. As it is shown in Table 6, initial values of HI ranged
from 7.53 (C1) to 20.51 (C4) and HR from 4.86 (C1) to
12.84 (C4). A considerable increase of the discussed humification indexes was observed during the composting
process of composts Nos. 1, 2 and 7. The above mature
composts showed 1.5-2.5 times higher values of HI and
HR than those at the beginning of the composting process. Presumably, the composition of these composts (Table 2) was responsible for such a gain. Compost No. 7 was
abundant in different organic wastes, readily and quickly
subjected to decomposition and humification. The composition of C1 and 2 was very similar, i.e. 30-40% of
sewage sludge from Czarnków was mixed with sawdust
(50-70%). It may be suspected that sewage sludge rich in
Ntot and TOC (Table 1) initiated the humification process
of sawdust. An increase of HI with the progressing maturation of compost was also observed by Raj and Antil [3],
Benito et al. [12], Bernal et al. [14], Tomati et al. [42]
and Mondini et al. [45]. Moreover, Benito et al. [12]
reported little variation of the HR index during the composting process, although the values of HR in mature
composts were slightly higher than the initial ones. Hsu
and Lo [5], during composting of separated pig manure,
found an increase in HI and HR values and this trend,
according to the authors, indicated that HA became the
main fraction of humic substances. However, the changes
of HI and HR reveal that FA probably contained relatively high levels of biodegradable organic matter that was
mostly decomposed at the beginning of the process. The
publications of other authors [15, 33] showed an opposite

trend of changes in the discussed parameters during the
composting process. Therefore, these parameters should
not be considered as good indices of the maturation degree of composts. Despite showing an upward trend, none
of the composts analyzed in this study reached a value
greater than 30% of HI. According to Raj and Antil [3],
HI> 30% describes the degree of compost maturity.
3.5 Bioavailable metals

Total metal content is a commonly applied indicator
of the degree of pollution in a given matrix; however, on
its basis, it is not possible to determine the amounts of
bioavailable metals found in the environment, and thus,
their potential phytotoxic action. According to Peijnenburg
and Jager [46], the bioavailable fraction is the fraction of
the total content of metal, which is either available or can
be made available for uptake by organisms. Analysis of
composts or sewage sludge in terms of the amounts of
bioavailable metals is mainly based on the extraction using
a complexing agent (DTPA) [47-50]. When using DTPA in
the extraction of bioavailable amounts of metals in composts prepared on the basis of sewage sludge, Jakubus [50]
obtained similar results in relation to Zn and Fe. Bioavailable amounts of metals in the analyzed composts increased
in the following order: Ni < Cu < Mn < Zn < Fe. Jakubus
[38], Walter et al. [39], Jakubus [50], and Jordaŏ et al.
[51] reported that composts are characterized by wide
quantitative ranges of individual metal contents, with Ni
being found in the lowest amounts and Fe contents being
the highest. This study confirms the above reports. Low
total contents of Ni (ranging from 1.88 to 3.08 mg⋅kg-1) and
high Fe contents (from 497.60 to 640.40 mg⋅kg-1) were
recorded in the analyzed composts (Table 7). The varied
composition of composts had a significant effect on the
bioavailable metal contents. This statement was confirmed
by Jakubus [38]. The greatest quantitative differences between composts, amounting to 12-fold and 4-fold, were
observed for Cu and Zn, respectively. Minor quantitative
differences between composts, amounting to 1.5- and 2-fold,
were observed for Ni, Fe and Mn, respectively (Fig. 6).
Nevertheless, C8 was characterized by the highest contents of Cu (113.34 mg⋅kg-1) and Zn (295.36 mg⋅kg-1). The
highest contents of Ni (2.97 mg⋅kg-1), Mn (90.08 mg⋅kg-1)
and Fe (749.75 mg⋅kg -1) were found in C4, C1 and C2,

TABLE 7 - Bioavailable metals (mg·kg-1) in composts at the beginning and the end of their composting process.
Composts
C1
C2
C3
C4
C5
C6
C7
C8
LSD

Ni
Initial
1.88
1.97
2.32
3.30
2.63
2.40
2.63
2.14

Cu
Mature
1.97
2.30
2.97
2.63
2.30
3.08
2.65
2.30

0.613

Initial
8.57
29.10
19.08
20.84
45.63
48.75
76.25
97.50

Mn
Mature
10.09
31.21
26.93
21.28
54.75
52.50
76.25
129.17

6.05

Initial
91.61
73.97
69.80
53.60
59.39
54.18
45.32
37.09

Zn
Mature
88.55
60.84
37.09
32.97
31.06
30.50
29.44
35.91

3.92
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Initial
48.60
61.65
128.50
204.00
196.00
220.00
288.00
322.73

Fe
Mature
84.35
90.15
136.00
192.00
184.00
156.00
224.00
268.00

33.74

Initial
529.95
562.00
544.90
539.60
497.60
511.60
522.80
534.0

Mature
640.40
937.50
547.70
534.00
520.00
559.00
536.50
514.40
19.76
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FIGURE 6 - Bioavailability of metals in composts in dependence on their composition
(mean values for composting phase) * values followed by the same letter do not differ significantly
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respectively. Compost No. 1 was characterized by the lowest content of Ni (1.93 mg⋅kg-1), Cu (9.33 mg⋅kg-1) and Zn
(66.47 mg⋅kg-1). The lowest contents of Mn (36.50 mg⋅kg-1)
and Fe (508.80 mg⋅kg-1) were recorded for C8 and C5,
respectively (Fig. 6). The observed differences in the bioavailable contents resulted from their amounts in organic
wastes used in composting (Table 1). This phenomenon
was particularly apparent in the case of C1 and C8. The
composition of the above mentioned C1 was based on
sawdust (70%), i.e. a component with low total contents
of investigated metals. Sewage sludge was present in the
composition of C8 at the rate of 75%, and this component
was abundant in analyzed metals.
Experimental factors had the weakest effect on Ni
and Fe quantitative changes in the examined composts
(Table 7). Contents of both bioavailable Ni and Fe, irrespective of the composting phase, were similar for most
investigated composts. Only mature composts C1 and C2
were characterized by Fe amounts being 20 and 67% higher
in comparison with its level determined in samples from
the initial phase. Changes of nickel content in composts
Nos. 3 and 6 that took place during the composting process were identical. Higher amounts of nickel (by 28%)
were determined in the above-mentioned mature composts
(Table 7). Bioavailable contents of copper, manganese and

zinc changed as a result of composting of sewage sludge
with different components. During the process, bioavailable
contents of copper increased, reaching the highest level in
mature composts. Irrespective of the composition of the
composted mixture, 18-32% more bioavailable copper was
found in the mature material. These kinds of directions in
quantitative changes were not determined in the case of Mn
and Zn. Amounts of bioavailable manganese, regardless of
the mixture composition, were lower (by 18 to 48%) in
mature composts. Also mature composts Nos. 4 to 8 were
characterised by a lower quantity of Zn (by 6 to 29%), in
comparison with its level determined in samples from the
initial phase. A different direction of zinc changes was
observed in the case of composts Nos. 1 and 2, with content of bioavailable zinc 1.5 times higher in mature composts (Table 7).
3.6. Correlations between maturity and stability parameters

Interdependencies between maturity and stability parameters at the initial and maturity stages of composting
were described by simple correlation coefficients in Tables 8 and 9, respectively. It needs to be stressed that for
composts at the initial stage, GI, Ntot, CHA, HI, HR and
content of bioavailable Zn were correlated with 10 - 13
other considered parameters (Table 8). However, the corre-

TABLE 8 - Simple correlation coefficient values obtained for composts at initial stage.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
2
-0.437*
3
-0.633**
ns
4
ns
-0.907**
ns
5
ns
0.612** -0.452* -0.641**
6
ns
ns
ns
ns
ns
7
ns
-0.412*
ns
ns
-0.462* 0.435*
8
ns
Ns
ns
ns
ns
ns
-0.673**
9
ns
0.451*
ns
-0.532**
ns
ns
-0.425* 0.633**
10 -0.474* 0.805**
ns
-0.670** 0.459* -0.555** -0.537**
ns
0.413*
11 0.556** -0.853**
ns
0.823**
ns
ns
ns
ns
ns
-0.846**
12 0.469*
Ns
ns
ns
ns
ns
0.517**
ns
ns
ns
ns
13 0.568** 0.656**
ns
-0.541**
ns
0.668**
ns
ns
ns
0.851** -0.831**
ns
14 -0.806** 0.546** 0.571**
ns
ns
ns
ns
0.470*
0.457*
0.464*
0.454* -0.478*
ns
15 -0.740** 0.697** 0.450* -0.498*
ns
ns
ns
ns
ns
0.556** 0.734**
ns
0.723** 0.546**
16
ns
ns
ns
ns
ns
0.432*
ns
0.609**
ns
ns
ns
ns
-0.458* 0.491*
ns
17 -0.763** 0.752**
ns
-0.597**
ns
ns
ns
ns
0.550** 0.666** -0.717**
ns
0.480* 0.921** 0.692**
ns
18 -0.684** 0.605**
ns
-0.466*
ns
ns
ns
0.501** 0.641** 0.545** -0.524**
ns
ns
0.957** 0.459* 0.529** 0.953**
1 - GI; 2 - Ntot; 3 -TOC; 4 – C:N; 5 - CEC; 6 - N-NH4; 7 - N-NO3; 8 - NH4/NO3; 9 – Ni; 10 -Zn; 11 -Mn; 12 - Fe; 13 - Cu;15 - CFA; 16 - CHA; 17 - CHA/CFA; 18 - HR; 19 -HI; ns-not
significant; * - significant at p<0.05 **-significant at p<0.01

TABLE 9 - Simple correlation coefficient values obtained for mature composts.
1***
2
3
4
5
6
7
8
9
2
-0.684**
3
-0.745** -0.827**
4
ns
ns
ns
5
0.533
ns
-0.777
-0.483*
6
-0.647**
ns
0.779
ns
ns
8
ns
ns
ns
ns
ns
0.695**
9
ns
ns
ns
-0.471*
0.464*
ns
-0.694**
10
ns
0.778**
ns
-0.782**
ns
ns
ns
ns
11
ns
-0.798**
ns
0.939** -0.426*
ns
-0.483*
-0.421*
-0.484*
12
ns
-0.578**
ns
0.531**
ns
ns
0.529** -0.597**
ns
13
-0.461* 0.745**
ns
-0.583**
ns
ns
0.948**
ns
ns
14
-0.769** 0.490*
0.674**
ns
-0.669**
ns
ns
ns
ns
15
-0.555** 0.684**
ns
-0.452*
ns
ns
ns
ns
ns
16
ns
-0.424*
ns
0.596**
ns
ns
ns
ns
ns
17
ns
0.542**
ns
-0.500
ns
-0.407*
ns
ns
ns
18
ns
0.425*
ns
ns
ns
ns
ns
ns
ns
*** - description see at Table 8; for variables 7, 12 and 16 – correlations are not significant
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10

-0.755**
-0.666**
0.832**
ns
0.742**
-0.572**
0.759**
0.590**

11

0.708**
-0.470*
ns
ns
0.430*
-0.457*
-0.406*

13

ns
ns
0.834**
-0.552**
0.631**
0.422*

14

ns
0.456*
ns
0.579**
0.672**

15

ns
-0.633**
0.674**
0.447*

17

ns
0.949**
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lation matrix calculated for mature composts revealed that
only N tot, the C:N ratio, and bioavailable amounts of Zn
and Mn were correlated with 10-12 other parameters.
Despite having a certain number (6-9) of interdependencies, CHA, CFA, HI, and HR indexes correlated both among
themselves and with GI, Ntot, the C:N ratio and bioavailable contents of Mn and Zn. It is worth mentioning herein
that, independently of composting stage, most interdependencies were significant at the highest level of probability. Moreover, regardless of compost stage, GI, Ntot and
the C:N ratio were closely correlated between themselves
as well as with bioavailable Cu, Zn and Mn levels. Taking
into account these results, GI, Ntot, the C:N ratio and contents of bioavailable Zn and Mn could be used to assess
maturity of composts prepared by mixing different types
of organic wastes. Among the above parameters, the most
controversial is the C:N ratio for the evaluation of compost maturity and stability. Aslam et al. [1] found that
cress germination was not significantly correlated with
the C:N ratio, indicating that this measurement was not
appropriate for predicting compost phytotoxicity. Also
Zbytniewski and Buszewski [33] maintained that the C:N
ratio does not constitute a reliable maturity index. On the
other hand, Raj and Antil [3] indicated that the C:N ratio,
similarly as HI, the CHA:CFA ratio and NO3-N, were parameters which can be used to assess compost maturity.
For composts in the initial stage, the lowest numbers
(3-4) of significant correlations were found for the following parameters: TOC, amount of NH4, the NH4:NO3 ratio,
the CHA:CFA ratio, and content of bioavailable Fe (Table 8).
The following parameters: TOC, amount of NH4, NO3, the
NH4:NO3 ratio and bioavailable Ni content correlated only
with 3-4 other parameters in mature composts (Table 9).
Hence, we should carefully consider the possibility of practical utilization of TOC, NH4-N amount and the NH4:NO3
ratio as suitable parameters for determining compost stability and maturity. The limited usefulness of NH4-N was
also shown by Raj and Antil [3]. The results of correlation
analysis obtained by Bernal et al. [14] proved that the
CHA:CFA ratio, the NH4:NO3 ratio and HI were not suitable
parameters for describing maturity and stability of different composts.

maturity and stability. Considering that metals accumulate
in soil, further researches on this type of parameter need
to be conducted, focusing on establishment of threshold
values.
Conducted analyses showed that individual indexes
may lead to diverse, frequently conflicting assessments of
compost maturity and stability. An example in this respect
may be provided by threshold values for CHA:CFA, NH4-N,
Ntot, CEC or HI, which are proposed for compost evaluation. In terms of the two first above-mentioned indexes,
all the tested mixtures should be considered as mature
while, according to the others, none of them met such
criteria. In view of such an extremely different interpretation of compost quality, the practical application of the
above-mentioned parameters needs to be questioned or
even completely excluded. Thus, a markedly better applicability was found for indexes such as GI, C:N, and
NH4:NO3. Based on their boundary values evaluations were
made, resulting in only one mixture (C7) meeting criteria
of all the three indexes, and thus, it should be considered
to be stable and mature. It needs to be stressed that the
tested mixtures had varied compositions, which frequently
influenced changes in the tested parameters during the
composting process. This resulted in advantageous values
of some indexes but adverse ones in others. Such a situation considerably hinders both the evaluation of individual composts and the applied indexes. Obviously the
recorded results indicate that the tested mixtures underwent changes with different intensity determining the
composting process. Its course is shown by variable values of specific properties used as indexes of stability and
maturity. Analysis of recorded data suggests that composts
prepared on the basis of sewage sludge from Szamotuły, to
the least degree, showed characteristics of a mature and
stable product. At the same time, mixtures, based on a proportion of sewage sludge from Czarnków, more frequently
met criteria imposed on mature and stable composts. In this
context, we need to stress the share of other wastes, which
often constitute not only an important structural material
ensuring optimal composting conditions but also being a
significant source of readily humified biomass or a matrix
binding phytotoxic compounds released during composting.
The author has declared no conflict of interest.

4. CONCLUSIONS
The researches confirmed that there is currently no
universal method for evaluating compost quality. Maturity and stability of composts prepared by mixing different
types of organic waste, including sewage sludge, should
be assessed by measuring few (3-5) parameters. On the
basis of obtained results related to correlation coefficients,
the following parameters may prove satisfactory: GI, Ntot,
and C:N ratio. At the same time, the most common parameters include CEC, HI, HR and NH4:NO3, which have
been proven to be inadequate for estimating compost
maturity and stability. The study indicated that bioavailable contents of Zn and Mn are promising tests of compost
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ABSTRACT
Soil erosion is a significant environmental problem
that causes severe consequences on the human society and
economy. The Integrated Revised Universal Soil Loss
Equation (RUSLE) with the Geographic Information System (GIS) have been used to assess the potential of soil
erosion in the northern part of Bosnia and Herzegovina. An
average of 9.88 t ha-1year-1 of potential soil erosion was
estimated in the study area, and 47.44% of the study area
had an erosion rate of <2 t ha-1 year-1. The soil loss estimation of 2 to 10 t ha-1 year-1 is found in 22.92% of the
territory. The estimation of soil loss of >10 t ha-1 year-1
is inherent in 29.63% of the study area. The results of this
study can be used for planning of conservation practices
and land-use planning, as well as a framework for evaluation of soil erosion factors in other local communities in
Bosnia and Herzegovina, in the case when limited data
are available.

* Corresponding author

conducting (the project entitled "Studies of the base of
usage and protection of agricultural land of Republic of
Srpska", funded by Ministry of Agriculture, Forestry and
Water management in the Republic of Srpska), the USLE
model was applied using the preliminary estimated input
factors (R, K, LS, C, P) [19]. In this research, assessment
of soil erosion potential was estimated using the RUSLE
in conjuction with the GIS. This combined approach has
been used in numerous studies [19-30] which report its
several advantages, including ease of capturing, managing, analyzing, and displaying all results that are the most
appropriate for practice purposes.
The objective of this paper is to assess soil erosion
potential in the northern part of Bosnia and Herzegovina
using the RUSLE together with the GIS. This combined
approach has potential to support design of conservation
practices, measures for erosion control, management of
agricultural resources, and land use planning.

KEYWORDS: Erosion potential, erosion rate, RUSLE, GIS, Bosnia and Herzegovina

2. MATERIALS AND METHODS
2.1 Study area

1. INTRODUCTION
Soil erosion phenomena present a serious environmental problem causing soil degradation and water pollution around the world. As a natural process, it is greatly
accelerated by anthropogenic activity [1-4]. Numerous models for estimation of soil erosion rate have been developed
[5-14]. However, the Universal Soil Loss Equation (USLE)
[5], later modified and defined as the Revised Universal
Soil Loss Equation (RUSLE) [15], has been the most
wide spread model used for prediction of soil erosion
loss. In the Republic of Srpska, the intensity of erosion
processes has been traditionally estimated using the Erosion Potential Method (EPM) [16], commonly used in
countries originating from the former Yugoslavia [17-18].
In response to the widespread use of empirical models
in

The study area located in the northern part of Bosnia
and Herzegovina (Fig. 1) covers the area of 1256.07 km2,
with approximately 226,450 inhabitants. This area belongs to the large morphologic cluster called Panonic region. Based on litologic criteria, the parent rocks present in
the area include fluvial, torrential, and slope sediments, as
well as flysch, neogene and mesozoic rocks. Quaternary
surface sediments are indigenous rock mass of Neogene
(marl clay, marl, sand, gravel, etc.), Cretaceous (limestones, marly limestones and breccias, etc.), and diabasechert formation complex (serpentinite, cherts, diabase,
dolomite, etc.) [31].
The terrain ranges from 139 to 1338 m above sea
level, and has moderate continental climate, with an average
annual temperature above 10 °C and rainfall of 1050 mm.
There are two large rivers in the study area, Vrbas and
Vrbanja. Soils dominant in this area are Planosols-

3421

© by PSP Volume 22 – No 11a. 2013

Fresenius Environmental Bulletin

pseudogley, Fluvisols, eutric, dystric and mollic Gleysols
[32].
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FIGURE 1 - Location of the study area.

2.2 Methods

The most common method used for prediction of average soil loss rate in agricultural lands is the USLE [5].
The USLE concept has been modified and adapted during
the past 35 years by a large number of researchers [8-9,
15, 33-36]. Renard et al. (1997) [15] modified the equation into the Revised USLE (RUSLE) by introducing
improved means of computing the soil erosion factors.
The RUSLE has been extensively used to estimate soil
erosion loss, assess soil erosion potential, and guide development and conservation practices in order to control
erosion under different land use conditions. In this study,
the RUSLE is combined with the ArcGIS to estimate average annual soil loss that occurs within the territory of study
area. Integration of the RUSLE and the ArcGIS led to a
more easier and efficient soil erosion prediction and spatial distribution of soil erosion. Each of the six factors was
analyzed independently, and determined on raster cell
basis. The spatial resolution of the data set is 20·20 m.
The RUSLE computes soil erosion as the product of six
factors including rainfall erosivity, soil erodibility, slope
length and slope steepness, cover management practice,
and support conservation practices [15]. The RUSLE can
be expressed with the following equation:
A = R⋅K⋅L⋅S⋅C⋅P
(1)
where, A is average annual soil loss (t ha-1 y-1), R is
rainfall erosivity factor (MJ; mm ha-1 h-1 y-1), K is soil
erodibility factor (t ha h ha-1 MJ-1 mm-1), S is slope factor,
L is slope length factor (dimensionless), C is cover management factor (dimensionless), and P is supporting practice factor (dimensionless).
Rainfall erosivity (the R-factor) is an important factor
used in calculation of soil erosion by the USLE and the
RUSLE [5, 15]. In the original formulation of the USLE
[5], the R factor was calculated as the product of the total
kinetic energy of the storm (E), and its maximum 30-min
intensity (I30). The calculation of the rain erosivity factor

(R) is performed by the division of rain into segments, small
time intervals of 5 to 10 min, of uniform intensity. Then,
the kinetic energy (E) is calculated for each segment by
the following equation:
E = 0.119+0.0873⋅log10(I)
E = 0.283

for I ≤76 mm h-1
for I >76 mm h

(2)

-1

(3)
-1

where, E is the energy per unit of rainfall (MJ mm ha-1),
and I is the rainfall intensity for each interval (mm h-1).
Multiplied by the rainfall during that segment, it gives the
total kinetic energy of the segment. The sum of kinetic
energies of all segments gives the total kinetic energy of the
rain which, multiplied by the maximal 30-min intensity,
gives the factor of the rain erosivity. The factor of rain
erosivity is calculated based on the following equation:
R=E⋅I30/N

(4)
-1

-1

where, R is factor for single rain (MJ mm ha h y-1),
(EI30) is EI30 for rainfall event i, and j is number of rainfall events in an N year period.
Rainfall events were documented from 2001 to 2011
by only one station, Banja Luka meteorological station.
Having the data from only one source is not enough to
ensure data reliability. Therefore, the erosivity index for
other 14 stations in the vicinity of the study area was
estimated using the data of precipitation, (monthly and
annual rainfall).To date, there is no formal agreement on
how to retrieve R. Each proposed method has been optimized for a certain territory and, therefore, is not necessarily applicable in other areas. In order to choose the
most appropriate method for the area under study, several
well-known methods have been tested [37-40]. Based on
the results, the Renard and Freimund (1994; [39]) method
was selected. An accordance with this method, the erosivity factor (R) is based on the modified Fournier Index
(F) which takes into account average annual and monthly
rainfall data and the empirical formulas to linked F to R.
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pi2
P

(5)

where, pi is the monthly precipitation for month i
(mm), and P is the annual precipitation (mm). Approximate R equations in Renard and Freimund [39] method
are summarized as follows:

R = 0.739 ⋅ F 1.847

(6)

Rainfall erosivity map of the study area was obtained
by applying the Inverse Distance Weighting (IDW) deterministic interpolation method where values at ungauged
points are calculated from known points using a weight
function in a search neighborhood. Known values are used
to determine unknown ones that are surrounding each data
point [28, 41].
The soil erodibility factor K represents the average
long-term soil response to the erosive power associated with
rainfall and runoff. The main soil properties influencing K
factor are soil texture, organic matter, soil structure and
permeability of soil profile.
A survey with a total number of 119 soil profiles was
administrated to determine the soil erodibility factor. Sample locations were carefully selected to be representative
for each geology and soil unit in the study area. Only the
top layers were used for the determination of soil erodibility factor value. The permeability class was obtained based
on the soil texture data, while soil structure code was obtained from the soil profile description. In this study, the K
value was computed using the Algebraic approximation
of the nomograph where the Si fraction does not exceed
70% [5, 15]:
K = [2.8⋅10-5⋅(12-OM)⋅M1.14+4.3⋅10-1⋅(S-2)+3.3⋅10-1⋅(P-3)]/100
(7)
where, OM is percent organic matter (%), S is soil
structure code, P is soil permeability class, M is particle
size parameter (% silt + % very fine sand) (100 – % clay).
The values of computed soil erodibility factor (K) at the
sampling points were used for prediction values at unknown
points using the ordinary kriging interpolation method [42,
43]. The map of K factor was generated in the geostatistical
tool of the ArcGIS using the variogram models and parameters to obtain a high quality map.
The LS factor was computed using the Digital Elevation Model (DEM) with the ArcGIS Spatial Analyst extension. The slope length factor (L) and slope degree factors
(S) are typically combined together and defined as the
topographic factor, which is the function of both the slope
and length of the land [34, 44-49]. Herein, the LS values
were computed as follows:

⎛ Fa ⋅ Cs ⎞
LS = ⎜
⎟
⎝ 22.13 ⎠

0 .4

1 .3

⎛ sin s ⎞
⋅ ⎜
⎟
⎝ 0.0896 ⎠

(8)

where, the slope length is estimated from Flow accumulation (Fa), which is the number of cells contributing
to flow into a given cell, cell size (Cs) and slope (s) is the
slope steepness of the cells using the grid-based representation of the landscape-digital elevation model (DEM). In
this study it was necessary to define maximal length of
land, where we shall look for potential erosion. In this
analysis, it was agreed that this length should be 100 m.
That means, for our digital elevation model of 20 m cell
size, a maximum value for flow accumulation will be presented in 5 cells.
The C factor is vegetation cover and crop management factor or the ratio of soil loss from area with specified cover and management. Crop management factor
depends on vegetation cover, which dissipates the kinetic
energy of the raindrops before impacting the soil surfaces.
This is an important factor in the RUSLE, since it represents the conditions that can be changed to reduce erosion
intensity [5, 15].
In this study, the C factor values were determined on
a basis of the CORINE Land Cover B&H (2006) database
on a scale of 1:100000 [50]. For the purpose of this study,
the orthophoto image (year 2012) was ordered with a resolution of 10 m. Based on this data, changes in the CORINE
Land Cover B&H database (2006) have been made for the
area under study. Values of C factor have been attributed
to all land-use types according to the values cited in literature [19, 25, 30, 51-53]. The study area was classified into
16 land use/cover classes (Table 1). A map of C factor
was generated using ArcGIS tools through reclassification
of each land-use type into its corresponding C values
according to Table 1.
TABLE 1 - CORINE land use code and corresponding crop management factor (C).
CLC_code
112
121
122
131
211
222
231
242
243
311
312
313
321
324
511
512

Description
Discontinuous Urban Fabric
Industrial or Commercial
Road and Rail networks
Mineral extraction sites
Non - irrigated arable land
Fruit trees and berries plantation
Pastures
Complex cultivation
Land principally occupied by agriculture
with significant areas of natural vegetation
Broad - leaved forest
Coniferous forest
Mixed forest
Natural grassland
Transitional woodland scrubs
Stream courses
Water bodies

C factor
0
0
0
0
0.45
0.25
0.02
0.12
0.12
0.004
0.004
0.004
0.05
0.007
0
0

The P factor is the conservation practice factor, which
is the ratio of the soil loss from a field, under given conservation support practice [5, 15]. Due to the fact there were
no erosion control practices in the study area, P factor was
assumed to be a unit value P = 1.
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3. RESULTS AND DISCUSSIONS
In the study area, values of rainfall erosivity factor
(R) were within the range 1288.01 – 1431.02, with the
mean of 1353.34 MJ mm ha-1 h-1 y-1. The R value is lowest within the central and north part of the study area,
whereas mountainous southwest and southeast area had a
higher value (Fig. 2). High values of R factor were also
detected in the south part of the study area which had the
highest monthly precipitation. However, it should be
noted that erosion potential of this factor and its spatial
distribution fluctuate due to pluviometric regime.
The value of soil erodibility factor (K) was within the
range of 0.0041 – 0.0674, with the mean of 0.0357 t ha h
ha-1 MJ-1 mm-1. The map of K factor indicates that higher
values of K factor are found in the north and northwest,
while lower values are common in south, eastern and
southeastern part of study area (Fig. 3), which could be
caused by the soil texture or percentage of sand in the
soils. Soils with higher percentage of sand and silt, developed on siliceous parent material, such as cherts, sandstone, etc., are characterized with higher sensitivity to
erosion compared to soils with heavier (clay) texture
developed on the rocks with a smaller percentage of
quartz (clays, limestone, marl, etc.). Silicate parent material dominates on the central and northern part of the area
under study, while the southern part is covered prevalently with limestone. Except soil texture and parent material,
land-use is another important factor. Intensive agriculture
and urbanization are present in the central part of the
study area. These practices often result in degradation of
physical soil properties (primarily structure), and reducing
the amount of humus, which inevitably increase soil erodibility and the value of soil erodibility factor in the same
time. One should keep in mind that southern and southeastern part of the area under study is mountainous, with
mainly higher altitudes and under forest vegetation.

FIGURE 2 - Spatial distribution of R factor

These soils are better structured, with a higher content of humus and a better water-air regime, which could
lead to a smaller value of soil erodibility factor.
The LS factor was within the range 0 – 40.4692 with
an average value 4.6359 in the study area. Spatial variability analysis shows that low values are characteristic for
central and north part, while mountainous parts (south,
south-western, eastern) of the area have high average
values of this factor (Fig. 4). The southern, south-west
and eastern section of the study area show the highest
variability in elevation, steepest and longer slopes. River
Vrbas and its tributaries have built gorges and canyons,
and significantly dissected terrain in this part of the study
area. As a consequence, there is a high level of LS factor.
In the north, north-west, and central part of the area, the
slopes are lesser. Flat terrain of the karst plateau Manjaca
in south-west part and plains on north and north-west
have contributed to low average values of LS factor.
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The values of crop management factor (C) range between 0–0.45. Spatial distribution of C-factor is quite heterogeneous. The study area is composed of 16 land use/
cover classes, where only 10 have the importance for soil
erosion, including non-irrigated arable land (0.62%), fruit
trees and berries plantation (0.12%), pastures (7.44%),
complex cultivation (33.51%), land principally occupied by
agriculture with significant areas of natural vegetation
(11.62%), broad-leaved forest (37.29%), coniferous forest
(0.40%), mixed forest (2.06%), natural grassland (0.07%),
and transitional woodland shrubs (4.48%). However, it
should be noted that 45.75% of the area is cultivated land
and economically active. The high values of C-factor are
determined in the central and southern part of the area
under study, especially in the karst fields and flat plainsareas with intense agricultural activities.
Low values are measured under forest, pasture and
meadow (Fig. 5). The average annual soil loss (A) in the
study area was computed by overlaying the five maps
using the RUSLE coupled with the ArcGIS.

FIGURE 4 - Spatial distribution of LS factor.

FIGURE 5 - Spatial distribution of C factor.

Table 2 and Fig. 6 show the average annual soil loss
(A) between 2 and 40 t ha-1year-1 in majority of study area,
with an average value of 9.88 t ha-1year-1. The results indicate that more than 47.44% of the study area is under very
low erosion, and 22.92% territory is being under low
erosion. Moderate erosion was estimated on almost 11.39%
of the study area. High erosion ranges from 20 to 40 t ha-1
year-1, and occurs on 12.35% of the area. Very high erosion
(higher than 40 t ha-1 year-1) occurs at 5.88% of the area
under study. Very low erosion (<2 t ha-1y-1) affects nearly
47%, prevalently northeastern and southern parts of the
study area. Brown soils (eutric cambisol, dystric cambisol
and calco cambisol) and leached soils are dominant in the
northeastern part. Generally, those are well-structured forest
soils, with high content of humus and under forest vegetation
protection. Similar condition has been discovered in
the southern part of the area, covered by limestone and
dolomites, where typical limestone soil types are developed (black soil, rendzina, brown soil and ilimerized
soil). Positive characteristics, such as structure, water and
air regime, texture and high humus content, make these
types of soil less erodible under such way of land-use (forest vegetation), which results in smaller values of soil
erosion.
High erosion (occurs on 12.35%) and very high erosion (5.88%) were found mostly in the central part of the
study area, but also on the very gentle slopes suitable for
agricultural production. Soils in this part of the area are
generally deeper and with higher clay content. However,
due to their intensive use, their physical properties are deteriorated and erodibility is increased. Agricultural production
requires mechanical tillage and application of fertilizers,
pesticides and herbicides, which leads to a deterioration of
structure, humus content, water and air regime. A very
high value of erosion is caused by the disturbance of soil
properties, and the way this resource is being used. The
results obtained in this study are compared with the Erosion
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map of the Republic of Srpska [16, 54]. The values of soil
erosion from this map match the values discovered in our

study area. The soil erosion in study area is associated
with different zones of elevation. Nearly 88.74% of the

TABLE 2 - Categories of rate of soil erosion in the study area.
Erosion categories
Very low
Low
Moderate
High
Very high

Rate of erosion
(t ha-1 year-1)
<2
2 – 10
10 – 20
20 – 40
> 40

Area (ha)

Area (km2)

Area (%)

59588.84
28791.88
14312.32
15519.08
7395.84
125607.96

595.8884
287.9188
143.1232
155.1908
73.9584
1256.0796

47.4403
22.9220
11.3944
12.3552
5.8880
100.00

FIGURE 6 - Map of average annual soil loss rate in the study area according to RUSLE.

3427

© by PSP Volume 22 – No 11a. 2013

Fresenius Environmental Bulletin

TABLE 3 - Percentage of soil erosion category under different elevation zones.
Elevation
0 – 200
200 – 500
500 – 1000
> 1000

Very Low
<2
65.07
37.74
58.53
87.65

Soil erosion categories and rate of soil erosion (t ha-1 year-1)
Low
Moderate
High
2 – 10
10 – 20
20 – 40
21.10
8.49
4.24
22.96
14.48
16.76
24.62
6.91
6.66
11.44
0.37
0.41

Very high
> 40
1.11
8.06
3.29
0.12

Total
100.00
100.00
100.00
100.00

TABLE 4 - Percentage of soil erosion category under different land use types.
Land use types
Arable land
Forestland
Orchards
Grasslands

Soil erosion categories and rate of soil erosion (t ha-1 year-1)
Very Low
Low
Moderate
High
Very high
<2
2 – 10
10 – 20
20 – 40
> 40
14.13
22.55
24.14
26.58
12.59
79.49
20.51
0.00
0.00
0.00
21.63
35.62
22.90
14.96
4.89
51.74
45.26
2.70
0.23
0.07

erosion occurred in the zone between 200 and 1000 m,
which is closely related to topographical characteristics
and use of land.
The elevation from 200 to 500 m is an agricultural
region (Table 3). The elevations from 500 to 1000 m
represent a mixed region which is prevalently under orchard, pastures and natural grassland. Nevertheless, more
than 34% of high and very high soil loss occurs in the
area between 200 and 1000 m. For that reason, specific
conversation measures used to reduce soil loss have to be
designed and applied. The soil erosion map was overlaid
with land use map, and distribution of erosion categories
under different land use types was analyzed. Results show
that 63.31% of the arable land is under moderate, high
and very high soil erosion, while high values of soil loss
are expressed under orchards (Table 4). Nearly 100% of
grasslands have low and very low soil erosion, while
forestlands do not have moderate, high, and very high soil
erosion.
Forestland and grasslands have a great impact on reduction of soil erosion. However, results show that the
arable land and orchard are priority areas where soil conservation measures should be implemented in future.
4. CONCLUSION
There are numerous models for assessment of soil
erosion. Empirical models are frequently prefered over
complex physically-based models that could be implemented in situations with limited data and parameter
inputs, for example in the Bosnia and Herzegovina. The
RUSLE model, which is identified as appropriate to be
applied within the GIS framework, to develop and apply a
simple methodology for preliminary mapping of soil
erosion, is a good example.
In addition to describing the character of the soil loss
process, the results yielded in this research also provide

Total
100.00
100.00
100.00
100.00

an insight into spatial distribution of this process on the
territory of the study area. Average annual soil erosion
rate obtained in the study area is 9.88 t ha-1year-1. More
than 47.44% of the study area is under very low erosion,
while 22.92% of the territory is under low erosion. Moderate erosion is close to 11.39 %, high erosion ranges
between 20-40 t ha-1 year-1, and occurs on 12.35 % while
very high erosion rates,>40 t ha-1 year-1, occur at 5.88 %
of the study area. Furthermore, the results indicate that
more than 34% of the area with high and very high soil
loss occurs in the elevation between 200 and 1000 m,
with arable land and orchard where soil conservation
measures should be implemented to reduce soil loss.
However, to promote usage of this combined approach, the results obtained by using the RUSLE and the
GIS need to be confirmed and validated. An overlap of
the results from this study with the results of the Erosion
map of Republic of Srpska will encourage future use of
the RUSLE model in this region, especially when there is
a need to evoke studies and calculation of soil erosion as a
support for the implementation of soil conservation programs, sustainable agricultural exploitation and environmental protection. In the future, to provide more accurate
results of the RUSLE prediction, direct field measurement
of soil erosion in the Bosnia and Herzegovina needs to be
obtained.
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METAL ENRICHMENT OF
PARTICULATE ORGANIC MATTER IN SOIL
CONTAMINATED BY METALLURGICAL FALLOUT IN
POLAND
Katarzyna Wiatrowska*, Jolanta Komisarek and Paweł Dłużewski
Poznan University of Life Sciences, Department of Soil Science and Land Reclamation, Piątkowska 94, 61-693 Poznań, Poland

ABSTRACT
Soil organic matter is a major soil constituent retaining trace elements. The stability of these associations
strongly modified the fate of the metals in soil. Among diverse organic components, particulate organic matter (POM)
is both regarded as a relatively rapid turnover organic matter
pool, and metal-enriched. The aim of the present study was
to investigate the association of heavy metals with two
different POM size fractions. Soil samples were taken from
three locations in areas affected by metallurgical fallout.
Metal concentrations in POM fractions from all soils
(40 samples) were higher than in bulk samples. Analyses of
total metal content demonstrated that, with decreasing
POM size, larger amounts of metals were extracted. Expressed on a whole-soil basis, averagely in POM fractions
were found 38% Zn, 34% Cu, 19% Pb, and 13% Cd of total
soil-metal content. Metal extraction with EDTA showed
that extractability of elements decreased in the order Pb <
Cu <Zn< Cd. This pattern was not a result of stronger
bonding Cd and Zn to organic structure but rather greater
annual atmospheric inputs of Cu and Pb.

KEYWORDS: soil pollution, particle size fractionation, particulate
organic matter, heavy metals

1. INTRODUCTION
Economic development, especially industrial, inevitably leads to increasing presence of trace elements in
soil, disturbing the natural biogeochemical metal cycling.
Soils with elevated amounts of heavy metals are of great
concern for sustainable land management, regarding longterm risk for ecosystems and human health [1-4].

According to IUNG (Institute of Soil Science and Plant
Cultivation) research, over 79% of Polish arable soils exhibit natural concentrations of trace metals and only 2.6%
* Corresponding author

are considered to be contaminated [5, 6]. These sites are
found mainly in the vicinity of plants, such as smelters or
industrial waste dumps. Atmospheric fallout of metals is
the main source of soil contamination by industrial activity, consisting chiefly of mineral metalliferous species but
also coal and charcoal particles. Initially, these metal
species are generally unstable in a soil environment, rapidly changing their chemical speciation and redistributing
among reactive soil constituents, inter alia soil organic
mater (SOM).
The role of organic matter as a metal-sorbing agent in
soil is frequently stressed; in general, it decreases mobility and reduces bioavailability of heavy metals. The stability of soil organic matter – metal interaction is recognized
to be a key factor governing the fate of elements in soils,
but it is also well established that its role depends on its
amounts, composition and dynamics [7, 8]. Taking into
consideration suggested models of climate change, a
heavy metal-organic matter complex within a few years
might potentially pose a danger of re-releasing metals, as
a result of organic matter mineralization. Particulate organic matter (POM), a SOM particle-size fraction, which
is regarded to be a relatively rapid turnover organic matter
pool, appears to be metal-enriched in comparison to other
soil constituents [1, 9-12]. POM is a mixture of plant,
animal and microorganism residues at different stages of
decomposition but also pollen, spores and charcoal [13].
Additionally, Balabane and van Oort [11] reported that
metal contents in POM increased with decreasing POM
size. The larger POM fraction and its turnover within 1
year were found to be less metal-enriched than finer pools
of POM, that were less rapidly renewed. Similar results
were obtained by Labanowski et al. [1] but moreover,
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metals were found to be less extractable with decreasing
size of POM fraction.
Even though heavy metals behavior in soils and, furthermore, its influence to soil quality, depends on chemical speciation; during monitoring research in Poland, the
total concentration of these metals is most commonly
analyzed [14-16]. There is a strong need to recognize both
distribution of heavy metals among different soil constituents and its extractability.
This paper is concerned with the fate of heavy metals
in various POM size fractions, in terms of distribution of
total and extractable metal contents compared to global
soil fractions. Amounts of Cd, Cu, Pb, Zn and C were
analyzed in two POM-size fractions and compared with
original soil samples taken from surface horizon.

Samples for physico-chemical analyses were collected from the A horizon (0-20 cm for arable and barren
land; 0-10 (15) cm for forest soils), under different usage:
arable land, forest and barren land (Fig. 2). In the case of
forest soils, litter was removed prior to soil sampling.

FIGURE 1 - Localization of study areas.

2. MATERIALS AND METHODS

2.2 Soil analyses

2.1 Site localization and characterization

Soil samples were collected from three locations in
the western part of Poland, in areas affected by metallurgical fallout. Two areas studied were located around copper smelters in Głogów and Legnica, and the last one
around the dumping site of floatation tails in Polkowice
(Fig. 1). Głogów industrial complex consists of two smelters, the first one was open in 1967, followed 10 years later
by the second one [16]. Modernization of these plants, that
started at the beginning of 90’s, significantly reduced
amounts of dust emitted from 14,442 Mg a year in 1980
to 179 Mg per year in 2005 [17]. The copper smelter in
Legnica was open in 1953, and till 1994, no modern filtering systems were used. A negative effect on soil quality
was observed already during the first year of operation in
the vicinity of both Głogów and Legnica copper smelters.
An inseparable part of the copper industry is a disposal
site of flotation tails, called Żelazny Most, the biggest
dumping site in Europe with a volume of 340·106 m3 and
total area of around 1400 ha, where the beach area accounts for 770 ha. In order to diminish dusting, in 1984,
water curtains and covering of the beach with asphaltic
emulsion were introduced.

Soil participle size distribution was performed according to Polish guidelines. Total organic carbon was
determined by dry combustion using a Multi N/C 3100
(Jena Analytics). In most soil samples, the absence of inorganic carbon (carbonate) allowed total C to be equalled to
organic C. In the other situations, carbonates were removed
by HCl attack. Soil pH was measured in soil:water suspension(1:1) as well as soil:1 M KCl (1:1). The cation exchange capacity (CEC) was determined by a modified
Mehlich method as the sum of extractable bases with a
mixture of BaCl2-triethanolamine and extractable acidity
with sodium acetate [18, 19]. Total Cu, Cd, Pb and Zn were
determined by atomic absorption spectrometry after acid
digestion (aqua regia, followed by fluorohydric and boric
acid) [20]. The extractable pool of heavy metals was
analyzed by 0.1M EDTA adjusted to pH 7 [21]. The procedure consisted of shaking 1 g of soil or POM fraction
with 10 ml of extracting solution for 1 h. The suspensions
were allowed to equilibrate for 24 h. The metal content of
the extracted solution was quantified by AAS method.
2.3 Participle size fraction

Separation of POM fraction was achieved by the
Gregorich and Ellet protocol [22], where it was operationally
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2 c).
FIGURE 2 - Localization of sampling points, and vicinity of a) the Głogów Copper Smelter, b) the Żelazny Most floatation tails, and c) the
Legnica Copper Smelter.

defined as a 53-µm size fraction. The soil (<2 mm) was
firstly dispersed by agitation for 1 h in Na6(PO3)6 solution
(ratio 1:4). The suspension was sieved through 53 µm
and, finally, separated into the subfractions 2000-250 and
250-53 µm, named thick and fine fractions of POM, respectively. Mineral fractions were manually removed
from separated POM. All POM fractions were analyzed
for Cu, Cd, Pb, and Zn and organic carbon using the same
analytical procedures as mentioned above.
3. RESULTS AND DISCUSSION
3.1 Site and soil characterization

Soil samples collected from the vicinity of the Głogów
Copper Smelter showed neutral to alkaline pH; only two
samples were acidic (No. 5 and 6). Such a high pH was
the result of adding CaCO3 in a great quantity, in order to
mitigate negative effects of an elevated concentration of
heavy metals in soil. The concentrations were for Cu in
the range 51.1-2500 mg·kg-1, for Cd 1.22-4.06 mg·kg-1,
Pb 92.25-1267.4 mg·kg-1, and Zn 10.82-414.5 mg·kg-1.
On the basis of Cu concentration, soil samples, according
to Polish guidelines [23], were classified as heavily contaminated (1 sample), strongly contaminated (6 samples),
contaminated (3 samples) and slightly contaminated (2
samples). The bulk soil samples collected around Żelazny
Most exhibited the lowest metal concentration among the

areas studied. Cu concentrations were 6.87-194.57 mg·kg1
, Cd 0.97-2.68 mg·kg -1 , Pb 52.22-127.86 mg·kg -1 , and
Zn 15.49-40.25 mg·kg-1. These soil samples are considered as strongly contaminated (4 samples), contaminated
(1 sample), and slightly contaminated (6 samples), and 3
samples as soil with elevated amount of metals. In the
case of this area, soil pollution was connected with the
occurrence of Cd and Cu in increased amounts. Soil reaction was again higher than normal values for typical
Polish sandy soils (5.38) [24]. As in the Głogów study area,
these high values of pH were the result of a remediation
process conducted in this region. The Legnica study area
showed completely different soil texture than the previous
ones (sandy or loamy sandy soils); soil samples were
classified as a silt. This area showed the highest content
of heavy metals. For Cu, concentration ranged between
20.84-5381.3 mg·kg-1, Cd 1.00-4.89 mg·kg-1, Pb 98.572359.3 mg·kg-1, and Zn 18.35-682.4 mg·kg-1. On the
basis of soil texture and metal content [23], soil samples
were classified as heavily contaminated (3 samples),
strongly contaminated (6 samples), contaminated (3 samples), and with elevated amount of metals (2 samples). Also
in the vicinity of the Legnica Copper Smelter, liming
practice was applied as a simple remediation technique
leading to a high value of soil reaction. The characteristics
of soils are presented in Table 1.

TABLE 1 - Selected physical and chemical properties of bulk soil samples from surface horizon.
Sample

Particle size distribution (g·kg-1)

pHH

2

O

pHKCl
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No.
sand
silt
clay
(%)
C (g·kg-1)
(meq·100 g-1)
Głogów sampling site
1
820
160
20
7.47
7.11
1.58
25.9
13.54
2
620
320
60
7.82
7.29
18.18
18.6
15.50
3
410
480
110
7.25
6.56
1.00
12.2
12.24
4
870
120
10
5.77
4.38
8.2
1.67
5
820
160
20
5.37
4.09
7.6
2.26
6
800
190
10
7.29
6.83
0.99
12.3
8.64
7
900
80
20
6.95
6.25
1.13
10.8
2.10
8
880
90
30
7.58
7.23
1.10
7.8
7.59
9
830
130
40
6.81
5.81
1.12
7.1
6.13
10
670
290
40
7.59
6.95
3.41
24.8
16.22
25
650
320
30
7.37
6.93
1.93
20.2
13.05
26
810
190
0
6.92
6.36
40.2
14.39
Żelazny Most sampling site
11
810
140
50
6.10
5.00
5.3
4.20
12
760
160
80
5.58
4.40
5.1
5.00
13
810
120
70
7.24
6.74
8.2
8.96
14
920
80
0
6.92
6.58
35.0
9.87
15
890
110
0
7.17
6.65
32.9
13.49
16
790
160
50
7.36
6.75
12.4
7.36
17
800
170
30
7.51
6.78
12.0
7.84
18
920
60
20
6.25
5.07
8.1
3.92
19
820
180
0
6.84
6.26
18.0
10.94
20
940
60
0
6.80
6.12
7.1
5.01
21
820
130
50
7.34
6.73
5.6
7.40
22
880
120
0
7.03
6.55
38.9
10.91
23
880
120
0
7.49
6.92
15.9
10.07
24
840
140
20
7.39
6.75
10.6
8.16
Legnica sampling site
27
240
670
90
7.94
7.28
2.72
11.2
9.45
28
200
700
100
7.09
6.39
0.37
10.4
9.34
29
230
680
90
7.02
6.44
16.5
10.98
30
570
360
70
7.76
7.18
0.97
4.4
9.91
31
180
780
40
7.11
6.35
16.3
11.18
32
250
690
60
6.28
5.43
19.1
9.55
33
230
710
60
6.85
6.18
16.3
9.56
34
260
660
80
6.93
5.89
13.6
10.62
35
240
660
100
6.22
5.40
24.4
10.93
36
250
630
120
7.03
6.04
19.5
13.01
37
700
250
50
7.29
6.72
1.07
10.2
8.80
38
250
700
50
7.72
7.21
0.53
17.7
12.50
39
290
640
70
7.13
6.32
17.3
10.24
40
280
630
90
6.64
5.95
21.5
10.00
TABLE 2 - Percentage of POM and organic C in POM fractions in surface horizon of different soils.
Sample No.

POM (%)

Głogów sampling site
1
2.95 (0.13)
2
6.65 (0.13)
3
3.21 (0.06)
4
0.61 (0.01)
5
0.71 (0.002)
6
1.16 (0.001)
7
0.90 (0.004)
8
1.24 (0.11)
9
1.63 (0.003)
10
1.50 (0.01)
25
6.84 (0.03)
26
6.93 (0.07)
Żelazny Most sampling site
11
0.47 (0.002)
12
1.10 (0.003)
13
0.21 (0.01)
14
1.08 (0.08)
15
1.45 (0.02)
16
0.25 (0.01)
17
0.75 (0.01)
18
0.18 (0.002)
19
0.32 (0.01)

POM (%)
2000-250 (µm)
250-53 (µm)

forest
forest
forest
barren land
arable
barren land
arable
forest
forest
forest
forest
forest
arable
barren land
arable
forest
forest
arable
arable
barren land
barren land
forest
forest
forest
forest
barren land
barren land
forest
arable
arable
arable
forest
arable
arable
forest
barren land
forest
barren land
forest
forest

Organic C (g·kg-1)
2000-250 (µm)
250-53 (µm)

0.90
2.12
0.89
0.37
0.36
0.81
0.49
1.07
0.33
0.62
4.09
4.02

2.04
4.53
2.32
0.25
0.36
0.35
0.41
0.17
1.29
0.80
2.75
2.91

226.5
44.1
491.4
132.3
261.7
312.7
148.0
404.0
390.0
360.9
147.0
508.5

287.9
68.5
330.9
330.0
385.0
393.7
414.4
496.0
412.7
393.4
200.0
531.5

0.17
0.88
0.19
0.41
0.49
0.21
0.70
0.15
0.26

0.30
0.22
0.03
0.67
0.96
0.04
0.05
0.03
0.06

76.4
37.8
296.4
461.7
470.2
144.0
138.5
270.7
256.8

153.6
177.8
363.9
504.0
473.5
181.0
308.0
282.1
421.7
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20
1.52 (0.002)
21
1.00 (0.002)
22
2.96 (0.05
23
3.34 (0.01)
24
1.29 (0.004)
Legnica sampling site
27
2.52 (1.67)
28
1.05 (0.04)
29
2.19 (0.08)
30
1.50 (0.01)
31
1.53 (0.92)
32
2.12 (0.02)
33
1.53 (0.05)
34
1.09 (0.01)
35
1.86 (1.42)
36
1.46 (0.05)
37
3.59 (0.001)
38
2.29 (0.04)
39
2.00 (0.09)
40
2.21 (0.09)
Standard deviations are shown in parentheses.
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0.83
0.46
1.00
1.49
0.76

0.69
0.54
1.96
1.85
0.53

243.5
364.5
340.9
334.0
138.9

361.8
273.8
516.8
426.0
276.6

0.41
0.27
1.08
0.82
0.25
0.55
0.37
0.28
0.22
0.38
0.50
0.41
0.59
0.68

2.10
0.78
1.11
0.68
1.28
1.57
1.16
0.80
1.64
1.07
3.09
1.88
1.41
1.53

272.1
272.0
175.2
243.5
267.5
456.3
377.4
276.1
464.7
384.7
139.1
445.1
420.3
508.4

188.4
302.9
459.0
118.5
192.4
453.0
381.5
411.8
472.7
405.5
181.4
477.3
446.6
500.4

3.2 Particulate organic matter

Results obtained showed that total POM content depended on land use of particular soils. The highest amounts
of this organic matter fraction were observed for forest soil,
and the lowest for arable and barren land. Lower content of
POM might be a result of annual agricultural treatments,
which accelerate the mineralization process of organic
matter. For barren land, the influence of mechanical treatment can still be seen. Total share of POM in arable soil
ranged between 0.21-2.18 (median 0.90%), for barren land
0.18-2.90 (median 1.23%), and for forest soils 1.00-6.93
(median 2.12%).
To depict factors modifying POM contents in soil
correlation factors, data clustering and principal analysis
(PCA) were applied. The results of data clustering and
PCA are presented as diagrams (Fig. 3). The PCA analysis pointed out that share of POM in soil was negatively
correlated with land use but positively with contamination
level, which is a function of total metal content, soil texture and pH. The results of data clustering and correlation
factors also underline the relationship among contamination level, land use and amounts of POM fraction in soil.
Values of correlation factor were as follows: -0.48 and
0.35 for relationship between land use and contamination
level, respectively, and were significant at level 0.05.
Mass and organic C in particle-size fraction are given
in Table 2. Only for the Legnica study area, the share of
POM increased with decreasing POM size. Such behavior
might be connected with soil texture, as higher clay and
silt content act as a protecting agent, impeding microbial
attack. The researches of Balabane and van Oort [11] and
Labanowski et al. [1] showed decreasing organic C content
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FIGURE 3 - Results of statistical analysis of POM fraction in soils.

with decreasing size of POM fractions; they connected
them with increasing level of decomposition. In our study,
we obtained contradictory results. This difference might
be due to higher concentrations of heavy metals in the
studied soil, which decrease microbiological activity, and
probably slow down mineralization process and leave more
materials for creation of humic substances. Expressed on a
whole-soil basis, total POM-C in Głogów, Żelazny Most
and Legnica regions amounted to 23-94% (median 31%),
3-81% (median 15%) and 19-63% (median 44%) of total
soil-C, respectively. As both composition and quantity of
organic matter are strongly modified by land use [25, 26],
higher share of organic carbon in POM fraction in comparison to bulk soil organic C was observed in forest
soils, due to the larger volume of fresh organic materials,
annually added to these soils. In arable soils, POM-C
constituted the smallest pool of total soil organic C among
the soils studied, but even though, the values obtained in
our research were higher than reported by Balabane and
van Oort [11] for soils in a temperate region (approximately 15%).
The metal concentrations in participle-size fraction
and bulk soil samples are presented in Table 3. Metal
concentrations in POM fraction were high and larger than
in the bulk soil samples. These results are consistent with
other authors [1, 11], who also observed increasing metal
concentration with decreasing POM size. The results
obtained in this research project did not show a clear trend
between trace element content and POM size. Predominantly, higher amounts of metals were extracted from fine
POM fraction. A few mechanisms are probably involved in
explaining metal enrichment with decreasing POM size.
Firstly, specific surface in fine POM fraction increases as
an effect of decreasing its size. Also higher content of

organic C in fine fraction of POM might suggest larger
presence of reactive sites on organic structures. Secondly,
slightly contaminated organic debris (precursors of POM)
are preferentially biodegraded resulting in accumulation
of contaminated POM parts [1]. Taking into account the
content of trace elements in POM, relative mass of this
pool of organic matter in soil caused POM-metal associations, in general, to represent a significant contribution to
total metal concentration of the bulk soil samples (Table 4).
Especially for samples No. 3, 12, 23 (Zn) and No. 21
(Cu), particular metals account for >90% of total metal
stock. Analyses of metal share showed that similar pools
of Zn and Cu were attached to POM; simultaneously,
POM-Pb was a half of the amount. McBride et al. [7] and
other authors [27, 28] underline that Cu and Pb are a group
of metals which show a high affinity to soil organic matter.
Our results indicate that POM fraction might exhibit a
weaker tendency to adsorb Pb than other soil constituents, which led to low abundance of this element in this
pool of organic matter.
To depict the strengths of trace element association
with POM, elements were extracted with EDTA to evaluatethe potentially mobilizable pool of metals. Extractability of metals decreased in the order Pb < Cu <Zn< Cd.
Median values of metals extracted by EDTA were as
follows: 38, 29, 4,28 and 0.84% for Pb, Cu, Zn and Cd,
respectively. This pattern was not a result of stronger
bonding Cd and Zn to organic structure but rather greater
annual atmospheric inputs of Cu and Pb [29, 30]. Comparison of the amounts and percentages of metals extracted by EDTA with POM size fractions did not show any
clear tendency. Only in the case of Zn, metal extractability increased with decreasing POM size.
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TABLE 3 - Total amounts of Cu, Cd, Pb and Zn in various fractions of POM.

No.

Bulk soil

Cu
Cd
Głogów sampling site
1
51.1
2.1
2
94.1
2.4
3
289.7
2.2
4
135.8
1.2
5
189.0
1.9
6
78.6
1.5
7
93.4
1.5
8
95.4
2.0
9
190.0
1.9
10
71.5
1.9
25
330.7
1.5
26
2500
4.1
Żelazny Most sampling site
11
9.9
2.7
12
6.8
1.6
13
34.5
1.0
14
105.3
1.5
15
194.6
1.2
16
54.3
1.7
17
40.6
1.0
18
11.6
1.4
19
28.9
1.9
20
15.6
5.0
21
57.4
7.4
22
115.1
10.9
23
153.7
1.5
24
32.4
1.5
Legnica sampling site
27
5381
4.89
28
227.1
1.2
29
211.8
2.0
30
20.8
0.9
31
67.6
1.5
32
318.6
3.4
33
129.7
1.6
34
120.6
1.5
35
265.7
1.2
36
199.3
1.0
37
391.1
1.4
38
228.9
1.0
39
659.4
1.52
40
650.1
2.4

Total concentration (mg·kg-1)
POM fraction
2000-250
250-53
2000-250
250-53
2000-250
250-53
(µm)
(µm)
(µm)
(µm)
(µm)
(µm)
Cu
Cd
Pb

Pb

Zn

106.8
202.0
161.6
127.6
113.8
92.3
106.2
100.5
122.1
98.4
220.0
1267

102.9
124.0
55.8
10.8
46.0
71.5
22.2
34.2
31.6
67.6
92.1
414.5

1300
2089
1779
5284
7593
1099
1242
136
2892
293
1427
733

1217
644
8543
5141
6172
1996
2386
171
5032
688
3247
19226

13.2
12.8
6.5
6.7
11.7
8.6
10.3
1.1
9.3
6.3
4.7
15.0

18.6
9.7
36.7
47.9
19.3
14.2
8.3
2.8
9.3
7.4
10.7
18.6

1691
3833
400
1642
1342
649
1231
254
1084
1293
352
2656

1125
1240
4871
455
2482
4979
1653
219
1963
1476
1425
7806

1357
2452
326
621
787
710
821
265
1405
904
387
1639

3277
894
2043
2235
2644
1992
1019
509
1683
1402
668
2572

79.4
52.2
67.5
91.9
127.9
81.2
77.1
78.3
77.8
83.6
79.3
122.9
109.9
84.0

15.7
23.6
34.4
18.5
49.9
40.3
33.9
23.8
38.5
15.5
19.3
25.7
22.8
32.3

953
151
204
1432
1004
266
168
228
207
589
1345
2783
1684
283

1481
1829
494
1823
1882
584
512
327
554
1078
9040
1487
2643
1974

12.4
3.7
2.4
0.9
0.7
1.4
0.5
2.7
1.2
10.0
10.0
8.9
5.5
3.5

7.1
34.8
1.7
0.7
1.2
1.2
5.7
1.8
1.0
14.9
22.8
4.3
2.4
7.1

572
62
1289
572
408
605
311
1033
497
333
321
845
821
84

275
331
971
488
595
687
701
765
335
1311
2154
677
868
6960

870
151
912
572
462
812
374
1359
4074
501
843
814
588
343

4232
9580
8515
669
715
2878
2074
1317
1615
88
1409
718
725
1590

682.4
91.2
130.3
18.4
133.6
350.1
202.3
179.6
261.5
222.4
311.7
169.5
387.2
442.9

2359
191.2
234.7
98.6
37.3
155.1
61.9
59.5
89.2
104.3
106.0
124.4
119.7
128.9

20614
3314
875
555
991
1606
195
2152
3808
2609
2826
5736
6667
5937

29306
4805
3830
1420
1388
4027
2206
2518
5059
4475
1832
5909
8908
12058

60.6
15.0
4.2
10.2
13.5
4.6
14.2
15.6
11.5
30.0
26.6
21.7
16.6
9.4

43.0
13.2
12.1
12.3
10.1
16.1
9.6
10.4
10.7
22.1
15.9
11.6
14.7
24.3

17497
1532
1824
272
765
1034
943
566
1674
936
28365
2191
2811
3394

19661
2241
1830
680
879
2591
1185
995
2732
1946
1413
2287
3862
6122

4209
1344
361
481
757
628
1257
1773
1179
1562
4424
164
147
74

3719
1704
1322
670
872
1485
1202
1501
1299
1826
1213
118
173
187

TABLE 4 - POM metal contribution to total metal concentration in
bulk soil.
mean
median
minimum
maximum

Cu
33.65
24.74
1.43
95.64

2000-250
250-53
(µm)
(µm)
Zn

Cd
13.13
8.79
0.20
45.30

Pb
18.66
14.66
1.88
72.14

Zn
38.26
30.10
2.32
97.02

4. CONCLUSION
The present study was considered with the POM as a
sorbing agent in the soil environment, in regard to pollution by heavy metals. The main findings were as follows:
1. The concentrations of Cu, Cd, Pb and Zn in POM
were a few times larger than those of the bulk soil,

with respect to a relative share of POM in soil, they
represent a significant contribution to total metal content.
2. Pb showed a weaker tendency to bind with POM fraction than Zn, which led to a lower concentration of
this element in POM and its larger extractability.
3. No relationship between POM size and amounts of
metals, or their extractability, was found. Probably, a
few mechanisms have been involved in metal retention
in POM: metal adsorption to reactive site; microbiological enrichment as a result of preferential mineralization of low-contaminated debris and, moreover, a result of a mass balance caused by mineralization and
losses of C, and remaining non-volatile elements.
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ASSESSMENT OF RADIONUCLIDE TERRITORIAL
CONTAMINATION OF SYR-DARYA URANIUM-OIL PROVINCE
Amankul Akbasova*, Azamat Asataev, Gauhar Sainova and Laura Bisenova
Scientific-Research Institute of “Ecology”, MKTU named after Kh. A. Yasawi, Turkestan 161200 Kazakhstan

ABSTRACT
The results of a territorial radiological study of SyrDarya uranium-ore province in Kazakhstan Kyzylorda district are presented. Preliminary data on modern radiation of
this territory environment are obtained, and the impacts of
the uranium delivery units Irkol, North and South
Karamurun on environmental state are evaluated. At the
present time, the contamination of the investigated territory by technogenic radionuclides does not exceed the permissible levels. Only some local places can be dangerous
in radiation for people, namely those where geological
exploration works are carried out. High concentrations of
radon daughter products in the air of some dwellings are also
observed.

KEYWORDS: Technogenic contamination, environmental compartments, uranium delivery units

1. INTRODUCTION
Inevitable consequences of technological civilization
development are impacts of increasing technogenic dangers on human life and health. One of such impacting factors is an exposure to ionizing radiation. At present, a conceptual approach to radiation safety control problems is
being changed. Earlier, the problems of radiation safety were
solved by monitoring a limited number of hazardous
facilities (plants with nuclear fuel cycle, research and
defense facilities of this sphere etc.), but now these problem become a global issue [1-3].
Radiation contaminants enter the environment from
different engineering systems and as a result of various
production plant operations. Uranium and thorium ore extracting and processing plants as well as production plants
of fuel elements and uranium dioxide are main sources of
environmental ecologically dangerous radioactive contamination. Radionuclide contamination happens during different stages of technical processes in coal and oil industries
using raw materials with radioactive elements [4]. From
* Corresponding author

the very beginning of the technological cycle, deep-seated
rocks with increased concentrations of radionuclides
travel to the surface; their enrichment and processing
result in raw disposals, which are frequently used for
construction without relevant tests for radioactivity, thus
leading to uncontrolled distribution of radionuclides along
different structures (dwelling walls and floors etc.) [5-7].
Normally, to determine environmental radioactive contamination, especially during nuclear explosions or in emergency situations at plants, without chemical analysis of radionuclides composition, an accelerated method of simple
measurement to determine a radioactivity level by means
of modern devices (dose rate meters and radiometers) is
used. Length and depth of the contaminated territory are
determined as per gamma-intensity. Direct instrumental
measurement also determines the radioactive contamination level of military equipment, objects of settlements,
water, including underground water, vegetation and other
members of biological resources [8-11].
As is known, living organisms cannot be decontaminated as opposed to inanimate objects. Having an ability
to accumulate radionuclides, they are exposed to different
negative impacts, resulting in radial, oncological and other
diseases, with fatal outcome in cases of high doses [12, 13].
That is why it is very urgent to carry out researches revealing the radionuclide contamination levels of environmental
compartments in the areas of uranium delivery plants.
The purpose of this paper is to study the impact of
uranium delivery plants on environmental compartments.
2. MATERIALS AND METHODS
Research subject is the environmental state of SyrDarya uranium province (Irkol, North and South
Karamurun), including the settlements that adjoined it.
Subject selection is determined by the fact, that in many
regions of our country, especially in those of uranium ore
extraction, there is a stable tendency that the contents of
radioactive elements in soil, water and other boisphere
objects exceed, even ten-fold, the sanitary-hygienic standards. Environmental contamination is harmful for people`s
health, and it causes also significant damages of national
economy. As is known, the typical environmental anthro-
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pogenic impacts are the contamination of the atmosphere,
territories and biota at different depths in water bodies
due to uncleaned wastes of factories, emissions of dust
and other waste containing radioactive substances, including their shipment. To get information about the level of
population exposure to ionizing radiation in the uranium
extracting regions under study is of scientific-practical
interest.
Radiological measurement was carried out using dosimetric, radiometric and spectrometric methods. For complex radiation monitoring of environmental compartments,
a radiometer-dose meter "RKS-01-SOLO" (Kazakhstan,
Alma-Ata) was used. It has a wide range of high sensitive
blocks for detection of alpha-, beta-, and gamma- particles.
For a pedestrian gamma-survey, a field gamma-ray spectrometer SP-4 (Russia, Moscow) with scintillation counter
and discriminator to determine the intensity of gamma
rays of different energy levels was used. Radiometric survey at the chosen points was done by means of a mobile
laboratory [14].
Exposure dose rate (EDR) was measured by the device DRG-01T1, equivalent equilibrium volumetric activity (EEVA) of radon daughter products in the air was
measured by radiometric device RAMON-02, fluence of
α-β particles was measured by the device DKS-96 A/B,
and land or water state was measured by the devices Progress-G and UMF-2000.
Environmental samples (soil, water, bottom deposits
and vegetation) were selected based on geographical coordinates, determined by means of a satellite navigation device (GARMIN Series MontanaTM 600 (Taiwan, Taipei).
Geographical coordinates of the objects under study are as
follows: Irkol - 44°6´11.26´´N (latitude), 66°25´50.38´´E
(longitude); North Karamurun - 44°1´7.43´´N (latitude), 67°1´24.72´´E (longitude); South Karamurun 43°59´11.84´´N (latitude), 67°0´32.74´´E (longitude);
Shieliy - 44°9´43.52´´N (latitude), 66°44´34.69´´E
(longitude); Zhanakorgan - 43°54´12.55´´N (latitude),
67°15´4.35´´E (longitude). Soil samples were taken at
places of economic activity, i.e. on the territories adjoining
to the uranium-ore deposits, waste storage locations, and
the territory of settlements; vegetation samples were taken
on pastoral meadows and haylands; bottom deposit samples were taken from the rivers Syr-Darya and Mamyk;
water samples were taken from settlement wells, Mamyk
small river, surface waters, "Collector No. 2" and flowing

wells, located in districts of uranium-ore deposits of North
and South Karamurun.
Samples of soil, bottom deposits, water and vegetation were analyzed for content of natural and technogenic
radionuclides. When using the field gamma-ray scintillation spectrometer (SP-4) to reduce the input of external
gamma-ray background, the sensor was put to the protection steel container (200 mm wall thickness). Besides the
scintillometers, the device SP-4 has a discriminator, which
determines gamma-rays of different energy levels. Energy
resolution of this spectrometer is 3,0 keV for gamma
quantums with energy equal to 1332 keV. Such a resolution provided the simultaneous determination of activity
of all technogenic γ-emissive nuclides in the analyzed
samples. To calculate the specific activities, the standard
samples with known concentrations of radionuclides were
used. During radiochemical determination, acid decomposition of samples, subsidence of 90Sr and other elements
as oxalates, and then, separation of strontium from obstructing elements by their co-precipitation with ferrum
and manganese hydroxides was carried out. Then, strontium was precipitated from the filtrate in the form of carbonate and its activity was determined [15]. Contents of
natural radionuclides 40К and 232Th and the technogenic
radionuclide 137Сs were determined by γ−spectrometric
method whereas those of radionuclides 90Sr and 226Ra
were determined by radiochemical method.
3. RESULTS AND DISCUSSION
In the territory of two settlements (Shieliy and Zhanakorgan) and the deposit Karamurun, an α, β, and γ-survey
was carried out. In the areas of uranium mines, possible
environmental contamination is usually connected with
radon and its daughter products because the chemically
inert radioactive gas radon is formed in the process of
uranium radioactive decay. Radon daughter products
evolve radioactive α–particles. Even low radon concentrations encourage pulmonary cancer as a result of continuous long-time breathing of radon from the dwelling civil
structures of other sources. That is why equivalent equilibrium volumetric activity (EEVA) of radon daughter
products in the air was measured in dwellings. Table 1
shows some results of the experimental measurements.

TABLE 1 – Radioactivity levels in the territories of settlements and ore occurrence places.
No.

1
2
3

Name of measurable values

Density of α-radiation surface flow, freq/sm2*min
(standard value 2 freq/cm2*min)
Density of β-radiation surface flow, freq/sm2*min
(standard value 20 freq/sm2*min)
EDR on ground surface, mcSv/h

Research subjects
Zhanakorgan

Shieliy

-

-

Deposit territory Karamurun
(radius up to 2 km)
1

10

12

90

0.14

0.15

1.37
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EDR at 1 meter height, mcSv/h
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0.11
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The maximum values of radiation parameters` density
of surface α and β-radiations and EDR are registered on the
disposal of uranium-ore deposit “Karamurun” (Table 1).
The levels of β-radiation and EDR exceeded from 4.5 to 6.5
times. Exposure rate of the investigated territory of the settlements does not exceed the standard value (0.21 mcSv/h),
accepted in Kazakhstan. As per Russian standards, in situ
exposure of people to the measured EDR of technogenic
emission should not exceed 0.12 mcSv/h. If the Russian
standard is taken into account, excess of EDR values is
observed on the ground surface both in Zhanakorgan and
Shieliy.
Radon measurements, carried out in 54 rooms of
dwellings, educational establishments and office buildings
showed that the range of values of equivalent volumetric
activity of radon daughter products in the air of rooms is
within the limits from 2 to 631 Bq/m3. The excess of standard value (200 Bq/m3) was found out only in two dwellings of Shieliy settlement (273-420 Bq/m3) and in five
dwellings of Zhanakorgan settlement (350-631 Bq/m3).
Based on the rimental survey, it was found that the
main carriers of radon high values are the old dwelling
houses of individual buildings. Determined increased value
of radon EEVA is evidently, to some extent, connected
with the content of natural radionuclides of uranium-thorium
series in construction materials (concrete, red brick, gypsum-cardboard sheets, crushed stone, sand etc.), used for
these buildings. Radon activity inside the buildings is also
determined by geological features, i.e. uranium content in
rock. However, radon gas can penetrate inside the buildings through the splits in foundation and through the
floor. Besides, the potential radon sources in these buildings are the liquefied propane gas in cylinders, carbon,
used as fuel, and water, pumped from deep-seated water
beds (depth ≥ 750 m), used for different domestic needs.
The above-mentioned factors, if combined, can promote
the accumulation of radon inside the country house, exceeding the standard values. Due to high values of volumetric activity in these dwellings as per Safety Radiation
Standards, there is a need for protective measures aimed
both at the decrease of radon inflow to the air and room
ventilation improvement. An urgent task is the introduction
of radiation-hygienic certification of the whole territory,
where the uranium plants and settlements are located.
Radiometric survey was also carried out along roads,
which join the settlements, with lengths from 10 to 30
km. Measurement points were set at each 1 km, and their
total quantity was equal to 2400. The obtained data is
shown in Table 2.

We also carried out the investigations of radionuclide
contents in Syr-Darya river water, in soil and plants along
the river 1 km apart from the shore (Table 3).
TABLE 2 - Exposure rate in the territory of settlements.
No.

Quantity of measurements
EDR (mcSv/h)
(measurement points)
1
59
>0,1
2
1970
0,1-0,15
3
344
0,15-0,20
4
24*
0,20-0,29
5
3*
<0,29
* territory along the roads, located 15 km apart from the deposit
TABLE 3 – Description of radioactivity levels in soil, plants and
river water.
No.

Radionuclides
137

1
2
3

Cs
Sr
226
Ra

1

137

Cs

1

137

Cs

90

Measurement
results (Bq/kg)
Soil
3-37
2-13
13-45
Water
2-5
Plant
11-19

Standard values
(Bq/kg)
50-75
11.6-16.2
100-150
11
74

Experimental data show that the contents of 137Cs,
Sr and 226Ra in all investigated objects do not exceed the
standard values.
90

4. CONCLUSION
Based on radiological measurements of environmental compartments in the territories of Syr-Darya uraniumore province, the excess of standard levels of radionuclide
contents was relevant only at local places, directly adjacent to deposits and not referring to settlement zones.
Radon contamination of rooms in some dwellings
was determined but it requires further investigation to
find out the reasons and to recommend the ways of its
reduction. The established fact was not related to the work
of uranium-delivery units.
The results of experimental investigations show no
hazardous radiation levels of environmental compartments, i.e. the examined uranium-delivery units are not
hazardous for people of this region.

EDR high values were registered mainly in districts
of uranium deposits, because of high concentration of
natural radionuclides in the soil. Thus, experimental data
analysis of EDR determination, received during pedestrian γ-survey, shows that radionuclide contents of the main
part of the territory under study do not exceed the permissible background value (0.21 mcSv/h).
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