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EQUILIBRIUM MODELING, KINETIC AND
THERMODYNAMIC STUDIES ON THE ADSORPTION OF
METHYLENE BLUE DYE BY LOW-COST WALNUT SHELL POWER
Lin Zhuo*, Jianmin Ren, Xingyue Wei, Liangjun Long, Shengmin Chen and Chunli Yu
Department of Environmental and Biological Engineering, Chongqing Technology and Business University, Xuefu Road 58#, Chongqing, China

ABSTRACT
Methylene blue dye was adsorbed on an adsorbent
prepared from walnut shell. A batch adsorption study was
carried out with variable adsorbent amount, initial dye
concentration, contact time and pH. The optimum condition for adsorption was found at pH 5-7 and adsorbent
dosage of 6 g/L. The equilibration time was 120 min. The
experimental data were analyzed by the Langmuir,
Freundlich, Redlich-Peterson, Koble-Corrigan, Temkin, and
Dubinin-Radushkevich models of adsorption using nonlinear regression method. The experimental data yielded excellent fits within the following isotherm order: Langmuir
> Koble Corrigan > Redlich-Peterson >Temkin > Dubinin-Radushkevich > Freundlich, based on its correlation
coefficient values. Three simplified kinetic models including a pseudofirst-order, pseudo-second-order and intraparticle diffusion equations were selected to follow the
adsorption process. It was shown that the adsorption of
methylene blue could be described by the pseudo-secondorder equation. The maximum monolayer adsorption capacities of walnut shell from the Langmuir model were
123.46, 125.00 and 129.87 mg/g at 303, 313, and 323 K,
respectively. Thermodynamic quantities such as ΔGo, ΔHo
and ΔSo were calculated, indicating that the adsorption
process was spontaneous and endothermic. The results
indicate that walnut shell could be employed as a low cost
adsorbent in the removal of dyes from wastewater.
KEYWORDS:
Walnut Shell, Adsorption, Isotherms, Kinetics

1. INTRODUCTION
Methylene blue (MB), a basic dye, was used initially
for dyeing of silk, leather, plastics, paper, and cotton mordant with tannin, as well as for the production of ink and
copying paper in the office supplies industry. The discharge

* Corresponding author

of these dyes in the environment is worrying for both
toxicological and aesthetical reasons as dyes impede light
penetration, damage the quality of the receiving streams
and are toxic to food chain organisms [1]. Since dyes have
a synthetic origin and complex aromatic molecular structures, they are inert and difficult to biodegrade when discharged into waste streams. This aspect has always been
overlooked in their discharge [2].The removal of synthetic dyes is of great concern, since some dyes and their
degradation products may be carcinogens and toxic and,
consequently, their treatment cannot depend on biodegradation alone [3,4].
Processing methods on dye removal are classified as
coagulation, chemical oxidation, flocculation, hyper filtration, biological treatment and adsorption. Many physicochemical methods have been tested, but only that of
adsorption is considered to be superior to other techniques. This is attributed to its low cost, easy availability,
simplicity of design, high efficiency, easy operation,
biodegradability and ability to treat dyes in more concentrated forms [5,6]. Adsorption onto activated carbon has
been widely used in actual effluent treatment as a highly
effective process. However, the application of this material is limited due to high cost and the difficulty in regeneration [4,5]. Therefore, studies on dye removal have been
focusing on searching for abundant and low-cost adsorbents.. For instance, agricultural by-products such as
neem sawdust [7], palm kernel fiber [8], rice husk [9],
Mansonia wood sawdust [10], lemon peel [11], rectorite
[12], vineyard pruning waste [13], pineapple leaf [14] and
poplar leaf [15] have been widely studied for dye removal.
The removal of organic pollutants from industrial
wastewater is considered as an important application of
adsorption process using suitable adsorbents. The design
and efficient operation of adsorption processes require equi-
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librium adsorption data for use in kinetic and mass transfer
models. These models can then be used to predict the
performance of the adsorption contact processes under a
range of operating conditions.
In this work, the biomaterial was tested for its ability
to adsorb alkaline dyestuff from aqueous solution. The
walnut shell could be obtained easily in Food industrial
waste and living waste. Methylene blue dissolved in aqueous solution was taken as the simulated industrial effluent.
Investigations were made to evaluate the potential of walnut shell for MB removal in batch system. The respective
thermodynamic and kinetic studies were also carried out.

concentrations (20-250 mg/L) and 50mL MB solutions by
shaking the reaction mixture for equilibrium time. The
residual dye concentration in the reaction mixture was
analyzed by centrifuging the reaction mixture and then
measuring the absorbance of the supernatant at the wavelength that correspond to the maximum absorbance of the
sample. Dye concentration in the reaction mixture was
calculated from the calibration curve. The λmax values of
the MB solutions varied ±10 nm from the λmax values of
pure dyes at a fixed pH. The amount of dye adsorbed onto
the walnut shell, qe (mg·g-1), was calculated by the following mass balance relationship:

qe =

2. MATERIALS AND METHODS
2.1 Preparation of Walnut shell power and MB Solution

The walnut shells were collected from walnut salad in
the market. The shells were cut into small pieces and, after
drying and crushing, washed thoroughly with doubledistilled water to remove adhering dirt. Then, they were
dried in oven at 80°C for 24 h and were sieved. The walnut
shell power size after sieving was the range of 20-40 mesh
with a grinder (JFSD-100, China).
2.2 MB solution

Methylene Blue was obtained from ChongQing Chemical Corporation in China. The stock solution of MB was
prepared by dissolving MB (1.000 g) into distilled water
(1L). Then the stock solution was diluted to working
concentrations ranging from 20 to 250mg/L.

(C0 − Ce )V
W

(1)

where C0 and Ce are the initial and equilibrium liquidphase concentrations of dye, respectively (mg/L), V the
volume of the solution (L), and W is the mass of the walnut shell used (g).
2.5 FTIR of Walnut Shell

The presence of different functional groups present in
walnut shell was characterized with a FTIR spectrophotometer (FTIR-8400S, Japan). The walnut shell powers of
0.002 g and the KBr powders of 0.200 g were mixed
adequately, and then the mixture was pressed to a flake.
The FTIR spectrum was recorded by scanning of the spectrophotometer. The spectral range changed from 4,000 to
400 cm−1.
3. RESULTS AND DISCUSSION

2.3 Analysis

The concentration of MB in the supernatant solution
before and after adsorption was determined using a double beam UV-3400 Spectrophotometer (Hitachi, Japan) at
665 nm [13]. The supernatant from the walnut shell did
not exhibit any absorbance at this wavelength and also the
calibration curve was very much reproducible and linear
over the concentration range used in this work. The pH of
solution was measured with a pH meter using a combined
glass electrode (320-SPH Mettler-Toledo Instruments Co.
Ltd., China).
2.4 Adsorption Experiment

In the adsorption experiment, the weighed quantity of
walnut shell was taken in an Erlenmeyer flask (200 mL)
containing 50mL MB solutions. The pH of the solution
was adjusted to the desired value by adding 0.1M NaOH
or HCl and the solution mixture was shaken for a predetermined period using a wrist action shaker operated at
100 rpm. Kinetics of adsorption was determined by analyzing adsorptive uptake of the dye at different time intervals. Independent bottles containing 50mL MB solutions
and 0.1 g walnut shell were used during the kinetic studies to get accurate results for each point on the graph.
Isothermal studies were conducted with different initial

3.1 Property of Adsorbent

FT-IR spectroscopy is an important analytical technique that detects the vibration characteristics of chemical
functional groups present on adsorbent surfaces. Adsorption behavior of walnut shell is influenced by the chemical reactivity of the surface especially in the form of chemisorbed oxygen in various forms of functional groups. The
walnut shell spectrum (Fig. 1) shows the surface functional
group with the following peaks: a peak at 3,427 cm-1: -OH
group of phenol; 2,927 cm-1: methylene group (-CH2-);
1,739 cm-1 and 1,653 cm-1 : C=O stretching band of carboxyl groups; 1,463 cm-1 : C-O stretching from carboxyl
groups; 1,379 cm-1 and 1,047 cm-1: C-O stretching vibration, pyrones and aromatic C-H in-plane defo rmations
[15, 17]. FTIR spectrum indicated that there are large numbers of hydroxyl and carboxyl groups on the surface of
poplar leaf, which possibly react with dye molecules in
aqueous solution. The surface of walnut shell is negatively
charged at proper pH due to deprotonation of acid groups
such as carboxyl and hydroxyl groups. These groups may
be the major adsorption sites for cationic dye [17].
3.2 Effect of Contact Time
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Experiments were performed to investigate the effect
of contact time (5 to 480min) for MB (C0=100mg/L) removal from aqueous solution at 323 K. In Fig. 2, MB adsorption represents a two step kinetic process. The rate of
MB adsorption on walnut shell was rapid in the beginning, but it gradually reduced with time until the system
reached equilibrium. It was evident that the amount of
MB adsorbed on per unit mass of walnut shell increased
quickly in the first stage. The second stage was a much
slower adsorption process after 60 min. The values of q
changed slowly. So within 120 min, adsorption equilibrium was nearly established [16].

adsorbent. The phenomenon hindered the adsorption of
basic dye due to competition for adsorption sites between
dye cations and protons. When the initial pH increased,
the active groups on the surface of adsorbent may have
become negatively charged, which provided more binding
sites for the positively charged dye cations due to electrostatic attraction [14]. We concluded that the higher pH (47) favored MB removal on walnut shell in practice. The
pH of originalsolution was near 7, and it was not adjusted
in subsequent batch experiments. The adsorption mechanism explained that walnut shell can be in weak acidic or
neutral conditions, the removal of dyes [14].

FIGURE 3 - Effect of pH on MB removal (MB concentration=
100 mg/L, adsorbent dose=2 g/L, volume of sample=50 mL and
equilibrium time=60 min).

FIGURE 1 - FTIR spectrum of walnut shell.

FIGURE 4 - Effect of adsorbent dose on MB removal (MB concentration=100 mg/L, volume of sample=50 mL and equilibrium
time=60 min).
FIGURE 2 - Effect of time on MB removal (MB concentration =
100 mg/L, adsorbent dose=1 g/L, volume of sample = 50 mL).
3.3 Effect of Initial pH

Effect of pH on adsorption was studied using 100 mg/L
dye concentration, pH 2-7 at 303K as given in Fig. 3. The
dye adsorption was significantly changed over the pH value
of 2-4. The dye adsorption was constant at pH 5-7. The equilibrium adsorption (qe) was found to increase with increasing pH. The qe increases from 45.62 to 48.93 mg·g-1 for an
increase in pH from 2 to 7. In fact, the effect of Initial pH
on equilibrium adsorption was not significant. It may be
explained that at low pH, active groups on the surface of
walnut shell such as carboxyl, hydroxyl groups were more
protonated, and positive charges surrounded the surface of

3.4 Effect of Adsorbent Dose

Fig. 4 shows the plot between amounts of dye adsorbed qe against adsorbent concentration (g/L) at 323K.
From the figure it was observed that the amount of dye
adsorbed varied with varying adsorbent dose and it decreased with increase in adsorbent dose. The amount of
dye adsorbed decreased from 85.90 to 16.43 mg/g for an
increase in adsorbent dose from 1 to 6 g/L. At higher
adsorbent dose to solute concentration ratio, there is very
fast superficial sorption onto the adsorbent surface that
produces a lower solute concentration in solute than when
adsorbent to solute concentration ratio is lower. This is
because a fixed amount of adsorbent can only adsorb a
certain amount of dye. Therefore, the more adsorbent the
dosage, the larger is the volume of effluent that a fixed dose
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of adsorbent can purify. The decrease in amount of dye adsorbed qe (mg/g) with increasing adsorbent dose is due to
the split in the flux or the concentration gradient between
solute concentration in the solution and the solute concentration in the surface of the adsorbent. Thus, with increasing adsorbent dose, the amount of dye adsorbed onto unit
weight of adsorbent gets splitted thus causing a decrease in
qe value with increasing adsorbent dose concentration [17].

curve with R2 values of a least 0.846 as tabulated in Table 1.
The experimental data yielded excellent fits within the
following isotherms order: Langmuir > Koble Corrigan >
Redlich-Peterson>Temkin>Dubinin Radushkevich> Freundlich, based on its R2 values. The equations of adsorption
isotherm model for fitted curves are presented in Table 1.
It was found that the Langmuir best represents the
equilibrium
adsorption of MB on the walnut shell. The
140
120
100

qe(mg/g)

80
60

303K
313K
323K
Langmuir
Freundlich

40
20
0

0

FIGURE 5 - Effect of initial dye concentration on MB removal (MB
concentration=20-250 mg/L, adsorbent dose=1 g/L, volume of sample=50 mL and equilibrium time=120 min).
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3.5 Effect of Initial Dye Concentration

120
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Fig. 5 shows the plot between the amounts of dye adsorbed qe versus initial dye concentration. It is evident from
the figure that the amount of dye adsorbed gets increased
from 18.93 to 119.77 mg/g for an increase in initial dye
concentration from 20 to 250 mg/L. At low dye concentrations the ratio of surface active sites to the total dye
molecules in the solution is high and hence all dye molecules may interact with the walnut shell and be removed
from the solution. However, the amount of dye adsorbed
per unit weight of adsorbent, qe, is higher at high concentrations as shown in the figure.
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3.6 Adsorption Equilibrium Study
140
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100
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The adsorption isotherm indicates how the adsorption
molecules distribute between the liquid phase and the
solid phase when the adsorption process reaches an equilibrium state. 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. To adapt for the considered system, an adequate
model that can reproduce the experimental results obtained,
equations of Langmuir [18,19], Freundlich [20], RedlichPeterson [21], Koble-Corrigan [22], Temkin [23] and
Dubinin-Radushkevich [24] have been considered. The
experimental data on the effect of an initial concentration
of MB on the walnut shells of the test medium were fitted
to the isotherm models and the graphical representations
of these models are presented in Fig. 6 (a) ,(b) and (c). All
of the constants are presented in Table 1. The value of R2
nearer to 1 indicates that the respective equation better fits
the experimental data. The representations of the experimental data by all models equation result in a non-linear

80
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Dubinin-Radushkevich
Koble-corrigan
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FIGURE 6 - (a) Adsorption isotherm (MB concentrations = 20250 mg/L, adsorbent dose = 1 g/L, volume of sample = 100 mL and
equilibrium time=120min). (b) Adsorption isotherm (MB concentration s= 20-250 mg/L, adsorbent dose=1 g/L, volume of sample =
100 mL and equilibrium time=120 min). (c) Adsorption isotherm
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(MB concentrations=20-250 mg/L, adsorbent dose=1 g/L, volume of
sample=100 mL and equilibrium time=120min).

correlation coefficients for Langmuir isotherm are highest
in comparison to the values obtained for the Koble Corrigan, Redlich-Peterson, Temkin, Dubinin-Radushkevich and
Freundlich isotherms. Therefore, Langmuir is the best-fit
isotherm equation for the adsorption of MB on the walnut
shell. This result confirmed that the adsorption of MB on
walnut shell is monolayer. It was seen that the maximum
monolayer capacity of walnut shell is determined as
123.46, 125.00 and 129.87 mg/g for 303, 313, and 323K.
The values of qm increased slightly on increasing the temperature.
The Koble-Corrigan model is a combination of Langmuir and Freundlich model [23]. The R2 values of KobleCorrigan model are second in Table 1. The values of parameter n are close to 1, which indicates that the isotherms

are approaching more of the Langmuir form. The KobleCorrigan model was suitable for experimental data well
based on values of nonlinear regression coefficient R2 (R2>
0.988), which suggested that equilibrium data conformed
to Freundlich isotherm at low dye concentration and followed Langmuir model at higher dye concentration [15].
Another combination of Langmuir and Freundlich model,
The Redlich-peterson model Also proved this point (Table 1) [20,22].
The R 2 values of Temkin model and Dubinin Radushkevich model all greater 0.900, which produced less fit
compared with the Langmuir, Koble Corrigan and Redlich-Peterson model. It can be seen that the Freundlich
model yields a much less fit than the other model when
the R2 values are compared in Table 1, which meant the
Freundlich isotherm were not better described by experimental results.

TABLE 1 - The value of parameters for each isotherm models used in the studies
Isotherm model
Langmuir

Equation

qe =

qm K L ce
1 + K L ce

303K
313K
323K

Freundlich

R2

Parameter

1/ n

qe = K F ce

303K
313K

qm=123.46
KL=0.077
qm=125.00
KL=0.108
qm=129.87
KL=0.101
KF=27.966
n=3.333
KF=34.947

0.998
0.997
0.998
0.895
0.846

n=3.815
323K
Redlich-Peterson

qe =

ARP ce
g
1 + BRP ce

303K
313K

KF=33.828
n=3.582
ARP= 9.667
BRP=0.029
g=0.993
ARP= 14.692

0.874
0.991
0.970

BRP=0.043
g=1.004

Koble-Corrigan

P

qe =

AKC ce
P
1 + BKC ce

323K

ARP= 13.461
BRP=0.038
g=0.994

0.988

303K

AKC=7.432

0.993

BKC=0.062
313K
323K

Temkin

qe = qm ln (KT ce )

303K
313K
323K

P=1,121
AKC =8.369
BKC =0.072
P =1.31
AKC =9.923
BKC =0.079
P =1.158
qm=24.43
KT=0.952
qm=23.22
KT=1.574
qm=25.02
KT=1.332
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qe = qm e -βε

303K

2

−1

ε = RT ln(1 + ce )

313K
323K

The comparison of maximum monolayer adsorption
capacity of some dyes onto various adsorbents is presented in Table 2. It was evident from the published literature
that walnut shell has a lower adsorption capacity on MB
compared with Brazilian pine-fruit shell, poplar leaf and
lotus leaf, and a higher adsorption capacity compared to
peanut husk and phoenix leaf. In addition, walnut shells
are abundant and cheap. There is a huge potential to use
walnut shell for the adsorption of MB molecules from
industrial effluents.
TABLE 2 - Comparison of adsorption capacity of methylene blue
with various biosorbents
qm (mg·g−1)

Biosorbents

References

119.8
135.4
80.9
72.1
185.2
221.7

Walnut shell
Poplar leaf
Phoenix leaf
Peanut husk
Brazilian pine-fruit shell
Lotus leaf

This work
[14]
[27]
[28]
[29]
[30]

3.7 Adsorption Kinetics

To examine the controlling mechanism of adsorption
processes such as mass transfer and chemical reaction,
pseudo-first-order, pseudo-second-order and intraparticle
diffusion kinetic equations were used to test the experimental data. The pseudo-first-order kinetic model is can
be rearranged to obtain a nonlinear form:

qt = qe − qe e -k1t

(2)

Where qt is the adsorption capacity at time t (mg/g)
and k1 (min−1) is the rate constant of the pseudo-firstorder adsorption, was applied to the present study of dye
adsorption. The rate constant, k1 and correlation coefficients of the dye under different concentrations were
calculated from the nonlinear reaction (Fig. 7) and listed
in Table 3. The correlation coefficients for the pseudofirst-order kinetic model are low. Moreover, a little difference of equilibrium adsorption capacity (qe) between the
experiment and calculation was observed, indicating a
poor pseudo-first-order fit to the experimental data.
The kinetic data were further analyzed using Ho’s
pseudo-second-order kinetics model. This model is based
on the assumption the sorption follows pseudo-second-

qm=104.80
β=1.20×10-5
qm=109.08
β=5.47×10-6
qm=112.80
β=6.27×10-6

0.893
0.922
0.909

order chemisorptions. It can be rearranged to obtain a
nonlinear form expressed as [26]:

k 2 qe2t
q=
1 + k 2 qe t

(3)

k2 is the rate constant of pseudo-second-order adsorption (g/mg·min−1). The experimental kinetic data for
methylene blue onto walnut shell was fitted to the nonlinear pseudo second-order model were presented in Fig.
7. The qt values, the correlation coefficients, R2 and the
qe values were calculated from the nonlinear reaction and
listed in Table 3. From Table 3, the reasonably higher R2
value suggests that it can be used to represent the kinetics
of methylene blue onto walnut shell. In addition, the calculated qe values also agree with the experimental data in
the case of pseudo-second-order kinetics. These suggest
that the adsorption data are well represented by pseudosecond-order kinetics and the rate-limiting step of MB
onto walnut shell may be chemisorptions.
To gain insight into the mechanisms and rate controlling steps affecting the kinetics of adsorption, the kinetic
experimental results were fitted to Weber’s intraparticle
diffusion [15]. The kinetic results were analyzed by the
intraparticle model to elucidate the diffusion mechanism,
which model is expressed as:

qt = k p t 1/ 2 + C

(4)

where C is the intercept and kp is the intraparticle diffusion rate constant, (mg/g·min1/2), which can be evaluated from the slope of the linear plot of qt versus t(1/2) [15,
26] as shown in Fig. 9. The intercept of the plot reflects
the boundary layer effect. The larger the intercept, the
greater the contribution of the surface sorption in the ratecontrolling step [17]. The calculated intraparticle diffusion coefficient kp values are listed in Table 3. If the
regression of qt versus t1/2 is linear and passes through the
origin, then intraparticle diffusion is the sole rate-limiting
step. However, the linear plots at each concentration did
not pass through the origin, which indicates that the intraparticle diffusion was not only rate controlling step.
3.8. Thermodynamic Study for MB Removal

Thermodynamic parameters indicate energy transformation in the adsorption process, which can estimate

TABLE 3 - Comparison between the adsorption rate constants, qe, estimated and correlation coefficients associated with pseudo-first-order
and to the pseudo-second-order rate equations
Pseudo-first-order rate equation

Pseudo-second-order rate equations
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kad
(min-1)

qe
(mg/g)

R2

k
(g/mg/min)
×10-3

qe, cal
(mg/g)

R2

0.296

80.50

0.697

7.541

82.73

0.913

the effect of temperature for MB removal. Thermodynamic parameters, standard free energy change (ΔG0), enthalpy change (ΔH0) and entropy change (ΔS0) at different
temperature were calculated by the following normal
equations:

ΔG 0 = - RT ln K

(5)

ΔG 0 = ΔH 0 − TΔS 0

(6)

lnK =

ΔS 0 ΔH 0
−
R
RT

kp
(mg/g·min1/2)

(7)

ΔH0(kJ/mol)

ΔS0(kJ•mol-1•K-1)

11.546

51.011

qe,exp
(mg/g)

60.56

0.959

83.87
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ABSTRACT

1. INTRODUCTION

This research investigated heavy metal pollution
around the Afsin-Elbistan coal-fired power plant, one of
the most important energy power plants in Turkey, by
means of analyzing moss and soil samples collected in the
neighborhood of the plant at different distances. The presented study also examines the relation of the obtained
heavy metal concentrations with the dominant wind directions in the region. The heavy metal analysis is realized
on 16 soil and 10 moss samples obtained from the studied
area. A state of the art energy dispersive X-ray fluorescence
(EDXRF) spectrometry (Epsilon 5, PANalytical, Almelo,
The Netherlands) was utilized in the experiments. The
results (mg/kg between minimum and maximum values)
indicated that the soil samples contained of Al (349-902),
V (4.9-36.3), Cr (8.31-24.83), Mn (51.9-465.9), Fe (3661049), Ni (4.01-17.75), Cu (3.8-24.8), Zn (10.8-384.6),
Hg (3-8), and Pb (2-75.1) whereas moss samples contained Al (342-657), V (7.9-18.9), Cr (7.26-18.36), Mn
(132.8-420.3), Fe (631-906), Ni (4.58-12.05), Cu (1.3325.49), Zn (53.4-394.3), Hg (5-9), and Pb (11-83.1). The
research has verified the increasing amount of heavy
metal concentrations at closer distances to the plant and the
high correlation of these concentrations with the dominant
wind directions. The comparison of the obtained heavy
metal concentrations with the measurements in Europe
and Israel, and with the limit values for the human health,
has revealed crucial pollution levels in the region. The
possible consequences of these results are briefly discussed from the point of potential hazards to ecology and
human health.

KEYWORDS: Bio-accumulation, atmospheric deposition, heavy
metals, moss, soil, Afsin-Elbistan (Turkey)

* Corresponding author

Due to rapid urbanization and industrial development
in recent years, atmospheric pollution has caused serious
deterioration of the terrestrial environment in many countries. [1]. Biomonitoring is a technique using organisms or
biomaterials to obtain information about certain characteristics of the biosphere [2]. Mosses have been well studied
as tools for the biomonitoring of atmospheric pollution [3,
4]. Unlike higher plants, mosses have no root system or
cuticle layer; hence, mineral adsorption occurs over their
entire surface. Mineral uptakes from soil play a minor role
and the adsorption of heavy metals is mainly derived from
atmospheric flux on the surfaces of the moss. Thus, mosses
could be used as bioindicators [5-8]. They accumulate large
amounts of heavy metals in their tissues [9-11].
Cities and industrial areas are often characterized by a
scarcity of bryophytes, although several mosses appear to
be tolerant of some industrial pollution. Many bryophytes
that have greater tolerance of pollution have higher reproductive capacity in polluted areas than those that are intolerant. This tolerance is enhanced by a brief protonemal
stage being particularly sensitive to pollution and very
rapid production of gametophores, which are less sensitive. The growth rate of pollution-tolerant species is usually much more rapid than that of intolerant species. In the
urban environment, bryophytes in stone walls and sheltered
sites are often more tolerant to pollution than those of
more open sites. Those of tree bases and calcareous substrata usually are also tolerant [12].
The Afsin-Elbistan region with a coal reserve of
3.2 billion ton hosts the biggest power plant in Turkey.
The power plant consumes around 30 million tons of coal
per year and releases around 75 million m3 ash into the
environment [13]. Beside the power plant, the region has
been also under a great urbanization process during the
last decade. Consequently, the region is expected to be
highly contaminated with heavy metals in the recent
years.
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Up to now, there has been no detailed research on
heavy metal concentrations around this important plant of
the country to the best knowledge of the authors. This
pioneer study aims to investigate and reveal the levels of
heavy metal pollution around the Afşin-Elbistan coalfired power plant by means of conducting heavy metal
analysis on moss and soil samples collected around the
power plant. The research also examines the relation of

the found heavy metal concentrations with the dominant
wind directions in the region.
2. MATERIALS AND METHODS
Located between the Afsin and Elbistan districts of
the Kahramanmaras province, the power plant has two

TURKEY

FIGURE 1 - Study area
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units, namely, unit A and B, which started production in
1983 and 2005, respectively. There is no filter in unit A,
but unit B has been using a filter since its starting time.
The population around the region is about 270.000 [14].
During the research, the soil and moss samples were collected from 16 and 10 stations, respectively, in the
neighborhood of the power plant for heavy metal analysis
(Fig. 1). The samples were collected in July 2008. Mosses
are bioindicators for environmental pollution; therefore,
they are scarcely present in the polluted areas. The mosses
under investigation in the present study were collected
from calcareous stones [12, 15]. Therefore, only a limited
number of moss samples could be collected. The fact that
we could not find an abundant number of moss samples in
the region might be an indication that the region could be
polluted by environmental factors. The regions, Baskonus
High Plateau and Suleymanli Village, were selected as
control regions as they are far from heavy traffic and human disturbances.
All samples were dried for 24 h at 85 °C in a Heraeus
furnace to evaporate any remaining water, and then ground
in a spex mill. To reduce particle size effects, the obtained
powder was sieved using a 400-mesh sieve and then stirred
for 25 min to a well-mixed sample. In order to have the
elemental composition, all samples were analyzed by energy dispersive X-ray fluorescence spectrometry. For this
analysis, thin pellets of 40 mm diameter were prepared.
Wax (0.46 g of high-purity cellulose binder with 20-µm
particle diameter) was pressed with a compression of 5 kN,
and then, a mixture (0.48 g of specimen and 0.09 g of wax)
was pressed together (compression of 10 kN) with substrate material
The measurement parameters were set up by using
the Epsilon 5 EDXRF system’s inbuilt software. Samples
were irradiated by X-rays from Gd tube under a vacuum
equipped with a liquid nitrogen-cooled PAN-32 Ge X-ray
detector having a Be window thickness of 8 µm. The
power, current and high voltage values of the instrument
were 600 W, 6 mA and 100 kV, respectively. Measurement parameters for each group of the elements are presented in Table 1. The system’s software (Epsilon 5 software) automatically analyzed the sample spectrum and
determined the net intensities of element peaks as soon as
the measurement was completed. When elements overlap
one another, the accuracy is essential for the trace element
analysis. A set of secondary standards, available from PANalytical, was used for the calibration of this application.

analysis in both scientific and industrial applications. This
method is a non-destructive one which requires little sample preparation and gives reliable results within almost
analysis time. The attractive feature of Epsilon 5 is its wide
dynamic range, from part-per-million to 100%, for most
elements present in the sample. Optimal excitation of the
elements is possible by selecting the target that has lines
with energy just above the absorption edge of the elements.
In this study, Ge and Mo fluorescent targets were used to
achieve optimum excitation for each element. Peak areas
are equivalent to numbers of counts for a line; however,
each channel may count photons from more than one characteristic line. For this reason, the individual peak must be
deconvoluted from each other using deconvolution option.
Certified reference samples, such as NIST 1645 River
Sediment, BCR 143 Sewage Sludge Soil, IAEA 7 Top
Soil, BCR 141 Calcareous Loam Soil, NIES_CRM_02
Pond Sediment, IAEA 375 Top Soil, etc., were used for
precision and accuracy of spectrometry. In order to determine the concentrations of the elements, coefficients (intercept and slope) were calculated by using regression statistics based on concentration and intensity values for each
element. Inverse linear calibration curves for all elements
were accomplished. After determination of coefficients,
concentrations of unknown elements in the samples were
calculated using linear equation related to their intensity
values.
The accuracy of the applied method and obtained calibration curves was checked by the measurement of a
standard reference material from IAEA (7 Topsoil) as
shown in Table 2. The obtained results indicated a good
agreement with detection limits (DLs) calculated by
using three times the square root of the background [16].
The results are presented in Table 2. Due to the low DL
values obtained, it is possible to determine the analytes
usually present in very low concentrations, such as As,
Hg and Pb. Data analysis was carried out using the SPSS
11.5 statistical software package.
TABLE 2 - DLs (mg/kg) for Epsilon 5 and comparison of the experimental and the certified values for the standard sample IAEA 7.
Element
V
Cr
Mn
Fe
Ni
Cu
Zn
Hg
Pb

TABLE 1 - Measurement parameters of the standard samples.
Range
Ti-Ga
W-U

Elements
V, Cr, Mn,
Fe, Ni, Cu, Zn
Hg, Pb

Secondary
target

Studied
X-ray

Measuring
time

Ge

Kα

400

Mo

Lα

400

The EDXRF spectrometer used is designed for fast,
high precision, qualitative, and quantitative elemental

DLs
2.9
2.0
2.5
1.1
1.2
1.0
0.7
1.6
0.9

Certified reference values
66 (59-73)
60 (49-74)
631 (604-650)
2.57 (2.52-2.63)
9.7 (7.9-11.6)
11 (9-13)
104 (101-113)
51 (47-56)

Values found
68
66
580
2.46
10.2
11
98
55

3. RESULTS AND DISCUSSION
Heavy metal concentrations of soil samples in the studied
area are presented in Table 3. The results have shown that
samples contain the following metals (average of measured
concentrations): Al (547 mg/kg), V (14.2 mg/kg), Cr
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(14.01 mg/kg), Mn (230.7 mg/kg), Fe (648 mg/kg), Ni
(9.64 mg/kg), Cu (12.1 mg/kg), Zn (113.9 mg/kg), Hg
(5 mg/kg), and Pb (20.2 mg/kg). The highest concentrations for the seven elements (Al, V, Fe, Ni, Zn, Hg, Pb)
were observed in sample number 1 which is the closest
sample to the Afsin-Elbistan Thermal Power Plant. In
addition, the highest concentrations of Cr and Mn were
observed in samples 2 and 3, respectively. On the other
hand, the lowest levels of V, Mn, Fe, Ni, Cu, and Hg
were detected in sample 16, which is collected at the farthest points to the power plant; the lowest values of Zn and
Pb were found in sample number 15 (one of the farthest
points to the power plant).
In Table 4, the elemental concentrations of Al, V, Cr,
Mn, Fe, Ni, Cu, Zn, Hg and Pb in the moss samples are
presented (504, 13, 11.61, 232.4, 752, 8.31, 9.18, 170.1,
6.8 and 34.5 mg/kg), respectively. The highest concentrations of 8 elements (Al, V, Cr, Mn, Fe, Zn, Hg, Pb) were
found in sample number 1, which is the closest sample to
the power plant. The highest concentrations of Cu were
detected in sample number 2 (the second closest sample
to the power plant). The lowest values of 10 elements (Al,

V, Cr, Mn, Fe, Ni, Cu, Zn, Hg, Pb) were detected in sample
number 10 which is the farthest sample to the power plant.
The highest of the 10 heavy metal levels (Tables 3 and
4) were those of Fe and Al as already given in the study of
Bajpai et al. [17]. In mosses, Al has limited metabolic
significance and is commonly used as an indicator of sample contamination by wind-borne soil and rock dust. Al and
Fe, two principal elements in the earth’s crust, are strongly
correlated in mosses with environmental contamination
[17]. In this study, Al and Fe amounts were maximal in the
vicinity of the power plant (Table 4). According to Fernandez et al. [18], Cr and Fe are normally associated with the
coarsest fraction of fly ash, which tends to fall out close to
the source. In the present study, Cr concentrations are
neither the lowest, nor the highest. Ni and Cu both are
large particle metals emitted in the immediate vicinity of
the station and are incapable of long-range dispersion
[19]. The reason for higher concentrations of Pb and Zn
around the thermal power plant may be due to heavy
vehicular activity involved in disposal of coal waste and
other activities. Apart from engine emission, Ni, Pb, Zn,
and Cr enter the surrounding environment due to abrasion

TABLE 3 - Elemental concentrations in soil around Afsin-Elbistan power plant.
Sample
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Distance from plant
0.5 km W
2 km W
3 km S
4 km NE
5 km W
5 km S
7 km W
7 km NE
8 km W
8 km E
10 m NW
12 km N
13 km E
15 km NE

Al
(mg/kg)

V
Cr
(mg/kg) (mg/kg)

Mn
(mg/kg)

Fe
(mg/kg)

Ni
(mg/kg)

Cu
(mg/kg)

Zn
(mg/kg)

902

36.3

16.42

274.8

1049

17.75

20.4

384.6

618

18.7

24.83

291.8

798

15.52

8.4

120

510

19.6

15.12

465.9

632

4.8

16.5

238.4

714

21.2

13.45

342.5

684

6.78

24.3

104.7

349

12.4

14.36

132

761

8.74

24.8

89

458

5.3

12.47

165.6

704

13.63

9

97.3

598

13.7

13.71

156.3

587

6.83

13.6

113.2

687

11.4

15.63

234.5

597

8.93

15.7

214.5

470

12.3

8.31

125.9

774

6.69

9.1

46.6

578

15.3

12.31

312.2

587

15.24

12.8

93.6

607

6.3

14.07

68.8

376

9.5

5.2

17.9

456

14.5

11.22

213.6

611

12.31

13.2

87.6

455

11.2

12.11

269.3

494

8.45

5.4

128.5

Hg
(mg/kg)
8
6
6
4
5
6
5
3
4
4
4
5
7
6

404

16.3

12.57

458.5

708

8.56

5.7

57.3

582

7.6

13.63

127.6

647

6.42

5.5

10.8

371

4.9

13.95

51.9

366

4.01

3.8

18.9

Mean Values

547

14.2

14.01

230.7

648

9.64

12.1

113.9

5

Min. – Max. Values

349-902

4.936.3

8.3124.83

51.9-465.9

366-1049

4.0117.75

3.8-24.8

10.8384.6

3-8

15
16

25 km NW
30 km NE

3755

4
3

Pb
(mg/kg)
75.1
45.5
27
18.7
13.9
21.1
9.4
39.2
11
23.1
2.2
17.6
8.7
4.8
2
4
20.2
2-75.1
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TABLE 4 - Elemental concentrations in moss around Afsin-Elbistan power plant.
Sample
No

Species Name

1

Homalothecium
ceum

2

Grimmia hartmanii

3
4
5
6
7
8
9
10

Distance from
Plant
seri-

Racomitrium
canescens
Grimma hartmanii
Hypnum cupressiforme
Tortella fragilis
Homalothecium sericeum
Grimma hartmanii
Tortella fragilis
Racomitrium
canescens
Mean Values
Min. – Max. Values

Al
V
Cr
Mn
Fe
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)

Ni
(mg/kg)

0.5 km W

657

18.9

19.36

420.3

906

9

2 km W

484

14.4

15.66

258.5

811

6.86

Cu
Zn
Hg
Pb
(mg/kg) (mg/kg) (mg/kg) (mg/kg)
9
14.7
394.3
83.1
25.49

293.9

3 km S

532

10.9

7.55

185

704

11.49

15.05

191.9

5 km W
5 km S
8 km W

598
461
497

13.3
16
11.5

10.07
11.31
12.05

239.2
316.6
195

712
830
762

7.35
6.54
6.58

10.41
3.06
6.83

188.7
173.4
109

10 km N-W

432

18.5

8.06

272.4

798

8.01

5.18

135.1

15 km N-E
25 km N-W

566
478

10
8.3

13.75
10.99

153.9
150.2

701
667

10.64
12.05

4.22
5.54

83.4
77.4

30 km N-E

342

7.9

7.26

132.8

631

4.58

1.33

53.4

504

13

11.61
7.2619.36

232.4
752
8.31
132.8631-906 4.58-12.05
420.3

9.18
1.3325.49

170.1
53.4394.3

342-657 7.9-18.9

of metallic vehicle parts. Pb indicates its origin from
automobile exhaust [20], whereas Zn may be emitted by
automobile tires and brake pads [10].
Carballeira and Fernandez [18] showed that levels of
Cu and Hg whereas Bajpai et al. [14] showed that those of
Al, Cr, Fe, Pb and Zn are decreasing with distance from
thermal power plants. From the measurements, it is observed that the elemental concentrations of Al, V, Cr, Mn,
Fe, Ni, Cu, Zn, and Pb in soil samples as well as Al, V,
Mn, Fe, Cu, Zn, and Pb in moss samples decrease with
the distance from the thermal power plant, while the elemental concentrations of Ni and Cr in moss samples remain mostly unchanged.
In Table 5, the concentrations of the elements (Al, V,
Cr, Mn, Fe, Ni, Cu, Zn, Pb) in the samples collected in
the control region are presented. Mercury, mostly originating from coal-fired power plants, is not observed in the
control region. The difference between the concentrations
is clearly visible when the results for the samples collected from the control region and the neighborhood of the
power plant are compared. The comparison of the concentration levels in both regions clearly indicates the negative
effects of the Afsin-Elbistan coal-fired power plant and
heavy urbanization on heavy metal pollution in the examined region.
Table 6 presents some meteorological data (year
2008) in the inspected region. According to the table, the
wind mainly blows in the direction of north-west, north
and west. The given data for soil samples in Table 3 indicate that the highest concentrations for 8 heavy metals
(Al, V, Fe, Ni, Cu, Zn, Hg, and Pb) were observed in
sample 1 which is the closest sample to the power plant in
the west direction. The lowest concentrations for 6 heavy
metals (V, Mn, Fe, Ni, Cu, Hg) were found in the farthest
sample (sample 16) in the north-east, which is one of the

8
7

53.4
36.8

7
6
5
8

39.2
30.7
30.2

6
7
5

19.8
14.8

6.8
5-9

25.6

11
34.5
11-83.1

directions the wind blows very little. In parallel, the concentrations for moss samples in Table 4 also indicate that
the highest concentrations for 8 heavy metals (Al, V, C r,
Mn, Fe, Zn, Hg, Pb) were observed in sample 1 (closest to
the power plant in west direction). On the other hand, the
lowest concentrations for 10 heavy metals (Al, V, Cr, Mn,
Fe, Ni, Cu, Zn, Hg, Pb) were found in the farthest sample
(sample 10) in the north-east direction again. The results
indicate the high correlation of heavy metal concentrations with the dominant wind directions, and they are
similar with the study of Garty et al. [22] from Israel, or
Carballeira and Fernandez [21] from Spain.
The comparison of the elemental concentrations for
moss samples obtained in the current study and some
studies in the world are given in Table 7. The much higher concentration values herein compared to the results for
Europe and Israel clearly indicate the extreme contamination of the studied area. The obtained results are very
similar to studies conducted in Israel [22]. As seen in
Table 7, the first reason of the big difference between
Turkey and the European countries with respect to extreme contamination can be attributed to low sensitivity of
environmental awareness. As expected, the concentration
values in the current study are also higher than those of
the Thrace region (no coal-fired power plant in that region) in Turkey presented by Harmens et al. [23] on moss
samples. The limit values for some heavy metals in cultivated soil in Turkey are 100 mg/kg for Pb, Cr and Cu; 50
mg/kg for Ni, and 300 mg/kg for Zn [24]. The results
herein clearly show that the measured values for the
heavy metals listed above are quite higher than the given
limit values.
This work and that of Aceto et al. [25] emphasize the
real possibility of using mosses as indicators of heavy
metal pollution. In fact, metal contents determined in
mosses can be considered as indicative for the grade of

3756

© by PSP Volume 22 – No 12b. 2013

Fresenius Environmental Bulletin

TABLE 5 - Elemental concentrations in control region.
Sample Name

Sample Station

Moss
Süleymanlı Village
(Pleurozium schreberi)
Moss
Süleymanlı Village
(Racomitrium canescens)
Moss
Süleymanlı Village
(Homalothecium sericeum)
Moss
Baskonus High Plateau
(Rhytidiadelphus squarrosus)
Moss
Baskonus High Plateau
(Racomitrium canescens)
Moss
Baskonus High Plateau
(Hypnum cupressiforme)
Soil
Süleymanlı Village
Soil
Baskonus High Plateau
Mean Values
Min.-Max. Values

Al
(mg/kg)

V
(mg/kg)

Cr
(mg/kg)

Mn
(mg/kg)

Fe
(mg/kg)

Ni
(mg/kg)

Cu
(mg/kg)

Zn
(mg/kg)

Pb
(mg/kg)

384

4.9

8.56

76.9

325

9.4

0.95

13.4

1.5

464

4.8

10.38

102.4

468

12.27

5.27

16.6

4.9

367

3.9

9.63

83.1

312

13.24

2.73

19.6

2.1

438

6.3

8.79

84.8

278

5.93

1.14

6.8

1.3

400

11.5

9.57

109.5

426

10.81

2.84

27.3

5.2

358

5.9

10.21

94.7

356

6.05

0.48

7.3

2.4

513
677
450

4.2
5.2
5.8

10.29
4
8.93

89.2
83.0
90.5

373
274
351

0.4
0.34
1.77

8.5
5.4
13.1

1.9
1.7
2.6

358-677

3.9-11.5

4-1.38

76.9-109.5

274-468

9.1
3.55
8.79
3.5513.24

0.34-5.27

5.4-27.3

1.3-5.2

BDL: Below Detection Limit

TABLE 6 - Some meteorological data for the inspected region in 2008 [35].
January February March April
May
June
July
August September
Avg.Wind
1.0
0.9
1.6
1.6
0.9
1.2
1.2
1.0
0.9
(m/sec)
Max.Wind 29. day
18.day
25.day 16.day
3.day
5.day
31.day 10.day
2.day
and its
W
S
SSW
SSW
WNW
SSW
WNW
NW
SSW
day
14.0
13.8
25.0
17.5
9.7
10.1
9.3
12.0
10.1
Dominant
Wind
ENE
NNW
SSW
NNW
WNW WNW WNW
WNW
WNW
Direction
No. of
5
8
9
5
11
3
2
4
rainy days
W; West, S; South, E; East, N; North, SSW; South-South-West, WNW; West-North-West, NW; North-West,
North-West, WNW: West-North-West, NNW: North-North-West

October

November

December

0.5

1.0

0.9

27.day
SSW
12.7

23.day
SSW
18.4

24.day
SSW
13.7

WNW

NW

NNW

6

9

7

ENE; East-North-East, NNW; North-

TABLE 7 - Comparison of measured heavy metal concentrations in moss samples with those of other countries.
Country
Israel
Spain
India
Present Study

Al
(mg/kg)
1044.3
531

V
(mg/kg)
6.07
13

Cr
(mg/kg)
5.82
1.25
5.4
11.61

Fe
(mg/kg)
1219
493.4
834.42
752

environmental pollution; this assumption has been verified after evaluating metal distribution in moss collected
during different environmental situations, on the basis of
considering industrial activities and vehicular traffic in
the sites studied. Comparison of concentrations with pluviometric and thermal data showed the strict dependence of
metal contents in moss from meteorological conditions.
Kardel et al. [26], also demonstrated that heavy metal accumulation was effected from intense traffic and species.
The interaction between distance to the nearest road
and species indicated that the effects of distance were not
similar for all species. This can be related to a different
capture efficiency of the considered species, in combination with a different particulate size, depending on the

Ni
(mg/kg)
5.22
1.8
6,97
8.31

Cu
(mg/kg)
7.32
7.53
5.87
9.18

Zn
(mg/kg)
38.18
60.65
33.13
170

Pb
(mg/kg)
8.54
5.49
4.45
34.5

References
[19]
[18]
[14]

distance to the road. Smaller particles are transported
further from the road than larger particles [27], and differences in capture efficiency might be dependent on the
particle size. Differences in particle capture efficiency
might be attributed to differences in leaf surface characteristics [26, 28, 29]
Higher or lower levels of elements were detected in
moss samples, when compared to substrate concentrations. These differing levels are directly relatable to morphological and anatomical features of moss, such as metal-absorbing abilities, surface area, large intercellular
space, high cell membrane permeability, pH, humidity,
direction of dominating wind, and other climatic conditions
having various effects on metal concentrations in moss.
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The coal used in coal-fired plants contains a high
number of trace elements, such as Hg, which is one of the
most toxic elements in coal and the CUBs (Coal utilization by-products) cycled both in the terrestrial and aquatic
environments on regional and global scales. Mercury emission is one of the crucial environmental problems threatening human health [30]. The most important source of this
pollution is a coal-fired thermal power plant. About 70% of
the trace elements produced during the burning process
pass to fly ashes in coal-fired plants [31]. As a result of
the spreading of these fly ashes with the wind, the people
near the power plants are subject to mercury pollution.
Therefore, Hg with its toxic effects is one of the most
crucial elements threatening the ecology and human
health in the neighborhood of coal-fired plants [32].

ACKNOWLEDGEMENT
The authors would like to thank Prof. Rene Van
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The sources of Pb are the combustion of leaded fuel,
waste incineration and industry. Lead is known to induce
increased blood pressure and cardiovascular disease in
adults [33, 34]
According to Pearson’s correlation coefficients, correlations were mostly significant at the 0.01 levels between most of the metal pairs. Strong correlation coefficients have been observed between V-Mn (r = 0.92), V-Fe
(r = 0.91), Mn-Fe (r = 0.93), Mn-Zn (r = 0.85), Mn-Pb (r =
0.84), Fe-Zn (r = 0.79), Fe-Pb (r = 0.79) and Zn-Pb (r =
0.98) element pairs in moss samples. For the soil samples,
the following element pairs have shown strong correlation
coefficients; Al-V (r = 0.84), Zn-Pb (r = 0.85), Zn-V (r =
0.77) and Pb-V (r = 0.79). It can be concluded that positive correlations between the elements may indicate that
these element pairs may facilitate the uptake of the others.
On the other hand, negative correlations may indicate that
some elements inhibit the absorption and uptake of the
others.
4. CONCLUSION
Pollution measurement in terrestrial environment includes the analysis of soil and mosses. The heavy metal
contents of these samples provide critical information
about pollution of this region. As a result of this research
on heavy metal analysis of soil and moss samples in the
neighborhood of the Afsin-Elbistan power plant, the heavy
metal concentrations in the soil samples are detected. They
have shown a visible decrease with increasing distance
from the power plant, and a high correlation with the
dominant wind directions. The results presented in this
study clearly show that the measured values for the heavy
metals listed above are quite higher than their given limit
values. The heavy metals with high toxic effects, such as
Hg, are not observed in control region measurements. The
obtained results clearly reveal that heavy metal pollution
in this region should be continuously under inspection in
the future. The low-cost methodology used in this study
was shown to be effective.
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MICROPLANKTON COMMUNITY DYNAMICS DURING
THE ALGAE REMOVAL PROCESS FOR NUTRIENT CONTROL
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ABSTRACT
In order to explore the possible impact of nutrient decrease on microplankton community under high eutrophication stress, rotifer, protozoa and algae samples were collected during a nutrient control from July to August, 2008 in
Taihu Lake in China, and examined by both species and
phylogenetic patterns. A total of 10 rotifer, 40 protozoal and
24 algal taxa were detected before the nutrient control in
July, 2008. After the nutrient control (August, 2008), a
total of 23, 16 and 9 taxa were detected for rotifer, protozoa and algae, respectively. By comparing samples to those
before the control, the average Shannon-Wiener indexes,
Simpson indexes and Pielou evenness indexes increased
197%, 101% and 73%, respectively. The average phylogenetic species variability (PSV) and phylogenetic species
evenness (PSE) decreased 63% and 1%, respectively. Canonical correspondence analysis (CCA) of interactions between environmental variables and microplankton communities indicated that most of the microplankton species found
in August were negatively correlated with nutrient level
(e.g. total nitrogen, ammonia nitrogen, total phosphorus
and orthophosphate), with both species and phylogenetic
patterns. This study showed that the lower diversity and
closer species relatedness of microplankton under high eutrophication stress could get mended when the nutrient got
down. In addition, the results revealed that phylogenetic
diversity patterns could effectively help community research when predicting community and species responses
to disturbance.
KEYWORDS: 18S rRNA gene; species composition; phylogenetic variability; algae removal; eutrophication stress; perturbation

1. INTRODUCTION
Aquatic ecosystems subjected to serious or long-term
eutrophication stress may have two characteristics when
* Corresponding author

responding to perturbation. Firstly, they may be sensitive
to disturbance for their typically low diversity [1, 2]. On
the other hand, their sensitivity to perturbation is expected
to be better buffered from perturbation than systems with
less nutrient levels, considering the relatedness of sensitivity and nutrient storage [3]. However, few of these
expectations about sensitivity have been tested empirically [4]. A block to tests of ideas about these properties may
be that species traits are not always corresponded with
environmental disturbance [5-8]. Species and community
responses to disturbance are therefore often very difficult
to be predicted.
Recently, more and more ecologists have recognized
that species are not independent entities, but rather their
functional and ecological similarities are shaped by patterns of common ancestry [9, 10]. Over the past decade the
literature has witnessed a new coordination between evolutionary history and community ecology [11-16]. Phylogenetic trees and the tools to estimate them have become
widely available with more and more biological sequences
provided, and ecologists can use this information to take an
insight into the environmental change.
Taihu Lake, located in the Yangtze Delta plain, is the
third largest fresh water lake in China. It has suffered nutrient increase with amount of pollutants discharge mainly
consist of nutrient elements since the 1980s. In May 2007,
a sudden blue-green algae bloom even polluted the intake
area for drinking water. Chitosan modified local soils and
sediments techniques have been developed to significantly
improve the water quality by effectively removal the nutrient content [17]. Plankton community, as the most important and a highly sensitive component of lake ecosystems [18-20], may respond to the aquatic environment
change accordingly during the algae removal engineering
process. Therefore, in the present study we investigated
the microplankton communities during the engineering
implementation from July to August, 2008. The phylogenetic information was also applied herein to reveal the
community dynamics during the algae removal process for
nutrient control.
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2. MATERIALS AND METHODS

2.2. Analysis of physicochemical factors

2.1. Study area and sample collection

The experimental area (31°32’N, 120 12’E) is located
in the north part of Taihu Lake, China (Fig. 1). This area
was isolated from the rest of Lake by using two circular
enclosures, which were made of polyvinyl chloride (PVC)
to make sure no exchange between the waters inside and
outside of the enclosures. 6 sites inside the south enclosure
were selected for nutrient control (covering an area of
about 5,000 m2) and 2 sites in the north enclosure was also
selected for control (without treatment, covering an area of
approximately 10,000 m2). The nutrient control was conducted by using chitosan-modified soils to remove algae
bloom in the experimental area in the middle of August,
2008. The composition of chitosan-modified soils and the
methods of algae removal were described by Pan et al
[21] and Yan et al [22].
An equal mix of surface and bottom water was collected from the eight different sites (Fig. 1) on July 21,
2008 and August 22, 2008. The sampling procedures
were conducted with our typical lab method [23]. Briefly,
1L water samples were collected for physicochemical
factors analysis. Samples for qualitative analysis of protozoa, rotifers and algae were collected by filtering water
through a No. 25 plankton net. While samples for quantitative analysis of protozoa and rotifers were collected
through mixing equal volumes of surface and bottom
water, subsequently sediment for 24 h and concentrated to
30 mL.

The water temperature (Temp), pH, dissolved oxygen
(DO), ORP were measured in situ. Nutrient, including
ammonia (NH4-N), nitrate (NO3-N), nitrite (NO2-N) and
total nitrogen (TN), orthophosphate (PO4-P) and total phosphorus (TP) concentrations were analyzed by standard
colorimetric techniques and were expressed as mg/L-1.
Subsamples for quantification of chlorophyll a (chla) were
filtered using Whatman GF/C filters (1.2 µm pore size) and
pigment extraction was performed with 90% acetone [24].
The concentrations were determined by the spectrophotometry based on the absorbance at 750 and 663 nm.
2.3. Analysis of microplankton

Samples for qualitative analysis were preserved in
4% formalin solution and those for quantitative analysis
in Lugol’s solution. All the microplankton organisms
were identified under an Axioplan 2 imaging microscope (Ziess, Jena, Germany), and most of them were
identified to species level except some unclear ones. For
quantitative analysis, 0.1 mL concentrated samples for
protozoa and 1 mL concentrated samples for rotifers
were counted.
2.4. Data sets

The qualitative data of microplankton taxa was converted into a binary (0/1) matrix, in which absence referred
to 0 and presence referred to 1. The quantitative data was
also converted according to species abundance of different
samples.

FIGURE 1 - Sampling sites in Taihu Lake. 1 - 6 indicated stations in the experimental area for nutrient control, and 7 - 8 were used as a
control.
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Molecular phylogenetic trees of the microplankton
species detected in all samples through the sampling times
were constructed. All the 18S rRNA gene sequences of
the identified species were obtained from GenBank. For
species that no phylogenetic data was found, their congeners or confamilies were aggregated. Otherwise, some specific taxa were treated differently. Hexarthra, in some literatures referred as Pedalia, lies close to Conochilus [25]. Collodictyon is not closely related to any heretofore known
kingdom of eukaryote domain, while appears to be only
related to another protist-Diphylleia [26]. Pandorina was
delegated by a closely related Eudorina species [27, 28].
A parsimony analysis of all the sequences was performed
in PAUP [29]. Then the phylogenetic data was aggregated
into a Newick format phylogeny using TreeView, version
1.6.6 [30]. The species qualitative, quantitative matrix and
phylogenetic tree were loaded into the R Statistical Language Environment (http://www.r-project.org/) for subsequent analysis.
2.5. Data analysis

In order to get a data set corresponding to that of total
species number, and explore the total phylogenetic diversity of each community, phylogenetic diversity (PD) index
was calculated according to Faith [31].
Phylogenetic species variability (PSV) [32] was calculated for each microplankton sample. PSV values are
calculated on species composition matrixes and their
phylogenetic relationships. For a sample with n species,

PSV =

Statistical significance between samples was determined by LSD (Least significant difference) - t test and
SNK (Student-Newman-Keuls) - q test performed using
SPSS 16.0 for Windows. Differences were considered
significant at the level of P<0.05. The relationships between microplankton assemblages (abundance), phylogenetic diversity indexes and environmental variables were
explored by canonical correspondence analysis (CCA)
using the program Canoco 4.2 [35].
3. RESULTS
3.1 Physicochemical variables

No significant differences were found between control and experimental areas (P>0.05). However, dissolved
oxygen, pH, Oxidation-Reduction Potential (ORP), and
nutrient concentrations (TN, NH4-N, TP and PO4-P) were
significantly different between July and August samples
(p < 0.01) (Table 1). In brief, the total nitrogen, ammonia
nitrogen and total phosphorus dropped 55%, 94%, and
77%, respectively. But the concentration of chlorophyll a
showed no significant difference between July and August samples.
3.2 Species composition

ntrC − ∑ C
n(n − 1)

where C is the phylogenetic covariance matrix, ΣC is
the sum of all its elements , and trC is the sum of its diagonal elements. Phylogenetic species evenness (PSE) was
also calculated for each microplankton sample.

PSE =

The indices of Shannon-Weiner, Simpson, and Pielou
evenness for each microplankton faunal group at different
sampling time were calculated using SPAA package
(http://cran.csdb.cn/index.html).

mdiag(C)' M − M' CM
m2 − mi m

where each species in a community phylogeny given
by C represented by mi (i=1, … , n), M is a column vector
consisting of mi, and diag (C) means an n × 1 column
vector of its main diagonal. Phylogenetic species clustering (PSC) and Phylogenetic species richness (PSR) were
also calculated. All analyses were carried out with ape
[33] and picante [34] packages.

A total of 74 microplankton taxa were detected in July samples, including 24 algae, 40 protozoa and 10 rotifer
taxa (Table 2). Total number of taxa between different
sampling stations was not significantly different. The
diversity indices of Shannon-Wiener, Simpson and Pielou
evenness also showed no significant difference between
control and experimental areas.
In August samples, a total of 48 taxa were detected,
containing 9 algae, 16 protozoa and 23 rotifer taxa. Comparing to July samples, most algae and protozoa (e.g. Euglena deses, Phacus acuminatus, Metopus es, Vorticella
striata) disappeared in August after the nutrient control.
However, many species, especially rotifers came out after
the nutrient control (Table 2).
The average rotifer abundance in July was 15 individual/ L, and the average protozoa abundance was

TABLE 1 - Physicochemical variables of samples from July and August*
Physicochemical variable
July
August
Physicochemical variable
Water temperature (°C)
NH4-N (mg/L)
30.24±0.26
31.09±0.08
Dissolved oxygen (mg/L)
0.22±0.07
3.73±0.32
NO2-N (mg/L)
pH
7.71±0.15
8.53±0.36
NO3-N (mg/L)
ORP (mV)
-202.46±22.71
24.89±15.80
PO4-P (mg/L)
Total nitrogen (mg/L)
18.82±0.60
8.54±1.11
Total phosphorus (mg/L)
*
Values are expressed as mean ± STD (n = 8). Jul – July samples. Aug – August samples.
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July
2.84±0.23
0.00±0.01
0.08±0.03
0.55±0.12
3.07±0.35

August
0.18±0.06
0.15±0.01
0.22±0.03
0.14±0.01
0.70±0.13
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TABLE 2 - Microplankton taxa identified in July and August in Taihu Lake
Organism identified

July

Organism identified

July

Cryptomonas ovata
Collodictyon triciliatum
Cyathomonas truncata
Cyclidium versatle
Caenomorpha sp. 1
Caenomorpha sp. 2
Chlamygdomonas sp. 1
Chlamygdomonas sp. 2
Ciliophora

+
+
+
+
+
+
+
+
+

+
+

Difflugia globulosa
Euplotes patella

+
+

Euglena tripteris
Euglena viridis
Lepocinclis pseudo-texta

+
+
+

Epistylis sp.
Hastatella sp.
Lembadion sp.

+
+

Lepocinclis steinii
Phacus acuminatus

+
+

Metopus es
Monas guttula

+
+

Phacus anomalus
Phacus helicoides
Phacus longicauda

+
+

Monas minima
Monas socialis
Oikomonas socialis

+
+
+
+
+
+
+

Algae
Ceratium sp.
Euglena acus
Euglena deses
Eudorina elegans
Euglena oxyuris
Euglena sp. 1
Euglena sp. 2
Euglena sp. 3

+
+
+
+
+
+
+

Euglena sp. 4
Euglena sp. 5

August
+
+
+
+
+

+
+

+
+
+

Paramecium aurelia
Paramecium caudatum
Pleuromonas jaculans
Prorodon teres

Pyrobotrys

+

Phacus tortus

+

Prorodon
Raphidiophrys elegaus
Rhabdostyla.
Sarcomastigophora
Stentor sp.

+
+
+

+
+
+

Arcella sp.

+
+

+

+

+
+

Phacus pyrum
Pandorina sp.
Phacus triqueter
Phacus undulatus

Protozoa
Arcella gibbosa mitriformis
Actinophrys sol
Astylozoon sp.
Anthophysis vegetans

+

August

+
+

+

Organism identified
Vorticella sp.
Vorticella striata
Rotifers
Asplanchna sp.
Brachionus angularis
Brachionus calyciflorus
Brachionus diversicornis
Brachionus falcatus
Brachionus forficula
Brachionus quadridentatus
Brachionus urceolaris
Collotheca
Conochilus
Diurella sulcata

July

+
+
+
+
+
+
+
+
+

+
+

Euchlanis dilatata
Filinia brachiata

+

Filinia longiseta
Filinia maior
Filinia opoliensis

+
+
+

Hexarthra
Keratella cochlearis
Keratella valga
Lecane luna

+

+

Monostyla sp.
Philodina erythrophthalma
Pedalia sp.
Polyarthra trigla
Rotaria neptunia

+
+

+

+
+
+
+
+
+

Lecane sp.
+

August

+
+
+
+
+
+

Trepomonas agilis

+

Rotaria sp1

+

Bodo globosus

+

Tetrahymena sp.

+

Rotaria sp2

+

Bicoeca sp.
Cyclidium glaucoma

+
+

Tintinnopsis wangi
Urotricha forcta

+
+

Synchaeta sp.
Trichocerca dixon-nuttalli

+
+

Coleps hirtus

+

Vorticella convallaria

+

+

Cinetochilum margaritaceum
+
Vahlkampfia limax
*
“+” represents species identified in each sampling time.

+

7035 individual/L, in which Filinia sp., Rotaria neptunia,
Campanella sp. and Ciliophora took the dominant spaces,
reaching 30, 34, 8700, and 25388 ind/L, respectively. In
August after the nutrient control, the average abundance
changed to 47 and 169 individual/L for rotifers and protozoa, respectively. The dominant species in August were
Brachionus falcatus, Brachionus angularis, Hexarthra
mira, Nauplius, Polyarthra trigla, Rotaria sp., Trichocerca
sp., Ciliophora and Strombidium sp., and the abundance
was 56, 63, 172, 71, 48, 63, 187, 263 and 300 ind/L, respectively for each taxa. The diversity indexes also changed after
nutrient control (Fig. 2). The average Shannon-Wiener,
Simpson indexes and Pielou evenness increased 197%,
101%, and 73%, respectively.

(Fig. 3). However, rotifer taxa were higher in August.
Meanwhile, distantly located taxa Arcella sp. (GenBank number: HM853762) and Arcella gibbosa mitriformis (GenBank number: JF694278) were detected on
August phylogenetic tree.
PSVs, PSRs, PSCs, and PSEs between different sampling stations also showed no significant difference. The
average PSV decreased from 0.87 in July to 0.54 in August
(Fig. 2). The average PSR decreased 8% (from 3.49 to 3.19),
and the average PSCs increased 182% after the nutrient
control (from 0.30 in July to 0.84 in August). However, the
PSEs didn’t change (averaged approximately 0.54).

3.3. Phylogenetic composition

3.4 Interactions between environmental variables and microplankton communities

Phylogenetic taxa in July were much higher than
that in August, especially for the algal and protozoal taxa

According to CCA analysis, the first two axes explained 42.5% of variation of microplankton abundance
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(Fig. 4). Considering the CCA biplot between microplankton abundance and environmental parameters, axis 1
mainly correlated with TN (r = 0.82), NH4-N (r = 0.85),
TP (r = 0.85), PO4-P (r = 0.84). Thus, most of the microplankton taxa could not adapt the high trophic level.
However, Campanella sp, Didinium sp, Ciliophora sp (a
kind not identified), Rotaria neptunia, Monostyla sp, and
Filinia sp were tolerant of higher trophic level, achieving
their maximun abundances in high eutrophication.

The relationship between phylogenetic diversity indices and environment parameters was much the same as
species abundances and environment parameters according to CCA analysis of phylogenetic diversity parameters
(Fig. 5). The first two axes explained 71.5% of variation
of microplankton phylogenetic diversity. Trophic level
positively affected the PSV, PSR and PSE, but negatively
influenced the PSC and species richness (SR).

FIGURE 2 - Species and phylogenetic diversity indexes of samples in July and August.

FIGURE 3 - The arrangement format of communities from different sampling times on the phylogenetic tree. The phylogenetic tree is composed of mainly four groups, namely algal, protozoa, rotifer and a mixture of algal and protozoa taxa. The black dots mean for species existence on the tree. a: July, b: August.
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FIGURE 4 - CCA biplot illustrating the relationships between microplankton abundances and environmental parameters. Selected parameters were significantly related to microplankton abundances (P < 0.05, Monte Carlo permutation tests). CS1 Campanella sp, Rn Rotaria
neptunia, Ds1 Didinium sp, Ms Monostyla sp, Cp Ciliophora sp (a kind not recognized), Fs Filinia sp, Ts1 Tintinnopsis sp, Pt Polyarthra
trigla, Rs Rotaria sp, Bc1 Brachionus calyciflourus, Bf1 Brachionus falcatus, Kc Keratella cochlearis, Kv Keratella valga, Vs Vorticella sp,
Ss2 Strombidium sp.

FIGURE 5 - CCA biplot illustrating the relationships between microplankton phylogenetic diversity and environmental parameters. Selected
parameters were significantly related to microplankton phylogenetic diversity patterns (P < 0.05, Monte Carlo permutation tests). SR species richness, PSCs - phylogenetic species clustering, PSR – phylogenetic species richness, PSEs - phylogenetic species evenness, PSV phylogenetic species variability.

4. DISCUSSION
In the present study, microplankton communities
showed no significant difference between the experi-

mental and control areas. This could probably due to the
similar nutrient condition between the two areas (no significant difference detected, P>0.05). Although the enclosures could stop water exchange between inside and out-
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side of the enclosures, the top surface of the enclosures
were not sealed [21, 36], and the wind on Taihu Lake
could frequently mix the enclosure water. In fact, we also
found the nutrient level outside the enclosures (near our
experimental area) were similar to that inside the enclosures (data not published). However, we could still found
the nutrient level significantly decreased after the nutrient
control (Table 1), especially considering little difference
had been detected in Meiliang Bay between July and
August [37].
Guan et al [38] found that the trophic state index (TSI)
of Taihu Lake has increased as more and more TP, TN and
COD have accumulated in the lake water since the 1980s.
Due to the long-term nutrient overloading, Taihu Lake became more susceptible to disturbance [39, 40]. In the
present study of Taihu Lake, we found the sensitivity of
microplankton communities for their significant variance
after the nutrient control in both species and phylogenetic
diversity. Firstly, the situation of typically existence of
species with high dispersal ability, small body size or
broad niche breadth adaptability under stress [41-42] has
been changed, and many sensitive species, especially
rotifer species developed after the nutrient control. Secondly, the species diversity got increased considering that
the diversity of communities under serious or repeated
stress is often low and only stress-tolerant species can
exist [1, 2]. Thirdly, Helmus et al [43] stated that comnunities under stress contain closely related species, and
in our study, the PSV decreased after the nutrient control.
On the other hand, buffer capacity, which mainly correlated to total nitrogen, total phosphorus and chemical
oxygen demand (COD) increased for phytoplankton and
zooplankton during the past 40 years in Taihu Lake [38].
In other word, the high nutrient level in Taihu Lake buffered the sensitivity of microplankton to perturbation. In
the present study, although the nutrient control was carried out by removing algal blooms [21], the high nutrient
in Taihu Lake probably buffered the microplankton community’s response to the engineering perturbation, and the
microplankton varied more according the nutrient variation than algae bloom removal.
In fact, although nutrient control using chitosanmodified soils has been testified applicable to improve the
water quality [36], it showed limitation to the removal of
microplankton species. Firstly, the algae cells may resuspend with the help of wind mixing [44]. Secondly,
microplankton could get recovered original condition as
cells could release previously stored nutrient into water
after their biodegradation in the sediment [21]. In our
study, we also found no variation of chl a concentration
through the nutrient control, which meant the nutrient control casted effect on microplankton communities mainly on
decrease of nutrient other than direct removal of microplankton species.
Furthermore, by corresponding environmental variables with microplankton communities, we found the dom-

inant species that adapted high eutrophication environment in July samples, such as Campanella sp, Ciliophora
sp were positively correlated with nutrient level (Fig. 4).
These species largely decreased in August samples.
Meanwhile, many species that preferred lower nutrient
level, e.g. Tintinnopsis sp, Polyarthra trigla, Rotaria sp
could get developed in August samples (Table 2). These
also induced the increase in species abundance and evenness. While for phylogentic diversity, PSV was positively
correlated with nutrient contents (mainly the TN, NH4-N,
TP, PO4-P) (Fig. 5), indicating that the environmental
pressure of eutrophication caused the microplankton
community in our study area to contain closely related
species [43]. When the eutrophication pressure decreased
after the algae removal, PSVs of August samples significantly decreased, thus making the August samples captured a comparatively multi-part of phylogenetics despite
possessing less taxa (Fig. 3). The positive correlation of
PSE and PSR with trophic level was more or less affected
by PSV. However, the higher evenness and richness after
the algae removal still made the PSEs and PSRs of August samples increased significantly. Therefore, the nutrient decrease in Taihu Lake could significantly increase
the species diversity and release the species relatedness.
Biodiversity is a complex multifaceted concept at the
spatial and temporal scaling regarding the species, traits
and evolutionary units. Recent research on community
variation has shifted the emphasis away from simple
measures of species diversity to trait- and phylogeneticbased determinants of diversity [14, 45-49]. However,
species, trait and phylogenetic diversity patterns are often
different. Previous studies attempting to replace one measure of diversity with others (e.g. trait diversity with phylogenetic diversity, phylogenetic diversity with taxonomic
diversity, trait and phylogenetic diversity with species
diversity) have led to strong criticisms [50]. In the present
study, both species and phylogenetic diversity patterns
were used to analyze the microplankton communities’
variation during the algae removal engineering, and they
showed a quite consistent result. Although the genetic
information of the microplankton is incomplete, analysis
from the phylogenetic patterns supplied more information.
Comparison between communities from different sampling
time using phylogenetic indices showed nearly all the information that using species indices could provide, and also
the relatedness variation through the nutrient control. Thus,
with the help of many proper diversity indices, phylogenetic diversity patterns can effectively help community research when predicting community and species responses to
disturbance.
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ABSTRACT
In order to improve the understanding of spatial distribution characteristics of soil phosphorus (P) in villages
of an urban agricultural region, the present study focuses
on analyzing the three-layer soil samples collected from a
peach orchard in the Orchard Village of Nanhui District,
Shanghai, China. The spatial distribution of total phosphorus (TP) was examined in the three-layer soil (0–60 cm)
using conventional statistical methods and the ordinary
Kriging method of geo-statistics. The TP content showed
similar degrees of spatial variability in the top (0–20 cm),
middle (20–40 cm) and bottom layers (40–60 cm) of the
soil profile. The best fit for variogram modelling of TP
content in the top soil layer showed the Gaussian model
with a strong spatial correlation, whereas those of TP in
the middle and bottom soil layers were Gaussian model
and exponential model, respectively, with moderate degrees of spatial correlation. The spatial distances of TP in
the top, middle and bottom layers of soil were 1714 m,
844 m and 2110 m, respectively. The spatial distribution
of TP showed similar patchy patterns in the three layers of
the soil. The three-layer soil with low TP content was
most widely distributed, covering 2/3 of the peach orchard
area, and mainly concentrated in the central and western
parts. By comparison, the three-layer soil with the highest
TP content covered the smallest area, patchily distributed
in the southeast corner of the peach orchard.
KEYWORDS:
Shanghai, urban agricultural region, three-layer soil, soil phosphorus, geostatistics, spatial variability, spatial distribution

1. INTRODUCTION
In agricultural production, the input of phosphate fertilizers is one of the most effective measures for improving
* Corresponding author

food production. The application of a large amount of
phosphate fertilizers changes the intrinsic state of soil total
phosphorus (TP), leading to the loss of phosphorus (P).
This has become the focus of the control of non-point
source pollution by watershed [1, 2]. A full understanding of the spatial variability of soil nutrients can provide
an important basis for the development of scientific and
rational fertilization programs and environmental protection
measures. Compared with conventional statistical methods,
the geostatistical method allows accurate quantification of
the degree of soil spatial variability in the study area; thus,
it has become an important tool for studying the spatial
variability of soil nutrients [3]. Based on the principle of
geostatistics, several studies have investigated the spatial
variability of soil nutrients in farmland of traditional agricultural regions on different scales [4–10]. However, the
geostatistical method has not been reported in a villagescale study of soil TP in an urban agricultural region.
Urban agriculture is formed in and around large cities, or among large and medium-sized urban agglomerations. The significant features of urban agriculture include
urban-rural integration, functional diversification, modern
intensification, and a high degree of openness. Presently,
there are three major developmental models of urban agriculture, i.e., the model with emphasis on the production and
economic function, the model with emphasis on the ecological and social function, and the model with a balance
between those two functions [11]. Along with the development of urban agriculture, the producers have blindly
applied considerable amounts of fertilizers to increase the
agricultural production. This will not only cause ecological and environmental problems, such as waste of resources, low rate of utilization and substantial loss of soil
TP, and serious pollution of groundwater, but also lead to
serious rich eutrophication [12-14].	
  
In the rainfall-runoff processes, the loss characteristics and output loads of soil TP are closely related to the
content of TP soil. To fully understand the content and
spatial distribution of soil TP prior to the rainfall has implications for studying the loss characteristics of soil TP
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during the rainy season [15-17]. Peach orchard is the major
land-use type for regional, village-scale studies, which has
substantial contribution to the non-point source pollution.
A comprehensive understanding of the spatial distribution
characteristics of soil TP in peach orchard farms forms
the basis for village-scale control of non-point source
pollution.
Our study focuses on a village (the Orchard Village) of
a representative urban agriculture region (Xinchang Township of Nanhui district, Shanghai, China). The spatial distribution characteristics of TP in the three-layer soil of regional major land-use type, i.e., peach orchard, were investigated using the global position system (GPS) and geostatistical methods. Our results will provide a scientific basis
for reasonable fertilization and effective control of the
impacts of soil TP on water environments.
2. MATERIALS AND METHODS
2.1 Site description

The Orchard Village was formed in 1962 in the Xinchang Township of Nanhui District, Shanghai, China. The
village is presently dominated by peach orchards with a
total area of approximately 34 km2 on the eastern bank of
Huangpu River (31°03' N, 121°39' E). The village has flat
terrains, which belong to alluvial plain. The primary peach
variety is new phoenix honeydew, and the orchard is under
contracted management by a number of farmers. Deep
ploughing is annually conducted by fruit farmers in the
top layer of soil during mid- and late September. Aqueducts, 3 m in width, have been constructed in the orchard
area and connected to the river in the village. The tillage
layer is approximately 15–25 cm in depth, showing a
brownish yellow structure in small blocks. Precipitation

mainly occurs in summer with less rainfall in winter.
Average annual rainfall is 1000 mm, with an average of
approx. 130 rainy days. The rainfall shows substantial
inter-annual variability, ranging from 600 mm in rainless
years to 1300 mm in wet years. During the early summer,
the northward warm humid airflow of the south confronts
the southward continental cold airflow, leading to the
formation of plum rains for approximately 20 days with
substantial increases in the rainfall. During the typhoon
season in July–August, typhoon rain, drought and rainstorm alternately occur. The agricultural and sideline production is developed in this region. The main land-use
type is peach orchard (>50%), and the main soil type is
yellow soil. The top layer of the soil contains 23.5 g/kg
organic matter and 1.84 g/kg TP.
2.2 Soil sampling and total phosphorous analysis

To clarify the level and spatial distribution of TP content in the three-layer soil (0–60 cm) prior to the rainy
season, soil sampling was conducted in late April, right
before the onset of the rainy season. Based on field survey, 64 sampling points were designed in the study area
in accordance with the principle of uniform distribution and
local densification (Fig. 1). Soil samples were collected
from the three layers by using a soil auger, i.e., surface
(0–20 cm), middle (20–40 cm) and bottom (40–60 cm).
The samples were thoroughly mixed, air-dried under natural conditions, and finely ground to pass though a 0.2-mm
sieve. The sieved samples were digested with concentrated
H2SO4-HClO4 for TP content analysis using an AA3 flow
injection analyzer (Germany) [18].
2.3 Geostatistics

The geostatistical method employs a variogram to describe the spatial variability of the variables [19, 20]. Herein,

	
  
	
  

	
  

FIGURE 1 - Soil sampling points in the orchard study area.
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the variogram calculation and theoretical model fitting
were conducted using the GS+9.0 software package. To
ensure sufficient pairs of points (≥25 pairs), the step spacing was set at 100 m. The expression of the variogram is
as follows:
2

r ( h) =

1 N (h)
∑ [Z ( X i ) − Z ( X i + h)]
2 N (h) i =1

where, r(h) is the variogram, h is the spatial distance
of sample points (step length), N(h) is the number of pairs
of all observation points with a spatial distance of h, and
Z(Xi) and Z(Xi+h) are the measured values of the regionalized variable Z(X) in spatial positions of Xi and Xi+h,
respectively. For calculation of the variogram, data should
fit normal distribution in order to avoid the proportional
effect [19, 21]. One-sample Kolmogorov-Smirnov test
showed that the TP content in surface soils did not meet
the normal distribution. Thus, data were transformed via
natural logarithm. The log-transformed data generally fit
normal distribution and were used for variogram analysis.
Data were analyzed using SPSS 15.0, and plotted using
Origin 8.0.

3. RESULTS AND DISCUSSION
3.1 Descriptive statistics of soil total phosphorous in peach
orchard

Conventional statistical analysis was performed on
the data of soil TP content using SPSS 15.0 (Table 1 and
Fig. 2). As shown in Table 1, the coefficients of variation
of TP content were <1 for the three-layer soil (0.33–0.44);
thus, they were classified to the moderate variation [22].
This illustrates that the TP content had moderate degrees
of variation in the three-layer soil profile. The TP content
showed similar degrees of variation in the top and middle
layers of soil, with the lowest degree of variation in the
bottom layer of soil. The TP content in the three-layer soil
gradually decreased from shallow to deep depths.
Figure 2 presents the frequency distribution histogram of
TP in the three-layer soil. The distribution of average TP
contents in the three layers of soil showed certain similarities, mainly concentrated in the median area (Fig. 2). Overall, the soil TP content varied in a relatively large range in
the top and middle layers with 674.7–2571.9 mg/kg and
590.5–1801.3 mg/kg, respectively, and with the smallest
variations in the bottom layer with 486.7–1297.1 mg/kg.

TABLE 1 - Descriptive statistics of total phosphorus contents in the three-layer soil of the orchard study area.
Soil layer

Mean/(mg⋅kg-1)

Minimum/(mg⋅kg-1)

Maximum/(mg⋅kg-1)

Top
Middle
Bottom

1133.1
957.1
820.1

674.7
590.5
486.7

2571.9
2544.7
1787.7

Coefficient
of variation
0.40
0.44
0.33

Distribution type
Normal distribution of natural logarithm
Normal distribution of natural logarithm
Normal distribution of natural logarithm

FIGURE 2 - Frequency distribution histogram of total phosphorus in the three-layer soil of the orchard study area.
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Traditional statistical analysis only reflects the overall
changes in samples, and does not quantitatively describe
the randomness, structure, independence and correlation
of soil TP. Therefore, this study selected the geostatistical
method to further explore the spatial variability of soil TP
in the three-layer soil profile.
3.2 Spatial variability of soil total phosphorous

The actual variogram values were calculated (Table 2)
and their fitting curves to the theoretical model are shown
in Fig. 3. The best variogram models of TP in the top and
middle layers of soil were Gaussian model, and for TP in
the bottom layer of soil was exponential model. The corresponding residual sums of squares of the top, middle
and bottom layers of soil were 8.7×10-4, 1.5×10-4 and
6.7×10-4, respectively. This suggested that the theoretical
model well reflected the spatial structural characteristics of
soil TP. The value of the nugget (C0) represents the variation caused by experimental errors and below the experimental sampling scale, whereas the value of the sill (C0+C)
represents the total variation in the system. The selection
criterion for theoretical model is the largest coefficient.
The nugget-to-sill ratio (C0/C0+C) represents the substrate
effect, which indicates the variation characteristics among

samples. The larger the C0/C0+C value, the more variations among samples are caused by random factors. The
value of the nugget greater than 0 indicates that there is
small-scale spatial variability within the sampling interval. In the three-layer soil, the C0/C0+C of TP in the top,
middle and bottom layers of were 0.114, 0.253 and 0.319,
respectively. According to the grading standards for the
correlation degree of regionalized variables [6], if
C0/C0+C < 25%, the spatial correlation of the variables is
strong; if 25% < C0/C0+C <75%, the spatial correlation of
the variables is moderate; and if C0/C0+C >75%, the spatial correlation of the variables is weak. In the orchard
study area, the TP content in the top layer of soil clearly
showed a strong spatial correlation, and the spatial variability of TP was mainly caused by structural factors like
parent material, soil type, climate and topography. The TP
content in the middle and bottom layers of soil showed
moderate spatial correlations, and associated spatial variability was caused by a combined effect of random factors
(e.g., fertilization and field management) and structural
factors (e.g., parent material, soil type, climate and topography). Overall, the degree of spatial variability caused by
structural factors was relatively high.

TABLE 2 - Main characteristic parameters of semi-variogram of total phosphorus in the three-layer soil of the orchard study area.
Spatial distribution of TP
Top layer
Middle layer
Bottom layer

Theoretic
model
Gaussian
Gaussian
Exponential

Value
of nugget
0.07
0.07
0.0524

Value
of sill
0.612
0.2768
0.1642

Nugget-to-sill Variable
ratio
range/m
0.114
1714
0.253
844
0.319
2110

Residual sum
of squares
8.710E-4
1.489E-4
6.678E-4

Coefficient of
determination
0.899
0.987
0.54

FIGURE 3 - Fitted curves of variogram value of total phosphorus in the three-layer soil to the spatial distance in the orchard study area.
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FIGURE 4 - Spatial distribution of the amounts of total phosphorus in the three-layer soil of the orchard study area.

The variable range reflects the range of spatial autocorrelation of attribute factors. Attribute factors have spatial autocorrelation within the variable range and not vice
versa [23]. In the three-layer soil, the variable ranges of
TP in the top, middle and bottom layers of soil were 1714,
1844 and 2110 m, respectively (Table 2). These values
were all above the scope of the study, indicating the spatial
correlations of soil TP in the three layers of soil throughout
the study area.
3.3 Spatial distribution pattern of soil total phosphorus

For intuitional and accurate description of the spatial
distribution characteristics of soil TP in the study area, the
optimal interpolation/kriging methods were used to map
the spatial distribution of soil TP in the top, middle and
bottom layers of the soil profile in accordance with the
best semivariogram fitting model (Fig. 4).
As shown in Fig. 4, the TP had similar and evident
spatial distribution patterns in the three-layer soil throughout the study area. Overall, the TP content of the threelayer soil was commonly higher in the eastern orchard than
in other areas, and the spatial distribution of soil TP was
plaque-like. As for the distribution area, soil with low TP
content was widely distributed, accounting for approximately 2/3 of the orchard area, and mainly distributed in
the middle and eastern parts. By comparison, those with
the highest TP content covered the smallest area, patchily
distributed in the south-eastern corner of the orchard.

4. DISCUSSION
The spatial variability of soil nutrients is resulting
from the combined action of random factors and structural
factors, which have negative correlations with the relative

contribution of total spatial heterogeneity [14]. Random
factors, such as fertilization, crop types, and field management of human activities, often weaken the structure
and correlation of spatial variability of the variables, leading to the development of spatial distribution of soil attributes towards homogenization. This effect is particularly
significant on relatively smaller scales. Structural factors,
such as parent material, soil type, climate and terrain, are
the inherent driving force of the spatial variability of soil
attributes, which help to improve the structure and correlation of spatial variability of soil attributes, particularly
on a larger scale [24, 25].
Our field survey showed that deep placement of base
fertilizers, primarily organic fertilizers, was applied by
fruit farmers in autumn. After soils were thawed in spring,
hole application of fertilizers with primarily urea was performed before flowering, and organic fertilizers were simultaneously stacked near the peach roots. During the
developmental stages of peaches, fruit-promoting fertilizers, primarily diammonium fertilizers, were applied for
surface fertilization with deep placement of a small amount
of P and potassium (K) fertilizers. As the demand of P
fertilizer is lower than that of N fertilizer in the study area,
the application rate of P fertilizer was relatively low. The
application of P fertilizer was generally achieved through
deep plowing and fertilization. Thus, it mainly affects the
soil TP content in the middle and bottom layers. Consequently, soil TP content in top layer showed a strong spatial
correlation, whereas those in middle and bottom layers had
a moderate degree of spatial correlation. The coefficient of
variation and the spatial distribution of soil TP content
showed that there were differences in soil TP content at
various locations of the study area. It was likely that the
peach orchard was under contracted management by a
number of fruit farmers, and the differences in their ferti-
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lizer type, fertilizer amount, fertilizing habit and orchard
management led to the variations in TP content in the top
layer of the orchard soil. For example, in the areas closer
to the village, TP content was relatively high in the southeast corner of the orchard, possibly due to the fertilizing
habits of orchard workers regarding the application of organic fertilizer, particularly manure to the plots closer to
the village. The single fertilization method and application amount led to the phosphorus deficiency and affected
the crop growth in some areas, with substantial waste of P
fertilizer in other areas. In order to achieve reasonable and
accurate fertilization, it is necessary to identify the amount
of P requirement at different growth stages and associated
uptake rate of the applied TP through comprehensive analysis of multi-factor (e.g., peach varieties, tree conditions, tree age, production, growth stage, fertilizer nature
and climatic conditions) in accordance with the soil TP
distribution pattern in the study area.
The TP content was very high in the top layer of the
orchard soil and decreased with depth, suggesting the
migration capability of TP was weaker. Soil has a strong
fixation effect on P element, but continuous inputs of phosphate fertilizer into the soil will cause substantial accumulation of soil P, eventually resulting in its adsorption saturation and stronger leaching. This has been proven by
Hescketh et al. [26]. The P runoff and leaching from farmland soils are main reasons for the eutrophication of receiving waters [27]. Hence, it is most important to control the
non-point pollution sources in farmlands, especially the
TP content. The P level is a controlling factor of eutrophication in most lake waters [28, 29]. In surface waterbodies with >0.2 mg/L inorganic total N and 0.02 mg/L
inorganic TP, eutrophication is likely to occur [30]. A longterm experiment showed that, when available P content
reached a certain critical value in the soil (Olsen-P > 60
mg/kg in 0–23 cm surface soil of a wheat field), soil P
leaching was significantly enhanced and became an unnegligible source of P migration to water-bodies [31]. Altogether, these facts indicate that the study of spatial distribution of P in soils is an important prerequisite for research of the leaching of soil P. However, no study has
been reported on the spatial distribution of soil P at the
village scale in an urban agricultural region [32].

was higher in the eastern part of the orchard than that in
the other areas, and the spatial distribution of TP patchylike in the three-layer soil. Regarding the distribution
area, soils with relatively low contents of TP covered the
largest area (ca. 2/3 of the orchard area), mainly in the
central and western parts of the orchard. The soil with
highest TP content had the smallest area, mainly distributed
in the southeast corner patches of the orchard.
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5. CONCLUSIONS
In the three-layer soil of the orchard study area, TP
content had moderate variability with similar variation
trends in the top, middle and bottom layers, suggesting
that the migration rate of phosphorous was low. The TP
content in the top layer of the soil clearly showed a stronger
spatial correlation, whereas that in the middle layer of soil
had a moderate degree of spatial correlation with a relatively high degree of spatial variability caused by structural
factors. It was evident that the TP had similar spatial
distribution patterns in the three-layer soil of the orchard
study area. Overall, the TP content of the three-layer soil
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PHOSPHATE REMOVAL BY FERROUS IRON
IN THE PRESENCE OF DISSOLVED OXYGEN:
CHARACTERISTICS AND KINETICS INVESTIGATIONS
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ABSTRACT
This study examined the kinetics of phosphate removal during Fe(II) oxidation, and the quantitative relationship between phosphate removal and Fe(II) oxidation
in synthetic wastewater. The phosphate removal rate increased with the increase of DO and Fe(II)0 but firstly
increased and then decreased with pH. The reaction kinetics of phosphate removal as a function of DO, Fe(II)0 and
pH all followed pseudo-first-order kinetics. For the tested
DO conditions, quantitative relationship between kP and
kFe was described by the equation: kp = 0.6024 kFe+0.0004.
For the tested Fe(II)0 conditions, the evolution of kP
versus kFe was expressed by two equations: kp =1.9573
kFe - 0.0233 (Fe(II)0 from 10 to 30 mg/L) and kp =13.252
kFe - 0.2215 (Fe(II)0 from 30 to 45 mg/L). For the tested
pH conditions, relationship between kp and kFe followed
two equations: kp= 0.5911 kFe - 0.0001 (pH from 6.0 to 8.0)
and kp = 0.2274 kFe + 0.4401 (pH from 8.0 to 9.0). The
precipitates formed at higher DO tended to be more compact, and featured by relatively bigger size, thus it resulted in better solid-liquid separation.

KEYWORDS: Phosphate; ferrous iron oxidation; kinetics; linear
equations; precipitate characteristics

1. INTRODUCTION

phorus efficiently, but this process can be highly variable
due to operational difficulties [3]. Chemical removal techniques, using metal salts, are reliable and well-stable processes. Aluminum and iron salts have been proven to be
effective agents in precipitation with phosphate. However,
aluminum is more expensive and may induce some diseases, such as Alzheimer [4]. Although iron salts are not
the most efficient precipitants, they are relatively inexpensive and of less environmental concern [5, 6].
Iron salts occurred in two states, Fe(II) and Fe(III)
[7]. Fe(III) was more efficient than Fe(II) on phosphate
removal due to strong interaction of Fe with P, and the
formation of Fe-oxide/hydroxides. Singer and Stume [810] found that phosphate removal by Fe(III), which was
formed in-suit by oxidation of Fe(II), was more effective
than precipitation by direct Fe(III) addition. The cost benefits of using Fe(II) (http://net.chemnet.com) make it an increasingly more attractive option. In highly oxygenated
environments, such as aeration tank or biological aerated
filter, Fe(II) would be homogeneously converted to Fe(III),
and subsequently, enhanced the phosphate removal by
chemical precipitation [11]. It indicated that the efficiency
of phosphate removal was related to the in-situ generation
of Fe(III), which was dependent upon the oxidation of
ferrous iron. However, the oxidation rate of ferrous iron
in the phosphate removal process has not been studied
extensively in earlier works, and the quantitative relationship between the oxidation rate of ferrous iron and efficiency of phosphate removal has not been examined.

The discharge of phosphorus into natural sources promotes the growth of algae and results in eutrophication of
lakes and streams. Therefore, it is necessary to reduce the
concentration of phosphorus in the wastewater before discharging [1]. Phosphate removal techniques fall into three
main categories: physical, chemical and biological methods [2]. Physical methods were either too expensive or
inefficient. Enhanced biological treatment can remove phos-

Systematic studies of ferrous iron oxidation have been
long ago conducted, and the kinetic constant for oxidation
of ferrous iron under different conditions has been already
reported [12, 13]. If the relationship between efficiency of
phosphate removal and oxidation rate of ferrous iron can
be defined, the techniques used to enhance the oxidation of
ferrous iron could be applied to improve phosphate removal using Fe(II). This approach was an important implication
for phosphate chemistry in the wastewater treatment.

* Corresponding author

The central issues addressed in this study are (i) to
evaluate the kinetics of the phosphate removal as a func-
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tion of pH, DO and initial ferrous iron concentration,
which are key factors that influence the oxidation of ferrous iron; (ii) to determine the relationship between phosphate precipitation and ferrous iron oxidation.
2. MATERIALS AND METHODS

solution. Then, the freshly concentrated solution of FeSO4
was added to adjust the initial ferrous iron concentration.
(3) During the whole phosphate removal process, the solution was mixed by an agitator (model Eurostar-P1, IKA,
Germany). The agitation rate was adjusted to 350 rpmin
for firstly 1 min, and subsequently adjusted to 200 rpmin
for 59 min.

2.1 Materials and reagents

2.3 Analytical methods

Reagent-grade sodium monohydrogen (ortho-) phosphate (Na2HPO 4), sodium bicarbonate (NaHCO3), and
ferrous sulfate (FeSO4.7H2O) were used to prepare the test
solutions. All Fe(II) solutions were prepared freshly in concentrated form, immediately before use. Deionized water
was used in the preparation of all test and reagent solutions.

The concentrations of PO43- and Fe2+ were measured
by colorimetric methods using a spectrometer (UV2450,
SHIMADZU, Japan) [14]. SEM pictures of the precipitates were taken with a scanning electron microscope (S4700, HITACHI, Japan). The particle size distribution was
analyzed using a Zetasizer Nano ZS series (Nano-ZS90,
Malvern, England).

2.2 Apparatus and experimental procedure

All experiments were carried out in a reaction system
as shown in Fig. 1. The system is composed of CO2 cartridge, air compressor, constant temperature oven, organic
glass reaction set, and detector meters. The heart of the
system is a 3-L plexiglass batch reactor of 140 mm diameter and 350 mm height. The top of the reactor was
covered by lid with ports for electrodes to measure pH
and dissolved oxygen (DO), and an agitator to maximize
the mixing of solution. There are also other openings at
the side of the reactor for gas exit and withdrawal of samples. An aerator fitted at the bottom of the reactor was
used for uniform aeration.

Since in the absence of DO, a tiny amount of ferrous
iron precipitated with phosphate directly (less than 5%,
see Fig. 2), the major consumption of ferrous iron was
attributed to the oxidation of ferrous iron under the condition with DO. Therefore, it could reasonably infer that the
consumption rate of ferrous iron was equated to the oxidation rate of ferrous iron in the following investigation.
3. RESULTS AND DISCUSSION
3.1 Kinetics of phosphate removal and the quantity relation
between phosphate removal and ferrous iron oxidation
3.1.1 Effect of DO

The effect of DO on phosphate removal during the
ferrous iron oxidation was investigated, and the results are
shown in Fig. 2. The results demonstrated that, in the
absence of DO, the Fe(II) was not oxidized and poor
phosphate removal was obtained with a final phosphorus
removal rate of only 9.3%. Similar observation has been

Stirrer

Organic glass
reaction set
Sampling
set
pH meter

Flowmeter

Dissolved
oxygen meter

Aerator
CO2 cartridge

Air compressor

Constant
temperature oven

FIGURE 1 - Schematic representation of the experimental device.

Each run was operated as follows: (1) the reactor was
first filled with 3 L of deionized water which was subsequently deoxygenated using nitrogen. The pH of the medium was adjusted by the addition of solid NaHCO3 and
carbon dioxide (CO 2), and measured using a pH-meter
(model PB-10, Sartorius, Germany) with a precision of
0.01. The DO level was controlled using a calibrated rotameter and recorded by a DO-meter (model 550A, YSI,
USA). (2) After pH and DO kept constant, the initial phosphate concentration was adjusted by addition of KH2PO4

FIGURE 2 - Effect of DO concentration on phosphate removal.
(Experimental conditions: [PO43-]0=11 mg L-1; [Fe(II)]0=23 mg L-1;
T=25 °C; pH=6.7)
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reported by previous studies [15]. Whilst the efficiency of
phosphate removal increased with the increase of DO, the
final removal rates were 15, 28, 52 and 57 % at DO of 2,
3, 5 and 8 mg/L, respectively.

firmed that a highly oxygenated environment would promote phosphate removal by iron.

Kinetics of phosphate removal has been analyzed by
monitoring the phosphate concentration at a certain reaction time. The plots of ln (Ct/C0) versus reaction time as a
function of DO were all linear (Fig. 2). It indicated that
the process of phosphate removal during ferrous iron
oxidation is in agreement with the pseudo-first-order
kinetics. The pseudo-first-order constant increased with
the increase of DO, and the constants were 0.49×10-2,
0.79×10-2, 1.48×10 -2 and 1.97×10 -2 min -1 at DO levels
of 2, 3, 5, 8 mg/L, accordingly. In all cases, the correlation coefficient R2 values were higher than 0.9.
Changes of phosphate removal at different DO were
explained by two reasons: (1) on a molar basis, the capacity of ferric iron for phosphate precipitation should be
50% higher than that of ferrous iron described by Eqs. (1)
and (2). Furthermore, the in-suit ferric irons (Eqs. (3)-(6))
were uniformly distributed throughout the system, which
promoted a more effective contact between iron and
phosphate [16]. (2) In contrast to ferrous iron, in-situ
ferric iron could form stronger complexes with the phosphate, resulting in higher phosphate removal [17]. (3) In
the absence of DO, the precipitates produced by Fe(II),
named Vivianite (Fe3PO4·8H2O), were too fine to be
separated by the 0.45-µm membrane filters, leading to the
poor phosphate removal. This increased efficiency of
phosphate removal at higher DO signified that the increase of DO promoted the oxidation of ferrous iron, and
subsequent phosphate precipitation by in-situ generation
of Fe(III).

⎯⎯
→ Fe3 (PO4 )2(S)
3Fe2+ +2PO3-4 ←⎯
⎯

(1)

⎯⎯
→ FePO4(S)
Fe3+ +2PO3-4 ←⎯
⎯

(2)

2+
⎯⎯
→ Fe3+ + HO2 ⋅
Fe +O2 ←⎯
⎯
2+
⎯⎯
→ Fe3+ + H 2O2
Fe +HO2 ⋅ ←⎯
⎯

FIGURE 3 - The relation between pseudo-first-order rate constant
of phosphate removal (kP) and pseudo-first-order rate constant of
ferrous iron oxidation (kFe) as a function of DO. (Experimental
conditions: [PO43-]0=11 mg L-1; [Fe(II)]0=23 mg L-1; T=25 °C;
pH=6.7; DO ranging from 0 to 8 mg L-1)

(3)
(4)

2+

⎯⎯
→ Fe3+ + HO ⋅+H2O
Fe +H2O2 ←⎯
⎯
2+
⎯⎯
→ Fe3+ + H 2O
Fe +HO ⋅ ←⎯
⎯

(5)
(6)

In order to further determine quantitative relationship
between the oxidation rate of ferrous iron and the removal
rate of phosphate, the evolution of kp (rate constant for
phosphate removal) as a function of kFe (rate constant for
ferrous iron oxidation) was plotted in Fig. 3. It can be
seen that the kp linearly increased with the increase of kFe
for DO values from 0 to 8 mg/L. The equation could be
expressed as kp =0.6024 kFe + 0.0004 (R2=0.98). Phosphate precipitation strongly depended on ferrous iron
oxidation as a function of DO. The kinetic constant for
phosphate precipitation could be calculated from the kinetic constant for oxidation of ferrous iron, and it con-

FIGURE 4 - Effect of initial ferrous iron concentration on phosphate removal.(Experimental conditions: [PO43-]0=11 mg L-1;
DO=6.0 mg L-1; T=25 °C; pH=6.7)
3.1.2 Effect of Fe(II) dosage

Effect of Fe(II) dosage on phosphate removal was investigated and the results are shown in Fig. 4. The results
demonstrate that phosphate removal efficiency increased
from 20 to 82 % at a reaction time of 60 min, as the
[Fe(II)]0 increased from 10 to 45 mg/L. Fig. 4 also shows
that the evolution of phosphate removal over the reaction
time followed an exponential increase and can be assimilated to a pseudo-first-order kinetics. The pseudo-first-order
constant (kobs) for phosphate removal increased with the
increase of [Fe(II)]0. The values of kobs were determined to
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be 0.37×10-2, 0.69×10-2, 1.81×10-2 and 2.78×10-2 min-1 at
[Fe(II)]0 levels of 15, 23, 36 and 45 mg/L, respectively.

concentration. (Experimental conditions: [PO43-]0=11 mg L-1; [Fe(II)]0
ranging from 10 to 45 mg L-1; T=25℃; pH=6.7; DO=6.0 mg L-1)
3.1.3 Effects of pH

Changes of phosphate removal as a function of [Fe(II)]0
should be attributed to two reasons: At first, higher [Fe(II)]0
promoted the ferrous iron oxidation, and subsequently produced much more in-situ Fe(III) (Eq. 7), hence resulting
in good phosphate precipitation. Secondly, a large amount
of Fe(II) induced a more effective contact among the ions
as well as the solids, and subsequently, increased the nucleation rate of precipitants, therefore enhancing the phosphate
removal.

The effect of pH on the phosphate removal during the
ferrous iron oxidation is demonstrated in Fig. 6. The results showed that phosphate removal rate firstly increased,
and then decreased with the increase of pH. The optimal
phosphate removal rate was achieved at pH 8.0. The
variation of the phosphate removal was considered reflecting the pH dependence of the in-situ Fe(III) generation and phosphate chemical precipitation with iron. On one
side, when the pH increased by 1 unit, the kinetics rate of
the ferrous iron oxidation changed by 100 times (Eq. 7);
therefore, higher pH induced great generation of in-situ
Fe(III) which forms stronger complexes with phosphate.
On the other side, Fe(III) hydrolysis and FePO4 precipitation reactions always competed with each other (Table 1);
as a result, only a small fraction of the in-situ Fe(III) is
actually used to form FePO4 (s) at higher pH [20, 21].
Kinetics for phosphate removal as a function of pH
was investigated, and the results are shown in Fig 7. The
plots of ln (Ct/C0) versus effective reaction time (until the
reaction achieves equilibrium) were linear for the tested

-d[Fe2+]/dt=k[Fe2+][OH-]2[O2]

(7)

Since the ferrous iron oxidation depends on the initial
ferrous iron concentration, it is necessary to analyze the
quantitative relationship between kp and kFe as a function
of [Fe(II)]0. In this case, the evolution of kp versus kFe was
divided into two ranges (Fig. 5): in the first stage, kp linearly increased with kFe from 0.012 to 0.0175 min-1 and
revealed a mild-slope equation (kp =1.9573kFe - 0.0233,
R2=0.98). In the second stage, when kFe was higher than
0.0175 min-1, kp significantly increased with the increase
of kp and demonstrated a sharp slope (kp =13.252kFe
- 0.2215, R2=0.99). Changes in the slope should be attributed to efficient phosphate adsorption of substantial Fe(III)
hydroxides/oxides. Higher [Fe(II)]0 induced the formation
of substantial ferric iron in the medium as a result of ferrous iron oxidation through catalytic effects on the kinetic
constant [8], and subsequently great generation of Fe(III)
hydroxides/oxides. For pH values below 7.0, the products
of hydrolysis of Fe(III) and ferric-oxo-phosphate complexes
are positively charged. Based on this information, it can be
inferred that phosphate anions would be adsorbed on those
Fe hydrolysis colloids efficiently, which resulted in higher
utilization of in-situ Fe(III) [18, 19]. Therefore, the increasing rate of kp increased at higher [Fe(II)]0.

FIGURE 5 - The relation between pseudo-first-order rate constant
of phosphate removal (kP) and pseudo-first-order rate constant of
ferrous iron oxidation (kFe) as a function of initial ferrous iron

FIGURE 6 - Effect of pH on phosphate removal (a) at pH ranging
from 6.0 to 9.0 within 60 min reaction time, (b) at pH ranging from
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[PO43-]0=11 mg L-1; [Fe(II)]0=23 mg L-1; T=25℃; DO=6.0 mg L-1)
TABLE 1 - Formation of complexes and solids from iron and ligands

7.5 to 9.0 within 1 min reaction time. (Experimental conditions:

Reaction of iron with OH -

Reaction of iron with phosphate
2+

2Fe +2OH − =[Fe 2 (OH) 2 ]4+

2+

3Fe +4OH − =[Fe3 (OH) 4 ]5+

Fe +H 2 PO 4 - =[FeH 2 PO 4 ]+

2+

Fe +HPO 4 2- =[FeHPO 4 ]

2+

2+

3Fe +2PO 43- =[Fe3 (PO 4 ) 2 ](s)

2+

4Fe +5OH − =[Fe 4 (OH)5 ]3+

3+

Fe +OH − =[FeOH]2+

3+

Fe +OH − =[Fe(OH) 2 ]+

3+

Fe +4OH − =[Fe(OH) 4 ]-

Fe +H 2 PO 4 − =[FeH 2 PO 4 ]2+

3+

Fe +nHPO 4 - =[Fe(HPO 4 ) n ](3-2n)+

3+

Fe +PO 43- =[FePO 4 ](s)

3+

3+

3+

Fe +H 2 O+H 2 PO 4 - =[Fe(OH)PO 4 ]- +3H + Fe +3OH − =[Fe(OH)3 ]+ (s)

conditions: [PO43-]0=11 mg L-1; [Fe(II)]0=23 mg L-1; T=25℃; DO=
6.0 mg L-1)

pH conditions, indicating that the corresponding reaction
followed pseudo-first-order kinetics. Though excessive
higher pH reduced the phosphate removal rate, the kinetic
constant for phosphate removal always increased with increasing pH (Fig. 7). The kinetic rate constant (kobs) increased from 0.11×10-2 to 2.71×10-2 min-1 with the increase of pH from 6.0 to 9.0. This behavior is, however,
incompatible with the tendency of phosphate removal
described by Fig. 3. Reaction kinetics of dosed ferrous
iron with negatively charged phosphate anions was faster
than that of ferric iron; subsequently, ferric iron engendered in situ from ferrous iron would form a tight binding
with the phosphate anions.

FIGURE 7 - Effect of pH on the removal kinetics of phosphate (a) at
pH ranging from 6.0 to 9.0 within 60 min reaction time, (b) at pH
ranging from 7.5 to 9.0 within 1 minreaction time. (Experimental

The quantitative relationship between kFe and kP as a
function of pH was analyzed, and the results are shown in
Fig. 8. kp increased with the increase of kFe, and the evolution of kp can be generally divided into two stages (Fig. 8).
In first stage, when kFe increased from 0.001 to 0.406 min-1,
the evolution of kp approximately followed a linear equation (kp=0.5911kFe - 0.0001, R2=0.96), and the slope of the
curve is very sharp. In second stage, kp increased weakly
with a further increase of kFe, following a sharply mild-slope
equation (kp =0.2274kFe + 0.4401). The decrease in slope
indicated that the increasing rate of kp became slower as
the kFe was beyond 0.406 min-1 at higher pH. This phenomenon was attributed to lower faction of in-situ Fe(III)
to form FePO4 and weak phosphorus adsorption on the Fe
hydroxides/oxides at higher pH [7, 8, 22]. The variation
of phosphate removal efficiency observed at different pH
values announced that excessive higher pH had an adverse
effect on the ferrous iron utilization, and subsequently reduced the phosphate removal.
3.2 Characteristics of precipitate
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3.2.1 SEM

SEM of Fe-P precipitates formed under different conditions are shown in Fig. 9. The picture marks (a) or (c)

DO concentration of 5.0 mg/L. The precipitants formed at
higher DO concentration displayed a more compact form,
featured by a relatively bigger size; whilst, loosen and
small sizes were observed on the features of precipitants
generated at lower DO concentration.
This phenomenon can be explained by the following
two reasons. (1) At higher DO concentration, much more
ferric iron engendered in situ from ferrous iron would
form tight binding with the phosphate anions and serve to
decrease the specific area of precipitants making particles
more compact and bigger. (2) The formation of ferric
hydroxide would occur rapidly at higher DO due to faster
generation of ferric iron from ferrous iron oxidation. Ferric hydroxide possibly present in colloidal form would
have higher neutralization capacity towards negatively
charged phosphate than ferrous hydroxide, and hence, led
to more compact and bigger size of precipitants.
3.2.2 Particle size distribution

FIGURE 8 - The relation between pseudo-first-order rate constant
of phosphate removal (kP) and pseudo-first-order rate constant of
ferrous iron oxidation (kFe) as a function of pH. (Experimental
conditions: [PO43-]0=11 mg L-1; [Fe(II)]0 =23 mg L-1; T=25℃; pH
ranging from 6.0 to 9.0; DO=6.0 mg L-1)

The particle size distribution for Fe-P precipitates
formed after 30 min of reaction time is shown in Fig. 10a.
The results demonstrated that, in both cases (DO 1.0 and
5.0 mg/L), the particle size distribution showed a modal
distribution. The peaks were 0.24 and 0.57 µm at DO con-

correspond to the precipitates formed at DO concentration
of 1.0 mg/L; while (b) or (d) corresponds to that formed at
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FIGURE 9 - SEM of the Fe-P precipitates. (a) Precipitates formed at DO 1.0 mg L-1 at 30 min of reaction time, (b) precipitates formed at
DO 5.0 mg L-1 at 30 min of reaction time, (c) precipitates formed at DO 1.0 mg L-1 at 60 min of reaction time, (d) precipitates formed at DO
5.0 mg L-1 at 60 min of reaction time. (Experimental conditions: [PO43-]0=11 mg L-1; [Fe(II)]0 =45 mg L-1; T=25℃; pH=7.0)

iron and phosphate anions, and accelerates growth of
particles aggregation, thus resulting in the disappearance
of smaller size particles [23].
The particle size distribution for precipitates formed
at 60 min of reaction time is shown in Fig.10b. The particle size distribution of the solids formed at 60 min was
more decentralized and polymorphic than that of 30 min.
The distribution of particles at DO of 1.0 mg/L was monomodal with peak heights at 0.20 and 0.69 µm; and the
modal peak was at 1.63 µm at DO of 4.0 mg/L. Bigger
size particles were in higher proportion when obtained at
30 min, with regard to those observed at 15 min. This could
be attributed to longer reaction time which induced more
particle aggregation and colloid chain elongation.
These results highlighted that the presence of DO was
very important for the generation of in-situ ferric iron, and
subsequently, the features of the precipitates, being due to
the tight binding between ions and a faster particle aggregation.
4. CONCLUSIONS

FIGURE 10 - Particle size distribution of the Fe-P precipitates. (a)
Precipitates formed at 30 min of reaction time, (b) precipitates
formed at 60 min of reaction time. (Experimental conditions: [PO43]0=11 mg L-1; [Fe(II)]0 =45 mg L-1; T=25℃; pH=7.0)

centration of 1.0 mg/L. The distribution at DO concentration of 4.0 mg/L demonstrated bigger particles with peaks
at 0.24 and 0.68 µm. The volume distributions in these two
cases were clearly distinguishable. The volume percentage
of the particle size smaller than 0.45 µm was up to 86% at
DO concentration of 1.0 mg/L, while the volume percentage of the particle size bigger than 1µm sharply increased
to 83% at DO concentration of 5.0 mg/L. This result can be
explained by two reasons. (1) At lower DO concentration,
ferrous iron was oxidized slowly, and higher fraction of
Fe(II) was used to form very fine precipitates known as
Vivianite [4]. (2) In-situ ferric iron obtained at higher DO
concentration enhanced bridging interaction of ferrous

Phosphate removal by ferrous iron strongly depended
on the extent of ferrous iron oxidation. The removal rates
of phosphate always increased with the increase of DO
and [Fe(II)]0, but they firstly increased and then decreased
with increasing pH at 60 min of reaction time. The kinetic
studies revealed that the process of phosphate removal as
a function of DO, [Fe(II)]0 and pH followed a pseudofirst-order kinetics model, and the kinetic rate constant k
always increased with increasing DO, [Fe(II)]0 and pH
values, respectively.
The quantitative relationship between kp (rate constant
for phosphate removal) and kFe (rate constant for ferrous
iron oxidation) was defined. For the tested DO conditions,
quantitative relationship between kP and kFe was described
by the equation: kp =0.6024 kFe + 0.0004. For the tested
Fe(II)0 conditions, the evolution of kP versus kFe was expressed by two equations: kp =1.9573 kFe - 0.0233 (Fe (II)0
from 10 to 30 mg/L) and kp =13.252 kFe - 0.2215 (Fe (II)0
from 30 to 45 mg/L). In this case, the sharp increase in
slope was due to phosphate absorption on ferric hydroxide
particles. For the tested pH conditions, relationship between kp and kFe followed two equations: kp= 0.5911 kFe
- 0.0001 (pH from 6.0 to 8.0) and kp = 0.2274 kFe
+ b0.4401 (pH from 8.0 to 9.0). In this case, the decrease
in slope was attributed to the ferric iron hydrolysis.
The characteristics of precipitates demonstrated that the
concentration of DO had a pronounced effect on features of
Fe-P particles. The precipitants formed at higher DO displayed a more compact form, and featured by a relatively
bigger size, thus resulting in better solid-liquid separation.
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ABSTRACT
Tortum Waterfall is one of the most remarkable natural treasures of Turkey, and the third highest natural waterfall in the world. There is a recreation area around the
waterfall for tourists visiting the site. An observation
platform allows the visitors to have a close sight to the
waterfall. A staircase leads to the underneath of the waterfall. Heavily used areas, such as viewing platforms, staircases, pedestrian walkways are under increasing pressure
as visitor numbers increase year by year. High visitor
numbers, more face to face encounters, not seeing the
scene completely decrease visitors` satisfaction.
The purpose of this study was to determine the pedestrian capacities of the waterfall by using the method of
Highway Capacity Manual (HCM) which has been published by The United State Federal Highway Administration (1998) [1] and adapted to pedestrian walkways and
viewing platforms by Itami (2002) [2]. Uninterrupted and
interrupted pedestrian flows on walkways were analyzed,
and visitor number for optimum quality of recreation use
was estimated. Visitor management plans were suggested
for comfortable visitation at Tortum Waterfall.

KEYWORDS: Recreational Carrying Capacity (RCC), Physical
Carrying Capacity (PCC), Protected Areas, Recreation and Management, Tortum Waterfall

How many pedestrians can walk comfortably on this walkway?

1. INTRODUCTION
Today, a large number of people is using different
natural resources to meet the requirements of recreation [3].
Frequently, these areas are confronted with high use pressure. Therefore, crowding perceptions and use displacement of park visitors may become prominent issues for
area management [4].
* Corresponding author

The concept of carrying capacity was adopted by outdoor recreation managers in the early 1960s to determine
the maximum number of visitors who could use a recreational area without destroying its essential qualities [5-9].
Recently, Wagars’ opinion was improved and expanded
from a single focused definition to four capacity components (ecological capacity, spatial capacity, facility capacity, and perceptual/social capacity) by the addition of
social and managerial considerations. These four components were investigated in several publications [3, 9-14].
Ecological carrying capacity (ECC), defined as the
maximum level of recreational use in terms of numbers and
activities that can be accommodated by an area or an ecosystem before an unacceptable or irreversible decline in
ecological values occurs [15], and perceptual carrying capacity, defined as the level of recreational use which maximizes
aggregate satisfaction to individuals [16]. Moreover, spatial
capacity is the maximum number of visitors occupying
specific areas or lengths of shorelines, numbers of parties
per site, or the expansion potential of existing sites. Facility
capacity is the maximum number of visitors, groups, or
vehicles per boat ramp, parking lot, or campground; percent occupancy for various facilities; waiting times to use
facilities, such as boat launches; or the number of refusals
for campsites [13]. Previously, many studies have been
carried out concerning different aspects of the carrying
capacity for national parks and other protected areas [3,
17-29] and tourism destinations [14, 30-35].

Sarkar (2002) [36], addressed that Fruin’s landmark
book in 1971 made planners and engineers rethink the
needs of pedestrians. In “Pedestrian Planning and Design”,
Fruin stressed that the primary objectives for pedestrian
improvement programs are “safety, security, convenience,
continuity, comfort, system coherence, and attractiveness
According to Slater, there are three different types of
comfort: physical, psychological, and physiological ones.
They are inter-related and overall satisfaction depends on
a good mix of all these components [36].
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Many authors have studied about the components of
pedestrian comfort using them to assess the level of comfort experienced in urban walkways. Several authors studied about Walking Speeds of Pedestrians on Stairs, determined the factors influencing walking speeds, investigated
pedestrian traffic, and studied about Level of Service
(LOS) [37-42]. Although there are many studies related to
pedestrian comfort in urban walkways, until 2002, no
standard method for estimating the capacity of walkways,
boardwalks and viewing platforms in the recreation settings existed. Level of Service (LOS) was used for estimating pedestrian walkways and viewing platforms to
Parks Victoria [2].

Tortum Creek at the bottom of the area linking waterfalls
and both sides of the river (Fig. 2).

Heavily used areas, such as the stairways at Tortum
Waterfall, are under increasing pressure as visitor numbers
increase. Without a reliable way of estimating the capacity
of walkways, stairways and viewing platforms, it is impossible to provide visitor satisfaction and effective management system. The purpose of this study was to estimate the
recreational carrying capacities of stroll route at Tortum
Waterfall.
FIGURE 1 - Tortum Waterfall location map

2. MATERIALS AND METHODS
Tortum Waterfall was officially in the border of Tortum District until 1987, which gave its name; however, in
1987, the area including the waterfall was left in the formal border of Uzundere District, which was declared to
be a new district of Erzurum. Average altitude of the area
is 1000 m, and it is 100 km away from Erzurum city centre. Waterfall is 17 km from Uzundere district centre [43]
(Fig. 1). Upper Jura formation commonly seen in the
study area developed volcanic sub-layers with flyschy and
marn from bottom to upper levels. A curving structure was
formed as the result of the crinkling Jura-Creates flyschy
and limestone layers in the north of the area, especially
around the lake, similarly to Jura type [44-46].
Tortum Creek rising in Tortum Watershed, one of the
most important basins of Erzurum province, flows into
Tortum Lake having an important place in ecological,
environmental and touristic respect. Tortum Creek forms
the Waterfall after passing the Lake. Being the highest
waterfall of Turkey, the Waterfall is 12th highest in the
world and 3rd highest waterfall with one water source and
one fall in the world. According to observations taken
from Tortum Meteorological station between 1954 and
2005, average annual temperature is 8.30C while it is
110C in the areas at 1000 m [46]. Plant species belonging
to Mediterranean flora region can be seen in the area
around the Lake taking place at the cross-section point of
Euro – Siberian and Iran-Turan floristic regions [48].
Water falls from an area with the height of 48 m and
22 m width forming a rainbow and a huge pothole. There
is a stone path from upper and lower part of the waterfall
covered with an iron handrail, and a wooden bridge over

There is a hydro-electrical power station constructed
between 1952 and 1960 and contributing to country’s
energy potential. Until 2010, the waterfall received water
only three months a year due to hydro-electrical power
station; however, according to the decision of court, water
with a volume of 3.5 m3 per second has to be released
from the lake [49].
The area around the waterfall was declared by the decision of General Directorate of Cultural and Natural
Heritage in Erzurum 2000 to be a Natural Protected Area
of Priority 1 while a picnic area of 12.700 m² is a Natural
Protected Area of Priority 2 [49]. Visitors can have a
picnic and look at the scenery. According to attendants in
car park, yearly number of visitors to the area is 20.000;
however, the area is visited most densely between May
and June. In this period, the number of visitors increases
at the weekends reaching 1000 a week. In the period
when the density is high, stone path remains inefficient
causing negative experience.
2.1 Methods

General observations were made in the Tortum Waterfall for a week in May 2011 and October 2011. Available information, such as annual visits, geographical, biophysical, ecological, and managerial characteristics of the
site were investigated and literature was analyzed. The
method of Highway Capacity Manual (HCM) which has
been published by The United State Federal Highway
Administration (FHWA) [1] was used. This method reviewed the work relating to uninterrupted pedestrian
flows and adapted to pedestrian walkways and viewing
platforms of Parks Victoria by Itami (2002) [2].
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FIGURE 2 - A: Tortum Waterfall, B: The Stroll Route, C: Tortum Waterfall and Stroll Route, D: Brigde, E: Stairway, and F: Picnic Area

In this method, the fundamental pedestrian flow parameters (speed-flow-density relationships) are defined
with the following formula [1,2]
v = S/M
where, v = flow or volume, S = speed; and M = pedestrian area module (“space”) = 1/density.
Pedestrian characteristics which affect variables in
the formula are described in the following way [50].
Body ellipse and body buffer zone: Recommended is
the use of a body ellipse of 50 by 60 cm for standing areas
(0.3 m2). (Fig. 3)
Pedestrian walking speeds: A pedestrian crosswalk
walking speed value of 1.2 m/s (4.32 km/h) for most
conditions is recommended. For older pedestrians, a
crosswalk walking speed of 1.0 m/s (3.6 km/h) is suggested.

FIGURE 3 - Recommended pedestrian body ellipse for standing
areas [1, 2].

3788

© by PSP Volume 22 – No 12b. 2013

Fresenius Environmental Bulletin

Pedestrian Speed on grades and stairs: It is recommended that a speed reduction of 0.1m/s (a drop of 0.36
km/h) is used on grades greater than 10% (1:10 slopes)
and on stairs.
2.2 Level of Service

Level of service is a quantitative measure used to determine the quality of service from a user’s perspective.
The recommended standards incorporate relative
measures of the prevailing unit flow-rates, area modules,
and speed. LOS criteria are situationally subjective because different perceptions of crowding will occur in
different environments [2]. Proposed LOS in the 2000
highway capacity manual for pedestrians is mainly based
on the capacity and space requirements [41].
Qualitative measures in the national park settings are
defined as follows [2, 51]:
a) Freedom to choose desired speeds

A.

B.

C.

D.

E.

F.

FIGURE 4 - Illustration of proposed walkway LOS thresholds [50].

b) Freedom to pass slower pedestrians
c) Ability to cross a stream of pedestrians
d) Ability to walk in the reverse direction of a stream of
pedestrians
e) Ability to maneuver without conflicts
f) Freedom to stop (to enjoy views, take pictures, or read
interpretive signs) without impeding other pedestrian
traffic
g) Ability to view and experience nature with unimpeded
by man-made structures or other visitors
LOS was adopting 6 levels for walkways and stairs
by The United State Federal Highway Administration
(FHWA), and was adapted to National Parks by Itami [2].
It interpreted the relationship between the quality of service (QOS) and the level of service (LOS). The essence of
hypothesis in the LOS classification is that the relationship between QOS and LOS is that the LOS level A represents the highest QOS and LOS level F represents the
lowest QOS. Table 1 shows the recommended HCM
pedestrian LOS criteria for stairs.
TABLE 1 - HCM walkway Level of Service (LOS) criteria.
LOSa

Space
Flow Rate
Average Speed
(m2/ped)
(ped/min/m)
(m/min)
(m/s)
A
>5.6
<14
>78
>1.3
B
3.7-5.6
14-21
76.2-78
1.27-1.30
C
2.2-3.7
21-33
73.2-76.2
1.22-1.27
*D
1.4-2.2
33-49
68.4-73.2
1.14-1.22
E
0.75-1.4
49-60
68.4-45
0.75-1.14
F
<0.75
var.
<45
<0.75
(*): The recommended LOS for day-use facilities in National Parks

LOS levels "A"-"B"-"C"-"D"-"E"-"F", should be defined as "Open" - "Unimpeded" - "Impeded" -"Constrained" - "Crowded" - "Congested" - "Jammed" [2]. (see
Fig 4. ).

As indicated in the levels of Table 1, LOS level F
should be comprehended as the maximum number of
pedestrians that can physically fit into a walkway or viewing platform, and can be calculated by dividing the total
area of the walkway in square meters by 0.75 m². This
capacity results in a maximum flow-rate of 75 pedestrians/ min/m supposing uninterrupted flow. This is definitely unsuitable from the point of view of visitor experience.
It is apparent from this table that the densities of pedestrians increase, the flow-rate increases; however, the average speed decreases.
This LOS is considered to be unacceptable crowding
for walkways with uninterrupted flows in national parks.
The supposition of uninterrupted flows is probably unrealistic in the context of day use recreation areas in national parks, because pedestrians are likely to stop and take
pictures, or take into view. Given the nature of visitor use
in National Parks, a maximum working capacity for
walkways was adopted at LOS level D (1.4–2.2 m²/ pedestrian) to Park Victoria walkways. This allows adequate
space for stopping along the side of the path to take pictures or enjoy the view, while letting other pedestrians
pass walk file.
The viewing platform is defined with a safety handrail and a defined area for gathering; it is suggested that
the capacity for a reserved area to the viewing platform is
to calculate by 1.4 to 2.2 m² (LOS D from Table 1) [2].
TABLE 2 - HCM pedestrian Level of Service (LOS) criteria for stairs.
LOSa

Space
Flow Rate
Average Speed
(m2/ped)
(ped/min/m)
(m/min)
(m/s)
A
1.9
16
32
0.53
B
1.6-1.9
16-20
32
0.53
*C
1.1-1.6
20-26
29-32
0.53-0.48
D
0.7-1.1
26-36
25-29
0.48-0.42
E
0.5-0.7
36-49
24-25
0.42-0.40
F
< 0.5
var.
< 24
< 0.40
(*): The recommended lLOS for day-use facilities in National Parks
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Table 2 shows the recommended HCM pedestrian
LOS criteria for stairs.
Where stairs have access to views, the LOS target
should be set to enable a space for visitors to stop and to
look at the view, while allowing others to pass. Where
stairways have access to views or interpretation signs,
LOS C is recommended [2].
3. RESULTS
The viewing platform and walkways at the Tortum Waterfall are visited approximately by 1000 visitors per day
during peak periods of use. The viewing platform, walkway
and stairs consist of stone. The walkway is approximately
1.2 m wide; the stairway is approximately 1.2 m, 20 cm
high and 30 cm deep and consists of 476 steps that parallel
the cliff edge. Figure 5 shows the approaching plan of the
stairway, walkway and viewing platform. The total area
of the viewing platform is 40 m², the walkway is 67.5 m²,
and the stairway is 171 m² as shown in the plan.

Table 3, shows the LOS for each of these facilities based
on the United State Federal Highway Administration
(FHWA) tables for each corresponding facility. The
method recommends level of service D from the FHWA
for walkway and viewing platform capacity, and level of
service C from the FHWA for stairway capacity. It was
calculated that 18-29 pedestrians could be able to use the
viewing platform, 31-48 pedestrians the walkway and
107-155 pedestrians the stairs, at the same time. Considering the appropriate level of LOS for national parks, the
optimum carrying capacity was calculated to be 195 pedestrians for the visit at the same time.
On the other hand, the critical size for walkways is
the usable width. Walking trails and stairway widths were
determined to be quite inadequate in the study area. Although FHWA Pedestrian Facilities Users Guide [52] recommends that the minimum width is 1.5 m to allow two
people to walk comfortably side by side, the width is only
1.2 m at Tortum Waterfall.

FIGURE 5 - The plan view of stroll route.
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TABLE 3 - The number of pedestrians at the viewing platform, walkway and stairway according to Level of Service (LOS).
Level of Service (LOS)

B

Viewing Platform
(40 m²)
>7
pedestrians
7-11 pedestrians

C

11-18 pedestrians

D

*18-29 pedestrians

E

29-53 pedestrians

A

Walkway
(67.5 m²)
>12
pedestrians
12-18
pedestrians
18-31
pedestrians
*31-48
pedestrians
48-90
pedestrians
<90
pedestrians

F

<53
pedestrians
(*): The recommended LOS for day-use facilities in Tortum Waterfall.

Stairway
(171 m²)
>90 pedestrians
90-107
pedestrians
*107-155
pedestrians
155-244
pedestrians
244-342
pedestrians
<342
pedestrians

TABLE 4 - Calculations of stairway widths for LOS D given different flow-rates.
Flow rate
Ped/min

Speed
m/min

Space
m2

Recommended width
(Space/0.6 m) m

10
29-32
0.31-0.34
15
29-32
0.46-0.51
*20
29-32
0.62-0.68
25
29-32
0.78-0.86
**35
29-32
1.09-1.20
50
29-32
1.56-1.72
100
29-32
3.12-3.44
(*): Existing stairway width; (**): Suggested stairway width

1.5 (0.51-0.56)
1.5 (0.76-0.85)
1.5 (1.03-1.13)
1.5 (1.30-1.43)
1.81-2.00
2.60-2.86
5.20-5.73

Furthermore, this minimum width is usually inadequate in areas with two-way traffic and/or heavy use.
Some visitors want to return to the half-way, due to the
excessive number of steps and length of the stairway which
should also be considered. Also, visiting Tortum Waterfall is increasing in the spring season. Therefore, the critical variable for sizing pedestrian stairways was determined
to be the flow-rate of pedestrians per min. The similar
methodology was used for stairways and the other completeness.
Once the visitor flows at peak periods were determined in pedestrians per min, this number was divided by
speed in m per min (29-32 m/min) to calculate the space
requirements per pedestrian (this result is in square meters). To determine the final width, divide by either 0.6 m
(the width of the body ellipse from Fig. 4). If the result
was less than 1.5 m, then the walkway was made 1.5 m.
In cases where the walkway parallels a view (in other
words where it is likely pedestrians may be stopping to
take pictures, or to stop to look at a view or interpretive
sign), provision was made for this behavior by designing
viewing platforms on the viewing side, or by increasing
the overall width of the walkway by 0.5 m [2].
Calculations for a low estimate, a high estimate, and
the recommended width for areas with and without views
are shown in Table 4. With formulation, it was calculated
that the flow-rate of the existing stairway is 20 pedestrians/min.

Recommended width
stairway with views (+
0.5 m)
2
2
2
2
2.5
3.4
6.2

4. DISCUSSION
Tortum Waterfall is a favorite place both for domestic
and foreign tourists because of geomorphologic structure
and nature landscape beauty. In this study, PCC of Tortum Waterfall was calculated through the formulas in LOS
methodology published by Rouphail [1], and adapted to
National Park by Itami [2].
With the investigations conducted in the area, for
stroll route of Tortum Waterfall, needed for a comfortable
visit, it has been identified that the width (1.2 m) is narrower than required width (1.5 m). As a result of the implementation of formulas, the average capacity of stroll
route was calculated to be 195 pedestrians. At a later stage,
taking into account the current width of the stairs, flowrate was calculated to be 20 pedestrians/min. Conducted
area observations and the evaluation made by taking into
consideration the average number of visitors, the width of
stairway and walkway was insufficient during the spring
periods. In addition, it was observed that the most visitors
prefer to come in large groups on the stroll route causing
an increase in the flow-rate.
Because of the electricity production, the water was
not provided to Tortum Waterfall about 9 months of the
year until 2010, but in 2010, the lawsuit filed has decided
to provide 3.5 m3/sec water in each month of the year.
This condition allows availability of recreational use during
all seasons. Thus, Tortum Waterfall will be demanded and
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TABLE 5 - The number of pedestrians at the viewing platform, walkway and stairway according to Level of Service (LOS).
Level of Service

Viewing Platform
(60m²)
>11 pedestrians

Walkway
(113 m²)
A
>20
pedestrians
B
11-16 pedestrians
20-31
pedestrians
C
16-27 pedestrians
31-51
pedestrians
D
*27-43 pedestrians
*51-81
pedestrians
E
43-80 pedestrians
81-151
pedestrians
F
<80
<151
pedestrians
pedestrians
(*): Existing stairway width; (**): Suggested stairway width

recognized by more domestic and foreign tourists. So, it is
clear that the route of stroll should be reorganized. Therefore, a proposal width was calculated for determining the
suitable stroll route. With the recalculation, it is estimated
that the average capacity will be increase to 318 pedestrians according to Level D, if the stairs will be constructed
to 2.5 m width. Also the flow-rate will increase to 35 pedestrians/min according to Table 4.
It is thought that with the reconstructed stairways and
walkways, the trip would be more comfortable, sufficient
and safely. Also LOS method should be revised or reviewed based on (Quality of Service) QOS measures
made from field perception studies of visitors. In coming
periods, studies to determine social carrying capacity and
levels of crowding and satisfaction of visitors should be
made.
The studies about determining the carrying capacity
of pedestrian walkways and stairways are scarce related to
national parks and other protected areas. Therefore, this
study should be a reference for different recreational
settings
The authors have declared no conflict of interest.

Stairway
(283 m²)
>149 pedestrians
149-177 pedestrians
*177-257 pedestrians
257-367 pedestrians
367-566 pedestrians
<566
pedestrians
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